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Abstract 

It is hypothesized that winter is a period of nutritional stress and elevated mortality for juvenile 

Chinook Salmon (Oncorhynchus tshawytscha). However, little is known about the winter 

ecology of this species. To address this gap in knowledge, first ocean winter Chinook Salmon 

were sampled systematically by microtrolling (hook-and-line capture) over three consecutive 

winters from late September to early April in 2020-2023 in the Strait of Georgia, British 

Columbia. Sampling regions included the Discovery Islands, Northern Strait of Georgia, and 

Southern Gulf Islands. Chinook Salmon were weighed and measured, and scales were collected 

for genetic stock identification. Winter diet samples were collected by gastric lavage and intact 

prey were preserved for energy density determination. By mass, Chinook Salmon consumed 

primarily Pacific Herring (Clupea pallasii), euphausiids, squid, and Primno spp. amphipods, and 

diets differed by region and season with some interannual variability observed. Both diet energy 

content and body condition declined throughout the winter, although the decline in diet energy 

content was not significant. The presence of Pacific Herring in the diets had a significant positive 

effect on diet energy content. A subset of sampled Chinook Salmon was also retained for energy 

density and organosomatic index analyses, both of which had significant seasonal trends that 

may be associated with allocating energy to storage in autumn and reduced rations in mid-winter. 

Using field-derived data as inputs, I developed bioenergetics models to estimate differences in 

overwinter growth, consumption, and feeding rates over two years and between two regions in 

the Strait of Georgia. These inputs included diet composition, prey and predator energy density, 

temperature at depth of capture, and predator weight. Regional and interannual differences in 

model estimates were observed, and January and February were consistently estimated to be 

periods of reduced consumption rates. Bioenergetic model estimates also provided possible 

evidence of the occurrence of size-selective processes, although this result should be interpreted 

with caution. The models based on our longitudinal sampling framework were then compared to 

‘seasonal’ models which mimicked a field sampling design wherein discrete sampling events 

occurred once prior to winter and once following winter to highlight the temporal variability in 

fish bioenergetics which may be missed using a seasonal approach. Overall, the data presented in 

this thesis suggest that some degree of food limitation occurs during winter but does not provide 

strong evidence that supports the plausibility of winter as a period of nutritional stress for 

overwintering juvenile Chinook Salmon.  
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Chapter 1 – Introduction 

1.1  General Introduction 

The acquisition of energy from feeding has critical implications for fish growth, 

condition, and survival (Nunn et al. 2012). Juvenile fishes are especially vulnerable to limited 

feeding opportunities because of the allometry of metabolism, wherein the metabolic rate of 

small fish is greater than large fish (Clarke and Johnston 1999, Schultz and Conover 1999). An 

implication of increased metabolic rate is that smaller fish require more food relative to body 

size to meet metabolic demands, and they may use up energy reserves more quickly (Hurst 

2007). Several factors influence fish feeding behaviour, including body size, prey availability, 

inter- and intra-specific competition, and predation (Nunn et al. 2012, Le Pape and Bonhommeau 

2015). Many fishes undergo ontogenetic shifts in diet; as predator size increases, the breadth of 

prey size increases (Brodeur 1991, Scharf et al. 2000). This is evident in fishes which transition 

from primarily zooplankton consumption to piscivory. Many juvenile fishes must meet a gape 

size threshold prior to a switch to piscivory (Schmitt and Holbrook 1984, Scharf et al. 2000, 

Nunn et al. 2012, Segura et al. 2014). Further, there is a trade-off between prey size and 

energetic value. While larger prey often confer more available energy, the energetic costs are 

greater during capture, handling, and digestion (Werner 1974, Juanes and Conover 1994, Norin 

and Clark 2017). Optimal foraging theory posits that an animal should select prey which 

maximize net energetic intake (Pyke 1984); however, prey selectivity is largely influenced by 

prey availability (Scharf et al. 2000, Nunn et al. 2012). When food is limiting, risk-taking 

behaviours increase (Killen et al. 2011). Given the higher metabolic rates of smaller fishes, risk-

taking behaviour may be exacerbated in juveniles making them more susceptible to predation 
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(Killen et al. 2011). Thus, juvenile fishes could be more vulnerable during periods of reduced 

feeding or starvation, such as in winter.  

There are strong seasonal factors that influence prey availability in temperate marine 

ecosystems. In the northeast Pacific Ocean, primary productivity peaks in spring leading to 

increases in zooplankton biomass (Winans et al. 2023). Whereas, in winter, primary and 

secondary productivity are at a minimum due to reduced temperatures and light levels which 

causes a decline in prey abundance for juvenile fishes (Peña et al. 2016). Winter is a period of 

heightened mortality for juvenile fishes (Sogard 1997, Hales and Able 2001). Potential sources 

for this mortality include both direct and indirect effects of thermal stress, starvation, predation, 

hypoxia, and pathogens and parasites (reviewed in Hurst 2007). These stressors may interact to 

affect behaviour and physiology, thus increasing the likelihood of winter mortality (Hurst 2007, 

Killen et al. 2013). Nutritional stress, defined as a physiological or behavioural response to food 

limitation caused by reduced prey availability, may contribute to increased overwinter mortality 

rates (Schreck et al. 2001, Killen et al. 2013).  

In the northeast Pacific Ocean, juvenile Pacific salmon (Oncorhynchus spp.) inhabit 

waters from California through northern Alaska, with Chinook (O. tshawytscha) and Coho 

Salmon (O. kisutch) exhibiting the greatest geographic range (Brodeur et al. 2007). Pacific 

salmon are considered generalist feeders, although there are species-specific differences. 

Chinook and Coho Salmon feed more heavily on fishes while Chum (O. keta), Pink (O. 

gorbuscha), and Sockeye Salmon (O. nerka) consume more zooplankton (Beacham 1986, 

Brodeur 1990, Weitkamp and Sturdevant 2008, Graham et al. 2021). Differences in diet may also 

be driven by regional prey availability; in northern Alaska, juvenile salmon consume mostly fish 

prey, whereas salmon captured in British Columbia and farther south typically feed on a higher 



3 

 

proportion of decapod larvae, hyperiids, euphausiids, and copepods (Brodeur et al. 2007). 

Following ocean entry, juvenile salmon experience increased growth rates due to improved 

foraging opportunities which may be critical to bolster marine survival (Moss et al. 2005, Duffy 

and Beauchamp 2011, Duguid et al. 2021).  

Consumption and growth rates can be estimated using bioenergetic modelling 

(Deslauriers et al. 2017). Bioenergetic models are based on an energy balance equation where 

consumption is equal to the sum of energy required for metabolism and waste, and remaining 

available energy is allocated to growth (Kitchell and Stewart 1977). Individual consumption and 

growth rates of juvenile salmon are affected by various biotic and abiotic factors, including diet 

composition and prey energy content, salmon size and energy density, and water temperature 

(Brodeur et al. 1992, Boldt and Haldorson 2002, Koehler et al. 2006). Bioenergetic modelling 

techniques can be used to investigate how variability in these factors interact to affect growth 

and consumption which is of particular concern during periods of increased stress, such as 

limited feeding in winter.  

According to the “critical-size, critical-period” hypothesis, Pacific salmon face two 

distinct periods of elevated mortality following the transition from freshwater to marine 

ecosystems (Beamish and Mahnken 2001, Riddell et al. 2018). The first stage is associated with 

high levels of predation upon ocean entry, and the second stage occurs during the first ocean 

winter and is size- or energy-selective. Pacific salmon must attain a certain absolute size prior to 

their first ocean winter or grow fast enough throughout the early summer to subsequently 

reallocate resources from growth to lipid storage; otherwise, they are hypothesized to die from 

nutritional stress (Beamish and Mahnken 2001, Beamish et al. 2008). Winter mortality may be 

directly due to starvation or indirectly via increased vulnerability to predation (Beamish and 
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Mahnken 2001, Litz et al. 2017). Marine mortality, and thus Pacific salmon stock productivity, 

may therefore be partly explained by summer feeding conditions and growth (Beamish et al. 

2008). Evidence of size-selective mortality has been reported in Pacific salmon (Beamish et al. 

2004, Moss et al. 2005, Howard et al. 2016), including Chinook Salmon (Duffy and Beauchamp 

2011). However, more recently, the occurrence of size-selective mortality was not detected 

(Beacham et al. 2017, Gamble et al. 2018), and the conclusions of prior work have been 

criticized (Beacham et al. 2018). Given the inconclusive results across studies, more research is 

required to understand the mechanisms regulating early marine survival of juvenile salmon.  

Within the framework of the “critical-size, critical-period” hypothesis, it is assumed that 

winter is a period of starvation. Despite the hypothesized importance of winter in regulating 

survival, little is known about juvenile Chinook Salmon ecology during winter. This lack of 

information is largely due to inclement weather which causes logistical and economical 

complications to planning winter research cruises. There is a notable absence of research on 

overwintering juvenile Chinook Salmon on the east coast of Vancouver Island; however, a few 

winter studies have been conducted on the west coast of Vancouver Island. In Quatsino Sound, 

high levels of mortality (80-90%) were reported for first ocean winter Marble River Chinook 

Salmon based on declines in catch per unit effort (CPUE), but no evidence of size-selective 

mortality was detected, and fish growth continued through winter (Middleton 2011, Trudel et al. 

2012). There is also evidence of overwinter feeding by juvenile Chinook Salmon along the west 

coast of Vancouver Island, although with a shift in diet composition from autumn through winter 

(Hertz et al. 2017). The influence of feeding regimes on winter survival remains unclear, and the 

energetic status of these fish throughout winter is unknown. Further work is imperative to better 

understand the effect of winter conditions on the fitness of juvenile Chinook Salmon.  
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The Strait of Georgia (SoG) is a large basin within the Canadian Salish Sea between 

Vancouver Island and the British Columbia mainland. Rivers, including the massive Fraser 

River, flow into these waters creating a highly productive estuarine system which represents 

critical rearing habitat for Pacific salmon (Beamish et al. 2012). Some research suggests that few 

juvenile Chinook Salmon remain resident in the SoG throughout winter, based on trawl surveys 

where CPUE declined from a range of 11–38 fish per 30 minutes in September to 0.9 fish per 30 

minutes in February to March (Neville et al. 2015). However, historical accounts suggest that 

15% of Chinook Salmon remained resident in the SoG (Healey 1976), and a year-round Chinook 

Salmon sport fishery was supported within Puget Sound for decades (Pressey 1953), with 

ongoing sport fishing in Puget Sound. More recently, research conducted on Puget Sound-origin 

Chinook Salmon concluded that a considerable fraction of these fish remains resident (O’Neill 

and West 2009, Chamberlin and Quinn 2014, Arostegui et al. 2017). Reconnaissance efforts in 

winter 2019 and 2020 by microtrolling (depth-stratified hook-and-line sampling) captured 3.4 

first ocean Chinook Salmon per hour in the northern SoG (W. Duguid, unpublished data). High 

microtrolling catch rates, relative to those of trawl surveys, may be facilitated by microtrolling 

closer to bottom and closer to shore than typical for midwater trawling. The occurrence of 

overwintering Chinook Salmon in the SoG presented an opportunity to collect novel data and 

gain a greater understanding of the winter ecology of this ecologically and economically 

important species.  

1.2  Thesis Overview 

The overall goal of this thesis is to investigate the plausibility of winter as a period of 

nutritional stress for juvenile Chinook Salmon in the SoG. The work presented here is part of the 

‘Bottlenecks to Survival’ program (survivalbottlenecks.ca), a collaborative research effort led by 
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the British Columbia Conservation Foundation and Pacific Salmon Foundation endeavouring to 

identify critical periods for Chinook and Coho Salmon and steelhead (O. mykiss) survival at sea. 

To address this goal, I use field-collected data to describe the composition and quality of juvenile 

Chinook Salmon diets throughout the winter. I also assess Chinook Salmon body condition, 

energy density, and organosomatic indices. I then use these and other field-derived data to build 

bioenergetic models spanning the winter months. By using data collected in situ to develop these 

models, I assess the plausibility of nutritional stress as a mediator of early marine mortality in 

juvenile Chinook Salmon.  

In Chapter 2, I provide the first description of overwintering juvenile Chinook Salmon 

diets in the SoG and investigate differences in diet by date, region, and year. I also determine the 

energy density of important prey groups from the diets and use these data together to model the 

effect of day of year on diet energy content. These results are then compared to modelled 

juvenile Chinook Salmon body condition during winter to determine if a lack of food availability 

is causing dramatic declines in body condition.  

In Chapter 3, I model first ocean winter Chinook Salmon energy density, organosomatic 

indices, and bioenergetics. I use diet composition and quality data as well as salmon size from 

the previous chapter alongside Chinook Salmon energy density and temperature at depth of 

capture as inputs for the bioenergetic models. These models provide estimates of specific 

growth, specific consumption, and feeding rates which can be compared across regions, years, 

and months. Using these estimates, I can identify periods of depressed consumption or growth 

rates which could signal nutritional stress. This thesis presents novel data on the ecology of 

juvenile Chinook Salmon during their first winter at sea, identifies periods of likely food 
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limitation, and discusses whether bioenergetic modelling results provide evidence for size-

selective processes.  
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Chapter 2 – Feeding ecology and body condition of overwintering juvenile 

Chinook Salmon 

2.1  Introduction 

 

 There is a growing body of literature which supports the idea that rapid growth during the 

early marine stage of Pacific Salmon (Oncorhynchus spp.) life history impacts survival (Beamish 

et al. 2004, Beauchamp and Duffy 2011). Juvenile Chinook Salmon (O. tshawytscha) typically 

enter the ocean in spring and feed in estuarine and nearshore ecosystems prior to migrating to 

marine maturation grounds (Duffy et al. 2010, Kennedy et al. 2018, Woo et al. 2019). Diet 

composition varies by habitat type and time of year due to seasonal changes in prey availability 

and ontogenetic shifts based on growth (Daly et al. 2009, Duffy et al. 2010). Juvenile Chinook 

Salmon transition from a dependence on crustacean larvae to fish, other crustacean prey (e.g., 

amphipods, euphausiids), and cephalopods as they move farther from the estuary throughout the 

summer (Chittenden et al. 2018, Duguid et al. 2021). Region also influences diet composition; 

for example, at northern latitudes (e.g., Alaska and the Bering Sea), juvenile salmon diets consist 

more heavily of fishes and cephalopods compared to a greater reliance on invertebrates in British 

Columbia and further south (Brodeur 1990, Weitkamp and Sturdevant 2008, Davis et al. 2009, 

Duguid et al. 2021).  

Early marine residency, from ocean entry through the first winter, is thought to be a 

crucial period during the life history of Chinook Salmon, during which these fish must acquire 

resources quickly to promote growth (Beamish and Mahnken 2001). Variability in diet 

composition can have large implications for growth (Beauchamp 2009, Wells et al. 2012). 

Marine growth rates are variable and start slow, peak mid-summer, and decline in autumn 

(MacFarlane 2010). Size may confer a survival advantage, as larger fish are better equipped to 
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evade predators (Litz et al. 2017, Duncan and Beaudreau 2019), are able to pursue and consume 

a wider size spectrum of prey, and have reduced metabolic demands relative to body size 

(Brodeur 1991, Scharf et al. 2000, Hurst 2007). While extensive research has been conducted on 

diets during the first summer at sea (Weitkamp and Sturdevant 2008, Duffy et al. 2010, 

Chittenden et al. 2018, Kennedy et al. 2018, Duguid et al. 2021), relatively little is known about 

juvenile Chinook Salmon ecology, and specifically diets, in winter (Hertz et al. 2017).  

The gap in knowledge of the ecology of overwintering juvenile Chinook Salmon is 

largely due to logistical and economic challenges of winter sampling. However, few winter 

studies have been conducted on juvenile Chinook Salmon ecology on the west coast of 

Vancouver Island (WCVI) and in the Bering Sea. Over 300 salmon stomachs were analyzed 

from mostly WCVI inlets, and Chinook Salmon consumed primarily euphausiids and fishes in 

the winter of 2006 (Hertz et al. 2017). In the Bering Sea, euphausiids were likewise important 

along with fish offal, but cephalopods dominated the diets (Davis et al. 2009); however, only five 

first ocean winter juvenile Chinook Salmon were captured. Overwinter stomach fullness was 

lower in the Bering Sea in winter than in southeast Alaska in summer, and there was a greater 

proportion of empty stomachs in winter (45% in winter vs. 8% in summer; Weitkamp and 

Sturdevant 2008, Davis et al. 2009). Conversely, on the WCVI, few winter stomachs were empty 

(2%) and prey volumes from the stomachs exceeded those from autumn (Hertz et al. 2017). 

Currently, no research has investigated the winter diets of juvenile Chinook Salmon in the Strait 

of Georgia (SoG), a region in which 25 distinct Designatable Units of Chinook Salmon rear for 

some or all of their marine phase (COSEWIC 2020). Juvenile Chinook Salmon diets have been 

described in this region during summer (Chittenden et al. 2018, Kennedy et al. 2018, Duguid et 

al. 2021, Neville et al. 2023), and for adults in winter (Beacham 1986, W. Duguid unpublished 
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data), but there is a lack of data on the overwinter diets during the hypothesized early marine 

critical period in the SoG.   

In the temperate SoG ecosystem, primary productivity is highest in late spring and lowest 

during the winter (Peña et al. 2016). Zooplankton biomass peaks in summer following the spring 

phytoplankton bloom, declines through autumn, and reaches a minimum in the winter (Perry et 

al. 2021). While zooplankton biomass declines in winter, the community composition remains 

relatively stable seasonally (McEwan 2022). Interannual variability in phytoplankton growth 

rates and availability, as well as large-scale climate patterns such as the North Pacific Gyre 

Oscillation, may dictate winter zooplankton populations (Li et al. 2000, Mackas et al. 2013). The 

geographic distribution of zooplankton in the SoG is patchy on a local scale (Parsons et al. 

1970), though the overall biomass is evenly distributed throughout the Strait (Peña et al. 2016). 

There may be a mismatch between the depths that Chinook Salmon occupy in relation to their 

prey. Orsi and Wertheimer (1995) found that in southeastern Alaska, juvenile Chinook Salmon 

were most often captured at 21.9 m depth in September and between 21.9 m and 36.6 m in 

February. In Puget Sound, acoustically tagged subadult Chinook Salmon were detected close to 

shore and at deeper depths (~ 40 m) in winter than in other seasons (Smith et al. 2015). 

Zooplankton typically undergo diurnal migrations; however, in winter, most of the zooplankton 

biomass in the SoG remains in the deep layers (200 to 420 m) throughout the day and night 

(McEwan 2022). While the maximum water depth is shallower in Puget Sound compared to the 

SoG (Peña et al. 2016), a discrepancy between the depths occupied by overwintering juvenile 

Chinook Salmon in the SoG and their prey may still exist, limiting food availability in the winter. 

While juvenile Chinook Salmon have likely begun a shift to piscivory prior to winter (Chittenden 
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et al. 2018, Duguid et al. 2021), zooplankton prey are expected to remain important throughout 

the winter (Davis et al. 2009, Hertz et al. 2017). 

The “critical-size, critical-period” hypothesis suggests that juvenile Pacific salmon must 

acquire adequate energy stores or become large enough prior to their first ocean winter to avoid 

large-scale, starvation-mediated mortality during the winter (Beamish and Mahnken 2001). Both 

diet quality and composition influence growth of juvenile fishes (Beauchamp 2009). There are 

likely trade-offs between prey quality and quantity, and Chinook Salmon may supplement poor 

quality feeding with greater quantities of food or consume limited numbers of higher energetic 

value prey (Duffy et al. 2010). Due to the larger size and increased digestibility, fish prey confer 

a greater energetic value compared to zooplankton (Nunn et al. 2012, Norin and Clark 2017), and 

the availability of fishes to juvenile salmon is advantageous for growth (Litz et al. 2018, Davis et 

al. 2020, Duguid et al. 2021). However, small fish may be unable to feed on fish prey due to 

gape limitation (Nunn et al. 2012, Segura et al. 2014) or slower swim speeds (Litz et al. 2017). 

