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ABSTRACT

Anthropogenic climate change is contributing to rising temperatures worldwide, yet the 

increase is particularly rapid in the Arctic. Despite their position on the forefront of global 

temperature warming, the responses of Arctic ecosystems and the individual species within them 

are poorly understood. Broad whitefish Coregonus nasus in the Alaska nearshore Beaufort Sea 

not only inhabit a rapidly changing ecosystem, but are also a key component of subsistence 

harvest in the region and a relatively understudied fish. I parameterized and corroborated a 

bioenergetics model through species-specific physiological investigation and laboratory rearing 

trials, and used the resulting model to simulate potential responses in growth and consumption 

under climate change scenarios projected with global climate models. Simulations at current 

estimated prey energy densities projected increases in future consumption rates of up to 4% 

required to maintain historically observed summer growth, while simulations in which prey 

energy density was reduced by 50% resulted in projected consumption increases of up to 107% 

necessary to maintain historic growth. Simulations in which prey energy density was increased 

by 50% indicated the ability for juvenile broad whitefish to reduce consumption rates by up to 

32% and maintain current growth rates. These results suggest that, although the physiological 

effects of rising water temperatures have the potential to increase growth rates of juvenile broad 

whitefish, climate-induced shifts in prey availability or prey quality are likely to be regulating 

factors that determine the magnitude and direction of changes in growth rates.
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GENERAL INTRODUCTION

Global temperatures are rising due to anthropogenic climate change, yet the increase is 

particularly rapid in the Arctic (Meredith et al. 2019). Ecosystems worldwide have already 

undergone extreme biotic and abiotic changes as a result of rapidly changing climate conditions 

(e.g., Beaugrand et al. 2002; Perry et al. 2005; Dulvy et al. 2008; Frainer et al. 2017). Changing 

climate regimes are likely to affect Arctic ecosystems in increasingly pronounced ways as 

warming rates continue to increase or accelerate as projected. However, there is likely to be 

considerable variation in responses to climate warming both among and within ecosystems 

(Meredith et al. 2019). Therefore, it is necessary to investigate potential climate-induced impacts 

not only at the ecosystem level, but also at the species level within individual ecosystems.

As climate change leads to warmer waters in the Arctic, fish populations that are already 

near their upper thermal tolerance limits are likely to see warming-induced impacts ranging from 

population reductions to extirpations, increased stress, reduced growth rates or potentially forced 

poleward range shifts (Reist et al. 2006; Christiansen et al. 2014). Alternatively, species living 

well below their thermal optima may benefit through increased growth, reproduction, and 

competitive success from local temperature increases and changes resulting from complex 

ecosystem interactions (Somero 2010; Carey and Zimmerman 2014). The relationship between 

water temperature and fish growth generally has a positive relationship below this species

specific thermal optimum (Portner and Farrell 2008). However, fish growth is a process that is 

highly dependent not solely on abiotic factors (e.g., water temperature), but also biotic 

characteristics like prey availability or food quality (Brett and Groves 1979). The physiological 

responses (e.g., metabolism, growth rate) of an organism to biotic stimuli, such as shifts in prey 
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availability or quality, must also be understood before changes due to temperature increases can 

be predicted at individual, population, or ecosystem scales (Horodysky et al. 2015).

Broad whitefish Coregonus nasus is a long-lived iteroparous salmonid found in high- 

latitude regions across most of North America and Russia. The species is a cold-water fish whose 

range in Alaska spans fresh and brackish waters from the Kuskokwim River to the Chukchi and 

Beaufort seas (Mecklenburg et al. 2002). Across its global range and within Alaska, there is life

history variation among populations of broad whitefish, which includes three general life-history 

types as described by Reist and Bond (1988): lacustrine, riverine, and estuarine-anadromous. 

More recent life-history research on this species reclassifies the “estuarine-anadromous” type as 

amphidromous (e.g., Craig 1989; Harper et al. 2008; Harper et al. 2012). Amphidromous fishes, 

in contrast to anadromous species, migrate between fresh and salt water for non-reproductive 

purposes (Moyle and Cech 2004). McDowall (2007) identifies the return of small juveniles to 

freshwater (rather than mature adults) as the functional difference between amphidromy and 

anadromy. Sympatric populations of resident and migratory broad whitefish have been 

documented in the Mackenzie River system in the Northwest Territories, Canada (VanGerwen- 

Toyne et al. 2008), and this phenomenon is thought to occur widely across the species' range, 

including in Arctic Alaska (Hale 1981; Reist and Bond 1988; Harris et al. 2012). In Alaska, 

Brown et al. (2007) observed sympatric populations of diadromous and freshwater-resident 

broad whitefish in the Lower and Middle Yukon River, the Koyukuk River, and the Lower 

Tanana River. There is additional migratory variation within life-history types of broad 

whitefish, as some diadromous individuals avoid oceanic salinities (de March 1989), while 

others enter marine saline waters (Hale 1981; Harris et al. 2012). While diadromous broad 

whitefish are classified as anadromous (e.g., Reist and Bond 1988; Lockwood et al. 1991; Brown 
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et al. 2007; Harris et al. 2012), estuarine-anadromous, semi-anadromous (Reist and Chang-Kue 

1997), or amphidromous, the latter term most accurately describes broad whitefish in the 

Prudhoe Bay, Alaska, population and will be used hereinafter.

Amphidromous broad whitefish in Alaska, like their freshwater-resident conspecifics, are 

broadcast spawners. Individuals typically mature at ages 7 or 8 (Bond 1982; Bond and Erickson 

1985; VanGerwen-Toyne et al. 2008), although broad whitefish in spawning condition have been 

observed as young as ages 3 and 4 (Bond 1982). Broad whitefish at high latitudes, as with other 

coregonid fishes, are thought to be skip spawners, with individuals spawning in alternate years 

due to the limited period of energy allocation within a single annual cycle (Bond 1982; Reist and 

Bond 1988). Gametes are deposited directly into the water column of rivers in late fall, with 

fertilized eggs settling into interstitial spaces of gravel substrate where they remain until the 

following spring (Scott and Crossman 1973; Reist and Bond 1988; Brown 2004). Upon hatching, 

larvae of the amphidromous life-history type are carried downstream by the spring freshet and 

flushed into delta or estuarine habitat (Reist and Bond 1988).

In Prudhoe Bay, broad whitefish feed in the vicinity of the Sagavanirktok River delta 

during the summer months. As winter approaches, these fish make an upstream migration from 

brackish nearshore waters back into freshwater where they overwinter in deep, spring-fed pools 

that remain liquid over the winter (Brown et al. 2010). The majority of Prudhoe Bay broad 

whitefish are thought to overwinter in the Sagavanirktok River and the adjacent Putiligayuk 

River, though some adult individuals have been documented migrating to the Colville River, 80 

km to the west of Prudhoe Bay (Patton et al. 1997; Morris 2000). Older juveniles and mature 

individuals of this species continue this pattern of freshwater overwintering and a period of 

intense feeding and growth in nearshore waters during productive summer months (Reist and
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Bond 1988). Very little to no consumption occurs between summer feeding periods (Hale 1981), 

and growth is therefore restricted almost entirely to the months of July and August, plateauing 

abruptly in September (Fechhelm et al. 1992).

Broad whitefish is a generalist species, although prey items are restricted mainly to 

benthic organisms due to the subterminal anatomy of the mouth (Craig 1984; Mecklenburg et al. 

2002). In Arctic Alaska, the species consumes a variety of organisms including amphipods, 

copepods, polychaetes, and chironomids (Hale 1981; Laske et al. 2018). In Alaskan Arctic 

nearshore waters, prey availability is consistently high during and after the open-water feeding 

and growth season for amphidromous fishes (e.g., broad whitefish; Craig 1984; Fechhelm et al. 

1992). Craig (1984) hypothesized that the continual immigration of marine invertebrate prey into 

the Prudhoe Bay nearshore region was roughly 50 times the biomass required to support all 

fishes and birds feeding in the area. However, more recent studies have indicated that midge 

larvae (Chironomidae sp.) flushed downstream from terrestrial environments comprise a large 

proportion of the diet of juvenile and adult broad whitefish in the nearshore areas of the Beaufort 

Sea in Alaska (Fechhelm et al. 1995a, 1996). This indicates that the trophic habits, and therefore 

the relationship between consumption and growth, of broad whitefish may be more susceptible to 

terrestrial perturbations than species feeding primarily on marine organisms.

While growth rates of fishes influence all aspects of behavior and biology at any age, 

growth of salmonid fishes at juvenile life stages has a particularly strong influence on survival, 

reproductive success, and, ultimately, population health at subsequent life stages (Beauchamp et 

al. 2007). Changes in juvenile growth can affect mortality rates in successive life stages and even 

significantly alter ecosystem-scale food-web interactions (Beauchamp 2009). Shifts in the 

availability or quality (i.e., energy density) of prey have the ability to limit or increase potential 
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growth rates. Likewise, the effect of temperature on fish growth is generally understood to have 

a positive relationship within species-specific thermal windows. Brett and Groves (1979) noted 

that fish growth is a process that tightly couples both abiotic and biotic factors. For example, an 

increase in water temperature below the thermal optimum of a species will increase the 

metabolism of an individual fish, requiring greater food intake to achieve positive growth. 

Relative growth rates for fishes are greatest at smallest sizes (i.e., the youngest ages), before 

declining through time, particularly once they reach sexual maturity. This is why slower-growing 

individuals often ultimately reach greater sizes: faster-growing fish mature early, which 

dramatically reduces growth rates earlier in their life span (Brett and Groves 1979). These 

impacts highlight the importance of investigations into the growth rates of juvenile fish. The 

mechanisms of physiological responses of an individual organism to stimuli (e.g., changes in 

temperature or prey consumption) must be understood prior to evaluating potential impacts at 

population, community, or ecosystem scales (Horodysky et al. 2015).

In addition to potential ecosystem impacts of changes in consumption and growth of 

fishes, the examination of climate-induced responses of broad whitefish is of particular 

importance in Arctic Alaska. Alaska Native communities along the Chukchi and Beaufort seas 

depend on subsistence harvest of broad whitefish and the other abundant fish species found in 

river deltas and brackish nearshore waters along the coastal shelf (Craig 1987). Anadromous and 

amphidromous fishes comprise a majority of the fish harvested in Arctic Alaska. It has been 

estimated that more broad whitefish by biomass are harvested for subsistence than any other fish 

species in the North Slope Borough village of Nuiqsut (Craig 1987). A survey of subsistence 

users in Utqiagvik (Barrow), Nuiqsut, and Kaktovik showed that 77% of respondents in these 

three villages reported having harvested broad whitefish (Braund et al. 2010). Despite the 
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importance of broad whitefish to local subsistence fisheries across this region of Alaska, this 

species remains data limited, particularly with regard to potential climate-induced changes in 

growth or consumption.

Bioenergetics modeling is one method of addressing questions about consumption and 

growth under future scenarios. The growing field has applications that range from basic to 

applied research (Enders and Scruton 2006; Breck 2008; Hartman and Kitchell 2008), although 

Fish Bioenergetics 4.0 (FB4), the most comprehensive bioenergetics software available, had 

models for only 105 fish species at the time of its release (Deslauriers et al. 2017). There are 

currently no parameters for broad whitefish in bioenergetics modeling software, although the 

FB4 interface allows for user-defined parameter inputs. As with previous bioenergetics models, 

FB4 in its simplest form is an energy/mass balance equation: energy input (consumption) is 

equal to energy output (metabolism, wastes, and growth; Hanson et al. 1997; Deslauriers et al. 

