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Abstract

A recent marine heatwave in the Gulf of Alaska caused depressed growth, poor body 

condition, and low survival in many fish species, but juvenile sablefish (Anoplopoma fimbria) 

thrived. These fast-growing piscivores are the target of a valuable commercial fishery in Alaska 

as adults and have historically shown high variability in recruitment. The first winter is a period 

of nutritional stress and high mortality for many fish species and first winter survival may 

dictate year class strength, but the importance of the first winter for juvenile sablefish is 

understudied. We examined juvenile sablefish energy storage, growth, and diet during their 

first two years of life, specifically as newly settled juveniles in their first autumn, in late winter, 

and during their second summer and autumn. Sablefish grew rapidly in autumn and growth 

slowed but continued through winter. Mean energy density (kJ g-1) declined over the winter but 

total energy (kJ individual-1) increased significantly between October and March. Slopes of 

energy density and total energy versus length regressions were atypical for high latitude marine 

fish in that they were steepest in March. This indicates that large fish grew during winter with 

minimal energy depletion while small fish grew but depleted their energy stores. Stable isotope 

results revealed that larger fish were enriched in δ13C and δ15N in March relative to smaller fish, 

suggesting diet differences may contribute to size-specific energy storage patterns during 

winter. Pacific herring (Clupea pallasii) dominated diets but consumption of herring and other 

prey varied seasonally and annually. Relative stomach content weights were highest in autumn 

2018, which was a period of rapid growth. Results of this study show advantages for sablefish 

achieving large size prior to winter and broadly support the hypothesis that first winter is a life 

history bottleneck for juvenile sablefish. The generalist feeding strategy of sablefish and rapid 
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growth early in life may provide the ability to adapt to a wide range of environmental 

conditions.
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General Introduction

Sablefish is a commercially and ecologically important demersal fish species in the Gulf 

of Alaska. This stock experienced poor recruitment beginning in the early 2000s, which lasted 

nearly 15 years and prompted concern from fishermen and managers. Beginning in 2014, a 

marine heatwave dubbed “the blob” formed and persisted in the Eastern North Pacific. This 

marked an astonishing turning point for sablefish recruitment, producing record numbers of 

juveniles in 2014 and again in 2016. An improved understanding of sablefish recruitment 

drivers was identified as a top priority for North Pacific fisheries research by the 2016 Center 

for Independent Experts panel and the sablefish stock assessment (Hanselman et al. 2016). This 

thesis investigated seasonal and interannual changes in juvenile sablefish energy storage, 

growth, and diet quality to better understand factors affecting recruitment.

Sablefish have been harvested for thousands of years by Indigenous peoples of the 

Pacific Northwest (Nims & Butler 2019). The modern commercial sablefish fishery ranks the 

sixth highest by landings and third most valuable commercial groundfish fishery in Alaska, with 

total ex vessel value of $98 million in 2016 (Fissel et al. 2017). The oily flesh of sablefish 

commands a high price ($8.02 USD per pound wholesale headed and gutted in 2016) and the 

majority of the catch is exported to Japan (Fissel et al. 2017). Early industrial exploitation of 

Alaskan sablefish started in 1958 by Japanese longliners in the Bering Sea (Hanselman et al. 

2019). By 1968, the bulk of the landings were caught in the Gulf of Alaska and the highest total 

catch occurred in 1972 at over 53 thousand tons (Hanselman et al. 2019). A domestic longline 

fishery began in 1982 and by 1988 all sablefish caught in Alaska were taken by domestic 
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fisheries, excepting small catches from joint venture fisheries (Hanselman et al. 2019). 

Beginning in 1995, sablefish were managed under an individual fishing quota (IFQ) system 

(Hanselman et al. 2019). Following IFQ implementation, ex-vessel value increased (Fissel et al. 

2017) while the number of fishing vessels decreased (Hanselman et al. 2019).

Sablefish in Alaska are managed by NOAA Fisheries as a single stock and are considered 

a separate population from west coast sablefish in Oregon, Washington, and southern British 

Columbia (Kimura et al. 1998). Total allowable catch in the Gulf of Alaska is apportioned among 

four management areas: the Western Gulf, Central Gulf, West Yakutat, and East 

Yakutat/Southeast Outside (Hanselman et al. 2019). The fishery is primarily conducted with 

longline gear but trawlers catch sablefish in fisheries directed at other species (Hanselman et al. 

2019). Pots were legalized in the Gulf of Alaska in 2017. Sablefish vessels are relatively small, 

with a median length of 56 feet in 2011, and nearly a third of vessels also hold halibut quota 

(Hanselman et al. 2019). While the fishery prosecuted in the U.S. Exclusive Economic Zone is 

federally managed, the State of Alaska manages fisheries within 3 miles of shore, with catches 

primarily in Prince William Sound, Clarence Strait, and Chatham Strait (Hanselman et al. 2019).

Mature sablefish spawn offshore in water deeper than 300 m during winter, with peak 

spawning in February (Mason et al. 1983). Hatching peaks in early April off the Washington 

coast (Boehlert & Yoklavich 1985) and late April in Alaska (Sigler et al. 2001). Newly hatched 

larvae are 5-6 mm in length and swim to the surface immediately after hatching (Kendall & 

Matarese 1987). Larval sablefish feed primarily on copepods (Grover & Olla 1990), while 

euphausiids comprise the bulk of the diet for pelagic juvenile sablefish (Sigler et al. 2001).
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Juvenile sablefish undergo rapid growth in the neuston and reach approximately 250 mm by 

their first fall, after which they settle into shallow coastal bays to overwinter (Rutecki & Varosi 

1997).

Post-settlement juvenile sablefish (ages 0 and 1) are largely demersal, but undergo 

periodic vertical movements between benthic habitats and the surface (Coutre et al. 2017), 

with high activity rates during their nearshore residency (Coutre et al. 2017, Ehresmann et al. 

2018). During this period, post-settlement juvenile sablefish are generalist feeders, consuming 

fish and marine invertebrates and capitalizing on pulses of seasonally available resources, 

including spawning salmon carcasses (Coutre et al. 2015). Sablefish migrate to deeper water 

during their second year of life; by age 5, most have arrived in their adult habitat on the 

continental slope at depths of 200-800 m (Maloney & Sigler 2008).

Like juveniles, adult sablefish are diet generalists, with fish comprising the largest 

proportion of their diet by weight in the Gulf of Alaska (Yang & Nelson 1993) and the California 

Current (Buckley et al. 1999). The contribution of fishes to the diets varies by region, with 

walleye pollock (Gadus chalcogrammus) making up the highest proportion by weight in the Gulf 

of Alaska (Sasaki 1985, Yang & Nelson 1993) and longspine thornyhead (Sebastolobus altivelis) 

more prevalent in diets of sablefish from Monterey Bay (Buckley et al. 1999). Adult sablefish 

also capitalize on fisheries offal throughout their range and consume a variety of invertebrates, 

including euphausiids, pandalid shrimp, cephalopods, crabs, and amphipods (Yang & Nelson 

1993, Buckley et al. 1999). Diet varies by sablefish size, with larger individuals consuming a 

greater proportion of fish (Buckley et al. 1999).
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Sablefish fecundity increases with size and reproductive strategies may vary by region. 

Age at 50% maturity for Alaska sablefish is 7 years (or 10 years if skip spawners are assessed as 

immature fish; Rodgveller et al. 2015). Maturity estimates for U.S. west coast sablefish are 5 

years at 50% maturity for both sexes (Mason et al. 1983). Sablefish may release eggs multiple 

times during the spawning season (i.e., batch spawning; Hunter et al. 1989). Sablefish are long 

lived with a maximum recorded lifespan of 114 years (Beamish & McFarlane 2000).

Sablefish recruitment is highly variable. Recruitment is not linked to spawning stock 

biomass, suggesting that environmental conditions experienced by young sablefish influence 

year class strength (Hanselman et al. 2019). Between 2001 and 2013, sablefish recruitment was 

below historical averages except in 2008 (Hanselman et al. 2019). Biomass declined over the 

same time period and, since the stock is not considered overfished, poor recruitment is 

implicated in the decline (Hanselman et al. 2019). Recent recruitment has been promising, with 

record recruitment estimates in 2014 and 2016 (Hanselman et al. 2019); 2018 and 2019 are also 

likely to be strong year classes based on high juvenile abundance (Rhea Ehresmann, ADF&G, 

Sitka, 2019, pers. comm.). Recruitment to the fishery and to fishery-independent survey gear 

occurs around age-2 (Hanselman et al. 2019).

Several studies have examined statistical relationships between environmental variables 

and Alaska sablefish recruitment, yet the drivers of recruitment dynamics remain uncertain. 

Strong year classes are more likely to occur in warm years and in years with more northerly 

winter transport (Sigler et al. 2001). Shotwell et al. (2014) developed a conceptual model of 

three biophysical conditions in early life history that act synergistically to produce a strong year 

4



class: a strengthening Aleutian low, increased mid-shelf eddy activity, and higher coastal 

stratification. Recruitment is also positively correlated with pink salmon returns and 

chlorophyll-a concentration (Yasumiishi et al. 2015). Coffin and Mueter (2016) evaluated 

relationships between juvenile sablefish (ages 0-2) abundance and numerous environmental 

indices in the Gulf of Alaska. Recruitment at age-2 is positively correlated with upwelling- 

favorable winds in July and negatively correlated with late winter freshwater discharge during 

the previous year when sablefish are one year old (Coffin and Mueter 2016). Discharge during 

the early spring was negatively correlated with the abundance of age-2 fish during the same 

year, while no environmental factors acting during the first year of life explained variation in 

subsequent recruitment (Coffin & Mueter 2016).

Clearer links have been established between west coast sablefish recruitment and 

environmental variables. In the California Current, 70% of sablefish recruitment variation could 

be explained by a combination of northward Ekman transport during egg, hatching and yolk sac 

stages; east-west Ekman transport in June; and sea level anomalies in July (Schirripa and 

Colbert 2006). Favorable Ekman transport may position juveniles in better locations for feeding, 

northern waters tend to yield better copepod foraging opportunities, and eastward transport 

could position juveniles in better settling locations, and may be associated with increased 

upwelling (Schirripa and Colbert 2006). Tolimieri et al. (2018) evaluated numerous 

hypothesized environmental links to sablefish stock assessment recruitment estimates and 

found the best model included 5 stage-specific variables. Higher recruitment was associated 

with colder temperature for pre-spawning mature females, warmer egg temperatures, 

increased onshore transport, northward transport of the yolk sac stage, and colder water 
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during the juvenile stage (Tolimieri et al. 2018). Recruitment may also be related to juvenile 

growth rates. West coast sablefish recruitment 1993-2001 was highest during 2 of 3 years 

where sablefish experienced rapid growth as juveniles; years of slower juvenile growth 

produced intermediate recruitment (Sogard 2011). Juvenile body condition entering the first 

winter may predict recruitment in other temperate marine fish (Heintz et al. 2013), though its 

importance for sablefish has yet to be investigated.

This thesis addresses key knowledge gaps in the ecology and physiology of juvenile 

sablefish. Patterns of energy storage and prey requirements of post-settlement juvenile 

sablefish are unstudied in the wild prior to and during first winter. These gaps make it difficult 

to assess the importance of first winter as an obstacle to sablefish survival and recruitment. 

Such information will also improve understanding of potential effects of changing climate and 

changing prey availability on late-stage juvenile sablefish. The objectives of Chapter 1 were to 

study seasonal and annual variation in growth rates and energy storage, and to determine how 

energy storage patterns differ with sablefish size. The central goal of Chapter 2 was to describe 

temporal variation in diet composition as well as in the quality and quantity of sablefish prey.
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Chapter 1: First winter energy allocation in juvenile sablefish Anoplopoma fimbria, a fast 
growing marine piscivore1

1 Callahan M, Beaudreau A, Heintz R, Mueter F In Prep. First winter energy allocation in juvenile sablefish 
Anoplopoma fimbria, a fast growing marine piscivore. Marine Ecology Progress Series. Forthcoming.

Abstract

Understanding how energy allocation changes with ontogeny can provide insights about 

survival bottlenecks during early life stages for marine fishes. Energy allocation in juvenile fish 

before and during their critical first winter differs among species based on life history and 

foraging characteristics. To improve understanding of energy-size relationships in marine fish, 

we examined seasonal energy allocation in sablefish Anoplopoma fimbria, an unusually fast 

growing early piscivore. We assessed seasonal metrics of growth and energy storage in 

sablefish during their first two years, using data from 2016 to 2019. Based on apparent growth 

rates determined from length frequency distributions, sablefish increased rapidly in size during 

autumn and growth continued but slowed through their first winter as newly settled young-of- 

the-year. Mean energy density (ED, kJ g-1) declined over the winter but total (TE, kJ individual-1) 

increased significantly between October and March. Statistical relationships between energy 

storage and length were atypical for high latitude marine fish in that they were steepest in 

March, indicating that relatively large fish grew during winter with minimal energy depletion 

while relatively small fish grew but depleted their energy stores. We propose that improved 

foraging success for large fish may explain this pattern. Our results suggest that it is 

advantageous for sablefish to achieve large sizes prior to winter and support the hypothesis 

that first winter can be a survival bottleneck for sablefish. This work informs the conceptual 
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model of piscivore energy allocation during early life history and our understanding of possible 

sablefish recruitment drivers.

1. Introduction

The first winter is often a physiologically demanding period for juvenile fish and 

overwinter survival can be a key determinant of recruitment success (Beamish & Mahnken 

2001, Norcross et al. 2001, Beamish et al. 2004, Heintz et al. 2013). In high-latitude marine 

environments, food availability is generally lowest in winter and water temperatures may 

approach the lower limit of thermal tolerances for some species (Hurst 2007). Pre-winter 

energy stores are critical to surviving the first winter; therefore, juveniles of many fish species 

increase fat deposition in late summer and autumn. Small fish often have reduced survival over 

winter (Hunt 1969, Hurst & Conover 1998, Beamish & Mahnken 2001, Sewall et al. 2019) due to 

energy depletion allometries (Schultz & Conover 1999) and their limited ability to store energy. 

Consequently, size-selective overwinter mortality is common, with improved survival in larger 

individuals (Hunt 1969, Hurst & Conover 1998, Beamish & Mahnken 2001, Sewall et al. 2019). 

Survivors often emerge from winter in poorer condition than in the previous fall (Madenjian et 

al. 2000, Hurst & Conover 2003, Heintz & Vollenweider 2010, Sewall et al. 2019).

Understanding how energy allocation strategy changes with ontogeny can provide 

insights about key selection pressures and survival bottlenecks during early life stages. Small 

fish benefit from somatic growth because larger size reduces predation risk from size-selective 

predators (Juanes & Conover 1994, Miranda & Hubbard 1994, Sogard 1997), increases access to 

higher energy prey resources (Olson 1996, Scharf et al. 2000, Sewall et al. 2019), and improves 
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capacity to survive starvation (Johnson & Evans 1990, Schultz & Conover 1999, Sogard & Olla 

1999). Larger fish within a given year class can accumulate greater energy reserves than smaller 

individuals in the same cohort and energy stores are often positively correlated with length 

prior to winter (Schultz & Conover 1999, Sogard & Olla 1999, Heintz & Vollenweider 2010). Size

based variation in energy allocation strategies may reflect differences in the sources of 

mortality for large and small individuals (Post & Parkinson 2001).

For juvenile fishes, the relationship between energy stores and size (length) may change 

between autumn and spring in a variety of ways, depending on life history and foraging 

decisions (Figure 1). Empirical studies have indicated at least four overwinter energy allocation 

strategies in marine fish. First, energy stores are independent of size and remain stable over 

winter while fish grow in length (e.g., winter flounder Pseudopleuronectes americanus, Bell 

2012; Figure 1a). Second, energy stores are positively correlated with size, fish do not grow, and 

fish lose energy at a rate proportional to their size during winter (e.g., striped bass Morone 

saxatilis, Hurst and Conover 2001; Figure 1b). Third, energy stores are size-dependent as in the 

previous scenario and large fish lose a disproportionate amount of energy relative to small fish 

over winter; all sizes exhibit limited or no growth (Figure 1c). Small fish may avoid starvation by 

foraging while large fish rely on energy reserves (e.g., Paul et al. 1998, Heintz & Vollenweider 

2010, Farley et al. 2011). Lastly, large fish can retain a higher proportion of their energy stores 

following periods of food deprivation due to decreased mass-specific metabolic costs 

associated with large size. In this fourth case, energy stores are size-dependent, small fish lose a 

disproportionate amount of energy relative to large fish over winter, and all sizes exhibit little 

to no growth (Figure 1d). Evidence for the first three cases is based largely on species that feed 
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on zooplankton and benthic invertebrates going into their first winter (Foy & Paul 1999, Hurst & 

Conover 2001, Eckman 2004, Heintz & Vollenweider 2010, but see Morley et al. 2007) while the 

fourth case has mainly been demonstrated in laboratory starvation experiments (e.g., Schultz & 

Conover 1999, Sogard & Olla 1999, but see Sutton & Ney 2001).

To further understanding of energy-size relationships in piscivores, we examined energy 

allocation in a wild population of sablefish Anoplopoma fimbria, which are piscivorous in their 

first year of life and have some of the fastest recorded growth rates among young-of-the-year 

marine fish (Sigler et al. 2001, Sogard & Spencer 2004, Sogard 2011). During their pelagic and 

early demersal stages, age-0 sablefish growth is maximized in warm water temperatures close 

to their upper thermal limit (Sogard and Olla 2001, Krieger et al. 2018). Given optimal 

conditions, the fastest growing age-0 sablefish also store more energy than their slower 

growing peers, suggesting sablefish may be less constrained by a physiological trade-off 

between growth and storage, though growth and energy storage were severely reduced with 

low food availability in laboratory experiments (Sogard & Spencer 2004). Sablefish enter winter 

at relatively large sizes, with age-0 individuals in October averaging 256 mm in length (Rutecki 

& Varosi 1997). Rapid juvenile growth permits an early shift to piscivory and, by August of their 

first summer, fish can be a major component of sablefish diets (W. Strasburger, pers. comm., 

April 2019).