Also, seasonal trends in lipid content have been detected in Chinook Salmon prey, including 

zooplankton and forage fishes. Lipid content builds throughout the summer, peaks in fall, and 

subsequently declines throughout winter (Vollenweider et al. 2011, Hiltunen et al. 2022). 

Although there is a reduction in metabolic demand due to decreases in temperature (Clarke and 

Johnston 1999), the concurrent declines in prey availability and energetic content in winter may 

result in winter being a period of nutritional stress for juvenile Chinook Salmon, and the effects 

of nutritional stress would likely be exacerbated in smaller fish.  

Smaller fish have higher metabolic rates which increases food consumption requirements 

(Post and Parkinson 2001). The allocation of resources to growth or energy storage is likely a 

function of body size, wherein it is advantageous for small fish to prioritize growth and for large 
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fish to maximize energy storage (Post and Parkinson 2001). There is a positive relationship 

between Pacific salmon condition factor and energy density (Trudel et al. 2005), and body 

condition is influenced by prey availability (Wells et al. 2012). There are also distinct seasonal 

trends in condition factor. In all Pacific Salmon species, condition factor has been observed to 

peak in summer and reach a minimum in the winter (Ishida et al. 2001). Condition factor indices 

have been correlated with swim performance in Sockeye Salmon (O. nerka) following starvation 

(Wilson et al. 2021). Sockeye Salmon with condition factor values below a threshold of 0.69 

Fulton’s K were less likely to complete the swim test, with a 14% lower condition factor than 

fish that completed the test (Wilson et al. 2021). Sockeye Salmon with energy densities below 

3.47 kJ/g were less likely to survive starvation, but swim performance declined much earlier than 

survival suggesting that condition factor may be a good proxy for smolt survival (Wilson et al. 

2021). In unfed presmolt Chinook Salmon (mean 92.5 mm), substantial mortality (60%) 

occurred after six weeks which was reflected in a ~23% reduction in condition factor (Snyder 

1980). Knowledge of fish somatic condition is imperative to understanding fitness and survival, 

particularly during periods of food limitation.  

The objectives of this study are to (1) provide the first description of overwinter juvenile 

Chinook Salmon diets in the SoG, (2) determine the quality of important prey throughout winter, 

(3) investigate temporal differences in diet composition and energy content, and (4) assess fish 

body condition in relation to diets. If starvation is an important regulator of overwinter survival 

of juvenile Chinook Salmon, we predict that there will be frequent occurrences of empty 

stomachs, and diet energy content will significantly decline throughout winter which will be 

reflected in condition factor. An essential aspect of our research is to gain insights into what 

juvenile Chinook Salmon are feeding on and the diversity of their diets. The degree of diet 
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variability could indicate that juvenile Chinook Salmon opportunistically consume whatever is 

available, or exhibit selectivity towards certain prey types. Ultimately, evidence that diet energy 

content and individual condition substantially decline overwinter could support the hypothesis 

that the first winter at sea is a period of nutritional stress for Chinook Salmon in the SoG.  

2.2  Methods 

2.2.1  Study area  

Sampling was conducted over three consecutive winters from late September through 

early April in 2020-2023, dependent on weather conditions, at various sites within the SoG, 

British Columbia, Canada (Figure 2.1). We fished a total of 47 days from 05 October 2020 to 11 

Apr 2021, 48 days from 20 September 2021 to 14 April 2022, and 31 days from 21 September 

2022 to 10 April 2023. In winter 2020-2021, sampling occurred at three sites within the northern 

SoG region (NSoG; Comox, Deep Bay, Salmon Point). Sites in the NSoG in 2020-2021 were 

selected based on bathymetric characteristics which facilitated stratified depth sampling to 

explore overwinter depth preferences for a complimentary study of habitat use, and to replicate 

effort to assess the generalizability of our results within the region. In winter 2021-2022 and 

2022-2023, sites within two other regions, the Southern Gulf Islands (SGI) and Discovery 

Islands (DI) were also sampled. Regional differences in stock composition and patterns in habitat 

use and diet were detected by concurrent winter sampling in 2020-2021 throughout the SoG, 

conducted by the larger ‘Bottlenecks to Survival’ program. As such, the additional regions were 

added to increase the diversity of east coast Vancouver Island (ECVI) Chinook Salmon stocks 

encountered, and regions were delineated based on the observed differences. Sites were chosen 

in the added regions to maximize catch. One site in the NSoG (Deep Bay) was not sampled in 
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2022-2023 due to low catch rates in the previous years and to allow for a reallocation of effort to 

the added regions.  

2.2.2  Sample collection 

Salmon were captured during daylight hours by microtrolling from a 6.0 m vessel using 

modified recreational fishing gear (Duguid and Juanes 2017). Sampling was conducted either 

systematically along defined transects at various water depth intervals (30 m, 60 m, 90 m, 150 

m) to understand Chinook Salmon habitat preferences, or non-systematically to maximize fish 

capture, at various sites. The distinction between sampling strategies is beyond the scope of this 

work, and data from all fishing days were included in the analyses. In all instances, gear was 

deployed for five minute intervals using two Scotty electric downriggers, one on each side of the 

vessel. Each side fished a maximum of 6 lines, typically 15.2 m apart, and depths were staggered 

on opposite sides so that gear was spread at 7.6 m intervals. Terminal gear consisted of 12.7 cm 

hot spot micro-flashers and #01 “Dick Nite” spoons modified for #12 barbed fly-tying hooks 

with a 5 mm point-to-shank gap.  

All captured salmon were immediately landed into a 94.6 L dark-blue interior insulated 

cooler, partially filled with seawater and aerated. Chinook Salmon were anaesthetized before 

biological sampling (8 L of 40 mg/L tricaine methanesulfonate (TMS)). Nose to fork length (FL) 

was measured to the nearest millimeter, where we defined first ocean winter Chinook Salmon as 

those measuring FL ≤ 365 mm, and older age classes were not incorporated into these analyses. 

Salmon stomach contents were collected by gastric lavage (Duguid & Juanes 2017), bagged with 

seawater, and stored on ice for up to 72 hours until processing. Scales were collected for genetic 

stock identification (see Chapter 3; Beacham et al. 2017) and growth analysis, which is outside 

the scope of this thesis. A combination of adipose fin-clip status and parentage-based tagging 
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techniques (as in Beacham et al. 2017) were used to identify hatchery-origin fish for future 

analyses. Weight was determined using a Pesola® Lightline spring scale (max. 500 g for small 

individuals and 2500 g for individuals over 500 g). All fish to be released were tagged with 

passive integrated transponders (PIT tags) to contribute to a large-scale salmon marine survival 

study, the ‘Bottlenecks to Survival’ program led by the BC Conservation Foundation and Pacific 

Salmon Foundation. Time under anaesthesia did not exceed five minutes, and fish were returned 

to the cooler for recovery prior to release. A subset of Chinook Salmon was euthanized (by 

overdose of TMS), weighed again onshore, and frozen at -20 °C until transfer into a -80 °C 

freezer for longer-term storage and subsequent lab processing (see Chapter 3).  

2.2.3  Diet 

Chinook Salmon diet samples were sorted into taxonomic groups under a dissecting 

microscope, with taxonomic resolution varying by group based on ease of identification and 

frequency of occurrence. For heavily digested fish prey, we used bones for identification if 

available. Diet items were blotted on a KimtechTM wipe to remove excess moisture and weighed 

to the nearest 0.0001 g. A subset of prey in near-perfect condition from the stomachs, typically 

live specimens, were weighed individually in pre-ashed weigh boats for later energy density 

analysis. These samples were frozen at -20 °C then transferred into -80 °C for long-term storage. 

Remaining prey items were bulk weighed in their respective taxonomic groupings.  

Preserved prey samples were oven dried at 60 °C until a constant mass was reached and 

weighed to determine the dry weight. These dried samples were placed in a muffle furnace at 

550°C for 3 h and weighed immediately for the ash weight. The ashed samples quickly gain 

moisture from the air which increases their weight, so the first number observed on the 

microbalance was recorded. The difference between the dry weight and wet weight was divided 
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by the wet weight to determine the ash-free dry weight (AFDW) to wet weight ratio. This ratio 

was used to predict energy density (ED) using the equation for aquatic animals log10(ED) = 

1.07*log10(AFDW) – 0.71 (Weil et al. 2019).  

The stomachs of retained juvenile Chinook Salmon were dissected and examined for 

residual contents following the field gastric lavage procedure; if present, diet items were identified 

and weighed. Lavage efficiency was calculated by determining the weight of the lavaged stomach 

contents divided by the sum of the lavaged stomach contents and any remaining prey in the 

dissected stomach, multiplied by 100. 

2.2.5  Statistical analysis 

 All analyses were conducted using R version 4.2.3 (R Core Team 2023). Packages used 

include ‘tidyverse’ (Wickham et al. 2019), ‘flextable’ (Gohel and Skintzos 2023), and ‘reshape2’ 

(Wickham 2007).  

2.2.5.1  Diet 

The diets of juvenile Chinook Salmon were described using both occurrence and 

gravimetric methods (Hyslop 1980, Baker et al. 2014, Buckland et al. 2017, Amundsen and 

Sánchez-Hernández 2019). Frequency of occurrence (FO) was calculated by dividing the number 

of diet samples containing each prey group by the total number of diet samples containing prey. 

For all analyses, prey taxa were aggregated into broader groups (Table 2.3; Table A1). Individual 

mean diet composition (IMW) was calculated by determining the proportion of the total mass 

represented by each prey category within the stomach sample, then dividing the sum of these 

proportions by the total number of prey-containing stomach samples. This technique avoids the 

overrepresentation of heavier diet samples but can inflate the importance of samples with few 

prey items of low mass. Pooled mass proportions (PW) were also reported. Chinook Salmon 
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stomach fullness indices were calculated as the weight of all prey in an individual stomach 

divided by the weight of the salmon, multiplied by 100. The energy density values of prey 

groups derived from AFDW were pooled over all years due to low sample sizes, and pooled 

energy density values were visualized among groups using mean energy density and 95% 

confidence intervals.  

The R ‘vegan’ package was used to conduct all multivariate statistical analyses of diet 

composition (Oksanen et al. 2019), unless otherwise stated. To visualize the spatiotemporal 

differences in juvenile Chinook Salmon diet composition, non-metric multidimensional scaling 

(NMDS) was performed based on a Bray-Curtis dissimilarity matrix of untransformed IMW diet 

data (Legendre and Legendre 2012). Diet composition by region, year, and season combinations, 

where season was defined as ‘early’ (September to December) or ‘late’ (January to April), were 

examined using NMDS. Site-specific diet composition was also investigated in the NSoG region 

in the first two sampling years at the Comox and Salmon Point sites to assess whether variability 

exists within regions. The Deep Bay site from the NSoG and the other two regions (DI and SGI) 

were omitted from this analysis due to insufficient sample sizes at this resolution. Ellipses were 

plotted on all NMDS ordinations to represent 95% confidence intervals of group (region, year, 

and season combinations) centroids. If NMDS stress values exceeded the suggested cut-off of 

0.2, further examination of the ordination was warranted, especially given large sample sizes 

(Dexter et al. 2018). The null hypothesis that diet composition species associations are random 

was tested using permutation-based null models, wherein the NMDS ordination was permuted 

many times and the distribution of stress values was evaluated. If the z-test was significant and 

alternate ordination assessment techniques were deemed reasonable (e.g., Shepard’s plots), we 

proceeded with ordination interpretation.  
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Differences in diet composition by region and year were assessed by permutational 

multivariate analysis of variance (PERMANOVA) based on the Bray-Curtis dissimilarity matrix 

of untransformed IMW diet data using the function adonis2. The PERMANOVA tests the null 

hypothesis that, if the assumption of exchangeability of permutable sample units is met, the 

centroids (or means) of the groups are not different (Anderson 2001). In a fashion analogous to a 

classic ANOVA, PERMANOVA calculates a test statistic (pseudo F) from the chosen distance 

matrix (i.e., it compares the within- and among-group sums of squares). The multivariate 

observations are permuted to develop a distribution to which the original pseudo F-statistic is 

compared, thus calculating a P-value to denote test significance. To test for homogeneity of 

group dispersions, the function betadisper was used.  

An indicator species analysis was performed using the function multipatt from the 

package ‘indicspecies’ (De Caceres and Legendre 2009). This analysis identifies species patterns 

and tests their associations to various groupings (e.g., site) for statistical significance, either 

independently or in combination, i.e., it identifies species that are uniquely abundant within a 

given group. Here, we ran the indicator species analysis by region and year or season, both with 

and without combining region with year or season. This was done to explore overlaps in species 

associations since species could only be associated with one grouping per analysis.  

Groups with FO < 2.5% were omitted from these analyses (as in Davis et al. 2018). The 

prey category ‘other’ was also omitted since diet items within these categories were assumed to 

be non-target prey or rare enough to not provide meaningful insight into the spatiotemporal 

variation in juvenile Chinook Salmon diets. Unidentified material was also omitted from analysis 

because it was rare and uninformative. In instances where ‘amphipod fragments’ were in a 

stomach with positively identified amphipods, the weight of the remainder fragments was 
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reassigned to the identified amphipods within the same sample, according to the identified 

amphipod weight proportions. When ‘amphipod fragments’ was the only amphipod taxon within 

a diet sample, no change was made.  

Mean prey energy density values were calculated by groups (see Table 2.3 for analysis 

categories). For rare prey (cumaceans, insects, mysids, other copepods) where we did not have 

intact specimens for energy density analysis, literature values were used (Cross et al. 2005, Weil 

et al. 2020). The average of sub-group means was used for prey reported as an unidentified 

category (e.g., ‘unidentified cephalopod’). Plant material, other, and unidentified material 

categories were omitted from the following analyses. 

2.2.6.2  Condition factor and diet energy content 

Hierarchical generalized additive models (GAMs) were used to estimate overwinter 

changes in two response variables: juvenile Chinook Salmon condition factor and diet energy 

content (Wood 2006, Pedersen et al. 2019). We defined our models based on the a priori 

hypothesis that these responses would be non-linear over time, and that these variables would 

differ by field year and region. We included a global smooth term for day of year, and field year 

and region were parametric terms in the model. Separate smooth terms (thin-plate regression 

splines) were included for each year and region, and these smooths were penalized to the first 

derivative for differing from the global smooth. To avoid over-complication of the models, year-

specific and region-specific smooth terms were estimated, but smooths did not vary among 

unique combinations of year and region, nor were region-year parametric interactions estimated. 

The package ‘mgcv’ in R was used to fit all GAMs and restricted maximum likelihood (REML) 

was used to estimate smoothing parameters (Wood 2011). All models were visualized by plotting 

evaluated model smooths on the scale of the linear predictor and adding credible intervals and 
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partial residuals using the ‘gratia’ package (Simpson 2023). For all models, the number of basis 

functions (‘k’) was restricted to five to facilitate convergence.  

Diet energy content is defined as the summed energy (joules) of prey within one stomach 

sample per gram of predator. These data were positive continuous and zero-inflated due to the 

inclusion of empty stomachs, so a GAM with a Tweedie distribution and a log-link was used 

(Dunn and Smyth 2005). The correlation between diet energy content and stomach fullness 

indices was evaluated using a Spearman’s rank correlation test, and the variables were highly 

correlated (ρ = 0.99). As such, diet energy content was used because it provided a more direct 

indicator of available energy to Chinook Salmon (David et al. 2014, Callahan et al. 2021)  

To  test for the effect of Pacific Herring (Clupea pallasii) presence in non-empty 

stomachs on diet energy content through winter, a separate GAM was also developed. This GAM 

included a global smooth for day of year, and a separate smooth term for Pacific Herring 

presence which was penalized to the first derivative for deviance from the global smooth. The 

presence of Pacific Herring was a parametric term in the model. Given the relatively low number 

of Pacific Herring in the diets, regions and years were pooled. This model was run only on non-

empty stomachs, and a Gamma distribution with a log-link was applied. Model residuals for both 

diet energy content models were simulated and examined using the package ‘DHARMa’ (Hartig 

and Lohse 2022). 

Condition factor (Fulton’s K) was determined for all fish with recorded lengths and 

weights, calculated as weight divided by cubed length, and multiplied by 105 to ease 

interpretability. Condition factor data were approximately normally distributed, so a Gaussian 

distribution was used in the GAM. Model fit was evaluated using the function gam.check from 

‘mgcv.’ To avoid confounding the condition factor results with fish of varying life histories and 
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growth rates, we included only ocean-type fish which originated from the ECVI (86.5% of all 

fish; n = 174 samples excluded). We excluded non-ECVI fish from the condition factor analysis 

but not diet energy content based on the a priori hypothesis that fish of different stock origins 

would not have different diet selectivity, however, stocks may have reared in different regions 

prior to our winter sampling, potentially impacting their condition factor.   

2.3  Results 

2.3.1  Chinook Salmon sampling and size 

A total of 1312 first ocean winter juvenile Chinook Salmon (≤ 365 mm FL) were 

captured during 126 sampling days which occurred over three consecutive winters (Table 2.1).  

Sampling efforts varied by year, with the greatest amount of effort and Chinook Salmon caught 

in 2020-2021, and the least in 2022-2023. Uneven sampling effort in 2022-2023 was in part due 

to a concurrent juvenile Chinook Salmon acoustic tagging project which concentrated fishing 

effort in Comox (NSoG) for the majority of October and January in 2022-2023. For the acoustic 

tagging project, a reduced sampling protocol was performed wherein diets were not sampled to 

avoid excessive stress on taggable fish. Fork length data were not available for two captured fish, 

and the mean fork length was 238 ± 37 mm with a range of 111-363 mm (n = 1310; Table 2.2). 

Nineteen salmon were not weighed, and overwinter mean weight was 176 ± 82 g with a range of 

15-580 g (n = 1293; Table 2.2).   

Up to 40% of gastric lavaged Chinook Salmon had empty stomachs in the DI, with the 

highest proportion in March of both years (2021-2022 and 2022-2023; Table 2.1). In the NSoG, 

the percentage of empty stomachs ranged from 0% to 27%, with the greatest proportion of empty 

stomachs occurring in February in all years. The percentages of empty stomachs in the SGI were 

highest in January of 2021-2022 (38%) and October of 2022-2023 (33%).  
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2.3.2  Diet composition 

Diet data were obtained for the 1109 lavaged Chinook Salmon (203 were not lavaged), 

and 143 had empty stomachs (13%), where empty stomachs were defined as those completely 

devoid of prey. Our lavage efficiency was 93.14%, with the bulk of the remainder weight of 92 

non-empty Chinook Salmon stomachs from three samples with large prey items (78.90%). When 

the three large prey items were omitted, overall lavage efficiency increased to 98.40%. Lavage 

efficiency was high in 2020-2021 and 2022-2023 (97.86% and 97.70%, respectively), and lowest 

in 2021-2022 (89.10%).  

In winter, juvenile Chinook Salmon consume a diverse range of prey types (Fig 2.2). We 

identified 65 prey groups, which could be summarized into nine broad categories: Cephalopoda, 

Gastropoda, Osteichthyes, Pancrustacea, Polychaeta, other (chaetognaths, cirriped cirri, feathers, 

larvaceans, ophiuroids, terrestrial arthropods), parasites, plant material, and unidentified material 

(Table 2.3; Table A1). The most important prey categories by pooled weight include Pacific 

Herring (30.95%), squid (12.39%), Primno spp. amphipods (8.98%), and euphausiids (7.31%). 

