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Arctic cod (Boreogadus saida) is an ecologically significant species that plays a critical 

role channeling energy throughout the Arctic marine food web. Arctic cod is uniquely adapted to 

occupy ice edge habitats, however, a basic understanding of its larval physiology and habitat 

requirements is lacking due to widespread sea ice cover which limits spring field sampling. 

Forecasted shrinkage of sea ice habitat could facilitate invasions of non-ice-obligate North 

Pacific gadids, such as walleye pollock (Gadus chalcogrammus). By assessing the sensitivity of 

the early life stages of fish species to environmental conditions affecting growth (i.e., 

temperature and food availability), it is possible to better understand larval survival, and thus the 

factors dictating success of the population in the face of climate change. To this aim, I conducted 

laboratory experiments to directly examine the growth and survival of Arctic cod and walleye 

pollock at two larval stages in response to forecasted changes in temperature and food 

availability. Critical rates obtained from these experiments demonstrate that larval Arctic cod has 

a competitive advantage over walleye pollock in terms of growth and survival at low 

temperatures. However, rising temperatures and altered productivity regimes associated with 

climate change have the potential to constrain the habitat that is available to Arctic cod. 



	

Temperature-dependent growth models developed from this study emphasize the species-specific 

and stage-specific differences in the growth of larval gadids and provide a baseline for 

examining temperature-dependent growth in the field. Following laboratory experiments, I 

examined the morphometric and lipid condition of each species under the same experimental 

conditions, to investigate the effects of temperature and food availability on larval fish condition 

and the suitability of different condition indices. Temperature and food availability impacted 

larval condition and lipid storage in a species-dependent manner. Furthermore, later stage larval 

condition was more sensitive to changes in prey availability at higher temperatures, indicating 

that larval condition may be negatively impacted under a climate change scenario of combined 

warming and reduced availability of lipid-rich prey. Collectively, the physiological rates 

determined within my thesis will add to a better understanding of the mechanisms affecting 

condition and survival of gadid larvae at the Arctic-boreal interface. Knowledge of the habitat 

requirements of these ecological important species is essential for effective resource 

management, and is key to understanding the broader implications of global change. 
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1 General Introduction 

1.1 Thesis Overview 

Efforts to assess survival and growth potential of fish depend on a solid understanding of 

their environmental tolerances and food requirements (Jobling 1988). Prey availability and 

temperature are two variables that significantly impact larval growth and condition (Otterlei et al. 

1999) and are expected to be altered by continued climate change. Variability in growth and 

mortality, in turn, influence recruitment levels (i.e., successful survival to a size that is 

exploitable by a fishery) in marine fish (Houde 2008). By assessing the sensitivity of multiple 

species to environmental variables affecting growth and condition, it is possible to better 

understand their likelihood of survival and, thus, the factors dictating population and species 

success under a changing climate.  

Temperature has a profound impact on the growth, development, and survival of fish 

(Peck et al. 2004, Pörtner & Peck 2010). Typically, fish occupying high latitudes have a 

narrower thermal tolerance range than those inhabiting mid-latitudes (Pörtner & Peck 2010). 

Additionally, temperature sensitivity changes with ontogeny such that the egg and larval stages 

are often the most sensitive to thermal variation (Pörtner & Peck 2010). At these critical early 

life stages, mortality due to predation, starvation, advective loss, and other external stressors is 

highest (Houde 2008). One of the dominant hypotheses in larval fish ecology, the “Stage-

Duration” hypothesis, postulates that rapid growth is beneficial to later recruitment because it  

allows larvae to quickly reach a larger size where mortality risk is reduced and the likelihood of 

survival to adulthood is improved (Miller et al. 1988, Houde 2008).  

Due to the high sensitivity of polar ectotherms to temperature variation, the Alaskan 

Arctic is particularly vulnerable to climate change. Arctic cod (Boreogadus saida) is an 
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ecologically significant species that is adapted to occupy ice-edges, but declining sea-ice may 

favor walleye pollock (Gadus chalcogrammus), a more generalist North Pacific gadid (Rand & 

Logerwell 2011, Fossheim et al. 2015). Despite its important role in the Arctic marine food web, 

basic understanding of the larval physiology of Arctic cod is lacking due to our limited ability to 

sample larvae under ice-associated conditions in the field. The absence of critical physiological 

and ecological information on early life stages of this species makes it difficult to determine how 

Arctic cod will respond to climate change conditions (Christiansen et al. 2014). A better 

understanding of the sensitivity of Arctic cod to variable environmental conditions could provide 

insight into the factors affecting larval survival and population success in the face of climate 

change. To address this need, I conducted laboratory experiments examining larval Arctic cod 

and walleye pollock growth, energetic condition, and survival in response to predicted variation 

in temperature and food availability. The results of my research along with the potential 

ecological and social implications are contained in this thesis. 

Chapter 1 is a general introduction including an overview of climate change in polar 

regions, the species of interest, larval growth and condition metrics, research objectives, and 

management implications in the Arctic. Chapter 2 details my experimental investigation of the 

effects of two environmental conditions, temperature and food availability, on the growth and 

survival of Arctic cod and walleye pollock larvae. It includes a description of the larval rearing 

procedures, methods for laboratory experiments, and a discussion of the results and their 

implications. Chapter 3 builds upon Chapter 2 by considering how the same environmental 

conditions impact the lipid storage and nutritional condition of both larval species. Finally, 

Chapter 4 provides a synthesis of results and discussion of the potential fate of these species with 

increasing environmental variability in the North Pacific and Arctic marine ecosystems.  
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1.2 Climate Change in the Arctic 

In polar regions, mean near-surface temperatures are predicted to warm at rates 

exceeding global climate change averages (Serreze & Barry 2011, Collins et al. 2013) resulting 

in rapid ecosystem-level change throughout the Arctic marine environment (Hoegh-Guldberg & 

Bruno 2010). This Arctic amplification is the result of a number of complex physical processes 

including local feedbacks associated with changes in snow and ice cover (Kumar et al. 2010) and 

the strength of poleward ocean and atmospheric heat transport (Mahlstein & Knutti 2011, 

Serreze & Barry 2011). In the Chukchi Sea, August sea surface temperatures are warming at a 

rate of about + 0.5 ºC per decade in combination with a trend of declining summer sea ice 

throughout the region (Richter-Menge et al. 2016). Satellite monitoring shows accelerated 

decline in both seasonal and perennial sea ice cover to the extent that an ice-free Arctic in the 

summer months may exist at some point in the mid- to late- twenty-first century (Comiso et al. 

2008, Holland et al. 2010, Moore & Stabeno 2015). In addition, local extinction and invasion by 

North Pacific species may result in higher rates of species turnover which could drastically 

reorganize the community structure of the ecosystem (Cheung et al. 2009, Fossheim et al. 2015). 

Due to these collective changes and the high sensitivity of polar species to temperature variation 

(Pörtner & Peck 2010, Laurel et al. 2016), the Alaskan Arctic ecosystem is particularly 

vulnerable to climate change.  

While rising temperature is one of the most well documented impacts of climate change, 

other shifts in ocean conditions may result in a wide range of ecological responses. Declining sea 

ice will alter the primary productivity regime in the region, potentially resulting in a mismatch 

between the production of high-quality food and key Arctic grazers (Søreide et al. 2010, Leu et 
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al. 2011). It has been hypothesized that interannual variability in ocean conditions may alter the 

distribution of large energy-rich Arctic zooplankton species (e.g., Calanus hyperboreus, Calanus 

glacialis) which are often a staple food source for Arctic cod (Pinchuk & Eisner 2017). 

Additionally, shifting circulation patterns on the Chukchi Sea shelf could increase the 

contribution of Pacific copepods (e.g., Neocalanus sp.) to the diets of Arctic fish species 

(Pinchuk & Eisner 2017). These changing trophic interactions will likely influence the success of 

key Arctic species at all levels of the lipid-rich Arctic marine food web (Søreide et al. 2010). 

However, a mechanistic understanding of polar food web change remains ambiguous due to the 

cumulative impacts of climate change and human exploitation, as well as the complex linkages 

between the sea-ice environment, primary production, and population dynamics (Smetacek & 

Nicol 2005). 

 

1.3 Ecological Importance of Arctic Cod 

Arctic cod is an ecologically significant species due to its critical role influencing Arctic 

marine food web dynamics (Craig et al. 1982, Bluhm & Gradinger 2008, Logerwell et al. 2015). 

It is responsible for channeling energy from plankton to upper trophic levels (Fig. 1.1) including 

many marine mammals and seabirds such as ringed seals, harp seals, narwhal, beluga, thick-

billed murres, northern fulmars, and black-legged kittiwakes (Welch et al. 1993). Arctic cod is of 

particular concern to resource managers as it is a keystone species and a federally managed 

species in the Chukchi and Beaufort Seas (NPFMC 2009). Internationally, Arctic cod is a key 

species of interest and a focus of cooperative scientific efforts due to its circumpolar distribution 

and broad ecological importance (Mueter et al. 2016). 



	 5	

Arctic cod is uniquely adapted to occupy ice edges where they are protected from marine 

mammal and seabird predators and able to prey upon blooms of ice-associated fauna (Gradinger 

& Bluhm 2004, Hop & Gjøsæter 2013). However, forecasted shrinkage of sea ice habitat could 

facilitate invasions by non-ice-obligate North Pacific gadids, such as walleye pollock (Barber et 

al. 2008, Rand & Logerwell 2011, Laurel et al. 2016). Both Arctic cod and walleye pollock 

currently co-occur in the North Bering and Chukchi Seas, however, larval walleye pollock 

abundance in the Chukchi Sea is reportedly low while Arctic cod are among the most abundant 

shelf icthyoplankton (Logerwell et al. 2015). Despite their high abundance, a basic 

understanding of Arctic cod physiology at early life stages is largely lacking due to widespread 

sea ice cover which limits spring field sampling (Graham & Hop 1995). Early life stages of fish 

are thought to constitute a ‘critical period’ characterized by high mortality potential which 

dictates the success of the population (Houde 2008). This absence of field and physiological data 

on Arctic cod makes it difficult to determine how this species will respond to climate change 

conditions. 

 

1.4 Early Life History 

Arctic cod have a circumpolar distribution and utilize a range of habitats throughout their 

life history (Hop & Gjøsæter 2013). It has been hypothesized that Arctic cod spawning and larval 

development occur in the shelf habitats of the Beaufort and Chukchi Seas, followed by early 

development in the nearshore environment and movement offshore as they age (Logerwell et al. 

2015). Research from the Canadian Arctic suggests that Arctic cod may utilize freshwater-

influenced regions as thermal refuge for hatching during winter, while delaying hatching until 
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spring in purely marine habitats (Bouchard & Fortier 2008, 2011). Less is known regarding the 

timing and location of hatching in U.S. Arctic waters. 

Temperature is a critical factor constraining hatching and larval development (Graham & 

Hop 1995). As a result, embryonic development under ice, where subzero temperatures persist, 

may take 60 – 90 days (Bouchard & Fortier 2011, Laurel et al. in prep). After hatching, Arctic 

cod emerge as yolk sac larvae with yolk nutrition lasting from 20 – 40 days (Graham & Hop 

1995). Larvae and juveniles are pelagic and are often found under ice cover, which in addition to 

protection from predators, may offer feeding opportunities associated with ice-edge blooms 

(Fortier et al. 1996). Arctic cod is characterized by early maturity (2 to 3 years) and a relatively 

short lifespan (7 years maximum), which is likely a life history strategy developed for living in 

an environment subject to unpredictable, non-selective mortality (Craig et al. 1982). 

Similar to Arctic cod, walleye pollock is a central food web component in the North 

Pacific where it occupies a wide range of habitats (e.g., outer shelf and slope regions, inshore 

seagrass beds, large estuaries) and average water temperatures ranging from 1 to 10 °C (Bacheler 

et al. 2010). Walleye pollock spawn from February to August in the Bering Sea and Gulf of 

Alaska (NOAA 2016). Embryonic development times range from 1 week at 12 °C to 1 month at 

0 °C (Laurel et al. in prep). At hatch, walleye pollock larvae are smaller than Arctic cod at 4.5 

and 6.2 mm mean SL, respectively (Laurel et al. in prep). Like Arctic cod, walleye pollock eggs 

and larvae are pelagic and larval development involves a period of yolk nutrition followed by a 

transition to exogenous feeding. Walleye pollock is characterized by relatively early maturity (3 

to 4 years) but a longer lifespan (up to 17 years) than Arctic cod (NOAA 2016). A general 

diagram of gadid life history stages is included in Figure 1.2. 
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1.5 Temperature Effects on Larvae 

All organisms live within a limited thermal window, beyond which functional constraints 

to an organism’s performance (e.g., growth, reproduction, foraging, competitiveness) exist 

(Pörtner & Farrell 2008). It has been demonstrated that relatively small changes in temperature 

and food availability can impact the survival of larval fish (Hurst et al. 2010, Pörtner & Peck 

2010). A species-specific understanding of how these factors interact to effect observed larval 

growth, behavior and survival is necessary to forecast the effects of climate changes on early life 

stages and their recruitment (Kristiansen et al. 2014). 

Furthermore, temperature sensitivity of fish varies with ontogenetic stage. Due to 

developmental limitations and energy storage capacity, first-feeding and early life stage larvae 

are likely more sensitive to environmental variability than later larvae and early juveniles 

(Fouzai et al. 2015). Juvenile Arctic and boreal gadids have been shown to exhibit distinct 

temperature-dependent growth rates in laboratory experiments, with Arctic cod achieving high 

growth at low temperatures but walleye pollock maintaining a growth advantage at higher 

temperatures (> 2.5 ºC) (Laurel et al. 2016). However, the survival potential of larval Arctic cod 

under various temperature and productivity scenarios is unknown. 

 

1.6 Lipid Metrics and Nutritional Condition 

The nutritional condition of larval fish can also have major impacts on their ability to 

survive. After hatching, Arctic cod are subjected to short summers and episodic prey availability 

before overwintering (Wassmann & Reigstad 2011). It is critical that these forage fish rapidly 

grow, develop, and store energy at early life stages to avoid predation and meet metabolic 

demands during overwintering (Heintz & Vollenweider 2010). Increased energetic reserves (i.e., 
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‘condition’) can therefore contribute to survival of larvae when they experience environmental 

stress or nutritional deprivation (Lochmann et al. 1995). 

Determining the condition in fish larvae requires the development of metrics that either 

directly measure energy reserves or use phenotypic characteristics that can reliably estimate 

those energetic reserves. A range of condition indices (e.g., morphometric, biochemical, 

histological, etc.) have been used to examine marine fish with varying sensitivity to 

environmental stress (Suthers et al. 1992). Morphometric indices based on an individual’s weight 

and length (e.g., Fulton’s condition factor, K) are common (e.g., Neilson et al. 1986, Brodeur et 

al. 2000), but direct condition measures (lipids) have been shown to be more sensitive to 

physiological stress in some cases (Copeman et al. 2008). Lipid condition adjusts to changes in 

feeding more quickly than morphometric or histological characteristics (Lochmann et al. 1995), 

and so can serve as an indicator of shorter term change in nutritional status. In addition to being 

used as indicators of condition, lipid metrics can be combined with growth information to 

provide insight into energy allocation strategies.  

Lipids are the most dense form of energy storage and represent an essential source of 

metabolic energy as well as important structural components for cell membranes in fish (Sargent 

et al. 2002, Parrish 2013). In cold-water marine ecosystems, lipids are a limiting nutrient (Litzow 

et al. 2006) impacting growth and survival during the early life stages (Lochmann et al. 1995, 

Copeman et al. 2002, Park et al. 2006). Furthermore, temperature has been shown to have 

species-specific impacts on the lipid density of juvenile gadids (Copeman et al. 2017). The 

primary lipid classes in fish include triacylglycerols (TAG), sterols (ST), and phospholipids (PL) 

(Fig. 1.2). An examination of lipid class composition allows us to quantitatively measure energy 

reserves in an individual by separating storage lipids (e.g., TAG) from structural lipids (e.g., ST 
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and PL). TAG compounds serve as an indicator of physiological status as they are a neutral lipid 

class that is first mobilized by environmentally stressed larval fish (Fraser 1989). To account for 

size dependency, TAG content can be measured relative to ST which is a structural lipid class 

and an adequate proxy for dry weight or body size (Lochmann et al. 1995). This produces a 

TAG:ST index which has been successfully used to measure the nutritional condition of larval 

fish, bivalves and crustaceans (Fraser 1989). Total lipids per weight and TAG:ST metrics are 

used in the current study to assess larval Arctic cod and walleye pollock condition in relation to 

changes in temperature and food availability. 

 

1.7 Arctic Marine Management 

A better understanding of the factors impacting key polar species, like Arctic cod, is 

necessary to implement effective ecosystem-based management in the face of changing 

conditions. Predicted increases in ice melt will lead to periods of open water (Moore & Stabeno 

2015) and growing human activity throughout the Alaskan Arctic. The opening of northern sea 

routes, including the Northwest Passage, will subject the region to increased vessel traffic which 

heightens the risk of oil spills and the introduction of exotic species (Pietri et al. 2008). This, 

coupled with improved conditions for extractive industries, such as offshore oil and gas 

production, will result in major social and ecological consequences (Barber et al. 2008). These 

potential stressors, along with continued warming in the Arctic, will likely alter the abundance 

and distribution of some fish species with cascading effects throughout the marine food web 

(Wyllie-Echeverria & Wooster 1998). As each of these changes occur, the ecosystem services 

provided by key Arctic species may be altered or lost.  
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Arctic cod provides a broad range of ecosystem services which directly and indirectly 

benefit co-occurring species and Arctic residents. Forage fish, like Arctic cod, provide regulating 

services through their critical role influencing food web dynamics (Holmlund & Hammer 1999). 

