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Abstract
The rapid decline in Pacific cod (Gadus macrocephalus, Gadidae) biomass following 
multiple Gulf of Alaska marine heatwaves (2014– 2016 and 2019) may be one of the 
most dramatic documented changes in a sustainably managed marine fishery. As such, 
fisheries managers are exploring new recruitment paradigms for Pacific cod under 
novel environmental conditions. In this review, we address the challenges of managing 
and forecasting Pacific cod populations in the Eastern Pacific where thermal habitats 
for early life stages are undergoing varying rates of change across space and time. 
We use observational data to examine changes in distribution, abundance and demo-
graphics of the population from 1993 to 2020, and model contemporary and future 
changes of thermal habitat for both spawning success and age- 0 juvenile growth po-
tential. Results indicate that reduced spawning habitat and early life stage abundance 
may be a precursor to regional population decline, but the recent apparent increases 
in size- at- age of pre- recruits will have unknown impacts on future recruitment in 
these regions. We contend that continued monitoring of early life stages will be nec-
essary to track changes in phenology and growth that likely determine size- at- age and 
the survival trajectories of year classes into the adult population. These include com-
plex size-  and temperature- dependent energetics spanning seasonal habitats through 
the first winter. Climate- ready management of Pacific cod will, therefore, require new 
process investigations beyond single- season surveys focused on one- life stage.

K E Y W O R D S
eggs, Gadus macrocephalus, juvenile fish, larvae, size- at- age, spawning

www.wileyonlinelibrary.com/journal/faf
mailto:
https://orcid.org/0000-0001-7150-0879
https://orcid.org/0000-0003-3305-6441
http://creativecommons.org/licenses/by-nc/4.0/
mailto:ben.laurel@noaa.gov


2  |    LAUREL et al.

1  |  INTRODUC TION

Pacific cod support major fisheries throughout the North Pacific and 
are a key ecosystem component in the Gulf of Alaska (GOA). Pacific 
cod were first commercially harvested in Alaska in 1863 (Cobb, 1926) 
and beginning in the late 1970s, Pacific cod exhibited large increases 
in abundance following a period of warming and an accompany-
ing community regime shift (Benson & Trites, 2002; Litzow, 2006). 
However, closely spaced marine heatwaves (2014– 16, nicknamed 
“The Blob”, and 2019) corresponded with a range of ecological 
shifts (Suryan et al., 2021), including negative impacts on Pacific cod 
recruitment and adult biomass that eventually resulted in a com-
plete closure of the directed Pacific cod federal fishery in the GOA 
(Barbeaux et al., 2019; Barbeaux et al., 2020; Laurel & Rogers, 2020). 
While environmental influences on population dynamics of cod are 
diverse and varied across regions (Drinkwater, 2005; Kristiansen 
et al., 2011; Planque & Frédou, 1999), the mechanisms underly-
ing these relationships are often unknown or too poorly resolved 
to forecast population health in future climate scenarios. Similarly, 
these processes may be non- stationary (e.g., Litzow et al., 2019) 
and change over time as environmental drivers impact one life stage 
or the ecosystem shifts to a new regime (Anderson & Piatt, 1999). 
Improved understanding of the mechanisms through which envi-
ronmental drivers impact fish stocks across a species' life history 
are key missing pieces to successful management. Understanding 
these processes could allow for improved monitoring and early 
warning metrics that better prepare stakeholders for recruitment 
failure or success under changing climate conditions (Litzow & 
Hunsicker, 2016).

Temperature influences the early life stages (ELS) of marine fish 
through a number of processes, beginning with the timing and mag-
nitude of reproductive output to the successful growth, development 
and survival of eggs, larvae and juveniles through to reproductive age. 
Recruitment to the adult population is, therefore, likely determined by 
the cumulative ELS mortality resulting from direct or indirect thermal 
experience (e.g., size-  and stage- dependent mortality; Houde, 1987; 
Pepin, 1991). The role of temperature on energy allocation (lipids) is 
particularly important as larvae and juveniles balance ontogenetic 
demands with habitat transitions and seasonal changes in produc-
tivity (Martin et al., 2017). While a robust theoretical framework of 
how temperature can regulate survival has been built over decades, 
species- specific investigations require characterization of these vital 
rates and life stage sensitivity (Dahlke et al., 2020) as well as tem-
perature mosaics over a broad geographic range reflective of the life 
history (Morley et al., 2018). This is challenging, as both the physiolog-
ical response of fish and their thermal experience are highly dynamic 
in their first year of life. However, improved regional downscaling 
of global climate models has opened up a trove of high- resolution 
temperature data (historical, contemporary and future) that when 
combined with field observations and parameterized laboratory ex-
periments, can be used to identify regional climate vulnerability in 
marine fish populations (Dahlke et al., 2020; Fagundes et al., 2020).

In this article, we examine the ELS processes of Pacific cod in 
the NE Pacific, focusing on well- studied populations in the GOA in 
the broader context of regional declines of cod populations at lower 
latitudes. Pacific cod populations appear to be rapidly responding to 
marine heatwave events in the GOA, despite weaker impacts on the 
ecosystem as a whole (Litzow et al., 2020). Our perspective focuses 
on changes in thermal habitat and its impact on survival, growth and 
lipid allocation across early life stages, with the overall goal of iden-
tifying emerging life history bottlenecks under future climate sce-
narios. It is not our goal to develop a single recruitment paradigm 
for Pacific cod facing the Anthropocene (the emerging period where 
human activity has increasing influence on the ocean environment) 
but rather to identify key environmental processes across multi-
ple life stages (‘critical periods’) that are potentially linked. While 
our perspective draws heavily from data collected in the GOA, we 
recognize that behavioral and physiological traits of Pacific cod 
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from other systems may differ and/or are locally adapted to those 
environments.

Our study comprises several review and empirical components, 
which together allow us to examine the thermal sensitivity of Pacific 
cod across early life stages to understand their regional climate vul-
nerability. We first summarize historical fisheries observations and 
early life history biology of cod in the NE Pacific. We then examine 
how the distributions of cod populations have related to thermal 
habitat modeled at two early life stages (spawning and age- 0 juve-
nile). Finally, we analyze ELS time series data to determine whether 
early life stage demographics have changed with warming and serve 
as precursors to recruitment failure. These components are finally 
summarized into a list of science and management recommendations 
for Pacific cod fisheries in the new climate era.