Although Pacific Herring were the most dominant prey type by weight, they occurred in only 

3.52% of stomachs, whereas euphausiids occurred in 17.48%, Primno spp. in 10.29%, and squid 

in 4.98% of samples.  

Spatiotemporal trends were observed in the juvenile Chinook Salmon diets. Generally, 

region had a greater effect than year on diet composition, as indicated by a separation of ellipses 

in the NMDS ordination (Figure 2.3). Both region, year, and their interaction, had a significant 

effect on diet composition, however, region accounted for more of the variation 

(PERMANOVA; F = 68.86, P < 0.001). Differences in prey by region were detected using 

indicator species analysis (ISA). In the DI, larval fish and Pacific Herring were important (P < 

0.001), along with octopus (P = 0.023). Distinguishing prey in the in the NSoG included Primno 
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spp., Paraeuchaeta spp. and other copepods, pteropods, and squid (P < 0.001). The SGI was 

characterized by euphausiids, other hyperiid amphipods (Hyperia spp., Hyperoche spp., 

Themisto spp.; P < 0.001), and decapod larvae (P = 0.009).  

Site and interannual differences in diet composition were also observed within the NSoG 

region (Figure A1). As in the regional analysis, spatial differences in diet composition were 

greater than interannual differences, although both were observed. Overall, the Comox site was 

characterized by the presence of squid, Themisto spp., polychaetes, and decapod larvae (P < 

0.001), and distinguishing prey at the Salmon Point site included Primno spp., Paraeuchaeta 

spp., euphausiids, and pteropods (P < 0.001).  

The ISA results corroborated the trends in interannual diet differences among regions as 

visualized in the NMDS ordination. The greatest interannual difference in diet was exhibited in 

the NSoG in 2022-2023. In all years in the NSoG, Paraeuchaeta spp. and pteropods were 

characteristic of the diets (P = 0.001 and P = 0.002, respectively). The presence of decapod 

larvae and Hyperoche spp. were drivers of NSoG diets in 2022-2023 (P = 0.001). A caveat to the 

observed interannual patterns is that sampling in 2022-2023 in the NSoG was very uneven 

seasonally, where many samples were collected in October relative to all other months.  

Seasonal differences, i.e., early (September to December) vs. late (January to April) 

winter, in diet composition were also identified and these differences were especially prominent 

in diets collected in the DI and NSoG (Figure 2.4). In the NSoG, early winter diets were 

influenced by Primno spp., Paraeuchaeta sp., other copepods, and pteropods (P = 0.001), 

whereas polychaetes and squid were drivers of diet differences in late winter (P = 0.001). Early 

winter diets in the DI were characterized by Pacific Herring (P = 0.001), while larval fish (P = 

0.001), octopus (P = 0.001), and Gammaridae spp. (P = 0.002) were important in late winter. 
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Sample sizes from DI and SGI were smaller and sampling efforts were more uneven, particularly 

in DI, resulting in greater uncertainty in these regions. However, regional, seasonal, and 

interannual patterns were still evident.  

2.3.3  Prey energy density 

Prey energy density analysis was conducted on 297 prey items from 160 juvenile 

Chinook Salmon stomach samples. In 55 instances, multiple (2-13) individuals were pooled and 

ashed together for a composite energy density value to reduce processing time and compensate 

for the relative error associated with weighing very light organisms. Given the limitations 

associated with ashing only alive or near-perfect samples from diet samples, we were restricted 

to pooling all years of prey energy density values, and only groups with more than one individual 

were included. The mean energy density values ranged from 2189 ± 955 J/g for Hyperoche spp. 

to 5073 ± 1739 J/g for Northern Anchovy (Engraulis mordax). The prey energy density analyses 

showed variability both within and among prey categories, although with substantial overlap 

(Figure 2.5).   

2.3.4  Diet energy content 

Diet energy content was calculated from the energy density values of 31 prey groups, of 

which four groups (cumaceans, insects, mysids, other copepods) were derived from the literature 

(12.9%). A GAM fitted to diet energy content by day of year demonstrated globally a slight 

negative relationship, however the result was not significant (n = 1060, P = 0.19; Figures 2.6, 

A2), and none of the parametric terms were significant. This GAM explained 3.63% of the 

deviance in juvenile Chinook Salmon diet energy content. There was no detectable relationship 

between diet energy content and day of year in the DI or NSoG, but diet energy content in the 

SGI differed significantly from the global smooth term (P = 0.006). In the SGI, the effect of day 
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of year on diet energy content was low initially relative to the global smooth, increased mid-

winter, and declined late in the sampling period (Figure 2.6b). We also detected significant 

effects of day of year on diet energy content in 2020-2021 (P = 0.015) and 2022-2023 (P = 

0.002), but not in 2021-2022. In both years, diet energy content was low relative to the mean in 

October and increased above the mean through November, followed by a decline through 

midwinter (Figure 2.6c). 

In the 913 juvenile Chinook Salmon stomach samples examined, Pacific Herring 

presence had a significant effect on diet energy content (F = 21.43, P < 0.001; Figure A3). None 

of the GAM smooth terms had a significant effect on diet energy content, and the model 

explained 2.83% of the deviance observed. In relation to the absence of Pacific Herring in the 

stomach, diet energy content was 0.84 J/g higher (on the log scale) when a Chinook Salmon had 

consumed Pacific Herring. The 95% confidence interval for this estimated effect ranged from 

0.48 to 1.19. 

2.3.5  Condition factor 

 Condition factor values in ECVI Chinook Salmon ranged from 1.01 to 1.49, with a mean 

of 1.22 ± 0.07 (Figure A4). The effect of day of year on condition factor was modelled using a 

GAM (n = 1111). A global decline in condition factor through winter was detected (F = 47.114, 

P < 0.001; Figure 2.7a), with 15.7% of the deviance explained. None of the parametric terms had 

a significant effect on condition factor. There were significant region-specific effects of day of 

year on condition factor in both the DI (P < 0.001) and SGI (P = 0.019), in addition to the global 

effects. The effect of day of year on condition factor in the NSoG was adequately represented by 

the global smooth. The trend in condition factor by day of year was highly variable in the DI 

(Figures 2.7b, A5). Relative to the global smooth, condition factor in the DI was initially low, 
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peaked in mid-November, declined through January, and increased in February. Conversely, 

condition factor in the SGI exhibited a gradual increase relative to the global smooth throughout 

the winter (Figure 2.7b). Year-specific effects of day of year on condition factor, additive to the 

global smooth, were significant in in both 2020-2021 (P = 0.007) and 2022-2023 (P < 0.001), 

but not in 2021-2022. In 2020-2021, condition factor increased through the early winter until 

early December, where a decline was detected through mid-February and a subsequent increase 

in March relative to the global smooth (Figure 2.7c). Condition factor in 2022-2023 exhibited an 

opposite trend, with a minimum in mid-November and a maximum in mid-January, followed by 

a decline (Figure 2.7c). 

2.4  Discussion 

 We provide the first description of juvenile Chinook Salmon overwinter feeding ecology 

in the SoG. These results fill crucial knowledge gaps and contribute to a broader understanding 

of the energetics of juvenile salmon in a historically understudied period of their life-history. 

Diet composition, prey quality, and fish condition were investigated over three winters at sites 

within three regions (Figure 2.2). Interannual and regional differences in fish metrics and diet 

characteristics were observed, and negative trends in both diet energy content and fish condition 

throughout winter were detected. Although negative trends were detected, declines were modest 

suggesting starvation is unlikely throughout winter.  

2.4.1 Chinook Salmon sampling and size 

 Juvenile Chinook Salmon captured in this study were similar in fork length to the average 

autumn and winter sizes (198 mm and 317 mm, respectively) of subyearlings in California 

(MacFarlane 2010). However, the range of salmon size captured in this study (111-363 mm) was 

greater than those captured in autumn and winter off the WCVI (135-250 mm; Hertz et al. 2017). 
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This observed difference in size is likely attributed to the increased sampling time frame in this 

study, regional differences in available resources for growth (Hertz et al. 2017), and the greater 

diversity of Chinook Salmon life-history types (i.e., subyearling vs. yearling) encountered on the 

ECVI as opposed to in inlets on the WCVI (Trudel et al. 2007, COSEWIC 2020).  

2.4.2 Diet composition and quality 

Important overwinter juvenile Chinook Salmon prey included amphipods, cephalopods, 

euphausiids, and fish (Table 2.3). Unlike in the spring and summer (Kennedy et al. 2018, Duguid 

et al. 2021), decapod larvae were encountered infrequently in diets (FO < 3%) and made up less 

than 0.5% of the overall mass, similar to winter diets on the WCVI (Hertz et al. 2017). Juvenile 

salmon commonly feed on decapod larvae across the coastal northeast Pacific (De Robertis et al. 

2005, Brodeur et al. 2007, Chittenden et al. 2018); their abundance in diets peaks in mid-summer 

and declines by early fall (Weitkamp and Sturdevant 2008, Duguid et al. 2021). The decline in 

decapod importance is likely driven by reduced availability in winter (McEwan 2022), in part 

driven by life history characteristics (e.g., settlement) (Sorochan 2011). In the near absence of 

decapod larvae, other prey groups dominated the diets.  

 In all regions and years, amphipods were important to Chinook Salmon diets. 

Amphipods are frequently consumed by juvenile salmon and typically hyperiid and gammarid 

amphipods are targeted as prey (Daly et al. 2017, Davis et al. 2018, Duguid et al. 2021). Primno 

spp. made up meaningful proportions of the diets we sampled, particularly in the NSoG. Primno 

abyssalis occurred in substantial volumes in Sockeye Salmon (O. nerka) diets from September in 

the SoG along the BC mainland from 1998-2010, which may have contributed to higher return 

rates (Beamish et al. 2016). Chum (O. keta), Sockeye, and Pink (O. gorbuscha) Salmon also 

consumed Primno abyssalis in the central Bering Sea and central north Pacific Ocean, although 
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they were not observed in Chinook Salmon stomachs (Davis 2003). Low energy density values 

of Hyperiidae have been previously reported (Weil et al. 2020), however, elevated total fatty acid 

levels and a high docosahexaenoic acid to eicosapentaenoic acid ratio, an indicator of 

zooplankton nutritional quality, has been found in Primno abyssalis (Costalago et al. 2020, 

Hiltunen et al. 2022). The inflated prevalence of Primno spp. in the winter diets may benefit 

Chinook Salmon, as the energy density of Primno spp. is somewhat higher than in other hyperiid 

amphipods (Figure 2.5). Throughout the winter, the contribution of amphipods to diets declines 

(Figure 2.2), which likely reflects a decline in amphipod biomass in the SoG (Mackas et al. 

2013).  

Pacific Herring dominated diets in both the DI and SGI during certain months, and they 

were an important diet item of juvenile Chinook Salmon in all regions (Figure 2.2). In the Salish 

Sea, Pacific Herring consistently represent a substantial proportion of salmon diets (Healey 1978, 

Duffy et al. 2010, Beamish et al. 2012, Neville et al. 2023). Consumption of a higher proportion 

of fishes may confer an increased scope for growth, compared to exclusively zooplankton 

consumption (Davis et al. 2020). Diet energy content was significantly higher when stomachs 

contained Pacific Herring than in those without (Figure A3). The absence of Pacific Herring 

from juvenile Chinook Salmon diets has been found to negatively impact fish condition factor 

and may influence early marine survival (Beamish et al. 2012). In the summer, there is a positive 

relationship between growth and Pacific Herring consumption (Duguid et al. 2021). Duguid et al. 

(2021) reported higher fullness indices and greater scale circuli spacing in juvenile Chinook 

Salmon that were feeding on fish prey. We did not find strong evidence of an ontogenetic diet 

shift, i.e., an increased consumption of fish prey throughout the winter. This may be due to the 

size of juvenile Chinook Salmon sampled; most were large enough to feed on fish prey by the 
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onset of our sampling (Chittenden et al. 2018). The inflated presence of Pacific Herring in SGI 

diets may explain the greater variability observed in diet energy content in this region (Figure 

2.6). Pacific Herring accounted for a large proportion of the diets in December and January of 

2021-2022 which corresponded to the spike in diet energy content. Age-0 Pacific Herring have 

been captured in large numbers in September at sites around the SGI, and to a lesser extent 

NSoG and DI (Thompson et al. 2020, 2022). Spatiotemporal variability in Pacific Herring 

presence is likely driven by various biological and oceanographic factors including wind and 

wave action, oceanic currents, substrate and vegetation type, proximity to spawning locations, 

and primary productivity (Boldt et al. 2019, Frick et al. 2022). Although the presence of Pacific 

Herring in diet has been correlated with higher mean growth rates, juvenile Chinook Salmon 

continued to grow even when they were not consumed.   

The winter diet composition of juvenile Chinook Salmon exhibited temporal variation, 

with regional differences (Figures 2.3, 2.4). Samples collected from the NSoG were the most 

distinct, while DI and SGI diets displayed some overlap. Fish feeding in the NSoG consumed a 

greater proportion of zooplankton, with distinguishable prey including Primno spp., 

Paraeuchaeta spp., and squid. Because of the deep basins throughout the SoG which facilitate 

diel vertical migration, the zooplankton community is similar to that found in oceanic 

environments (Mackas et al. 2013). Both Paraeuchaeta spp. and Primno spp. are known to 

conduct vertical migrations (Ikeda 1995; McEwan 2022), and thus may be less likely to occur in 

shallower regions within the SoG, such as the DI and SGI. In the SGI, euphausiids and other 

hyperiid amphipods constituted a substantial proportion of the diet.  

Interannual variability in Chinook Salmon diets was also observed (Figure 2.3), but 

trends were most evident in the DI and NSoG regions in 2022-2023 when sampling was uneven 
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and catch rates were reduced (Table 2.1). Seasonal differences were also detected (Figure 2.4), 

particularly in the NSoG where we had the most comprehensive sampling coverage. These 

differences in the NSoG were partially explained by the presence of Primno spp. in the early 

winter, and Hyperia spp. and squid in late winter. Polychaete worms were also meaningful in the 

diets in late winter (January through April). Polychaetes have been found in juvenile Chinook 

Salmon diets in Puget Sound in spring through fall (Duffy et al. 2010), but were less prevalent in 

diets in other regions in both summer (e.g., Weitkamp and Sturdevant 2008, Brodeur et al. 2007; 

Duguid et al. 2021) and winter (Hertz et al. 2017). In Comox, BC, juvenile Chum and Chinook 

Salmon estuarine diets were collected, and polychaetes were found only in samples from Chum 

Salmon (Kennedy et al. 2018); however, these samples were collected in the spring immediately 

following river outmigration. Stellar sea lions (Eumetopias jubatus) have also been reported to 

consume polychaetes in winter (Maniscalco 2023). Most of the polychaetes encountered in the 

samples from this study were benthic nereids. It is possible that juvenile Chinook Salmon 

encountered these polychaetes during reproduction when the nereids swim into the water column 

and spawn (Díaz-Castañeda and Reish 2009). Alternatively, the salmon may feed on nereids 

directly off the seafloor, possibly at night when some polychaetes are known to emerge from the 

sediment to forage (Last and Hendrick 2014). The consumption of these polychaetes represents a 

possible link between benthic and salmon productivity, expanding beyond pelagic phytoplankton 

and zooplankton productivity which are often linked to early marine survival of Pacific salmon 

(MacFarlane et al. 2005, Perry et al. 2021). While the overall FO of polychaetes was relatively 

small (3.73%), these worms occurred in diets in all three regions, made up substantial 

proportions of the diets in some months, and may represent an important prey during a food-

limited period.  
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Energy density values from organisms collected in the diets were similar to those in the 

literature (Weil et al. 2020), although variability was observed (Figure 2.5). Possible 

explanations include changes in energy density through winter, interannual differences masked 

by pooling all years, sex of the organisms, maturity state, and the influence of digestion state. 

Temporal and sex-based differences in energy density have been previously observed (Weil et al. 

2020). The zooplankton we sampled for energy density were often alive, but to increase sample 

sizes, freshly dead specimens were also used. Among these was Paraeuchatea spp. which are 

less physically robust than other prey groups (e.g., amphipods; Putz and Bowers 1991), and this 

may have affected energy density precision. Paraeuchatea spp. copepods are reported to have 

high lipid content, which correlates with energy density (Costalago et al. 2020). Further, the 

energy density of some groups of amphipods we collected were close to reported values (e.g., 

Hyperia spp.), while other groups were lower (gammarids, Themisto spp.; Weil et al. 2020). This 

difference may be explained by seasonal differences, as Weil et al. (2020) found significant 

differences in Themisto spp. energy content throughout the summer, with the lowest values in 

April and September. Also, differences in energy density values between prey collected in the 

field compared to those collected from stomachs have been documented, with stomach-derived 

items having significantly higher wet-mass caloric content (Luecke and Brandt 1993). This 

difference could have important implications for the use of literature-derived energy content 

values in modelling bioenergetics.  

As an investigation into the plausibility of winter as a period of nutritional stress, we 

assessed the percentage of empty stomachs and energy content of diets of first ocean year 

Chinook Salmon over the sampling period. Note that the relative frequency of empty stomachs 

across months, regions, and years, was not directly tested with a statistical analysis and 
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represents a qualitative examination The percentage of empty stomachs ranged from 0% to 40% 

(Table 2.1), with the highest proportion of empty stomachs occurring in the DI in March of 2023 

(n = 5), followed by the SGI in January of 2022 (38%; n = 13). The high degree of variability in 

stomach emptiness is likely a function of prey patchiness throughout the SoG that has been 

observed in other regions and seasons (Duffy et al. 2010, Mackas et al. 2013). In the NSoG, 

February consistently had the greatest proportion of empty stomachs (17 – 27%) which may 

reflect a decline in prey availability in this region during a period of low SoG productivity (Peña 

et al. 2016). Overall, we observed that 13% of lavaged fish had empty stomachs, which was 

higher than summer averages in southeast Alaska (5.1%; Weitkamp & Sturdevant 2008) and 

coastal Oregon and Washington (5.7%; Brodeur 1991), and winter on the WCVI (2%; Hertz et 

al. 2017). However, it was much lower than Chinook Salmon of similar size classes in the Strait 

of Juan de Fuca in late spring to early fall (39%; Beacham 1986) and was comparable to values 

reported across years within the SoG in July (~10-20%; Beamish et al. 2012). Although, 

Beamish et al. (2012) defined an empty stomach as one with less than 0.1 g of prey, whereas in 

this study empty stomachs were those completely devoid of prey. Assuming empty stomachs 

included those with <0.1 g of prey, the proportion of empty stomachs in this study would 

increase to 35% overall. At sites close to those we sampled in the SGI, 8% of juvenile Chinook 

Salmon did not contain food in their stomachs in summer (Duguid et al. 2021). It is likely that 

zooplankton are less abundant throughout the winter (Peña et al. 2016), resulting in the generally 

higher proportions of empty stomachs than seen in other seasons. However, regional differences 

in prey availability also likely contribute to the differences. And, as Chinook Salmon increase in 

size and consume more fish, the proportion of empty stomachs increases (Daly et al. 2009). The 

fish we sampled typically had a greater frequency of empty stomachs than in other seasons, 
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which could suggest a decline in prey abundances in winter, although the magnitude of the 

difference across seasons was variable.  Further, the increased frequency of empty stomachs does 

not necessarily indicate that fish were more likely to be starving. These fish may also prioritize 

predator avoidance over feeding and shift their habitats to areas with lower food availability 

(Scheuerell and Schindler 2003), resulting in reduced growth, but adequate rations for survival.  