They also provide services to Arctic residents as a subsistence food source and important 

nearshore recreational activity to many native populations (Gradinger & Bluhm 2004, Bennett et 

al. 2009). The multiple services provided by Arctic cod present marine resource managers with a 

suite of tradeoffs they must consider when making decisions. In the Arctic, this will require 

managers to forecast and account for future levels of human activity that may not exist today 

(Lester et al. 2010). One result of growing human activity may be the development of fisheries as 

access to new fish grounds and boreal fish migration occurs (Wassmann 2006). Managers will be 

forced to weigh the benefits of an emerging fishery with the ecological and cultural implications 

of such a change.  

The North Pacific Fishery Management Council (NPFMC), established under the 

Magnuson-Stevens Fishery Conservation and Management Act (MSFCMA), governs 

commercial fishing (except for Pacific salmon and Pacific halibut) within the Arctic 

Management Area. This area includes all marine waters of the Chukchi and Beaufort Seas within 

the U.S. Exclusive Economic Zone. The current Arctic management policy developed by the 

NPFMC prohibits all commercial harvests of fish until sufficient information is available to 

support sustainable management (NPFMC 2009). As such, no commercial fishery for Arctic cod 

currently exists in the U.S. The only nation currently fishing Arctic cod is Russia, and it catch is 

relatively small (30,000 tonnes in 2012) (ICES 2013). Though no U.S. commercial fishery 

currently exists for Arctic cod, nearshore subsistence and recreational fishing is an important 

activity to many native populations (Berkes 2012). Arctic food web alterations will likely impact 
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the higher trophic levels that constitute many subsistence fisheries throughout the Alaskan 

Arctic. As the Arctic comes under increasing pressure from climate change and growing human 

activity, adaptive and effective governance will rely upon best available science and knowledge 

of key species requirements to make policy decisions.  

Information produced by this study will directly contribute to meeting the research goals 

of the United States Arctic Research Commission (USARC) and the National Oceanic and 

Atmospheric Administration (NOAA). The USARC Goals Report considers the wide range of 

changes and cumulative impacts that are forecasted within the Arctic. One of the six goals 

identified by the USARC is to investigate how changes in ocean temperature affect Arctic 

marine ecosystems and potential Arctic fisheries (USARC 2017). Similarly, strategic goals 

identified in NOAA’s Arctic Action Plan call for improved foundational science regarding 

climate and ecosystem changes in the Arctic (NOAA 2014). Arctic cod is one of only three 

species, along with saffron cod and snow crab, that is identified as a ‘target species’ within the 

Arctic Fisheries Management Plan (FMP) developed by the NPFMC and implemented by 

NOAA’s National Marine Fisheries Service (NMFS) (NPFMC 2009). An assessment of the 

thermal tolerances of Arctic cod will directly contribute to meeting national goals by providing 

the necessary physiological information to understand the mechanisms affecting survival at the 

forage fish level (i.e., lower trophic level) under a changing system. 

 

1.8 Research Objectives 

My research utilized laboratory experiments to assess the impacts of temperature and 

prey availability on the growth, survival, and condition of two larval gadids (i.e., Arctic cod and 

walleye pollock). Very little is known about the growth responses and nutritional condition of 
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Arctic species in response to temperature. A recent study on older juvenile stages of Arctic cod, 

found that Arctic cod growth performance was outpaced by walleye pollock at temperatures > 

2.5 ºC (Laurel et al. 2016). Previous research examining the growth and survival of Atlantic cod 

(Gadus morhua) in relation to temperature and food availability found that cold-water 

populations of cod were more temperature sensitive while warm-water populations of cod were 

more food sensitive (Hutchings et al. 2007). Based on these previous findings, I expected that the 

laboratory experiments would demonstrate that Arctic cod survive over a narrower range of 

temperatures than walleye pollock, but that these temperature ranges would differ from juvenile 

stages. I also hypothesized that Arctic cod would be more sensitive in terms of growth and 

survival to changes in temperature, while walleye pollock would be more sensitive to changes in 

food availability. Finally, I anticipated that the nutritional condition of larvae receiving low food 

rations would be lower than that of those receiving high food rations based on the TAG:ST 

condition index. 

This research will provide insight into the mechanisms affecting growth and condition of 

larval gadids under varying environmental conditions. In doing so, it will help to highlight the 

factors influencing larval survival and dictating the success of a population in the face of climate 

change. Furthermore, laboratory experiments from this thesis are expected to produce data 

products that can be used to inform fisheries managers as decisions and authorizations are made 

for current and emerging fisheries in the Alaskan Arctic. 
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1.10 Figures 

 

Figure 1.1  Pacific Arctic marine food web schematic from Moore & Stabeno 2015. The mid-
trophic level fish assemblage of Arctic cod forms a critical link in the food web. 
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Figure 1.2  Life history stage diagram for gadid species from the egg to adult stage. Adapted from 
Sheffield Guy et al. 2014. 
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Figure 1.3  Representative molecule structures of relevant lipid classes. Triacylglycerols (TAG) 
are storage lipids (e.g., tripalmitin), while sterols (ST) and phospholipids (PL) are structural 
lipids (e.g., cholesterol and dipalmitoyl lecithin, respectively). Adapted from Parrish 2013. 
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2 Effects of Temperature and Food Availability on the Survival and 
Growth of Larval Arctic Cod and Walleye Pollock 

2.1 Introduction 

In polar regions, mean near-surface temperatures are predicted to warm at rates 

exceeding global climate change averages (Serreze & Barry 2011, Collins et al. 2013) resulting 

in drastic impacts to regional ocean conditions. In the Chukchi Sea, August sea surface 

temperatures are warming at a rate of about + 0.5 ºC per decade (Richter-Menge et al. 2016) in 

combination with declining seasonal and perennial sea ice cover (Comiso et al. 2008, Moore & 

Stabeno 2015). The resultant rapid ecosystem-level change in the Arctic marine environment 

(Hoegh-Guldberg & Bruno 2010) is predicted to result in accelerated rates of species turnover 

and severe changes in marine biodiversity (Cheung et al. 2009, Fossheim et al. 2015). 

Sea ice extent and seawater temperatures in the polar marine ecosystems are closely tied 

and together influence processes related to food web dynamics, species physiology, and 

biogeochemical cycling (Doney et al. 2012). By the mid- to late- twenty-first century, forecasted 

changes in sea ice thickness and extent may result in an ice-free Arctic in the summer months 

(Holland et al. 2010, Moore & Stabeno 2015). Altered timing of sea ice break up has the 

potential to change the primary productivity regime in the region to the extent that a mismatch 

occurs between the production of high-quality food and key Arctic grazers (Søreide et al. 2010, 

Leu et al. 2011). The indirect effects of temperature through changes in food supply and timing 

have been shown to be important in determining Atlantic cod recruitment in the North Sea 

(Beaugrand & Kirby 2010). Thus, it is likely that bottom-up changes in trophic interactions will 

influence the success of key Arctic species at all levels of the marine food web (Søreide et al. 

2010). However, a mechanistic understanding of these changes remains challenging due to the 
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complex mosaic of direct (i.e. temperature) and indirect (i.e. changes in prey phenology) impacts 

that result from a rapidly changing climate (Smetacek & Nicol 2005). 

The Alaskan Arctic region includes the U.S. waters of the Chukchi and Beaufort Seas 

north of the Bering Strait (NPFMC 2009). Arctic cod (Boreogadus saida) is an ecologically 

important species throughout this region, where it plays a critical food web role by channeling 

energy from plankton to upper trophic levels such as marine mammals, seabirds, and other fish 

(Craig et al. 1982, Bluhm & Gradinger 2008, Logerwell et al. 2015). Arctic cod is uniquely 

adapted to occupy ice edges which offer protection from predators and feeding habitat in the 

form of ice-associated phytoplankton blooms. However, forecasted shrinkage of sea ice habitat 

could facilitate invasions by more generalist boreal fish species, such as walleye pollock (Gadus 

chalcogrammus), from the North Pacific (Barber et al. 2008, Rand & Logerwell 2011, Fossheim 

et al. 2015). Walleye pollock occupies a similar ecologically important role in the Bering Sea 

and Gulf of Alaska and has high commercial importance (Bacheler et al. 2010). A basic 

understanding of the physiology and habitat requirements of Arctic cod at early life stages is 

limited due to widespread sea ice cover which inhibits field sampling (Graham & Hop 1995). 

This absence of field and physiological data makes it difficult to accurately forecast the 

competitive strength of co-occurring gadids and the fate of Arctic cod in the face of climate 

change (Christiansen et al. 2014). 

In marine environments, relatively small changes in temperature and food availability can 

influence the growth, development, and survival of fish (Peck et al. 2004, Pörtner & Peck 2010). 

As poikilotherms, a number of critical physiological processes in fish are regulated by the 

temperature of the surrounding water. Typically, high latitude fish are characterized by a 
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narrower thermal tolerance range (i.e., stenothermic) than those inhabiting mid-latitudes where 

wider seasonal fluctuations are common (Pörtner & Peck 2010). In polar environments, summers 

are short and subzero temperatures persist during the prolonged winter spawning season 

(Bouchard & Fortier 2011). Furthermore, thermal sensitivity in terms of growth and food 

conversion can vary considerably with ontogenetic stage (Björnsson et al. 2001). This is 

particularly important for fish at critical early life stages when predation, starvation, advective 

loss, and other external stressors enhance mortality risks (Zhao et al. 2001, Houde 2008). First-

feeding and early life stage cod larvae are likely more sensitive to variable temperatures than 

later stage larvae and early juveniles due to developmental limitations and low energy storage 

capacity (Pörtner & Farrell 2008, Fouzai et al. 2015). These variations in thermal tolerance can 

be significant at the individual, population, and ecosystem level as different thermal tolerance 

windows may result in changes in species distributions (Pörtner & Farrell 2008). 

The “Stage-Duration” hypothesis postulates that rapid growth allows larvae to reach a 

larger size where risk of mortality is reduced and survival to recruitment is improved (Miller et 

al. 1988, Houde 2008). However, efforts to assess growth and survival potential in fish rely upon 

a strong understanding of species-specific environmental tolerances and food requirements 

(Jobling 1988). Prey availability and temperature are arguably the most important factors 

affecting larval growth and condition (Otterlei et al. 1999). Growth and mortality, in turn, 

influence recruitment levels in marine fish (Houde 2008). Therefore, by assessing the sensitivity 

of a species to environmental conditions affecting growth, it is possible to better understand their 

likelihood of survival and, thus, the factors dictating population success under a changing 

climate.  
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Currently, the growth and survival potential of larval Arctic cod under various 

temperature and productivity scenarios has not been investigated experimentally. By examining 

morphometric and mortality measurements of cod species in controlled laboratory experiments, I 

aimed to examine the effects of temperature and food availability on the growth and survival of 

larval Arctic cod and walleye pollock. Specifically, the objectives of this study were to (1) assess 

temperature-dependent growth and survival of Arctic cod and walleye pollock at two larval 

stages across a range of temperatures (-1 to 12 °C), (2) determine the interactive effects of 

temperature and food availability acting on the species-specific and stage-specific growth and 

survival of gadid larvae, and (3) develop explanatory growth models for first-feeding and later 

stage Arctic cod and walleye pollock larvae across a range of forecasted environmental 

temperatures. 

Previous work with juvenile Arctic and boreal gadids demonstrated distinct temperature-

dependent growth rates in laboratory experiments, with Arctic cod achieving high growth at low 

temperatures but walleye pollock maintaining a growth advantage at temperatures > 2.5 ºC 

(Laurel et al. 2016). Additionally, research examining the growth and survival of Atlantic cod 

(Gadus morhua) in relation to temperature and food availability found that cold-water 

populations of cod were more temperature sensitive while warm-water populations of cod were 

more food sensitive (Hutchings et al. 2007). It is uncertain whether these patterns hold true 

across gadid species and life history stages. Data from this study on larval gadids will be useful 

in predicting how Arctic cod and walleye pollock will respond to changing temperature and prey 

conditions in the Arctic. 
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2.2 Methods 

2.2.1 Egg Sources 

Laboratory experiments utilized the Alaska Fisheries Science Center’s (ASFC) gadid 

broodstock program and facilities at the Hatfield Marine Science Center (HMSC) in Newport, 

OR, USA. Arctic cod broodstock were collected as juvenile fish (70 – 85 mm SL) in 2012 and 

2013 using a fyke net in the nearshore of Prudhoe Bay, AK (Beaufort Sea, 70.383°N -

148.552°W). Walleye pollock broodstock were sourced from juvenile walleye pollock (30 – 50 

mm SL at capture) that were collected using light and lift nets in the nearshore of Puget Sound, 

WA (48.135°N -122.760°W) in late June of 2011, 2012, and 2013.  

Fish were transported alive to the laboratory where they were weaned onto formulated 

foods and held under a 12:12 hr light:dark photoperiod to mimic field conditions. All broodstock 

were fed daily to satiation using a combination of thawed krill and a gelatinized combination of 

squid, krill, herring, commercial fish food, amino acid supplements and vitamins (‘gel food’, 

recipe and lipid content as in the control diet details from Copeman et al. (2013)). Juveniles were 

reared for over 3 years in the laboratory until they became active spawners (age-3+ fish). 

Additional details on collection and husbandry of Arctic cod can be found in Laurel et al. (2016). 

Experiments were conducted for first-feeding larvae and later stage pre-flexion larvae of 

both species. Laboratory experiments for both later stage species and for first-feeding walleye 

pollock took place in 2015, whereas the first-feeding Arctic cod experiment took place the 

following spring in 2016.  

 

2.2.2 Egg Incubation 
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Arctic cod adult broodstock were strip spawned in March of each year and eggs from a 

single female were fertilized with milt from three males. Eggs were incubated at 1 °C in a 4-L 

mesh pan suspended in a water bath until reaching ~75% hatch level, at which time all hatched 

and unhatched larvae were transferred to 400-L holding tanks maintained between 2 – 3 °C. 

Walleye pollock adult broodstock holding temperatures were reduced from 9 °C to 5 °C 

in the fall and pollock spawned naturally from February to late April 2015. Eggs were retained in 

an egg basket from which the highest quality eggs were transferred directly to 100-L stock tanks 

and incubated at 5 – 6 °C. 

 

2.2.3 Experimental Design 

First-feeding larval experiments: 

A summary of experimental temperatures, food rations, and tank replications for all larval 

experiments is provided in Table 2.1. For first-feeding experiments, yolk-sac Arctic cod larvae 

(mean 5.9 mm SL) were transferred into 1-L beakers to acclimate to each temperature treatment 

in April 2016 at ~90% hatch level. Once larvae were within 0.5 °C of their target temperature, 

larvae were gently poured into their corresponding aquaria. First-feeding Arctic cod experiments 

utilized twelve aquaria for high food ration treatments (-1, 2, 5, and 9 °C; n = 3 replicate 

tanks/temperature) and six for low food ration treatments (2 and 5 °C; n = 3 replicate 

tanks/temperature) with larvae stocked at a density of 450 individuals per tank. 

In April 2015, first-feeding walleye pollock larvae (mean 4.7 mm SL) were transferred 

and slowly acclimated (as described above for Arctic cod) to twelve 38-L aquaria for high food 

ration treatments (0, 2, 5, and 12 °C; n = 3 replicate tanks/temperature) and six for low food 
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ration treatments (2 and 5 °C; n = 3 replicate tanks/temperature) with larvae stocked at a density 

of 450 individuals per tank. 

 
Later stage larval experiments: 

For later stage experiments, larvae remained in stock tanks where they were “pulse fed” 

enriched rotifers (Brachionus sp.) twice daily at a density of 5 prey mL-1. Several weeks prior to 

the start of later stage experiments, larvae began receiving enriched brine shrimp (Artemia sp.) at 

a prey density of 2 prey mL-1 in addition to rotifers. The enrichment protocols for both rotifers 

and Artemia are described below. Before later stage experiments began, larval gut content was 

visually examined to ensure that Artemia sp. were being consumed.  

The later stage Arctic cod experiment began in June 2015 when larvae from the 400-L 

holding tanks achieved a mean SL of 11.3 mm. Later stage experiments used twelve aquaria for 

high food ration treatments (0, 2, 5, and 7 °C; n = 3 replicate tanks/temperature) and six for low 

food ration treatments (2 and 5 °C; n = 3 replicate tanks/temperature) with larvae stocked at a 

density of ~100 individuals per tank. A fourth replicate tank at 0 and 7 °C was set up after one 

week to account for particularly high mortality in one of the replicate tanks at each temperature. 

An additional 9 °C trial was conducted for later stage Arctic cod to assess the upper thermal limit 

for survival (n = 1 tank due to high mortality). 

 Walleye pollock larvae used in the later stage experiment remained in stock tanks until 

July 2015 when they reached a larger length (mean 8.6 mm SL) and were exclusively weaned 

onto Artemia sp., similar to later stage Arctic cod. Later stage walleye pollock larvae were 

transferred following the same methods to fifteen aquaria for high food ration treatments (0, 2, 5, 
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9, and 12 °C; n = 3 replicate tanks/temperature) and nine for low food ration treatments (2, 5, and 

9 °C; n = 3 replicate tanks/temperature).  