1.1  |  Historical fishery

The commercial fishery for NE Pacific cod has experienced many 
changes since its onset in the late 19th century. In the late 1880s, 
following reduced imports of cod from Japan, an industrialized fish-
ery emerged using hook and line in the southeastern Bering Sea 
and GOA along the Alaska Peninsula. For not fully understood rea-
sons, landings in those regions began declining in the 1930s, and 
by the 1950s, the industry shifted to an otter trawl fishery off the 
Canadian and Washington coasts (Ketchen, 1961). Pacific cod ap-
peared with greater frequency in the trawl fishery off the Canadian 
coast in the 1950s according to Ketchen (1961). However, even 
during this period, it was recognized that this was a ‘relatively high 
water temperature’ for the species that was likely to impact vari-
ous life history characteristics including growth, sexual maturity and 
life span (Ketchen, 1961). Cod catches between Cape Flattery and 
Destruction Island were considered the southern limit of the range 
in the early 1960s, although incidental catches were reported as far 
south as Pt Piedras Blancas (35 degrees 33 min N Lat; Cobb, 1927).

Pacific cod along the continental United States may be locally ex-
tinct (Gustafson et al., 2000), and populations have generally shifted 
north following southerly declines, since the early 1990s (Figures 1 
and 2). Puget Sound populations are now considered extirpated 
despite early management restricutions (Palsson, 1990; Palsson 
et al., 1998) and cod populations just slightly north in Hecate Straight 
and Queen Charlotte Sound regions show steep declines, since the 
mid- 1990s (as illustrated in Figure 1 as ‘Canadian West Coast’). All 
Canadian populations are currently estimated to be below historical 
average and are avoided by fishing vessels given the very low quota 
limits (Forrest et al., 2015). The 2018 survey index for Western 
Vancouver Island regions was only ~25% of the magnitude of the 
previous 2016 observation, and there has been a notable decline 
in commercial catch per unit effort (CPUE) in recent years (Forrest 
et al., 2020). In the GOA, the Pacific cod stock was in healthy status 
prior to the 2014 to 2016 marine heatwave (Figure 1) despite in-
creased fishing mortality, since the 1980s (Barbeaux et al., 2017). In 
2020, the federal fishery was closed for Pacific cod in the GOA, and 

the spawning biomass level was assessed at the lowest of the time 
series (Barbeaux et al., 2020).

A notable observation has been cod's appearance and disappear-
ance in the archaeological record, living up to the species' Aleut word 
atxidax, which translates to “the fish that stops” (West et al., 2020). 
Size- structure in the population has remained constant over 6 millen-
nia across much of the region, although some evidence of size trun-
cation in the Western GOA is found on Sanak Island over this time 
period (Betts et al., 2011). Cooler conditions of the Neoglacial phase 
(3500– 2500 cal yr BP) were initially linked to higher relative abun-
dance of Pacific cod in the archaeological record, although a more 
comprehensive analysis of that record was unable to find spatial– 
temporal variation associated with any particular climate condition 
across these scales (Betts et al., 2011). The modern Alaskan fishery 
for Pacific cod arguably began in the late 1970s, when populations 
dramatically increased during a regime shift followed by a period 
of winter warming (Litzow, 2006). Analyses of δ18O of otolith core 
carbonate from late 19th/early 20th century cod capture a 2– 3°C 
rise in coastal marine sea surface temperatures in the GOA leading 
up to this regime shift (Helser et al., 2018). Pacific cod populations 
have, therefore, experienced large- magnitude fluctuations across 
varying levels of fishing pressure, ecosystem structure and climate 
conditions.

1.2  |  Review of early life stages

Pacific cod ELS information is based on a combination of field and 
laboratory investigations across multiple populations and regions. 
Survey data are relatively rare and prone to high measurement 
error due to a complex sequence of seasonal habitat transitions in 
the first year of life (Figure 3). As with many marine fish species, 
each habitat and developmental transition (‘critical period’) can 
lead to variable survival, which cumulatively can impact year- class 
strength and recruitment to the adult population (Houde, 1997). In 
this study, we highlight several ELS critical periods for Pacific cod 
in the GOA (Figure 3). These include the ‘egg stage’, the 10– 20 day 
period when embryos are encased in their chorion and are draw-
ing from endogenous reserves provisioned by the mother in the 
yolk (Laurel et al., 2008). Upon hatch, Pacific cod embryos become 
‘yolk- sac larvae’ for a 5– 7 day period drawing upon yolk reserves, 
as they transition from the ocean floor to surface waters where 
they become available to ichthyoplankton survey gear (Figure 4). 
Yolk- sac larvae then become ‘feeding larvae’ when they success-
fully transition from endogenous to exogenous resources. Larvae 
will feed on zooplankton for 60– 90 days, as they grow and develop 
fin rays and pigmentation. The larval feeding period is separated 
into pre-  and post- flexion larval stages, flexion being a develop-
mental milestone describing the bending of the notochord tip that 
also occurs with development of the caudal- fin rays and skeletal 
structures. The late larval stages are commonly called ‘pelagic ju-
veniles’ (20– 40 mm SL) before they transition from the water col-
umn to the ocean bottom and become ‘settled juveniles.’ Age- 0 
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juveniles after settlement are available to beach seine gear in the 
summer (Figure 4) and have fully developed pigments and main-
tain a demersal lifestyle that continues to adulthood. And while 
each of these life stages or transitions may have lower or higher 
mortality potential, adult recruitment is a reflection of both the 
initial spawning effort (fecundity and ‘spawning stock biomass’; 
SSB) and the cumulative mortality experienced across these early 
life history stages (e.g., Houde, 1997; Pepin, 1991).

1.2.1  |  Eggs

Pacific cod are single- batch spawners and release their eggs on the 
bottom during the winter– spring transition in the GOA (Stark, 2007). 
A key feature of Pacific cod eggs is that they are negatively buoyant 

and semi- adhesive to the ocean bottom substrate during develop-
ment (Alderdice & Forrester, 1971). It is, therefore, likely that eggs re-
main on the seafloor at their spawning location until hatch (Hinckley 
et al., 2019), which contrasts with the eggs of other commercially 
harvested gadids, such as Atlantic cod (Gadus morhua, Gadidae) 
and walleye pollock (Gadus chalcogrammus, Gadidae), which may be 
transported well away from their natal origin (Bradbury et al., 2008; 
Petrik et al., 2015). The egg development period varies from ~2 wks 
at 8°C to ~6 weeks at 0°C (Laurel et al., 2008), but optimal survival 
occurs within a narrow temperature range between 4 and 6°C (Bian 
et al., 2016; Laurel & Rogers, 2020) over a broad range of salinities 
(Alderdice & Forrester, 1971). The high temperature- sensitivity of 
Pacific cod eggs is another distinguishing characteristic from more 
thermally tolerant walleye pollock and Atlantic cod eggs (Dahlke 
et al., 2018; Laurel et al., 2018; See Figure 5).