2.4.3 Diet energy content and condition factor 

 Diet energy content declined by day of year, although the trend was not significant. A 

significant, additional non-linear effect of day of year on diet energy content was observed in the 

SGI and the years 2020-2021 and 2022-2023. For all significant smooths, diet energy content 

was initially low, increased in early or mid-winter, and subsequently declined. This pattern is 

likely explained by the high proportion of Pacific Herring and other fish prey in diets in mid-

winter (see above). No significant trends were observed in the DI, NSoG, or 2021-2022, however 

the significant smooth in 2020-2021 contained only samples from the NSoG. The nonsignificant 

decline in overwinter diet energy content does not support the hypothesis that the first ocean 

winter is a period of nutritional stress. Juvenile Chinook Salmon stomach fullness has been 

shown to decline throughout the summer (Weitkamp and Sturdevant 2008, Duguid et al. 2021). 

On the WCVI, Hertz et al. (2017) reported that stomach fullness was higher in winter than 

autumn 2005-2006; however, Middleton (2011) reported that gut fullness was lower in winter 

2006 than autumn 2005 but did not significantly differ between seasons in the subsequent year. 

While we observed no substantial trends in diet energy content, we did detect variations in diet 

energy content by region and season, necessitating further investigation into the driving forces 

behind these patterns. 
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We detected a significant negative trend in condition factor through time. This aligned 

with our prediction, as a lower condition factor in winter as compared to autumn was expected 

(Jacobsen and Hansen 2001, MacFarlane 2010). The average condition factor we observed (1.22 

± 0.072) was lower than those of juvenile Chinook Salmon captured in California, where mean 

values ranged from 1.43 in autumn to 1.31 in winter (Macfarlane 2010) but was comparable to 

summer values in the SoG (Beamish et al. 2012). All Chinook Salmon condition factor values 

exceeded 0.69 Fulton’s K which was reported to be a critical endpoint for juvenile Sockeye 

Salmon survival (Wilson et al. 2021); however, the range of condition factors for Sockeye 

Salmon reported in Wilson et al. (2021) did not exceed 1.0 Fulton’s K, whereas all Chinook 

Salmon condition factors from this study exceeded 1.0 Fulton’s K. This suggests that there may 

be important species-specific differences in condition factor necessitating further examination 

into threshold values. Relative to the global GAM smooth for date effects on condition factor, 

the region-specific smooths for DI and SGI as well as year-specific smooths in 2020-2021 and 

2022-2023, exhibited significant differences (Figures 2.7, A5). Conversely to the trend in diet 

energy content, condition factor in the SGI only marginally differed from the global mean. In the 

DI, the effect of day of year on condition factor was variable. Fish captured from the DI 

exhibited the widest range of sizes (111 to 363 mm) and had the greatest average mass in 2021-

2022 (203 ± 8 g) and least in 2022-2023 (132 ± 16 g) of all years and regions. However, the 

fewest fish were captured from this region and sampling was least consistent. Given the strong 

tidal mixing in this region, juvenile salmon migrating through the DI may experience food 

limitation and low stomach fullness, although with feeding grounds at the southern end (James et 

al. 2020). Our sites within the DI were dispersed through both the tidally mixed zones and 

foraging hotspots, which could explain some of the variability observed in condition factor.  
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Some interannual effects on condition factor were significant. In 2020-2021, the pattern 

of decline through time was like that observed for diet energy content. The results from 2022-

2023, however, exhibited a different trend from 2020-2021. Condition factor reached a minimum 

well below the average in mid-November, and the peak in mid-January exceeded the mean. It is 

possible that the observed interannual variability was due to summer feeding conditions. If 

juvenile Chinook Salmon were not able to feed sufficiently in summer to promote lipid storage 

this could explain the reduced condition factor in early winter (Utne et al. 2021). Further, if small 

fish were not able to feed adequately, they may have migrated to feeding grounds outside the 

SoG (Brodeur 1990, Myers et al. 2007). Larger fish may have remained in the SoG (Chamberlin 

et al. 2011), thus inflating the condition factor values in late winter relative to the global mean. 

Alternatively, small fish may have experienced higher levels of mortality than the larger fish, 

skewing the late-winter values (Beamish and Mahnken 2001, Moss et al. 2005). Large-scale 

physical oceanographic conditions can also impact fish condition factor. MacFarlane et al. 

(2005) reported that juvenile Chinook Salmon condition factor in the California Current was 

higher during an El Niño compared to the subsequent La Niña. It is likely that a combination of 

factors influences juvenile Chinook Salmon body condition, and more work is required to better 

understand the complex dynamics affecting the condition of these fish populations.  

2.4.4  Limitations 

Several limitations must be considered when interpreting the results of this study. 

Foremost, the uneven sampling design with variable catches among regions and years limits 

statistical power. Further, our sites may or may not reflect regional differences in diet 

composition because the sampling design was not spatially representative. We were unable to 

consistently sample many sites within each region, and we detected some site-specific 
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differences in diet composition (Figure A1) which suggests that our region-wide conclusions 

may be driven by site effects. Sampling was conducted only during daylight hours using 

microtrolling, which introduces biases selecting for actively feeding fish and could artificially 

inflate the likelihood of encountering Chinook Salmon with empty stomachs. In addition, 

Benkwitt et al. (2009) found that juvenile Chinook Salmon exhibited peak feeding behaviour at 

dawn and dusk, which could exacerbate the bias against non-feeding fish. While the proportions 

of empty stomachs in this study appeared to be greater than those from studies conducted in the 

summer, it would have been valuable to sample juvenile Chinook Salmon in these same regions 

and years during the summer to test this directly, while accounting for interannual differences.  

The condition factor indices used may underestimate fish nutritional quality, as energy 

may be allocated to growth (i.e., an increase in length) as opposed to energy storage (i.e., an 

increase in mass). While we detected significant declines in overwinter condition and 

hypothesized that these declines were related to reduced food availability or quality, it is also 

plausible that overwintering Chinook Salmon were investing energy from feeding to growth. 

Direct measurements of fish nutritional status, such as energy density (Chapter 3), are preferable 

but require lethal sampling, whereas the majority of Chinook Salmon captured in this study were 

PIT tagged to contribute to a broader research program and thus could not be retained.  

 Prior to this work, the presence of juvenile Chinook Salmon residing in the SoG 

overwinter was debated (Neville et al. 2015). While we were able to successfully sample a 

population of overwinter residents in the SoG, it is possible that outmigration from the Strait is 

occurring throughout the winter. Thus, the cohort of Chinook Salmon being sampled may shift 

during the winter to cohorts with different size classes or stock compositions, which could result 

in changes in condition and energy density that are independent of foraging conditions. Although 
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for condition factor, we partially accounted for changes in stock composition by modelling only 

fish originating from ECVI stocks.  

Another consideration is the analysis of exclusively stomach content samples for diet 

determination. Stomach samples are a snapshot of the fish’s feeding, and the use of stable 

isotopes to understand longer-term diet preferences would enhance the study (Vander Zanden et 

al. 2015, Hertz et al. 2016). Stable isotope samples from a subset of Chinook Salmon were 

collected, but their analysis is beyond the scope of this work. We determined that our lavage 

efficiency was 93.14%, with the weight of most of the remaining prey items being less than one 

gram per stomach, except for three large prey items (one squid and two Northern Anchovy). If 

those prey were omitted, our efficiency would be 98.4%. In the field, Chinook Salmon were 

lavaged by different samplers, and there seems to be an effect of sampler experience on lavage 

efficiency, as the three salmon with large prey remaining were lavaged by a new sampler. 

Lavage efficiency was lowest (89.10%) in the second year of sampling while the new sampler 

was being trained, and increased in 2022-2023 (97.70%), likely due to sampler experience. We 

recommend that field personnel are thoroughly trained in gastric lavage techniques prior to 

sampling as differences in lavage efficiency may introduce additional variability. These 

differences could have biased our diet composition data against large prey, especially in the 

second field season. Overall, this work would be bolstered by concurrent zooplankton sampling 

to understand how zooplankton presence influences overwintering juvenile Chinook Salmon 

feeding. While this parallel sampling design was our intent, we were unable to adequately 

sample both juvenile Chinook Salmon and zooplankton given time and weather constraints.  
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2.4.5  Conclusion 

Our study provides novel insights into the winter feeding habits of juvenile Chinook 

Salmon in the SoG. Winter diets differed from Chinook Salmon summer diets most notably in 

the absence of decapod larvae and a greater contribution of Primno spp. than other hyperiid 

amphipods, and similarities included a reliance on amphipods and euphausiids. While we 

detected negative trends in both diet energy content and condition factor neither suggested 

prolonged starvation, and juvenile Chinook Salmon continued to consume a diverse range of 

prey groups throughout winter. The significant decline in condition factor through winter, given 

the nonsignificant decline in diet energy content, is surprising and could indicate that larger fish 

outmigrated from the SoG during winter. Our inability to find strong evidence of overwinter 

starvation suggests that, while food availability is likely reduced in winter, this period may not 

be responsible for mass, nutritionally mediated mortality events.  
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2.6  Tables 

Table 2.1. Juvenile Chinook Salmon capture information in the Strait of Georgia, 2020-2023. 

Salmon metrics include mean fork lengths (FL), mean weights (W), and the accompanying 

standard deviation (± SD). Percent of empty stomachs and stomach fullness are in relation to 

those lavaged, not total fish captured (n).  

Year Region Sep Oct Nov Dec Jan Feb Mar Apr 

2021-

2022 
Discovery Islands         

Chinook (n) 0 0 0 31 0 30 23 0 

 Empty (%) 0 0 0 20 0 3.45 21.74 0 

 Fullness (%)    1.00 ± 1.41  0.77 ± 0.83 0.59 ± 0.85  

 Mean FL (mm)    248 ± 4  237 ± 6 272 ± 6  

 Mean W (g)    193 ± 9  176 ± 14 251 ± 15  

2022-

2023 
Discovery Islands         

Chinook (n) 19 0 15 6 3 0 5 0 

 Empty (%) 5.26 0 33.33 0 0 0 40 0 

 Fullness (%) 1.05 ± 1.07  0.59 ± 0.92 1.33 ± 1.99 0.71 ± 0.19  0.59 ± 0.98  

 Mean FL (mm) 180 ± 12  203 ± 6 237 ± 9 222 ± 15  291 ± 17  

 Mean W (g) 93 ± 27  107 ± 11 168 ± 20 135 ± 24  312 ± 51  

2020-

2021 
N. Strait of Georgia         

Chinook (n) 0 85 28 42 58 42 48 13 

 Empty (%) 0 12.5 0 5 15.52 21.95 18.18 18.75 

 Fullness (%)  0.71 ± 1.11 0.95 ± 0.98 0.84 ± 0.75 0.48 ± 0.78 0.75 ± 0.96 0.65 ± 0.92 0.70 ± 1.05 

 Mean FL (mm)  222 ± 3 223 ± 5 254 ± 5 259 ± 3 256 ± 2 263 ± 5 309 ± 10 

 Mean W (g)  142 ± 7 146 ± 10 210 ± 13 217 ± 9 200 ± 4 225 ± 14 369 ± 35 

2021-

2022 
N. Strait of Georgia         

Chinook (n) 0 103 22 52 69 45 22 1 

 Empty (%) 0 1.94 17.24 5.88 23.19 27.27 10 0 

 Fullness (%)  0.86 ± 1.19 0.71 ± 1.06 0.67 ± 0.83 0.50 ± 0.93 0.58 ± 1.06 0.50 ± 0.85 0.53 

 Mean FL (mm)  218 ± 2 242 ± 4 250 ± 3 257 ± 3 265 ± 3 285 ± 6 305 

 Mean W (g)  137 ± 5 181 ± 10 201 ± 10 212 ± 8 223 ± 8 291 ± 21 355 

2022-

2023 
N. Strait of Georgia         

Chinook (n) 0 177 15 0 62 6 8 0 

 Empty (%) 0 9.62 6.67 0 0 16.67 0 0 

 Fullness (%)  0.60 ± 0.66 1.19 ± 1.81  1.93 ± 2.21 1.25 ± 0.83 0.91 ± 1.05  

 Mean FL (mm)  210 ± 3 228 ± 7  260 ± 3 300 ± 14 278 ± 9  

 Mean W (g)  124 ± 5 146 ± 15  229 ± 8 300 ± 29 263 ± 24  

2021-

2022 
S. Gulf Islands         

Chinook (n) 0 30 26 17 14 45 9 0 

 Empty (%) 0 10 8 17.65 38.46 6.67 11.11 0 
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Year Region Sep Oct Nov Dec Jan Feb Mar Apr 

 Fullness (%)  0.75 ± 1.02 0.32 ± 0.45 0.53 ± 0.88 1.90 ± 2.37 0.68 ± 0.82 0.22 ± 0.28  

 Mean FL (mm)  210 ± 4 210 ± 5 229 ± 8 239 ± 6 251 ± 3 281 ± 10  

 Mean W (g)  118 ± 8 115 ± 9 157 ± 20 176 ± 12 196 ± 8 246 ± 19  

2022-

2023 
S. Gulf Islands         

Chinook (n) 9 23 40 8 19 0 14 6 

 Empty (%) 12.5 33.33 21.05 0 11.11 0 21.43 16.67 

 Fullness (%) 0.90 ± 1.27 0.74 ± 0.96 0.72 ± 1.10 2.13 ± 1.29 0.64 ± 0.78  0.42 ± 0.50 1.23 ± 2.53 

 Mean FL (mm) 186 ± 12 224 ± 5 211 ± 5 223 ± 10 243 ± 6  252 ± 8 258 ± 14 

 Mean W (g) 90 ± 18 153 ± 11 118 ± 9 139 ± 19 178 ± 15  202 ± 20 213 ± 35 

Table 2.2. Juvenile Chinook Salmon size information in the Strait of Georgia, 2020-2023. 

Salmon metrics include mean, minimum and maximum fork lengths (FL) and weights (W), and 

the accompanying standard deviation (± SD). The total number of Chinook Salmon captured in 

each region and year combination is denoted by ‘N.’ 

Region Year Mean FL 

(mm) 
Min. FL 

(mm) 
Max. FL 

(mm) 
Mean W 

(g) 
Min. W (g) Max. W 

(g) 
N 

Discovery Islands 2021-2022 251 ± 3 167 321 203 ± 8 56 394 84 

Discovery Islands 2022-2023 209 ± 7 111 363 132 ± 16 15 560 48 

N. Strait of Georgia 2020-2021 247 ± 2 157 355 195 ± 5 47 580 316 

N. Strait of Georgia 2021-2022 245 ± 2 176 350 190 ± 4 64 545 314 

N. Strait of Georgia 2022-2023 227 ± 2 162 363 158 ± 5 52 431 288 

S. Gulf Islands 2021-2022 233 ± 3 161 343 160 ± 6 45 422 141 

S. Gulf Islands 2022-2023 225 ± 3 146 300 148 ± 6 39 340 119 
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Table 2.3. Summary of prey categories encountered in juvenile Chinook Salmon stomachs in the 

Strait of Georgia, 2020-2023. Taxa are grouped into broad (bolded) categories, and indented taxa 

represent groupings used in analyses. Both occurrence and gravimetric (pooled mass and 

individual mean weight proportion (IMW)) methods are reported. 

Taxon Frequency of 

Occurrence 
Weight proportion 

(mass) 
Weight proportion 

(IMW) 

Cephalopoda 9.97 13.67 13.04 
Cephalopoda (unidentified) 0.21  0.05  0.25 

Octopoda 5.08  1.23  3.85 

Teuthida 4.68 12.39  8.94 

Gastropoda 3.26  0.89  1.87 

Gastropoda (unidentified) 0.14  0.01  0.04 

Pteropoda 3.12  0.88  1.83 

Osteichthyes 12.27 42.92 22.62 

Clupea pallasii 3.52 30.95 12.29 

Engraulis mordax 0.81  6.06  2.42 

Osteichthyes (larval) 5.36  1.37  2.79 

Osteichthyes (other or unidentified) 2.58  4.54  5.12 

Pancrustacea 63.96 36.96 54.43 

Amphipoda (other or unidentified) 2.40  0.42  1.01 

Gammaridae 4.94  0.81  2.50 

Hyperiidae* 13.71  1.99  6.98 

Primno spp. 10.29  8.98 14.47 

Copepoda (other or unidentified) 2.54  0.03  0.21 

Paraeuchaeta spp. 4.61  1.64  2.32 

Crustacea (other or unidentified) 2.21  0.31  1.08 

Insecta 0.58  0.05  0.36 

Isopoda 0.07 <0.01  0.02 

Mysida 0.61  0.21  0.82 

Cumacea 0.07 <0.01 <0.01 

Decapoda (larval) 2.98  0.47  1.67 

Decapoda (post larval) 1.47  0.29  0.97 

Euphausiidae 9.24  7.31  8.44 

Euphausiidae (other or unidentified) 8.24 14.45 13.57 

Polychaeta 3.73  4.90  3.87 

Other 1.58  0.06  0.51 

Parasite 1.09  0.02  0.18 

Plant material 1.61  0.11  1.27 

Unidentified material 2.54  0.48  2.21 

* ‘Other’ hyperiids refer to family Hyperiidae   
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2.7  Figures 

 

Figure 2.1 Primary sampling sites in the Strait of Georgia on the east coast of Vancouver Island, 

British Columbia, Canada. Red squares are sites sampled in the Discovery Islands, blue circles 

are sites within the Northern Strait of Georgia, and green triangles are sites within the Southern 

Gulf Islands.  
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Figure 2.2. Individual mean monthly diet proportions of first ocean winter Chinook Salmon from 

September to April in the Discover Islands, Northern Strait of Georgia, and Southern Gulf 

Islands, by year. Sample sizes for diets examined is above the bars.  
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Figure 2.3. Non-metric multidimensional scaling (NMDS) ordination of Bray-Curtis 

dissimilarities between individual mean diet proportion data for prey classifications of juvenile 

Chinook salmon at our sampling regions, Discovery Islands (DI), Northern Strait of Georgia 

(NSoG), and Southern Gulf Islands (SGI), by year. Each point represents a sample which is the 

average diet composition from a single sampling day, the size of the points indicates the number 

of fish stomach samples examined from that field day, and point transparency denotes sampling 

date. Ellipses are 95% confidence intervals around group designations (sampling region and year 

combinations). 
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Figure 2.4. Non-metric multidimensional scaling (NMDS) ordination of Bray-Curtis 

dissimilarities between individual mean diet proportion data for prey classifications of juvenile 

Chinook salmon at our sampling regions, Discovery Islands (DI), Northern Strait of Georgia 

(NSoG), and Southern Gulf Islands (SGI), by season. ‘Early’ winter was defined as September to 

December, and ‘late’ winter as January to April. Each point represents a sample which is the 

average diet composition from a single sampling day, the size of the points indicates the number 

of fish stomach samples examined from that field day, and point transparency denotes sampling 

date. Ellipses are 95% confidence intervals around group designations (sampling region and 

season combinations). 
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Figure 2.5. Energy density (J/g wet weight) values of pooled diet items from three years of 

sampling, where colour denotes broad prey category. Points show the mean energy density value 

for each taxonomic group, error bars are the standard deviation from the mean, and numbers to 

the right of each point indicate sample size. 
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Figure 2.6. Observed partial residuals (points in (a)) and generalized additive model (GAM) 

partial effects of Chinook Salmon diet energy content by day of year. The response variable is 

plotted on the scale of the link function, which defaults to the log scale for the Tweedie 

distribution. Lines represent the estimated smooths and shaded areas are the 95% confidence 

intervals of (a) the global smooth, and the significant smooths by region (b) or sampling year (c). 