 

2.2.4 General Husbandry 

Growth experiments were carried out in 38-L glass aquaria covered externally with black 

plastic and supplied with flow-through, temperature-controlled seawater. Throughout larval 

experiments, tanks were held at a 12:12 hr light:dark photoperiod. Light levels ranged from 1.4 – 

2.7 µE/m2sec at the surface of the water in the center of each tank. Maintenance of tank 

temperatures, aeration, and flow rates was completed daily. Temperature was recorded in the 

morning and adjusted to within 0.5 °C of the target temperature to account for fluctuations in 

ambient water temperature. Aeration was checked to ensure gentle bubbling beneath the outflow 

mesh in each tank. Flow rates were adjusted to 300 mL min-1 at the start of each experiment 

using a stopwatch and visually modified to within 270-330 mL min-1 each day. Tanks were 

siphoned daily to remove any mortalities along with excess food and debris. Tanks were 

monitored daily and experiments continued for 3 weeks (for later stage experiments) or 5 weeks 

(for first-feeding experiments). However, if an individual tank approached 100% mortality, 

larvae were sampled to ensure that morphometric data was collected from each tank. Due to 

differential mortality, experimental duration varied slightly among tanks (3-5 weeks for first-

feeding experiments, 2-3 weeks for later stage experiments) 

 

2.2.5 Live Food Preparation 

Prior to each feeding, Nanno 3600 algae paste (Reed Mariculture, Campbell, CA, USA) 

diluted with 2 °C seawater was added to each tank to provide “green water”. The addition of 
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green water has been shown to alter the visual feeding environment and change light conditions 

in a manner that improves larval prey ingestion (Naas et al. 1996). First-feeding larval 

experiments received enriched rotifers (Brachionus sp.), while later stage experiments received 

enriched brine shrimp (Artemia sp.). 

Rotifers were cultured at 26 °C in a high-density rotifer culture system from Aquatic 

Eco-Systems. Rotifers were harvested and enriched twice daily in conical tanks to produce two 

batches for morning and afternoon larval fish feedings. The daytime and overnight batches were 

enriched for 5 and 16 hours, respectively, with Algamac 3050 (0.3 g per million rotifers; 

Aquafauna, Hawthorne, CA, USA) and RotiGrow® Plus (daytime: 0.5 mL per million rotifers, 

overnight: 1.0 mL per million rotifers; Reed Mariculture, Campbell, CA, USA). Algamac was 

chosen as a suitable enrichment because it contains a high proportion of long-chained fatty acids 

which are important for North Pacific larval fish (Copeman & Laurel 2010). Enrichment tanks 

were drained overnight through a 53 µm sieve, rinsed with seawater, and resuspended in cooler 

(5 °C) seawater prior to feeding. Enriched rotifers were counted daily for quality control and to 

determine accurate prey counts. First-feeding larvae in high food ration treatments were supplied 

enriched rotifers twice daily at prey densities of 5 prey mL-1, while low food ration treatments 

received prey densities of 0.5 prey mL-1 twice daily.   

Decapsulated brine shrimp were hatched for 24 hours in hatching cones at 26 – 27 °C 

before being enriched with Selco® S.Presso (7.5 g per 15 L seawater; INVE Aquaculture, 

Nonthaburi, Thailand) for an additional 24 hours. Enriched brine shrimp were drained through 

nylon mesh and rinsed before being resuspended in seawater. Harvested brine shrimp were 

counted to determine accurate prey counts for larvae and for quality control. Later stage larvae in 
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high food ration treatments were supplied enriched brine shrimp twice daily at prey densities of 2 

prey mL-1 and low food ration treatments received prey densities of 0.5 prey mL-1 once daily. 

Low food ration tanks that were not receiving prey in the afternoon, still received green water. 

 

2.2.6 Data Collection and Analysis 

Survival was estimated differently for first-feeding and late-stage larvae experiments. 

Due to the small size and rapid decay of first-feeding larvae, survival estimates based on daily 

mortality counts were only possible for later stage larvae. As such, later stage larval mortality 

was assessed daily to quantify cumulative percent mortality for each species under different 

treatments. From these measurements, the time to 50% cumulative mortality (D50) was 

determined as the first day of the experiments where cumulative mortality was at or above 50% 

using replicate tanks as the level of observation. Two Arctic cod tanks did not reach 50% 

mortality but were close at > 45%. These tanks were assigned a D50 equal to the last day of the 

experiment. 

For first-feeding larvae, survival was estimated from counts of remaining larvae at the 

end of the experiment. For consistency, this method of estimating survival was also used for later 

stage larvae to complement cumulative mortality estimates. To account for slight differences in 

experimental duration among tanks, a survival fraction representing the fraction of larvae 

surviving on a daily basis was computed. In this study, the survival fraction, S, was calculated for 

each tank according to the following equation:  

! = #$% 
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In this equation, & is the daily mortality rate (day-1) derived from the exponential mortality 

model and calculated as: 

& = (ln*+ − ln*-) / 

when *+ is the initial number of larvae stocked, *- is the number of larvae that survived to the 

end of the experiment, and / is the experiment duration in days. In two walleye pollock tanks at 

12 °C, no fish remained at the end of the experiment. To allow for calculation of a survival 

fraction, it was assumed that only one fish survived in these tanks. 

Larvae from each tank were randomly sampled from throughout the water column for 

morphometric measurements (i.e., dry mass, standard length, body depth) at the start, middle, 

and end of each experiment. Larvae were anesthetized with MS-222 (50 g L-1) and individual 

images were taken under calibrated magnification using a digital camera attached to a stereo 

microscope. Measurements for each fish were obtained from digital images using ImagePro® 

software (Media Cybernetics, Bethesda, MD, USA). Standard length was determined as the 

length (mm) from the tip of the snout to the end of the notochord. Body depth was the width 

(mm) of the larvae posterior to the anus not including the fin-fold. Fish were then rinsed with a 

3% ammonium formate solution to remove excess salts and placed in pre-weighed aluminum foil 

squares that were folded securely and placed in labeled slots on a baking sheet. Samples were 

dried at 55 °C for a minimum of 48 hours before determination of dry mass with a microbalance 

(Sartorius R16OP) to the nearest 1.0 µg. 

Specific growth rate, SGR, (% mass day-1) was calculated under different temperature-

food ration treatments according to the following equation: 

!01 = 100(#4 − 1) 
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In this equation, 5 is the instantaneous growth coefficient calculated as: 

5 = (678- − 678+)// 

where 8- is the final mean dry mass, 8+ is the initial mean dry mass, and / is the number of 

days between measurements. 

All growth and survival analyses were performed using RStudio statistical software (ver. 

0.99.491, RStudio, Inc., Boston, MA, USA). Survival (either S or D50) for each high food ration 

tank was analyzed through a two-way ANOVA examining the effects of either species or 

ontogenetic stage and temperature. To account for the interactive effects of temperature and food 

availability, a 3-way ANOVA was used to test for statistical differences in survival between 

species, temperature, and food ration at 2 and 5 °C. An additional 3-way ANOVA was used to 

consider the effects of stage, temperature, and food ration on survival at these intermediate 

temperatures. Data were examined for normality and homogeneity of variance to satisfy the 

assumptions of ANOVA. A significance level of α = 0.05 was used in all analyses. 

Statistical differences in growth under high food ration treatments were determined using 

a two-way ANOVA with species and temperature, as well as, stage and temperature as 

independent factors. Analysis was conducted on tank replicates (average SGR/tank). 

Additionally, a three-way ANOVA restricted to 2 and 5 °C was used to test for statistical 

differences in growth between species, temperature, and food ration at temperatures where food 

rations were manipulated. A three-way ANOVA was also used to assess the effect of ontogenetic 

stage, temperature, and food ration on the mean SGR of larvae at these intermediate 

temperatures.  
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A temperature-dependent growth model based on mean SGR for tank replicates was 

developed for the high food ration treatments at each larval stage. This model followed the form 

below: 

!01 = :+ + :<= + :>=> + ?@:A + ?@:B= + ?@:C=> 

where the specific growth rate (SGR) is the response variable, temperature (=) and temperature-

squared (=>) are explanatory variables, and species (?@) is an indicator variable. The Akaike 

Information Criterion (AIC) was used to select between the final model formulation above, and a 

simplified model that excluded the ?@ indicator variable and therefore assumed no difference in 

growth between the two species. The model with the lowest AIC was selected. 

From this model, explanatory growth models (Table 2.2) were determined for each 

species at each ontogenetic stage corresponding to the following form: 

!01 = DE + F= + :=> 

To minimize the impact of size-selective mortality, any treatments experiencing > 80% 

mortality within the first week of experiments were not used in growth analysis or development 

of explanatory growth models. 

 

2.3 Results 

2.3.1 Temperature Effects on Survival and Growth 

The survival fraction ranged from 0.80 – 0.97 for Arctic cod and 0.77 – 0.94 for walleye 

pollock in high food ration experiments. First-feeding Arctic cod were reared across a narrower 

temperature range (-1 to 9 °C) than walleye pollock (0 to 12 °C), with lowest survival in Arctic 

cod measured in the 9 °C treatment (Fig. 2.1 A & B). A significant effect of temperature (two-
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way ANOVA; F1, 18 = 10.581, P = 0.004) on the survival fraction of first-feeding larvae was 

detected with lowest survival generally experienced at the highest temperature for each species. 

Species was not found to be significant separately (F1, 18 = 0.033, P = 0.859) or as an interaction 

(F1, 18 = 2.123, P = 0.162). Later stage Arctic cod were similarly reared across a narrower 

temperature range (0 to 9 °C) than later stage walleye pollock (0 to 12 °C), with highest survival 

of both species observed at 2 °C (Fig. 2.1 C & D). Unlike first-feeding larvae, there was a 

significant effect of species (two-way ANOVA, F1, 26 = 14.688, P < 0.001) on the survival 

fraction of later stage larvae. The significant effect was driven by higher survival of later stage 

Arctic cod than walleye pollock at comparable temperatures. 

An assessment of the impacts of temperature and ontogenetic stage on the survival 

fraction of Arctic cod revealed that temperature had a significant effect (two-way ANOVA; F1, 21 

= 13.989, P = 0.001) demonstrated by a general decline in survival with temperature. For walleye 

pollock, a significant effect of ontogenetic stage (F1, 23 = 12.589, P = 0.002) was driven by lower 

survival at the later stage than the first-feeding stage (Fig. 2.1).  

For reasons indicated in the Methods, cumulative percent mortality was only quantified 

for later stage species (Fig. 2.2). Species (F1, 26 = 0.055, P = 0.817) and temperature (F1, 26 = 

0.006, P = 0.937) did not have significant independent or interactive (F1, 26 = 2.726, P = 0.111) 

effects on the time to 50% cumulative mortality (D50) for high food ration tanks. Despite not 

being significant, there were some notable differences in temperature-dependent survival 

between the two species. Later stage Arctic cod larvae at 9 °C reached 50% cumulative mortality 

after only one day, compared with a mean D50 of ≥ 8 days for all other temperature treatments 

receiving high food (Fig. 2.3 A). Conversely, later stage walleye pollock reached 50% 
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cumulative mortality at 0 °C after 2 days, whereas D50 among the remaining high food ration 

treatments was ≥ 10 days (Fig. 2.3 B). 

Larval specific growth rates (SGRs) increased with temperature for all stages and species 

except for first-feeding Arctic cod larvae who achieved maximum growth at 5 °C (Fig. 2.4). A 

significant interaction between species and temperature (two-way ANOVA) on the SGR of first-

feeding larvae was detected (F1, 19 = 21.634, P < 0.001) (Fig. 2.4 A & B). Conversely, a 

significant interaction was not detected for later stage larvae, although both species (F1, 22 = 

6.153, P = 0.021) and temperature (F1, 22 = 60.266, P < 0.001) were found to have a significant 

independent effect on SGR (Fig. 2.4 C & D).  

Additional two-way ANOVAs were conducted to determine the effects of ontogenetic 

stage and temperature on the SGR of both species. A significant interaction between stage and 

temperature was found for both Arctic cod (F1, 21 = 35.513, P < 0.001) and walleye pollock (F1, 

20 = 4.802, P = 0.040) such that the SGR of both species increased with temperature more rapidly 

for later stage larvae than for first-feeding larvae. 

 

2.3.2 Interactive Effects of Temperature and Prey Availability 

For first-feeding larvae, a significant interaction between the effects of species, 

temperature, and food ration (three-way ANOVA; F1, 15 = 5.855, P = 0.029) on the survival 

fraction was detected (Fig 2.5 A & B). To better understand the nature of this interaction, species 

were analyzed separately using two-way ANOVAs with temperature and food ration as 

independent variables. The effects of temperature and food ration on the survival fraction of 

first-feeding Arctic cod were not significant, although the interaction was close to the statistical 
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alpha (F1, 7 = 4.750, P = 0.066). The near-significant interaction term was due to first-feeding 

Arctic cod having higher survival under high food rations than under low food rations at 5 °C, 

but not at 2 °C (Fig. 2.5 A). There was also no significant interaction between temperature and 

food ration for first-feeding walleye pollock, but there was higher survival among high food 

ration treatments than those receiving low food at both 2 and 5 °C (F1, 8 = 6.738, P = 0.032) (Fig. 

2.5 B).  

For later stage larvae, there was no significant three-way interaction between species, 

temperature, and food ration, but there was a significant interaction between temperature and 

food ration (F1, 16 = 6.091, P = 0.025), as well as, significant species effect (F1, 16 = 10.838, P = 

0.005) (Fig. 2.5 C & D). These statistical effects were due to higher survival in later stage Arctic 

cod compared to later stage walleye pollock larvae, and higher survival in low food ration tanks 

than high food ration tanks at 5 °C for both species. 

Additional three-way ANOVAs were conducted to determine the effects of ontogenetic 

stage, temperature, and food ration within each species. A significant three-way interaction 

acting on the survival fraction of Arctic cod was detected (F1, 15 = 7.117, P = 0.018) with lower 

survival in low food ration tanks than high food ration tanks at 5 °C for first-feeding larvae and 

at 2 °C for later stage larvae (Fig. 2.5 A & C). A significant interaction between ontogenetic 

stage and food ration (three-way ANOVA; F1, 16 = 12.014, P = 0.003) on the survival fraction of 

walleye pollock was detected with first-feeding larvae being more food sensitive at both 

temperatures than later stage larvae (Fig. 2.5 B & D). 

The cumulative percent mortality of larvae receiving high and low food rations at 2 and 5 

°C spanning the duration of later stage laboratory experiments is shown in Fig. 2.6. No 
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significant effects of species (F1, 16 = 1.200, P = 0.290), temperature (F1, 16 = 0.048, P = 0.829), 

or food ration (F1, 16 = 1.614, P = 0.222) on the time to 50% mortality (D50) were detected (three-

way ANOVA) (Fig. 2.7). The lack of significance was likely due to high error resulting from 

variability between tanks. However, a graphical trend was present demonstrating that tanks 

receiving high food rations took longer to reach 50% mortality, than tanks receiving low food 

rations in most cases.  

A significant interaction between species and temperature (F1, 16 = 11.426, P = 0.004) and 

species and food ration (F1, 16 = 24.518, P < 0.001) on the SGR of first-feeding larvae at 

intermediate temperatures was detected (three-way ANOVA) (Fig. 2.8 A & B). First-feeding 

Arctic cod were more sensitive to changes in food ration, whereas first-feeding walleye pollock 

were more sensitive to changes in temperature. Similarly, for later stage larvae, there was a 

significant interaction between species and temperature (F1, 16 = 12.300, P = 0.003) on the larval 

growth rate at 2 and 5 °C (Fig. 2.8 C & D), but unlike first-feeding larvae, later stage Arctic cod 

were more sensitive to changes in temperature than later stage walleye pollock. Growth in the 

high food ration tanks was also higher than low ration treatments as indicated by significant 

single term effect of ‘food ration’ in the model (F1, 16 = 9.530, P = 0.007). 

Furthermore, a three-way ANOVA between ontogenetic stage, temperature, and food 

ration revealed a significant interaction between stage and temperature (F1, 16 = 13.900, P = 

0.002) on the SGR of Arctic cod larvae (Fig. 2.8 A & C). The effect of temperature on growth 

was stronger for later stage Arctic cod than for first-feeding larvae. Similarly, a stage-

temperature interaction (F1, 16 = 9.233, P = 0.008) was statistically supported for walleye pollock, 

but unlike Arctic cod, the effect of temperature on growth was stronger for first-feeding walleye 
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pollock than for later stage walleye pollock (Fig. 2.8 B & D). Additionally, food ration was 

found to be significant for Arctic cod (F1, 16 = 52.135, P < 0.001), but was slightly above the 

statistical alpha for walleye pollock (F1, 16 = 4.343, P = 0.054). 

 

2.3.3 Temperature-Dependent Growth Models 

For first-feeding larvae under high food ration treatments, the relationship between 

temperature and SGR was better described by a growth model (r2 = 0.986, see Section 2.2.6 for 

model equation) with an indicator variable for species, ?G, (AIC = 4.922) than by a simplified 

model which excluded the ?G term (AIC = 93.787), thereby justifying the use of separate 

explanatory growth models for first-feeding Arctic cod and walleye pollock. For consistency, the 

same three-parameter explanatory model was used for both species (Table 2.2). As with the first-

feeding experiments, the temperature-dependent growth of later stage larvae under high food 

ration treatments was better described by a model (r2 = 0.798) including an ?G term (AIC = 

105.397) than by a simplified model which excluded the ?G term (AIC = 112.162), so separate 

explanatory models were used for each later stage species (Table 2.2). 

Previous modeling efforts of gadid early life stages have identified the need for multiple 

growth rate equations that vary with larval stage (Petrik et al. 2015). To verify that separate 

growth models were justified for first-feeding and later stage larvae in the present study, the 

analysis described above was completed for different stages within the same species. A growth 

model (r2 = 0.907) for Arctic cod including an ontogenetic stage indicator term (AIC = 54.766) 

better described the relationship between temperature and SGR than a simplified model which 

excluded the stage indicator term (AIC = 77.051) and so the use of separate explanatory models 
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for Arctic cod at each larval stage was supported. Similarly, a growth model (r2 = 0.858) for 

walleye pollock at both larval stages under high food ration treatments with an ontogenetic stage 

indicator term (AIC = 96.991) better described the data than a simplified model which excluded 

the indicator term (AIC = 119.542) which supported the use of separate explanatory models for 

walleye pollock at each larval stage. 