F I G U R E  1  Decadal changes in Pacific cod catch (t) along the NE Pacific shelf regions. Catches dropped off in lower latitude regions 
of Puget Sound and the Canadian West coast during 1990 and 1996, respectively. The Gulf of Alaska (the focus region of this study) has 
experienced significant declines in catch following the onset of the 2014 marine heatwave period. Catch data were retrieved from the 
following sources: Puget Sound (Pacific Fisheries Information Network (PacFIN) and Recreational Fisheries Information Network (RecFIN) 
retrieval dated Februray 21, 2021, Pacific States Marine Fisheries Commission, Portland, Oregon (www.psmfc.org)), Canadian West Coast 
(Groundfish Fisheries Operations System (GFFOS) retrieval dated June 4, 2021, Fisheries and Oceans Canada (www.dfo- mpo.gc.ca)), and 
Gulf of Alaska (Alaska Fisheries Information Network (AKFIN) retrieval dated Mar. 52,021, Pacific States Marine Fisheries Commission, 
Portland, Oregon (www.psmfc.org)).

http://www.psmfc.org
http://www.dfo-mpo.gc.ca
http://www.psmfc.org
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1.2.2  |  Larvae

Eggs hatch into 4 mm larvae at ~3 wks at 4°C (Laurel et al., 2008) 
and become surface- oriented and available to pelagic ichthyoplank-
ton nets during the spring (Doyle & Mier, 2016). During this period, 

Pacific cod larvae consume eggs, nauplii and early copepodite stages 
of copepod prey <300 μm (Strasburger et al., 2014). The distribu-
tion of Pacific cod larvae shifts with ontogeny and is dependent on 
a number of behavioral and oceanographic processes. In GOA larval 
survey area (Figure 4), Pacific cod larvae are most abundant around 

F I G U R E  2  Recent spatial changes in Pacific cod catch per unit effort (CPUE; kg/km2) along the United States and Canadian Eastern 
Pacific shelf regions from fisheries bottom trawl surveys. Data reflect the relative difference in average weighting during the 2010– 2014 and 
2017– 2020 period, respectively. The Gulf of Alaska (the focus region of this study) has experienced significant declines in adult abundance 
following a series of heatwaves (2014– 16, 2019) while cod in the Bering Sea appear to have shifted poleward. Pacific cod in SE Alaska and 
further south have maintained low abundance, since the 1990s (see Figure 1).

F I G U R E  3  Conceptual model of the first year of life of Pacific cod in the Gulf of Alaska along with optimal temperatures for growth and 
survival at the egg1, larval2 and juvenile3 phases. Eggs are spawned in the spring on the bottom substrates and hatched larvae advect to 
surface layers in the spring. Larvae develop and feed on zooplankton in the water column as they are transported to coastal nursery habitats 
in the early summer. Post- settled juveniles shift to diverse epibenthic prey and gradually transition to deeper coastal waters through the 
early fall. Overwintering habitats have not been identified. 1Laurel and Rogers (2020); 2Hurst et al. (2010); 3Laurel, Knoth et al. (2016), Hurst 
et al. (2012).
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Kodiak Island in early April before concentrations shift downstream 
to the southwest in the Shumagin Islands in May and June (Doyle & 
Mier, 2016). Newly hatched larvae are surface oriented and make 
extended diel vertical migrations with increased size and devel-
opment (Hurst et al., 2009). Larvae reach flexion between 10 and 
15 mm and likely become more competent swimmers with increasing 
size (Voesenek et al., 2018). However, modelled transport pathways 
indicate that larvae do not disperse far from their spawning locations 
in the GOA (Hinckley et al., 2019).

Upper thermal tolerances on larval stages of Pacific cod have not 
been fully explored, but laboratory studies show growth accelerates 
linearly from 2 to 10°C when prey are abundant (Hurst et al., 2010). 
Mortality rates steadily increase above 10°C under laboratory 
conditions, although acute mortality does not occur until 19°C (K. 
Lavelle & T. Hurst unpub data). In the GOA, spring temperatures 
seldom approach 10°C, yet the larval abundance is lower during 
warm springs (Doyle et al., 2009; Doyle & Mier, 2016). Higher spring 
temperatures increase the vulnerability of Pacific cod larvae to prey 
mismatch (Laurel et al., 2011) and potentially reduce prey quality 
through relative shifts in the diatom and dinoflagellate community 
(Copeman & Laurel, 2010). A recent modeling study examined spring 
match– mismatch susceptibility of Pacific cod larvae in the GOA, and 
concluded larvae are indeed experiencing higher starvation risk 
following the onset of the marine heatwaves in 2014, whereas the 
Bering Sea ecosystem to north has remained relatively more stable 
under cooler conditions (Laurel et al., 2021).

1.2.3  |  Age- 0 juveniles

In early summer, juveniles (‘pelagic juveniles’) in the GOA trans-
port into the nearshore and settle to the bottom around 30– 
40 mm where they remain through early fall (Laurel et al., 2017). 

Shallow, coastal nursery areas provide age- 0 juvenile Pacific cod 
ideal conditions for rapid growth and refuge from predators (Laurel 
et al., 2007). Settled juvenile cod associate with structural bottom 
habitats (e.g., macrophytes) and remain close to shore through the 
summer (< 10 m depth) before shifting into deeper water in the fall, 
as they approach 90 mm (Laurel et al., 2007; Laurel et al., 2009). 
Age- 0 juveniles become patchier due to schooling behavior, as they 
transition into deeper water (~10– 20 m) while feeding on small cala-
noid copepods, mysids and gammarid amphipods during this period 
(Abookire et al., 2007).

1.2.4  |  Lipids and ontogeny

Lipids are the densest form of energy in marine ecosystems 
(Parrish, 2013), and the ability of fish to acquire and store lipids 
in their body increases their likelihood for survival across periods 
of unfavorable feeding conditions, e.g., the first winter (Copeman 
et al., 2022; Hurst, 2007). As such, lipid energy has become an 
increasingly important metric to track annually in both single- 
species management (Heintz et al., 2013) and ecosystem status 
(Parrish, 2013). However, lipids in cod species fluctuate indepen-
dently of environmental stress, especially across early life stages, 
necessitating that lipid and proxy metrics of fish condition be tai-
lored to the appropriate life stage and time of year. For example, 
lipids may initially be elevated in larvae for the purposes of buoy-
ancy (Laurel et al., 2008) and surviving first feeding (Houde, 2008; 
Laurel et al., 2011) before balancing later energetic demands for 
fast growth (Copeman et al., 2008). At earlier life stages, lipid con-
tent can be further constrained by maternal provisioning (Bogevik 
et al., 2012) and storage limitations in developing tissues (e.g., mus-
cle vs liver; Copeman et al., 2017). Eventually, lipid density is de-
pendent on seasonal food availability and the metabolic demands 

F I G U R E  4  Annual survey locations 
for early life stages of Pacific cod (Gadus 
macrocephalus) in the Gulf of Alaska. 
Larval sampling occurs offshore in the 
spring (blue outline), whereas age- 0 
juvenile sampling (green circles) occurs 
in summer by beach seine. Inset shows 
relative location of full survey area within 
the NE Pacific (magenta box).
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on lipid stores that may contribute to successful overwintering 
(Copeman et al., 2022; Sogard & Olla, 2000). Temperature can play 
an indirect or direct role in all of these processes leading up to and 
through winter but must be considered in the broader context of 
development, allometry and other environmental drivers (Martin 
et al., 2017).