2017). The equation on which bioenergetics modeling is based can be parameterized in a mass

balance equation as follows:

6

where consumption (energy input) must balance energy output in the form of metabolic demands

(Metabolism), waste products (Wastes), and energy allocated to growth (Growth). Each of these 

three outputs can be further subcategorized as follows:

where C is consumption, R is the standard metabolic demand, A is energy expenditure due to 

activity, SDA (standard dynamic action) is the energy expended on digestive processes, F is 

waste loss due to egestion (feces), and U is waste loss due to excretion (nitrogenous wastes). 

Growth is typically parameterized as either gonadal growth (GG) or somatic growth (GS; Adams



and Breck 1990; Hanson et al. 1997; Deslauriers et al. 2017). The submodels for each component 

of the bioenergetics model vary among fish species, and are ideally based on species-specific 

laboratory and field investigations (Hartman and Kitchell 2008).

By adjusting input variables (e.g., water temperature, fish weight, fish energy density, 

prey energy density, etc.), bioenergetics models can be used to predict changes in growth and 

consumption under different climate change-scenarios. Organism-level bioenergetics modeling is 

a mechanistic foundation on which investigations into the varying magnitudes and directions of 

species-specific responses to climate change are based (Koenigstein et al. 2016). Bioenergetics 

models can be scaled up to address questions at the population (e.g., consumption and growth of 

fish stocks) and ecosystem (e.g., trophic structure or habitat use) levels (Hartman and Kitchell 

2008). Bioenergetics modeling is a useful research tool when properly applied, yet several 

assumptions must be considered to avoid biasing results. These assumptions include the 

avoidance of extrapolation of allometric functions to individuals beyond the intended life stage, 

and unjustified species borrowing of parameters. Nevertheless, if adequate consideration is given 

to each of these concerns, bioenergetics modeling can be a powerful tool for predicting fish 

growth (e.g., Beauchamp 2009), consumption (e.g., Tolonen 1999; Essington et al. 2001), and 

broader ecosystem-based impacts (Enders and Scruton 2006).

Species borrowing is the practice of using physiological data from another fish species in 

lieu of the species of interest for which data is lacking. This is a commonly employed tactic in 

bioenergetics modeling, despite the obvious drawbacks. In his review of bioenergetics modeling, 

Ney (1993) stated that the reluctance on the part of researchers to engage in basic physiological 

and behavioral studies of fishes was detrimental to the state of fisheries science as a whole (see 

also Horodysky et el. 2015). Bioenergetics research is particularly prone to unjustified borrowing 
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of parameters from different species because the model requires physiological data inputs to 

function. In general, it is recommended that species-specific physiological data be used when 

possible, and species borrowing be limited to instances in which parameters have been proven to 

apply to a wide range of fishes that includes the species of interest (Enders and Scruton 2006; 

Hartman and Kitchell 2008; Cooke et al. 2016). Further, the use of experimental or field-based 

growth observations to corroborate model simulations increases the reliability of bioenergetics 

modeling simulations (Ney 1993; Hartman and Kitchell 2008).

In this study, I measured physiological parameters of juvenile broad whitefish to 

parameterize a bioenergetics model for the FB4 software platform. The focus of model 

parameterization was on the respiration and energy-density components of the bioenergetics 

model, as these are among the most sensitive to error (Breck 2008). Laboratory quantification of 

energy density and temperature-dependent respiration allowed me to conduct bioenergetics 

modeling in a manner that limited species borrowing. Plausible climate warming scenarios for 

Prudhoe Bay were modeled based on field observations and global climate model projections, 

and then used to simulate changes in growth or consumption rates of juvenile broad whitefish 

from 2020 until 2099. Model results were corroborated through laboratory-based 

experimentation on live-collected Prudhoe Bay broad whitefish. The results of this study provide 

one piece in the complex and shifting puzzle of trying to anticipate the effects of climate change. 

As more of the individual components (e.g., species-specific responses to various scenarios) are 

understood, a more complete picture of the ways in which an entire ecosystem may respond will 

become clearer.
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CHAPTER 1: IMPACTS OF CLIMATE CHANGE ON JUVENILE BROAD 

WHITEFISH COREGONUS NASUS IN ARCTIC ALASKA: BIOENERGETICS MODEL 

DEVELOPMENT AND APPLICATION1

1 Green, D. G., and Sutton, T. M. (2020). Impacts of climate change on juvenile broad whitefish 
Coregonus nasus in Arctic Alaska: bioenergetics model development and application. Prepared 
for submission in Journal of Fish Biology.

ABSTRACT

Anthropogenic climate change is contributing to rising temperatures worldwide, yet the 

increase is particularly rapid in the Arctic. Despite their position on the forefront of global 

temperature warming, the responses of Arctic ecosystems and the individual species within them 

are poorly understood. Broad whitefish Coregonus nasus in the Alaska nearshore Beaufort Sea 

not only inhabit a rapidly changing ecosystem, but are also a key component of subsistence 

harvest in the region and a relatively understudied fish. I parameterized and corroborated a 

bioenergetics model through species-specific physiological investigation and laboratory rearing 

trials, and used the resulting model to simulate potential responses in growth and consumption 

under climate change scenarios projected with global climate models. Simulations at current 

estimated prey energy densities projected increases in future consumption rates of up to 4% 

required to maintain historically observed summer growth, while simulations in which prey 

energy density was reduced by 50% resulted in projected consumption increases of up to 107% 

necessary to maintain historic growth. Simulations in which prey energy density was increased 

by 50% indicated the ability for juvenile broad whitefish to reduce consumption rates by up to 

32% and maintain current growth rates. These results suggest that, although the physiological 

effects of rising water temperatures have the potential to increase growth rates of juvenile broad 

whitefish, climate-induced shifts in prey availability or prey quality are likely to be regulating 

factors that determine the magnitude and direction of changes in growth rates.
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INTRODUCTION

Anthropogenic climate change is contributing to rising temperatures worldwide, yet the 

increase is particularly rapid in the Arctic. For example, mean surface air temperatures across the 

northern polar region have been increasing at rates more than twice the global average (Meredith 

et al. 2019). Many ecosystems globally have already undergone extreme biotic and abiotic 

changes as a result of rapidly changing climate conditions (e.g., Beaugrand et al. 2002; Perry et 

al. 2005; Dulvy et al. 2008; Frainer et al. 2017). It is therefore anticipated that changing climate 

regimes are going to alter Arctic ecosystems in more pronounced ways as warming rates 

continue to increase or accelerate as projected. While the magnitude and direction of localized 

climate change-induced perturbations will vary among ecosystems and taxa, an overarching 

theme is uncertainty about these changes (Schindler et al. 2005; Reist et al. 2006).

Despite their position at the forefront of rapid temperature increases, many ecosystems 

across the Holarctic, as well as the species within them, are understudied and poorly understood. 

It is commonly postulated that climate change will produce both ‘winners' and ‘losers' 

depending on how ecosystems and organisms respond to change (Somero 2010). With regard to 

fish species, populations that are already near their upper thermal tolerance limits are likely to 

see warming-induced impacts ranging from population reductions to extirpations, increased 

stress, reduced growth rates or potentially forced poleward range shifts (Reist et al. 2006; 

Christiansen et al. 2014). On the other hand, species living below their thermal optima may 

benefit through increased growth, reproduction, and competitive success from local temperature 

increases and changes resulting from complex ecosystem interactions (Somero 2010; Carey and 

Zimmerman 2014). The relationship between water temperature and fish growth is generally 

understood to have a positive relationship below this species-specific thermal optimum (Portner 
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and Farrell 2008). However, fish growth is a process that is highly dependent not solely on 

abiotic factors such as water temperature, but also biotic characteristics of the occupied habitat(s) 

(Brett and Groves 1979). The physiological responses (e.g., growth rate) of an organism to biotic 

stimuli, such as shifts in prey availability or quality, must also be understood before changes due 

to temperature increases can be predicted at individual, population, or ecosystem scales 

(Horodysky et al. 2015).

The Alaskan Arctic is no exception to the rapid warming occurring in the northern polar 

region (Wood et al. 2013; Overland et al. 2018). On the North Slope of Alaska, climate change is 

not only drastically altering landscapes and ecosystems, but also has the potential to disrupt food 

security for humans. Communities along the Chukchi and Beaufort seas depend heavily on 

subsistence harvest of animals, including the abundant fish populations found in river deltas and 

brackish nearshore waters along the coastal shelf (Craig 1987). Broad whitefish Coregonus 

nasus is one of the fishes upon which these communities subsist, particularly the North Slope 

Borough communities of Utqiagvik, Nuiqsut, and Kaktovik (Braund et al. 2010). Further, 

diadromous fishes (e.g., broad whitefish) that rely on multiple habitat types are considered to be 

more susceptible to environmental shifts, but wide variation in the responses of Arctic fishes to 

climate change necessitates the species-specific examination of potential effects prior to 

understanding the ways in which ecosystems and human food availability are likely to be 

impacted (Reist et al. 2006).

Broad whitefish is a coldwater salmonid whose range in Alaska spans fresh and brackish 

waters from the Kuskokwim River to the Chukchi and Beaufort seas (Mecklenburg et al. 2002). 

While there is high variation in life-history types among broad whitefish populations even within 

Alaska (see Hale 1981; Brown et al. 2007; Harris et al. 2012), populations found in the Prudhoe 
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Bay region of the nearshore Alaskan Beaufort Sea are known to be amphidromous, with 

individuals at all ages beyond the larval stage feeding in brackish coastal waters during summer 

months before returning to overwinter in freshwater, primarily the Sagavanirktok River (Craig 

1984; Fechhelm et al. 1995a; Brown et al. 2010). Very little to no feeding is thought to occur 

throughout winter months between summer feeding periods (Hale 1981). In Alaskan Arctic 

nearshore waters, prey availability is consistently high during the open-water feeding and growth 

season (Craig 1984), indicating that abiotic environmental factors (e.g., water temperature) rather 

than food limitation may be the mechanistic basis of current interannual variation in fish growth 

(Fechhelm et al. 1992) barring rare instances of high interspecific competition (see Fechhelm et 

al. 1995b).

Although growth rates of fish can be estimated in situ using hard structure analysis or 

size-at-age and compared to mean environmental variables specific to the study area of interest 

(e.g., Fechhelm et al. 1992), it is not possible to determine the precise environmental conditions 

experienced by individual fish prior to capture. In addition, many environmental variables are 

highly correlated (e.g., temperature and salinity), further confounding conclusions of field-based 

growth studies. Laboratory-based growth experiments can be used to address these issues in a 

controlled environment, yet laboratory research alone presents its own challenges when 

extrapolating to complex natural systems (Brett and Groves 1979). Alternatively, computer 

models can be parameterized to account for such complexities. The downside to modeling is its 

data-intensive nature, as models often require input parameters that have not yet been quantified 

for species of interest (Ney 1993; Enders and Scruton 2006). However, laboratory-based research 

and empirical studies on fish growth in conjunction with computer-based modeling (e.g., 

bioenergetics) can provide a source of model inputs and subsequent corroboration (Hartman and 
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Kitchell 2008). The current study paired basic physiological research (i.e., quantification of 

juvenile broad whitefish metabolism and energy density) with bioenergetics modeling to address 

these modeling shortcomings (Hartman and Brandt 1995a; Hartman and Jensen 2017). As a 

source of model corroboration, this study compared experimental growth observations with 

controls for temperature and food ration to quantify growth responses (Chipps and Wahl 2004). 