In this study, we examined how juvenile sablefish energy storage and growth vary 

seasonally and with body size during the first two years of life. We assessed growth rates and 

energy stores of sablefish during their first summer as pelagic juveniles, in autumn prior to their 
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first winter as newly settled young-of-the-year, after their first winter, during their second 

summer, and in their second fall before migration to deeper adult habitat. We analyzed data 

collected in previous surveys by the National Marine Fisheries Service (NMFS) and from two 

years of field collections for this study. Specific objectives were to 1) quantify temporal shifts in 

apparent growth, 2) explore size-specific patterns of energy storage across seasons and years, 

and 3) evaluate which of the generalized energy allocation strategies (Figure 1) is most 

plausible for juvenile sablefish, based on pre- and post-winter relationships between energy 

storage and body size.

2. Materials and Methods

2.1 Study species description

Sablefish spawn January through April on the continental slope at depths greater than 

300 m and prevailing currents transport larvae towards shore (Mason et al. 1983, Shotwell et al. 

2014). Larvae hatch from demersal eggs in spring (mean hatch date for Alaskan sablefish is April 

30; Sigler et al. 2001) and rise to the surface (Kendall & Matarese 1987). Larval and juvenile 

sablefish inhabit the photic zone through their first summer, then settle into coastal bays and 

estuaries to spend their first winter and second summer (Rutecki & Varosi 1997). During their 

second year of life, sablefish begin to move towards deep adult habitat, where they are caught 

in a lucrative commercial fishery beginning in their third year (Hanselman et al. 2018).

2.2 Study site and capture methods

We captured post-settlement juvenile sablefish from Saint John Baptist Bay (SJBB), a 

known sablefish nursery area on western Baranof Island (57.2868°N, 135.5659°W; Figure 2).
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SJBB is a narrow bay ca. 3 km long and 800 m wide that opens west into Neva Strait. Depths 

range from approximately 25 m near the head to 70 m at the mouth and seafloor substrate 

consists of soft mud and shell hash. Surveys conducted by NMFS in Southeast Alaska during the 

1980s and 1990s identified SJBB as the site with most consistent juvenile sablefish catches 

(Rutecki & Varosi 1997). Ongoing studies at this site have informed our understanding of 

sablefish dispersal from nearshore areas to deep adult habitat (Maloney & Sigler 2008), vertical 

migrations and fine scale movement (Coutre et al. 2017, Ehresmann et al. 2018), and foraging 

habits during nearshore residence (Coutre et al. 2015).

We conducted six sampling trips (5-6 days each) to collect age-0 and age-1 sablefish in 

October 2017, April-May 2018, July 2018, October 2018, March 2019, and July 2019. This 

sampling design allowed us to track two cohorts of age-0 sablefish from the fall prior to their 

first winter (October), in late winter/early spring (March-May), and during their second summer 

(July). We did not catch any sablefish during our first late winter/early spring sampling effort 

(April-May 2018); therefore, we present late winter samples in only one year (March 2019). We 

captured sablefish from near-bottom depths (ca. 25 m) by jigging with rod and reel, using hooks 

baited with squid (Coutre et al. 2015, Ehresmann et al. 2018). Fish were subsampled for 

laboratory analysis by retaining the first 20-30 fish caught on each trip, and additional fish were 

retained if the initial subsample was not representative of the length distribution of the catch. 

We euthanized selected fish with a blow to the head or an overdose of 10% eugenol (AQUI-S 

20E) and retained fish were stored on ice packs in a cooler until they could be frozen. All fish 

were measured for fork length and weight. Temperature loggers (ONSET TidbiT v2) were 

deployed near the bay bottom at ~25 m below the surface for the duration of the study.
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We used data collected on multiple NMFS surveys in 2016 and 2017 (Table 1) to include 

a wider geographic area and an additional year in our analyses. Pre-settlement age-0 sablefish 

were caught with surface trawl nets on surveys assessing oceanography, zooplankton, and 

forage fish (Strasburger et al. 2018a, Strasburger et al. 2018b) in the Gulf of Alaska (GOA) 

during August 2016 and July-August 2017 (Figure 2). Eleven age-0 sablefish caught in the 

Western GOA in August 2017 were measured for standard length (SL) while all other sablefish 

analyzed were measured for fork length (FL). We converted standard lengths of those 11 fish to 

fork lengths using a simple linear regression derived from sablefish measured using both 

methods (Alaska Fisheries Science Center 2020; n = 46; FL = 1.0585*SL + 0.8785, t=250.22, 

R2=0.999, p<0.001). In 2016, presumed age-1 sablefish were also retained from NMFS juvenile 

sablefish tagging surveys, which occur annually in SJBB (Maloney & Sigler 2008). These fish 

were caught using rod and reel as described above. In September 2018, commercial salmon 

fishermen observed unusually high numbers of pelagic age-0 sablefish in their purse seines and 

sent frozen specimens from Deep and Crawfish inlets (Figure 2) to the NMFS Auke Bay 

Laboratory in Juneau, AK, for analysis.

2.3 Energy storage indices and laboratory methods

We used two indices to measure juvenile sablefish energy storage: energy density (ED) 

and total energy (TE). Energy density measures the amount of energy stored per unit mass of 

fish tissue and closely correlates with lipid content (Anthony et al. 2000, Siddon et al. 2013). We 

used energy density in kJ g-1 on a dry mass basis to avoid the potential error caused by variable 

fish moisture contents in wet mass basis energy density measurements (Montevecchi & Piatt 
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1987, Van Pelt et al. 1997). Total energy is the amount of energy contained in the whole body 

of the fish (kJ individual-1).

We determined sablefish ED and TE with bomb calorimetry (Craig et al. 1978, Siddon et 

al. 2013). Prior to calorimetry, frozen fish were partially thawed, weighed (nearest 0.1 g) and 

measured to fork length (nearest 1 mm). We extracted otoliths, clipped fins for genetics, 

removed stomach contents, and excised muscle plugs for RNA:DNA and isotope analysis; these 

tissues were used in other studies. Following the methods of Siddon et al. (2013), individual fish 

were homogenized and stored at -80 °C in vials capped with nitrogen gas to prevent oxidation. 

An aliquot was dried to a constant weight, crushed into powder, pressed into a pellet and 

combusted using a PARR 6725 bomb calorimeter to determine ED. Replicate tissue samples and 

benzoic acid standards were used to verify calorimeter precision and accuracy. We calculated 

TE by multiplying ED by fish dry weight. Dry weight is the product of fish percent dry mass and 

fish wet weight.

Age of post-settlement sablefish was determined as the number of annuli in sagittal 

otoliths (Beamish & Chilton 1982). Slow growth during winter causes a translucent ring to form 

on the otolith and counting these annual rings can determine sablefish age (Beamish & Chilton 

1982, Sigler et al. 2001). We classified fish with no annulus as age-0, fish with a single annulus 

as age-1, and fish with two annuli as age-2. Only two fish were determined to be age-2 in July 

2018 and were subsequently excluded from analysis. During winter, fish have annuli at the 

otolith outer edge so we considered otoliths from March 2019 with a single outer annulus to be 

age-1. Otoliths from the 2017 year class were analyzed at the Alaska Department of Fish and
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Game (ADF&G) Mark, Tag and Age Laboratory in Juneau, Alaska, according to the methods of 

the Committee of Age Reading Experts (2006). Otoliths from the 2018 year class were examined 

by the lead author using the same methods and 5% of these otoliths, including those of the 

largest individuals, were verified by ADF&G staff. Pelagic juveniles from NOAA surveys were 

assumed to be age-0 fish based on their lengths (Figure 3, Table 1).

2.4 Statistical methods

Each analysis detailed below used one of two data sets: the “full GOA” dataset included 

fish from the 2016, 2017, and 2018 year classes from the Gulf of Alaska; and the “2018 year 

class only” dataset was limited to the 2018 year class collected near Baranof Island (Table 1). To 

assess temporal changes in somatic growth (objective 1), we compared seasonal differences in 

mean length using the full GOA dataset. Apparent growth rates (mm day-1) were calculated as 

the difference in mean length between subsequent seasons divided by the duration in days 

between the midpoints of successive sampling periods. We use the term “apparent growth 

rates” to describe mean length increases because both somatic growth and size-selective 

mortality can lead to mean length increases in a population (Sogard 1997), and because the 

sampled population may have differed between periods. We used Welch's two sample t-tests 

to determine whether mean lengths differed significantly between subsequent sampling 

periods. We also assessed annual variability in fish size by comparing mean lengths of the 2017 

and 2018 year classes for prewinter (October) and post-winter (July) fish using Welch's two 

sample t-tests.
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We used multiple linear regression models to evaluate variation in juvenile sablefish 

energy storage as a function of fish size, season, and year (objective 2). Using the full GOA data 

set we modeled ED and TE as response variables in separate models; length and TE had a log- 

linear relationship so we applied a natural log transformation to both variables in the TE model 

(Faraway 2005). We evaluated the potential predictors length, month, and year class, and 

included two-way interaction terms in the full model. Month is a categorical variable 

representing season defined as capture month for age-0 fish and capture month plus 12 for 

age-1 individuals; for example, an age-0 fish in October would have a month of 10, and age-1 

fish in October would have a month of 22. Residuals from all models were inspected for 

regression assumptions. One outlier with a residual 4 standard deviations above 0 and a 

Bonferroni p-value of 7.9x10-6 (Faraway 2005) was removed from the ED model. Its removal did 

not change the top model or the overall conclusions.

Our set of candidate models included all possible combinations of predictor variables 

and models were compared using the small-sample Akaike's Information Criterion (∆AICc), 

calculated as the difference between a given model's AICc score and the lowest AICc across all 

models. Models with ∆AICc ≤ 2 were considered the set of best models (Burnham & Anderson 

2002). Akaike weights were calculated to assess the relative strength of each model; weights 

range from 0 to 1 and are interpreted as the probability that a given model is the best among 

the set of candidate models (Burnham and Anderson 2002). We evaluated the relative 

importance of each variable by summing Akaike weights across all models containing a given 

predictor; parameter weights close to 0 indicate that the predictor is relatively unimportant in 

explaining variation in the response, while weights closer to 1 indicate relatively high 
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importance (Burnham & Anderson 2002). Models were fit to the data and ranked using the 

‘dredge' function (Barton 2019) in the R statistical programming language (R Core Team 2019).

To address the third objective, we separately analyzed overwinter energy storage of fish 

from the 2018 year class, as 2018 was the only cohort with late winter samples. October, 

March, and July fish were captured in SJBB and September fish were from Deep and Crawfish 

inlets, close to SJBB (Figure 2). We compared mean ED and TE between successive seasons 

using Welch's two sample t-tests. To quantify seasonal changes in the relationships between 

energy storage and fish size, we performed analysis of covariance (ANCOVA) on ED versus 

length and natural log transformed TE versus length across months and compared slopes across 

months using post-hoc pairwise Student t-tests with Tukey's adjustment for multiple 

comparisons.

3. Results

3.1 Apparent growth

Lengths of age-0 sablefish in the Gulf of Alaska increased rapidly during their first 

summer and into autumn, but apparent growth slowed during the winter. Mean lengths were 

significantly larger in each subsequent sampling period (Table 2). Age-0 sablefish apparent 

growth rates were 1.18-1.86 mm day-1 prior to October, while apparent growth between 

October and July of their second summer was 0.25-0.29 mm day-1 (Table 2). Fish were 

significantly larger entering winter in October 2017 than in October 2018 (t = 2.45, df = 40.66, p 

= 0.02; Table 1) and fish in the 2017 year class maintained significantly larger sizes than the 

2018 cohort in their second July (t = 3.81, df = 64.68, p < 0.001; Table 1).
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3.2 Size-based, seasonal, and annual variation in energy storage

Sablefish ED and TE increased with length and varied by month and year class (‘full GOA 

dataset'; Table 1). The set of best models included a length-month interaction (Table 3), 

suggesting that slopes of the ED-length and TE-length relationships varied with season with the 

steepest slopes for both ED and TE occurring in March for age-1 fish (month 15) and the 

shallowest slopes for ED occurring in July for age-0 fish (month 7; Figure S1; Table S1). The 

model with lowest ∆AICc for ED included a month-year class interaction and a similarly 

performing model (∆AICc = 1.59) included a length-year class interaction (Table 3). The top TE 

model included all terms except a length-year class interaction (Table 3). Parameter weights 

(Table S2) indicate that the month-year class interaction term was relatively important 

(parameter weights: 0.72 for ED and 0.98 for TE), while length-year class interaction terms were 

relatively unimportant (parameter weights: 0.36 for ED and 0.26 for TE) in explaining variation 

in fish energy storage. The top models had R2 values of 0.63 and 0.97 for ED and TE, 

respectively. Sablefish of the 2017 year class stored more energy than the 2018 year class. An 

average sized age-0 sablefish in October (244 mm) was predicted to have 0.7 kJ g-1 higher ED 

and 180 kJ higher TE in 2017 than 2018. This difference persisted through July, when an average 

age-1 sablefish (320mm) was predicted to have 1.5 kJ g-1 higher ED and 147 kJ higher TE in 2018 

than 2019.

3.3 Overwinter energy allocation

Over the course of winter 2018-2019, ED of sablefish from the 2018 year class 

decreased while TE increased on average (‘2018 year class only'; Table 1). Mean ED increased 
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from 20.9 ± 0.6 kJ g-1 in September to 22 ± 1.1 kJ g-1 in October, then declined to 21.3 ± 1.4 kJ g- 

1 in March, and declined further to 20.4 ± 1.1 kJ g-1 in July (Figure 4, Table 1). Differences in 

mean ED between sequential sampling periods were relatively small (< 8%) but statistically 

significant (Table S3). Total energy tracked changes in length, increasing from a mean of 349 ± 

74 kJ in September to 569 ± 198 kJ in October to 785 ± 276 kJ in March to 972 ± 451 kJ in July 

(Figure 4, Table 1). TE differences between successive months were also statistically significant 

(Table S3).

The slopes of relationships between energy storage (ED and TE) and length steepened in 

March, as indicated by significant interaction terms between length and month for ED and TE 

models (p < 0.05; Table 4). ED slopes for September, October, and July were 0.019, 0.031, and 

0.021 respectively (Figure 5) and were not significantly different from each other (p > 0.65; 

Table S4), while the March slope was 0.060 and differed non-significantly from September (P = 

0.1) and significantly from October and July (p < 0.05; Table S4). The allometric slope for TE in 

March was 5.4 and was significantly higher than slopes in other months (p < 0.05; Table S5), 

which ranged from 3.2 in September to 3.6 in October (Figure 5). Slopes in September, October, 

and July did not differ from each other (p > 0.9; Table S5).

4. Discussion

4.1 Pelagic juvenile growth and energy allocation

Pelagic age-0 sablefish grow rapidly while increasing energy stores during their first 

summer. The high apparent growth rates we observed in age-0 sablefish during summer and 

early fall are consistent with values previously reported in the literature. Young of the year 
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sablefish have grown as fast as 3.3 mm day-1 in laboratory experiments (Sogard & Olla 2001) 

and Sigler et al. (2001) found an average growth of 1.2 mm day-1 for Gulf of Alaska age-0 

juveniles during summer. Age-0 sablefish in July had low ED compared to later months. Minimal 

allocation to storage midway through summer is unsurprising given the remarkable growth age- 

0 sablefish exhibit. Energy densities increased and a positive correlation between ED and length 

was evident by August in pelagic age-0 sablefish, suggesting that the priority of energy storage 

increased as autumn approached. The July age-0 group consisted of only six individuals of a 

narrow size range, and size-based patterns of energy storage during this period of rapid growth 

should receive further examination. Literature values of juvenile sablefish energy content are 

sparse. Van Pelt et al. (1997) reported 15.6 kJ g-1 for 55-69 mm sablefish, though their 

calculation of ED from proximate composition may partially explain the substantial difference 

from our 20.4 kJ g-1 mean ED for July age-0 fish.

Apparent growth rates and changes in energy content for pelagic age-0 sablefish should 

be interpreted with caution as catch locations differed among seasons and surveys may have 

sampled different groups of juveniles. The Alaska Coastal Current runs counter clockwise 

(Weingartner et al. 2009), thus fish sampled July and August in the central Gulf of Alaska in 

2017 are unlikely to settle in SJBB. In 2016, Sablefish caught at stations ~25 km offshore in the 

eastern Gulf of Alaska would have been transported towards Baranof Island by prevailing 

currents (Shotwell et al. 2014), and would likely have settled in bays such as SJBB before winter. 

Similarly, in 2018 we consider September fish from Deep and Crawfish inlets to be 

representative of the cohort caught nearby in SJBB during October-July. Both inlets were likely 

populated by age-0 sablefish advected towards shore from spawning locations along the 
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continental slope (Shotwell et al. 2014) and individual based models of sablefish dispersion do 

not identify SJBB as a more probable settling location than nearby bays and estuaries (Gibson et 

al. 2018).