2  |  METHODS

2.1  |  Observation and sample data for Pacific cod

Surveys of pelagic age- 0 Pacific cod have been conducted in some 
years (Moss et al., 2016) but may be prone to significant meas-
urement error as fish transition to demersal habitats (Mukhina 
et al., 2003). Therefore, pre- recruit assessments of Pacific cod in the 
GOA are conducted separately, first during the spring larval period 

and later in the summer during the post- settled juvenile stages 
(Figure 4). The primary surveys consist of: (1) an ichthyoplankton 
survey in the western GOA (1979– 2021; https://apps- afsc.fishe ries.
noaa.gov/ichth yo/index.php), and (2) the a nearshore beach seine 
survey in Kodiak (2006– 2021) with spatial expansion through the 
Central and Western GOA (2018– 2021). Temporal details of these 
and other surveys by NOAA are listed in Table 1.

The EcoFOCI ichthyoplankton survey is focused in the vicinity 
of Kodiak Island, Shelikof Strait and Shelikof Sea Valley and captures 
Pacific cod larvae primarily in May when they are 5– 8 mm in size 
(Matarese et al., 2003). Larvae are sampled using oblique tows of 
a 60 cm diameter bongo net (333 or 505 μm mesh) from 10 m off 
bottom (or 100 m depth maximum) to the surface. Calibrated flow-
meters in each net estimate the volume filtered. A random subsa-
mple of up to 50 Pacific cod larvae per station are measured for 
total length. Larval time series data used in this study were based 
on historical sampling focused in the vicinity of Shelikof Strait and 

F I G U R E  5  Comparison of 
temperature- dependent egg survival 
(hatch success; top panel) and age- 0 
juvenile growth (% body weight per 
day; bottom panel) for Pacific cod 
(Gadus macrocephalus, red line plots), 
walleye pollock (G. chalcogrammus, black 
dashed line plots) and Atlantic cod (G. 
morhua, gray dashed line plots). Thermal 
conditions change across life stages 
for each species, but Pacific cod have 
a much narrower thermal tolerance for 
egg survival followed by a broad thermal 
tolerance at the juvenile stage. Egg 
models are normalized for comparison, 
based on Laurel and Rogers (2020) and 
Laurel et al. (2018) for Pacific cod and 
walleye pollock respectively, and Dahlke 
et al. (2018) for Atlantic cod. Juvenile 
growth data are based on models reported 
by Laurel, Knoth et al. (2016) for Pacific 
cod and walleye pollock, respectively, and 
Cote et al. (2021) for Atlantic cod.

https://apps-afsc.fisheries.noaa.gov/ichthyo/index.php
https://apps-afsc.fisheries.noaa.gov/ichthyo/index.php
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the shelf southwest of Kodiak Island during mid- May through early 
June (Figure 4), a period when Pacific cod larvae have been observed 
to be abundant in the water column (Doyle et al., 2009). This subset 
of data was used to develop a time- series of larval Pacific cod abun-
dance by calculating the area- weighted mean catch per 10 m2.

The juvenile beach seine survey occurs in two bays (Cook Bay, 
CB and Anton Larsen Bay, ALB) using a 36 m long, negatively buoy-
ant beach seine (details in Laurel et al., 2007). The beach seine tar-
gets settled age- 0 juveniles in mid- July and late August when fish 
are 40– 100 mm in length (Laurel, Knoth, et al., 2016). In the Kodiak 
region, sampling occurs multiple times a summer at fixed- site loca-
tions in each bay (n = 8 stations per bay, 16 total stations sampled 
2– 4 times/year). An additional 13 bays on Kodiak Island, the Alaska 
Peninsula, and the Shumagin Islands were sampled during 2018– 
2021 during the same summer period (days of year 184– 240, n = 3– 9 
fixed stations per bay, 79 total stations). All juvenile cod are identi-
fied to species, counted and measured for total length (±1 mm) to 
differentiate age- 0 (20– 145 mm) from age- 1 fish (>160 mm) collected 
in the survey. Year- class strength was estimated from a zero- inflated 
negative binomial Bayesian regression model considering date of 
sampling controlled for as a smooth effect with nested site- bay ef-
fects as group- level/random term (See Litzow et al., 2022).

Data on adult distributions and abundance are from bottom 
trawl surveys conducted by the Alaska Fisheries Science Center 
in the Eastern and Northern Bering Sea (annual 2010– 2019; 
Lauth et al., 2019); Aleutian Islands (biannual 2010– 2018; von 
Szalay & Raring, 2020) and GOA (biannual 2011– 2019; Von Szalay 
& Raring, 2018), by the Department of Fisheries and Oceans 
for the West Coast Vancouver Island (biannual 2010– 2018; 
Williams et al., 2020b), West Coast Haida Gwaii (biannual 2010– 
2018; Williams et al., 2020a), Hecate Strait (biannual 2011– 2019; 
Williams, 2018), West Coast Queen Charlotte Islands (biannual 
2011– 2019; Workman et al., 2008), and Strait of Georgia (2012 and 
2015; Olsen & Workman, 2013), and by the Northwest Fisheries 
Science Center for the west coast of the continental United States 
(annual 2010– 2019; Keller et al., 2017). The catch per unit effort was 
calculated for area swept as kg per km2 for all surveys. For spatial 
visualizations, inverse distance weighting was applied across the 
surveys in aggregate using the ARCGIS (Version 10.6.0.8321) and 

shown as the relative change between two averaged time periods 
(2010– 2014 and 2017– 2020). Spatial Analyst IDW function was 
shown with a cell size of 0.4° × 0.4° with maximum neighbors of five 
for each time period. Note, surveys were not standardized to reflect 
differences in fishing power for spatial visualization.

Data for ontogenetic studies of growth and energy (lipid) allo-
cation were sourced from tissues and live age- 0 cod collected in 
Kodiak and shipped to NOAA's seawater laboratory in Newport, OR.