While growth rates influence all aspects of behavior and biology at any life stage or age, growth 

of salmonids at the juvenile life stage has a particularly strong influence on survival, 

reproductive success, and, ultimately, population health (Beauchamp et al. 2007; Beauchamp 

2009). Consequently, this study focused on broad whitefish growth at the critical juvenile life 

stage.

Although bioenergetics modeling at the level of the organism is a mechanistic foundation 

on which investigations into species-specific responses to climate change are based, these 

models can also be used to inform projections of climate change at the population (e.g., 

consumption and growth of fish stocks) and ecosystem (e.g., trophic structure) levels 

(Koenigstein et al. 2016). As the effects of climate change on other system components (e.g., 

invertebrate prey responses, ice-influenced changes in open water season, etc.) are more 

thoroughly understood, species-specific physiological investigations can be paired with 

increasing knowledge of system components to gain a better understanding of potential changes 

to ecosystems as a whole (Bozinovic and Portner 2015). Through the parameterization of a 

bioenergetics model for juvenile broad whitefish, we projected changes in growth and 

consumption under varying climate-change scenarios to investigate the effects of shifts in 

temperature and trophic behavior on this species of subsistence importance. This research has 

increased our baseline physiological knowledge of broad whitefish, and can be used to inform 
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projections of warming-induced population- and ecosystem-level changes in the Beaufort Sea 

coastal region.

MATERIALS AND METHODS

STUDY SITE DESCRIPTION

Prudhoe Bay is adjacent to the delta of the Sagavanirktok River, the second-largest river 

(by discharge) on the North Slope of Alaska (Fig. 1; McClelland et al. 2014). This river is 

located approximately 80 km to the east of the Colville River, the largest river on the North 

Slope. The Alaskan coast of the Beaufort Sea is characterized by a thin band (~2-10 km) of 

relatively warm, brackish water during the ice-free season (Craig 1984). Prudhoe Bay itself 

reaches a maximum depth of only 2.5 m (Gallaway et al. 1991, 1997). While the Sagavanirktok 

River does not maintain year-round flow, the delta and channels provide overwintering habitat 

for amphidromous fish species that feed in the brackish nearshore waters of the Beaufort Sea in 

the short ice-free summer before returning to freshwater to fast for the majority of the year 

(Craig 1984; Brown et al. 2010).

Historically, the ice that covers Alaskan Beaufort Sea coastal waters begins to break up 

around mid-June, allowing amphidromous fishes to begin populating nearshore areas in 

preparation for the productive feeding season until ice-up begins in late September or early 

October (Craig and Haldorson 1981; Truett 1981). Since 2006, the completion of ice-up in the 

Beaufort Sea has consistently occurred later than the 1981-2010 mean, with a peak anomaly of 

five weeks later than average in 2012 (Overland et al. 2018). Average ice-up dates have trended 

from an early October average in the early 1980s to early November by the late 2010s (Thoman 

and Walsh 2019). Despite the brief summer feeding season, prey availability is not considered a 

limiting factor in the growth of nearshore fishes in the Prudhoe Bay area. For example, Craig 
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(1984) estimated that a constant influx of epibenthos from offshore areas consistently provided 

more than 50 times the daily food requirement for all vertebrate consumers present throughout 

the open-water season in Simpson Lagoon (which extends westward from the westernmost 

sampling site in the current study).

FIELD COLLECTIONS

In 2017 and 2018, four double-ended fyke net pairs were deployed in the Prudhoe Bay 

region of the Alaskan Beaufort Sea coastline from early July to late August (Fig. 1). Each of the 

four net pairs was anchored onshore with a 60 m long by 1.8 m high blocking lead net (2.5-cm 

stretch mesh) set perpendicular to the coastline. At the offshore end of each lead net, dual cod 

ends measuring 1.8 m high by 1.7 m wide (1.27-cm stretch mesh) with three rectangular throats 

(22.8 cm high x 11.4 cm wide) between the opening and the inner chamber were positioned to 

trap fish encountering the lead net. A seal excluder bar was positioned across the throat openings 

to prevent bycatch of marine mammals. A 15-m wing (1.8 m high, 2.5-cm stretch mesh) was 

positioned diagonally on the outer side of each trap to funnel fish into the cod ends. In both 

years, juvenile broad whitefish were collected and frozen whole (n = 20) for subsequent 

laboratory analyses. In 2018, captured juvenile broad whitefish (n = 221) were held live in pens 

at their site of capture for three to seven days and transferred into sealed polyethylene bags 

containing chilled (< 5°C) brackish water and oxygen-releasing tablets (Sure-Life, Seguin, 

Texas) for transport via fixed-wing airplane to the University of Alaska Fairbanks (UAF). Fish 

were held in sealed bags during transport for less than eight hours and then transferred into 

rearing tanks at UAF upon arrival in Fairbanks. Fish capture, transport, and rearing protocols 

were approved by the Institutional Animal Care and Use Committee (IACUC) board and are 

listed under Institutional Review Board (IRB) protocol 105473-12.
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Water temperature in Prudhoe Bay was recorded using HOBO Water Temperature Pro v2 

Data Loggers (Onset Computer Corporation, Bourne, Massachusetts) that were attached to the 

middle of each net frame at the mid-water depth (approximately 1 m in depth) at each of the four 

net locations. Loggers recorded water temperatures (°C; 0.1-degree resolution) every 30 minutes 

for the duration of net deployment. At each net site, water temperature and salinity were also 

recorded at the top, bottom, and midpoint of the water column daily using a handheld YSI 30 

meter (YSI Inc., Yellow Springs, Ohio).

RESPIROMETRY

To quantify standard metabolic rate (SMR), we followed the recommendations of Chabot 

et al. (2016) and Svendsen et al. (2016). For this study, SMR was defined as the whole-organism 

metabolic rate for a resting fish in which voluntary muscular movements were absent and no 

food was digested (Krogh 1916). However, a wide variety of terminology and definitions of low 

activity-level metabolism have been used in the physiological investigation of fishes (see Chabot 

et al. 2016). It should be noted that the procedure is more correctly described as a quantification 

of respiration rate, which measures the rate of oxygen uptake (MO2) of a fish as an estimate of 

SMR. Because quantifying MO2 as a proxy for metabolism is a standard practice in fish 

physiology, the terminology SMR will be used here accordingly (see Brett and Groves 1979;

Chabot et al. 2016). The SMR was quantified for juvenile broad whitefish using a 0.775-L, 

intermittent-flow static respirometer (Fig. 2) with a translucent PVC viewing chamber. A single 

non-invasive oxygen optode (PSt3 Sensor Spots, PreSens Precision Sensing GmbH, Regensburg, 

Germany) within the chamber allowed for rapid measurement of dissolved oxygen levels (mg/L) 

during trials via a Fibox 4 oxygen meter (PreSens Precision Sensing GmbH, Regensburg, 

Germany). Mesh screens to the posterior and anterior of the test fish enclosed the measurement 
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chamber and two recirculating pumps (Universal 300, Eheim GmbH & Co., Stuttgart, Germany) 

were plumbed to the measurement chamber. The first recirculating pump ran continuously to 

maintain constant mixing of water within the chamber. At a pump discharge rate of 300 L/h, the 

chamber in which fish were observed experienced a flow rate of 3.85 cm/s, which allowed 

mixing and discouraged spontaneous fish movement yet was slow enough not to induce 

swimming (Brett 1964). Although juvenile broad whitefish have been shown to tolerate salinity 

levels from 0-20+ psu (de March 1989), salinity was maintained at a constant 6 psu, a level 

typical of nearshore Prudhoe Bay waters near the Sagavanirktok River delta (Fechhelm et al. 

1992; Priest et al. 2018; Green et al. 2019).

Fish were temperature-acclimated for seven days, and fasted for 48 hours prior to 

respirometry to exclude the influence of digestion (i.e., specific dynamic action; SDA) on 

metabolic rate (Chabot et al. 2016). Respirometry was conducted at three water temperatures: 

5°C (n = 9 fish); 10°C (n = 9 fish); and 15°C (n = 8 fish). Mean fish mass did not vary 

significantly among the three experimental temperature treatments (Table 1). Fish were observed 

for the duration of each measurement period (approximately 20-50 minutes), and any trials in 

which individuals began to swim were immediately terminated and excluded from the results. A 

second flush pump attached to the chamber via closeable valves was intermittently activated to 

replenish oxygenated water to the system at the onset of trials. The entire apparatus was 

submerged in a temperature-controlled, aerated, UV-filtered water bath to create a thermal buffer 

and a reservoir of oxygenated water. During swim trials, the room was kept dark, and fish and 

the device were observed using a dim red headlamp. Each respirometry trial consisted of 

separate flush and stabilization stages to allow oxygen content to decline in a linear fashion, 

followed by a period of observation. Oxygen measurements were taken approximately every two 
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minutes during observation periods. Each observation period was concluded after approximately 

20 minutes, and fresh oxygenated water was flushed into the system to prevent hypoxia-induced 

metabolic responses (Svendsen et al. 2016). Each juvenile broad whitefish was observed for 

three respirometry trials.

For each individual fish, SMR was quantified as the minimum MO2 observed across the 

three observation periods. While many methods exist for estimating SMR from MO2 (see Chabot 

et al. 2016), using the minimum observed value rather than the mean of all periods was least 

likely to incorporate MO2 rates elevated above that of a resting fish due to spontaneous activity 

or stress. After each flush period, the measurement period that showed the most linear decline in 

dissolved oxygen content was visually determined as in Rodgers et al. (2016). The regression of 

MO2 (g O2/d) over time showed strong linearity (r2 > 0.92) for all measurement periods. In each 

trial, MO2 was corrected for fish mass and water volume in the chamber. Background levels of 

bacterial respiration were minimized through the daily cleaning of the apparatus with 10% 

bleach solution. Nonetheless, bacterial respiration (MO2; g O2/d) was quantified for a fishless 

chamber at the beginning and end of each day of trials, with the mean level of bacterial 

respiration for each day subtracted from the MO2 of each fish (Rodgers et al. 2016; Svendsen et 

al. 2016) and accounted for in the SMR values referenced throughout this study.

CALORIMETRY

To account for individual variation in energy density, three juvenile broad whitefish were 

randomly selected for calorimetric analyses from each 10-mm length group (range = 90 to 129 

mm FL) for 2017 and 2018 field-caught fish. Each individual (n = 20) was weighed to the 

nearest 0.1 g wet weight and frozen for transport to UAF. Fish were individually lyophilized in a 

Genesis 65S freeze-dryer (VirTis SP Scientific, Warminster, Pennsylvania) for a minimum of 48 
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hours, and the percentages water weight and dry weight were calculated. Each fish was 

homogenized individually using a combination of blending (Magic Bullet, Pacoima, California) 

and mortar and pestle, and pelletized into approximately 0.5-g samples using a Parr pellet press 

(Parr Instrument Co., Moline, Illinois). Three pellets/fish were combusted in a bomb calorimeter 

(Parr Instrument Co., Moline, Illinois) to measure energy content of juvenile broad whitefish 

(J/g; Hartman and Brandt 1995b). In cases where the coefficient of variation (CV) of the three 

runs differed by more than 5% (three fish out of 20), a fourth homogenized 0.5-g sample was 

analyzed. The energy density of each fish was calculated as the mean of all pellets for the 

individual specimen.