The growth models for first-feeding larvae indicated significantly higher growth by 

Arctic cod at modeled temperatures < 8.8 °C, relative to walleye pollock (Fig. 2.9 A). Arctic cod 

were not reared at temperatures > 9 °C, however, extrapolation of the model past 9 °C would 

suggest that walleye pollock surpassed Arctic cod in terms of growth potential at temperatures > 

8.8 °C. Arctic cod had ~3 times more growth than walleye pollock at temperatures between 0 

and 5 °C. Furthermore, Arctic cod achieved maximum growth at 5.2 °C, while walleye pollock 

achieved maximum growth at 10.6 °C. 

Later stage Arctic cod had higher growth potential than later stage walleye pollock across 

experimental temperatures from 2.2 to 6.7 °C (Fig 2.9 B). If it is assumed that the growth model 

continues past the highest Arctic cod temperature treatment (6.7 °C), the trend suggests that 

walleye pollock had a growth advantage over Arctic cod at temperatures > 9.0 °C. Arctic cod 

and walleye pollock achieved maximum growth at 6.7 °C and 11.2 °C, respectively. 

With respect to ontogenetic differences in growth, first-feeding Arctic cod had higher 

growth potential from 0 to 2.3 °C, but were surpassed by later stage larvae at temperatures > 2.3 

°C (Fig. 2.10 A). First-feeding Arctic cod experienced maximum growth at 5.2 °C, while later 

stage Arctic cod had highest growth at a slightly higher temperature, 6.7 °C. 
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Later stage walleye pollock maintained a growth advantage over first-feeding walleye 

pollock across all modeled temperatures (Fig. 2.10 B). Both first-feeding and later stage walleye 

pollock achieved maximum growth at the upper end of the modeled temperature range (10.6 and 

11.2 °C, respectively). First-feeding walleye pollock growth increased at a relatively steady rate 

across the temperature range, while later stage walleye pollock growth increased at a steeper rate 

at higher temperatures. 

 

2.4 Discussion 

Despite rapid and widespread change occurring throughout the Arctic, biological and 

ecological studies of the marine environment largely emanate from the Antarctic rather than the 

Arctic (Wassmann et al. 2011). As such, our understanding of the physiology of polar fish 

largely stems from Antarctic species (Peck et al. 2004). Furthermore, thermal effects in gadids 

primarily focus on studies of Atlantic cod (Gadus morhua) (e.g., Otterlei et al. 1999, Zhao et al. 

2001, Folkvord 2005) or on later life stages (e.g., Kunz et al. 2016, Laurel et al. 2016). 

Temperature-dependent growth rates have been indirectly quantified for larval Arctic cod based 

on otolith analysis of field-collected gadids (Bouchard & Fortier 2008, 2011), but a direct 

examination under controlled laboratory conditions has not been completed. 

The present study focused on early stage larvae as this is a critical period for first feeding 

survival (Zhao et al. 2001, Houde 2008) and maximization of growth prior to overwintering 

(Fortier et al. 2006). Moreover, larval stages may be among the most sensitive to ongoing 

climate change because their small body size and relatively low energy reserves inhibit their 
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ability to seek out or migrate towards suitable habitat in the face of environmental stress 

(Rijnsdorp et al. 2009). 

This study provides the first direct laboratory examination of temperature-dependent 

growth and survival in larval Arctic cod, in combination with information on the vital rates of 

co-occurring walleye pollock. Growth and survival analyses across different temperature-food 

ration scenarios indicate there is: (1) variable growth and survival responses by Arctic cod and 

walleye pollock across the experimental temperature range (-1 to 12 °C), (2) stage-specific and 

species-specific differences in larval sensitivity to changes in temperatures and food availability, 

and (3) distinct stage- and species-specific models needed to describe temperature-dependent 

larval growth for Arctic cod and walleye pollock. 

 

2.4.1 Temperature-Dependent Survival and Growth 

Temperature is often the dominate factor affecting physiological processes of individual 

fish species during the early life stages. In the present study, the impacts of temperature on both 

the survival and growth of larval gadids were combined to highlight species- and stage-specific 

patterns. 

Fish mortality during the early life stages is generally very high and can result in widely 

variable cohort survival and subsequent recruitment success (Houde 1989). Variability in 

mortality rates results from a large number of factors, including intrinsic characteristics (e.g., 

individual morphology, physiology, behavior) and extrinsic characteristics related to the 

biological environment (e.g., food, predation, physical processes) (Letcher et al. 1996). As such, 

survival patterns are often difficult to understand or predict.  
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In the present study, larval survival was driven by temperature-, species-, and stage-

specific differences. Species-specific differences in survival were evident at lower temperatures 

(< 7 °C) with Arctic cod generally having higher survival than walleye pollock.. These distinct 

survival responses highlight the thermal tolerance ranges of larval Arctic cod and walleye 

pollock and are reflected in their current biogeography. The distribution of Arctic cod in the 

eastern Chukchi and southern Beaufort Seas has been shown to be strongly temperature-

dependent. Arctic cod spawning and larval development is thought to occur throughout the 

nearshore and shelf habitats of the Beaufort and Chukchi Seas (Logerwell et al. 2015). Arctic 

cod largely avoid colder intermediate depth waters (< 0 °C) originating from the Pacific, instead 

favoring the near-surface waters or deeper Atlantic water where temperatures range from 0 to 2 

°C (Crawford et al. 2012). It is believed that walleye pollock are not yet spawning as far north as 

the Beaufort Sea, though larvae have been found in the Chukchi Sea and it is not yet clear if they 

were spawned there or transported north from the Bering Sea (Logerwell et al. 2015). In either 

case, the higher survival of Arctic cod larvae at low temperatures is reflected in their distribution 

at high latitudes, while walleye pollock are found in higher abundance in the Bering Sea and 

Gulf of Alaska where surface temperatures are higher. 

During the later larval stage, both species experienced highest survival at 2 °C followed 

by a decline in survival as temperature increased to 9 °C. Arctic cod mortality also occurred 

rapidly at 9 °C (> 80% in 2 days), suggesting that Arctic cod are highly sensitive to even short 

term increases in temperature. The Pacific Arctic is undergoing dramatic change with rising 

temperatures and longer ice-free periods observed in both the northern Chukchi and Beaufort 

Seas (Frey et al. 2015). Summer surface temperatures range from 0 to 2 °C in cold offshore 
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habitats (Crawford et al. 2012) to > 14 °C in nearshore boreal and Arctic regions (Craig et al. 

1982). In the nearshore Beaufort Sea, Arctic cod are commonly found along thermal-salinity 

fronts at temperatures ranging from 2 – 9 °C in the summer months (Moulton & Tarbox 1987). 

Though the average hatching season spans winter and spring, hatching persisting until the end of 

June and even into early August has been observed in the Canadian Arctic depending on the 

level of freshwater input (Bouchard & Fortier 2011). The results of this study suggest that late 

hatching Arctic cod may have a survival advantage over walleye pollock at low temperatures that 

is lost as temperatures approach 9 °C and higher. The rapid mortality experienced by Arctic cod 

at 9 °C indicates that Arctic cod will likely be unable to tolerate these warmer summer conditions 

for an extended period of time. 

Our current knowledge of temperature-dependent growth and thermal preference of 

Arctic cod is largely based on the juvenile stage. Recent trawl surveys of the Northern Bering 

and Chukchi Seas indicate age-0 Arctic cod distributed offshore at latitudes ≥ 69.5 °N, with 

saffron cod (Eleginus gracilis) found in highest abundance in warm, coastal waters (De Robertis 

et al. 2017). Saffron cod is an Arctic species which has been shown to demonstrate a eurythermic 

response to temperature, in contrast to, the stenothermic response of Arctic cod at the juvenile 

stage (Laurel et al. 2016). The distinct spatial distribution and temperature ranges of Arctic cod 

and saffron cod populations indicate that temperature is a key factor structuring Arctic fish 

habitat (De Robertis et al. 2017). It follows that warm-adapted populations of walleye pollock 

may have a survival advantage over Arctic cod in nearshore regions of the Chukchi Sea as 

summer temperatures of the Alaska Coastal Water (ACW) warm relative to colder offshore 

waters (Danielson et al. 2017).  
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Species-specific differences in larval growth rates were evident in high food ration 

treatments across the experimental temperature range. Larval Arctic cod maintained a growth 

advantage over walleye pollock at low temperatures, but were surpassed at ~ 9 °C during both 

larval stages. Within this range, maximum growth was achieved by Arctic cod at 5-7 °C and by 

walleye pollock at 12 °C. This is in line with laboratory work on juvenile gadids which reported 

maximum growth at 7 °C for Arctic cod and 13 °C for walleye pollock (Laurel et al. 2016). 

Similarly, laboratory findings by Kunz et al. (2016) reported highest growth rates by age-2 

Arctic cod at 6 °C, coupled with high mortality at 8 °C. 

Growth patterns were dependent upon ontogeny in addition to temperature and species. 

For both species, later stage larvae had higher growth potential at temperatures > 2 °C and were 

more growth sensitive to changes in temperature overall than first-feeding larvae. Generally, the 

growth rates of fish decline with body size and age (Jobling 1988, Björnsson et al. 2007). 

However, increased rates of growth during the larval stage have been demonstrated with larval 

Atlantic cod (Otterlei et al. 1999). It has been suggested that this increase in growth with size 

may be due to improved foraging ability with development (Pepin 1991). Feeding success of fish 

larvae at the onset of feeding is typically low, but gradually increases as they grow and develop 

(Hunter 1981). Furthermore, most larvae begin exogenous feeding before exhaustion of the yolk 

sac (Hunter 1981) when the digestive system is not fully functional and enzyme activity levels 

remain relatively low (Kolkovski 2001). These developmental limitations are further 

complicated by the fact that many marine fish larvae are visual predators (Blaxter 1968) whose 

performance, in terms of predator avoidance and feeding ability, is improved through changes in 

eye complexity during development (Miller et al. 1988). In the present study, some combination 



 
 

46 

of these developmental changes (i.e., physiological and behavioral) after the first-feeding larval 

stage are likely responsible for the improved growth potential and sensitivity observed in later 

stage larvae. 

  

2.4.2 Interaction of Temperature and Food Availability Impacts 

Climate change impacts on the Arctic marine environment are the result of complex 

interactions between direct effects of warming (e.g., rising ocean temperatures and sea ice 

decline) and indirect effects including variability in productivity (Arrigo & van Dijken 2011). 

Several dynamic physical and biological mechanisms influence larval fish survival, growth, 

feeding, and condition (Kristiansen et al. 2014). Bioenergetics models developed for larval 

Arctic cod have demonstrated that growth at this stage is closely tied to both temperature and 

feeding conditions (Thanassekos & Fortier 2012). The results of this study contribute to a better 

understanding of the physiology of larval gadids, by assessing variation in the larval sensitivity 

of each species to covarying temperature and food conditions in a laboratory setting. 

In terms of survival, first-feeding walleye pollock exhibited sensitivity to changes in food 

availability at both 2 and 5 °C, while Arctic cod were not significantly impacted. Survival 

responses to the food environment at this stage are likely the result of species differences in size-

at-hatch and corresponding readiness to begin successful foraging. At hatch, Arctic cod are 

substantially larger than walleye pollock (Arctic cod: 6.2 mm mean SL; walleye pollock: 4.5 mm 

mean SL) and have higher yolk reserves (Laurel et al., in prep). These characteristics likely 

lower the risk to prey mismatch (Cushing 1990) and may contribute to the higher food sensitivity 

of walleye pollock compared to Arctic cod observed in the present study. 
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At the later larval stage, it was unexpected to find that both species experienced higher 

survival in low food ration treatments than high food ration treatments at 5 °C. This was contrary 

to the expected result that low food rations would result in lower tank survival. This discrepancy 

may be explained by the mortality schedule for these experiments which demonstrates that low 

food ration treatments experienced higher cumulative mortality than high food ration treatments 

early on in these experiments, but were surpassed by high food ration treatments shortly before 

experiments ended. The larvae used in later stage experiments were pre-flexion larvae 

approaching the onset of flexion (of the caudal end of the notochord) which represents a period 

of physical development, or metamorphosis. Ultimately, physiological and morphological 

changes during larval fish development improve feeding and growth efficiency. However, 

metamorphic changes are considered to be energy-demanding processes which may interfere 

with growth and survival when feeding ability is compromised during developmental changes 

(Geffen et al. 2007). It has been shown that the onset of metamorphosis is influenced by 

environmental, as well as, nutritional factors (Falk-Petersen 2005). One explanation for the 

elevated mortality rates in high food ration tanks near the end of the experiment, is that these fish 

were growing faster and, thus, closer to the next energy-demanding early life stage transition. 

Growth and survival studies of Atlantic cod have demonstrated that cold-water 

populations of cod were more temperature sensitive, while warm-water populations of cod were 

more food sensitive (Hutchings et al. 2007). As such, it was expected that cold-adapted Arctic 

cod would be highly sensitive to changes in temperature, while warmer-adapted walleye pollock 

would be more sensitive to changes in food availability. This hypothesis was partially supported 

by the growth results of this study, in that later stage Arctic cod were more temperature sensitive 
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than walleye pollock, however, Arctic cod were also food sensitive in terms of growth 

throughout the temperature range, while walleye pollock were only food sensitive at 

temperatures > 5 °C. 

The growth results of this study further indicate that temperature and food sensitivity not 

only varies with species, but also with ontogeny. At the first-feeding larval stage, Arctic cod 

growth was more sensitive to food availability, while walleye pollock were more temperature 

sensitive. However, an assessment of growth rates across ontogenetic stages revealed that the 

temperature sensitivity of Arctic cod increased with age, while it decreased for walleye pollock. 

Other studies of larval Arctic cod have demonstrated the highly variable nature of the relative 

impacts of temperature and prey availability on growth. Though prey density has been shown to 

limit the feeding success (and subsequent growth) of Arctic cod larvae in Hudson Bay (Fortier et 

al. 1996), contradictory findings from the Northeast Water polynya indicate that larval Arctic 

cod feeding success is largely determined by temperature with little to no impact of prey density 

on the feeding success of larvae of all sizes (Michaud et al. 1996). 

 

2.4.3 Larval Gadid Growth Models in Relation to Climate Change 

Due to their high commercial and ecological importance, the fate of gadid species in 

Alaskan waters is particularly important to fisheries managers. The results of this study provide a 

clear indication that temperature is a key factor determining growth and survival rates in larval 

Arctic cod and walleye pollock. Laboratory-derived growth rates are increasingly being used to 

understand the mechanisms impacting growth rates of fish in the wild (Folkvord 2005). Thus, the 

temperature-dependent growth models presented here provide some information on how these 

species will respond to changes in thermal habitat associated with continued climate change. 
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Additionally, they allow us to characterize the differing thermal windows of larval Arctic cod 

and walleye pollock. These thermal windows can help to define current biogeographies and 

coexistence ranges, as well as, better understand the potential for acclimatization to changing 

conditions (Pörtner & Farrell 2008). 

Species-specific thermal response models need to consider the ontogenetic stage and 

seasonal exposure to changing ocean temperatures. Distinct temperature-dependent growth 

models have been used to describe juvenile gadid growth in laboratory experiments (Laurel et al. 

2016), and it is clear from this study that these models do not accurately describe these same 

species during the larval stage. Even within a short (2-3 month) period, separate growth models 

were required to describe Arctic cod and walleye pollock growth as first-feeding and later stage 

larvae. Juvenile growth models indicate that Arctic cod have a growth advantage at low 

temperatures, but are surpassed by walleye pollock at temperature > 2.5 °C (Laurel et al. 2016). 

At the larval stage, Arctic cod maintained a growth advantage over a wider range of 

temperatures, up to 6.7 °C. Furthermore, extrapolation of the Arctic cod growth model beyond 

the experimental temperature range suggests that Arctic cod may maintain a growth advantage 

over walleye pollock up to 9 °C. 

Ultimately, changes in extreme temperatures, rather than mean temperatures, will be 

critical for a species’ persistence in a region (Stachowicz et al. 2002). The low survival and 

reduced growth potential relative to walleye pollock at 9 °C in the laboratory demonstrates that 

late hatching wild Arctic cod may experience reduced survival potential under extreme summer 

conditions in some areas. The narrow thermal tolerance range under which larval Arctic cod can 

survive limits the habitat available to Arctic cod at early life stages, particularly during summer 
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months as declining seasonal sea ice trends continue and nearshore water temperatures exceed 14 

°C in some regions. However, ice coverage and cold temperatures in the North Bering and 

Chukchi Seas will continue in winter (Sigler et al. 2011) offering a competitive advantage in 

terms of growth and survival for larval Arctic cod. 