4.2 Energy allocation during winter

Winter affected fish of different sizes in strikingly different ways, consistent with the 

hypothesis illustrated in Figure 1d, except that fish of all sizes grew during winter. Fish larger 

than the median size increased in length from October to March with minimal depletion of 

energy stores. Fish smaller than the median size also increased in length but depleted their 

energy stores. Mean total energy for the 2018 cohort in March was higher than in October, but 

total energy at a given length decreased. If we assume that fish grew but stayed in the same 

relative length quantile between October and March (see discussion of growth and size 

selective mortality below), a fish in the 80th percentile would grow 35 mm, accumulate 240 kJ in 

TE, and deplete its energy stores by 0.7 kJ g-1. Over the same period, a fish in the 20th percentile 

would increase 42 mm, gain only 111 kJ, and lose 1.4 kJ g-1. Relatively large fish at this life stage 

may prioritize energy storage, while relatively small fish continue to prioritize growth. Size 

based differences in energy allocation strategies may be advantageous. Small rainbow trout 

Oncorhynchus mykiss that focus energy into growth have a survival advantage over small trout 

that store more and grow less, while large rainbow trout that increase energy stores survive at 

higher rates than large trout that divert energy primarily towards growth (Post & Parkinson 

2001).
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The apparent growth rates we observed over the winter cannot be attributed solely to 

size-selective mortality. Size-selective mortality is common in marine fish during winter and 

tends to disproportionally remove the smallest individuals (Sogard 1997, Beamish et al. 2004, 

Hurst 2007). Size-selective mortality and somatic growth may coincide, which could potentially 

inflate the apparent growth rates in this study. However, in the absence of growth, a cohort of 

fish would have a narrower length range, higher mean length, and an unchanged maximum 

length after size-selective mortality (Sogard 1997). In contrast, our length range widened and 

maximum length increased in all subsequent seasons, including during winter, with March 

mean lengths exceeding the maximum length from the previous October. Size-dependent 

overwinter mortality can occur due to increased predation (Miranda & Hubbard 1994, Sogard 

1997), greater susceptibility to disease (Vollenweider et al. 2011), or from exhaustion of energy 

stores in small fish (Schultz & Conover 1999, Norcross et al. 2001, Hurst 2007). Hungry sablefish 

are more likely to endure unfavorable temperatures in pursuit of food (Sogard & Olla 1998) and 

hungry fish assume greater predation risk while actively foraging (Sogard & Olla 1997). These 

sources of mortality may compound each other in small fish if they deplete their energy 

reserves before large fish.

Steepening relationships between energy storage and length (Figure 1d, Figure 5) can occur 

when fish are in periods of energy loss. Large fish tend to have greater energy stores and have 

lower mass specific metabolic rates, an advantageous combination to minimize energy 

depletion. Greater retention of energy stores in large individuals during starvation experiments 

has been demonstrated for walleye pollock Gadus chalcogrammus (Sogard & Olla 1999), 

Atlantic silverside Menidia menidia (Schultz & Conover 1999), and yellow perch Perca 
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flavescens (Post & Evans 1989). For energy depletion to explain our results, sablefish would 

have grown and gained energy between fall and early winter and then failed to meet metabolic 

demands during mid-winter. Growth and energy deposition after October in fish that lose 

energy over the winter is plausible. Age-0 and age-1 pollock increase in length and percent lipid 

between September and December (Heintz & Vollenweider 2010), and age-1 Pacific herring 

Clupea pallasii energy density increases in October-November before declining into winter (Foy 

& Paul 1999). Continuous growth throughout winter is realistic given environmental conditions. 

In laboratory experiments, post settlement age-0 sablefish eating ad-libitum rations grew 0.41 

mm day-1 in 5 °C water and 1.16 mm day-1 in 12 °C water (Krieger et al. 2018), compared to an 

apparent growth rate of 0.29 mm day-1 in this study at a minimum SJBB bottom temperature of

6.2 °C in winter 2018-2019.

Improved foraging success for large sablefish compared to small ones could also explain the 

steep allometric slope in March. Sablefish carbon and nitrogen isotope ratios were both 

positively correlated with length in March (Chapter 2), indicating size-based differences in 

foraging habits. March sablefish were also observed feeding on squid that were large relative to 

sablefish size (Chapter 2). Large predators likely have better foraging success (Juanes & Conover 

1994, Scharf et al. 2000), and if bigger sablefish more effectively capitalized on large, high 

energy prey, they could better retain lipid over the winter. Large juvenile striped bass Morone 

saxatilis in a Virginia reservoir had higher quality diets than smaller individuals and this size

based diet difference contributed to greater retention of lipid reserves in large striped bass 

through winter (Figure 1d; Sutton & Ney 2001).
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Smaller sablefish losing relatively more energy over winter compared to larger 

individuals differs from seasonal shifts observed in juveniles of other Northeast Pacific fish 

species. Larger fish commonly experience greater energy loss than smaller individuals (Figure 

1c). For example, Southeast Alaskan age-1 pollock lost 35% of their total energy overwinter, 

whereas age-0 pollock lost only 19% (Heintz & Vollenweider 2010). Similarly, age-1 Prince 

William Sound Pacific herring declined from 8.0 kJ g-1 (wet mass basis) in fall to 4.4 kJ g-1 in 

spring, while age-0 herring experienced much less marked decreases of 5.7 to 4.4 kJ g-1 

overwinter (Paul et al. 1998). These differences are attributed to age-0 fish foraging at higher 

rates while age-1 fish rely much more heavily on endogenous stores, a strategy that reduces 

predation risk. A positive correlation between length and energy density in Bristol Bay sockeye 

salmon Oncorhynchus nerka during their first marine autumn breaks down during spring (Farley 

et al. 2011). Large sockeye salmon may forego foraging to reduce predation risk, though 

increased lipid depletion in large fish may also be related to an increased mass specific 

metabolic cost of migrating (Farley et al. 2011). Juvenile bluefish Pomatomus saltatrix in the 

North Atlantic have similar early life histories to sablefish in that they grow rapidly, have high 

consumption rates, and switch to piscivory early. Large bluefish lose more energy over-winter 

than their smaller peers, resulting in shallower slopes of lipid-length relationships in spring than 

in fall (Figure 1c; Morley et al. 2007). This could result from higher feeding rates in small 

juveniles, greater mortality of small fish that fail to maintain stores through foraging, or small 

fish selecting cold water to reduce metabolic rates (Morley et al. 2007).

Diet influences the extent of winter stress and resulting relationships between energy 

storage and size. Sablefish diets include a diversity of benthic organisms as well as fish and 
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zooplankton (Coutre et al. 2015), which may provide sustained foraging opportunities through 

the winter. Species that primarily consume zooplankton such as pollock and herring experience 

greater energy loss in large individuals during the winter. Benthic foraging juvenile winter 

flounder Pseudopleuronectes americanus do not develop a relationship between length and 

lipid content, do not lose energy over the winter, experience no size-selective mortality, and 

may not experience increased winter mortality at all (Figure 1a, Bell 2012). Energy storage 

allometries of ruffe Gymnocephalus cernuus, another benthivore, remain unchanged after 

winter, while the positive percent lipid-length relationship of zooplankivorous perch inhabiting 

the same lakes disappears between fall and spring (Eckmann 2004). Hurst and Conover (2003) 

also observed conserved lipid allometries (Figure 1b) between early and late winter striped bass 

Morone saxatilis, which they attributed to overwinter foraging to meet energy demands. 

Preferential reliance on catabolizing endogenous energy stores rather than foraging appears 

common. Overwinter energy loss in striped bass was proportional to pre-winter energy levels 

and bass resorted to foraging when stores were depleted (Hurst & Conover 2003). In contrast, 

sablefish seem to prioritize foraging over use of energy stores during winter, as stores remain 

high in large fish.

4.3 Annual variation in energy storage

Annual variation in energy storage levels is common in juvenile fish (e.g., Heintz et al. 

2013). While we found strong evidence for variability in ED and TE across years, there was little 

evidence for annual differences in the allometric slope of energy storage. Similarly, allometric 

slopes of striped bass lipid content did not differ by year in a five year field study (Hurst &
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Conover 2003). Annual variation in allometric slope is plausible as laboratory experiments have 

demonstrated that energy storage allometries may vary by fish size and by temperature 

(Schultz & Conover 1999, Post & Parkinson 2001). Temperature changes have the potential to 

shift relative advantages of small and large fish. With low food availability, cold winters 

disproportionately decreased energy stores of small steelhead Oncorhynchus mykiss, while 

warm winters disproportionally depleted large steelhead energy reserves (Connolly & Petersen 

2003). Our results should be interpreted with some caution, as most months sampled only had 

two years of data. Additionally, the winter energy storage-length relationship, which differed 

distinctly from other seasons, was derived from only one year. Future research on juvenile 

sablefish could test whether the observed steep allometric pattern in winter persists under 

different prey and temperature scenarios.

Age-0 sablefish were smaller and had lower ED in October 2018 compared to October 

2017, which could have resulted from density dependent reductions in growth in 2018 (e.g., 

Cowan et al. 2000) or from different environmental conditions. The 2018 sablefish year class 

appears larger based on juvenile abundance (Hanselman et al. 2018) and our catch rates were 

higher for the 2018 year class fish (Callahan, unpublished data). Differences in temperature and 

prey abundance and quality prior to October sampling could also have influenced growth. Gulf 

of Alaska summer sea surface temperatures were warmer in 2018 than in 2017 (Zador & 

Yasumiishi 2018), which could have led to faster growth given sufficient food; however, pink 

salmon Oncorhynchus gorbuscha—an important food source for juvenile sablefish in early fall 

(Coutre et al. 2015)—were more abundant in 2017 than 2018 (Zador & Yasumiishi 2018).
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Differences in pre-winter sizes between 2017 and 2018 year class fish were maintained 

through the following summer. While length increases between October and July were only 

slightly greater for 2017 year class fish, their mean July energy densities were 2.1 kJ g-1 higher 

than those of the 2018 year class. Larger pre-winter size along with cooler temperatures during 

winter 2017-2018 (Figure S2) may have led to less winter energy depletion in 2017 year class 

fish. After the first winter, the next life history bottleneck will likely occur as sablefish migrate 

from shallow nursery bays such as SJBB into deeper adult habitat. Juvenile gag (Mycteroperca 

microlepis) amass energy stores in their livers prior to migrating from seagrass bed nursery 

areas to offshore reefs (Stallings et al. 2010) and Arctic grayling (Thymallus arcticus) migrate 

earlier from summer to winter habitat if they are larger and in better condition (Heim et al. 

2016). It is possible that energy stores and growth similarly influence individual sablefish 

migration timing to adult habitat.

Sablefish recruitment in Alaska is highly variable and difficult to predict (Shotwell et al. 

2014, Coffin & Mueter 2016, Hanselman et al. 2018). Consistently low recruitment from 2001 to 

2013 led to declining sablefish stock biomass, lower quotas, and concern for the health of the 

fishery (Hanselman et al. 2018). In 2014, a marine heatwave in the Gulf of Alaska led to seabird 

and marine mammal die-offs (Di Lorenzo & Mantua 2016, Savage 2017, Jones et al. 2018), poor 

recruitment and depressed growth of forage fish (Zador & Yasumiishi 2017, Barbeaux et al. 

2018, Von Biela et al. 2019), and reorganization of zooplankton communities (Kintisch 2015, 

Mckinstry & Campbell 2018, Brodeur et al. 2019). In contrast, sablefish recruitment reached a 

record high in 2014 (Hanselman et al. 2018), suggesting that warming conditions could benefit 

sablefish populations. Given this high recruitment variability potentially linked to environmental 
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conditions, it is important to understand how sablefish allocate energy through their early life 

history to better resolve the linkages between juvenile overwinter mortality and year class 

strength.

4.5 Conclusions

Our results are consistent with the hypothesis that more frequent warm years may 

benefit sablefish. Since age-0 sablefish heavily prioritize growth and grow faster in warm water 

(Sogard & Olla 2001, Krieger et al. 2018), they are more likely to enter winter at large sizes and 

with higher energy stores in warm years, assuming access to sufficient food (Sogard & Spencer 

2004). Improved growth before winter could lead to improved overwinter survival and eventual 

recruitment to the fishery, as our results indicate that large fish have energy reserve 

advantages during winter. Recent warm years have already coincided with high recruitment 

(2014 and 2016) and increased frequency of large sablefish year classes carries economic and 

ecological implications. The unusual scaling relationship between sablefish energy stores and 

size during winter might contribute to sablefish thriving in warm regimes.
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Tables

Table 1. Summary of juvenile sablefish datasets. Area abbreviations are: BS=Bering Sea, 
DICI=Deep Inlet and Crawfish Inlet, GOA=Gulf of Alaska, SJBB=St. John Baptist Bay. Mean, 
standard deviation, and range of lengths sampled are reported, as well as the mean and 
standard deviation of energy density (ED) and total energy (TE). Analyses indicates the 
statistical models for which each data set was used.

Year 
class

Catch 
year

Age &
Month Area N

Length 
mean 
(sd)

Length 
range

ED 
mean 
(sd)

TE 
mean 
(sd)

Source 
(survey 
or 
project)

Analyses

2016 2016 Age-0 GOA 65 198 106- 22.8 419 NMFS Full GOA
Aug (22) 234 (0.9) (153) summer

juvenile
pollocka

2017 Age-1 GOA 14 314 282- 20.9 928 NMFS Full GOA
Jul (17) 344 (0.5) (253) juvenile 

sablefish 
tagb

2017 Age-1 SJBB 33 343 265- 22.2 1749 UAF Full GOA
Oct (34) 435 (1.5) (922) juvenile 

sablefishc
2017 2017 Age-0 GOA 6 66 (8) 56-73 20.4 10 NMFS Full GOA

Jul (0.4) (3) summer
juvenile
pollocka

2017 Age-0 GOA 14 152 118- 21.8 165 NMFS Full GOA
Aug (19) 195 (0.9) (75) summer

juvenile
pollocka

2017 Age-0 SJBB 20 253 220- 23.3 893 UAF Full GOA
Oct (20) 290 (0.9) (249) juvenile 

sablefishc
2018 Age-1 SJBB 34 333 271- 22.5 1414 UAF Full GOA

Jul (18) 371 (1.2) (365) juvenile 
sablefishc

2018 2018 Age-0 DICI 18 201 180- 20.9 349 Purse Full GOA;
Sep (13) 225 (0.6) (74) seine 2018 year

fisheryd class only
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Table 1 continued

2018 Age-0 SJBB 34 239 200- 22.2 569 UAF Full GOA;
Oct (20) 278 (1.1) (198) juvenile 2018 year

sablefishc class only
2019 Age-1 SJBB 28 281 233- 21.3 785 UAF Full GOA;

Mar (20) 320 (1.4) (276) juvenile 2018 year
sablefishc class only

2019 Age-1 SJBB 40 311 257- 20.4 972 UAF Full GOA;
Jul (30) 374 (1.1) (451) juvenile 

sablefishc
2018 year 
class only

aStrasburger et al. (2018a), Strasburger et al. (2018b) 
bFenske et al. (2019)
cField collections for this study
dSamples obtained from purse seine fishery
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Table 2. Daily apparent growth rates between successive sampling periods. Also presented are 
t-test results comparing lengths between successive months.

Year 
class

Period Apparent 
growth 
rate (mm 
day-1)

t value Degrees 
of 
freedom

p value

2016 Aug-Jul (age 0-1) 0.36 -22.02 26.87 1.01E-18
2016 Jul-Oct (age 1) 0.29 -3.85 44.00 0.000374
2017 Jul-Aug (age-0) 1.86 -14.42 17.99 2.49E-11
2017 Aug-Oct (age-0) 1.83 -14.78 28.81 5.62E-15
2017 Oct-Jul (age 0-1) 0.29 -14.85 35.98 6.36E-17
2018 Sep-Oct (age-0) 1.18 -8.06 48.11 1.76E-10
2018 Oct-Mar (age-0-1) 0.29 -8.23 58.22 2.43E-11
2018 Mar-Jul (age-1) 0.25 -4.95 65.90 5.40E-06
2018 Oct-Jul (age 0-1) 0.27 -12.30 69.05 4.55E-19

38



Table 3. The 95% confidence set of models, based on Akaike weights, describing variation in 
energy density and total energy in sablefish (full GOA dataset). ∆AICc is the AICc for each model 
minus the lowest AICc across all candidate models.

Energy density
Model parameters R2 ∆AICc Weight
month + length + year class + length*month +

month*year class 0.65 0 0.572
month + length + year class + length*month +

length*year class 0.65 1.59 0.26
month + length + year class + length*month +

month*year class + length*year class 0.65 4.14 0.073
month + length + year class + month*year

class 0.63 4.44 0.062
Total Energy

Model parameters R2 ∆AICc Weight
month + log(length) + year class +

log(length)*month + month*year class 0.98 0 0.742
month + log(length) + year class +

log(length)*month + month*year 
class + log(length)*year class 0.98 2.27 0.238
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Table 4. Model coefficients for sablefish length (Length), months (MonthX), and their 
interactions from ANCOVA models for 2018 year class sablefish. Total energy (TE) and length 
are natural log transformed in the TE model.

Energy density Total energy
Parameter Estimate SE t- p- Estimate SE t- p-

value value value value
Intercept 17.08 3.16 5.40 0.00 -11.22 3.04 -3.69 0.00
Length 0.02 0.02 1.21 0.23 3.21 0.57 5.60 0.00
Month10 -2.26 3.60 -0.63 0.53 -2.19 3.49 -0.63 0.53
Month15 -12.52 3.90 -3.21 0.00 -12.43 3.82 -3.26 0.00
Month19 -3.28 3.46 -0.95 0.35 -2.39 3.38 -0.71 0.48
Length:Month10 0.01 0.02 0.70 0.48 0.38 0.65 0.59 0.56
Length:Month15 0.04 0.02 2.31 0.02 2.15 0.70 3.05 0.00
Length:Month19 0.00 0.02 0.14 0.89 0.34 0.63 0.55 0.58
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Figures

Figure 1. Conceptual diagram of size-based energy storage patterns in juvenile fish before 
winter (black) and after winter (red). A) Fish maintain their energy stores and grow over winter. 
B) Energy stores are dependent on size prior to winter and lost at proportionate rates relative 
to size over winter. C) Large fish lose a disproportionate amount of their energy stores during 
winter relative to that of small fish, and no growth occurs. D) Small fish lose a greater 
proportion of their energy reserves than large fish during winter, and fish do not grow.
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Figure 2. Map of sablefish catch locations in the Gulf of Alaska (left) and western Baranof Island 
(inset). Gulf of Alaska map includes data from 2016 (yellow), and 2017 (blue) in July (circles) and 
August (triangles).
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Figure 3. Length frequency histograms of fish analyzed in the full GOA dataset for each sampling 
month. Years are pooled.
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Figure 4. Seasonal changes in length, energy density (ED), and total energy (TE) for the 2018
year class. Boxplots show the interquartile range (IQR; box), median (line), 1.5*IQR (whiskers), 
and outliers (points). From left to right, months sampled are September, October, March, and 
July.
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Figure 5. Slopes of energy storage versus length relationships, Energy Density (ED, top) and 
Total Energy (TE, bottom), for the 2018 year class for each month sampled: September (red), 
October (green), March (blue), and July (purple). Fish are grouped as larger (closed circles) and 
smaller (open circles) than seasonal median length.
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Supplemental Material

Table S1. Parameter estimates for top ranked energy density (ED) and total energy (TE) models 
for the full GOA dataset. TE and Length are natural log transformed in the TE model.