Hash marks (‘rug’) at the bottom of the plot indicate occurrences of the covariate. Partial 

residuals obscured the trends in (b-c) thus were not included. A dashed horizontal line indicates 

zero. Colours indicate significant terms of sampling region or field year.  
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Figure 2.7. Observed partial residuals (points in (a)) and generalized additive model (GAM) 

partial effects of Chinook Salmon condition factor by day of year. Lines represent the estimated 

smooths and shaded areas are the 95% confidence intervals of (a) the global smooth, and the 

significant smooths by region (b) sampling year (c). Hash marks (‘rug’) at the bottom of the plot 

(b-c) indicates occurrences of the covariate. Partial residuals obscured the trends in (b-c) thus 

were not included. A dashed horizontal line indicates zero. Colours indicate significant terms of 

sampling region or field year. Only fish originating from east coast Vancouver Island streams 

were included in this analysis.  
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Chapter 3 – Bioenergetic models for overwinter juvenile Chinook Salmon 

based on longitudinal sampling 

3.1  Introduction 

In the north Pacific Ocean, Chinook Salmon (Oncorhynchus tshawytscha) survival, 

indicated by smolt-to-adult return rates, has declined substantially over the past several decades 

(Welch et al. 2021). As of 2020, eight of the twelve distinct southern British Columbia Chinook 

Salmon Designatable Units have been designated Endangered, Special Concern, or Threatened 

by the Committee on the Status of Endangered Wildlife in Canada (COSEWIC 2020). It is 

theorized that a major contributor to these population declines is reduced survival during the 

early marine life stage (Beamish et al. 2001, Duffy and Beauchamp 2011, Riddell et al. 2018). 

Juvenile Chinook Salmon enter the marine environment in spring or summer depending on life 

history characteristics, i.e., freshwater residency duration (Riddell et al. 2018). Once in the 

ocean, Chinook Salmon rear in estuarine environments and feed extensively to promote rapid 

growth (Chittenden et al. 2018, Kennedy et al. 2018, Davis et al. 2020). In the Salish Sea, marine 

invertebrates and especially decapod larvae are the primary food source until juvenile Chinook 

Salmon grow large enough to transition to piscivory (Duffy et al. 2010, Chittenden et al. 2018, 

Duguid et al. 2021). Considerable work has been conducted on the fist summer at sea for 

Chinook Salmon, and early marine growth has been linked to feeding rates (Beauchamp et al. 

2007), prey abundance and quality (Litz et al. 2018), and ocean entry timing (Gamble et al. 

2018). It is hypothesized that rapid early marine growth is essential for Pacific salmon survival. 

The “critical-size, critical-period” hypothesis proposes that juvenile Pacific salmon face 

two distinct periods marked by increased mortality once they transition from freshwater to 

marine environments (Beamish and Mahnken 2001). The first phase is characterized by 
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increased predation, and the second occurs during the first ocean winter and is dependent on size 

or energy reserves. Juvenile salmon must surpass a minimum size threshold or have adequately 

invested energy into storage to persist throughout the winter (Beamish et al. 2008). Failure to do 

so may result in mortality mediated by nutritional stress. It is important to understand if, and 

how, survival is regulated throughout the first winter at sea. There is some evidence that size- or 

energy-selective mortality occurs during the first winter at sea for Pacific salmon (Beamish et al. 

2004, Moss et al. 2005, Duffy and Beauchamp 2011, Howard et al. 2016), although its generality 

remains uncertain (Beacham et al. 2018). Larger fish are thought to have additional survival 

advantages, such as increased gape which facilitates piscivory (Brodeur 1991, Daly et al. 2009), 

faster swimming speeds for predator avoidance (Litz et al. 2017), reduced relative metabolic 

rates (Clarke and Johnston 1999, Schultz and Conover 1999), and increased energy stores (Biro 

et al. 2004, Martin et al. 2017).  

Fish condition can be evaluated in various ways, including assessments of condition 

factor, relative organ weights, energy density, and biochemical analyses (Arndt et al. 1996, 

Trudel et al. 2005). Biochemical analyses require substantial laboratory processing time, and 

alternative analyses have been able to detect decreases in ration as a measure of reduced 

condition (Arndt et al. 1996, MacFarlane 2010). Indicators of nutritional stress include depressed 

growth rates, consumption, and condition (Jørgensen et al. 1997, Hurst 2007, Fergusson et al. 

2010). In a weakened physiological state due to nutritional stress, fishes may have a decreased 

ability to forage or evade predators due to less available energy for activity, and a heightened 

susceptibility to pathogens and parasites caused by a supressed immune system (Hurst 2007). 

Assessments of the physiological condition of overwintering fish are important to evaluate 

fitness and can be used to inform additional analyses. 



65 

 

Bioenergetic modelling is a valuable tool used to investigate ecological questions related 

to fish growth. Bioenergetic models are based on mass balance equations in which food 

consumption is balanced by metabolic demands, waste losses, and specific dynamic action (the 

energy required to handle and digest food), and remaining energy is allocated to growth or 

energy storage (Deslauriers et al. 2017). The physiological parameters used in these models are 

derived from laboratory studies. Stewart and Ibarra (1991) reported various physiological 

parameters (values to approximate consumption, metabolism, and swimming speed) for Lake 

Michigan Chinook Salmon derived from previous research. While some of these studies were 

conducted on Chinook Salmon, many inputs were based on small sample sizes or borrowed from 

other fish species (Stewart et al. 1983). Given the limitations in the available parameters, Plumb 

and Moffit (2015) sought to collect data on subyearling Chinook Salmon temperature-dependent 

consumption and estimate improved parameters for the Wisconsin bioenergetics model at high 

temperatures. These studies together make up the parameters for Chinook Salmon used in Fish 

Bioenergetics 4.0 (FB4), an R-based program designed to simplify bioenergetic modelling and 

encourage broader application (Deslauriers et al. 2017). However, knowledge of the limitations 

of these models is imperative for their appropriate use.  

The factors that directly influence bioenergetic model outputs when modelling 

consumption are temperature, diet composition, the energetic value of predators and their prey, 

and most importantly, predator size. It is also possible to model predator growth given an 

assumed consumption (Deslauriers et al. 2017). Along with the physiological parameters, these 

inputs are commonly derived from literature values, held constant throughout the simulation, or 

averaged across large time intervals (e.g., Boldt and Haldorson 2002, Cross et al. 2005, Connelly 

et al. 2018). Using borrowed energy density values for both predators and prey has been shown 
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to overestimate consumption rates (Johnson et al. 2017), so an underestimation of consumption 

is also plausible. Further, errors in predator energy density are particularly susceptible to 

propagating bias when using bioenergetic models to predict growth (Trudel et al. 2005). While 

studies often use in situ temperatures for modelling, these values are commonly from sea surface 

temperature values or averaged across a wide range of depths or regions (e.g., Cross et al. 2005, 

Beauchamp and Duffy 2011), which may not reflect the fish’s thermal experience at depth. 

Temperature affects fish metabolic rate (Jobling 1981, Clarke and Johnston 1999), so accurately 

accounting for temperature is important in bioenergetic modelling. Bioenergetic model outputs 

include daily consumption and growth rates, as well as feeding rate as a proportion of the 

theoretical maximum consumption. Despite the limitations, these models allow for the estimation 

of consumption which is distinctly challenging to measure in wild fish populations (Garvey and 

Chipps 2012).  

In this study, we aim to assess juvenile Chinook Salmon physiological status throughout 

the winter by 1) modelling temporal changes in organosomatic indices and energy density, and 

2) employing bioenergetic modelling to investigate the growth, consumption, and feeding rates 

of juvenile Chinook Salmon, with data collected in the field (i.e., diet composition, energy 

density of salmon and prey, temperature, fish size) to be used as inputs in the models. We also 

compare the estimates of the bioenergetic models based on our longitudinal sampling design to a 

less frequent, seasonal study framework to evaluate the value of increased sampling frequency in 

bioenergetic model accuracy. The results of this research will advance our understanding of 

juvenile Chinook Salmon overwinter energy dynamics. 
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3.2  Methods 

3.2.1  Field sampling 

 First ocean winter Chinook Salmon were captured by microtrolling in three regions 

within the SoG (see Chapter 2 for details) from 05 October 2020 to 11 April 2021, and 20 

September 2021 to 14 April 2022. On a roughly monthly basis, temperature of the water column 

to 90 m, at ~0.3 m intervals, was recorded by a Castaway CTD in each region. Fishing gear was 

deployed systematically at 7.6 m intervals, and the depths of hooks which captured fish were 

recorded. All salmon were sampled following anaesthesia with tricaine methanesulfonate. 

Relevant samples measured or collected from all salmon included fork length (nearest mm), 

weight (nearest g), stomach contents by gastric lavage (Duguid and Juanes 2017), and scales for 

genetic stock identification (GSI) and parentage-based tagging (PBT; Beacham et al. 2017). 

Stomach contents were bagged with seawater and stored on ice until examination. Most salmon 

were tagged with passive integrated transponders (PIT tags) to contribute to a large-scale salmon 

survival study, the ‘Bottlenecks to Survival’ program (survivalbottlenecks.ca). A subset of 

salmon was lethally sampled (maximum 50 fish per field year), stored on ice until the end of the 

field day when they were moved to a -20 °C freezer until transfer to long-term storage in a -80 

°C freezer. Where possible, fish injured during capture were used for the lethal sampling 

component; otherwise, we aimed to retain Chinook Salmon from all regions and as evenly as 

possible throughout the sampling timeframe. Incidental Chinook Salmon mortalities from the 

‘Bottlenecks to Survival’ program winter microtrolling were donated to this project to bolster 

lethal sample numbers.  
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3.2.2  Genetic stock identification 

 Genetic stock identification (GSI) was conducted to determine which fish originated from 

the east coast of Vancouver Island (ECVI). Chinook Salmon scales were submitted to the 

molecular genetics laboratory at the Fisheries and Oceans Canada (DFO) Pacific Biological 

Station. Tissue genotyping was conducted following the procedure outlined in Beacham et al. 

(2022). Both GSI and PBT techniques were employed. While finer-scale stock origin 

information was available, to simplify analyses and avoid confounding stock with region, all fish 

from ECVI stocks were grouped.  

3.2.3  Energy density 

Retained and donated juvenile Chinook Salmon were thawed in the laboratory and 

otoliths were extracted for later stable isotope and trace elemental analyses. A caudal fin clip and 

~5 mm3 dorsal muscle biopsy was removed, dried at 60 °C, and stored in a desiccator until 

transfer to a -80 °C freezer for future stable isotope analysis. The stomachs were dissected, and 

residual contents were removed. The whole body, including the empty stomach, was divided into 

several smaller pieces to facilitate drying and dried at 60 °C until a constant mass was reached. 

Dried fish were weighed, homogenized into a fine powder, and stored in a desiccator until 

ashing. Three aliquots of approximately 1 g of homogenized tissue per fish were ashed in a 

muffle furnace for 3 hours at 550 °C in pre-ashed aluminum weigh boats, and weighed to 

0.00001 g. In one instance, the dry weight was not recorded, so the averaged dry weight to wet 

weight ratio for the other subsamples of the same fish was determined and multiplied by the wet 

weight to approximate overall dry weight.  While juvenile Chinook Salmon were retained in the 

third sampling year (2022-2023; see Chapter 2), data from these fish were deemed unusable due 

to processor error and were thus omitted from the following analyses.  
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3.2.4  Organosomatic indices 

Prior to drying for energy density determination, all retained juvenile Chinook Salmon 

from the second field season (2021-2022) were subject to additional measurements. The 

incidental juvenile Chinook Salmon mortalities (n = 32) from the ‘Bottlenecks to Survival’ 

program winter microtrolling were likewise analysed. All fish were partially thawed, weighed (to 

the nearest 0.0001 g) and measured (fork length; nearest mm), and the weights of the viscera 

(minus stomach contents and gonads), carcass (minus viscera), gastrointestinal tract (without the 

intestine contents), and liver (minus gall bladder) were recorded. To evaluate organosomatic 

condition, organ weights were divided by total fish weight and multiplied by 100 for the 

gastrointestinal somatic index (GISI), hepatosomatic index (HSI), and viscerosomatic index 

(VSI). Somatic indices may detect changes in proximate body composition over a short (e.g., 

GISI, HSI) or long term (e.g., VSI) in response to reductions in ration (Adams and McLean 

1985, Arndt et al. 1996, Simpkins et al. 2003). 

3.2.5  Energy density and organosomatic index models 

Hierarchical generalized additive models (GAMs) were developed using the package 

‘mgcv’ in R to examine the changes in first ocean winter Chinook Salmon energy density and 

organosomatic indices (see Chapter 2 for detailed methods; Wood 2011, R Core Team 2023). 

The chosen smoothing parameter estimation method was restricted maximum likelihood (Wood 

2011), and knots (‘k’) were set to five for all models to avoid overfitting. A global smooth term 

for day of year, and region-specific and year-specific individual smooths, were estimated. 

Parametric terms for region and field year were included as separate terms in the model where 

relevant. Only one year of data were available for organosomatic indices, so field year was not 

included in the models. Energy density and organosomatic index residuals were approximately 
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normally distributed, so a Gaussian distribution was used in all models. Model fit was evaluated 

using the function gam.check from ‘mgcv.’ To avoid confounding results with fish of varying 

life histories and growth rates, we included only ocean-type fish which originated from the ECVI 

for all analyses.   

3.2.6  Bioenergetic modelling 

Bioenergetic models were developed with the Wisconsin bioenergetic modeling 

framework using the FB4 Shiny application in RStudio (Deslauriers et al. 2017). Physiological 

parameters for Chinook Salmon were derived from literature values (Stewart and Ibarra 1991, 

Plumb and Moffitt 2015). Model inputs were derived from our field-collected data, including 

fish weight, diet composition, energy density of both Chinook Salmon and their prey, and 

temperature at depth of capture.  

  Predictions from the hierarchical GAMs outlined in 3.2.5 were not used for the 

bioenergetic models. Instead, simpler models, without region- or year-specific smooths or 

parametric terms, were developed to impose fewer assumption on the bioenergetic model. For 

Chinook Salmon weight, energy density, and temperature at depth of capture, GAMs were used 

to predict daily values throughout the entire sampling season (see further explanations below). A 

single smooth for day of year was used to predict the response variable, with separate models 

created for each year and region combination of interest. Data were subset prior to modelling to 

isolate factors affecting growth and consumption rates for various regions and years.  

All bioenergetic models began on day one (5 October) and ended on day 178 (31 March). 

However, models were conducted in monthly stanzas to limit the propagation of errors across 

large time scales and to investigate changes in growth, consumption, and feeding rate estimates 

at a finer temporal resolution while retaining logistical feasibility.  These analyses ignored the 
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uncertainty in the model input data and used the mean values from the GAM predictions. Daily 

specific growth and consumption rates were produced from the bioenergetic models, and the 

monthly means and standard deviations were calculated from the daily rates to describe the 

variability within the monthly model output. Specific growth rate was defined as the mass of 

prey allotted for growth per gram of predator mass on the current day, and specific consumption 

rate was the mass of prey consumed per gram of predator mass on the current day (Deslauriers et 

al. 2017). 

3.2.6.1  Temperature  

 Temperature at depth of capture was used to predict daily temperature values using a 

GAM for the bioenergetic models (Figure B1). To determine temperature at depth of capture, the 

monthly modes of Chinook Salmon capture depths were determined and paired to temperature 

data from CTD casts within each region. In instances where multiple temperature values were 

recorded for a single depth increment (m), the average temperature at that depth was calculated. 

Temperature data were normalized using a log transformation prior to modelling.  

 There were not adequate temperature data in the SGI in 2021-2022 to use the simplified 

GAM structure, so a hierarchical GAM was developed using data from all regions in both years. 

This model included a global smooth for the effect of day of year on temperature, as well as 

individual smooths for each field year and region interaction. A parametric term for each field 

year and region interaction was also included in the model. All other model specifications were 

as described in 3.2.5. Model predictions of temperature by day of year for the SGI in 2021-2022 

were derived from the GAM and used as the bioenergetic model input. Likewise, for the 

‘seasonal’ approach (see 3.2.6.6), no temperature data were available from the SGI in March of 

2021-2022, so the average temperature from the NSoG in March of the same year was used.  
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3.2.6.2  Diet proportion 

Chinook Salmon stomach contents were identified and weighed to the lowest practical 

taxonomic level within 72 hours of collection (Chapter 2). Prey groups that contributed <0.5 % 

individual mean weight (amphipod fragments, cumaceans, gastropods, isopods, unidentified 

hyperiid amphipods) were removed, and groups which were not thought to be target diet items 

were similarly omitted (plant material, ‘other,’ and unidentified material). Diet proportions for 

the models were determined by averaging the individual mean diet composition data from each 

year, month, and region (Figure B2). Where diet data were available from April, these 

proportions were used as the final day of the simulation to account for changes in diet throughout 

March which may not have been captured if sampling occurred early in March.  

3.2.6.3  Prey energy density and indigestible component 

Live or intact prey from the diets were used for energy density determination (Chapter 2). 

The average energy density values for each prey group were used in all models, and the 

indigestible component of the diet was determined from literature values (Table B1). For all 

simulations, prey energy density and the indigestible diet proportion remained constant.  

3.2.6.4  Chinook Salmon energy density 

Juvenile Chinook Salmon energy density values were determined from field-collected 

fish (see 3.2.3). The changes in energy density by day of year was modelled through the 

simulation period using a GAM, and the daily predicted means were inputted into the 

bioenergetic model (Figure B3).  

As for temperature in the SGI in 2021-2022, too few Chinook Salmon energy density 

data were available from that region and year to use the simplified GAM framework, so a 

hierarchical GAM was developed (see 3.2.6.1 for model specifications). Model predictions of 
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Chinook Salmon energy density by day of year for the SGI in 2021-2022 from the hierarchical 

GAM were then used as the bioenergetic model input.  

3.2.6.5  Weight 

The weights of ECVI Chinook Salmon were modelled using a GAM by day of year 

(Connelly et al. 2018). Since the models were run in monthly stanzas, weights predicted by the 

GAM for the start of each monthly simulation period were used as the initial weight, and the 

bioenergetic model simulation was fitted to the predicted final weight (Figures B4, B5). 

Predicted Chinook Salmon weights at the start and end of each monthly simulation were used, 

i.e., the final weight of the prior month was used as the initial weight of the subsequent month. 

Note that these values represent apparent fish growth, defined as the average shift in the size 

distribution of the population sampled over time (Colombano et al. 2020), rather than individual 

fish growth.  

3.2.6.6  Model versions 

 Monthly bioenergetic models were developed for October to March in the NSoG in 2020-

2021 and 2021-2022 to compare interannual growth, consumption, and feeding rates. A separate 

model for the SGI in 2021-2022 was run and compared to the NSoG 2021-2022 model to 

investigate regional differences in overwinter growth and feeding. For the SGI model, too few 

data were available to predict Chinook Salmon energy density and temperature using the 

simplified GAMs, so these data were predicted from hierarchical GAMs (see 3.2.6.1 and 

3.2.6.4). Adequate diet composition and Chinook Salmon weight data were available from the 

SGI for use in the bioenergetic model simulations.  

We also endeavoured to assess the value of the longitudinal sampling design employed in 

this study in comparison to a common sampling design wherein data are collected seasonally. 
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The seasonal approach is intended to approximate a field sampling design in which discrete 

sampling events occur once prior to winter and once following winter. For this seasonal design, 

we determined the average temperature, diet, and Chinook Salmon energy density and weight for 

the months of October and March. The model was then run to extrapolate between the initial 

October values through to the final March values and compared to the monthly models described 

above. The percentage difference of both monthly mean specific growth and specific 

consumption rates between the two model estimates were calculated as the absolute difference of 

the mean rates between the monthly model and seasonal model, divided by the mean rate of the 

seasonal model and multiplied by 100.  

3.3  Results 

3.3.1  Genetic stock identification 

Of the 128 retained Chinook Salmon analysed for stock origin, 96.9% were successfully 

assigned, and 87.5% originated from the ECVI. By region, the proportions of ECVI fish were 

90% in the DI, 88.4% in the NSoG, and 77.8% in the SGI. Among ECVI stocks, dominant stock 

composition of all captured fish varied by region (Figure B6). In the NSoG in both 2020-2021 

and 2021-2022 and in the DI, catch was dominated by fish from the Qualicum and Puntledge 

Rivers fall runs. Fish originating from the Cowichan River were predominant in the SGI. 