 

2.5 Conclusions 

In conclusion, larval Arctic cod has a competitive advantage at low temperatures where it 

is able to maximize growth and survival potential. However, rising temperatures and altered 

productivity regimes associated with climate change in the Arctic have the potential to constrain 

the habitat available to Arctic cod and, thus, dramatically decrease its competitive strength 

relative to North Pacific gadid species, like walleye pollock. Temperature-dependent growth 

models developed in this study emphasize the species-specific and stage-specific differences in 

the growth of larval gadids and provide a baseline for modeling temperature-dependent growth 

in the field. Furthermore, significant impacts to the growth and survival of Alaskan gadids from 

continued warming in the Arctic have implications for recruitment and population success of 

these species and those that prey upon them. Knowledge of the habitat requirements of these 

ecologically important species is essential for effective resource management, and is key to 

understanding the broad implications of global change.  
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2.7 Figures and Tables 

Figure 2.1  The survival fraction, or the fraction of larvae surviving on a daily basis, for (A) first-
feeding Arctic cod, (B) first-feeding walleye pollock, (C) later stage Arctic cod, and (D) later stage 
walleye pollock receiving high food rations. Data represent treatment means ±1 SE (n = 3 replicate 
tanks/treatment, except for first-feeding Arctic cod at 2 and 9 °C where n = 2 and later stage Arctic 
cod at 0, 7, and 9 °C where n = 4, 4, and 1, respectively). 
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Figure 2.2  Cumulative percent mortality (% day-1) of (A) later stage Arctic cod and (B) later stage 
walleye pollock receiving high food rations over the duration of laboratory experiments. The 
dashed line represents 50% cumulative mortality (D50). Data represent treatment mean cumulative 
mortality based on daily tank mortality counts (n = 3 replicate tanks/treatment except for Arctic 
cod at 0, 7, and 9 °C where n = 4, 4, and 1, respectively). 
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Figure 2.3  Time to 50% mortality (D50) in days for (A) later stage Arctic cod and (B) later stage 
walleye pollock. Data represent treatment means ±1 SE based on daily tank mortality counts (n = 
3 replicate tanks/treatment except for Arctic cod at 0, 7, and 9 °C where n = 4, 4, and 1, 
respectively). 
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Figure 2.4  Specific growth rates (SGR; % mass day-1) of (A) first-feeding Arctic cod, (B) first-
feeding walleye pollock, (C) later stage Arctic cod, and (d) later stage walleye pollock larvae 
receiving high food rations. Data are treatment means ±1 SE (n = 3 replicate tanks/treatment, 
except for first-feeding Arctic cod at 9 °C where n = 2 and later stage Arctic cod at 0 and 7 °C 
where n = 4). Later stage Arctic cod 9 °C data and later stage walleye pollock 0 °C data were not 
used in growth analysis as these treatments experienced > 80% mortality within the first week of 
experiments. 
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Figure 2.5  The survival fraction of (A) first-feeding Arctic cod, (B) first-feeding walleye pollock, 
(C) later stage Arctic cod, and (D) later stage walleye pollock larvae. Data represent treatment 
means ±1 SE (n = 3 replicate tanks/treatment except for first-feeding Arctic cod receiving high 
food rations at 2 °C where n = 2).  
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Figure 2.6  Cumulative percent mortality (% day-1) of (A) later stage Arctic cod and (B) later stage 
walleye pollock receiving high and low food rations at 2 and 5 °C  over the duration of laboratory 
experiments. The dashed line represents 50% cumulative mortality (D50). Data represent treatment 
mean cumulative mortality based on daily tank mortality counts (n = 3 replicate tanks/treatment). 
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Figure 2.7  Time to 50% mortality (D50) in days for (A) later stage Arctic cod and (B) later stage 
walleye pollock receiving high and low food rations at 2 and 5 °C. Data represent treatment means 
±1 SE based on daily tank mortality counts (n = 3 replicate tanks/treatment). 
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Figure 2.8  Specific growth rates (SGR; % mass day-1) of (A) first-feeding Arctic cod, (B) first-
feeding walleye pollock, (C) later stage Arctic cod, and (d) later stage walleye pollock larvae 
receiving high and low food rations at 2 and 5 °C. Data are treatment means ±1 SE (n = 3 replicate 
tanks/treatment). 
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Figure 2.9  Explanatory growth models represented by ontogenetic stage based on specific growth 
rates (SGR; % mass day-1) of (A) first-feeding larvae and (B) later stage larvae receiving high food 
rations. Data are tank means (n = 3 replicate tanks/treatment, except for first-feeding Arctic cod at 
9 °C where n = 2 and later stage Arctic cod at 0 and 7 °C where n = 4). Later stage Arctic cod at 9 
°C and later stage walleye pollock at 0 °C were not used in developing growth models due to high 
mortality (> 80%) within the first week of experiments. The dashed line in the later stage Arctic 
cod model represents extrapolation of the model beyond the experimental temperature range.  
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Figure 2.10  Explanatory growth models represented by species based on specific growth rates 
(SGR; % mass day-1) of (A) Arctic cod and (B) walleye pollock larvae receiving high food rations. 
Data are tank means (n = 3 replicate tanks/treatment, except for first-feeding Arctic cod at 9 °C 
where n = 2 and later stage Arctic cod at 0 and 7 °C where n = 4). Later stage Arctic cod at 9 °C 
and later stage walleye pollock at 0 °C were not used in developing growth models due to high 
mortality (> 80%) within the first week of experiments. 
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Table 2.1  Experimental design (treatment temperatures, food ration, and replicate tanks) at the 
start of first-feeding and later stage Arctic cod and walleye pollock larval growth experiments. 
Ontogenetic 
Stage 

Species Temperature 
(°C) 

Food Ration*  
(HF: High food; LF: Low food) 

# Replicate 
Tanks 

First-Feeding Arctic Cod -1 
HF: Enriched Brachionus sp; 

5 prey mL-1; twice daily 

3 
 2 3 
 5 3 
 9 3 
 2 LF: Enriched Brachionus sp; 

0.5 prey mL-1; twice daily 
3 

 5 3 
 Walleye 

Pollock 
0 

HF: Enriched Brachionus sp; 
5 prey mL-1; twice daily 

3 
 2 3 
 5 3 
 12 3 
 2 LF: Enriched Brachionus sp; 

0.5 prey mL-1; twice daily 
3 

 5 3 
Later Stage Arctic Cod 0 

HF: Enriched Artemia sp;  
2 prey mL-1; twice daily 

4 
 2 3 
 5 3 
 7 4 
 9 1 
 2 LF: Enriched Artemia sp;  

0.5 prey mL-1; once daily 
3 

 5 3 
 Walleye 

Pollock 
0 

HF: Enriched Artemia sp;  
2 prey mL-1; twice daily 

3 
 2 3 
 5 3 
 9 3 
 12 3 
 2 LF: Enriched Artemia sp;  

0.5 prey mL-1; once daily 

3 
 5 3 
 9 3 

*Due to logistic constraints, food rations were manipulated only at intermediate temperatures, 2 and 5 °C.  
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Table 2.2  Parameter estimates for temperature-dependent growth models for Arctic cod and walleye pollock under high food 
ration treatments. Mean treatment SGR values are based on replicate tanks (n = 3 except for first-feeding Arctic cod at ~9 °C 
where n = 2 and later stage Arctic cod at 0 and 7 °C where n = 4) for each species at each temperature. 
Ontogenetic stage Species T SGR Parameter estimates   !"# = %& + () + *)+ 

 (°C) (% mass day-1) %, mean ± SE ( mean ± SE * mean ± SE 
First-feeding Arctic Cod -0.083 2.294 2.349 ± 0.120 0.939 ± 0.072 -0.090 ± 0.008 

 1.851 3.727    
 4.827 4.809    
 8.973 3.486    
 Walleye Pollock 0.564 -0.755 -1.141 ± 0.317 0.599 ± 0.178 -0.007 ± 0.018 
  2.349 0.122    
  4.892 1.682    
  10.638 4.424    

Later stage Arctic Cod -0.023 1.133 1.140 ± 0.775 1.450 ± 0.594 -0.083 ± 0.085 
  2.183 3.803    
  4.391 6.003    
  6.714 7.094    
 Walleye Pollock 2.205 2.909 5.516 ± 3.007 -1.363 ± 1.557 0.174 ± 0.187 
  4.737 3.998    
  8.608 5.678    
  11.235 12.609    
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3 Impacts of Temperature and Food Availability on the Condition of 
Larval Arctic cod and Walleye Pollock 

3.1 Introduction 

Rapid ecosystem-level change is occurring throughout the Arctic marine environment as 

a result of rising temperatures in combination with declining sea ice volume and extent (Hoegh-

Guldberg & Bruno 2010). This, coupled with accelerated local extinction and invasion by North 

Pacific species, may result in higher species turnover rates and drastic reorganization of the 

community structure in the Arctic (Cheung et al. 2009, Fossheim et al. 2015). Furthermore, sea 

ice reduction will potentially alter the regional primary productivity regime to the extent that a 

mismatch between high-quality food production and key Arctic grazers may occur (Søreide et al. 

2010, Leu et al. 2011). It is likely that the success of key Arctic species throughout the lipid-rich 

Arctic marine food web will largely be dictated by changing trophic interactions resulting from 

this mismatch (Falk-Petersen et al. 2007, Søreide et al. 2010). 

The latitudinal range of marine ectotherms is largely dependent upon their thermal 

tolerance. Arctic cod (Boreogadus saida) is an ecologically important species in the Arctic 

marine food web where it plays a critical role as a mid-trophic prey item to many marine 

mammals, seabirds, and other fish (Bluhm & Gradinger 2008, Logerwell et al. 2015). Walleye 

pollock (Gadus chalcogrammus) is a sub-Arctic species which occupies a similar role throughout 

the Bering Sea shelves and the Gulf of Alaska (Bacheler et al. 2010). As an ice-obligate species, 

Arctic cod will likely be impacted by sea ice retraction throughout the region (Fossheim et al. 

2015). Climate warming and sea ice loss may result in the poleward migration of non-ice-

obligate North Pacific species, such as walleye pollock (Rand & Logerwell 2011, Fossheim et al. 

2015). However, apparent avoidance of the Bering Sea cold pool by adult pollock (Overland & 
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Stabeno 2004) and continued formation of winter ice in the North Bering and Chukchi Seas 

(Sigler et al. 2011) may limit the potential for walleye pollock to become established in the 

Arctic (Hollowed et al. 2013). 

The larval stages of marine fish may be among the most sensitive to climate change due 

to their small body size and relatively low energy reserves both of which limit their ability to 

migrate towards suitable environmental habitats (Rijnsdorp et al. 2009). However, basic 

understanding of the larval physiology of Arctic cod is largely lacking due to limitations in the 

logistics of under-ice sampling during the ice-covered Arctic winter and spring (Graham & Hop 

1995). This absence of physiological and ecological information on the early life stages of Arctic 

cod impairs our ability to understand how this species will respond to climate change conditions 

(Christiansen et al. 2014). Improved understanding of Arctic cod sensitivity to different 

environmental scenarios could help to elucidate the factors that affect larval survival, population 

success, and eventual recruitment with changing ocean conditions. 

The nutritional condition of larval fish can have major impacts on mortality through 

direct (e.g., starvation) and indirect (e.g., prolonged stage duration and vulnerability to predation) 

mechanisms (Ehrlich et al. 1976, Shepherd & Cushing 1980, Folkvord et al. 1996). As such, 

nutritional condition is a useful tool that can serve as an indicator of overall well-being or fitness 

(Jones et al. 1999). To determine larval fish condition, a metric for measuring energy reserves 

either directly or indirectly through phenotypic characteristics is needed. Condition indices have 

traditionally been based on the analysis of morphometric data, typically relating the actual 

weight of an individual to some ‘expected weight’ or analyzing a length-weight relationship 

(Bolger & Connolly 1989). With these indices, it is assumed that at a given length, heavier fish 
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are in better condition (Jones et al. 1999). However, the inherent assumptions and limitations of 

each of these methods have been widely recognized.  

With regard to marine fish, a range of condition indices (e.g., morphometric, 

biochemical, histological, etc.) with varying sensitivity to environmental stress have been used 

(Suthers et al. 1992). Though morphometric indices (e.g., Fulton’s condition factor, K) are 

common (e.g., Neilson et al. 1986, Brodeur et al. 2000) in marine fish studies, direct condition 

measures (lipids) have been shown to be more sensitive to physiological stress in certain cases 

(Copeman et al. 2008). One advantage of lipid condition indices is the fact that lipid classes, 

particularly triacylglycerols (TAGs), quickly adjust to changes in feeding and so they can serve 

as an indicator of shorter term change in nutritional status (Lochmann et al. 1995). Morphometric 

or histological methods, on the other hand, represent longer term changes. 

Lipids are a limiting nutrient in cold-water marine ecosystems (Litzow et al. 2006) and 

have been shown to impact the growth and survival of fish during early life stages (Lochmann et 

al. 1995, Copeman et al. 2002, Park et al. 2006). The energy storage of gadids at early life stages 

is impacted by direct (e.g., temperature) and indirect (e.g., prey availability) changes in 

environmental conditions (Siddon et al. 2013). High temperatures increase metabolic demands 

and reduce the physiological ability of fish to store lipids (Jobling 1988), in addition to altering 

the availability of prey and, thus, indirectly impacting the energy density of juvenile gadids 

(Heintz et al. 2013).  

By examining lipid class composition, it is possible to quantitatively measure energy 

reserves in an individual. Triacylglycerol (TAG) compounds are an energy storage lipid class 

that can serve as an indicator of physiological state as it is the class that is first mobilized by 

environmentally stressed fish (Fraser 1989). To account for size dependency, TAG content can 
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be measured relative to sterol (ST) compounds, a structural lipid class that serves as an adequate 

proxy for body size or dry weight (Lochmann et al. 1995). The resultant TAG:ST ratio provides 

an index which has been successfully used to measure larval fish, bivalves and crustacean 

condition (Fraser 1989). As with growth, lipid condition has been shown to decrease near the 

upper thermal limit in four species of North Pacific juvenile gadids (Copeman et al. 2017). 

Overwintering in high latitude systems is characterized by low light, cold temperatures, 

and reduced prey availability resulting in increased mortality and, ultimately, impacts to 

recruitment (Hurst 2007). It is critical that forage fish subject to these conditions rapidly grow, 

develop, and store energy at early life stages to meet metabolic demands and avoid predation 

during overwintering (Heintz & Vollenweider 2010). By assessing the sensitivity of a species to 

summer environmental conditions affecting growth and condition, it is possible to better 

understand their likelihood of over-winter survival (Houde 2008) and, thus, the factors dictating 

population success under a changing climate. 

An experimental investigation of the nutritional condition of larval Arctic cod under 

various temperature and productivity scenarios has not previously been completed. In the current 

study, total lipid and relative lipid class metrics were used to assess larval Arctic cod and walleye 

pollock condition in relation to changes in temperature and food availability. These lipid metrics 

were compared to morphometric condition indices based on length-weight residuals and body 

depth-length ratios to determine the sensitivity of each. Specific objectives of this study were to 

(1) assess species-specific condition of Arctic cod and walleye pollock at two larval stages across 

a range of temperatures (-1 to 12 °C), (2) determine how the interaction of temperature and food 

availability act on the species-specific condition of gadid larvae, and (3) compare the strength 



	 73 

and sensitivity of different larval condition indices to changes in temperature and food 

availability.  

Ultimately, this information will be discussed in the context of better understanding how 

the quality of the forage fish assemblage in the Arctic marine environment may be impacted by 

different climate change scenarios. Changing quality of the mid-trophic fish assemblage in the 

Arctic will likely have major implications for the fate of piscivorous species including many 

marine mammals and seabirds (Harwood et al. 2015, Divoky et al. 2015). Data from this study 

on larval gadids will be useful in predicting how ecologically important fish species will respond 

to changing temperature and prey conditions in the Arctic and, ultimately, how those changes 

may have impacts throughout the lipid-rich Arctic marine food web. 

 

3.2 Methods 

Information on the lipid allocation and nutritional condition of larval Arctic cod and 

walleye pollock was obtained from laboratory experiments conducted at the Alaska Fisheries 

Science Center’s (AFSC) cold-water facilities at the Hatfield Marine Science Center (HMSC) in 

Newport, OR, USA. The results of these experiments contributed to the temperature-dependent 

growth and survival information provided in Chapter 2. The experimental methodology was 

previously described in detail in the same chapter. 

 

3.2.1 Egg Sources 

Briefly, laboratory experiments utilized larvae from the AFSC gadid broodstock program. 

Broodstock were sourced from live juvenile fish collections of Arctic cod (70 – 85 mm SL) and 

walleye pollock (30 – 50 mm SL) collected during the spring or summer of 2011 – 2013. Arctic 
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cod were collected by fyke net in the nearshore of Prudhoe Bay, AK (Beaufort Sea, 70.383°N -

148.552°W), while walleye pollock were collected by light and lift net in the nearshore of Puget 

Sound, WA (48.135°N -122.760°W). Juveniles were transported from the field to the laboratory 

where they were weaned onto formulated foods and held under a 12:12 hr light:dark photoperiod 

to mimic field conditions. All broodstock were fed daily to satiation using a combination of 

thawed krill and a gelatinized combination of squid, krill, herring, commercial fish food, amino 

acid supplements and vitamins (‘gel food’, recipe and lipid content as in the control diet details 

from Copeman et al. 2013). Juveniles were reared for over three years in the laboratory until they 

became active spawners (age-3+ fish) (collection details as in Laurel et al. 2016). 

Experiments were conducted for first-feeding larvae and similar-sized later stage pre-

flexion larvae of both species. Laboratory experiments for both later stage species and for first-

feeding walleye pollock took place in 2015, while the first-feeding Arctic cod experiment took 

place in 2016. 

 

3.2.2 Egg Incubation 

Arctic cod adult broodstock were strip spawned in March of each year and eggs from a 

single female were fertilized with milt from three males. Eggs were incubated at 1 °C in a 4-L 

mesh pan suspended in a water bath until reaching ~75% hatch level, at which time all hatched 

and unhatched larvae were transferred to 400-L stock tanks held at 2 – 3 °C. Walleye pollock 

adult broodstock holding temperatures were reduced from 9 °C to 5 °C in the fall and spawned 

naturally from February to late April 2015. Eggs were retained in an egg basket from which the 

highest quality eggs were transferred directly to 100-L stock tanks and incubated at 5 – 6 °C. 
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3.2.3 Experimental Design 

Growth experiments were carried out in 38-L glass aquaria covered externally with black 

plastic and supplied with flow-through, temperature-controlled seawater. In April 2016, first-

feeding Arctic cod larvae (mean 5.9 mm SL) were slow-acclimated and gently transferred to 

twelve aquaria for high food ration treatments (-1, 2, 5, and 9 °C; n = 3 replicate 

tanks/temperature) and six for low food ration treatments (2 and 5 °C; n = 3 replicate 

tanks/temperature) stocked at a density of ~450 larvae per tank. In April 2015, first-feeding 

walleye pollock larvae (mean 4.7 mm SL) were slow acclimated in the same manner to twelve 

aquaria for high food ration treatments (0, 2, 5, and 12 °C; n = 3 replicate tanks/temperature) and 

six for low food ration treatments (2 and 5 °C; n = 3 replicate tanks/temperature) stocked at a 

density of ~450 larvae per tank.  