Parameter ED 
coefficient

TE 
coefficient

(Intercept) 18.848 -8.571
Length 0.006 2.535
Month8 -0.803 -3.280
Month9 -1.381 -2.697
Month10 -2.799 -4.670
Month15 -13.904 -15.127
Month19 -5.527 -6.589
Month22 -3.482 -5.424
Yearclass2017 1.217 0.203
Yearclass2018 -0.390 0.0516
Length:month8 0.019 0.844
Length:month9 0.013 0.679
Length:month10 0.022 1.024
Length:month15 0.054 2.830
Length:month19 0.018 1.285
Length:month22 0.014 1.129
Month8:Yearclass2017 -1.158 -0.294
Month9:Yearclass2017 NA NA
Month10:Yearclass2017 -0.914 0.113
Month15:Yearclass2017 NA NA
Month19:Yearclass2017 NA NA
Month22:Yearclass2017 NA NA
Month8:Yearclass2018 NA NA
Month9:Yearclass2018 NA NA
Month10:Yearclass2018 NA NA
Month15:Yearclass2018 NA NA
Month19:Yearclass2018 NA NA
Month22:Yearclass2018 NA NA

Table S2. Parameter weights for full GOA sablefish energy density (ED) and total energy (TE) 
models.

Parameter Month Length Yearclass Month:Length Month:Yearclass Length:Yearclass
ED 1.00 1.00 1.00 0.92 0.72 0.36
TE 1.00 1.00 1.00 1.00 0.99 0.26
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Table S3. T-test results comparing energy density and total energy between successive seasons 
for 2018 year class sablefish.

Period t value Degrees of 
freedom

p-value

Energy Density (ED)
Sep-Oct -5.61 49.64 8.94E-07
Oct-Mar 2.80 50.20 0.0072
Mar-Jul 2.88 47.86 0.0059

Total Energy (TE)
Sep-Oct -5.75 46.53 6.66E-07
Oct-Mar -3.47 47.74 0.0011
Mar-Jul -2.12 65.00 0.0376

Table S4. Pairwise post-hoc comparisons of the ED-length slopes among seasons for the 2018 
year class.

Comparison Estimate SE
Degrees of 
freedom t ratio p-value

Sep-Oct -0.01 0.02 112 -0.70 0.896
Sep-Mar -0.04 0.02 112 -2.31 0.102
Sep-Jul 0.00 0.02 112 -0.14 0.999
Oct-Mar -0.03 0.01 112 -2.64 0.046
Oct-Jul 0.01 0.01 112 1.16 0.652
Mar-Jul 0.04 0.01 112 4.14 0.000

Table S5. Pairwise post-hoc comparison of the allometric slopes in TE-length relationships 
among seasons for the 2018 year class.

Comparison Estimate SE
Degrees of 
freedom t ratio p-value

Sep-Oct -0.38 0.65 112 -0.59 0.935
Sep-Mar -2.15 0.70 112 -3.05 0.015
Sep-Jul -0.34 0.63 112 -0.55 0.947
Oct-Mar -1.77 0.51 112 -3.44 0.004
Oct-Jul 0.04 0.40 112 0.10 1.000
Mar-Jul 1.81 0.48 112 3.75 0.002
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Figure S1. Seasonal changes in energy density and total energy with length (top) or log- 
transformed length (bottom) for the full GOA dataset.
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Figure S2. Bottom temperatures in St. John Baptist Bay from October to July in 2017-2018 (blue) 
and 2018-2019 (orange).
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Chapter 2: Temporal and size-based variation in diet composition and quality for juvenile 

Sablefish: Inferences from stomach contents and stable isotopes2

2 Callahan, M. W., Beaudreau, A. H., Heintz, R. A., Mueter F. J., Rogers M. In Prep. Temporal and size-based 
variation in diet composition and quality for juvenile Sablefish: Inferences from stomach contents and stable 
isotopes. Marine and Coastal Fisheries. Forthcoming.

Abstract

Prey communities in the Northeast Pacific have been disrupted by marine heatwaves 

and reductions in forage fishes have had notable impacts on upper trophic level consumers; 

however, little is known about the potential effects of a changing prey base for some 

commercially valuable fishes, such as Sablefish (Anoplopoma fimbria). Juvenile Sablefish exhibit 

fast growth and high consumption rates at relatively warm temperatures and, therefore, may 

thrive in heatwave conditions given sufficient food. The objectives of this study were to 

evaluate seasonal and size-based shifts in diets of juvenile Sablefish, with a particular focus on 

understanding their reliance on high quality forage fishes. We collected Sablefish in a Southeast 

Alaskan bay for two years during their first fall (age-0), in late winter (age-1), and during their 

second summer (age-1). Pacific Herring (Clupea pallasii) constituted the majority of Sablefish 

diet by weight (19-86%) and by frequency of occurrence (9-64%), with variation among seasons 

and years. Stable isotopes corroborated our interpretation of diet composition on the basis of 

stomach contents and provided further insight into size-based diet shifts. Sablefish exploited 

prey of variable quality (0.02-5.3 kJ/g), but mean prey quality differed little among years or 

seasons (3.67-4.48 kJ/g). Empty stomachs were rare (21%) but most frequent in late winter 

(46%), and relative stomach content weights were highest in autumn 2018, often exceeding 

estimated maximum daily consumption. The generalist feeding strategy of Sablefish may
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provide the ability to capitalize on a wide range of prey types and sizes, supporting rapid 

growth early in life. If strong Sablefish year classes become more frequent with warming 

oceans, they will require substantial prey resources to support their growth to adulthood.

1. Introduction

The North Pacific ecosystem is undergoing dramatic ecological changes as warm water 

anomalies, known as marine heatwaves, become more frequent (Cavole et al. 2016, Frolicher et 

al. 2018, Oliver et al. 2018). Shifts in lower trophic level production resulting from the marine 

heatwave of 2014-2016 (Bond et al. 2015) have had cascading effects on higher trophic level 

species. Plankton productivity was low during recent heatwave events (Whitney 2015), 

including a shift towards fewer large, energy-rich copepods (Mckinstry and Campbell 2018). 

Forage fishes, which rely on zooplankton prey, subsequently declined; for example, Pacific 

Herring (Clupea pallasii; hereafter Herring), Pacific Sand Lance (Ammodytes hexapterus), and 

Capelin (Mallotus villosus) experienced dramatic reductions in abundance, growth, and body 

condition during the 2014-2016 marine heat wave in the Gulf of Alaska (Zador and Yasumiishi 

2017, Sewall et al. 2019, Von Biela et al. 2019, Thompson et al. 2019). These declines in energy

rich forage fishes were linked to nutritional stress and mortality events in higher trophic level 

consumers, including Pacific Cod (Gadus macrocephalus; Barbeaux et al. 2019), seabirds (Cavole 

et al. 2016, Piatt et al. 2020), and baleen whales (Savage n.d.). Warm waters proved beneficial 

to some marine species; for instance, gelatinous zooplankton increased in abundance (Brodeur 

et al. 2018), southerly copepods were more prevalent in Alaskan waters (Batten et al. 2018), 

and squid were abundant north of their historic range (Cavole et al. 2016).
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In the Gulf of Alaska, one commercially valuable marine fish species that apparently 

thrived during recent marine heatwave events is Sablefish (Anoplopoma fimbria). Record high 

Sablefish year classes were reported in the Gulf of Alaska in 2014 and 2016 after a thirteen year 

period of low recruitment (Hanselman et al. 2018). Juvenile Sablefish may be particularly suited 

to warming oceans. Growth is maximized at relatively warm temperatures of 20°C for age-0 

Sablefish (Sogard and Olla 2001) and 16°C for age-1 Sablefish (Krieger et al. 2018) and growth 

rates of young-of-the-year Sablefish are among the highest known in any teleost (Sogard and 

Olla 2001). This prodigious growth is fueled by high prey consumption requirements. Using a 

bioenergetics model, Krieger et al. (2020) estimated that juvenile Sablefish would have needed 

to feed on energy-rich prey at >55% of their maximum consumption rates or higher to achieve 

growth observed in the wild. Food availability is critical for pelagic juvenile Sablefish, and 

growth drops dramatically in low ration conditions (Sogard and Spencer 2004). Thus, while 

Sablefish appear to be physiologically tolerant of warm temperatures, surviving their first 

winter may depend substantially on access to high quality prey prior to, and perhaps during, 

the winter period.

Juvenile Sablefish are known to consume high energy prey that may be patchy in space 

and time, including Herring (McFarlane and Beamish 1983, Coutre et al. 2015), juvenile salmon 

(Oncorhynchus spp.; Sturdevant et al. 2009), and scavenged adult salmon carcasses (Coutre et 

al. 2015). However, research on trophic ecology of post-settlement juvenile Sablefish is limited 

to only a handful of studies that focus primarily on age-1 individuals during their second 

summer and fall (e.g., Sturdevant et al. 2009, Coutre et al. 2015). Seasonal foraging habits of 

post-settlement juvenile (age-0 and age-1) Sablefish are understudied, despite the potential 

53



link between pre-winter energy acquisition and survival, as observed in other Alaskan 

groundfishes (e.g., Heintz et al. 2013). Little is known about seasonal shifts in diets of post

settlement Sablefish during their first two years, including the composition and energetic 

quality of prey consumed across multiple seasons. Diets may also shift with size, as larger 

consumers may be capable of consuming a wider variety of prey types and sizes (Scharf et al. 

2000). Ontogenetic diet shifts during the first year of life can account for improved growth, 

energy storage, and overwinter survival in other fish species (Sutton and Ney 2001, Sewall et al. 

2019).

The goal of this study was to fill gaps in knowledge of Sablefish feeding ecology during 

their post-settlement juvenile life stage (ages 0 and 1). Our objectives were to assess seasonal, 

annual, and size-based shifts in the (1) taxonomic composition of juvenile Sablefish diets, and 

(2) the quality of prey consumed (i.e., diet quality). Our work builds on past studies by using 

multiple metrics to evaluate diet composition—stomach contents and stable isotope ratios of 

carbon and nitrogen—over multiple seasons, years, and age classes. Stomach contents provide 

a high-resolution snapshot of prey consumed in recent days, while stable isotope ratios provide 

a taxonomically coarse but longer-term assessment of dietary sources. Together these 

approaches can provide more complete information about diet composition than either one 

alone. We also assessed temporal and age-specific shifts in diet quality to determine when 

Sablefish may experience higher levels of nutritional stress. We described the nutritional quality 

of Sablefish diets based on energy densities of stomach contents, relative stomach content 

weight, percent empty stomachs, and relative prey sizes. Our results provide an improved 
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understanding of the temporal reliance of Sablefish on Herring and other prey and the periods 

in which Sablefish may be more susceptible to nutritional stress during their early life history.

2. Methods

2.1 Field sampling

Larval and early juvenile Sablefish reside in the photic zone during their first summer 

and settle into nearshore bays and estuaries as late juveniles in their first autumn (Rutecki and 

Varosi 1997), where they spend their next year before migrating to deep adult habitat of 200

800 m. We focused on post-settlement stages (age-0 and age-1); therefore, sampling occurred 

during fall, late winter/early spring, and summer for 2 years beginning in October 2017 (Figure 

1). Each sampling period was 4-6 days in duration. Sablefish were obtained from Saint John 

Baptist Bay (SJBB), a narrow, 3 km long bay on the coast of Baranof Island, Alaska (57.2868°N, 

135.5659°W; Figure S1). Surveys for juvenile Sablefish conducted by the National Marine 

Fisheries Service in Southeast Alaska during the 1980s and 1990s identified SJBB as a nursery 

area (Rutecki and Varosi 1997). SJBB is 70 m deep at the mouth, but most Sablefish were caught 

near the head in depths around 25 m.

Sablefish were captured by hook and line following the methods of Coutre et al. (2015) 

and Callahan et al. (in prep). We used squid mantles cut into rectangular strips for bait, which 

allowed us to distinguish bait from any naturally consumed squid prey. Sablefish stomach 

contents were obtained using gastric lavage according to the methods of Coutre et al. (2015). In 

brief, we anesthetized, measured, weighed, externally tagged (Floy t-bar anchor tag inserted 

into dorsal musculature), and conducted gastric lavage on Sablefish. Sampled Sablefish then 
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underwent a short recovery period in clean seawater and were released at their site of capture, 

except for the first 20-30 fish caught, which were euthanized and retained for lab analysis. We 

also retained additional fish if necessary to ensure that the subsample was representative of 

the length distribution of the catch. Of this subset, only 4.5% had trace contents remaining in 

their stomachs after gastric lavage. We also obtained an opportunistic sample of age-0 

Sablefish, which were donated by commercial salmon fishermen who observed unusually high 

numbers of pelagic juvenile Sablefish in their purse seines in Deep and Crawfish inlets, ~60km 

South of SJBB, during September 2018.

2.2 Laboratory processing

In the lab, frozen stomach contents were transferred to ethanol prior to processing, 

except for prey items selected for energy content analysis (below). Total stomach content mass 

was weighed (blotted wet weight, nearest 0.01 g), then individual prey items were identified to 

the lowest feasible taxonomic level, measured to the nearest mm (standard length), and 

weighed to the nearest 0.01 g. Energy density (kJ/g wet mass), a measure of prey quality, was 

measured from representative prey that were sampled from Sablefish stomachs when intact 

specimens with minimal digestive damage were found. Other prey items were collected 

opportunistically in the field in conjunction with Sablefish sampling. Herring were assigned ages 

(YOY or age-1) based on lengths (Paul and Paul 1998). We measured energy densities using 

calorimetry according to the methods of Siddon et al. (2013). In brief, prey items were dried at 

135 ◦C to a constant weight using a LECO thermogravimetric analyzer or at 60 ◦C using a drying 

oven. Prey ≤ 5 g were dried whole and prey > 5 g were homogenized and a tissue aliquot was 

dried. We composited invertebrate prey (Hyperiidae, Mysidae, and some Polychaeta) with 
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insufficient mass to analyze individually. Dried samples were crushed into powder, pressed into 

a pellet, and combusted with a PARR 6725 bomb calorimeter to determine energy density. We 

used benzoic acid standards and replicate tissue samples to verify calorimeter precision and 

accuracy. Benzoic acid was added to dried gelatinous zooplankton prey tissue to facilitate 

combustion, and energy from benzoic acid was removed from final prey values.

We analyzed δ13C and δ15N from retained Sablefish and from prey processed for energy 

density. δ13C is enriched only slightly from resource to consumer and is indicative of diet 

source. For example, δ13C is more depleted in marine and pelagic food sources and more 

enriched in nearshore and benthic sources. δ15N is enriched from resource to consumer as it is 

incorporated into consumer tissue and is therefore used to infer relative trophic level. We 

report delta (δ) notation as the per mille heavy to light isotope ratio relative to the 

international standard of Vienna Peedee Belemnite for carbon and atmospheric nitrogen for 

nitrogen. We used standard methods of the NOAA Auke Bay Laboratories - Recruitment 

Energetics and Coastal Assessment Laboratory in Juneau, Alaska, to measure δ13C and δ15N 

stable isotope ratios. One milligram of freeze-dried dorsal muscle for Sablefish and a subsample 

of dried, homogenized tissue for prey were weighed with a microbalance and encased in tin 

capsules prior to analysis. Stable isotope analysis was performed using a FlashSmart elemental 

analyzer coupled to a Delta V continuous-flow isotope ratio mass spectrometer (Thermo 

Scientific, Waltham, Massachusetts, USA). Instrument calibration used internationally certified 

reference materials and we used internal laboratory standards (purified methionine and 

homogenized Chinook salmon muscle) as quality controls.
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2.3 Data preparation and analysis overview

We compared diet metrics among season, year, and age combinations, hereafter 

referred to as groups: October 2017 age-1, October 2017 age-0, July 2018 age-1, September 

2018 age-0, October 2018 age-0, March 2019 age-1, and July 2019 age-1 (Table 1). In October 

2017, we caught a mix of age-0 and age-1 Sablefish. We analyzed these groups separately and 

verified their ages by counting the otolith annuli of the retained Sablefish (Chapter 1). For 

released fish we fit a mixture model to the bimodal length distribution using the mixtools 

package in R (Benaglia et al. 2009) and used the resulting 306 mm cutoff to assign ages (Figure 

S2).

We addressed variation in diets among seasons, years, and age classes in multiple ways. 

First, we used two common indices to describe diet composition for each group: percent weight 

(%W) and frequency of occurrence (FO). Second, we assessed differences in the energetic 

composition (determined as consumed weight x energy density for each prey taxon) of the 

diets among groups using multivariate statistics. Third, we assessed temporal variation in δ13C 

and δ15N among groups and quantified size-based shifts in isotopic signatures within groups by 

regressing stable isotope ratios against Sablefish length. Finally, we examined differences in 

diet quality among groups using multiple metrics. These methods are detailed below.