2.2  |  Thermal habitat models

Thermal habitat suitability models were developed by combining 
stage- specific biological models with bottom temperature data made 
available by the high- resolution global reanalysis GLORYS12V1 
(Lellouche et al., 2018). The GLORYS12V1 reanalysis is a state- of- 
the- art global hydrodynamic model at 1/12 degrees resolution and 
50 vertical depth levels that assimilates available observations (CTD, 
XBT, floats, satellite data) for the period 1993– 2019. Temperature 
data were extracted at the vertical grid points closest to the sea-
floor, filtered to include depths shallower than 250 m, and averaged 
between both the February– April (spawning) and July– September 
(age- 0 juvenile) periods. February– April was chosen based on known 
spawning dynamics for Pacific cod in Alaska (Neidetcher et al., 2014; 
Stark, 2007) and July– September was chosen based on period when 
juveniles are abundant in the nearshore (Laurel et al., 2009). Daily 
extreme values were averaged and smoothed to match the monthly 
temporal resolution of GLORYS temperature data. Statistically 
bias- corrected and downscaled climate projections were calcu-
lated in two steps: (i) bias correction of CMIP6 data at their origi-
nal resolution, and (ii) statistical downscaling of the bias- corrected 
data to the 1/12th degree resolution grid of the GLORYS model. 
For the downscaling presented here, we use the GLORYS12V1 
global reanalysis (Drévillon et al., 2021) as “observations” for bot-
tom temperature. A total of eight CMIP6 models were individually 
downscaled and averaged to create a climate ensemble. The CMIP6 
models include MIROC- ES2L, MPI- ESM1- 2- LR, CMCC- ESM2, IPSL- 
CM6A- LR, CMCC- CM2- SR5, CanESM56- CanOE, UKESM1- 0- LL 
and GFDL- ESM4. For these models, expected global greenhouse gas 

TA B L E  1  Collections of the various life stages of Pacific cod in the Gulf of Alaska (GOA). All life stages have been monitored in the 
GOA with the exception of eggs (which are demersal). Program abbreviations within the NOAA Alaska Fisheries Science Center are 
as follows: FBEP=Fisheries Behavioral Ecology Program, EMA = Ecosystem Monitoring and Assessment, Eco- FOCI = Ecosystems and 
Fisheries Oceanography Coordinated Investigations, and MACE = Midwater Assessment and Conservation Engineering. Outside program 
abbreviations include the following: UAF = University of Alaska Fairbanks and ACOR = Alaska Coastal Observations and Research.

Life stage Program Years Season Sampling gear

Eggs na na na na

Larvae Eco- FOCI 1981– 2021 Spring Bongo nets

Pelagic juveniles ABL 2012 Summer Surface trawl

Age 0– 1 juveniles (Kodiak region) FBEP 2006– 2021 Summer Beach seine

Age 0– 1 juveniles (Expanded region) FBEP/Kodiak lab/UAF/ACOR 2018– 2021 Summer Beach seine

Age- 2+ RACE 1991– 2019 Summer Bottom trawl
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concentrations (emerging from the Representative Concentration 
Pathways –  RCPs) under different shared socioeconomic pathways 
(SSPs) up to the year 2100 (O'Neill et al., 2016) are used as input. For 
the 6th Intergovernmental Panel on Climate Change (IPCC) report, 
five narratives provide alternative socio- economic developments 
for the world including sustainable development (SSP1), regional 
rivalry (SSP3), inequality (SSP3, SSP4), fossil fueled development 
(SSP5) and middle- of- the- road development (SSP2). Here, we focus 
on the combinations SSP1- RCP2.6, SSP2- RCP4.5 and SSP5- RCP8.5. 
These scenarios provide us with the full envelope of climate futures 
to be expected for the GOA ranging from an optimistic future to a 
more pessimistic fossil- driven one, allowing us to consider the con-
sequences on Pacific cod habitat.

For spawning, thermal habitat suitability was defined as the 
temperature- dependent hatch success of eggs of GOA Pacific cod 
described by Laurel and Rogers (2020) and scaled to range from 0 
to 1. For juveniles, thermal habitat suitability was defined as the 
temperature- dependent growth potential of GOA age- 0 juvenile 
cod under food replete conditions (Laurel, Knoth, et al., 2016). These 
stage- specific thermal response curves for Pacific cod are shown 
in Figure 5 alongside walleye pollock and Atlantic cod, two other 
important gadid fisheries in the Pacific and Atlantic, respectively. 
Habitat suitability maps were then projected from 40 to 62 degrees 
N along the west coast of the North American continent, near the 
reported historical limit of the commercial fishery (Cobb, 1926). 
Additional habitat maps were created comparing the relative differ-
ence in spawning and juvenile habitats between the 1993– 2013 and 
the 2014– 2020 time periods, coarsely representing the ‘pre- ‘ and 
‘post- heatwave’ era, respectively. Future habitat projections under 
climate scenarios SSP1- RCP2.6, SSP2- RCP4.5 and SSP5- RCP8.5 
were created comparing the relative differences in habitat between 
the 1993– 2013 and 2021– 2040 time periods.

2.3  |  Time series trends

Year class strength data for both larvae and juveniles were plotted 
with the annually updated NOAA- AFSC Pacific cod spawning habi-
tat index based on the observed temperatures for GOA at GAK1 
(see Laurel & Rogers, 2020; Shotwell et al., 2022). Time series were 
inspected for autocorrelation prior to analyses and examined by way 
of Pearson's correlation coefficients.

An annual marine heatwave index was developed from the daily 
sea surface temperatures record of the NOAA High- resolution 
Blended Analysis Data database (National Oceanic and Atmospheric 
Administration, 2017) and filtered to only include data from the cen-
tral GOA between 145 and 160° W longitude for waters less than 
300 m in depth. Daily mean sea surface temperatures were then cal-
culated by averaging across all points for the entire region. The daily 
mean sea surface temperature data were processed through the R 
package heatwaveR (Schlegel & Smit, 2018) to obtain the marine 
heatwave cumulative intensity (MHCI) value (Hobday et al., 2016), 
where we defined a heatwave as 5 days or more with daily mean 

sea surface temperatures greater than the 90th percentile of the 
time series. MHCI was then summed for each year for the months 
of January through March, November, and December to create an 
annual winter marine heatwave cumulative index (WMHCI) to com-
pare with annual indices of spawning habitat and larval and juvenile 
CPUE in the GOA.

2.4  |  Demographic patterns

Demographic analyses on larvae and juvenile cod were conducted to 
determine whether thermal conditions in the spring have: (1) corre-
sponded with changes in size and (2) carry across larval and juvenile 
stages.