Later stage larvae of both species remained in stock tanks where they were “pulse fed” 

enriched rotifers (Brachionus sp.) twice daily at a density of 5 prey mL-1, before being gradually 

transitioned onto a diet of enriched brine shrimp (Artemia sp.) at a prey density of 2 prey mL-1. 

In June 2015, later stage Arctic cod (mean 11.3 mm SL) were transferred to twelve aquaria for 

high food ration treatments (0, 2, 5, and 7 °C; n = 3 replicate tanks/temperature) and six for low 

food ration treatments (2 and 5 °C; n = 3 replicate tanks/temperature) stocked at a density of 

~100 larvae per tank. A fourth replicate tank at 0 and 7 °C was set up after one week to account 

for particularly high mortality in one of the replicate tanks at each temperature. An additional 9 

°C trial was conducted for later stage Arctic cod to assess the upper thermal limit for survival (n 

= 1 tank due to high mortality). Later stage walleye pollock (mean 8.6 mm SL) were transferred 

to fifteen aquaria for high food ration treatments (0, 2, 5, 9, and 12 °C; n = 3 replicate 
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tanks/temperature) and nine for low food ration treatments (2, 5, and 9 °C; n = 3 replicate 

tanks/temperature) in July 2015. 

First-feeding larval experiments received enriched rotifers (Brachionus sp.), while later 

stage experiments received enriched brine shrimp (Artemia sp.). Live food preparation is 

described in detail in Chapter 2. Prior to each feeding, Nanno 3600 algae paste (Reed 

Mariculture, Campbell, CA, USA) diluted with 2 °C seawater was added to each tank to provide 

“green water” as a means of improving larval prey ingestion (Naas et al. 1996). First-feeding 

larvae in high food ration treatments were supplied enriched rotifers twice daily at prey densities 

of 5 prey mL-1, while low food ration treatments received prey densities of 0.5 prey mL-1 twice 

daily. Later stage larvae in high food ration treatments were supplied enriched brine shrimp 

twice daily at prey densities of 2 prey mL-1 and low food ration treatments received prey 

densities of 0.5 prey mL-1 once daily. Low food ration tanks that were not receiving prey in the 

afternoon, still received green water. 

Throughout larval experiments, tanks were held at a 12:12 hr light:dark photoperiod, with 

light levels ranging from 1.4 – 2.7 µE/m2sec at the surface of the water in the center of each tank. 

Maintenance of tank temperatures, aeration, and flow rates was completed daily. Temperature 

was recorded in the morning and adjusted to within 0.5 °C of the target temperature to account 

for fluctuations in ambient water temperature. Aeration was checked to ensure gentle bubbling 

beneath the outflow mesh in each tank. Flow rates were adjusted to 300 mL min-1 at the start of 

each experiment using a stopwatch and visually modified to within 270-330 mL min-1 each day. 

Tanks were siphoned daily to remove any mortalities along with excess food and debris. Due to 

differential mortality, experimental duration varied slightly among tanks (3-5 weeks for first-

feeding experiments, 2-3 weeks for later stage experiments) 
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3.2.4 Morphometric Analyses 

Larvae from each tank were randomly sampled from throughout the water column for 

morphometric measurements (i.e., dry weight, standard length, body depth) at the start, middle, 

and end of each experiment as described in Chapter 2. The number of individual larvae sampled 

varied based on mortality among tanks and throughout experiments. For first-feeding Arctic cod, 

1 – 5 samples per tank containing 1 individual were used for end of experiment measurements 

(except for one tank at 9 °C which was sampled at 3 weeks, rather than 5 weeks, due to mortality 

and contained 5 individuals). For first-feeding walleye pollock, 1 sample per tank containing 5 – 

10 individuals was used for final measurements. For later stage experiments, 2 – 5 samples per 

tank containing 1 individual were used. Later stage size-at-age plots (Fig. 3.1 & 3.7) and body 

depth to standard length ratio analyses (BD:SL) (Fig. 3.4 & 3.10) also contain morphometric 

measurements for individuals used in lipid analyses outlined below in section 3.2.4. 

Standard length was determined as the length (mm) from the tip of the snout to the end of 

the notochord. Body depth was the width (mm) of the larvae posterior to the anus not including 

the fin-fold. Specific growth rate, SGR (% mass day-1), based on the dry mass of the individual 

was calculated under different temperature-food ration treatments according to the following 

equations: !"# = 100(() − 1). In this equation, , is the instantaneous growth coefficient 

calculated as: , = (-./0 − -./1)/3 where /0 is the final mean dry mass, /1 is the initial mean 

dry mass, and 3 is the number of days between measurements. 

Length-weight residuals were obtained from the relationship between the natural log-

transformed post-treatment mean standard length (SL, in mm) and mean dry weight (DWT, in 

mg) for each tank. Residuals from this linear regression served as a morphometric condition 
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index. Additionally, the ratio of body depth to standard length (BD:SL) was computed for all 

larvae and applied as a measure of condition. Body depth represents the muscular tissue stored 

energy which is consumed by larvae after exhaustion of lipid reserves (Diaz et al. 2013). As 

such, larvae with a higher BD:SL were considered to be in better condition.  

 

3.2.5 Lipid Extraction and Analysis 

Additional larvae were sampled at the end of experiments and used for total lipid and 

lipid class analyses. The number of individual larvae sampled was adjusted to obtain sufficient 

mass for lipid analyses (mean 203.4 µg total lipids per sample). For first-feeding Arctic cod, 2 

samples per tank of 10 individuals were sampled. For first-feeding walleye pollock, lipids per 

individual were limiting so all remaining larvae in each tank were pooled to produce one sample 

per tank (n = 7 – 52 individuals). For later stage experiments of both species, 2 – 3 samples per 

tank of 1 individual were used. Lipid samples were stored at -25 °C in 2 mL of chloroform under 

nitrogen and sealed with Teflon tape for less than three months prior to lipid extraction. 

Lipids were extracted in chloroform and methanol according to Parrish (1987) using a 

modified Folch procedure (Folch et al. 1957). Prior to use, all instrumentation and glassware 

were lipid-cleaned with chloroform and methanol. Samples were homogenized with a grinding 

rod in a chloroform:methanol:chloroform-extracted water (8:4:3) solution, vortexed, sonicated (4 

minutes), and centrifuged (3 minutes) at 1500 RPM. Using a double-pipetting technique, the 

lower solvent layer containing lipids in chloroform was removed from the sample tube and 

transferred to a 15 mL vial under nitrogen. This procedure (beginning with the vortex step) was 

repeated three more times, resulting in four total washes, each added to the same 15 mL vial. The 

resultant extract was blown down under nitrogen and transferred to a 2 mL vial (equipped with a 
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250 µL insert, if necessary to obtain sufficient lipid concentration for analysis) sealed with 

Teflon tape and stored at -25 °C.  

Thin layer chromatography with flame ionization detection (TLC-FID) with a MARK V 

Iatroscan (Iatron Laboratories, Tokyo, Japan) was used to classify and quantify total lipids and 

lipid classes using a procedure described by Lu et al. (2008) and modified by Copeman et al. 

(2016). Silica-coated Chromarods were spotted in duplicate with lipid extracts and a three-stage 

development system was employed for lipid class separation. The first separation involved a 90-

second development in a chloroform:methanol:choloform-extracted water solution (150:120:30) 

to move polar lipids off the origin. The second separation involved a 48-minute development in a 

hexane:diethyl ether:formic acid solution (99:1:0.05) and the final separation consisted of a 38-

minute development in a hexane:diethyl ether:formic acid solution (80:20:0.1). Following each 

separation, the rods were dried for 5 minutes and conditioned at constant humidity (~32%) for an 

additional 5 minutes. 

After the final development, the Chromarods were scanned using PeakSimple software 

(ver. 3.67, SRI Inc.) and the signal (detected in mV) was quantified using lipid standards as 

described in Copeman et al. (2016). The resulting chromatograms were integrated to quantify 

absolute amounts of four lipid classes: triacylglycerols, free fatty acids, sterols, and polar lipids. 

Lipid class values were taken as the average of duplicate runs for each lipid sample. For 

statistical analyses, tank means were used (n = 1 – 3 samples per tank as described above). 

 

3.2.6 Data Analysis 

All growth and condition analyses were performed using RStudio statistical software 

(ver. 0.99.491, RStudio, Inc., Boston, MA, USA) using a significance level of α = 0.05. Later 
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stage Arctic cod at 9 °C and later stage walleye pollock at 0 °C were removed from condition 

analyses to account for size-selective mortality in treatments that experienced > 80% mortality 

within the first week of experiments (see Chapter 2 for mortality details). 

Statistical tests were performed to assess the impacts of species, temperature, and food 

ration on larval condition and lipid storage within each ontogenetic stage. Unlike with Chapter 2, 

the effects of ontogeny within each species were not statistically tested as nutritional condition 

has been shown to be highly dependent on developmental stage (Richard et al. 1991), and thus, 

analysis across stages is not recommended. Furthermore, morphological and physiological 

changes during the early ontogeny of fish vary substantially within and among species (Pepin 

1995). Morphological condition indices are closely tied to species-specific allometric growth 

patterns and, so, the present study considers temperature and food ration effects on 

morphological condition within a single species only. Lipid condition indices are less 

constrained by allometry, but still prone to differences in species-specific lipid accumulation. 

Therefore, considerable care should be used when interpreting species differences derived from 

the comparison of lipid condition across species in the present study.  

For high food ration treatments, one-way ANOVAs were used to assess the effects of 

temperature on morphological condition (length-weight residuals and BD:SL) within each stage. 

Additionally, two-way ANOVAs were used to determine species and temperature effects on lipid 

condition (TAG:ST) and total lipid storage (per larval dry weight) within each stage. At 

intermediate temperatures where food rations were manipulated, two-way ANOVAs were used 

to assess the effects of temperature and food ration on morphological condition. Three-way 

ANOVAs were used to examine the interactive effects of temperature, food ration, and species 

on lipid condition and storage at each larval stage. Data were examined for normality and 
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homogeneity of variance to satisfy the assumptions of ANOVA. For all statistical analyses, 

individual tanks were used as the level of observation and morphometric and lipid measurements 

taken at the end of laboratory experiments were used. 

 

3.3 Results 

3.3.1 Temperature Effects on Larval Condition 

The size-at-age (based on standard length) of first-feeding and later stage Arctic cod and 

walleye pollock in high food ration treatments over the course of laboratory experiments is 

shown in Figure 3.1. Logarithmic transformation was performed to linearize the relationship 

between post-treatment standard length (SL) and dry weight (DWT) of larval fish from each 

experiment (Fig. 3.2). The relationships for each experiment were described by the linear 

regression equations for first-feeding Arctic cod (r2 = 0.927), first-feeding walleye pollock (r2 = 

0.945), later stage Arctic cod (r2 = 0.946), and later stage walleye pollock (r2 = 0.958) listed in 

Table 3.1. Residuals from these linear regressions were used as a morphometric condition index 

to analyze the species-specific effect of temperature on larval condition using a one-way 

ANOVA for each species within each ontogenetic stage. At the first-feeding stage, there was no 

significant effect of temperature on the morphometric condition of Arctic cod (F1, 9 = 1.519, P = 

0.249) or walleye pollock (F1, 10 = 1.767, P = 0.213) (Fig. 3.3 A & B). Similarly, at the later 

larval stage, the temperature did not statistically impact the condition of Arctic cod (F1, 12 = 

2.347, P = 0.152) or walleye pollock (F1, 10 = 1.439, P = 0.258) (Fig. 3.3 C & D). The standard 

error of length-weight residual values was high because of large variation between tank means, 
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likely contributing to the non-significant ANOVA results despite a graphical trend of increasing 

condition with temperature at the later larval stage. 

The body depth to standard length (BD:SL) ratio of gadid larvae generally increased 

across the experimental temperature range. For first-feeding Arctic cod, the effect on temperature 

on the BD:SL (one-way ANOVA; F1, 9 = 3.891, P = 0.080) was not statistically significant, 

though it was close to the statistical alpha (Fig. 3.4 A). Despite not being significant, a graphical 

trend was present demonstrating that the BD:SL of first-feeding Arctic cod increased with 

temperature up to 5 °C, before declining slightly at 9 °C. For first-feeding walleye pollock, the 

BD:SL increased with temperature (from 0 °C  to 12 °C) as evidenced by a statistically 

significant temperature effect (F1, 10 = 289.38, P < 0.001) (Fig. 3.4 B). Similarly, a significant 

positive relationship between temperature and the BD:SL of both later stage Arctic cod (F1, 12 = 

95.436, P < 0.001) and walleye pollock (F1, 10 = 27.902, P < 0.001) was statistically supported 

(Fig. 3.4 C & D). 

Total lipid and proportional lipid class composition were determined for larvae in all 

experiments (Table 3.2). Among high food ration treatments, four lipid classes were detected 

(triacylglycerols - TAG; free fatty acids - FFA; sterols - ST; polar lipids - PL). The largest 

proportion of each sample was comprised of PL, with first-feeding larvae containing 

proportionally more PL (84.6%) than later stage larvae (75.8%) on average. However, the 

opposite was true with the TAG proportion which was lower in first-feeding larvae (2.9%) than 

later stage larvae (12.8%). Both FFA (first-feeding: 0.5%; later stage: 0.8%) and ST (first-

feeding: 11.9%; later stage: 10.6%) proportions remained relatively constant between stages. 
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First-feeding Arctic cod were in higher lipid-based condition than first-feeding walleye 

pollock as evidenced by the significant effect of species (two-way ANOVA; F1, 15 = 20.256, P < 

0.001) on the TAG:ST of first-feeding larvae (Fig. 3.5 A & B). At this stage, temperature did not 

significantly impact the TAG:ST independently or as an interaction. However, at the later larval 

stage, a significant species-temperature interaction existed (F1, 22 = 17.548, P < 0.001) such that 

Arctic cod were in better condition than walleye pollock at a given temperature and were also 

more sensitive to changes in temperature (Fig. 3.5 C & D). 

Finally, the total body lipid storage (lipid per DWT, µg mg-1) generally increased with 

temperature up to 5 °C for first-feeding larvae as evidenced by a significant temperature effect 

on first-feeding larval total lipids (two-way ANOVA; F1, 15 = 7.785, P = 0.014) (Fig. 3.6 A & B). 

Later stage Arctic cod lipid storage also increased with temperature, while walleye pollock lipid 

storage reached a maximum at ~5 °C and then declined slightly resulting in a significant species-

temperature interaction term (F1, 22 = 12.358, P = 0.002) (Fig. 3.6 C & D).  

The optimal temperature for maximizing condition of first-feeding and later stage Arctic 

cod and walleye pollock based on different morphometric and lipid condition indices is included 

in Table 3.4. The significant one-way ANOVA (temperature effects) and two-way ANOVA 

(temperature and food ration effects) results across high food ration treatments are summarized 

in Table 3.5 and 3.6, respectively. 

 

3.3.2 Temperature-Food Ration Interactive Effects 

The interactive effects of temperature and food ration were assessed at intermediate 

temperatures (2 and 5 °C) where food rations were manipulated. The size-at-age of first-feeding 
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and later stage Arctic cod and walleye pollock in these treatments over the course of laboratory 

experiments is shown in Figure 3.7. 

The logarithmic-transformed linear relationships between SL and DWT of larval fish at 

intermediate temperatures (2 and 5 °C) and high and low food rations (Fig. 3.8) were described 

by the linear regression equations for first-feeding Arctic cod (r2 = 0.961), first-feeding walleye 

pollock (r2 = 0.962), later stage Arctic cod (r2 = 0.948), and later stage walleye pollock (r2 = 

0.797) listed in Table 3.3. Analysis of morphometric condition based on length-weight residuals 

of first-feeding Arctic cod revealed no statistically significant independent or interactive effects 

of temperature and food ration (two-way ANOVA) (Fig. 3.9 A). Similarly, the effects of 

temperature and food ration were not significant for first-feeding walleye pollock (Fig. 3.9 B). 

As in Section 3.3.1, the non-significant results were likely due to high error resulting from 

variation between tank means. Despite the lack of significance, a graphical trend demonstrated 

higher condition by larvae in high food ration tanks than low food ration tanks at both 

temperatures for first-feeding Arctic cod and at 5 °C for first-feeding walleye pollock. At the 

later larval stage, condition was also not statistically impacted by temperature or food ration for 

either species, although the temperature-food ration interaction term (F1, 8 = 4.693, P = 0.062) 

was close to the statistical alpha for later stage walleye pollock (Fig. 3.9 C & D). Graphically, 

the same trend was present with increased condition under high food ration treatments at both 

temperatures for later stage Arctic cod and at 5 °C for later stage walleye pollock. 

For first-feeding larvae, a significant effect of temperature acting on the body depth-

standard length ratio was detected for both Arctic cod (F1, 8 = 15.056, P = 0.005) and walleye 

pollock (F1, 8 = 109.682, P < 0.001) (two-way ANOVAs) (Fig. 3.10 A & B). The BD:SL was 
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higher at 5 °C than at 2 °C for both first-feeding species. The effect of food ration on the BD:SL 

was significant for first-feeding Arctic cod (F1, 8 = 33.808, P < 0.001), but not for walleye 

pollock (F1, 8 = 2.308, P = 0.167). This varying sensitivity to changes in food ration was 

demonstrated by the fact that larvae receiving high food rations were in better condition than 

those receiving low food rations at both temperatures for Arctic cod, but only at 2 °C for walleye 

pollock. At the later larval stage, an independent food ration effect was detected for both Arctic 

cod (F1, 8 = 48.922, P < 0.001) and walleye pollock (F1, 8 = 22.205, P = 0.002) (Fig. 3.10 C & D). 