Energy densities of lyophilized fish were converted to wet energy density (EDwet; J/g wet 

weight). Linear regressions were fit to the relationship between energy density and fish weight, 

both wet and water-free (dry weight). Multiple models were fit, following Hartman and Brandt 

(1995b), who suggested that modeling EDwet linearly with percentage dry weight (DW% = 

100*dry weight/wet weight) produced accurate estimates for all fishes, and by adding wet weight 

(WW) as an additional explanatory variable so that:
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EXPERIMENTAL REARING

To quantify growth rates of juvenile broad whitefish in a controlled setting and provide a 

means of model corroboration, experimental rearing trials were designed to assess the effects of 

temperature and feeding ration on wild-collected fish. Juvenile broad whitefish (n = 168; mean 

size = 14.08 g, 119 mm FL; size range = 11.78 to 16.21 g, 114 to 126 mm FL) were randomly 

distributed among tanks for growth analysis at two temperature treatments (10 and 15°C)



corresponding to water temperatures that juvenile broad whitefish occupy in Prudhoe Bay, with 

10°C approximating an average July/August temperature and 15°C approximating a temperature 

at the high end of observed rearing conditions in the study area (Fechhelm et al. 1992; Gatt et al. 

2019). Within each temperature treatment, three feeding ration treatments were assigned (1, 2, 

and 5% of initial fish weight/d), for a total of six experimental treatments. These rations (thawed 

bloodworms Glycera spp.) were selected to correspond to a minimal, maintenance, and optimum 

ration based on feeding studies of other salmonids (Brett et al. 1969; Wurtsbaugh and Davis 

1977). It should be noted that determining the precise rations required for maintenance (i.e., 

neither net growth nor loss) and optimum growth (i.e., the point at which the ratio of growth rate 

to ration is highest) would require additional experimentation, though this was neither the intent 

nor within the scope of this study (Brett et al. 1969; Brett and Groves 1979).

To maintain high (> 9 mg/L) dissolved oxygen levels and water quality, each 110-L 

rearing tank in a recirculating culture system was maintained at a flow rate of 3.75 L/min 

minimum using a 1.5-horsepower water pump, and all aquaria were drained into settling tanks 

populated with nitrite- and ammonia-removing biofiltration bacteria. Water temperature was 

maintained using three industrial chillers (Frigid Units, Toledo, Ohio) housed in a separate tank 

plumbed between the aquaria and biofilter media. Each aquarium was wrapped in foam 

insulation to maintain constant tank temperatures and to block movements from view of fish in 

each tank. Light intensity was maintained at a constant low level, with no direct light shining into 

any tanks. Although the Arctic summer is characterized by constant daylight, cloud cover and 

high water turbidity prevent high light levels in the waters of the nearshore Beaufort Sea 

(Bonsell and Dunton 2018). All tanks were maintained at a salinity of 6 psu, which is within the 
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salinity range in which juvenile broad whitefish were captured for this study and have been 

observed previously in Prudhoe Bay (Fechhelm et al. 1992; Priest et al. 2018; Green et al. 2019).

Fish were randomly distributed (four fish/tank) among tanks at the onset of each 

temperature trial. Seven tanks were randomly assigned to each feeding treatment (n = 28 

fish/treatment), for a total of 21 tanks in each of the two temperature treatments. Prior to 

experimentation, fish were acclimated for one week in each experimental tank and fasted for 48 

hours to achieve gastrointestinal evacuation (Brett et al. 1969; Chabot et al. 2016). Feeding 

treatments were carried out concurrently within each temperature trial, and 10°C trials began 

upon completion of 15°C trials. Individual fish were not used in multiple treatments to prevent 

varying compensatory growth or metabolic effects following initial treatments (Ali et al. 2003). 

New specimens were acclimated to each tank at 10°C after completion of 15°C trials. Once 

acclimated, fish were weighed to the nearest 0.1 g and measured for fork length to the nearest 1 

mm. Each temperature-ration treatment was carried out for 30 days, at which point fish were 

weighed and measured for weight and length, respectively, to determine growth rate (g of tissue 

allocation/g fish weight/d). Following each 30-day period at a given water temperature, fish were 

euthanized with a lethal dose (500 mg/L) of MS-222. Initial and final weights of unintended 

mortalities were removed for calculation of growth rate by treatment.

The absolute change in mean fish weight by tank over each 30-day experimental trial was 

used to calculate SGR. Gross food conversion efficiency (GCE), a measure of the ability of a fish 

to convert ingested food into body weight, was calculated for fish that increased in weight over 

the trial period following Brett et al. (1969) as:

GCE = TC * G-1, (4) 
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where TC was the total food consumption in g and G was the absolute change in fish weight in g.

GCE was only calculated for tanks with mean absolute growth of at least 0.5 g.

Bioenergetics Model Parameterization

All model-testing simulations were run using the Fish Bioenergetics 4.0 platform (FB4; 

Deslauriers et al. 2017). Software parameters were modified with the programming language R 

(version 3.4.4) and the RStudio interface (version 1.1.442). The existing “Generalised 

Coregonid” model (Rudstam et al. 1994; Deslauriers et al. 2017) served as the template for broad 

whitefish model parameterizations, and was modified using the previously described laboratory- 

derived parameters. Specifically, fish energy density and the respiration equation were modified 

using broad whitefish-specific data generated during this study. Fish energy density was modeled 

as a linear function of fish body weight and water content: 

where EDwet was the energy density (J/g wet mass) of a fish at weight W (g), DW% was the 

percent dry weight (dry weight/wet weight) of a fish, α was the intercept, and β1 and β2 were the 

coefficients for W and DW%, respectively.

The respiration model was parameterized with SMR observations collected during 

respirometry analyses. The exponential model was fitted in the following form using nonlinear 

least squares regression (nls): 

where R was MO2 (g O2∕g fish/d) obtained through respirometry, RA and RB were the intercept 

and slope of the allometric mass function for SMR, W was fish weight in g, and RQ was a 

temperature-dependence coefficient describing the effect of temperature T (Deslauriers et al. 

2017).
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MODEL CORROBORATION AND REVISION

To mimic the conditions experienced by fish throughout the 30-day experimental tank 

trials, three tanks were randomly selected for model testing out of each temperature-ration 

treatment group used in the laboratory experiments (i.e., n = 9 tanks, total of 36 fish at each 

temperature). The FB4 simulations were run in which initial fish weight, temperature, feeding 

ration, prey energy density, and time period matched the conditions in these tanks. Simulated 

final fish weights were then compared to the observed final weights at the completion of 30-day 

tank trials. Additional simulations were run for comparison using the existing “Generalised 

Coregonid” bioenergetics model (Rudstam et al. 1994; Deslauriers et al. 2017), which was the 

most appropriate bioenergetics model for coregonid fishes lacking species-specific bioenergetics 

models (e.g., broad whitefish) prior to this study. To assess performance of model estimates from 

both FB4 models, the percentage difference between predicted and observed final weight was 

calculated (Ney 1993).

The initial parameterization of the broad whitefish respiration model was biased toward 

underestimating the final fish weight observed in tanks. Specifically, mean predicted weight as a 

ratio to observed weight was 0.88:1, with predictions in 16 of 18 tanks underestimating observed 

weights. Following the methodology of Madenjian et al. (2006), the RA coefficient of the 

respiration model (initial RA = 0.00155 as fitted by nonlinear least squares regression) was 

incrementally adjusted across the range of values found in all existing bioenergetics models in 

FB4 (range = 0.0005 - 0.002, by 0.00005 increments; Deslauriers et al. 2017), and FB4 

simulations were re-run for all RA values. The RA value that minimized the mean difference 

between predicted and observed fish weights (averaged within each tank) was selected for use in 

the bioenergetics model. The same tuning procedure was done for the RB coefficient (range = - 
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0.29 - -0.01, by 0.02 increments), although the value from the original nonlinear least squares 

model fitting (RB = -0.27716) performed the best and the coefficient was therefore left unaltered.

The broad whitefish model with revised respiration equation was tested against the 

remaining four experimental growth tanks for each temperature x ration treatment group (i.e., 

those not used in parameter tuning; n = 24 tanks). As with the parameter tuning procedure, FB4 

inputs were selected to match the conditions of the experimental tanks (initial fish weight, 

temperature, ration, prey quality, and time period). The final weights predicted with the broad 

whitefish FB4 model were then compared against the observed weights in experimental tanks, 

and bias was again evaluated as a ratio of predicted to observed weights. Additionally, I fit linear 

regressions to observed weights as a function of predicted weights to assess variability of model 

performance across fish weights and temperatures.

FUTURE GROWTH SCENARIOS

To model changes in broad whitefish growth rates under varying climate warming 

scenarios, air temperature projections obtained from the Scenarios Network for Alaska and 

Arctic Planning (SNAP 2020) were used to model water temperatures in nearshore areas of 

Prudhoe Bay. All data products were derived from the Coupled Model Intercomparison Project 

Phase 5 (CMIP5) of the Fifth Assessment Report (AR5) of the United Nations Intergovernmental 

Panel on Climate Change (IPCC 2014). Historical (1958-2005) and projected (2006-2100) daily 

mean air temperature values (°C) modeled at a 2.5°-spatial resolution were extracted for the 

Prudhoe Bay area. Daily water temperature measurements from open-water periods from 2001

2005 were used to fit linear regressions to historical modeled air temperature data for the same 

periods. These regressions were modeled in the following form:

Twater = α + β1* Tair, (7)
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where Twater was the mean daily water temperature (°C), α was the intercept, Tair was the mean 

daily air temperature as projected by SNAP (2020), and β1 was the coefficient for air 

temperature.

Out of the three models provided in the SNAP data products, Akaikes's Information 

Criterion determined that the Geophysical Fluid Dynamics Laboratory Coupled Model (GFDL 

CM3) and the Meteorological Research Institute Coupled Global Climate Model (MRI CGCM) 

best fit the relationship. Nearshore water temperatures from 2006 to 2100 were projected using 

each of these two linear models. Years from 2006 to 2019 were used to test bias in model 

projections.

Model bias from 2006 to 2019 was assessed on a random subset of years (n = 7) by 

comparing predicted water temperature from SNAP projections to observed daily water 

temperatures in Prudhoe Bay. Calculated for each day of every year as a ratio of predicted water 

temperature to observed water temperature, the GFDL CM3 model was less biased than the MRI 

CGCM model across all years in the Representative Concentration Pathway 8.5 projection 

(RCP8.5; 0.86:1 and 0.85:1, respectively) and the Representative Concentration Pathway 6.0 

projection (RCP 6.0; 0.86:1 and 0.84:1, respectively). Therefore, GFDL CM3 model projections 

were used for FB4 inputs of predicted Prudhoe Bay water temperature data from 2020 to 2099. 

Because the model underestimated temperatures in each RCP projection by a mean of 14%, 

estimates were revised with a constant multiplier (RCP 8.5 = 1.163; RCP 6.0 = 1.162). Validated 

on the remaining subset of years after 2005 (n = 7), the revised model estimates averaged 0.99:1 

(RCP 8.5; range = 0.87:1 - 1.08:1) and 1.01:1 (RCP 6.0; range = 0.83:1 - 1.16:1) of observed 

water temperatures.
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Model simulations were run for four time periods: 2020-2039, 2040-2059, 2060-2079, 

and 2080-2099. The temperature input for each 20-year period was calculated as the mean daily 

water temperature for each day across all years in the period and inputted into FB4 as a single 

vector of daily mean temperatures for a 52-day period in July and August, the period 

corresponding to the majority of annual fish growth for broad whitefish in Prudhoe Bay 

(Fechhelm et al. 1992; Gatt et al. 2019).