Thermal effects on size were examined for larval and newly set-
tled juvenile cod. Mean size of larvae was standardized to May 25 
(median date of larval sampling) by fitting a mixed effects model to 
the larval length data, with categorical year and day of year as fixed 
effects and haul as a random effect. The day of year term accounted 
for variation in sampling day both within and between years, which 
varied up to 24 days. Mean size of age- 0 juveniles sampled during 
mid- July in Kodiak was calculated for each year for each bay. All sam-
pling occurring within 1 week of July 14 in each year were included 
in the analysis. This period approximates the time juveniles are first 
arriving to nearshore nurseries, that is, ‘size- at- settlement’. Model- 
predicted length of larvae on May 25 for each year was plotted as 
a function of mean April– May SST for the Central GOA area (as de-
scribed earlier), and a linear regression was used to test for effects 
of temperature on mean annual size obtained by May 25. Effects of 
spring temperature and larval size on mean size- at- settlement were 
tested in separate linear mixed effects model, each with a random 
effect for bay.

Lipid density was examined across life stages (egg to juvenile) 
and across years within a life stage (August age- 0 juveniles) to illus-
trate ontogenetic and environmental effects on energy allocation. 
Data for the ontogenetic development of lipid storage were sourced 
from both published and unpublished samples analyzed at the 
‘Marine Lipid Ecology Lab’ at the Hatfield Marine Science Center. 
These include data from the egg stage (n = 6– 9 samples per stage 
from Laurel et al., 2010), yolk- sac larval stage (n = 28 pooled samples 
from Laurel et al., 2010; Copeman & Laurel, 2010; Hurst et al., 2019), 
first- feeding larval stage (n = 4– 6 samples per week from Copeman & 
Laurel, 2010; Hurst et al., 2019), pelagic juvenile stage from the lab-
oratory (n = 7 samples from Hurst et al., 2019) and settled juveniles 
collected by beach seine from Kodiak (n = 20 samples per month; 
A. Abookire and L. Copeman unpub. data). Data were expressed as 
total fatty acids per DWT or total fatty acids per individual at a given 
developmental stage. Triacylglycerols are 95% by mass composed of 
fatty acids and therefore, fatty acids per weight reflects much of the 
variability in the major storage lipid class. All data were presented 
as the average value for samples within that the month or develop-
mental stage for that study with exception of newly hatched larvae 
which were averaged across all studies.
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All reported lipid data represent the whole fish, based on either 
composite samples of whole eggs, yolk- sac and feeding larvae, or 
reconstructions of sub- samples of tissues from juveniles that were 
pre- weighed for wet weight (WWT). Total lipids of wet tissues (100 
to 300 mg) were extracted in chloroform and methanol according to 
Parrish (1987). Conversions between WWT and dry weight (DWT) 
were completed on composite samples of the same batches of eggs 
and larvae that were used for lipid analyses. Subsamples of juve-
nile tissues used in lipid analyses were dried to determine a WWT 
to DWT conversion factor. Wet tissues were dried for at least 72 h 
at 65°C to a constant weight. Total lipid extracts were derivatized 
using acid catalyzed methylation and H2SO4 (Budge et al., 2006) or 
HCL (Meier et al., 2006). An internal standard, 23:0 methyl ester, 
was added to samples prior to derivatization in order to express total 
fatty acids (μg) per weight of tissue extracted (mg) or per individual 
fish in relation to standard length (mm). Fatty acids were analyzed on 
a gas chromatographer with flame ionization detection using chro-
matographic methods and identification standards as described in 
Copeman et al. (2020).

3  |  RESULTS

3.1  |  Thermal habitat and distribution

The highest spawning habitat suitability for Pacific cod remains in 
the central and western GOA region of our NE Pacific map projection 
(Figure 6a). Our spawning habitat model predicted low egg survival 
potential (<50%) where relatively few fish are currently landed in the 

commercial fishery and observed in summer trawl surveys (Figure 2). 
Notably, high- spawning habitat suitability was indicated in the Cook 
Inlet and other nearshore regions of the GOA (Figure 6a), but these 
predictions may be artificially high due to underestimated water 
temperatures associated with spring freshwater input and complex 
tidal mixing in that region (Dobbins et al., 2009).

Juvenile summer habitats are predicted to be highly suitable in 
coastal areas of the GOA where fish can meet >90% of their growth 
potential (Figure 6d). In Canadian waters farther south, suitable 
habitat for age- 0 juvenile appears to be less restricted to coastal 
areas, and more widely extended into the offshore shelf where it 
is predicted juveniles can achieve >75% of the growth potential 
(Figure 6d). Unlike spawning habitat, juvenile habitat availability 
does not appear to be restricting the current abundance and dis-
tribution patterns of the adult population shown in Figures 1 and 2.

Both spawning and juvenile habitat suitability changed over 
time according to the models. Spawning habitat suitability declined 
across the projected region, with the exceptions of some patchy 
increases in the Western GOA and Aleutian Islands (Figure 6b). In 
contrast, models predicted a relative increase and shift in juvenile 
habitat suitability towards the offshore shelf regions (Figure 6e). 
These patterns are magnified into the future (2021– 2040) under 
varying future climate scenarios, illustrated in Figure 6c and 
Figure 6f under SSP2- RCP4.5 and Figures S1 and S2 under SSP1- 
RCP2.6 and SSP5- RCP8.5, respectively. The models did not indi-
cate widespread upper thermal stress in the nearshore, although 
temperature predictions at the coastal interface may be underes-
timated where juveniles are typically most abundant during peak 
summer; for example <2 m depth (Laurel et al., 2007). Overall, 

F I G U R E  6  Habitat maps of Pacific cod (Gadus macrocephalus) in the NE Pacific based on annually averaged temperature- dependent 
spring spawning (a) and age- 0 juvenile summer growth (d) from 1993– 2013. Relative changes in habitat suitability from 1993– 2013 to 2014– 
2020 are shown for spring spawning (b) and age- 0 juvenile summer growth (e). Future relative changes in habitat suitability from 1993– 2013 
to 2021– 2040 are shown for spawning (c) and juvenile summer growth (f) under a future climate scenario (SSP2- RCP4.5). See Figures S1 
and S2 for similar habitat projections under future climate scenarios SSP1- RCP2.6 and SSP5- RCP8.5, respectively. Thermal conditions 
for spawning potential are spatially restricted to the GOA and declining over time and into the future. Thermal conditions for juvenile cod 
growth potential remain relatively ubiquitous throughout the historical distribution of Pacific cod and show recent and future gains into the 
offshore. Habitat maps are based on monthly bottom temperatures from GLORYS12V1 reanalysis averaged seasonally (Feb– Apr) for the 
spawning period and summer (Jul– Sept) for the juvenile growth period (See Methods).
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thermal conditions in the GOA fell within optimal conditions for 
both egg and juvenile life stages of Pacific cod over a ~20 year 
period from 1993 but are currently on the higher side of optimal 
across most of the GOA since 2012 (Figure S3). In contrast, thermal 
conditions outside the GOA have been sub- optimal for both egg 
survival and juvenile growth over the same time period. For exam-
ple, juvenile growth potential is lower to the west of the GOA due 
to cooler summer temperatures, whereas regions to the south and 
farther east are too warm for optimal spawning success (Figure S3). 
Figures S4 and S5 illustrate overall uncertainty in spatially averaged 
habitat trends under future climate scenarios SSP1- RCP2.6, SSP2- 
RCP4.5 and SSP5- RCP8.5.