3.3.2  Organosomatic indices 

Organ indices were calculated for the salmon gastrointestinal tract, liver, and viscera 

from ECVI fish retained in winter 2021-2022 (n = 76) as measures of condition. The GAM fitted 

to GISI by day of year was significant for the global smooth term (F = 3.455, P = 0.0192), and 

explained 18% of the deviance observed (Figure 3.1). No significant effect was detected for the 

parametric term for region, nor any of the region-specific smooth terms. The GISI exhibited a 
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declining trend through the early winter, followed by an increase by February. The mean GISI of 

juvenile Chinook Salmon in winter was 4.57± 0.67%, to a minimum of 4.31 ± 0.59% in 

December and a maximum of 5.37 ± 0.78% in March. Day of year did not have a significant 

effect on either GAM fitted to HSI or VSI.  

3.3.3  Energy density 

 Chinook Salmon energy density values were determined for overwintering fish retained 

in 2020-2022 (n = 85). A GAM fitted to energy density by day of year exhibited a global trend of 

increasing energy density from October to December, and a subsequent decline for the remainder 

of the winter, however the effect was not significant (Figure 3.2a). The regional smooth for the 

NSoG was significant (F = 2.765, P = 0.0036; Figure 3.2b) with a more pronounced reflection of 

global trend, i.e., the effect of day of year on Chinook Salmon energy density was negative 

relative to the global smooth in the early winter, had a strong positive effect relative to the global 

smooth in mid-winter, and was negative through March. The GAM explained 41.1% of the 

observed deviance. None of the parametric terms or year-specific or other region-specific model 

smooths produced a significant result beyond the global smooth. The mean energy density of 

juvenile Chinook Salmon was 4891 ± 360 J/g and reached a maximum of 5180 ± 359 J/g in 

January and a minimum of 4621 ± 180 J/g in March.  

3.3.4  Bioenergetic modelling 

3.3.4.1  Overwinter growth and consumption 

 The estimated juvenile Chinook Salmon overwinter growth and consumption rates 

followed a similar trend in the NSoG in both sampling years (Figure 3.3a, b). Both metrics were 

high in early winter (October – December), declined to a minimum in January and February, and 

increased in late winter (March). In 2020-2021, specific growth rate ranged from a maximum of 
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0.0084 ± 0.0009 g/g/d in November to a minimum of -0.0015 ± 0.0009 g/g/d in January (Figure 

3.3a). In 2021-2022, the maximum specific growth rate peaked in October (0.0076 ± 0.0003 

g/g/d) and was lowest in January (0.0026 ± 0.0005 g/g/d). Specific consumption rates ranged 

from 0.0518 ± 0.0021 g/g/d in November 2020 to 0.0108 ± 0.0001 g/g/d in January 2021, and 

0.0481 ± 0.0085 g/g/d in October 2021 to 0.0228 ± 0.0004 g/g/d in January 2022 (Figure 3.3b). 

Estimated feeding rates varied from 20 to 83% Cmax (mean 53% Cmax) in winter 2020-2021, and 

49 to 73% Cmax (mean 60% Cmax) in winter 2021-2022 (Figure 3.3c). As evidenced by the overall 

specific growth and consumption rate estimates, greater monthly variability was observed in 

2020-2021 (0.0036 ± 0.0041 and 0.0313 ± 0.0175, respectively) than 2021-2022 (0.0047 ± 

0.0017 and 0.0329 ± 0.0097, respectively). The final simulation in March 2020-2021 could not 

be run because the feeding rate required to achieve the observed apparent growth exceeded the 

maximum allowable p-value as a proportion of Cmax, which could be related to sampling biases 

or model parameterization. 

 Regional differences in Chinook Salmon monthly specific growth, specific consumption, 

and feeding rates were detected in 2021-2022 (Figure 3.4). Specific growth rates in the SGI were 

different than those observed in the NSoG (Figure 3.4a, b), wherein growth rate was lowest in 

October (0.0004 ± 0.0002 g/g/d) and steadily increased throughout winter to a maximum in 

February (0.0079 ± 0.0015 g/g/d). Conversely, peak specific growth rates in the NSoG were in 

October (0.0076 ± 0.0003 g/g/d) and lowest growth rates were observed in January (0.0026 ± 

0.0005 g/g/d). Unlike growth, specific consumption rates in the SGI were low in January (0.0298 

± 0.0019 g/g/d) and highest in December (0.0394 ± 0.0021 g/g/d; Figure 3.4b). In the NSoG, 

specific consumption rates were high in October (0.0481 ± 0.0085 g/g/d) and low in January 

(0.0228 ± 0.0004 g/g/d). The estimated feeding rates ranged from 41% Cmax to 86% Cmax (mean 
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58% Cmax) in the SGI and 49 to 73% Cmax (mean 60% Cmax) in the NSoG (Figure 3.4c). In the 

SGI in March 2021-2022, the maximum allowable feeding rate (p-value) was exceeded, and the 

simulation could not run, again, possibly due to sampling biases or model parameterization.  

3.3.4.2  Longitudinal vs. seasonal sampling  

  To investigate the value added from longitudinal sampling compared to a ‘seasonal’ 

sampling design, the overwinter specific growth, specific consumption, and feeding rates of 

juvenile Chinook Salmon were compared to monthly values (Figure 3.5). Note that the reported 

percent differences are relative to the seasonal model estimates. In the NSoG in 2020-2021, the 

specific growth and specific consumption rates were most similar in October with a difference of 

0.0012 (+32%) and 0.0041 g/g/d (+12%), respectively (Figure 3.5a, d). The greatest difference in 

specific growth rates were observed in January (0.0040 g/g/d; –157%), and for specific 

consumption rate, the estimates differed most in November by 0.0197 g/g/d (–61%). The feeding 

rates were similar in October (4% Cmax) and differed most in November (34% Cmax; Figure 3.5g), 

and the overall mean feeding rate of the monthly model (53% Cmax) exceeded the seasonal 

estimate (50% Cmax) by 3%.  

 In the NSoG in 2021-2022 (Figure 3.5b, e, h), the specific growth and specific 

consumption rates of the monthly model differed most from the seasonal model in October by 

0.0023 (+44%) and 0.0127 g/g/d (+36%), respectively. Specific growth rates in February and 

specific consumption rates in December had the least difference of 0.0005 (+16%) and 0.0006 

g/g/d (+2%), respectively. Feeding rates differed in October and November (up to18% Cmax), 

however for the remainder of the winter, feeding rates only differed by 2 to 5% Cmax. Overall, the 

mean monthly feeding rate estimate (60% Cmax) was 6% higher than the seasonal estimate (54% 

Cmax). 
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 The monthly and seasonal bioenergetic model outputs had varying specific growth, 

specific consumption, and feeding rates in the SGI in 2021-2022 (Figure 3.5c, f, i). The greatest 

differences in specific growth rate were observed in October (to 0.0053 g/g/d; –93%) and 

February (0.0045 g/g/d or +131%), and the least difference occurred in December (0.0012 g/g/d; 

26%). The trends in specific growth rates estimated by the models were opposite, with an 

increase through winter per the monthly model and a consistent decline by month in the seasonal 

model (Figure 3.5c). Specific consumption rates differed most in October (0.0114 g/g/d; –25%) 

and differed least in December (0.0010 g/g/d; +3%). The difference in feeding rate ranged from 

17% Cmax in October and 1% Cmax in January. The overall mean feeding rate estimated by the 

monthly bioenergetic model (58% Cmax) was 3% lower than the seasonal estimate (61% Cmax).  

3.4  Discussion  

 This study presents the first account of overwinter juvenile Chinook Salmon energy 

density, organosomatic indices, and bioenergetics in the SoG. Bioenergetic models are sensitive 

to the inputs, and we sought to use field-derived data where possible to provide estimates which 

most closely approximate the actual conditions that these fish experience. We generated 

interannual and regional estimates of juvenile Chinook Salmon growth, consumption, and 

feeding rates in winter. We also compared between the bioenergetic model estimates of our 

longitudinal sampling design and a theoretical sampling framework in which samples were 

collected in two distinct periods bracketing the winter. These data provide a novel understanding 

of juvenile Chinook Salmon overwinter physiology and act as a baseline for further exploration 

into specific factors that may affect survival at various timepoints during this proposed critical 

period.   
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3.4.1  Organosomatic indices 

 In this study, we examined three organosomatic indices (GISI, HSI, VSI) in juvenile 

Chinook Salmon and found a significant effect of day of the year on GISI (Figure 3.1). This was 

unexpected, given that that previous research on juvenile Atlantic Salmon (Salmo salar L.) 

suggested that HSI was a better indicator of reduced ration than GISI (Arndt et al. 1996). 

However, Arndt et al. (1996) simulated ideal growing conditions at warmer temperatures and on 

much smaller fish than the Chinook Salmon sampled in this study. Also, if the HSI values were 

already at low levels, further reduced feeding may not have a significant effect (Hilton 1982).  

The mean GISI of Chinook Salmon in this study was 4.57%, which was higher than the 

average of 3-4% for other species including Atlantic Salmon, Largemouth Bass (Micropterus 

salmoides), Rainbow Trout (O. mykiss), and Striped Bass (Morone saxatilis) (Buddington and 

Diamond 1987, Buddington et al. 1997, Sanden et al. 2005). This difference could be related to 

overall fish size, as relative intestinal size tends to decrease with increasing fish size (Hemre et 

al. 2005). However, juvenile Rainbow Trout had similar GISI values to those we found (4.5-5%), 

and GISI declined to ~3% after prolonged fasting (Simpkins et al. 2003). The degree of the 

seasonal change in overwintering juvenile Chinook Salmon GISI was ~10%, considerably less 

than the ~30% declines reported in Simpkins et al. (2003) after 147 d of starvation. GISI in 

Rainbow Trout declined earlier and more consistently than HSI which the authors attributed to a 

preferential use of gut tissue over liver tissue (Simpkins et al. 2003). Reduced gut mass in 

response to reduced feeding has also been observed in snakes (Secor et al. 1994), likely because 

maintaining gut tissue mass is energetically expensive (Secor and Diamond 1997). Thus, the 

relatively low GISI in mid-winter we detected could be attributed to food limitation (Buddington 

et al. 1997, Simpkins et al. 2003), but the magnitude of the decline does not support the theory of 
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overwinter starvation. Alternatively, GISI declines could be related to a reallocation of energy 

from storage to fish growth, which would necessarily cause relative decreases in gastrointestinal 

mass but not be a result of reductions in feeding. While we assessed total GISI, the intestine is 

often analyzed by constituent parts as well. Often, the distal (posteriormost) section of the 

intestine is the sole component to exhibit significant differences in response to feeding changes 

(Hemre et al. 2005, 2007, Bakke-McKellep et al. 2007, Li et al. 2019). Thus, the mid-winter 

declines in GISI exhibited in this study may reflect changes in relative gastrointestinal size due 

to reductions in ration or a reallocation of energy to growth.   

3.4.2  Energy density 

 Juvenile Chinook Salmon energy density changed through the winter, with the highest 

values reported in mid-winter (Figure 3.2). Stored energy reserves may be critical for overwinter 

survival in salmon during their first year at sea (Beamish et al. 2008). The energy density values 

of fish captured in this study fell within the range of those reported in Trudel et al. (2005). 

However, the mean Chinook Salmon energy density (4891 J/g) was at the upper limit of the 

values reported for September to November in various regions across the northeast Pacific Ocean 

continental shelf (Trudel et al. 2007). We found that energy density was low in October, 

increased to a maximum in January, and subsequently declined to a minimum in March. Lower 

energy density values in March, as compared to autumn, have been reported elsewhere (Trudel et 

al. 2005, MacFarlane 2010). Seasonal changes in energy density were expected, as energy 

density often increases most substantially in transitionary periods between favourable (i.e., 

autumn) and unfavourable (i.e., winter) growth conditions (Martin et al. 2017). This seasonal 

pattern could be a consequence of heightened feeding during the highly productive summer to 

promote growth (Duffy and Beauchamp 2011, Perry et al. 2021), a switch to energy storage in 
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anticipation of a food-limited winter (Martin et al. 2017), and subsequently depleting stored 

energy as needed. However, declines in stored energy could result from either sustaining 

metabolic demands during reduced feeding, or from an investment into growth.  

Temperature also affects energy storage, and these effects can be positive or negative 

dependent on food availability (Schultz and Conover 1999, Beauchamp et al. 2007). Garcia and 

Sewall (2021) found that energy density values were positively related to temperature which was 

attributed to an abundance of feeding opportunities. Fish size is also correlated with energy 

density (Glover et al. 2010, Moss et al. 2016), which could have contributed to the increase in 

energy density throughout the early winter as fish grew, prior to a reduction in food availability. 

There was notable pattern in overall Chinook Salmon energy density during the winter, but day 

of year only had a significant effect on energy density in the NSoG (Figure 3.2). It is important 

to note that the region-specific smooth in the hierarchical GAM added to the global smooth 

which resulted in a substantial combined effect of day of year on energy density in the NSoG 

(Figure B3a). While a significant effect was detected only in the NSoG, this may have been due 

to the uneven distribution of sample sizes across regions, with 12 samples from the DI, 59 from 

the NSoG, and 14 from the SGI. It remains unclear if differences in juvenile Chinook Salmon 

energy density exist among regions within the SoG. The seasonal trend in juvenile Chinook 

Salmon energy density implies a pattern of energy reallocation which favours storage over 

growth, and that could be important for survival during the first winter at sea.  

3.4.3  Bioenergetic models 

 Juvenile Chinook Salmon specific growth, specific consumption, and feeding rates were 

estimated using bioenergetic models. A core assumption of these bioenergetic models was that 

the initial and final weights used as model inputs were representative of the true size structure of 
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the population. However, changes in weights of fish sampled in the field represented apparent 

growth rates and included the combined effects of true growth and any size-selective mortality, 

emigration, or immigration. Model interpretation considered the potential influence of size-

selective processes, allowing us to speculate how environmental conditions and size-selectivity 

may have affected apparent growth when results were inconsistent.  

3.4.3.1  Overwinter growth and consumption 

Temporal differences in bioenergetic model estimates of feeding, specific growth, and 

specific consumption rates throughout winter in the NSoG were observed (Figure 3.3). October 

and November in both years were estimated to be periods of high consumption and growth rates, 

relative to the rest of the winter. There is limited research on overwinter growth and consumption 

rates, although some studies have addressed these aspects during the autumn. MacFarlane (2010) 

reported juvenile Chinook Salmon consumption rates on the coast of California of 6.4% body 

weight/day in the summer to autumn, which declined to 4.1% body weight/day in the autumn 

through winter. These findings were consistent with the monthly mean specific consumption rate 

estimates predicted by our models in early winter (0.0378 to 0.0518 g/g/d), but in late winter, 

consumption estimates dropped considerably below these levels in the NSoG (0.0108 to 0.0244 

g/g/d). The values reported in MacFarlane (2010) represent a generalized estimate spanning from 

autumn to winter over a period of 159 days, which could obscure temporal fluctuations in 

consumption rates. During both years in the NSoG, the bioenergetic models estimated reduced 

growth and consumption rates in January and February, with a negative specific growth rate 

during those months in 2020-2021. This aligned with the patterns detected by GAMs in 

condition factor and diet energy content by date described in Chapter 2, where in 2020-2021, 

both increased until December and subsequently declined relative to the global trend in January 
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(diet energy content) or February (condition factor). Similarly, greater proportions of Chinook 

Salmon had empty stomachs in those months and stomach fullness was low in January especially 

(Chapter 2). Estimated feeding rates also declined to as low as 20% Cmax in January 2021, which 

was at least 30% lower than all feeding rate values reported for juvenile Chinook Salmon in 

Puget Sound during the summer (Beauchamp and Duffy 2011), and 20% lower than the 

minimum estimated feeding rate off coastal Oregon and Washington (Litz et al. 2018). Feeding 

rate as a proportion of maximum consumption is an indicator of food availability, where feeding 

well below Cmax is considered an indicator of food limitation (Beauchamp and Duffy 2011). 

Thus, the substantial decline in feeding rate, in conjunction with negative specific growth rates in 

January and February, suggests that these fish were unable to acquire adequate prey resources. 

Particularly in the NSoG in 2020-2021, modelled Chinook Salmon weights in January and 

February were lower than those from December (Figures B4, B5). An alternative explanation to 

the declines in estimated specific growth rates outlined above is the occurrence of size-selective 

processes. It is plausible that during mid-winter, larger fish may have disproportionately 

emigrated from or perished in the study area, while emigration or mortality of smaller fish could 

have occurred in the NSoG in the early winter. If larger Chinook Salmon were not being sampled 

in mid-winter or smaller fish were not sampled in early winter, apparent growth would 

underestimate or overestimate true growth, respectively, affecting the bioenergetic model 

estimates.  

Distinct interannual variability in bioenergetic model estimates in the NSoG were 

apparent, where seasonal variability was greater in 2020-2021 than 2021-2022.  Higher specific 

growth and consumption rates were estimated in November and December of 2020-2021 

compared to 2021-2022, whereas the model predicted lower rates during late winter in 2020-
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2021 (Figure 3.3). These disparities reflected variability in the model inputs. Temperature was 

similar between years except for a decline in mid-winter of 2021-2022 (Figure B1). The decline 

in temperature may have reduced both growth and consumption rate estimates due to the 

decreased metabolic demand (Beauchamp et al. 2007). Chinook Salmon energy density values 

were higher in 2021-2022, necessitating an increase in the predicted consumption rate overall to 

meet energetic demands (Figure B3; Deslauriers et al. 2017). It is possible that summer 

conditions were more favourable in 2021-2022 than 2020-2021, thus allowing for greater 

investment in energy storage and growth prior to the winter (Beamish et al. 2008). Diet 

composition was similar between years, although slight differences could affect growth and 

consumption estimates (Figure B2). For example, diet composition had a greater effect on Pink 

Salmon (O. gorbuscha) growth and consumption rates than marine temperature (Cross et al. 

2005). The GAM-predicted weights in 2020-2021 exhibited a different trend by day of year than 

those in 2021-2022 (Figure B4). In 2020-2021, weight increased through to December, then 

declined until a subsequent increase in March. In contrast, the weight patterns in 2021-2022 

exhibited a more linear increase, albeit with periods of slower apparent growth from December 

to January. Should size-selective migration or mortality occur differentially between years, 

apparent growth rates would differ. Thus, larger fish leaving the study area or dying in mid-

winter of 2020-2021, or the emigration or mortality of smaller fish in early winter, could explain 

these interannual apparent growth differences. Bioenergetic models are strongly dictated by the 

weight inputs, particularly if the models are fit to the final weight as the models attempt to 

calculate estimates required to meet the inputted weights (Deslauriers et al. 2017). The observed 

interannual variability in juvenile Chinook Salmon bioenergetic model estimates in the NSoG 

could be related to both different environmental and growth conditions before and during winter, 
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a varied influence of size-selective processes between years, or be an artifact of how the model 

inputs were generated.  

Regional differences in bioenergetic model estimates were also prominent in 2021-2022, 

particularly for juvenile Chinook Salmon specific growth rates (Figure 3.4a). In the NSoG, 

specific growth rate estimates through winter exhibited a U-shaped trend, with elevated growth 

rates predicted in October to a decline through January, and a subsequent increase. Conversely, 

specific growth rates in the SGI were estimated to be lowest in October and steadily increased 

through February. The bioenergetic model estimates of specific growth rates in the SGI also 

reflected trends in Chinook Salmon condition factor through time (Chapter 2), where condition 

factor was low relative to the global smooth initially but increased above the global mean in late 

winter. Although the bioenergetic model estimated high specific growth rates in the SGI in 

January and February, the specific consumption rates were at a minimum (Figure 3.4b). 