To project relative changes in growth rates under varying trophic conditions, simulations 

of shifting prey quality and availability were run for all water temperature projections. Broad 

whitefish in Alaskan coastal regions are generalist feeders, consuming a variety of organisms 

including amphipods, copepods, polychaetes, and chironomids (Hale 1981; Laske et al. 2018). 

However, midge larvae (Chironomidae sp.), likely carried downstream from terrestrial 

environments to feeding areas, comprise a large proportion of the diet of juvenile and adult broad 

whitefish in the Alaskan Arctic (Fechhelm et al. 1995a, 1996). The FB4 simulations were 

conducted with prey energy density inputs for scenarios in which prey energy density remains 

unchanged across future time periods (100% chironomid larvae, 2,856 J/g wet mass) and in 

which broad whitefish shift prey types to a higher-energy food source (50% increase, 4,284 J/g 

wet mass) or a lower-energy food source (50% decrease, 1,428 J/g wet mass). The higher-energy 

prey approximates a diet comprised mostly of amphipod prey (4,427 J/g wet weight; Cummins 

and Wuycheck 1971). All invertebrate energy density values were obtained from Cummins and 

Wuycheck (1971), and consequently were not specific to nearshore areas of the Beaufort Sea. In 

addition, simulations were conducted to project growth rates at feeding rations estimated from 

2001-2019 (6.59% fish mass/d; estimation method described below), a 50% increase in ration 

(9.89% fish mass/d), and a 50% decrease (3.30% fish mass/d). Finally, simulations in which 
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current (2001-2019) estimated summer growth remained constant were used to project the 

consumption required to maintain growth rates at all temperature and prey-quality scenarios. All 

simulations were initialized for juvenile broad whitefish at an initial weight of 7.4 g, and 

constant-growth projections were fit to a final weight of 18.6 g, corresponding to the mean mass 

for an age-1 broad whitefish at the start and end of the growing season observed since 2001 

(Green et al. 2019; Gatt et al. 2019). All combinations of these parameters (RCP 6.0 or RCP 8.5; 

2020-2039, 2040-2059, 2060-2079, or 2080-2099; low ration, medium ration, high ration, or 

fixed growth; low, medium, or high prey quality) were simulated for a total of 96 unique 

simulation runs (Table 2) to assess the sensitivity of model estimates to variations in each 

parameter.

Modeled growth and consumption rates of age-1 broad whitefish were compared with 

mean estimated rates from 2001 to 2019 based on field observations from the Prudhoe Bay study 

area. Although weight measurements were recorded for the small subset of fish collected for 

calorimetry, respirometry, and rearing trials in this study, there were a total of 107,715 broad 

whitefish measured for fork length (but not weight) from 2001 to 2019. Researchers of this 

population of broad whitefish have historically relied on length-at-date of sampled fish as a 

reliable predictor of juvenile broad whitefish age (e.g., Fechhelm et al 1992). Cohorts are clearly 

distinguishable by length-at-date from age 0 through approximately age 2 (Priest 2020). Putative 

cohorts of juvenile broad whitefish have been confirmed through otolith analysis (Fechhelm et 

al. 1992, 1995a, 1995b; K. Gatt, UAF, unpublished data). While an individual length 

measurement could readily be assigned to a cohort through graphical examination of length-at- 

age plots, rapid growth of juvenile broad whitefish in nearshore waters of the Beaufort Sea 

results in considerable overlap in lengths between cohorts over the course of a single growing 
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season, preventing the assignment of ages based on length cutoffs alone. An R-based mixture 

model (package: mixtools v1.1.0; Benaglia et al. 2009) was used to estimate age for all broad 

whitefish below 200-mm fork length. This model uses an iterative algorithm of assigning a user- 

designated number of normal distributions (two distributions prior to outmigration of age-0 fish 

into the delta and surrounding areas, three distributions thereafter) to the length data. 

Probabilities of individual length observations falling within each distribution were then 

calculated, and lengths were assigned accordingly to the cohort of highest probability. For 2001

2019 putative age-1 fish (n = 42,054 individuals), the assumption was made that the lengths of 

individual fish measured on a given day were a representative sample of their entire cohort.

Individual fish weights were estimated (Figs. A. 2, A. 3) using the weight-length relationship of 

Fechhelm et al. (1995b):
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where W was fish weight in g and FL was fork length in mm. Using the change in mean 

estimated weight of age-1 fish from the beginning to end of each sampling period, specific 

growth rate (SGR) for the average age-1 broad whitefish was estimated as:

where G was the absolute change in observed fish weight in g, Winit was the initial observed fish 

weight in g, and t was the time period in days over which growth occurred.

Prey consumption and daily prey ration (% fish mass) for an age-1 broad whitefish was 

estimated for a 52-day growing season in an FB4 simulation where the initial fish weight was 7.4 

g and the final weight was 18.6 g. These values correspond to the mean (2001-2019) estimated 

weight of age-1 fish in the first week and last week of the summer growth period. The average 

daily water temperatures observed in this period were used as FB4 temperature input when



estimating past consumption rates. This simulation assumed a prey energy density of 2,856 J/g 

wet weight, corresponding to a 100%-chironomid larvae diet (Cummins and Wuycheck 1971).

RESULTS

EXPERIMENTAL REARING

Mean observed growth of juvenile broad whitefish was negative in all experimental 

treatments, with the exception of the 5% feeding ration at 10°C (Table 1; Fig. 3). There were 

eight mortalities during 10°C trials (three and five fish at the 2% and 5% rations, respectively), 

and no mortalities during 15°C trials. Within each feeding ration treatment, fish in tanks at 15°C 

experienced a greater decrease in weight than their counterparts at 10°C. The difference in mean 

change in weight between temperatures was greatest at the 5% ration (7.8%) and the least at the 

2% ration (1.9%). Within both temperature treatments, fish experienced greater declines in 

weight as the ration was reduced. The difference in the percent weight change between 1 and 5% 

rations was greater for fish in 10°C tanks (9.48%) than for fish in 15°C tanks (5.51%). For fish 

with positive growth (i.e., four of seven tanks at the 5% ration and 10°C), mean gross conversion 

efficiency (GCE) was 24.23% (range = 19.37 to 29.23%).

Within 10°C treatments, mean SGR in both 1% and 2% ration trials was statistically 

different from 5% ration trials (p = 0.002 and 0.005, respectively), though not from each other. 

Within 15°C treatments, only 1% and 5% ration SGRs were statistically different (p = 0.017). 

Mean SGR between temperatures was statistically different at the 1% ration (p = 0.008) and 5% 

ration (p = 0.020), but not at the 2% ration. Statistical significance was calculated using Tukey 

Honest Significant Differences.
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RESPIROMETRY

Dissolved oxygen concentrations in the respirometer showed a strongly linear decline 

over time in all trials (minimum r2 = 0.92, mean r2 = 0.98; p < 0.001). After correcting for 

background levels of bacterial respiration, mean standard metabolic rate (SMR) for juvenile 

broad whitefish was +82.79% greater at 10°C than at 5°C, and +72.20% greater at 15°C than at 

10°C (Table 3). Mean SMR was statistically different in all trials (p < 0.05; Tukey Honest 

Significant Differences). Nonlinear least squares regression showed no discernible correlation in 

the allometric coefficients (RA: p = 0.132; RB: p = 0.438) between fish mass and MO2 across 

trials or at individual temperature treatments.

The respiration equation producing the least biased estimates of observed fish growth in 

training tanks (mean predicted weight:observed weight = 0.99:1) was:
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where R was oxygen consumption rate (MO2; g/g/d) obtained through respirometry, W was fish 

weight (g), and T was temperature (°C).

CALORIMETRY AND ENERGY DENSITY ESTIMATION

Dried fish energy density (EDdry; J/g dry weight) quantified via bomb calorimetry was

linearly correlated with wet fish weight (g; r2 = 0.53, p < 0.001) in the following form:

where WW was wet fish weight (g). Likewise, EDdry and dry fish weight (DW; g) were linearly

correlated (r2 = 0.33, p < 0.01) in the following form:

However, there was no significant correlation between wet energy density (EDwet; J/g wet 

weight) and wet weight (g; r2 < 0.01, p = 0.72), which was attributed to variation in the percent



MODEL CORROBORATION AND COMPARISON

Predicted weights simulated with the broad whitefish (BW) model averaged ratios of

0.99:1 to observed weights in experimental rearing tanks, compared to 0.94:1 for the Generalised 

Coregonid (GC) model (Fig. 4; Table 4). Both models produced less biased predictions of final 

weights in 10°C simulations, with the BW weight estimates averaging 1.02:1 (range = 0.96:1 to 

1.13:1) of the observed weights and the GC estimates averaging 0.95:1 (range = 0.86:1 to 1.09:1 

of the observed weights. In 15°C simulations, predicted weights from the BW model averaged 

0.96:1 (range = 0.88:1 to 1.13) of the observed weights, and predicted weights from the GC 

model averaged 0.93:1 (range = 0.86:1 to 1.09:1) of observed weights. The slope of the 

observed-predicted regression line for each model was less than one, indicating a tendency to 

underestimate final fish weights at the lower end of the size range tested, and overestimate final 

weights at the higher end of the size range. Lower final weights generally coincided with lower 

feeding treatments. Bias varied among feeding treatments for both models (Fig. A. 5), with the
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water weight among individual fish (range = 71.8 to 82.1% body mass). The EDwet as a linear 

function of percentage dry weight (DW% = 100*dry weight/wet weight) showed strong 

correlation (r2 = 0.88, p < 0.001) when fitted in the following form:

The explanatory ability of this model was further improved by adding WW as an additional 

regressor. Results from AIC confirmed the latter model as the best fit, and thus the optimal 

energy density model (r2 = 0.94; WW p = 0.0007; DW% p < 0.0001) for juvenile broad whitefish 

in the Prudhoe Bay region was:



where Twater was water temperature (°C) under each RCP scenario, Tair was projected air 

temperature (SNAP) under each RCP emission scenario. All coefficients in both models were 

significant at the p < 0.001 level, though in each model Tair explained only a small amount of 

variation (r2 = 0.15) in Twater. Both models were used for the simulations below.

Constant Prey Quality

Using constant historical prey energy density simulations with the broad whitefish FB4 

model (Fig. 5; Table A. 2), the direction of changes in consumption and growth rates for age-1 

broad whitefish in future warming scenarios was dependent on simulated feeding rations. 

Simulated prey consumption required to maintain growth at the mean level observed from 2001 

to 2019 (7.4 g initial fish mass; 18.6 final fish mass) indicated increased consumption ranging 

from +0.9% (RCP 6.0, 2020-2039 period) to +3.7% (RCP 8.5, 2080-2099 period) would be 

necessary to maintain mean historical estimated growth rates. At consumption rates consistent 

with estimated historical levels, SGR decreased from the mean estimated historical level (range = 

-9.1 to -14.1%).
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BW model performing best at the 2% ration (0.98:1; range = 0.90:1 to 1.09:1) and the GC model

performing best at the 5% ration (0.99:1; range = 0.93:1 to 1.09:1).

FUTURE GROWTH SCENARIOS

The relationship between water temperature in nearshore Prudhoe Bay and air

temperature was modeled for both emissions scenarios as:



Increased Prey Quality

Both the magnitude and direction of changes in projected growth and consumption rates 

for age-1 broad whitefish in simulations with +50% higher prey energy density were again 

dependent on feeding ration. In simulations with increased prey energy density, the prey 

consumption required to maintain growth at the mean level observed from 2001 to 2019 

projected that feeding rates could decrease by -30.9% (Fig. 5; Table A.2; RCP 8.5, 2080-2099 

period) to -32.7% (RCP 6.0, 2020-2039 period). Consumption rates consistent with estimated 

historical levels projected increases in SGR (range = +105.1 to +113.5%). Simulations projected 

reduced SGR estimates at the -50% reduced ration (range = -48.4 to -52.2%), and substantially 

increased SGR estimates at the +50% higher ration (range = +477.5 to +495.9%).