3.2  |  Time series analyses

Annual abundance of age- 0 cod in the GOA was highly variable, 
with notable negative anomalies corresponding with extremely 
low- spawning habitat suitability during marine heatwave periods of 
2015, 2016 and 2019 (Figure 7). The GOA spawning habitat suit-
ability index was initially correlated with larval CPUE (R2 = 58%, 
p < 0.001), but it did not explain annual variation in age- 0 juvenile 
CPUE above the 0.25 index threshold (Figure 8). Juvenile abundance 
measured by the beach seine was historically correlated with age- 1 
abundance the following year (Laurel et al., 2017), but recent abun-
dant age- 0 year classes have not been observed the following year in 
the post- heatwave period (Figure 9).

3.3  |  Demographic analyses

Ontogenetic differences in lipid density were highly apparent across 
life stages of Pacific cod, beginning with increasing lipid in the late 
egg stages (lipogenesis) followed by a decline as fish grow and settle 
into the coastal nurseries (Figure 10). By August and early fall, ELS 
Pacific cod have their lowest lipid content before switching back to 
increasing lipid storage preceding winter.

The size of ELS Pacific cod (mm SL) has increased as the GOA 
has warmed in recent years. The estimated mean size of larvae on 
May 25 was over 10 mm in 2017, larger than any other year in the 
time- series, and also well- above average in 2015, the only other year 
larvae were sampled since the onset of the heatwave period. Larval 
length was significantly associated with spring sea surface tempera-
tures in April– May (β = 1.2, F1,30 = 17.2, p < 0.001), with larger larvae 
in warmer springs. A similar pattern was found for size- at- settlement 
in July (β = 8.4, F1,23 = 29.9, p < 0.001). Annual variation in the size at 
the larval stage correlated with size at juvenile settlement, explain-
ing 69% of the variance in size in mid- July. Juvenile cod sampled in 
mid- July were ~ 50% larger in length since the onset of the marine 
heatwave period beginning in 2014 (Figure 11).

4  |  DISCUSSION

Our review of early life history and changes in habitat, abundance 
and demographics of Pacific cod indicates several significant 

F I G U R E  7  Gulf of Alaska winter marine heatwave index compared to available indices of Pacific cod spawning habitat, larval abundance 
and age- 0 juvenile abundance from 1995– 2021. The spawning habitat index is based on integrated bottom temperature data at depths and 
times of potential spawning and the temperature- dependent hatch success of Pacific cod eggs (see Laurel & Rogers 2020). The larval index 
is based on relative abundance of Pacific cod larvae collected during the RACE EcoFOCI ichthyoplankton survey in the western GOA. The 
juvenile index is derived from age- 0 catch data from the Kodiak beach seine survey (2006– 2021; ~64 hauls/yr) and 13 western GOA bays 
(2018– 2021; 78– 102 hauls/yr; see Methods). Annual values are normalized within each index for comparative visualization.
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patterns relevant for immediate and long- term management con-
sideration. Here, we discuss the nature of these changes and how 
continued monitoring of thermal habitat and pre- recruits serve as 
valuable early warning metrics for cod populations in the GOA, the 
region that currently defines the southern edge of the fishery in the 
NE Pacific.

4.1  |  Spawning habitat

The hatch success models indicate contemporary spawning habitat 
is largely restricted to shelf areas of the GOA with increasing de-
clines in suitability to the southeast towards Canadian waters and 
the Washington coast. The regions with more areal extent and high- 
spawning habitat suitability also appear to reflect areas of highest 
catch in the current fishery (Figure 2). While fishing effort on spawn-
ing aggregations in the spring is not surprising, this observation 

provides some validation for the spawning habitat model and its 
potential relevance to regional population dynamics for cod. The 
recent and projected loss of spawning habitat throughout most of 
the study region is therefore concerning (Figure 6). While spawn-
ing habitat suitability depends on factors beyond temperature, such 
as favorable feeding and retention conditions for larvae and juve-
niles (Hinckley et al., 2019), thermal conditions for egg survival is a 
prerequisite.

It is possible Pacific cod will shift their spawning behavior to 
place eggs in more favorable habitats in the future. In Canadian 
waters, peak spawning historically occurred earlier in February at 
depths between 100 and 120 m near Hecate Strait and ~ 8wks later 
(April) in shallower waters (75 m) farther north (Ketchen, 1961). In 
the GOA, gonadal condition of mature females suggests spawning 
occurs between March and early April (Smith et al., 1990). These lat-
itudinal differences indicate an increasingly later spawn timing from 
south to north. The bathymetric migration cycle of Pacific cod also 

F I G U R E  8  Spawning habitat suitability 
is correlated with initial reproductive 
output of larvae (a) R2 = 58%, p < 0.001, 
but does not explain variation in juvenile 
abundance (b) above the 0.25 index 
threshold. The spawning habitat index is 
based on integrated bottom temperature 
data at depths and times of potential 
spawning and the temperature- dependent 
hatch success of Pacific cod eggs (Laurel 
& Rogers, 2020). Age- 0 data are combined 
data from 2 Kodiak bays (2006– 2021; 
~64 hauls/yr) and 13 western GOA bays 
(2018– 2021; 78– 102 hauls/yr). Year- class 
strength estimated from zero- inflated 
negative binomial Bayesian regression 
model considering date of sampling 
controlled for as smooth effect with 
nested site –  bay effects as group- level/
random term (See Litzow et al., 2022). 
Note, all points to the left of the dotted 
reference line (0.25) occurred during 
marine heatwave years (2015, 2016, and 
2019).



    |  13LAUREL et al.

suggests there is strong thermal preference for certain feeding and 
spawning conditions. For example, cod in the northern part of the 
Canadian coast occupy the coldest available water (6– 7°C) during 
spawning and throughout most of the year (Ketchen, 1961), resulting 
in a deeper winter distribution followed by a transition to shallow 
regions in early summer. Figure 6 confirms that deeper slope waters 
in that region are the only areas currently suitable for spawning. At 
lower latitudes around Puget Sound, cod are reported to make an 
opposite migration to track cold water masses, beginning with shal-
low winter waters to spawn followed by movement to cooler deeper 
waters in the summer to feed (Karp, 1983). Winter and spring bottom 

temperatures throughout the Puget Sound appear to be currently 
too warm to support high egg survival, which may explain why cod 
appear extirpated from the region (Figure 1). However, the degree to 
which cod populations can shift their spawn timing and location to 
match suitable thermal habitats remains unclear.