2.4 Calculation of diet composition indices

We summarized diet composition in each group using the diet indices percent weight 

(%W) and frequency of occurrence (FO; Chipps and Garvey 2007). To calculate percent weight 

for each prey taxon i, we first summed the weight of prey i across all Sablefish j, then divided
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the total weight of prey i by the sum of weights of all prey types P consumed by all sampled

predators S:

Eq. 1

Weights of the frozen prey used in energy density analysis were converted to ethanol 

equivalent weights using taxon-specific regressions (Supplementary Material) as preservation in 

ethanol reduces weight through desiccation. Frequency of occurrence was calculated for each 

group by dividing the number of stomachs containing prey type i by the total number of non

empty stomachs analyzed in that group. We excluded parasites (Nematoda and Caligidae) and 

plant material found in stomachs from diet indices and subsequent analysis, as they 

contributed negligible energy to the consumer. Prey regurgitated prior to lavage that we could 

not attribute to an individual Sablefish were excluded from FO but included in %W. Gelatinous 

prey (Ctenophora, Aurelia, Aequorea, and Cyanea) were included in FO but excluded from %W 

due to degradation when preserved.

2.5 Diet composition comparisons among groups

We employed multivariate measures to statistically compare the composition of 

Sablefish energy intake between groups. To measure energy intake for individual Sablefish we 

multiplied the weight of each prey taxon in a stomach by that prey taxon's energy density 

(Table 2) to get total energy per prey taxon in kJ. Some stomachs contained identified prey with 

weights too low for the resolution of our scale; their weights were set to 0.001 g. We added a 

small random number (0.0001-0.001) to each energy value to avoid multivariate distance 

measures of zero, and 4th root transformed energy intake values to reduce the influence of a 
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few large values. We also aggregated some taxa for this analysis: greenlings were assigned to 

genus (Hexagrammos), righteye flatfishes were assigned to family (Pleuronectidae), Hyperiid 

amphipods were assigned to family (Hyperiidae), crab larvae were grouped (crab larvae), 

shrimp were grouped (Decapod-shrimp), and polychaete worms were grouped (Polychaeta). 

We excluded the following from multivariate analysis: unidentified fish, unidentified 

invertebrates, amphipods too digested to identify to the family level, and other crustaceans 

that could not be identified to a lower taxonomic level than those listed above (together 8% of 

total consumed mass). The March 2019 age-1 group was also excluded due to low sample size.

We used non-metric multidimensional scaling (NMDS) with pairwise Bray-Curtis 

distances to visualize differences in diets between groups and calculated NMDS axis loadings 

(correlation coefficients) to identify prey taxa driving the observed variation. Stomachs 

containing a single prey taxon that was never found together with other prey taxa (Sablefish, 

Pacific Sand Lance, Lingcod (Ophiodon elongatus)) were excluded from NMDS analysis as they 

were completely disconnected from other stomach samples, precluding a meaningful 

comparison. We tested for homogenous dispersion between groups, an assumption of 

subsequent analyses, using a one-way ANOVA to test for differences in mean distances from 

the group centroids. To statistically test for differences in prey composition between groups 

and identify the prey species driving differences we used permutation based ANOVA 

(PERMANOVA) followed by similarity percentages (SIMPER). Multivariate analyses were 

conducted in R version 3.5.2 (R Core Team 2019) using the vegan package (Oksanen et al. 

2019).
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We also evaluated temporal and size-based shifts in diet composition using stable 

isotope analysis. We tested for differences in mean δ13C and δ15N between groups using a one

way ANOVA to identify seasonal or annual diet changes. We investigated size-based diet shifts 

within groups by fitting linear regressions of δ13C and δ15N on Sablefish length by group. To 

assess how well stomach contents represented long-term foraging, we compared Sablefish 

trophic position and carbon sources with prey isotopic ratios to qualitatively evaluate the 

reliance of Sablefish on the taxa analyzed.

2.6 Diet quality comparisons among groups

We used multiple metrics to compare quality of Sablefish diets among groups, including 

energy densities of individual prey taxa, mean energy of Sablefish stomach contents, frequency 

of empty stomachs, relative stomach contents weights, and relative prey lengths. We used 

energy density based on wet weight for Sablefish prey throughout this study because wet 

weight is more ecologically relevant than dry mass as Sablefish consume live prey. However, 

measurements of wet mass-based energy density can be imprecise due to variable estimates of 

fish moisture contents (Montevecchi and Piatt 1987; Van Pelt et al. 1997; Von Biela et al. 2019). 

To reduce this measurement variability, we used the mean moisture content of a given taxon 

rather than individual moisture contents to calculate energy density on a wet mass basis. 

Specifically, we divided the measured dry mass of prey type i in a given stomach sample by 1 - 

fi, where fi is the mean moisture content of prey type i, to estimate its wet mass. In addition to 

measuring energy density for various taxa, we calculated average energy content of the diet for 

each Sablefish group. We first calculated individual Sablefish diet quality by dividing the sum of 

total energy contributed by each prey taxon (as described above) by the total stomach contents 
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weight. We then compared the mean diet energy content among groups using a weighted 

ANOVA, with stomach content mass for each individual as the weights.

We assessed variation in meal size by examining the percentage of empty stomachs, the 

relative stomach contents weights (RSCW), and the relative prey weights (RPL) for each group. 

RSCW were calculated by dividing total weight of stomach contents by the weight of the 

Sablefish and multiplying by 100. Stomach contents weights are not directly equivalent to daily 

consumption estimates as prey may linger in stomachs for longer than one day. For example, 

Sturdevant et al. (2009) estimated that at 12 °C chum salmon (O. keta) consumed by Sablefish 

would be 50% digested after 14 hours. Additionally, stomach content weights are less than 

actual prey weight consumed due to the effects of digestion. Given these caveats, we used 

RSCW as a relative, rather than absolute, measure of stomach fullness that can indicate shifts in 

feeding rates. We compared mean natural log-transformed RSCW between groups using a one

way ANOVA. We used prey length to predator length ratios (Scharf et al. 2000) to assess 

relative prey size consumed, since Sablefish that ingest large fish prey relative to their own size 

consume considerable energy in single meals. We limited prey to measurable fish and used a 

one-way ANOVA to compare relative prey sizes among groups (excluding March 2019, n = 1).

3. Results

3.1 Temporal and size-based shifts in diet composition

Stomach contents from 1,064 juvenile Sablefish were analyzed in the study (Table 1). 

Herring was the dominant prey type in the diet for all but one Sablefish group (Mar 2019 age- 

1), contributing 18.8% to 86.1% of the diet by weight depending on the group (Table 3). Mar 

2019 age-1 and Oct 2017 age-1 Sablefish were the only groups in which another taxon besides 
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Herring exceeded 10% of the diet by weight [Mar 2019 age-1: squid 50.9%, Shiner Perch 

(Cymatogaster aggregata) 15.0%; Oct 2017 age-1: Shiner Perch 19.9%, scavenged salmon 

11.6%]. Herring was also the most frequently occurring prey taxon in stomachs, present in 9% 

to 64% of Sablefish, depending on the group (Table 3). Age-0 and age-1 Sablefish in October 

2017 had high frequencies of occurrence (exceeding 20%) of Hyperiid amphipods, mysids, and 

scavenged remains of adult spawning salmon (Table 3). Gelatinous organisms consisted 

primarily of ctenophores, but also Aquoria and Aurelia spp., and occurred frequently in diets of 

age-1 Sablefish during July 2018 (34%) and July 2019 (29%). Polychaete worms were also 

common in diets of July age-1 fish, occurring in 8% of stomachs in 2018 and in 14% in 2019. 

Frequency of occurrence of unidentified fish was high, ranging from 28% to 60% of stomachs in 

each sampling group.

The energetic composition of diets differed statistically among groups and Herring drove 

these differences. For the NMDS, two dimensions adequately described variation in diet 

composition (stress = 0.17). Herring energy intake was strongly correlated with the first NMDS 

axis (loading = 0.87; Figure 3). Multivariate dispersion of energy intake differed between 

Sablefish groups (ANOVA: F = 32.7, p < 0.001) with lowest dispersion in Oct 2018 age-0 fish; 

thus, PERMANOVA results should be interpreted with caution. Diet composition differed 

significantly among groups (PERMANOVA R2 = 0.23, F = 33.2, p = 0.001) and all groups were 

significantly different from one another except for Jul 2018 age-1 and Sep 2018 age-0 fish 

(Table 4). Pairwise PERMANOVA comparisons indicated the largest differences between Oct 

2017 age-0 and Oct 2018 age-0 fish (R2 = 0.32), and the smallest differences between Oct 2017 

age-0 and Oct 2017 age-1 fish and between Jul 2018 age-1 and Jul 2019 age-1 fish (R2 = 0.02 in 
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both cases). Herring contributed most to dissimilarity percentages (SIMPER) in pairwise 

comparisons of energy intake composition between groups, explaining 27.2-66.1% of 

dissimilarities. Hyperiidae, Mysidae, salmon, crab larvae, and Polychaetes were the other top 

contributors to energy intake dissimilarities.

Variation in δ13C and δ15N indicated annual, seasonal, and size-based diet shifts. In both 

sampling years, members of the same cohort showed enrichment of δ13C between October and 

July, but fish from the 2017 year class had more enriched δ13C compared to those of the 2018 

year class (i.e., 2017 cohort mean (SD) δ13C: Oct 2017 age-0 = -20.5 (0.3), Jul 2018 age-1 = -18.9 

(0.5); 2018 cohort: Oct 2018 age-0 = -18.6 (0.5), Jul 2019 age-1 = -17.8 (0.4); Table S2). Similarly, 

δ15N was enriched in July 2019 age-1 fish compared to members of the same cohort in October

2018 (age-0 fish; Table S2). In contrast, δ15N showed little difference between Oct 2017 age-0 

and Jul 2018 age-1 fish (Table S2). Size-based stable isotope patterns differed by group (Table 

5). δ13C decreased significantly with length in October fish of all year classes, while δ13C 

Increased significantly with length in Mar 2019 age-1 individuals (Table 5, Figure 4). All groups 

except for Oct 2017 age-1 fish showed an increase in δ15N with length (Figure 5).

Stable isotope analysis broadly corroborated stomach content analysis results that

Herring were a consistent prey source for Sablefish. Differences in mean δ15N between 

Sablefish and YOY Herring were consistent with trophic enrichment from prey to predator, 

ranging from 0.9‰ in October 2018 to 2.1‰ in July 2019 (Figure 6). Mean δ15N for Sablefish 

was 0.8‰ greater than co-occurring age-1+ Herring in Jul 2018 age-1s and 0.9‰ higher in Jul

2019 age-1s (Figure 6). Sablefish δ13C was enriched from YOY Herring 0.1 - 1.4 ‰ except for Oct 

2017 age-0 δ13C, which was depleted by 0.7 ‰ from October 2017 Herring. Jul 2018 age-1
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Sablefish δ13C was depleted 0.3 ‰ from age-1+ Herring while Jul 2019 age-1s were enriched 0.9 

‰ from age-1 Herring. Of the other prey we analyzed, Dover Sole (Microstomus pacificus) in 

July 2019 had the most depleted δ13C at -21.1‰ and Nereid worms in October 2018 had the 

most depleted δ15N at 7.9 ‰.

3.1 Temporal and size-based variation in diet quality

Prey energy density varied among taxa, with fish tending to have higher energy 

densities (Table 2). The mean (SD) energy density of Herring was similar among October 2017 

and October 2018 [4.5 (0.21) - 4.6 (0.18) kJ/g respectively; Table 2]. In July 2019, age-1+ Herring 

had higher energy density than YOY Herring [4.7 (0.33) and 4.3 (0.06) kJ/g, respectively; t-test: t 

= 4.09, p = 0.003]. Other fish ranged from 3.4 to 5.3 kJ/g. Nereid worms had the highest energy 

density among invertebrate taxa with a mean (SD) of 4.8 (0.24) kJ/g in July 2019, when they 

were most prevalent in diets. Small crustaceans were generally low in energy density, with 

Hyperiid amphipods at 2.7 (0.09) kJ/g and mysids at 4.0 (0.06) kJ/g in October 2017. The lowest 

energy density prey were the gelatinous ctenophores and Aurelia at 0.029 (0.017) kJ/g and 

0.016 (0.003) kJ/g, respectively. Mean diet quality differed between groups (ANOVA F=9.6, 

p<0.01; Table 1), with significantly (α=0.05) lower diet quality for Oct 2017 age-0 fish than for 

all other groups. Oct 2017 age-1 fish diets were significantly lower quality than Oct 2018-age 0 

and Jul 2019 age-1 Sablefish, but diet quality did not differ significantly between other groups.

Over all sampled fish, 79% of stomachs contained prey. Jul 2018 age-1 Sablefish had the 

lowest incidence of empty stomachs (4%), while Mar 2019 age-1 fish had the highest incidence 

(46% empty; Table 1). Across all fish, mean RSCW was 1.8%, and mean natural log transformed 

RSCW varied by group (ANOVA F = 50.0, p < 0.001; Table 1, Figure 7). The highest RSCW in an 
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individual fish was found in Sep 2018 at 13.9%. Overall, the mean RSCW was highest in Sep 

2018 age-0s at 4.69%, followed by Oct 2018 age-0 fish at 2.74%. The lowest mean RSCW 

occurred in Oct 2017 age-0 fish (0.66%). We found temporal variation in Sablefish prey length 

to predator length ratios (Table 1), which ranged from 0.04 to 0.66, with an overall mean (SD) 

of 0.23 (0.07). Sep 2018 age-0 Sablefish had the highest mean (SD) prey length to predator 

length ratios at 0.30 (0.06), while Oct 2017 age-1 and Jul 2019 age-1 Sablefish had the lowest 

prey length to predator length ratios at 0.19 (0.02). Mean length ratios for other groups ranged 

from 0.24 to 0.27.

4. Discussion

This study provides improved understanding of the feeding ecology of post-settlement 

juvenile Sablefish, particularly seasonal and interannual patterns in their reliance on high 

energy forage fishes. To summarize our key findings, Herring were major constituents of 

Sablefish diets across seasons, years, and sizes. Diet composition varied seasonally and 

annually, with Oct 2017 age-0 and age-1 Sablefish diets differing most from other groups, in 

part due to a higher occurrence of Hyperiid amphipods in the stomachs. Stable isotope ratios of 

δ13C and δ15N also varied by group, with Oct 2017 age-0 fish having more depleted δ13C than 

other groups, indicating a diet with a more pelagic marine carbon source. Both δ13C and δ15N 

became more enriched by the second summer in 2018 year class Sablefish. Significant 

relationships between stable isotope ratios and Sablefish length indicated size-based diet 

composition differences were most prevalent during winter but occurred to some extent within 

most groups. Sablefish consumed prey of varying energy densities and average diet quality 
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differed little between groups, though Oct 2017 age-0 and Oct 2017 age-1 Sablefish had the 

lowest quality diets. We also observed temporal variation in prey quantity, with highest 

proportion of empty stomachs in Mar 2019 age-1 Sablefish, highest RSCW values in autumn 

2018, and with exceptionally large meals consumed by some individuals in most groups.

The large contribution of fish prey in Sablefish diets suggests the importance of piscivory 

for Sablefish growth and survival. Sablefish are known to rely heavily on fish prey by their 

second summer (Sturdevant et al. 2009; Coutre et al. 2015) and our results corroborate those 

findings and demonstrate heavy piscivory during their first autumn. This early ability to 

consume high-energy fish prey relative to other species likely allows Sablefish to continue rapid 

growth rates during their first autumn (Chapter 1, Krieger et al. 2020). Pelagic age-0 Sablefish 

consume fish prey late in their first summer (Grinols and Gill 1968; Sigler et al. 2001) but the 

exact timing of their switch to piscivory remains uncertain and is an important knowledge gap, 

as is the importance of piscivory to nutritional condition over long time scales.

Herring constituted the majority of fish prey by weight for all seasons and age classes, 

and have previously been identified as an important food source for juvenile Sablefish 

(McFarlane and Beamish 1983; Coutre et al. 2015). Coutre et al. (2015) sampled age-1 Sablefish 

diets during July and September 2012-2013 and characterized Herring as a pulsed resource in 

SJBB because they found high contribution of Herring to diets during only some years and 

seasons. However, the prevalence of Herring in the diets during all seasons in this study 

suggests that Herring were a persistent food source in the years we sampled. Herring are an 

abundant forage fish in Southeast Alaska and support many other marine species including 

seabirds, salmon, and whales (Ainley et al. 1996; Duffy et al. 2010; Moran et al. 2018). Herring 
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also support subsistence and commercial fisheries in the region and are a cultural keystone 

species for Indigenous peoples of the northeastern Pacific (Thornton et al. 2010; Moss 2016).

The often assumed literature δ15N enrichment of 3.4‰ per trophic level (DeNiro and 

Epstein 1981) is likely high for Sablefish due to their fast growth. δ15N discrimination factors for 

fast growing individuals tend to be lower (Trueman et al. 2005); for instance, juvenile Atlantic 

Tuna (Thunnus thynnus) increases 1.46‰ in δ15N from its prey (Varela et al. 2012). Prey source 

also influences trophic discrimination factors, which ranged from as low as 0.6‰ to 2 ‰ for 

Arctic Sculpin (Myoxocephalus scorpioides) fed fish, but averaged 3.3 ‰ for Sculpin fed krill 

(Barton et al. 2019). We consider the 1.7-2.1‰ differences in mean δ15N between Sablefish and 

YOY Herring in October 2017 and July 2019 as reasonable evidence for high reliance on Herring. 

Given the ca. 0.9‰ difference in mean δ15N between YOY Herring and Oct 2018 age-0 Sablefish 

and between age-1 Herring and Sablefish in July of both years, lower trophic level prey 

probably also contributed substantially to diets in those groups. Interpretation of stable isotope 

diet composition results would be strengthened if Sablefish discrimination factors were known 

and if more prey had been sampled for isotopes.