Reduced Prey Quality

Under reduced prey energy density scenarios, all simulations projected decreases in age-1 

broad whitefish SGR, with magnitude dependent on feeding ration (Fig. 5; Table A.2). Declines 

in SGR were greatest at the -50% reduced ration (range = -99.6 to -101.9%), and least at the 

+50% increased ration (range = -48.4 to -52.2%). Simulations at moderate feeding rates 

consistent with historical estimates produced intermediate estimates of decline in SGR (range = - 

77.8 to -80.7%). Simulations of consumption required to maintain juvenile broad whitefish 

growth consistent with 2001 to 2019 estimates projected necessary feeding increases ranging 

from +101.9% (RCP 6.0, 2020-2039 period) to +107.4% (RCP 8.5, 2080-2099 period).
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DISCUSSION

The results of this study suggest that the relative influence of climate-induced shifts in 

prey availability and quality on juvenile broad whitefish growth is likely to exceed the influence 

of temperature on physiological rates. In all simulation scenarios, variation in feeding ration or 

prey energy density resulted in greater changes in SGR estimates than SGR increases estimated 

from increases in water temperature alone (i.e., with all other variables fixed). While temperature 

has been reported to be the primary environmental factor influencing juvenile broad whitefish 

growth within growing seasons in Prudhoe Bay (Fechhelm et al. 1992), the results of this study 

show potential trophic shifts to be highly influential on growth and consumption rates. The 

greater relative importance of prey energy density and availability as compared to water 

temperature increases is consistent with other bioenergetics studies of salmonids, which have 

shown this finding to be generally true for populations inhabiting water temperatures that are not 

near their thermal limits (Beauchamp et al. 2007; Beauchamp 2009; Kishi et al. 2010). Carey and 

Zimmerman (2014) reported the same result for coregonid populations in Arctic Alaska lakes. 

Likewise, our results aligned with previous bioenergetics simulations indicating that fish growth 

will decrease when rising water temperatures are not accompanied by increases in feeding rates 

or prey quality (McDonald et al. 1996; Schindler et al. 2005).

Historically, broad whitefish in Prudhoe Bay are not thought to be food limited during the 

growing season (Fechhelm et al. 1992). However, changes in food-web structure, phenological 

timing, and geographic distribution have been identified as effects of climate change (Portner 

and Farrell 2008). Emergence timing of chironomids (the primary prey of Prudhoe Bay broad 

whitefish) in the Alaskan Arctic has advanced by nearly a week between the late 1970s and early 

2010s, and widespread phenological mismatch has been documented between vertebrates of the 
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Alaskan Arctic Coastal Plain and their invertebrate prey. However, there is high variability in the 

degree of mismatch among populations and geographic locations (Braegelman 2015; Kwon et al. 

2019). There is also evidence that reduced sea ice concentration and increased coastal erosion on 

the Beaufort Sea coastline is increasing suspended sediment load, which may lead to a decline in 

primary production (Bonsell and Dunton 2018), with the potential to reduce abundance of 

invertebrate prey for nearshore fishes. How these changes will balance against an expanding ice- 

free season to determine changes in potential for fish growth is a valuable area of future research.

Among the deficiencies in bioenergetics modeling cited by Ney (1993) is the common 

reliance on unjustified species borrowing, or the use of parameters estimated for one species to 

model growth or consumption of another species. An objective of this study was to parameterize 

a new model for juvenile broad whitefish on the Fish Bioenergetics 4.0 (FB4; Deslauriers et al. 

2017) software platform, using species-specific laboratory data to improve the accuracy of 

bioenergetics modeling applications for broad whitefish. The model parameterized in this study 

outperformed the previously most applicable model, Generalised Coregonid (Rudstam et al. 

1994), and predicted the observed fish growth in experimental tanks accurately. In 

parameterizing the respiration model for broad whitefish, allometric coefficients (i.e., RA and 

RB) did not show significant correlation with fish weight, likely due to lack of contrast in fish 

weights (range = 10.8-22.5 g) in respirometry trials. Although the RB coefficient (-0.27716) was 

more negative than that of previously published coregonid bioenergetics models, all respiration 

coefficients were within the range of existing salmonid respiration models (Deslauriers et al. 

2017).

Future studies seeking to incorporate the broad whitefish bioenergetics model should 

proceed with caution when modeling growth or consumption of fish beyond the size range 
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studied here. Extrapolation of the juvenile broad whitefish bioenergetics model to larval or adult 

fish could result in substantial error in modeled growth or consumption (Ney 1993; Klumb et al. 

2003). We therefore suggest that the model parameterization presented in the current study is the 

best available option for juvenile broad whitefish, but the Generalised Coregonid model, which 

was parameterized over a large range of coregonid body sizes (approximately 1-200 g; Rudstam 

et al. 1994), may produce more accurate estimates of growth and consumption for larger broad 

whitefish. Testing and corroboration of both models on larger juvenile and adult broad whitefish 

is necessary to determine the most suitable model. Refining this model with metabolic rate and 

energy density quantification for larger broad whitefish would be a valuable area of future 

research. Although individual growth rate at the juvenile life stage has a particularly strong 

influence over survival and reproductive success at subsequent life stages (Beauchamp 2009), 

eggs, larvae and spawning adults all have narrower windows of thermal tolerance and are 

therefore deserving of investigation into temperature effects on physiological rates (Portner and 

Knust 2007; Rijnsdorp et al. 2009).

The simulated changes in fish growth and consumption rates projected from the 

bioenergetics model simulations in this paper should be viewed in relative, rather than absolute, 

terms. Bioenergetics modeling is a powerful predictive tool that can produce accurate estimates 

of fish growth or consumption rates when fed high-quality data inputs (Ney 1993; Hartman and 

Kitchell 2008; Deslauriers et al. 2017), but for many applications (including the current study), 

some of the abiotic input parameters (e.g., nearshore brackish water temperature) are difficult to 

estimate under current conditions, let alone project 80 years into the future. Water temperature is 

influenced by air temperature, yet the model used in this study to predict water temperatures 

from air temperature alone explained only a small fraction (r2 = 0.15) of the variance in water 
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temperature. This is to be expected, as estuarine environments are highly dynamic ecosystems 

characterized by factors beyond the scope of this study, including both terrestrial inputs like 

precipitation and river discharge, and marine inputs including ocean circulation and localized 

wind-driven currents. The relationship between air and water temperatures in the study area will 

likely continue to shift as coastal erosion decreases the extent of barrier islands (Dunton et al. 

2012; Gibbs and Richmond 2015), increasing the interchange between marine and brackish 

water masses.

Observed environmental conditions and fish growth rates in the Prudhoe Bay area have 

exhibited high interannual variability, generally well beyond the magnitude of the mean changes 

in temperature and growth projected here (Fig. A. 4; Green et al. 2019; Priest 2020). I have 

presented both historical and projected environmental conditions and physiological rates as 20

year averages in an effort to estimate relative changes in mean conditions rather than focusing on 

variability among individual years. It is anticipated that significant interannual variation in 

environmental conditions will continue or even increase in future years (Goosse et al. 2009; 

Reusen et al. 2019), accompanied by fluctuations in biotic responses. Increasing interannual 

variability has the potential to increase the occurrence of anomalous years, both in terms of 

abiotic factors like extreme temperature years, and biotic ecosystem components including 

invertebrate community composition and availability. Continuation of long-term monitoring 

programs and the establishment of new monitoring studies across the Arctic is imperative to 

distinguishing long-term trends from interannual variability.

There is potential for wide variability in climate-induced shifts to occur within the 

environment in which broad whitefish are growing and feeding, well beyond the scenarios 

presented in my study. For example, it is likely that as Arctic ice extent continues to decline, 
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spring thaws will occur sooner and fall freeze-ups will occur later (Goosse et al. 2009). As a 

result, the effective growing season will likewise continue to expand for fishes in the Prudhoe 

Bay area and across the Arctic as a whole. In the coming decades, changes in freshwater runoff 

from permafrost thaw, marine upwelling (Meredith et al. 2019), wind magnitude and direction, 

water temperature and salinity (Priest 2020) will all potentially influence the prey base for broad 

whitefish and other species. Further, the results presented in this study focus on a black-and- 

white approach to prey type, availability, and energy density; the feeding scenarios in these 

simulations incorporated either no change from current prey species or an extreme shift of ± 50% 

in prey energy density. High-magnitude shifts in the prey base of fishes often occur abruptly 

(e.g., Pothoven 2005; Yurkowski et al. 2017) as presented here, though variation in trophic shifts 

among species necessitates investigation of species-specific dietary shifts including: the rate of 

change, the proportion of change, and the prey species to which a fish population may ultimately 

switch. There is evidence from the Bering Sea that warming waters have reduced energy density 

of invertebrate prey for fishes (Franz Mueter, UAF, personal communication), though a 

correlation has yet to be established for the nearshore Beaufort Sea.

Although broad whitefish is a generalist feeder (Craig 1984), the nearshore areas of 

Prudhoe Bay to which this species is restricted have a lower diversity of benthic fauna than 

offshore waters due to spring ice scour and summer wave action (Feder and Schamel 1976). This 

indicates that future prey options for species whose feeding is restricted to nearshore areas may 

be limited. Therefore, while it is likely that shifts in prey type and energy density have the 

potential to be a major factor influencing changes in growth rates for juvenile broad whitefish in 

the Prudhoe Bay area, specific investigations into the anticipated effects of climate change on the 
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phenology and abundance of the invertebrate prey of broad whitefish are needed to elucidate the 

magnitude and direction of changes in growth rates.

In conclusion, it is uncertain whether juvenile broad whitefish in the Alaskan nearshore 

Beaufort Sea will experience increases or decreases in growth rates as the climate continues to 

warm. While broad whitefish is well positioned to adapt to climate change as a long-lived, 

generalist feeder with a broad geographic range, our results showed that changes in prey or 

feeding ration can significantly affect growth rates. The warming climate is altering biotic and 

abiotic characteristics of the Arctic, and the interactions between ecosystem components are only 

beginning to be understood. If juvenile broad whitefish can increase energy intake to meet or 

exceed the elevated metabolic rates necessitated by warming water temperatures, growth rates 

will likewise remain constant or increase in the future. Conversely, if the population is unable to 

increase feeding rates or prey quality as the nearshore waters continue to warm, mean growth 

rates will decline. Warming trends are occurring worldwide, yet the rapid temperature increase in 

the Arctic has created an immediate need to understand how warming affects ecosystems at all 

trophic levels. These findings highlight the need for long-term monitoring of fish populations, 

aquatic invertebrate communities, and the trophic interaction between the two as ecosystem 

processes continue to shift in a warming climate. Such long-term studies are particularly 

necessary for ecosystems and species on which subsistence and food security depend.
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GENERAL CONCLUSION

This research gave me a greater understanding of some of the reasons that basic 

physiological research is not as prevalent as would perhaps be ideal. This study allowed me to 

learn not only about fish physiology, but also about the logistics involved in many aspects of 

laboratory techniques. One of these areas was fish rearing. Although transport of several hundred 

live fish via commercial airline presented its own challenges, the greatest difficulty came from 

acclimating these wild-caught specimens to captivity. Water quality management (particularly 

pH and nitrogenous waste levels) within recirculating aquaria is a delicate science in and of 

itself. Further, energy-density analysis and respirometry are time-consuming and repetitive 

procedures. In the case of respirometry, there are several commercially available respirometers 

that allow for concurrent trials with multiple specimens and complete automation of trials. 