Predicted feeding rates in the SGI remained relatively steady, increasing slightly as winter 

progressed (Figure 3.4c). The regional differences in bioenergetic model estimates were likely 

driven in part by the respective diet compositions. In the SGI, diets were comprised heavily of 

fish prey and euphausiids (Figure B2), both of which are relatively energy dense (Table B1). 

Particularly in January, Pacific Herring (Clupea pallasii) were dominant in the diets and their 

presence had a strong positive effect on diet energy content overall (Chapter 2). This is evident in 

the model of diet energy content which peaked in mid-January and was high relative to the 

global smooth (Chapter 2). Whereas in the NSoG, amphipods and cephalopods were more 

important and diet energy content had a negative trend through winter (Chapter 2). Further, 

temperatures were lower in the SGI in late winter, which would reduce consumption demand 

required for growth (Byström et al. 2006). The SGI exhibited exponential increases in apparent 
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weight, whereas the predicted weights in the NSoG in 2021-2022 followed a more linear 

trajectory and were consistently higher until March (Figure B4). Low initial specific growth rate 

estimates in the SGI reflect the marginal change in Chinook Salmon size through November 

(Figures B4, B5). Estimated feeding rates were similarly lowest in October in the SGI (41% 

Cmax), so it is possible that the relatively high temperatures in October and low quality prey, as 

reflected in diet energy content (Chapter 2), decreased the scope for growth. The slow initial 

specific growth rates predicted by the bioenergetic model in the SGI, followed by the large 

increases after November could also indicate size-selective processes.  

Throughout winter, smaller fish could have perished in the SGI due to insufficient size or 

energy storage (Beamish et al. 2004, Moss et al. 2005, Howard et al. 2016), or migrated out of 

the study area (Brodeur 1990, Myers et al. 2007), which would have artificially inflated the 

apparent growth rate. For example, a greater size distribution of fishes may have been sampled in 

early winter, but if smaller fish steadily dropped out of the population due to emigration or 

mortality, or larger fish immigrated into the study area, the rapid increases in apparent and 

specific growth would be expected. This suggests that regional differences in size-selective 

processes may be occurring throughout the SoG, although these differences could also be 

explained by errors in the model inputs or parameters. We cannot directly address the possibility 

of size-selective processes with the data presented here, but there is an ongoing juvenile Chinook 

Salmon acoustic tagging study investigating the factors influencing overwinter outmigration 

timing from the SoG, and concurrently classifying early marine growth rates from the scales we 

have been collecting (W. Greentree, personal communication). Also, stage-specific Chinook 

Salmon marine survival models are being developed as a part of the ‘Bottlenecks to Survival’ 
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program using PIT tag recaptures and returns. Specifically, overwinter survival will be modelled 

which will provide broader context to the work presented here.   

Overall, estimated feeding rates ranged from 20 to 86% Cmax throughout winter, with the 

lowest rates observed in the NSoG in 2020-2021 and the highest in the SGI in 2021-2022. The 

mean overwinter feeding rates estimated by the monthly models were 53% to 60%, which 

compares to values observed in juvenile Chinook Salmon in June to September along coastal 

Oregon and Washington (~60% Cmax; Brodeur et al. 1992), thus does not provide strong 

evidence supporting the theory of overwinter nutritional stress. However, estimated feeding rates 

consistently exceeding 60% Cmax suggest adequate foraging (Koehler et al. 2006). Thus, it is 

likely that food limitation affected these fish in both regions and years to varying degrees. In 

2020-2021, the NSoG exhibited the lowest average feeding rate estimate of 53% Cmax, while the 

highest mean rate (60% Cmax) was in the same region during the following winter. Feeding rates 

have been shown to vary by habitat, year, season, and stock (Beauchamp and Duffy 2011, 

Connelly et al. 2018), with important implications. Feeding below the maximum capacity limits 

growth potential (Beauchamp 2009) and may affect survival. Beauchamp and Duffy (2011) 

reported high survival of Puget Sound Chinook Salmon in years where feeding rates were high 

(> 70% Cmax), and low survival following a year of reduced feeding (53% Cmax). These rates 

were for summer (May to July) when fish may need to feed more voraciously to survive 

throughout a food-limited winter (Beamish and Mahnken 2001); however, maximum feeding 

rate is calculated in FB4 accounting for temperature, and the rates estimated in this study were 

relative to a lower absolute Cmax. Feeding rate estimates are also influenced by predator diet 

composition and energy density of prey, where consumption rates must increase to meet the 

observed growth depending on the quality of the diet (Boldt and Haldorson 2002, Deslauriers et 
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al. 2017). For example, feeding at a high Cmax could indicate that fish must consume larger 

quantities of low value prey (Cross et al. 2005). The fluctuating estimated feeding rates across 

regions and years suggest varying levels of food availability and prey quality for overwintering 

juvenile Chinook Salmon, as detected in Chapter 2, potentially impacting their growth and 

survival.  

Notably, in both the NSoG in 2020-2021 and SGI in 2021-2022, the March simulation 

exceeded the maximum allowable p-value (the proportion of maximum consumption) and could 

not run, i.e., given the data inputted into the model, the observed apparent growth was not 

achievable. The dramatic increase in apparent growth in March may have been due to size-

selective processes. If smaller fish were subject to higher mortality or emigration rates in March, 

apparent growth rates would been overestimated relative to true growth. Further, in March, the 

stock composition of sampled juvenile Chinook Salmon in the SGI shifted to a lower proportion 

of Cowichan River origin fish which also could have inflated the apparent growth. Stock 

composition varied by region (Figure B6) which could explain some of the observed disparity in 

apparent growth through winter. The NSoG was dominated by fish from the Qualicum and 

Puntledge Rivers, whereas most fish sampled in the SGI originated from the Cowichan River. 

Hatchery fish make up a substantial proportion of the Chinook Salmon from the Qualicum and 

Puntledge Rivers, unlike the Cowichan River which also has a dominant wild stock (Beamish et 

al. 2012). Hatchery produced fish are typically larger than wild fish and have lower survival rates 

(Beamish et al. 2012, Tatara and Berejikian 2012). Thus, it is possible that juvenile Chinook 

Salmon which originated from the Cowichan River were smaller than those from the Qualicum 

and Puntledge Rivers and the disappearance of these smaller individuals would have artificially 
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inflated apparent growth rates, impacting model convergence. An awareness of variability in 

stock composition is important to accurate bioenergetic model interpretation.  

3.4.3.2  Longitudinal vs. seasonal sampling 

 We detected differences between the longitudinal and seasonal approaches to bioenergetic 

modelling. All the seasonal models exhibited steady declines in the estimated specific growth 

and specific consumption rates through winter. This is in part a function of the seasonal models 

being constrained to a nearly consistent daily increase in growth, since they were each run as a 

single stanza. Because of these consistent increases in weight, specific growth and consumption 

rates, which are relative to fish mass, necessarily decline. Certain model estimates, such as 

feeding rates and select monthly specific consumption and growth rates in 2021-2022 did exhibit 

some degree of overlap with the seasonal model estimates. Nonetheless, the greatest differences 

between these modelling approaches were in the NSoG in 2020-2021, where specific growth and 

consumption rate estimates between the models differed by up to 157% and 61%, respectively. 

Also, the models estimated opposite trends in specific growth rates in the SGI. Model variability 

differed by region and year, and the seasonal approach may be more appropriate in some 

situations than others. Unlike the longitudinal models for the NSoG in 2020-2021 and the SGI, 

the seasonal models were able to run through March in all iterations. This suggests that a 

seasonal approach may be less likely to detect size-selective or other ecological processes than a 

more comprehensive study design. As evident in the seasonal and longitudinal bioenergetic 

model outputs, the seasonal sampling approach did not capture the variability observed in the 

longitudinal models, and thus the interpretation of models based on a similar sampling design 

would likely be incorrect. While seasonal sampling designs are more economically and 

logistically feasible, important temporal variability may be missed.  
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3.4.4  Energy allocation 

 Overwinter juvenile Chinook Salmon energy density and GISI exhibited opposite trends 

(Figures 3.1, 3.2). In mid-winter, salmon energy density values were highest in contrast to low 

GISI. However, the pattern in GISI matched the specific consumption rates estimated by the 

bioenergetic models. A reduction in consumption rate, as predicted by the bioenergetic model, 

could result in significant relative declines in gastrointestinal mass. The increasing Chinook 

Salmon energy density through to December was also reflected in the specific growth rate 

estimates, wherein modelled growth rates were initially high and likely energy was invested into 

both storage and growth. Early winter growth rate estimates in the SGI were an exception, but 

few retained Chinook Salmon from that region (16%) were included in the energy density model. 

The low late-winter specific consumption rates were likewise linked to declining energy density 

after December, which suggests that salmon were relying on stored energy to survive when 

foraging opportunities were reduced. For bioenergetic modelling, predator energy density is 

often held constant throughout the simulation period or is estimated to change as a function of 

body mass (Deslauriers et al. 2017, Connelly et al. 2018). The observed temporal variability in 

Chinook Salmon energy density suggests that caution should be employed when selecting the 

predator energy density values for overwinter bioenergetic modelling. Previous work also found 

bioenergetic models are particularly sensitive to predator energy density when estimating growth 

(Trudel et al. 2005). It is likely that in this study, either technique would have incorrectly 

estimated overwinter Chinook Salmon energy density resulting in significant deviations from the 

actual growth and consumption rates. These results together highlight the importance of 

understanding the interaction between energy acquisition and energy allocation in the 
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overwintering strategy of juvenile Chinook Salmon and emphasize the temporal variability in 

bioenergetics which may not be captured by a seasonal sampling approach.  

3.4.5  Limitations and assumptions 

This study presents both novel data and modelling approaches. However, various 

limitations exist, and assumptions are made resulting in weaknesses that must be addressed. 

Several assumptions are inherent to bioenergetic modelling and are associated with the 

parameters used to develop the models. As previously stated, some parameters used for Chinook 

Salmon were ‘borrowed’ from other fish species (Stewart and Ibarra 1991, Plumb and Moffitt 

2015). Unfortunately, refinement of model parameters was well beyond the scope of this work, 

but the use of parameters from even closely related species has been shown to cause significant 

biases in model estimates (Trudel et al. 2004). In particular, Plumb and Moffit (2015) refined 

temperature-dependent feeding rate (Cmax) estimates for juvenile Chinook Salmon at high 

temperatures (14–26 °C), but substantial uncertainty remains at lower temperatures (<10 °C). 

Since water temperatures experienced by juvenile Chinook Salmon in this study were typically 

in this lower thermal range (Figure B1), feeding rate estimates should be interpreted with 

caution.  

Another important consideration regarding bioenergetic modelling is the possibility that 

the population of fish sampled changes throughout the study period. Since the SoG does not 

represent a closed population, the cohort of Chinook Salmon sampled in our study period could 

have shifted due to various causes, including emigration, immigration, or mortality. Restricting 

these analyses to fish which originated from ECVI stocks accounted for some of the confounding 

factors, however, additional variability was likely introduced. Importantly, if these cohort 

changes occurred due to size-selective processes, it would impact the interpretation of our 
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models. In continued work, to test the for the occurrence of size-selective processes, it would be 

practical to examine the relative frequencies of Chinook Salmon sizes (e.g., fork length). Were 

size-selective processes occurring, the range of sizes and variance would be greater in early 

winter than in late winter, whereas skewness and kurtosis would increase (Beacham et al. 2018). 

These tests in conjunction with the results of the ongoing overwinter acoustic tagging project, 

scale analysis, and ‘Bottlenecks to Survival’ PIT tagging program will address the validity of 

some of these assumptions and support model interpretation.  

Another consideration is that the initial and final weights inputted into the longitudinal 

bioenergetic models are derived from GAM predictions. Intrinsically, these GAM predictions 

have considerable error at the tail ends of the models, causing additional uncertainty. The 

implications of this are evident in the longitudinal and seasonal model comparisons. Model 

estimates for October 2021 in both the NSoG and SGI were very different than the seasonal 

model, and this is largely influenced by the weight inputs. While the GAM predictions provided 

stability where monthly weight averages were irregular, an alternative could be to truncate the 

duration of the simulation to avoid periods at the end of the models with inflated error. This is of 

concern particularly in the SGI where we did not have weight data from the very end of the 

simulation period (late March). It may be that the growth trajectory of fish from the SGI slowed, 

and the GAM predicted weights did not reflect the actual Chinook Salmon sizes (Figure B5). 

Also, the response variables of all GAMs used in this study were assumed to be normally 

distributed. Although model residuals were examined, deviations from a normal distribution 

could affect the model fit. Temperature and Chinook Salmon energy density data were limited 

from the SGI, so hierarchical GAMs were developed which used data from all sampling regions. 

This approach allowed us to investigate regional differences in bioenergetic model estimates but 
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may less accurately reflect the thermal environment and energetic content of Chinook Salmon 

from the SGI.  

All bioenergetic model estimates were derived from mean input values; however, to 

determine uncertainty in model estimates, it would be valuable to conduct Monte Carlo 

simulations (see Litz et al. 2018). Integrating the observed variation into model inputs would 

yield more robust estimations of overwinter growth and consumption rates, with confidence 

intervals. Since these simulations were not conducted, it is possible that the model outputs 

presented in this study do not truly reflect the overwinter conditions of these fish and are related 

to error. In addition, sensitivity analyses, where each model input is systematically modified 

(e.g., ± 10%, minimum and maximum values), can provide a greater understanding of the effects 

and assess the relative importance of each input on growth and consumption estimates (e.g., 

Kitchell et al. 1977, Boldt and Haldorson 2002, Litz et al. 2018). While these analyses were 

beyond the scope of the work presented here, ongoing efforts should prioritize estimating 

uncertainty to reduce biases in bioenergetic model outputs and gain a better understanding of the 

primary factors influencing overwinter growth and consumption rates.  

To further assess the plausibility that winter is a period of nutritional stress for juvenile 

Chinook Salmon, we sought to investigate individual differences in lipid composition throughout 

the winter. We conducted a preliminary investigation of total lipid and lipid composition for 

lethally sampled Chinook Salmon from target stocks. Storage lipids, typically in the form of 

triacylglycerols (TAGs), can be broken down and mobilized when dietary energy intake does not 

meet metabolic energetic demands (Sheridan 1988, Finstad et al. 2010). The energy density of 

fishes is closely linked to storage lipid content (Martin et al. 2017), and the relative composition 

of TAGs and polar lipids can yield important insights into fish health, especially when TAG 
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levels are low (Næsje et al. 2006). For example, TAG content has been shown to decrease 

throughout the winter, suggesting that energy-selective mortality can occur in fishes with low 

TAG levels (Finstad et al. 2004, Næsje et al. 2006). Preliminary lipid analyses were conducted in 

both the liver and muscle tissues. However, no TAGs were detected in the liver samples and 

reduced TAG content was present in the muscle samples. While the total lipids reported in these 

samples was likely accurate, we decided not to run additional samples given the high cost and 

correlation between total lipid content and energy density (Trudel et al. 2005). We suspect that 

the lipid composition analysis failed due to one or more storage issues which can result in 

changes in fatty acid composition (Rudy et al. 2016). First, fish were euthanized in the field and 

kept on ice for several hours, or occasionally overnight, prior to freezing at -20 °C. During this 

time, it is plausible that the TAGs broke down rapidly in the liver and more slowly in the muscle 

tissues, resulting in the discrepancy. Second, these frozen fish were stored at -20 °C for several 

months prior to transfer into a -80 °C freezer. Further lipid degradation may have occurred while 

stored at the warmer temperature. Finally, analyses were conducted up to 12 months after 

euthanasia, close to the maximum recommended storage time limit. 

Future work should investigate the relative effects of different diets, such as fish or 

invertebrate dominated diets, on Chinook Salmon overwinter growth and consumption rates and 

assess the quantities of various prey required to achieve the observed growth rates during winter. 

While diet composition was varied based on observed changes, the prey energy density values in 

this study were held constant throughout the simulation period. However, temporal variability in 

zooplankton energy density has been reported (Weil et al. 2020), which could influence growth 

and consumption rates. Greater resolution in prey energy density could thus improve model 
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estimates. Bioenergetic model sensitivity analyses should also be conducted to assess the 

influence of each model input on the outputted consumption and growth rates.  

3.4.6  Conclusion 

 This study provides valuable insights into the overwinter physiology of juvenile Chinook 

Salmon in the SoG. It is the first comprehensive examination of energy density, organosomatic 

indices, and bioenergetics during this proposed critical period. We detected variation through 

winter in all metrics suggesting that size-selective processes may have acted on these 

populations, although this result should be interpreted with caution. Estimated feeding rates were 

variable but not near the physiological maximum for Chinook Salmon, which indicated that these 

fish experience some degree of food limitation during the winter. Given increasing temperatures 

and changing ocean conditions (Riche et al. 2014), it is imperative to continue investigations of 

juvenile Chinook Salmon overwinter ecology to identify limiting factors to survival.  
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3.6  Figures 

 

Figure 3.1. Observed partial residuals (points) and generalized additive model (GAM) partial 

effects of Chinook Salmon gastrointestinal somatic index (GISI) by day of year in 2021-2022. 

The line represents the estimated smooth and the shaded area is the 95% confidence interval of 

the smooth term. A dashed horizontal line indicates zero. Only fish originating from east coast 

Vancouver Island stocks were included in this analysis.  
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Figure 3.2. Observed partial residuals (points in (a)) and generalized additive model (GAM) 

partial effects of Chinook Salmon energy density by day of year. Lines represent the estimated 

smooths and shaded areas are the 95% confidence intervals of (a) the global smooth, and (b) the 

significant regional smooth. Hash marks (‘rug’) at the bottom of the plot (b) indicate occurrences 

of the covariate. A dashed horizontal line indicates zero. Only fish originating from east coast 

Vancouver Island stocks were included in this analysis.  
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Figure 3.3 The monthly (a) specific growth rate (g/g/d), (b) specific consumption rate (g/g/d), 

and (c) feeding rate (p-value) as a proportion of maximum consumption (Cmax), of overwintering 

juvenile Chinook Salmon from 2020-2022 in the Northern Strait of Georgia (NSoG). Points (a, 

b) show the mean specific growth or consumption rate for each month and error bars are the 

standard deviation from the mean. One p-value is calculated per simulation (c), and lines are 

used to connect monthly values to highlight overall trends in feeding rate. Colour denotes 

sampling year.  
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Figure 3.4 The monthly (a) specific growth rate (g/g/d), (b) specific consumption rate (g/g/d), 

and (c) feeding rate (p-value) as a proportion of maximum consumption (Cmax) for overwintering 

juvenile Chinook Salmon in 2021-2022. Points (a, b) show the mean specific growth or 

consumption rate for each month and error bars are the standard deviation from the mean. One p-

value is calculated per simulation, and lines are used to connect monthly values to highlight 

overall trends in feeding rate. Colour denotes sampling region, where light blue is the Northern 

Strait of Georgia (NSoG), and dark blue is the Southern Gulf Islands (SGI).  
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 Figure 3.5 The monthly (a-c) specific growth rate (g/g/d), (d-f) specific consumption rate 

(g/g/d), and (g-i) feeding rate (p-value) as a proportion of maximum consumption (Cmax) for 

overwintering juvenile Chinook Salmon in the Northern Strait of Georgia in 2020-2021 (NSoG; 

a, d, g), NSoG in 2021-2022 (b, e, h), and Southern Gulf Islands (SGI; c, f, i). Points (a-f) show 

the mean specific growth or consumption rate for each month and error bars are the standard 

deviation from the monthly mean. One p-value is calculated per simulation, and lines are used to 

connect monthly values to highlight overall trends in feeding rate. Colour denotes simulation 

type, where ‘Monthly’ used observed monthly sizes and is comprised of six distinct simulations, 

and ‘Seasonal’ was run from October averaged through to March averages, for each region and 

year combination.  
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Chapter 4 – Conclusion 

Winter is considered a critical period for fishes in temperate ecosystems (Hurst 2007), yet 

it remains understudied. It is hypothesized that for Pacific Salmon, the first winter at sea is a 

period of high, but variable mortality that contributes to interannual trends in stock recruitment 

(Beamish and Mahnken 2001). The goal of this thesis was to collect novel data on the overwinter 

ecology of juvenile Chinook Salmon and investigate the plausibility of the hypothesis that 

nutritional stress during winter contributes to reduced survival. This research provides the first 

in-depth account of overwintering juvenile Chinook Salmon feeding ecology and bioenergetics 

in the Strait of Georgia (SoG).  