Pacific salmon are another energy-rich prey group that varies seasonally and annually in 

availability. October sampling took place after the peak of the salmon spawning migration, but 

Coutre et al. (2015) found that scavenged salmon carcasses comprised over half of Sablefish 

diets by weight in September 2013. We detected scavenged salmon in diets of fish caught in 

October 2017, a strong Pink Salmon (Oncorhynchus gorbuscha) return year, but no evidence of 

salmon scavenging in October 2018, a year with record low Pink Salmon returns (Zador and 

Yasumiishi 2018). Oct 2017 age-0 Sablefish had depleted δ13C and enriched δ15N compared to 
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Oct 2018 age-0 individuals. This may have resulted from greater consumption of salmon 

carcasses in autumn 2017 compared to 2018, as adult pink salmon have depleted δ13C and 

enriched δ15N compared to other prey items (Chaloner et al. 2002). Higher consumption of 

salmon by the fastest growing individuals could also explain the unexpected negative 

relationship between δ13C and length in Oct 2017 age-0 and age-1 groups. Fluctuations in 

salmon runs likely affect energy available to juvenile Sablefish and Sablefish recruitment is 

positively correlated with pink salmon returns (Yasumiishi et al. 2015). Though our sampling did 

not coincide with juvenile salmon (smolt) outmigration, Sablefish also predate heavily on smolts 

(Sturdevant et al. 2009) and even aggregate to consume recently released hatchery smolts 

(Rhea Ehresmann, pers. comm., March 2019). Smolt predation by a large Sablefish year class is 

substantial enough to potentially reduce salmon returns (Sturdevant et al. 2009).

Sablefish do not exclusively consume high-energy prey. Gelatinous organisms are the 

lowest quality prey found in Sablefish diets, but gelatinous prey consumption is common in 

marine organisms (Purcell and Arai 2001; Arai 2005) and previous studies have documented 

adult and juvenile Sablefish using gelatinous food sources (Brodeur et al. 1987; Yang and Nelson 

1993; Sigler et al. 2001). Gelatinous prey may require reduced handling time and digest quickly, 

which would allow fish to consume them at much higher rates than fish prey in the same 

amount of time. For instance, chum salmon digest ctenophores 20 times faster than 

crustaceans (Arai et al. 2003). In this study, ctenophore energy densities were 148 times lower 

than the lowest quality Herring, but other gelatinous prey may provide greater nutritional 

benefit. Sablefish stomachs were reportedly full of pyrosomes in 2016 (Linda Behnken, pers. 

comm., March 2019), when pyrosomes proliferated in the North Pacific (Brodeur et al. 2018) 
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and Pyrosoma atlanticum energy densities were 0.5 kJ/g (Tayler Jarvis, NOAA Auke Bay Lab. 

2020, pers. comm.). Ingesting gelatinous prey likely provides more benefit than fasting, but 

Sablefish require high energy prey to achieve optimal growth (Krieger et al. 2020). Given the 

frequency of ctenophores in the diets of Jul 2019 age-1 Sablefish when Herring were also 

available, either consuming jellies does not prevent Sablefish from continued foraging on higher 

quality prey, or Sablefish are on a “see food diet” and consume prey as a function of their 

encounter rates.

We found annual variation in prey quantity, with low RSCW in Oct 2017 age-0 fish (450% 

less than Oct 2018 age-0s). This is surprising, especially since age-0 Sablefish in 2017 were 

larger than in 2018, and has several possible explanations. Perhaps Oct 2017 age-0 fish were 

adequately provisioned for winter by October and had less need to forage. Food did not appear 

to limit RSCW, as Oct 2017 age-1 Sablefish had higher RSCWs, often comprised of YOY Herring 

readily available to both Sablefish year classes. The age-1 cohort from the prolific 2016 year 

class (Hanselman et al. 2018) may have competed with Oct 2017 age-0 fish. Another possibility 

is that abundant age-1 Sablefish in October 2017 posed a threat of cannibalism, which may 

have curtailed age-0 feeding, though small pelagic juvenile Sablefish continue to forage and 

show no reduction in growth in the presence of conspecifics large enough to eat them (Sogard 

and Olla 2000).

Voracious consumption in juvenile Sablefish has been well documented (Sogard and Olla 

2001; Krieger et al. 2019) and Sturdevant et al. (2009) observed even higher RSCW in age-1 

Sablefish (up to 19%) than in this study. We found RSCW values in some individuals that 

exceeded daily maximum consumption rates in similarly sized Sablefish measured by Krieger et 

70



al. (2018). Foraging opportunities in the wild are patchy and variable, and fish generally 

consume only 43% of their maximum daily ration (Cmax; Armstrong and Schindler 2011), but 

Sablefish likely feed at a higher rates. At Cmax, prey quality must average 4.65 kJ/g or higher to 

explain observed growth of Sablefish between August and October 2017 (Krieger et al. 2020), 

which is similar to our 4.6 kJ/g measure for October 2017 Herring.

Though not observed in our study, environmental conditions can dramatically alter 

forage fish nutritional quality on an annual basis as occurred for several forage fish species in 

the 2014-2016 marine heatwave. Herring and other forage fish in the Gulf of Alaska and 

California Current had lowest energy densities during warm years (Brodeur et al. 2019; Sewall 

et al. 2019; Von Biela et al. 2019). Reduced quality of forage fish prey may translate to stunted 

growth, smaller pre-winter sizes, and greater depletion of energy reserves during winter for 

juvenile Sablefish (Chapter 1; Krieger et al. 2020). If the total energy of Sablefish prey was 

dramatically reduced, Sablefish might have to consume more individuals to maintain the same 

energy consumption rates, multiplying the impact of Sablefish predation pressure on their prey 

species.

The first winter is a period of nutritional deficiency for many North Pacific marine fish 

species (Foy and Paul 1999; Heintz and Vollenweider 2010). Sablefish grow through their first 

winter but deplete energy stores during that period (Chapter 1) and our results provide some 

evidence that Sablefish experience poorer foraging during winter than in other seasons. Mar 

2019 age-1 Sablefish had the highest proportion of empty stomachs and had lower RSCW than 

the previous autumn. Herring nutritional content declines during winter (Paul et al. 1998; 

Norcross et al. 2001; Gorman et al. 2018), which would translate to less energy intake per 
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individual Herring consumed. We did not obtain sufficiently intact Herring for calorimetry in 

late winter and substituted October 2018 Herring energy densities for our analysis, which may 

inflate average Mar 2019 age-1 diet quality. The presence of stomach contents in late winter 

Sablefish show that feeding does occur during winter, which is not surprising given Sablefish 

growth between autumn and spring (Chapter 1). However, one limitation of hook and line 

sampling is that we only catch individuals seeking food. If a portion of the population were 

strictly fasting, we would not detect them.

We also observed size-based trends in Sablefish diet composition over the course of 

winter. δ13C and δ15N were both positively correlated with length in Mar 2019 age-0 fish, which 

indicates different food sources for small and large Sablefish. Large Sablefish better maintain 

energy stores through winter (Chapter 1) and our results are consistent with the hypothesis 

that size-based diet differences may account for this pattern (Chapter 1). The isotope ratios of a 

Market Squid (Doryteuthis opalescens) specimen collected in March 2019 were consistent with 

expected prey signatures of the largest Mar 2019 age-1 Sablefish, but not the smaller 

individuals. Capture success of large prey, such as Market Squid, likely increases with Sablefish 

size. Arrival of abundant schools of market squid in Sitka waters coincided with the marine 

heatwave of 2014-2016 (Cavole et al. 2016). Large winter sizes and flexible foraging habits may 

enable Sablefish to exploit novel prey sources, such as squid, and may help explain how 

Sablefish have benefitted from changing prey fields that accompany a warming ocean.

4.1 Conclusions

In this study, we built on previous research by quantifying the extent of piscivory in 

newly settled juvenile Sablefish during their critical pre-winter period. We also found size-based 
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diet differences over the first winter. Sablefish early life history is characterized by rapid 

growth, and these results illustrate that large size may provide foraging advantages for late 

stage juveniles. We confirm previous research that Sablefish are generalist predators, exploiting 

taxonomically diverse prey (Sturdevant et al. 2009; Coutre et al. 2015). Lastly, we documented 

high relative consumption, especially of their most common prey, Pacific Herring. Forage fish 

such as Herring are the foundation of the North Pacific marine ecosystem, supporting valuable 

higher trophic level commercially important fishes as well as other top consumers. Ensuring 

that forage fish are available for the food web may become an increasingly important goal in 

ecosystem-based fisheries management, as consumption rates of ectotherms increase in a 

warming ocean.
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Tables

Table 1. Summary of Sablefish catch and diet metrics. N is the number of fish caught. Lengths 
are Sablefish lengths. RPL is prey length/predator length, RSCW is relative stomach contents 
weight (%). Water temperature is the average across the sampling period, measured at a depth 
of 25 m.

Group 
name

Dates 
sampled

N Length 
range 
(mm 
FL)

Mean 
(SD) 
length 
(mm FL)

Mean 
prey 
quality 
(kJ/g)

Mean 
(SD)
RPL

% non
empty 
stomachs

Mean 
(SD) 
RSCW

Temp. 
(°C)

Oct 10/16- 245 280- 368(27) 4.10 0.19 92 0.80 9.6
2017 10/20 460 (0.97) (0.02) (0.95)
age-1

Oct 10/16- 54 234- 277 (17) 3.67 0.24 83 0.66 9.6
2017 10/20 310 (0.80) (0.04) (0.72)
age-0

May 4/30- 0 6.2
2018 5/5

Jul 2018 7/16- 69 265- 343 (19) 4.43 0.25 96 1.29 8.6
age-1 7/20 380 (0.61) (0.05) (1.45)

Sep 9/20- 45 180- 203 (10) 4.42 0.30 89 4.69 NA
2018 9/21 225 (0.54) (0.06) (3.62)
age-0

Oct 10/18- 292 205- 247 (13) 4.37 0.27 68 2.98 9.9
2018 10/23 280 (0.37) (0.04) (2.34)
age-0

Mar 3/14- 39 236- 286 (20) 4.47 0.20 54 1.02 6.2
2019 3/18 320 (0.16) (NA) (2.08)
age-1

Jul 2019 7/15- 318 255- 316 (26) 4.48 0.19 75 1.64 8.6
age-1 7/19 384 (0.37) (0.10) (2.28)
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Table 2. Mean prey energy density in kJ/g wet mass basis. Sample sizes are shown in 
parentheses for values derived from this study. NOAA NL is the NOAA Nutritional Laboratory 
database (AFSC/ABL, 2020); in cases where energy density values were borrowed from related 
taxa, the source species is listed. Prey energy densities from September 2018 were not 
measured, we used October 2018 values for Sep 2018 age-0 prey.

Taxon Oct 2017 Jul 2018 Oct 2018 Jul 2019 Source
Pacific Sand Lance 5.2 NOAA NL
Sablefish 3.6 Chapter 1
Asteroidea 2.9 NOAA NL:

Gorgonocephalus 
arcticus

Bivalve 2.6 2.6 NOAA NL: Butter clam
(Saxidomus giganteus)

Calanoid copepod 4.2 NOAA NL: Calanus spp.
Pacific Herring (YOY 
and age-1)

4.6 (9) 4.8 (1) 4.5 (8) 4.5 (19) This study

Crab 3.3 3.3 3.3 3.3 LaRoche et al. in prep.:
Metacarcinus magister

Crab larvae 3.3 3.3 3.3 Foy and Paul 1999:
Decapod zoea

Shiner perch 5.3 (1) This study
Spoon worm 5.2 4.8 This study: aggregated 

polychaetes
Euphausiid 3.7 3.7 3.7 NOAA NL: Thysanoessa 

raschii
Gadid 4.2 4.2 (6) This study: Pacific 

tomcod (Microgadus 
proximus) a

Gammarid 4.9 4.9 4.9 NOAA NL: Gammaridae
amphipods
Gastropod 2.8 2.8 NOAA NL: Limacina 

helicina
Harpacticoid
copepod

4.2 NOAA NL: Calanus spp.

Greenling 3.4 (1) This study: Kelp 
greenling 
(Hexagrammos 
decagrammus)

Hyperiid amphipod 2.7 3.2 3.0 This study b
Insect 3 NOAA NL: Insecta spp.
Isopod 3.3 NOAA NL: Saduria spp.
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Table 2 continued

Snake Prickleback

Mysid

4.6

4 (4) 4

NOAA NL: Slender 
eelblenny (Lumpenus 
fabricii)
This study c

Salmon spp. 5.3 5.3 (Gende et al. 2004)
Lingcod 3.9 3.9 (1) This study d
Polychaete worm 5.2 4.8 5.2 (3) 4.8 (15) This study e
Flatfish 3.1 (2) This study: Dover sole 

(Microstomas pacificus)
Rockfish spp. 4.4 NOAA NL: Sebastes spp.
Peanut worm 5.2 This study: aggregated 

polychaetes
Squid 4.3 4.3 This study: Market 

squid (Doryteuthis 
opalescens) f

Shrimp 3.9 3.9 3.9 3.9 NOAA NL: Crangonidae
Larval fish

Moon Jellyfish
Ctenophore

0.02 (2)
0.03 (6)

3.8 3.8 NOAA NL: Capelin 
larvae
This study g
This study g

a October 2017 value borrowed from October 2018 measurement
b July 2019 value averaged from October 2017 and October 2018 measurements 
c October 2018 value borrowed from October 2017 measurement 
d July 2018 value borrowed from October 2018 measurement
e October 2017 value borrowed from October 2018 measurement; July 2018 value borrowed 
from July 2019 measurement
f Borrowed from March 2019 measurement (n=1)
g Energy density measurements were taken but not used in analysis
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Table 3. Percentage of prey by weight (%W; first value in each cell) and frequency of occurrence of prey in stomachs (FO; second 
value) for each Sablefish group. N is the number of fish with non-empty stomachs.

82

Taxa

Oct 2017
age-1
(n = 229)

Oct 2017
age-0 
(n = 45)

Jul 2018 
age-1 
(n = 66)

Sep 2018 
age-0 
(n = 40)

Oct 2018
age-0 
(n = 201)

Mar 2019 
age-1 
(n = 21)

Jul 2019
age-1 
(n = 238)

Fishes
Pacific Sand Lance (Ammodytes
hexapterus) NA NA NA NA NA NA 0.1, 0.4
Sablefish (Anoplopoma fimbria) NA NA NA NA NA NA 0.8, 0.4
Pacific Herring (Clupea pallasii) 46.6, 26.3 81.1, 9.3 79.7, 29.2 82.8, 52.5 85.7, 63.8 18.8, 25 86.1, 43
Shiner Perch (Cymatogaster
aggregata) 19.9, 9.4 NA NA NA NA 15, 5 NA
Cod (Gadidae) 3.4, 1.3 NA NA 0.6, 5 1.2, 1 NA NA
Greenling (Hexagrammos sp.) NA NA NA NA NA NA 0.3, 0.4
Kelp Greenling (H. decagrammus) NA NA NA NA NA NA 3.7, 0.4
Lingcod (Ophiodon elongatus) NA NA 0.8, 1.5 NA 3.5, 1.5 NA <0.05, NA
Snake Prickleback
(Lumpenus sagitta) 0.3, 0.4 NA NA NA NA NA NA
Dover Sole (Microstomus
pacificus) NA NA NA NA NA NA 1.4, 1.3
Salmon remains (Oncorhynchus
sp.) 11.6, 23.2 0.8, 7 NA 1.7, 17.5 NA NA NA
Flatfish, right-eyed
(Pleuronectidae) NA NA NA NA NA NA 1, 1.8
Rockfish (Sebastes spp.) 2.3, 0.9 NA NA NA NA NA NA
Larval fish, unidentified NA NA 0.5, 1.5 NA 0.3, 2.5 NA <0.05, 0.4
Teleost, unidentified 5.8, 36.6 14.5, 41.9 6, 47.7 6.2, 40 8.1, 50.3 15.1, 60 3.2, 27.6
Invertebrates
Arthropod NA NA NA NA NA NA <0.05, 0.9
Crustacean <0.05, 4.5 0.1, 9.3 <0.05, 1.5 2.2, 15 <0.05, 1.5 <0.05, 5 0.1, 1.8
Amphipoda, unidentified 0.1, 9.4 <0.05, 25.6 0.1, 26.2 <0.05, 10 <0.05, 5 NA NA



Table 3 continued
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Hyperiidae sp. 4.7, 47.8 0.4, 41.9 NA <0.05, 2.5 <0.05, 0.5 NA <0.05, 0.9
Hyperia sp. 0.1, 2.7 0.2, 7 NA NA NA NA NA
H. medusarum 0.1, 3.1 0.1, 2.3 NA NA NA NA NA
H. spingera <0.05, 1.8 NA NA NA NA NA NA
Gammaridae <0.05, 1.3 <0.05, 2.3 NA 0.1, 2.5 <0.05, 0.5 NA <0.05, 0.4
Decapoda-unidentified shrimp NA NA 0.2, 1.5 NA NA NA NA
Crangon sp. <0.05, 0.9 <0.05, 2.3 NA NA <0.05, 0.5 NA NA
C. alaskensis NA NA NA NA NA NA <0.05, 0.4
Euphausiidae <0.05, 1.3 <0.05, 2.3 NA NA <0.05, 0.5 NA <0.05, 0.4
Mysidae 0.8, 33 1.1, 37.2 NA NA <0.05, 3 NA NA
Isopoda NA NA NA <0.05, 2.5 NA NA NA
Decapoda-unidentified crab 1.2, 2.7 NA 2.1, 7.7 NA <0.05, 0.5 NA 2.1, 0.9
Anomuran megalope NA NA NA 0.1, 7.5 NA NA NA
Anomuran zoea NA NA NA 0.2, 12.5 NA NA <0.05, 0.9
Brachyuran megalope NA NA NA NA NA NA <0.05, 0.4
Brachyuran zoea NA NA 0.5, 3.1 0.1, 7.5 NA NA <0.05, 0.9
Megalope, unidentified NA NA NA 4.1, 12.5 NA NA NA
Calanoid copepod NA NA NA NA NA NA <0.05, 0.4
Harpacticoid copepod NA NA NA NA NA NA <0.05, 0.4
Insect NA NA NA <0.05, 2.5 NA NA NA
Springtail NA NA NA NA <0.05, 0.5 NA NA
Mollusk NA NA NA NA NA NA <0.05, 0.4
Bivalve 0.1, 0.4 NA 0.4, 1.5 NA 0.1, 1.5 NA NA
Gastropod <0.05, 2.2 NA NA NA <0.05, 0.5 NA NA
Cephalapod <0.05, 0.9 NA NA NA NA NA NA
Teuthida <0.05, 0.9 NA <0.05, 1.5 NA NA 50.9, 15 NA
Polychaete <0.05, 1.8 0.1, 4.7 4.6, 7.7 NA NA NA 0.6, 14
Nereidae <0.05, 0.4 NA NA 0.3, 10 NA NA 0.2, 11.8
Echiura 0.6, 0.4 NA 0.3, 1.5 NA NA NA NA



Table 3 continued

Sipunculidae 0.1, 0.4 NA NA NA NA NA NA
Asteroidea NA NA NA NA 0.9, 3 NA NA
Cnidaria/Ctenophora NA, 8.9 NA, 14 NA, 33.8 NA NA, 3 NA NA, 28.1
Unidentified Invertebrate 0.2, 1.3 0.1, 4.7 0.1, 1.5 NA <0.05, 1.5 NA <0.05, 0.9

Unidentified tissue 1.7, 16.1 1.4, 25.6 4.6, 32.3 1.7, 7.5 <0.05, 1 0.2, 10 0.3, 14

84



Table 4. Pairwise comparisons of energy intake among Sablefish groups, determined from 
PERMANOVA. P-value is for pairwise comparison and is not adjusted for multiple sampling. R2 is 
the proportion of differences in distance explained by group.