However, this equipment is often prohibitively expensive, resulting in the frequent need for 

respiratory research (e.g., this study) to rely on custom-built apparatuses, which seldom allow for 

automation. Given the opportunity to conduct respiration analyses in the future, I would devote 

considerable time and project budget to the modification of respirometers to allow for 

automation and multiple concurrent trials. These modifications would allow a greater number of 

specimens to be observed for a greater number of trials, which would increase the robustness of 

results, allowing SMR of each fish to be quantified from a certain quantile, rather than the 

minimum observed value as reported here.

Incorporation of experimental growth trials at several feeding and temperature treatments 

into this study was instrumental in testing and tuning model parameters. Such experiments are 

always accompanied by the caveat that laboratory conditions can never perfectly replicate 

conditions in the wild, yet they allow for the isolation of variables that are confounded in natural 
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systems. As with respirometry, there were aspects of laboratory rearing in this study that could 

be improved. For example, the three ration levels assigned to various tanks all appeared to be 

near or below a maintenance ration despite an attempt to estimate growth rations from existing 

literature. Incorporation of a higher ration (e.g., 10% fish weight/d) would allow model testing 

across a greater range of growth outcomes. There are also inherent drawbacks to laboratory 

feeding trials as conducted in this study; with rations based on initial fish weight, individual fish 

among treatments received progressively different rations as the experiment progressed. That is, 

a fish receiving 1% initial fish weight/d at the onset of an experiment would receive a 

proportionally higher ration as instantaneous weight decreased, potentially obscuring 

comparisons among treatments. Frequent weighing of specimens would alleviate this concern, 

although handling stress or anesthesia would likely affect observed growth rates to an unknown 

extent. To address this concern, bioenergetics simulations in this study incorporated the actual 

weight of prey consumed in model tuning and corroboration, resulting in accurate predictions of 

fish growth.

The magnitude of some of the projected changes in juvenile broad whitefish growth or 

consumption in the various climate warming scenarios are relatively low. However, it should be 

noted that even a 3% increase in consumption by an individual juvenile fish accumulated to large 

increases when extrapolated to the population level. Gallaway et al. (1997) estimated Prudhoe 

Bay juvenile (120-250 mm) broad whitefish population abundances ranging from 25,800 to 

432,341 fish. Likewise, adult broad whitefish and many other species (e.g., Arctic cisco C. 

nasus, least cisco C. sardinella, Dolly Varden Salvelinus malma) feed in the nearshore area 

during the same time period. Should all species present concurrently experience a similar 

metabolically necessitated increase in consumption, the cumulative impact on the prey base may 
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be extreme, though additional research is needed to determine the specific changes in trophic 

ecology of the ecosystem.

The results of this study illustrated the role of prey availability and prey quality as 

controlling factors in juvenile fish growth. This finding aligns with that of Beauchamp (2009), 

who found that feeding rates and prey types were particularly influential on juvenile salmonids, 

though less so as body size increased and life stages progressed. Larger, older fish generally have 

narrower windows of thermal tolerance (Portner and Knust 2007; Rijnsdorp et al. 2009) and are 

therefore relatively more sensitive to temperature shifts. Future research on broad whitefish, and 

physiological investigation on climate-induced change in fishes in general, should seek to 

quantify the degree to which variables like prey type and water temperature affect individual fish 

across a range of body sizes and life stages (Koenigstein et al. 2016; LeFevre et al. 2017).

Species-specific physiology exhibits a large influence on the magnitude of impacts 

climate warming will have on fishes, but biogeography is perhaps equally important. For 

example, the Prudhoe Bay population of broad whitefish is near the northernmost extent, and 

therefore coldest waters, of the species' range. This is reflected in the results of this study; water 

temperatures increasing from current values will likely approach more favorable values for fish 

growth rather than nearing thermal limits. Conversely, a fish population inhabiting waters 

warmer than its thermal optimum will experience deleterious effects ranging from sublethal (e.g., 

reduced growth as metabolic demands exceed ability to accumulate energy) to lethal (e.g., 

oxidative damage, increased reliance on anaerobic metabolism and eventual tissue denaturation; 

Rijnsdorp et al. 2009; Portner et al. 2017). Additionally, there is evidence that variations in local 

thermal adaptation among fish populations result in significantly different physiological rates 

(e.g., metabolism and growth; Munch and Conover 2002), further emphasizing the need for 
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investigation at the population level. Finally, while some fish populations may have the capacity 

for behavioral thermoregulation (i.e., poleward distribution shift or vertical migration), many 

others do not. The potential temperature-induced impacts on a specific population can be better 

understood through physiological research as presented here.

There is an overall reluctance on the part of fisheries scientists to investigate the basic 

physiological rates of fishes, with many researchers preferring instead to rely on applied research 

using complex models or theoretical frameworks (Ney 1993). In the case of modeling, in most 

instances there is little base physiological knowledge of the species of interest on which to draw, 

resulting in investigations based on assumptions and extrapolation of parameters from different 

species (Hartman and Kitchell 2008). Exceptions to this are heavily studied species, typically 

those fishes that are important for commercial or sport fisheries (e.g., Salmonidae, Perciformes) 

or the forage bases of those species (e.g., Clupeidae; Deslauriers et al. 2017). Aside from this 

small subset of species, there is a dire need for basic physiological research at the individual 

level. A solid mechanistic foundation allows for more accurate predictions in applied research 

(e.g., on the effects of climate change). Horodysky et al. (2015) made a plea for an increase in 

interdisciplinary research that merges fisheries science and fish physiology. Population-level 

investigations or management decisions that rely on physiological research are more robust and 

biologically grounded (LeFevre et al. 2017). Rijnsdorp et al. (2009) likewise propose a 

framework for studying climate change effects on fish populations that hierarchically builds from 

life stage-specific organismal physiology to the ecosystem response level. Overall, climate 

change will have significant impacts on fishes in the Arctic and globally, and the quantification 

of basic physiological rates at the individual level should be seen as the foundation from which 

to understand changes at the population, community, and ecosystem scales.
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FIGURES

Fig. 1. Study area map, Prudhoe Bay on the Beaufort Sea, Alaska with fyke net pairs 

indicated by stars. Numbers correspond to site identifiers historically used in the Beaufort

Sea Nearshore Fish Monitoring Program. Reproduced with permission from Priest 2020.
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Fig. 2. Intermittent-flow respirometer schematic showing a) clear PVC chamber, b) closeable 

valves to allow c) flush pump to replace deoxygenated water intermittently, d) a recirculating 

pump to improve mixing of water within chamber, and e) non-invasive oxygen optode linked via 

fiber optic cable to f) oxygen meter. Graphic courtesy of J. Coleman, Wildlife Conservation 

Society.
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Fig. 3. Specific growth rate in experimental rearing trials. Mean specific growth rate of 

juvenile broad whitefish (g mass change/g initial fish weight/d) for 30-day experimental 

rearing treatment tanks, with kernel density indicated by violin shapes and median and 

interquartile range indicated by boxplots. The horizontal dashed line indicates tissue 

maintenance, with neither net growth nor net loss of mass.
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Fig. 4. Model-predicted growth versus tank-observed growth. a) Linear regression lines

of weight predicted by two bioenergetics models versus weight observed at the end of 30

day rearing trials for juvenile broad whitefish. Solid black lines were fitted to the 

relationship observed for all temperature x ration treatments (r2 = 0.60 for broad whitefish 

model; r2 = 0.64 for Generalised Coregonid model; p<0.01). The dotted light gray line

indicates a one-to-one relationship; b) Temperature-specific linear regression lines for

each bioenergetics model. Solid black lines were fitted to the relationship observed for

10°C trials (r2 = 0.77 for broad whitefish model; r2 = 0.76 for Generalised Coregonid

model; p<0.01; dark gray circles), and dashed black lines were fitted to the relationship 

observed at 15°C trials (r2 = 0.63 for broad whitefish model; r2 = 0.63 for Generalised

Coregonid model; p<0.01; light gray diamonds).
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Fig. 5. Projected change in future growth and consumption rates of juvenile broad whitefish. a)

Percent change in projected prey consumption (upper plot) required for an age-1 broad whitefish 

to maintain mean growth observed from 2001 to 2019 at Representative Concentration Pathway 

6.0 (solid, gray line) and Representative Concentration Pathway 8.5 (dashed, black line) during 

future growing seasons, and percent change in projected specific growth rate (SGR; lower plot) 

for an age-1 broad whitefish feeding at estimated ration levels observed between 2001 and 2019 

(6.59% fish mass/d). Simulations assumed a 100% chironomid larvae diet (2,856 J/g wet mass);

b) percent change in consumption required to maintain constant growth (upper plot), and percent 

change in SGR at constant feeding rates under 50% increased prey energy density scenarios; c) 

percent change in consumption required to maintain constant growth (upper plot), and percent 

change in SGR at constant feeding rates under 50% decreased prey energy density scenarios. A 

value of 0% in all plots would indicate no change from mean estimated historical rates. Note 

variation in y-axes.
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TABLES

Table 1. Observed growth in experimental rearing trials. Mean percentage changes 

in juvenile broad whitefish weight after 30-day rearing trials at three ration levels 

(% fish mass/d) for both 10 and 15°C temperature treatments. Associated specific 

growth rates (SGR; g mass change/g initial fish mass/d) are provided below each 

percentage change.

Ration: 1% 2% 5%

10°C 15°C 10°C 15°C 10°C 15°C

Weight change
-7.59 -11.42 -6.61 -8.53 +1.89 -5.91

(%) ± 0.80 SE ± 0.89 SE ± 1.59 SE ± 1.16 SE ± 2.29 SE ± 1.64 SE

SGR
-0.0025 -0.0038 -0.0022 -0.0028 +0.0006 -0.0020

(g/g/d) ± 0.0003 SE ± 0.0003 SE ± 0.0005 SE ± 0.0004 SE ± 0.0008 SE ± 0.0005 SE
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Table 2. Fish Bioenergetics 4.0 simulation factor levels for juvenile broad 

whitefish growth and consumption. All combinations of factors were simulated 

with both the broad whitefish model parameterized in this study, and with the 

“Generalised Coregonid” model as a source of model comparison.

Factor n Factor levels

Temperature scenario 2 RCP 6.0; RCP 8.5

Time period 4 2020-2039; 2040-2059; 2060-2079; 2080-2099

Prey energy density (J/g) 3 Low (1,428); Mid (2,856); High (4,284)

Ration (% fish mass/d) 4 Low (3.30); Mid (6.59); High (9.89); Fixed Growth
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Table 3. Oxygen consumption rates quantified in static respirometry. Treatment

specific oxygen consumption rates (MO2 in g oxygen/g fish mass/d) for juvenile 

broad whitefish. Within each trial, each of n fish was observed for MO2 over a 

minimum of three observation periods. Standard metabolic rate (SMR) for 

individual fish was quantified as the minimum MO2 recorded across all 

observation periods.