 In Chapter 2, I presented a novel description of overwinter juvenile Chinook Salmon 

diets in the SoG. Juvenile Chinook Salmon relied on a diversity of prey groups, but diets were 

comprised primarily of amphipods, cephalopods, euphausiids, and fishes, and the relative 

proportions of these groups varied interannually by region throughout the winter. Generally, the 

dietary importance of amphipods declined through winter whereas cephalopods became more 

prevalent. Pacific Herring was the most important fish prey, and the presence of Pacific Herring 

in the diets had a positive effect on diet energy content. Regional, site-specific, and interannual 

differences in diets were also observed, however, given our uneven sampling structure and 

limited sites within regions, these results should be interpreted with caution. I used diet 

composition data along with prey energy density values determined in this study to investigate 

body condition through the winter in relation to diet energy content. Overall, Chinook Salmon 

body condition declined during the winter, which may have been related to a non-significant 

decline in diet energy content over time or could be due to an allocation of energy to growth 

rather than storage. Juvenile Chinook Salmon had higher diet energy content and condition factor 
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in regions and periods where fishes dominated the diets. As compared to summer (Duguid et al. 

2021), a higher percentage of sampled Chinook Salmon had empty stomachs in winter which 

could suggest food limitation, but this result should be tested further. This chapter fills in 

substantial knowledge gaps regarding the overwinter feeding of juvenile Chinook Salmon and is 

an initial assessment of the likelihood that these fish experience winter starvation. Further, the 

diet composition and prey energy density data presented in this chapter were used to inform 

bioenergetic models developed in Chapter 3.   

I investigated juvenile Chinook Salmon physiological status throughout winter in Chapter 

3. I detected significant trends in Chinook Salmon energy density and gastrointestinal somatic 

index (GISI) during winter. Energy density in the Northern Strait of Georgia (NSoG) increased 

to a peak in mid-winter and subsequently declined. While the global smooth for energy density 

was not significant, it exhibited the same trend as detected in the NSoG. Conversely, GISI 

declined to a minimum in mid-winter then increased through March. These opposing patterns 

were likely due to a reallocation of energy from growth to storage prior to winter (Martin et al. 

2017), and a reduction in food availability in mid-winter (Buddington and Hilton 1987, Simpkins 

et al. 2003) or a prioritization of growth instead of energy storage in late winter.  

In Chapter 3, I also used bioenergetic modelling to estimate specific growth, specific 

consumption, and feeding rates between regions and years by month throughout the winter, and 

between two sampling frameworks. To avoid inflating error caused by borrowing bioenergetic 

model parameters and inputs from other species or life stages it is important to use field-derived 

data where possible (Deslauriers et al. 2017), so nearly all data inputted into the models were 

from extensive field sampling and laboratory processing. I observed distinct differences in 

bioenergetic model estimates through winter. Periods of reduced specific growth and 
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consumption rates were estimated in January and February in the NSoG in both sampling years, 

which could be driven by declines in food availability (as in Chapter 2), size-selective processes, 

error related to model inputs, or an incorrect parameterization of the models. Regional 

differences in bioenergetic model estimates were detected in 2021-2022 and may be attributed in 

part to greater proportions of fishes in diets in the Southern Gulf Islands (SGI) compared to the 

NSoG, which was also evident in the diet energy content model developed in Chapter 2. High 

apparent growth rates in March in the NSoG in 2020-2021 and SGI in 2021-2022 could not be 

explained by bioenergetic models using diet composition, temperature, and predator and prey 

energy density data collected in the field. Late winter mortality or emigration of the smaller 

individuals within the population could explain this inconsistency, with mortality during this 

period being consistent with the “critical-size, critical-period” hypothesis. However, the GAM 

approach used to estimate size by date was also subject to greater error at the beginning and end 

of the study period, so this result should be interpreted with caution. Error estimation techniques, 

such as Monte Carlo simulations, could limit uncertainty and provide greater confidence in 

bioenergetic model estimates. Continuing bioenergetic modelling further into the spring could 

provide further insight on whether size-selective processes are necessary to explain apparent 

growth. The bioenergetic models based on the seasonal sampling design did not capture the same 

variability as the estimates from the longitudinal bioenergetic models, although this could be 

related to model error. While the overall trends from the longitudinal model estimates were 

mirrored better by the seasonal model estimates in some regions and years (NSoG 2021-2022) 

than others (NSoG 2020-2021 and SGI 2021-2022), seasonal models are unlikely to detect 

temporal variability or regulating processes such as size-selective migration or mortality.  
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It would be valuable to better understand which variables were influencing the 

bioenergetic model estimates by use of sensitivity analyses (e.g., Litz et al. 2018), to allow for 

further explorations of how changes in these variables could affect overwintering Chinook 

Salmon bioenergetics. Several factors may have limited the bioenergetic model estimates. Most 

notably, the bioenergetic model assumes no size-selective processes occur. However, we 

detected evidence that size-selective processes may have been occurring, manifesting as either 

size-based mortality or migration. While the data presented in this thesis could not directly test 

this assumption, research is currently being conducted to address these uncertainties.  

  Chinook Salmon are a culturally, ecologically, and economically valuable species which 

contribute to commercial, recreational, and food, social, and ceremonial fisheries. Understanding 

factors limiting Chinook Salmon productivity during their marine residency is imperative to 

adapting management strategies in the face of a changing ocean. This thesis fills critical gaps in 

our understanding of the overwintering ecology of juvenile Chinook Salmon. We found evidence 

that supports winter as a period of food limitation, however, we did not detect strong evidence 

that suggests the occurrence of nutritional stress mediated mortality. Regardless of the 

overarching processes which may be acting on Chinook Salmon populations, it is important to 

better understand the ecology of these fish during their early marine life to develop informed and 

effective conservation and management strategies. 
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Appendix A 

Table A1. All prey categories encountered in non-empty juvenile Chinook Salmon stomachs in 

the Strait of Georgia, 2020-2023. Taxa are grouped into broad (bolded) categories, and the 

analysis categories are reported. Both occurrence and gravimetric (pooled mass and individual 

mean weight proportion (IMW)) methods are included. 

Taxon Analysis category 
Frequency of 

Occurrence 
Weight proportion 

(mass) 
Weight proportion 

(IMW) 

Cephalopoda   9.97 13.67 13.04 

Cephalopoda 

(unidentified) 
Unidentified Cephalopod  0.21  0.05  0.25 

Octopoda Octopoda  5.08  1.23  3.85 

Teuthida Teuthida  4.68 12.39  8.94 

Gastropoda   3.26  0.89  1.87 

Gastropoda (unidentified) Gastropoda  0.14  0.01  0.04 

Pteropoda Pteropoda  3.12  0.88  1.83 

Clione limacina Pteropoda  0.05  0.02  0.01 

Limacina helicina Pteropoda  2.98  0.85  1.73 

Pteropoda 

(unidentified) 
Pteropoda  0.09  0.01  0.09 

Osteichthyes  12.27 42.92 22.62 

Clupea pallasii Pacific Herring  3.52 30.95 12.29 

Engraulis mordax Northern Anchovy  0.81  6.06  2.42 

Osteichthyes (larval) Larval Osteichthyes  5.36  1.37  2.79 

Agonidae Larval Osteichthyes  0.35  0.02  0.11 

Anarrhichthys 

ocellatus 
Larval Osteichthyes  0.30  0.17  0.31 

Bathylagidae Larval Osteichthyes  0.44  0.59  0.41 

Engraulis mordax 

(larval) 
Larval Osteichthyes  0.05  0.07  0.11 

Larval Osteichthyes 

(unidentified) 
Larval Osteichthyes  4.10  0.56  1.83 

Liparidae Larval Osteichthyes  0.02 <0.01 <0.01 

Sygnathidae Larval Osteichthyes  0.02 <0.01 <0.01 

Osteichthyes (other or 

unidentified) 
Other Osteichthyes  2.58  4.54  5.12 

Ammodytes 

hexapterus 
Other Osteichthyes  0.23  0.99  0.60 

Gadiformes Other Osteichthyes  0.05  0.20  0.05 

Merluccius productus Other Osteichthyes  0.05  0.86  0.18 

Myctophidae Other Osteichthyes  0.16  1.25  0.29 

Osteichthyes 

(unidentified) 
Other Osteichthyes  1.91  0.98  3.78 
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Taxon Analysis category 
Frequency of 

Occurrence 
Weight proportion 

(mass) 
Weight proportion 

(IMW) 

Pleuronectiformes Other Osteichthyes  0.23  0.15  0.18 

Porichthys notatus Other Osteichthyes  0.02  0.06  0.05 

Pancrustacea  63.96 36.96 54.43 

Amphipoda (other or 

unidentified) 
Other Amphipod  2.40  0.42  1.01 

Amphipoda Other Amphipod  1.23  0.30  0.70 

Caprellidae Other Amphipod  0.12 <0.01  0.03 

Cyphocaris spp. Other Amphipod  1.00  0.11  0.28 

Scina spp. Other Amphipod  0.05 <0.01 <0.01 

Gammaridae Gammaridae  4.94  0.81  2.50 

Hyperiidae Themisto 13.71  1.99  6.98 

Hyperia spp. Hyperia  5.01  0.82  3.28 

Hyperiidae Unidentified Hyperiid  0.14  0.02  0.01 

Hyperoche spp. Hyperoche  3.66  0.18  1.02 

Themisto spp. Themisto  4.91  0.97  2.66 

Primno spp. Primno 10.29  8.98 14.47 

Copepoda (other or 

unidentified) Other Copepod  2.54  0.03  0.21 

Paraeuchaeta spp. Paraeuchaeta  4.61  1.64  2.32 

Crustacea (other or 

unidentified) 
Unidentified Crustacea  2.21  0.31  1.08 

Insecta Insecta  0.58  0.05  0.36 

Isopoda Isopoda  0.07 <0.01  0.02 

Mysida Mysida  0.61  0.21  0.82 

Cumacea Cumacea  0.07 <0.01 <0.01 

Decapoda (larval) Decapod Larvae  2.98  0.47  1.67 

Brachyura Decapod Larvae  0.91  0.04  0.43 

Cancridae Megalopae Decapod Larvae  0.49  0.01  0.11 

Caridea Decapod Larvae  0.49  0.02  0.09 

Decapoda 

(unidentified) 
Decapod Larvae  0.70  0.40  1.00 

Grapsidae Meglaopae Decapod Larvae  0.02 <0.01 <0.01 

Metacarcinus magister Decapod Larvae  0.02 <0.01  0.05 

Paguridae Decapod Larvae  0.26 <0.01  0.01 

Pinnotheridae Decapod Larvae  1.00  0.08  0.54 
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Taxon Analysis category 
Frequency of 

Occurrence 
Weight proportion 

(mass) 
Weight proportion 

(IMW) 

Porcellanidae Decapod Larvae  0.19 <0.01  0.03 

Decapoda (post larval) Decapod Post Larvae  1.47  0.29  0.97 

Anomura Decapod Post Larvae  0.19  0.02  0.04 

Hippolytidae Decapod Post Larvae  0.14  0.09  0.21 

Pasiphaeidae Decapod Post Larvae  0.02  0.02  0.02 

Sergestidae Decapod Post Larvae  0.02  0.06  0.11 

Euphausiidae Euphausiidae  9.24  7.31  8.44 

Euphausia pacifica Euphausiidae  5.12  4.77  4.32 

Thysanoessa longipes Euphausiidae  0.23  0.09  0.08 

Thysanoessa raschii Euphausiidae  0.14  0.14  0.14 

Thysanoessa spinifera Euphausiidae  2.96  1.73  2.85 

Thysanoessa spp. Euphausiidae  0.79  0.58  1.06 

Euphausiidae (other or 

unidentified) 
Euphausiidae  8.24 14.45 13.57 

Polychaeta   3.73  4.90  3.87 

Other   3.68  0.48  2.27 

Parasite   1.09  0.02  0.18 

Plant material   1.61  0.11  1.27 

Unidentified material   0.44  0.06  0.45 
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Figure A1. Non-metric multidimensional scaling (NMDS) ordination of Bray-Curtis 

dissimilarities between individual mean diet proportion data for prey classifications of juvenile 

Chinook salmon at two sites within the Northern Strait of Georgia (NSoG), Comox and Salmon 

Point, by year. Each point represents a sample which is the average diet composition from a 

single sampling day, the size of the points indicates the number of fish stomach samples 

examined from that field day, and point transparency denotes sampling date. Ellipses are 95% 

confidence intervals around group designations (site and year combinations). 
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Figure A2. Generalized additive model (GAM) smooth predictions and associated error (shaded 

ribbons) of juvenile Chinook Salmon diet energy content (J/g) throughout the winter by sampling 

year and region. Colours denote the three sampling regions, Discovery Islands (DI), Northern 

Strait of Georgia (NSoG), and Southern Gulf Islands (SGI).  
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Figure A3. Generalized additive model (GAM) partial effects of the parametric term (a) and 

model predicted values (b) of diet energy content in juvenile Chinook Salmon diets which did or 

did not contain herring. Colours in (b) indicate the presence (blue) or absence (red) of Pacific 

Herring in the stomach sample.  

 

 

 

 

 

 
Figure A4. Monthly condition factor (Fulton’s K) values for overwintering juvenile Chinook 

Salmon in the Strait of Georgia by year and region. Colours denote the three sampling regions, 

Discovery Islands (DI), Northern Strait of Georgia (NSoG), and Southern Gulf Islands (SGI). 

Boxplots show the range condition factor values, where the center line represents the median, 

box limits display the interquartile range, whiskers represent 1.5X the interquartile range, black 

points are the means, and coloured points are outliers. The dashed horizonal line indicates the 

overall mean across regions and years.  
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Figure A5. Generalized additive model (GAM) smooth predictions and associated error (shaded 

ribbons) of juvenile Chinook Salmon condition factor (Fulton’s K) throughout the winter by 

sampling year and region. Colours denote the three sampling regions, Discovery Islands (DI), 

Northern Strait of Georgia (NSoG), and Southern Gulf Islands (SGI).  
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Appendix B 

Table B1. Field-derived and literature values of the energy density (ED) and indigestible 

percentage (IF) of juvenile Chinook Salmon diet items used in bioenergetic modelling.  

Prey 
Energy 

Density (J/g) 
Percent 

Indigestible 
Source 

Decapod Larvae 3,462 10.00 ED: Field data; IF: Dawirs 1986 

Decapod Post Larvae 3,881 10.00 ED: Field data; IF: Dawirs 1986 

Euphausiidae 3,675 10.35 ED: Field data; IF: Davis et al. 1998 

Gammaridae 3,147 12.99 ED: Field data; IF: Davis et al. 1998 

Hyperia 2,489 12.99 ED: Field data; IF: Davis et al. 1998 

Hyperoche 2,189 12.99 ED: Field data; IF: Davis et al. 1998 

Primno 2,952 12.99 ED: Field data; IF: Davis et al. 1998 

Themisto 2,552 12.99 ED: Field data; IF: Davis et al. 1998 

Other Amphipod 2,266 12.99 ED: Field data; IF: Davis et al. 1998 

Mysida 2,858 10.35 ED: Weil et al. 2020; IF: Davis et al. 1998 

Paraeuchaeta 4,714 9.04 ED: Field data; IF: Davis et al. 1998 

Other Copepod 2,729 9.04 ED: Weil et al. 2020; IF: Davis et al. 1998 

Unidentified Crustacea 3,114 10.00 ED: Field data; IF: average of other prey 

Insecta 3,177 10.00 ED: Cross et al. 2005, Beauchamp 2007; 

IF: Cummins and Wuycheck 1977 

Polychaeta 2,663 2.00 ED: Field data; IF: Gray 2005 

Pteropoda 3,877 8.50 ED: Weil et al. 2020; IF: Davis et al. 1998 

Larval Osteichthyes 3,066 8.98 ED: Field data; IF: Davis et al. 1998 

Northern Anchovy 5,073 8.98 ED: Field data; IF: Davis et al. 1998 

Pacific Herring 3,666 8.98 ED: Field data; IF: Davis et al. 1998 

Other Osteichthyes 4,045 8.98 ED: Field data; IF: Davis et al. 1998 

Octopoda 2,219 8.91 ED: Field data; IF: Davis et al. 1998 

Teuthida 2,814 8.91 ED: Field data; IF: Davis et al. 1998 

Unidentified Cephalopod 2,504 8.91 ED: Field data; IF: Davis et al. 1998 
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Figure B1. Temperatures at depth of Chinook Salmon capture (a) predicted by generalized 

additive models where mean values (line) were inputted and ribbons represent confidence 

bounds, and (b) average values in October and March, used as inputs in bioenergetic model 

simulations. Colours indicate model simulation, and points (b) show the mean temperature by 

‘season’ and error bars are the standard deviation from the mean. Note: no temperature data were 

available for March from the Southern Gulf Islands in 2021-2022 so the mean value from the 

Northern Strait of Georgia in 2021-2022 was used for the seasonal model (b).  

 

Figure B2. Individual mean monthly diet proportions of juvenile Chinook Salmon from October 

to April in in 2020-2021 (Year 1) and 2021-2022 (Year 2) the Northern Strait of Georgia (NSoG) 

and Southern Gulf Islands (SGI) for use in both the longitudinal (top row) and ‘seasonal’ 
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(bottom row) bioenergetic models. Diet proportions were used as inputs in various bioenergetic 

model simulations.  

 

 

 

 

Figure B3. Juvenile Chinook Salmon energy density values (a) predicted by generalized additive 

models where mean values (line) were inputted and ribbons represent confidence bounds, and (b) 

average values in October and March, used as inputs in bioenergetic model simulations. Colours 

indicate model simulation (region-year), and points in (b) show the mean energy density by 

‘season’ and error bars are the standard deviation from the mean. Note, only one Chinook 

Salmon energy density value was available from the Southern Gulf Islands in 2021-2022 so no 

error is associated with that value.  
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Figure B4. Juvenile Chinook Salmon weight values (a) predicted by generalized additive models, 

and (b) average values in October and March, used as inputs in bioenergetic model simulations. 

Colours indicate the model simulation and points in (a) show the start and end points of the 

monthly simulations where ‘initial’ and ‘final’ weights are derived. Points (b) show the mean 

weight by ‘season’ and error bars are the standard deviation from the mean. 
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Figure B5. Generalized additive model smooths with confidence bounds (shaded ribbons) and 

residuals of juvenile Chinook Salmon weights in the Northern Strait of Georgia in 2020-2021 

(purple), 2021-2022 (light blue), and the Southern Gulf Islands in 2021-2022 (dark blue). Lines 

represent the smooths and semi-transparent, coloured points are the model residuals. Filled 

points with black outlines indicate predicted weights which were used as the start and end points 

of the monthly simulations, i.e., the ‘initial’ and ‘final’ weights. 
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Figure B6. The proportion of juvenile Chinook Salmon stock composition by region in the 

Northern Strait of Georgia in both 2020-2021 and 2021-2022 (a), and the Southern Gulf Islands 

(b) and Discovery Islands (c) in 2021-2022. Only fish originating from east coast of Vancouver 

Island stocks are included.  

 

 