Comparison P R2
Oct 2017 age-0, Oct 2018 age-0 5.00E-04 0.32
Oct 2017 age-1, Oct 2018 age-0 5.00E-04 0.23
Oct 2017 age-0, Sep 2018 age-0 5.00E-04 0.22
Oct 2017 age-0, Jul 2018 age-1 5.00E-04 0.21
Oct 2017 age-0, Jul 2019 age-1 5.00E-04 0.19
Oct 2017 age-1, Jul 2019 age-1 5.00E-04 0.16
Oct 2018 age-0, Jul 2019 age-1 5.00E-04 0.08
Oct 2017 age-1, Jul 2018 age-1 5.00E-04 0.07
Jul 2018 age-1, Oct 2018 age-0 5.00E-04 0.07
Oct 2017 age-1, Sep 2018 age-0 5.00E-04 0.06
Sep 2018 age-0, Oct 2018 age-0 5.00E-04 0.06
Jul 2018 age-1, Sep 2018 age-0 0.13 0.03
Sep 2018 age-0, Jul 2019 age-1 0.011 0.03
Oct 2017 age-1, Oct 2017 age-0 5.00E-04 0.02
Jul 2018 age-1, Jul 2019 age-1 0.025 0.02
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Table 5. Slope (β), R2, and p-values from linear regressions of δ13C and δ15N on length for each 
Sablefish group.

Group
δ13C ~ length model δ15N ~ length model

β R2 p β R2 p
Oct 2017 age-1 -0.009 0.37 <0.001 0 0 0.956
Oct 2017 age-0 -0.009 0.45 0.001 0.013 0.20 0.050
Jul 2018 age-1 -0.006 0.08 0.109 0.007 .15 0.025
Sep 2018 age-0 0.005 0.05 0.367 0.013 0.21 0.056
Oct 2018 age-0 -0.009 0.14 0.028 0.005 0.14 0.027
Mar 2019 age-1 0.016 0.31 0.002 0.014 0.39 <0.001
Jul 2019 age-1 -0.001 0.01 0.52 0.011 0.53 <0.001
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Figure 1. Alaskan Sablefish early life history and sampling periods for this study. Orange shading represents fish in deep adult 
habitats, gold represents eggs/larval fish, blue represents fish in the nekton, and green represents fish in shallow nearshore waters. 
Life stage transitions may vary individually and geographically. Gray shading shows dates of field sampling and ages of cohorts 
sampled for this study. 1 Mason et al. 1983, 2 Sigler et al. 2001, 3 Rutecki and Varosi 1997, 4 Length ranges adjusted using data from 
this study,5 Hanselman et al. 2018



Figure 2. Frequencies of Sablefish fork length in each group. Lengths were measured in the field 
except in the Sep 2018 age-0 group, which we measured in the lab (field measurements 
unavailable).
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Figure 3. Non metric multidimensional scaling of Sablefish energy intake with 95% confidence 
ellipses for the mean position of each group. Vectors represent loadings (correlations) of prey 
strongly correlated with nMDS axes (p < 0.001, R2 > 0.1)
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Figure 4. Scatter plots with fitted regression lines showing the relationship between Sablefish 
δ13C and length for each group. Age-0 fish are shown in blue and age-1 fish in red.
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Figure 5. Scatter plots with fitted regression lines showing the relationship between Sablefish 
δ15N and length for each group. Age-0 fish are shown in blue and age-1 fish in red.
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Figure 6. Biplot of δ13C and δ15N values for age-0 Sablefish (open circles), age-1 Sablefish (closed 
circles), and prey (triangles). 1) Sablefish, 2) Herring YOY, 3) Herring age-1), 4) Hyperiid 
amphipod, 5) Shiner Perch, 6) Mysid, 7) Moon Jelly, 8) Ctenophore, 9) Pacific tomcod, 10) 
Lingcod, 11) Polychaete, 12) Market Squid, 13) Dover Sole, 14) Kelp Greenling.
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Figure 7. Mean RSCW (%) by group. Letters indicate significant differences between groups 
from Tukey HSD pairwise comparisons of natural log transformed RSCW. Error bars represent 
standard error of untransformed data.

Supplementary material

Converting frozen prey weight to ethanol-preserved prey weight

This study required analyzing weights of both frozen prey (individuals selected for 

calorimetry and isotope analysis) and prey stored in ethanol (remaining prey), therefore 

regressions were necessary to standardize weights. We developed taxa specific regressions of 

frozen to ethanol-stored Herring, Hyperiid amphipods, and mysids. A subset of minimally 

digested samples were weighed frozen, transferred to ethanol, then reweighed approximately 

one week later after ethanol had infused the tissues completely. We augmented the small 

sample size of Herring from stomachs (n = 4) with additional Herring caught in cast nets in 

Prince William Sound (n = 15). We used resulting regression equations (Table S1) to calculate 
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predicted ethanol-preserved weight from frozen weight prior to statistical analysis involving 

individual prey taxa (i.e., prey quality comparisons, multivariate statistics). We applied the 

Herring regression to other frozen fish taxa and applied a regression equation that included all 

taxa measured to polychaete worms. We also developed a regression to convert stomach bolus 

(total stomach contents) weights between frozen and ethanol storage methods using stomach 

contents dissected from September 2018 Sablefish. The regression was used to convert ethanol 

preserved weights to frozen stomach bolus weights prior to statistical analyses of relative 

stomach contents weight. While converting between frozen and ethanol-preserved weights 

may result in some error, directly comparing frozen and ethanol-preserved weights would have 

been problematic because of the high degree of tissue desiccation that results from 

preservation in ethanol.

Supplementary tables and figures

Table S1. Regressions converting between ethanol and frozen weights. n is the number of 
samples weighed both frozen and after ethanol preservation. Prey applied is the number of 
prey items to which the regression was applied. Weight ranges are for frozen weights. In the 
Equation column, E represents ethanol weight and F is the frozen weight. Combined regression 
includes all Herring, Hyperiidae, and Mysid samples analyzed. Total stomach contents (SC) 
regression was derived from September 2018 stomach contents boluses and was used to 
convert stomach contents weights for RSCW analysis.

Taxa n Prey 
applied

Weight range (g) Equation R2

Clupea pallasii 19 69 2.48-6.41 E = 0.7353*F - 0.1881 0.94
Hyperiidae 44 811 0.00110-0.00995 E = 1.0331*F - 0.0006 0.96
Mysidae 20 153 0.00140-0.00452 E = 0.4552*F + 0.0002 0.60
Combined 83 16 0.0011-6.41 E = 0.6942*F - 0.0012 0.997
Total SC 37 N/A 0.26-15.93 F = 1.3470*E + 0.5257 0.97
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Table S2. Sablefish δ13C and δ15N mean and standard deviation (sd) by group. Asterisks indicate 
that mean values are significantly different (p < 0.05) than the preceding group within the same 
year class.

Group n
δ13C
mean

δ13C
sd

δ15N
mean

δ15N 
sd

Oct 2017 age-1 33 -18.44 0.52 13.42 0.42
Oct 2017 age-0 20 -20.54 0.30 13.30 0.64
Jul 2018 age-1 34 -18.85* 0.52 13.59 0.43
Sep 2018 age-0 45 -18.85 0.34 12.80 0.39
Oct 2018 age-0 41 -18.61 0.54 12.78 0.32
Mar 2019 age-1 28 -18.52 0.64 13.42* 0.49
Jul 2019 age-1 40 -17.77* 0.35 13.48 0.44
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Figure S1. Map of Baranof Island. All samples were taken in Saint John Baptist Bay, except for 
September 2018 samples, which were caught in Deep and Crawfish Inlets.
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Figure S2. Histogram of lengths for October 2017 Sablefish. Predicted age-0 length distribution 
(black) and age-1 distribution (red) and 306 mm cutoff (blue) are shown.
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General Conclusion

This thesis filled important gaps in knowledge of juvenile sablefish physiology and 

foraging ecology. We determined that the first winter likely poses a physiological challenge to 

sablefish. Juvenile sablefish increase energy stores before winter, and energy reserves are 

positively correlated with length, which indicates preparation for periods of low food 

availability (Post & Parkinson 2001, Hurst & Conover 2003). We found that sablefish are able to 

grow during winter, though growth rates decrease after their first autumn. Large sablefish are 

able to grow and better maintain energy stores through winter than smaller individuals, which 

results in a novel pattern of winter energy loss for age-0 marine fish. We also identified size

based diet differences from stable isotope analysis, indicating differential seasonal resource use 

by small and large fish. This may result from improved foraging success on large prey by larger 

fish, demonstrating the advantages of rapid growth early in life. Fish prey, especially herring, 

provided the majority of calories (82%) consumed by sablefish both before the first winter and 

during the second summer. These findings may help us understand how sablefish thrive in 

marine heatwave years.

An extraordinarily large year class of juvenile sablefish in Alaska coincided with the 2014 

marine heatwave in the northeastern Pacific and another record setting recruitment event 

occurred in 2016 in Alaska (Hanselman et al. 2019), with California Current sablefish 

recruitment also high in 2016 (Haltuch et al. 2019). Bottom-up processes may have aligned 

favorably for sablefish during those years. Sablefish grow faster in warm water, and larger size 

yields survival advantages through improved ability to avoid predators, capture prey, and resist 

starvation. However, larval and early juvenile sablefish typically depend on large copepods and 
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euphausiids (Grover & Olla 1990, Sigler et al. 2001), which were scarce during marine heatwave 

years in the Northeast Pacific (Mckinstry & Campbell 2018, Brodeur et al. 2019). Sablefish rely 

on high consumption rates to fuel their rapid growth, but high growth rates are impossible with 

insufficient prey. Further research into sablefish diets during earlier developmental stages than 

those examined in this thesis may resolve this apparent discrepancy. While many fish suffered 

recruitment failures during marine heatwave years, some other species also had exceptional 

year classes. California Current rockfishes (Sebastes spp.), Pacific hake (Merluccius productus), 

and chub mackerel (Scomber japonicus) all had unprecedentedly high recruitment in 2016 

(Morgan et al. 2019). Age-0 sablefish consume larval and juvenile rockfish during their first 

summer (Sigler et al. 2001); if rockfish recruitment was also anomalously high in the Gulf of 

Alaska, they may have fueled growth and survival of piscivorous juvenile sablefish. Gelatinous 

prey were also abundant in marine heatwave years in Alaska and California Current 

ecosystems, and numerous studies, including this one, have observed sablefish feeding on 

these low quality meals. We recommend further research into sablefish growth potential when 

fed unlimited rations of gelatinous prey.

Marine heatwave winters may have resulted in above average quality prey for sablefish. 

We observed predation on market squid, a newly abundant resource in Southeast Alaska (R. 

Yamada, personal communication, 2019). Squid potentially a large prey resource and sablefish 

could benefit only if they were large enough to ingest co-occurring squid. Fast growth due to 

warm temperatures during summer and autumn might prime sablefish to take advantage of 

otherwise inaccessible resources. In March 2019, we observed scales and other fish remains in 

sablefish stomachs that likely came from adult herring. Only the largest age-1 sablefish in 
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winter could consume a small adult herring, but these relatively large, energy dense prey would 

provide tremendous energy for further growth and sustenance during a normally lean season. 

Other nearshore fishes such as shiner perch, gadids, and flatfish may be accessible only to 

sablefish above certain size thresholds, and access to these resources could greatly improve 

energy reserve retention and survival over winter.

The steep relationship between energy storage and size post-winter may or may not 

hold up in other scenarios of prey availability. If the largest sablefish are typically able to 

consume high quality prey unavailable to smaller individuals throughout winter, we would 

expect the steep post-winter size-based relationship to be consistent in other years and 

locations. Sablefish exhibit remarkable variation in length by late autumn and size-dependent 

capture success may be a constant component of their foraging ecology. However, if capture 

success was independent of sablefish size than the we might expect to see a different pattern 

of energy loss over winter.

Our conclusions on sablefish energy allocation and diets through winter would be 

strengthened by additional years of data with contrasting temperature and prey quality 

conditions. No sablefish were caught in spring 2018 despite extensive fishing effort. Sablefish of 

the 2017 year class were caught in Saint John Baptist Bay (SJBB) in October 2017 and July 2018, 

and there are several plausible explanations for their absence in April/May. Sablefish could 

have relocated to areas other than SJBB during spring. Temperatures in the bay were likely 

colder than some surrounding waterways due to freshwater input and sablefish achieve 

optimal growth at relatively warm temperatures exceeding 15 °C (Sogard and Olla 1998, Krieger 
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et al. 2020). Potential prey (e.g., market squid and herring) were present in SJBB in 2018, and 

the water remained warmer than the coldest temperature at which sablefish fed and grew in 

lab experiments (5 °C; Krieger et al. 2018). However, it is possible that sablefish sought out 

deeper, colder waters to reduce their metabolic rates during periods of lower prey availability 

(Morley et al. 2007). The 2017 year class appears to be smaller than the 2016 or 2018 year 

classes, which further reduced our probability of capturing them in spring 2018. Previous 

attempts at spring sampling in SJBB suggest reduced activity and foraging in cold temperatures: 

in May 2013, when water temperature was 3 °C, the four sablefish caught during a week of 

fishing were lethargic and stomachs were mostly empty (Coutre et al. 2015).

Sablefish recruitment drivers would be clarified by further research into juvenile 

sablefish movement and habitat use. The proportion of the population that settles into the 

nearshore remains unknown. Age-1 sablefish are occasionally caught in surface trawls in the 

Gulf of Alaska (Strasburger et al. 2018) and are regularly caught in bottom trawls in the 

California Current (Haltuch et al. 2019). Juvenile sablefish 150-399 mm are caught in nearshore 

locations on the continental shelf as well as in inland waterways with bottom trawl gear in the 

eastern and western Gulf of Alaska (Pirtle et al. 2019). Habitat suitability models suggest 

shallow depths, eastern facing slopes, and soft (non-rocky) substrates are ideal for juvenile 

sablefish (Pirtle et al. 2019). SJBB meets these criteria, though future studies on juvenile 

sablefish should attempt to sample on a broader spatial scale. Based on previous attempts to 

collect specimens across a broader geographic range, such a study would be more likely to 

succeed if it coincided with a strong sablefish year class (Rutecki and Varosi 1997).
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Continuation of this study could further refine our assessment of the importance of 

overwinter survival for sablefish. Monthly sampling of juvenile sablefish through their first year 

of life would identify critical periods for growth and energy storage on a finer temporal scale. 

Juvenile fish can increase lipid stores prior to winter in a short period of time; for instance, 

herring energy densities increase between October and November before declining throughout 

winter (Paul et al. 1998). It is possible that the timing of our sampling missed the peak period in 

sablefish energy reserves prior to winter. Since winter is an important period, pre-winter 

sampling of size, energy density (or percent lipid), and diets should be undertaken for multiple 

years. Temperature and prey availability interact to determine the physiological cost of winter. 

Therefore, linking pre-winter energy content, size, or prey quality directly to recruitment would 

require many years (or decades) of data with contrasting thermal conditions and prey 

resources. Directly testing for size-selective overwinter mortality would also add value to our 

understanding of winter energy allocation. This could be accomplished by conducting 

abundance surveys in autumn, when energy stores are expected to be maximized, and post

winter and comparing growth rates of autumn fish with winter survivors using otoliths.
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Appendix A: Spatial variability of 2016 age-0 sablefish energy storage

Physiological patterns of energy storage and growth are limited by environmental 

conditions such as resource availability and temperature, which vary over space as well as time. 

Spatial variation in growth and energy storage are common in marine fish and may be related 

to local or regional differences in production or temperature (Levin 1992, Moss et al. 2016). 

Sablefish range from Baja California to the Bering Sea and west to Japan. While the majority of 

the Alaska sablefish population inhabits the Gulf of Alaska, 13% of the biomass resides in the 

Bering Sea (Hanselman et al. 2018). Data from late summer 2016 provided an opportunity to 

compare energy content in age-0 sablefish from different areas in the Gulf of Alaska and in the 

Bering Sea.

We assessed spatial variability in sablefish condition and growth by comparing pelagic 

age-0 fish collected during August and September 2016 in three regions: Bering Sea (BS), 

nearshore Gulf of Alaska, and offshore Gulf of Alaska (Figure A1.1). Nearshore fish were caught 

at stations clustered over the continental shelf break east of 138 °W, while offshore fish were 

collected west of 138 °W in the Gulf of Alaska (GOA). We converted BS fish standard lengths to 

fork length prior to analysis (Chapter 1). We used ANCOVA to test for differences in ED and TE 

among regions while accounting for fish length and used a Tukey HSD post-hoc test to identify 

which groups differed.