Temperature Mean fish mass Mean MO2 Minimum MO2 (SMR)

(°C) n (g) (g/g/d) (g/g/d)

5 9 15.50 ±1.04 SE 0.001573 ± 0.0002 SE 0.001222

10 9 15.74 ± 0.88 SE 0.002681 ± 0.0003 SE 0.002230

15 8 14.14 ± 0.88 SE 0.004336 ± 0.0003 SE 0.003842
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Table 4. Model-predicted growth versus tank-observed growth. Mean percentage of predicted final weight to observed 

final weight for juvenile broad whitefish calculated across all model testing tanks at each treatment. Ratios < 1:1 indicate 

underestimation of fish weight, and ratios > 1:1 indicate overestimation of fish weight. The provided r2 refers to the linear 

regressions fit in Fig. 4, with all regression outputs at p < 0.01.
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Ration: 1% 2% 5%

Overall

r2

10°C 15°C 10°C 15°C 10°C 15°C 10°C 15°C Overall

Broad Whitefish 0.98:1 0.90:1 1.03:1 0.92:1 1.04:1 1.05:1 0.99:1 0.77 0.63 0.60

Generalised Coregonid 0.90:1 0.88:1 0.96:1 0.89:1 0.97:1 1.02:1 0.94:1 0.76 0.63 0.64
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Fig. A. 1. Approval letter for captive fish rearing under IACUC / IRB protocol # 105473-12.
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Fig. A. 2. Length-at-date showing distinguishable cohorts of juvenile broad whitefish collected

through the Beaufort Sea Nearshore Fish Monitoring Program across years (see Fechhelm et al.

1995b and Gatt et al. 2019). Only observations of fish <210 mm fork length are displayed, as 

cohorts cease to be easily distinguishable at or beyond age-2, depending on the year.
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Fig. A. 3. Estimated weight (g) of age-1 broad whitefish in the Prudhoe Bay area from 2001 to 

2019. All juvenile fish (<250 mm fork length) were assigned to a cohort using an iterative 

mixture model algorithm (R package: mixtools v1.1.0; Benaglia et al. 2009). Estimating age 

from length-at-date of juvenile broad whitefish in the Prudhoe Bay area has been empirically 

validated through otolith analysis (Fechhelm et al. 1992, 1995a, 1995b; K. Gatt, UAF, personal 

communication). Weight estimates were calculated with the length-weight relationship 

formulated for age-1 Prudhoe Bay broad whitefish by Fechhelm et al. (1995b).
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Fig. A. 4. Projected 20-year water temperature means from 2020-2039 (solid, black line), 2040

2059 (dashed, black line), 2060-2079 (dotted, black line), and 2080-2099 (dot-dashed, black 

line). Projections overlay observed water temperatures between 2001 and 2019 (solid, gray 

lines), highlighting the magnitude of intra- and interannual temperature fluctuation in 

comparison to long-term means.
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Fig. A. 5. a) Linear regression lines of weights predicted by two bioenergetics models versus weight observed following 30-day 

rearing trials at 10°C for juvenile broad whitefish. Solid black lines were fitted to the relationship observed for 1% ration 

treatments (p = 0.01, r2 = 0.97 for broad whitefish model; p = 0.01, r2 = 0.97 for Generalised Coregonid model). Short-dashed 

lines were fitted to the relationship observed for 2% ration treatments (p = 0.08, r2 = 0.85 for broad whitefish model; p = 0.08, r2 

= 0.84 for Generalised Coregonid model). Long-dashed black lines were fitted to the relationship observed for 5% ration 

treatments (p = 0.45, r2 = 0.30 for broad whitefish model; p = 0.47, r2 = 0.29 for Generalised Coregonid model). The dotted light 

gray line indicates a one-to-one relationship. b) Linear regression lines of weights predicted by two bioenergetics models versus 

weight observed following 30-day rearing trials at 15°C for juvenile broad whitefish. Solid black lines were fitted to the 

relationship observed for 1% ration treatments (p = 0.01, r2 = 0.97 for broad whitefish model; p = 0.02, r2 = 0.97 for Generalised 

Coregonid model). Short-dashed lines were fitted to the relationship observed for 2% ration treatments (p = 0.17, r2 = 0.69 for 

broad whitefish model; p = 0.18, r2 = 0.68 for Generalised Coregonid model). Long-dashed black lines were fitted to the 

relationship observed for 5% ration treatments (p = 0.74, r2 = 0.07 for broad whitefish model; p = 0.73, r2 = 0.07 for Generalised 

Coregonid model). The dotted light gray line indicates a one-to-one relationship.
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Table A. 1. Full list of parameters as used in Fish Bioenergetics 4.0 (FB4) simulations. Key 

differences between the model parameterized in this study and the “Generalised Coregonid” 

model from which it was derived are listed in bold. Asterisks in the energy density parameters 

indicate a different equation form than that which is typically used in FB4. The energy density 

equation is given in the text of this paper.

Parameter
Species Broad Whitefish Generalised Coregonid
Scientific name Coregonus nasus Coregonus spp.
Reference Green et al. (in prep) Rudstam et al. 1994
Consumption equation 2 2
CA 1.61 1.61
CB -0.32 -0.32
CQ 3.53 3.53
CTO 16.8 16.8
CTM 26 26
CTL NA NA
CK1 NA NA
CK4 NA NA
Respiration equation 1 1
RA 0.00095 0.0018
RB -0.277163 -0.12
RQ 0.109458 0.047
RTO 0.025 0.025
RTM 0 0
RTL 0 0
RK1 7.23 7.23
RK4 0.25 0.25
RK5 0 0
ACT 0 0
BACT 0 0
SDA 0.17 0.17
Egestion equation 1 1
FA 0.25 0.25
FB 0 0
FG 0 0
Excretion equation 1 0
UA 0.1 0.1
UB 0 0
UG 0 0
Predator equation 1 1
Energy density * NA
Alpha 1 * 3952
Beta 1 * 58.7
Cutoff * 155
Alpha 2 * 13050
Beta 2 * 0.001
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Table A. 2. Simulated specific growth rate (SGR; g mass change/g initial fish mass/d) for four time periods at Representative Concentration 

Pathway 6.0 and Representative Concentration Pathway 8.5 for an age-1 broad whitefish. Initial weight (7.4 g) was set to the mean estimated 

weight of an age-1 fish observed from 2001 to 2019, and simulations were run at feeding rations corresponding to 2001-2019 estimates (6.59% 

fish mass/d), increased rations (9.89% fish mass/d), and decreased rations (3.30% fish mass/d). Prey energy density (E.D.) was simulated at levels 

constant to the assumed current prey quality (100% chironomid larvae diet; 2,856 J/g wet weight), increased prey quality (chironomid larvae 

+50%; 4,284 J/g wet weight), and decreased prey quality (chironomid larvae -50%; 1,428 J/g wet weight). Estimated SGR from 2001 to 2019 was 

0.028 g/g/d; b) Total simulated consumption required for an age-1 broad whitefish to maintain the mean growth (7.4 g initial weight, 18.6 g final 

weight) observed during the summer growing period from 2001 to 2019. Average estimated summer consumption from 2001 to 2019 was 46.34 g. 
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a) SGR
Ration

RCP 6.0 RCP 8.5
2020-2039 2040-2059 2060-2079 2080-2099 2020-2039 2040-2059 2060-2079 2080-2099

3.30% 0.0063 0.0061 0.0060 0.0058 0.0062 0.0060 0.0058 0.0055
Constant Prey E.D. 6.59% 0.0259 0.0255 0.0253 0.0250 0.0257 0.0253 0.0249 0.0244

9.89% 0.0608 0.0602 0.0599 0.0594 0.0605 0.0598 0.0592 0.0584
3.30% 0.0147 0.0144 0.0143 0.0140 0.0145 0.0142 0.0140 0.0136

E.D. + 50% 6.59% 0.0608 0.0602 0.0599 0.0594 0.0605 0.0598 0.0592 0.0584
9.89% 0.1696 0.1684 0.1676 0.1665 0.1690 0.1674 0.1661 0.1643

3.30% 0.0001 0.0000 -0.0001 -0.0003 0.0000 -0.0001 -0.0003 -0.0005
E.D. - 50% 6.59% 0.0063 0.0061 0.0060 0.0058 0.0062 0.0060 0.0058 0.0055

9.89% 0.0147 0.0144 0.0143 0.0140 0.0145 0.0142 0.0140 0.0136

b) Consumption RCP 6.0 RCP 8.5
2020-2039 2040-2059 2060-2079 2080-2099 2020-2039 2040-2059 2060-2079 2080-2099

Constant Prey E.D. 46.77 47.05 47.25 47.51 46.91 47.28 47.62 48.05
E.D. + 50% 31.18 31.37 31.50 31.67 31.28 31.52 31.75 32.03
E.D. - 50% 93.55 94.10 94.50 95.02 93.83 94.57 95.24 96.10



Table A. 3. Percent change from observed specific growth rate (SGR) between the 2001-2019 period and four simulated time periods at 

Representative Concentration Pathway 6.0 and Representative Concentration Pathway 8.5 for an age-1 broad whitefish. Initial weight (7.4 g) was 

set to the mean estimated weight of an age-1 fish observed from 2001 to 2019, and simulations were run at feeding rations corresponding to 2001

2019 estimates (6.59% fish mass/d), increased rations (9.89% fish mass/d), and decreased rations (3.30% fish mass/d). Prey energy density (E.D.) 

was simulated at levels constant to the assumed current prey quality (100% chironomid larvae diet; 2,856 J/g wet weight), increased prey quality 

(chironomid larvae +50%; 4,284 J/g wet weight), and decreased prey quality (chironomid larvae -50%; 1,428 J/g wet weight). Estimated SGR 

from 2001 to 2019 was 0.028 g/g/d; b) Percent change between historical estimated summer consumption and simulated consumption required for 

an age-1 broad whitefish to maintain the mean growth (7.4 g initial weight, 18.6 g final weight) observed during the summer growing period from 

2001 to 2019. Average estimated summer consumption from 2001 to 2019 was 46.34 g.
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a) SGR
Ration

RCP 6.0 RCP 8.5
2020-2039 2040-2059 2060-2079 2080-2099 2020-2039 2040-2059 2060-2079 2080-2099

3.30% -77.8 -78.4 -78.9 -79.5 -78.1 -78.9 -79.7 -80.7
Constant Prey E.D. 6.59% -9.1 -10.2 -11.0 -12.0 -9.7 -11.1 -12.4 -14.1

9.89% +113.5 +111.7 +110.3 +108.6 +112.6 +110.1 +107.9 +105.1
3.30% -48.4 -49.3 -49.9 -50.6 -48.9 -50.0 -51.0 -52.2

E.D. + 50% 6.59% +113.5 +111.7 +110.3 +108.6 +112.6 +110.1 +107.9 +105.1
9.89% +495.9 +491.8 +489.0 +485.2 +493.9 +488.4 +483.6 +477.5

3.30% -99.6 -100.1 -100.5 -100.9 -99.9 -100.5 -101.1 -101.9
E.D. - 50% 6.59% -77.8 -78.4 -78.9 -79.5 -78.1 -78.9 -79.7 -80.7

9.89% -48.4 -49.3 -49.9 -50.6 -48.9 -50.0 -51.0 -52.2

b) Consumption RCP 6.0 RCP 8.5
2020-2039 2040-2059 2060-2079 2080-2099 2020-2039 2040-2059 2060-2079 2080-2099

Constant Prey E.D. +0.9 +1.5 +2.0 +2.5 +1.2 +2.0 +2.8 +3.7
E.D. + 50% -32.7 -32.3 -32.0 -31.6 -32.5 -32.0 -31.5 -30.9
E.D. - 50% +101.9 +103.1 +103.9 +105.1 +102.5 +104.1 +105.5 +107.4