The BD:SL for both later stage species was higher under high food ration treatments than low 

food ration treatments. Unlike with first-feeding experiments, temperature sensitivity among 

later stage larvae varied with species. Temperature significantly impacted the BD:SL of later 

stage Arctic cod (F1, 8 = 26.338, P < 0.001), but not walleye pollock (F1, 8 = 1.189, P = 0.307). 

Total lipid and proportional lipid class composition for larvae in 2 and 5 °C treatments 

(Table 3.2) followed the same patterns as those detailed in section 3.3.1. The largest proportion 

of each sample was comprised of PL, with first-feeding larvae containing more PL (82.9%) than 

later stage larvae (77.3%) on average. Once again, the opposite was true with the TAG 

proportion which was lower in first-feeding larvae (2.5%) than later larval stage (10.5%). Both 

FFA (first-feeding: 1.0%; later stage: 0.8%) and ST (first-feeding: 13.5%; later stage: 11.4%) 

proportions remained relatively constant between stages. 

For first-feeding larvae, a significant separate effect of species (F1, 12 = 9.492, P = 0.010), 

temperature (F1, 12 = 5.010, P = 0.045), and food ration (F1, 12 = 11.211, P = 0.006) acting on the 

TAG:ST condition index was detected (three-way ANOVA) (Fig. 3.11 A & B). Under the same 

experimental conditions (temperature and food ration), Arctic cod were in higher condition than 
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walleye pollock at this stage. Additionally, nutritional condition of first-feeding larvae increased 

with temperature and with food ration. At the later larval stage, a significant three-way 

interaction between species, temperature, and food ration (F1, 16 = 13.178, P = 0.002) on the 

TAG:ST was detected (Fig. 3.11 C & D). To further investigate this interaction, separate two-

way ANOVAs considering temperature and food ration were conducted for each species. For 

later stage Arctic cod, the effects of temperature (F1, 8 = 59.370, P < 0.001) and food ration (F1, 8 

= 40.494, P < 0.001) were statistically significant, but an interaction was not supported (Fig. 3.11 

C). Larvae were in higher condition when receiving high food rations and in higher temperature 

treatments. Conversely, an interaction between temperature and food ration (F1, 8 = 17.243, P = 

0.003) was detected for later stage walleye pollock such that food sensitivity was significantly 

higher at 5 °C than at 2 °C (Fig. 3.11 D). 

Furthermore, a three-way ANOVA revealed a significant interactive effect of species and 

food ration (F1, 12 = 8.120, P = 0.015), in addition to an independent temperature effect (F1, 12 = 

7.943, P = 0.016), acting on the total body lipid storage of first-feeding larvae (Fig. 3.12 A & B). 

For both species, total lipid per DWT increased with temperature. Additionally, first-feeding 

walleye pollock lipid storage was more sensitive to changes in food ration than first-feeding 

Arctic cod. At the later larval stage, a temperature-food ration interaction (F1, 16 = 5.340, P = 

0.035) was demonstrated by increased food sensitivity at higher temperatures for both species. 

The significant two-way ANOVA (temperature and food ration effects) and three-way 

ANOVA (temperature, food ration, and species effects) results at intermediate temperatures (2 

and 5 °C) are summarized in Table 3.7 and 3.8, respectively. 
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3.4 Discussion 

The early larval stage represents a critical period for marine fish species, often 

characterized by highly variable growth and survival (Letcher et al. 1996, Houde 2008). This is 

particularly true in polar regions where mortality risks are enhanced and larval survival depends 

largely on maximization of growth prior to overwintering (Fortier et al. 2006). Furthermore, 

developmental limitations of larval fish make this stage particularly sensitive to environmental 

stress and limit their ability to seek out suitable habitat under changing conditions (Rijnsdorp et 

al. 2009).  

Currently, the absence of physiological and ecological information on the early life stages 

of Arctic cod severely limits our ability to determine its survival potential in the face of ongoing 

climate change (Christiansen et al. 2014). The condition of larval fish is closely tied to survival 

and, thus, can serve as an indicator of physiological status. Our understanding of gadid condition 

in response to environmental factors largely stems from studies of Atlantic cod, Gadus morhua 

(e.g., Neilson et al. 1986, Suthers et al. 1992, Lochmann et al. 1995) making direct inferences to 

polar species unsuitable. Furthermore, while both morphological (e.g., Brodeur et al. 2000, 

Laurel et al. 2016) and lipid (e.g., Heintz et al. 2013, Copeman et al. 2017) indices have been 

used separately to assess the condition of early life stage gadids, few studies employ the use of 

multiple indices to assess the relative strength and sensitivity of each. 

This study provides one of the first direct examinations of the morphometric and lipid 

condition of larval Arctic cod, in relation to that of walleye pollock, under different temperature-

food ration scenarios. Analyses from this study indicate that: (1) temperature directly impacts the 

larval condition of Arctic cod and walleye pollock, (2) impacts to larval condition vary with both 

temperature and food availability in a species-dependent manner, and (3) morphometric and lipid 
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indices should be used in combination, when possible, to sufficiently reflect changes in larval 

condition across temperature-food ration scenarios. 

 

3.4.1 Temperature Effects on Larval Condition 

Morphometric condition based on length-weight residuals was not statistically sensitive 

to temperature differences. This may, in part, be due to the high variability between replicate 

tanks, particularly at the more extreme temperatures. At these temperatures, variability between 

tanks may have exceeded variability between treatments to the extent that treatment differences 

were not detectable. 

The BD:SL condition index generally increased with temperature in all experiments, 

except for first-feeding Arctic cod where condition was compromised at high temperatures. It has 

been suggested that at early life stages, fish growth in length precedes an increase in mass 

(Farbridge & Leatherland 1987, Ferron & Leggett 1994). As such, the fish at higher temperatures 

in the present study were growing faster and had therefore likely begun to transition from 

lengthwise growth to an increase in body depth and mass. Collectively, study metrics from 

Chapters 2 and 3 (growth, survival, and condition) indicate that the overall fitness of first-feeding 

Arctic cod is reduced at 9 °C. 

First-feeding and later stage Arctic cod were in highest morphometric condition (length-

weight residuals and BD:SL) at 5 and 7 °C, respectively, which coincides with temperatures of 

maximum growth (see Chapter 2). In summer months, Arctic cod are commonly associated with 

thermal-salinity fronts ranging from 2 – 9 °C in the nearshore Beaufort Sea (Moulton & Tarbox 

1987). This study indicates that these regions may provide optimal thermal habitat for larval 
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Arctic cod, allowing for the maximization of growth potential and nutritional condition when 

food is abundant.  

Though the TAG:ST condition of both later stage species was highly sensitive to changes 

in temperature, it was surprising that first-feeding larval TAG:ST condition did not demonstrate 

a relationship with temperature despite a general increase in total lipid storage. This largely 

relates to the relative proportion of different lipid classes accumulated at different ontogenetic 

stages. The proportion of TAG in first-feeding larvae (2.9%) was substantially lower than in later 

stage larvae (12.8%). Instead, first-feeding larval lipid composition was made up of considerably 

more PL. The TAG:ST condition index is sensitive to changes in temperature at the later larval 

stage but it may be that it should not be employed with first-feeding larvae that are unable to 

accumulate sufficient TAG to contribute to the TAG:ST index. 

While the BD:SL condition index demonstrated a general increase in condition with 

temperature, the total lipid storage and later stage TAG:ST reveal unique temperature responses 

between species. As has been demonstrated for juvenile Arctic cod, the lipid storage of larval 

Arctic cod in the present study increased with temperature up to 5 – 7 °C, followed by elevated 

mortality above these temperatures. Conversely, walleye pollock lipid storage demonstrated a 

dome-shaped response to temperature with decreased lipid storage at high temperatures. This 

trend has been shown with boreal gadid species at the juvenile stage (Copeman et al. 2017) 

highlighting the high sensitivity of lipid storage to environmental temperature, that was not 

evident from body mass measures alone. 

Furthermore, according to the TAG:ST condition index, Arctic cod were in higher 

condition than walleye pollock at comparable temperatures. It has been suggested that increased 

lipid storage by juvenile Arctic cod, relative to boreal gadids, may indicate a life history strategy 
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for prolonged overwintering (Copeman et al. 2017) in environments where winter temperatures 

are < 0 °C (Bouchard & Fortier 2011). The results of the present study provide further evidence 

in support of this life history strategy and suggest that rapid lipid accumulation by Arctic cod can 

be observed in the early larval stages. 

 

3.4.2 Interactive Temperature-Food Ration Effects on Condition 

The residuals from the regression between log-transformed standard length and log-

transformed dry weight can be interpreted as deviations from an average length-weight 

condition. The present study demonstrates that the residuals of the regression between log-

transformed standard length and log-transformed dry weight do not provide an adequate 

condition measure for assessing the impacts of food availability on larval fish species. Length-

weight residuals did not detect a significant food ration effect for either species at any larval 

stage. Additionally, it was unexpected to find that no temperature effect was statistically 

supported, however, graphically a positive relationship between temperature and condition 

appeared to exist in most treatments. Non-significant statistical effects may again be attributed to 

high tank variability relative to treatment differences. 

Relative to other morphometric variables, body depth has been found to be particularly 

responsive to starvation (Ehrlich et al. 1976, Diaz et al. 2013). In addition to detecting 

temperature effects throughout most larval experiments, the BD:SL index detected food ration 

effects on first-feeding Arctic cod condition and both later stage species. First-feeding Arctic cod 

were more food sensitive than first-feeding walleye pollock which was contrary to expectation. 

At hatch, Arctic cod are larger and contain higher yolk reserves which led to the expectation that 

walleye pollock would be more susceptible to starvation at the onset of feeding. However, it may 
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be that the improved foraging and feeding ability of Arctic cod at hatch allowed them to take 

better advantage of the abundant food environment under high food ration treatments. 

Across high food ration treatments, the TAG:ST condition index did not detect a 

significant relationship with temperature, however, it proved to be sensitive to changes in both 

temperature and food availability at 2 and 5 °C. At both stages, Arctic cod were in higher 

condition than walleye pollock and nutritional condition increased with temperature and with 

food ration.  

Furthermore, higher sensitivity to changes in food quantity at 5 °C than at 2 °C was 

expected as a result of elevated metabolic rates at higher temperatures. This pattern was 

demonstrated by later stage Arctic cod and walleye pollock through one or more lipid condition 

metrics. Throughout the Arctic, declining sea ice is expected to alter the primary productivity 

regime (i.e., timing and magnitude of ice-edge blooms), potentially resulting in a mismatch 

between key Arctic grazers and the production of high-quality food (Søreide et al. 2010, Leu et 

al. 2011). It has been hypothesized that interannual variability in ocean conditions may alter the 

distribution of large energy-rich Arctic zooplankton species (e.g., Calanus hyperboreus, Calanus 

glacialis) which are often a staple food source for Arctic cod (Pinchuk & Eisner 2017). 

Additionally, shifting circulation patterns on the Chukchi Sea shelf could increase the 

contribution of Pacific copepods (e.g., Neocalanus sp.) to the diets of Arctic fish species 

(Pinchuk & Eisner 2017). Under this climate change scenario, warm temperatures combined with 

altered timing and availability of lipid-rich prey may interact to decrease the condition of the 

larval gadid assemblage. 

 

3.4.3 Considerations for Larval Fish Condition Indices 
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A comparison of the morphometric and lipid condition indices used in the current study, 

suggests that multiple indices should be utilized, if possible, to assess the sensitivity of larval cod 

species to environmental conditions. Previous work with juvenile fish (e.g., Gilliers et al. 2004, 

Walther et al. 2010, Stowell 2016) has demonstrated the limitations of using a single index to 

fully explain the impacts of environmental conditions on fish condition. 

Morphometric indices offer a logistic advantage as they are often easier to obtain. 

However, the larval stage is characterized by rapid morphological changes (e.g., transition to 

exogenous feeding) (Neilson et al. 1986) which can make it difficult to differentiate between 

developmental changes and those related to environmental conditions (Ferron & Leggett 1994). 

Results from this study indicate that the BD:SL was a good morphometric indicator of condition 

as it effectively detected species-specific responses to temperature and food availability change 

at both larval sages. 

It has been suggested that lipid indices are more responsive to short-term change 

(Lochmann et al. 1995) and to physiological stress in some cases (Copeman et al. 2008). In the 

current study, lipid indices were highly sensitive to species-dependent responses to changes in 

temperature and food availability at the later larval stage. However, it was found that first-

feeding larvae were not yet feeding at a sufficient level to accumulate TAG and, therefore, the 

TAG:ST condition index was not suitable. Though first-feeding larvae did not appear to readily 

accumulate TAG, total lipid storage at this stage was sensitive to changes in temperature and 

food availability. 

 

3.5 Conclusions 
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This study suggests that the nutritional condition of larval gadids is highly sensitive to 

changes in temperature and food availability, and that larval condition is highly variable between 

species. In the Canadian High Arctic, it has been hypothesized that ongoing warming in the short 

term will increase recruitment of age-0 Arctic cod in the presence of adequate prey availability 

(Bouchard et al. 2017). However, in regions like the Chukchi Sea, where ocean warming is most 

pronounced, rising temperatures may interact with reduced availability of lipid-rich prey to 

decrease the condition of larval gadids. Species-specific impacts to the lipid storage and 

condition of larval gadids associated with climate change will impact the quality of the forage 

fish assemblage in the Arctic. These species play a critical role in influencing energy transfer to 

upper trophic levels and changes in their lipid storage and condition will likely be recognized 

throughout the lipid-rich Arctic marine food web.  
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3.7 Figures and Tables 

Figure 3.1  Size-at-age based on standard length (mm) of (A) first-feeding Arctic cod, (B) first-
feeding walleye pollock, (C) later stage Arctic cod, and (D) later stage walleye pollock larvae in 
high food ration treatments over the course of laboratory experiments. Data are treatment means 
± 1 SE (n = 1 – 4 replicate tanks/treatment). 
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Figure 3.2  Linear relationships between log-transformed length (SL, mm) and log-transformed 
dry weight (DWT, mg) of (A) first-feeding Arctic cod, (B) first-feeding walleye pollock, (C) later 
stage Arctic cod, and (D) later stage walleye pollock larvae in high food ration treatments at the 
end of laboratory experiments. Data represent tank means (n = 2 – 4 replicate tanks/treatment). 
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Figure 3.3  Residuals from log-transformed length-weight linear regressions developed for (A) 
first-feeding Arctic cod, (B) first-feeding walleye pollock, (C) later stage Arctic cod, and (D) later 
stage walleye pollock larvae in high food ration treatments at the end of laboratory experiments. 
Data represent treatment means ± 1 SE (n = 2 – 4 replicate tanks/treatment). 
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Figure 3.4  Body depth (BD) to standard length (SL) ratio of (A) first-feeding Arctic cod, (B) 
first-feeding walleye pollock, (C) later stage Arctic cod, and (D) later stage walleye pollock 
larvae at the end of laboratory experiments. Data are treatment means ± 1 SE (n = 2 – 4 replicate 
tanks per treatment). 
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Figure 3.5  Triacylglycerol-to-sterol (TAG:ST) ratio of (A) first-feeding Arctic cod, (B) first-
feeding walleye pollock, (C) later stage Arctic cod, and (D) later stage walleye pollock larvae at 
the end of laboratory experiments. Data are treatment means ± 1 SE (n = 2 – 4 replicate tanks per 
treatment).  
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Figure 3.6  Total lipid (µg lipid mg-1 DWT) of (A) first-feeding Arctic cod, (B) first-feeding 
walleye pollock, (C) later stage Arctic cod, and (D) later stage walleye pollock larvae in high food 
ration treatments at the end of laboratory experiments. Data are treatment means ± 1 SE (n = 2 – 
4 replicate tanks per treatment). 
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Figure 3.7  Size-at-age based on standard length (mm) of (A) first-feeding Arctic cod, (B) first-
feeding walleye pollock, (C) later stage Arctic cod, and (D) later stage walleye pollock larvae 
receiving high and low food rations at intermediate temperatures (2 and 5 °C) over the course of 
laboratory experiments. Data are treatment means ± 1 SE (n = 3 replicate tanks/treatment). 
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Figure 3.8  Linear relationships between log-transformed length (SL, mm) and log-transformed 
dry weight (DWT, mg) of (A) first-feeding Arctic cod, (B) first-feeding walleye pollock, (C) later 
stage Arctic cod, and (D) later stage walleye pollock larvae in high and low food ration treatments 
at the end of laboratory experiments. Data represent tank means (n = 3 replicate tanks/treatment). 
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Figure 3.9  Residuals from log-transformed length-weight linear regressions developed for (A) 
first-feeding Arctic cod, (B) first-feeding walleye pollock, (C) later stage Arctic cod, and (D) later 
stage walleye pollock larvae in high and low food ration treatments at the end of laboratory 
experiments. Data represent treatment means ± 1 SE (n = 3 replicate tanks/treatment). 
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Figure 3.10  BD:SL of (A) first-feeding Arctic cod, (B) first-feeding walleye pollock, (C) later 
stage Arctic cod, and (D) later stage walleye pollock larvae receiving high and low food rations at 
the end of laboratory experiments. Data are treatment means ± 1 SE (n = 3 replicate tanks per 
treatment). 
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Figure 3.11  TAG:ST of (A) first-feeding Arctic cod, (B) first-feeding walleye pollock, (C) later 
stage Arctic cod, and (D) later stage walleye pollock larvae receiving high and low food rations at 
the end of laboratory experiments. Data are treatment means ± 1 SE (n = 2 – 3 replicate tanks per 
treatment, except for first-feeding walleye pollock at 2 °C and low food ration where n = 1). 
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Figure 3.12  Total lipid (µg lipid mg-1 DWT) of (A) first-feeding Arctic cod, (B) first-feeding 
walleye pollock, (C) later stage Arctic cod, and (D) later stage walleye pollock larvae under high 
and low food rations at the end of laboratory experiments. Data are treatment means ± 1 SE (n = 
2 – 3 replicate tanks per treatment, except for first-feeding walleye pollock at 2 °C receiving a low 
food ration where n = 1). 
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Table 3.1  Linear regression equations for the log-transformed standard length (SL, mm) and dry 
weight (DWT, mg) relationship of first-feeding and later stage Arctic cod and walleye pollock 
larvae under high food ration treatments at the end of laboratory experiments. 