Sablefish energy storage differed between regions in summer 2016. Offshore GOA 

sablefish were largest among the three regions, averaging 206 ±15 mm in length, while 

nearshore GOA and BS fish were smaller, with mean l e ngths of 186 ±26 mm and 198 ±21 mm, 

respectively. BS sablefish had lower weights at length than GOA fish (Fig A1.2). Slopes of the 
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relationships between length and energy storage (ED and TE) did not differ between region as 

indicated by non-significant interaction terms (Length*Region: p=0.83 for ED and p=0.89 for 

TE). Region was a significant predictor of ED; nearshore GOA sablefish had a significantly higher 

ED at a given length than BS and offshore GOA fish (Table A1.2, Figure A1.3). TE also varied 

significantly among regions, with a significantly higher intercept for the TE-length relationship 

for nearshore GOA fish compared to the other two regions, and a significantly higher intercept 

for offshore GOA fish than BS sablefish (Table A1.3, Figure A1.3).

BS sablefish had similar energy densities but lower weights, length-weight residuals, and 

total energies than GOA sablefish, despite BS fish being captured a month later. The BS was 

colder than the GOA in summer 2016 (Zador & Siddon 2016, Strasburger et al. 2018) so reduced 

size in the BS may reflect slower growth due to low temperature. Offshore GOA sablefish were 

larger than in other regions. Sablefish in this region may have originated from ocean seamount 

spawners (Maloney 2004), transported offshore by the Sitka eddy, or advected north from 

more southern hatch locations as currents run predominately counter-clockwise in the GOA 

(Stabeno et al. 2016). Offshore GOA sablefish either experienced better foraging conditions, 

hatched earlier, or both, compared to the nearshore GOA group. This spatial variation in growth 

and storage illustrates that phenology and magnitude of growth and energy storage in other 

parts of the sablefish range may differ from our findings in Saint John Baptist Bay.
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Tables and Figures

Table A1.1: Sablefish catch information. Lengths are in mm, Weight in g, ED in kJ/g dry, and TE 
in kJ.

Region N

Mean 
catch 
date

Length 
mean 
(sd)

Length 
range

Weight 
mean 
(sd)

ED 
mean 
(sd)

TE mean 
(sd)

Bering 9/13/16 198 135- 61(19) 22.5 315
Sea 58 (21) 239 (1.1) (115)
GOA 8/10/16 186 106- 70 (26) 23.0 390

nearshore 25 (26) 218 (1.1) (165)
GOA 8/17/16 206 172- 85 (23) 22.7 443

offshore 30 (16) 234 (0.7) (140)
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Table A1.2. Tukey HSD post hoc pairwise comparison of energy density between regions after 
adjusting for effects of length using ANCOVA.

diff lwr upr P adj
Near GOA-BS 0.735 0.303 1.168 0.000289
Off GOA-BS 0.014 -0.392 0.420 0.996315
Off GOA-Near 
GOA -0.721 -1.211 -0.232 0.001914

Table A1.3. Tukey HSD post hoc pairwise comparison of total energy content between regions 
after adjusting for effects of length using ANCOVA.

diff lwr upr P adj
Near GOA-BS 0.381 0.292 0.470 0
Off GOA-BS 0.272 0.188 0.356 0
Off GOA-Near 
GOA -0.109 -0.210 -0.009 0.030076

Figure A1.1. Map of sablefish catch locations in the Bering Sea and Gulf of Alaska.
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Figure A1.2. Length weight relationship of sablefish in the Bering Sea and Gulf of Alaska. Bering 
Sea sablefish have lower weights at length than GOA sablefish.
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Figure A1.3: ANCOVA plot of energy density and total energy differences by region.
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Appendix B: Juvenile sablefish instantaneous growth rates, as indicated by RNA:DNA ratios

We RNA:DNA ratios as an index of instantaneous growth rates (Bulow 1970) to assess 

temporal and size-based trends in juvenile sablefish growth. Cells have relatively constant levels 

of DNA, while RNA levels increase with protein synthesis (Bulow 1970). This metric has been 

used as a growth index for a wide variety of marine fish including salmonids (Mathers et al. 

1993, Weber et al. 2003), Clupeids (Clemmesen 1994, Bernreuther et al. 2013), and Gadids 

(Buckley 1979, Heintz & Vollenweider 2010, Sreenivasan & Heintz 2016). RNA and DNA levels 

respond to nutritional changes in a matter of days (Weber et al. 2003) so we use this index as a 

metric of instantaneous growth (Heintz & Vollenweider 2010) with the expectation of 

considerable natural variability.

We processed sablefish muscle plugs according to the methods of Sreenivasan & Heintz 

(2016) for the RNA:DNA index. In brief, we recorded fluorescence after adding RNase to a 

sample, then again after adding DNase, and calculated RNA:DNA ratios from the subsequent 

fluorescence reduction. We then used linear models to evaluate the effects of fish size and 

season, while accounting for differences among year classes, on juvenile sablefish RNA:DNA. 

The dataset included fish from the 2016, 2017, and 2018 year classes from the Gulf of Alaska 

(Table A2.1). Potential predictor variables included fish length, month (as described in Chapter 

1), and year class. We also included pairwise interaction terms between predictor variables in 

the full model. We evaluated candidate models by AICc using the dredge function (MuMIn 

package in R) and we considered models with AICc scores within 2 units of the lowest AICc 

across models to have equivalent explanatory power (Burnham & Anderson 2002). We also 

compared RNA:DNA of the 2018 year class between successive seasons using t-tests. Four
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outliers with residuals >4 standard deviations above the mean were removed but removal did 

not affect the top model.

We assessed spatial variability in sablefish condition and growth by comparing pelagic 

age-0 fish from August and September 2016 from three locations: the Bering Sea, nearshore in 

the Gulf of Alaska, and offshore in the Gulf of Alaska (Appendix 1). We compared the 

relationship between RNA:DNA ratios and fish length among regions using ANCOVA. RNA:DNA 

declined with season and length, and a length-season interaction was also important in the top 

model (Table A2.2), suggesting that the rate of decline with length differed among seasons. One 

other model with ∆AICc<2 included just season and length. Parameter weights were 1 for 

season and length, 0.16 for year class, 0.65 for season:length interaction and 0.03 for other 

interactions (see Table A2.3 for coefficients). Mean RNA:DNA ratios were highest early in 

ontogeny (Figure A2.1) and declined over the course of their first summer from July through 

October (Jul 2017: 15.3, Aug 2016: 12.8, Aug 2017: 15.6, Sep 2018: 12.9, Oct 2017: 8.8, Oct 

2018: 9.0). RNA-DNA ratios declined further over the winter to 7.7 for age-1 sablefish in March 

2019, but increased again by July to 8.7 in 2018 and 9.6 in 2016. October age-1 sablefish had 

the lowest RNA:DNA ratios at 7.4. To clarify ontogenetic variations without the confounding 

effects for year-class variations, we examined RNA:DNA ratios for the 2018 year class, which 

declined from September to October to March but increased back to October levels in July 

(Figure A2.2) with significant changes between successive seasons. RNA:DNA ratios were 

significantly different between each region (Tukey HSD: p<0.05; Figure A2.3). Mean RNA:DNA 

was highest in the Bering Sea (16.5), followed by nearshore GOA (14.7), and offshore GOA
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(11.2). RNA:DNA did not differ significantly by length (p>0.05) in the sablefish analyzed for this 

spatial comparison.

The negative relationship between RNA:DNA and length may result from small fish 

prioritizing growth over energy storage (Chapter 1). However, if larger sablefish attained 

greater size through increased growth (as opposed to earlier hatch dates and thus a longer 

growing season), these results reiterate that RNA:DNA ratios do not reflect long term growth 

rates, as larger fish must have averaged faster growth than their smaller counterparts. For 2018 

year class fish, RNA:DNA ratios declined between September and October, which may reflect a 

decline in growth after settlement. The lower RNA:DNA ratios during March compared to the 

previous October corroborate slowed growth in winter (Chapter 1). The increase in RNA:DNA 

ratios from March to July suggests that growth rates increase during the second summer, which 

was not apparent in March-July 2019 length increases (Chapter 1). Results should be 

interpreted with caution as RNA:DNA is sensitive to water temperature (Buckley et al. 1984).

Fish caught at different seasons and regions often experienced different temperatures, and 

thus it is difficult to determine how much of the variation in RNA:DNA ratios reflects true 

differences in growth rate. A recent laboratory study on sablefish RNA:DNA may improve our 

interpretation of these results (R. Heintz, unpublished data).
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Tables and Figures

Table A2.1. RNA:DNA values (RD) and standard deviations (sd) by year class, year of capture, 
age, season and area with sample sizes (N).

Year 
class

Catch
year

Age &
Month Area N

RD mean 
(sd)

2016 2016 Age-0 Sep BS 59 16.5 (2.8)
2016 Age-0 Aug GOA 65 12.8 (3)
2017 Age-1 Jul GOA 14 9.6 (1.8)

2016 2017 Age-1 Oct SJBB 33 7.4 (2)
2017 Age-0 Jul GOA 6 15.3 (1.6)
2017 Age-0 Aug GOA 14 15.6 (0.4)
2017 Age-0 Oct SJBB 20 8.8 (1)

2017 2018 Age-1 Jul SJBB 34 8.7 (1.6)
2018 Age-0 Sep SWBI 18 12.9 (3)
2018 Age-0 Oct SJBB 34 9 (1.4)
2019 Age-1 Mar SJBB 28 7.7 (1.4)

2018 2019 Age-1 Jul SJBB 40 9.4 (1.8)

Table A2.2 The 95% confidence set of models, based on Akaike weights, describing variation in 
RNA:DNA. ∆AICc is the AICc for each model minus the lowest AICc across all candidate models.

Model parameters R2 ∆AICc Model 
weight

Season+Length+Length:Season 0.604545 0 0.56703
Season+Length 0.583335 1.477543 0.270714
Season+Length+Year class+ LengtkSeason 0.605008 4.18972 0.069754
Season+Length+Year class 0.583363 5.777144 0.03154
Season+Length+Year class+Season:Year 
class 0.588339 6.795969 0.018951
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Table A2.3 Parameter estimates from RD top model

Model parameters Top model 
estimates

Intercept 17.01937
Length -0.02609
Dmonth8 4.968736
Dmonth9 10.20839
Dmonth10 -5.91261
Dmonth15 -13.0432
Dmonth19 -0.26469
Dmonth22 -7.28669
Length:Dmonth8 -0.0209
Length:Dmonth9 -0.04511
Length:Dmonth10 0.017158
Length:Dmonth15 0.039299
Length:Dmonth19 0.002269
Length:Dmonth22 0.018281
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Figure A2.1. Size based and seasonal changes in sablefish RNA:DNA.
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Figure A2.2. Seasonal variation in RNA:DNA from 2018 year class.
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Figure A2.3. Spatial differences in RNA:DNA between Bering Sea and regions in the Gulf of 
Alaska.
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Appendix C: Evaluation of sample energy density influence on δ13C results

In this appendix we examine the conclusion in Chapter 2 that relationships between 

δ13C and length result from size-based differences in foraging habits rather than increased lipid 

content in large fish. Samples with high lipid content can be more depleted in δ13C (Post et al. 

2007). To account for this, samples sometimes have lipids extracted before stable isotope 

analysis, or a correction to δ13C is applied based on lipid content. In Chapter 1, we measured 

energy density, which is strongly correlated with lipid content (Vollenweider et al. 2011), rather 

than percent lipid, which means we cannot correct stable isotope values for lipid content. 

Instead, we present a regression of δ13C against energy density to assess the possibility that 

δ13C versus length regressions are in part a product of sablefish lipid content rather than a 

reflection of prey source. There was a significant negative correlation between δ13C and energy 

density in October 2017, and a positive correlation in September 2018 and March 2019 (Table 

S3.1, Figure S3.1).

It is unlikely that sample lipid content exerted substantial influence on δ13C values for 

three reasons: 1) sablefish length explained more of the variation in δ13C than energy density, 

2) positive trends between energy density and δ13C are opposite of the expected influence of 

lipids, and 3) prey isotopes provide a likely explanation for negative relationships between 

energy density and δ13C . If lipid contents were driving the negative trend in δ13C, we would 

expect more of the variation in δ13C to be explained by energy density than by length, but 

instead we saw higher R2 in length versus δ13C models. Size-based foraging patterns likely 

influence both energy storage and δ13C rather than sample lipid content driving δ13C values. 

Positive relationships between energy density and δ13C, as observed for Sep 2018 age-0 and 
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Mar 2019 age-1 fish, are the opposite of what we would expect if lipid content were driving 

δ13C values and thus must reflect prey consumed. We did not sample prey isotopes in 

September 2018, but diets provide a plausible explanation for this pattern in March 2019. Large 

March 2019 age-1 fish better retained energy reserves (Chapter 1), likely by consuming 

enriched δ13C prey, such as market squid Doryteuthis opalescens, at higher rates than small 

sablefish. It is unlikely that lipid content would influence isotope values in some seasons but not 

others; therefore, a different foraging pattern must explain the negative trends between 

energy density and δ13C observed in October 2017. Fish eating a depleted δ13C food source such 

as salmon carcasses (Chaloner et al. 2002) likely grew more, stored more energy, and 

incorporated more depleted δ13C into their tissue.
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Tables and Figures

Table A3.1. δ13C versus energy density model results by month, year and age class, including 
coefficient of determination (R2) and p-value for testing linear trend. Trend indicates direction 
of δ13C versus energy density relationship for models with p-values <0.1.

Group Trend R2 p

Oct 2017 age-1 Negative 0.17 0.017

Oct 2017 age-0 Negative 0.16 0.081

Jul 2018 age-1 0.02 0.414

Sep 2018 age-0 Positive 0.33 0.012

Oct 2018 age-0 0.04 0.283

Mar 2019 age-1 Positive 0.31 0.002

Jul 2019 age-1 Positive 0.08 0.079
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Figure A3.1 δ13C versus energy density (kJ/g) by group.
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Appendix D. IACUC Approval Letter

(907) 474-7800

Institutional Animal Care and Use

(907) 474-5993 fax uaf-iacuc@alaska.edu 
www.uaf.edu/iacuc

Committee
909 N Koyukuk Dr. Suite 212, P.O. Box 757270, Fairbanks, Alaska 99775-7270

July 17, 2017

To: Anne Beaudreau
Principal Investigator

From: University of Alaska Fairbanks IACUC
Re: [1089138-2] Seasonal patterns of energy allocation and implications for overwinter survival of 

post-settlement juvenile sablefish

The IACUC reviewed and approved the Response/Follow-Up referenced above by Designated Member Review.
Received: July 14, 2017
Approval Date: July 17, 2017

Initial Approval Date: July 17, 2017

Expiration Date: July 17, 2018
This action is included on the August 10, 2017 IACUC Agenda.

PI responsibilities:

• Acquire and maintain all necessary permits and permissions prior to beginning work on this protocol. Failure 
to obtain or maintain valid permits is considered a violation of an IACUC protocol and could result in 
revocation of IACUC approval.

• Ensure the protocol is up-to-date and submit modifications to the IACUC when necessary (see form 
006 "Significant changes requiring IACUC review" in the IRBNet Forms and Templates)

• Inform research personnel that only activities described in the approved IACUC protocol can be performed. 
Ensure personnel have been appropriately trained to perform their duties.

• Be aware of status of other packages in IRBNet; this approval only applies to this package and the documents 
it contains; it does not imply approval for other revisions or renewals you may have submitted to the IACUC 
previously.

• Ensure animal research personnel are aware of the reporting procedures on the following page.
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(The following information is also available in a printable format in the IRBNet Forms and Templates)

HOW DO I REPORT CONCERNS ABOUT ANIMALS IN A UAF RESEARCH FACILITY?

• All "live" animal concerns related to care and use should be reported to the IACUC
• Email: uaf-iacuc@alaska.edu Phone: 474-7800
• Report form: www.uaf.edu/iacuc/report-concerns/
• IACUC Committee Members: www.uaf.edu/iacuc/iacuc-info/
• Additional information: www.uaf.edu/ori/responsible-conduct/research-misconduct/ and 

www.uaf.edu/ori/responsible-conduct/conflict-of-interest/

WHAT SHOULD I DO IF AN ACCIDENT OR INCIDENT OCCURS IN AN UAF ANIMAL FACILITY?

• For all immediate human emergencies call 911 or UAF Dispatch at 474-7721 for less immediate 
emergencies.

• If you have suffered an animal bite or other injury, complete an "Accident/Incident Investigation form" 
(personal injury) form available at www.uaf.edu/safetv/incidentreport-2012.pdf.

• If an accident such as a chemical spill occurs, contact the Environmental Health, Safety, and Risk 
Management (EHS&RM) Supervisor at 474-5617 or the Hazmat Coordinator at 474-7889.

WHO DO I CONTACT IF I FIND A DEAD, INJURED, OR DISTRESSED ANIMAL IN A UAF RESEARCH FACILITY?

• During regular business hours, immediately contact facility staff and/or Veterinary Services Staff at 474-7020.
• After hours or on weekends, immediately contact facility staff and/or Veterinary Services Staff using the 

contact numbers posted on the "Emergency Contact Information" in the facility or call UAF Dispatch at 474
7721.

• Contact the IACUC at 474-7800 or uaf-iacuc@alaska.edu if an "Emergency Contact Information" sign is NOT 
posted in the facility.

• Contact the IACUC if you are not satisfied with the response from Vet Services.

HOW DO I REPORT ANY CONCERNS REGARDING WORK HAZARDS OR ANY GENERAL UNSAFE CONDITIONS?

• Complete an "Unsafe Condition Reporting Program" form, available at the EHS&RM website: 
www.uaf.edu/safety/unsafe-condition/

WHERE CAN I OBTAIN GENERAL OCCUPATIONAL SAFETY INFORMATION? www.uaf.edu/iacuc/occupational- 
health/
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