Ontogenetic Stage Species 
Parameter Estimates 45, 6/7 = 81 + :[45, !4 ] 
81 mean ± SE : mean ± SE r2 

First-Feeding Arctic Cod -8.642 ± 0.683 3.528 ± 0.313 0.927 
 Walleye Pollock -11.312 ± 0.675 4.919 ± 0.357 0.945 

Later Stage Arctic Cod -9.316 ± 0.663 3.800 ± 0.251 0.946 
 Walleye Pollock -8.073 ± 0.547 3.591 ± 0.227 0.958 

 
  



	 112 
Table 3.2  Total lipid content (µg lipid mg-1 DWT) and lipid class composition of first-feeding and later stage Arctic cod and 
walleye pollock larvae under different temperature-food ration scenarios. TL: total lipid; TAG: triacylglycerols; FFA: free fatty 
acids; ST: sterols, PL: polar lipids. Arctic cod at both ontogenetic stages at 9 °C are not included due to high mortality in 
treatment tanks. Data are treatment means ± 1 SE (n = 1 – 4 replicate tanks, depending on mortality). 
Ontogenetic  
Stage Species 

Temp 
(°C) 

Food 
Ration n 

TL  
(µg mg-1) 

TAG 
(%) 

FFA  
(%) 

ST 
(%) 

PL 
(%) 

First-Feeding Arctic Cod -1 High 3 60.2 ± 3.1 3.1 ± 0.5 0.5 ± 0.1 7.4 ± 0.7 89.0 ± 0.7 
  2 High 2 90.9 ± 0.7 4.4 ± 0.0 0.4 ± 0.0 9.8 ± 0.6 85.4 ± 0.6 
  2 Low 3 85.5 ± 9.0 1.4 ± 0.3 0.5 ± 0.1 10.6 ± 0.8 87.4 ± 0.8 
  5 High 3 94.9 ± 5.1 4.4 ± 0.8 0.3 ± 0.1 10.8 ± 0.6 84.2 ± 1.4 
  5 Low 2 101.4 ± 6.7 2.9 ± 0.3 0.3 ± 0.0 10.8 ± 0.3 86.0 ± 0.6 
 Walleye Pollock 0 High 3 59.8 ± 4.8 1.3 ± 0.0 0.7 ± 0.0 14.0 ± 0.4 84.0 ± 0.4 
  2 High 3 55.3 ± 3.3 1.3 ± 0.2 0.7 ± 0.1 14.5 ± 0.7 83.5 ± 0.8 
  2 Low 1 29.9 ± 0.0 0.0 ± 0.0 4.1 ± 0.0 27.0 ± 0.0 68.9 ± 0.0 
  5 High 3 92.9 ± 9.4 3.7 ± 1.8 0.8 ± 0.3 12.2 ± 0.4 83.3 ± 2.6 
  5 Low 3 54.9 ± 10.8 1.6 ± 0.3 0.5 ± 0.1 12.0 ± 0.4 86.0 ± 0.3 
  12 High 2 74.4 ± 4.4 1.8 ± 0.2 0.4 ± 0.0 14.9 ± 1.5 82.6 ± 0.9 

Later Stage Arctic Cod 0 High 4 102.6 ± 2.4 5.6 ± 0.3 0.7 ± 0.1 10.2 ± 0.3 83.5 ± 0.6 
  2 High 3 104.9 ± 5.4 11.5 ± 0.5 0.7 ± 0.1 9.8 ± 0.6 78.0 ± 0.8 
  2 Low 3 99.0 ± 7.1 6.3 ± 1.0 0.7 ± 0.1 12.3 ± 0.6 80.7 ± 0.7 
  5 High 3 136.3 ± 5.0 19.0 ± 0.4 0.5 ± 0.1 10.9 ± 0.3 69.6 ± 0.7 
  5 Low 3 108.7 ± 1.4 14.1 ± 1.1 0.6 ± 0.1 11.0 ± 0.2 74.3 ± 1.3 
  7 High 4 138.1 ± 9.5 21.8 ± 2.1 0.5 ± 0.1 10.1 ± 0.4 67.6 ± 1.9 
 Walleye Pollock 0 High 2 75.7 ± 0.0 6.8 ± 2.6 1.4 ± 0.2 13.2 ± 1.2 78.3 ± 1.8 
  2 High 3 113.1 ± 14.6 8.6 ± 1.2 0.9 ± 0.1 11.0 ± 0.6 79.5 ± 1.4 
  2 Low 3 97.2 ± 4.7 5.6 ± 1.0 0.9 ± 0.2 11.2 ± 0.5 82.2 ± 0.9 
  5 High 3 128.9 ± 5.9 14.7 ± 0.4 0.9 ± 0.1 11.1 ± 0.3 73.3 ± 0.7 
  5 Low 3 88.6 ± 4.7 4.3 ± 0.7 1.0 ± 0.3 13.8 ± 0.8 80.9 ± 0.3 
  9 High 3 126.0 ± 6.0 15.7 ± 2.0 0.6 ± 0.1 9.3 ± 0.5 74.4 ± 2.3 
  9 Low 3 95.0 ± 5.6 4.3 ± 0.8 0.9 ± 0.2 12.6 ± 0.6 82.2 ± 0.8 

    12 High 3 104.8 ± 4.6 11.8 ± 2.8 0.7 ± 0.1 9.8 ± 0.3 77.7 ± 2.7 
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Table 3.3  Linear regression equations for the log-transformed standard length (SL, mm) and dry 
weight (DWT, mg) relationship of first-feeding and later stage Arctic cod and walleye pollock 
larvae under high and low food ration treatments at intermediate temperatures (2 and 5 °C). 
Length and weight measurements were tanks means taken at the end of laboratory experiments. 

Ontogenetic Stage Species 
Parameter Estimates !"# $%& = () + +[!"# -! ] 
() mean ± SE + mean ± SE r2 

First-Feeding Arctic Cod -9.497 ± 0.521 3.900 ± 0.237 0.961 
 Walleye Pollock -11.076 ± 0.530 4.769 ± 0.285 0.962 

Later Stage Arctic Cod -10.007 ± 0.758 4.039 ± 0.286 0.948 
 Walleye Pollock -8.934 ± 1.393 3.952 ± 0.594 0.797 
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Table 3.4  Optimal temperature for first-feeding and later stage Arctic cod and walleye pollock 
based on different morphometric and lipid condition indices. 
Ontogenetic Stage Species Condition Index Optimal Temperature (°C) 
First-Feeding Arctic Cod Length-Weight Residuals 5 
  BD:SL 5 
  TAG:ST 2 
  Total Lipid Storage 5 
 Walleye Pollock Length-Weight Residuals 12 
  BD:SL 12 
  TAG:ST 5 
  Total Lipid Storage 5 
Later Stage Arctic Cod Length-Weight Residuals 7 
  BD:SL 7 
  TAG:ST 7 
  Total Lipid Storage 7 
 Walleye Pollock Length-Weight Residuals 12 
  BD:SL 12 
  TAG:ST 9 
  Total Lipid Storage 5 
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Table 3.5  Summary of one-way ANOVA significant results assessing the effect of temperature 
on larval condition across high food ration treatments according to different morphometric 
condition indices. Significant results (α = 0.05) for each condition index are indicated by an X. 
Ontogenetic Stage Species Length-Weight Residuals BD:SL 
First-Feeding Arctic Cod · · 
 Walleye Pollock · X 
Later Stage Arctic Cod · X 
 Walleye Pollock · X 
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Table 3.6  Summary of two-way ANOVA significant results assessing the effects of temperature 
and species on larval condition across high food ration treatments according to different lipid 
condition indices. Significant results (α = 0.05) for each condition index are indicated by an X. 
Ontogenetic Stage Results TAG:ST Total Lipid Storage 
First-Feeding Species X · 
 Temperature · X 
 Species*Temperature · · 
Later Stage Species · · 
 Temperature X · 
 Species*Temperature X X 

  



	 117 

Table 3.7  Summary of two-way ANOVA significant results assessing the effects of temperature 
and food ration on larval condition across high and low food ration treatments at intermediate 
temperatures (2 and 5 °C) according to different morphometric condition indices. Significant 
results (α = 0.05) for each condition index are indicated by an X. 

Ontogenetic Stage Species Results 
Length-Weight 

Residuals BD:SL 
First-Feeding Arctic Cod Temperature · X 
  Food Ration · X 
  Temperature*Food Ration · · 
 Walleye Pollock Temperature · X 
  Food Ration · · 
  Temperature*Food Ration · · 
Later Stage Arctic Cod Temperature · X 
  Food Ration · X 
  Temperature*Food Ration · · 
 Walleye Pollock Temperature · · 
  Food Ration · X 
  Temperature*Food Ration · · 
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Table 3.8  Summary of three-way ANOVA significant results assessing the effects of species, 
temperature, and food ration on larval condition across high and low food ration treatments at 
intermediate temperatures (2 and 5 °C) according to different lipid condition indices. Significant 
results (α = 0.05) for each condition index are indicated by an X. 
Ontogenetic Stage Results TAG:ST Total Lipid Storage 
First-Feeding Species X X 
 Temperature X X 
 Food Ration X X 
 Species*Temperature · · 
 Species*Food Ration · X 
 Temperature*Food Ration · · 
 Species*Temperature*Food Ration · · 
Later Stage Species X · 
 Temperature X X 
 Food Ration X X 
 Species*Temperature X · 
 Species*Food Ration · · 
 Temperature*Food Ration X X 
 Species*Temperature*Food Ration X* · 

*Two-way ANOVAs (temp and food ration) for each later stage species revealed significant temperature 
and food ration effects on Arctic cod condition and a significant temperature*food ration interaction 
acting on walleye pollock condition.  
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4 General Conclusions 

4.1 Summary of Findings and Significance 

The direct and indirect impacts of climate change have the potential to alter complex 

physical and biological processes throughout the Arctic marine environment resulting in rapid 

ecosystem-level change. Among these changes, rising ocean temperatures and changing 

productivity regimes are expected to impact the survival, growth and condition of many key 

Arctic species. Larval fish are among the most sensitive to these changing environmental 

conditions (Rijnsdorp et al. 2009) and, as such, information on larval sensitivity to forecasted 

environmental conditions is highly important. Furthermore, effective management of marine 

resources in the Arctic requires a strong understanding of key species requirements to make 

policy decisions. 

To this end, I examined the survival, growth, and condition of laboratory-reared larval 

Arctic cod and walleye pollock under forecasted temperature-food ration scenarios. My findings 

demonstrated the complex species-specific responses of larval cod species to variable 

temperature and food availability. Additionally, they indicate the need for continued research on 

the physiology and behavior of larval polar fish in the face of environmental change. 

In Chapter 2, I detailed my examination of the effects of temperature and food 

availability on the growth and survival of larval Arctic cod and walleye pollock in a laboratory 

setting. I found that Arctic cod and walleye pollock at two larval stages exhibit distinct growth 

and survival patterns in the laboratory, and that these patterns can be used to assess the 

competitive strength of co-occurring gadids under different climate change scenarios. At low 

temperatures, Arctic cod has a competitive advantage, in terms of growth and survival potential, 

over walleye pollock. However, forecasted ocean warming and altered productivity may result in 
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reduced growth and increased mortality of Arctic cod and may, ultimately, limit the available 

habitat for this cold-adapted species. In this scenario, North Pacific gadid species may be able to 

take advantage of elevated growth at warmer temperatures to thrive under climate change 

conditions. Stage-specific growth models developed in this study emphasize the rapid 

physiological changes that occur during the larval stage and demonstrate the importance of 

assessing climate change impacts not only across, but within, the larval stage. Ultimately, the 

growth and survival of larval Alaskan gadids has major implications for recruitment to 

adulthood. Vital rates provided by this study can be used as a baseline for modeling temperature-

dependent growth in the field and offer key ecological information that is necessary for effective 

resource management. 

Data from recent summer acoustic-trawl surveys of the northern Bering and Chukchi 

Seas indicate that young Arctic cod exhibit consistent associations with environmental water 

temperature. Within the surveyed area, age-0 Arctic cod were found in high abundance at 

temperatures between 2.6 and 6.7 °C, predominately in the northern Chukchi Sea (≥ 69.25 °N) 

(De Robertis et al. 2017). In the Canadian Beaufort Sea, Arctic cod are the dominant forage fish 

found throughout the region where mean spring-summer sea surface temperatures range from 0 

to 5 °C (Bouchard et al. 2017). Walleye pollock, on the other hand, spawn in the Bering Sea and 

Gulf of Alaska (NOAA 2016) and occupy water temperatures ranging from 1 to 10 °C (Bacheler 

et al. 2010). 

Some of the strongest ocean warming trends can be observed in the Chukchi Sea where 

mean August temperatures are projected to increase at a rate of ~0.5 °C per decade in 

combination with declining sea ice extent (Richter-Menge et al. 2016). Results of this study and 

recent studies on juvenile Arctic cod growth indicate maximal growth achieved at 5 – 7 °C 
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(Kunz et al. 2016, Laurel et al. 2016). Based on these thermal growth rates, Arctic cod growth 

may be positively impacted by rising temperatures in the colder offshore regions of the Chukchi 

Sea, but may experience increased mortality in shallow, nearshore waters as they warm above 

this optimal temperature range. 

In Chapter 3, I built upon the results of Chapter 2 by considering the impacts of the same 

forecasted temperature-food ration scenarios on the nutritional condition of larval Arctic cod and 

walleye pollock. In doing so, I found that the nutritional condition is highly sensitive to changes 

in temperature and food availability in a species-dependent manner. Furthermore, later stage 

larval condition was more food-sensitive at higher temperatures, indicating that larval condition 

may be negatively impacted in the event of combined warming and reduced availability of lipid-

rich prey associated with climate change. Variability existed among lipid and morphometric 

condition indices due to the inherent limitations of each. As such, the results of this study 

highlight the need to use combined lipid and morphometric indices in assessing larval fish 

condition. This finding has been reported by other studies which cite discrepancies between 

indices because of variable responsiveness and physiological sensitivity. Nutritional condition 

contributes to the survival potential of larvae and can be used, along with growth and survival 

rates, to better predict population success and recruitment. The nutritional condition of forage 

fish, like Arctic cod and walleye pollock, also has important implications for the quality of the 

mid-trophic fish assemblage in the Arctic (Harwood et al. 2015, Divoky et al. 2015). 

Knowledge of the habitat requirements and sensitivity of Arctic cod can inform resource 

and fisheries managers as decisions and authorizations are made in the Arctic. Commercial 

fishing for Arctic cod is currently prohibited in the U.S. Arctic Management Area until sufficient 

information is available to support sustainable management. However, the commercial 
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importance of other gadid species (e.g., walleye pollock, Pacific cod) indicates that the 

development of an Arctic cod fishery is highly feasible as human activity in the Arctic rises. 

Information from this study provides foundational science regarding climate and ecosystem 

changes which may contribute to adaptive and effective management in the future. 

 

4.2 Recommendations for Future Research 

This research provides baseline information that can guide and complement future 

research efforts regarding the sensitivity of larval polar fish to climate change. Continued work 

comparing the physiology of these species at early life stages should further our understanding of 

climate change impacts in the Arctic. It is clear from this study, that temperature-dependent vital 

rates vary widely throughout the early life history stages of fish. Information should be collected 

with respect to developmental events (e.g., transition to exogenous feeding, notochord flexion, 

improved foraging ability) and through early life stage transitions. 

Future research should focus on collecting additional critical rates that can contribute to a 

full bioenergetics model for larval Arctic cod. Consumption rate is one of many parameters that 

influences growth, and ultimately survival. Growth and consumption rates can be combined to 

compute the temperature-dependent growth efficiency (i.e., the efficiency with which food 

ingested by an organism is used for growth) of a species (Houde 1989). This can highlight the 

mechanisms affecting survival of larval fish species and provide substantial insight into 

ecological and recruitment processes under warming scenarios (Peck et al. 2003). 

Furthermore, temperature-dependent vital rates obtained in the laboratory should be 

considered only as a starting point for modeling bioenergetic changes among larval gadids. 

Metabolic costs in the laboratory often do not reflect the costs of predator avoidance, foraging, 
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migration, and other processes that are present in the field (Jobling 1988). However, laboratory-

derived rates can provide lacking physiological information on early stages of Arctic fish which 

are logistically difficult to sample in the field and can guide efforts at assessing temperature-

dependent growth rates in the field. 

Finally, the success of co-occurring gadids in the Arctic will largely depend on their 

ability to survive overwintering. The energetic status of juvenile walleye pollock prior to first 

overwintering has been shown to be a successful predictor of recruitment success (Heintz et al. 

2013). This study provides a starting point for understanding the overwintering physiology of 

larval Arctic cod and walleye pollock, but long-term field monitoring of fish abundance and 

condition spanning warm and cold years will be an important component for considering 

biogeographical and bioenergetic changes in the Arctic resulting from climate change. 
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