4.2  |  Juvenile habitat

Unlike spawning habitat, thermally suitable juvenile nursery habitat 
was abundant throughout the study region and actually appears to 

F I G U R E  9  Both age- 0 recruitment and 
overwintering survival appears to have 
declined, since the onset of the Gulf of 
Alaska heatwave era beginning in 2014. 
Data are average annual catch per unit 
effort (CPUE) of the age- 0 and age- 1 
cohort (lagged by 1 year) as surveyed 
by beach seine in Kodiak Alaska. It is 
unclear if these changing relationships 
reflect changes in post- settlement 
survival or habitat shifts to deeper water, 
i.e., measurement error in the beach 
seine. Data points reflect 64 seine hauls 
conducted between July to August 
across 16 sites in each year + − 1 S.E. 
(See Methods). Dotted line reflects a 
significant linear regression (R2 = 62%) 
between age- 0 and age- 1 lagged 
abundance in the GOA pre- heatwave era.

F I G U R E  1 0  Average lipid density of 
Pacific cod at varying early life stages 
changes in the Gulf of Alaska. Patterns are 
influenced by a combination of ontogeny 
(means), individual phenotypic expression 
under environmental conditions (error 
bars), and potential energy transfer 
across life stages, i.e. “carry over effects” 
(c1, c2 etc) represented by arrows. Lipid 
density may have a role in survival across 
ontogenetic stages but is unlikely to fully 
carry over into the next ontogenetic stage 
due to other life history constraints. Data 
are mean values of total fatty acids by 
dry weight (mg) of 5– 20 pooled individual 
Pacific cod from the Gulf of Alaska ±1 SD. 
Data sources represent a combination 
published and unpublished field and 
laboratory studies indicated by footnote 
(See Methods).
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have increased in recent years with increasing expansion projected 
into 2040 (Figure 6, bottom panels). The highest habitat suitability 
in the GOA was predicted in nearshore regions where age- 0 cod are 
currently surveyed annually by beach seine (Abookire et al., 2021; 
Laurel, Spencer, et al., 2016), although recent and future warming 
indicates increased growth potential in deeper waters of the GOA 
region. In contrast, deeper offshore regions were more suitable for 
age- 0 cod in lower latitudes across the entire time period. Growth 
potential in the nearshore is likely an important component of suc-
cessful recruitment to the adult population in the Central GOA 
(Laurel et al., 2017). However, there are several limitations in these 
habitat models to consider. First, the GLORYS12V1 model is not 
expected to resolve extreme nearshore temperatures where age- 0 
cod can be abundant in summer. For example, actual temperature 
measurements from summer beach seine locations approached 
~16°C during a marine heatwave (2014– 2016, 2019), and while not 
lethal, would be sub- optimal for growth even when food is plentiful 
(Laurel, Spencer, et al., 2016). Second, these juvenile habitat models 
assume sufficient food is available in the regions identified as areas 
of high growth potential, which is a particular concern if warming 
is also associated with lower prey biomass. Surprisingly, however, 
the abundance of offshore cold water zooplankton community in the 
water column did not notably decline during 2014– 16 GOA heat-
wave period (Suryan et al., 2021). In the Kodiak nearshore, stomach 
fullness of juvenile age- 0 Pacific cod has remained consistent from 
2006– 2019, but there is evidence of changes in prey types during 
marine heatwave years that could potentially impact fish condition 
(Thalmann et al., unpublished data).

It is unclear whether spatial shifts in thermal habitat will in-
fluence age- 0 cod survival, distribution or recruitment to the 
adult population. Juvenile habitat use is dependent on a host of 
processes independent of behavior, including those occurring 
pre- settlement (e.g., larval supply, transport, mortality; Hinckley 
et al., 2019) coupled with state- dependent variables occur-
ring post- settlement (predator avoidance, food availability, etc.; 
Juanes, 2007). Under laboratory conditions, age- 0 and age- 1+ 
Pacific cod are reluctant to move from warmer, high- growth con-
ditions (9°C) into cooler waters (3°C), but will eventually make this 
transition when food is more available in these colder habitats 
(Davis & Ottmar, 2009). Age- 0 Atlantic cod also experience higher 
predation risk in deeper water (Linehan et al., 2001) and may be 
reluctant to move across risky habitats (Stanley et al., 2012). Ideal 
thermal habitats may therefore go unexploited by juvenile Pacific 
cod or result in new behavioral or physiological phenotypes. 
These include increased schooling behavior (Laurel et al., 2007) or 
shifts in metabolic thermal performance; that is, ‘reaction norms’ 
(Hutchings et al., 2007; Neubauer & Andersen, 2019). For example, 
cohorts of age- 0 Pacific cod collected in warm years grow faster at 
warmer temperature than age- 0 cohorts collected in colder years 
(Hurst et al., 2012), and recent genetic studies suggest strong 

F I G U R E  11  Sea surface temperatures in spring (April– May) 
are a significant predictor of (a) the size of larvae in May (β = 1.2, 
p < 0.001) and (b) the size of juveniles arriving to coastal nurseries 
in mid- July (β = 8.4, p < 0.001), which have increased in recent years. 
The size of larvae in May is also highly predictive of juvenile size in 
any given year (c; β = 3.7, p < 0.001). Temperatures reflect the 145– 
160 °W Gulf of Alaska shelf domain. Size data for juveniles were 
based on collections from two bay locations (hence two values per 
year reported).
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directional selection among the ZP3 haplotype which has func-
tional links to antifreeze glycoproteins and low- thermal tolerance 
(Spies et al., 2021). These and other potential thermal adaptations 
are significant knowledge gaps for Pacific cod at every life stage 
and will have important bearing on how shifting thermal habitats 
affect Pacific cod under future climate change.

Juvenile overwintering habitats will be important to charac-
terize as the GOA winters continue to warm. Winter processes in 
general are poorly captured in marine systems due to the lack of 
sampling, and where examined, tend to focus on the physiologi-
cal limits of lower temperature combined with lower productiv-
ity (Hurst, 2007). In the GOA, winter temperatures have seldom 
dropped below 2°C, since 1993 (Figure S3), and it is not likely 
age- 0 juvenile cod experience low temperature stress like other 
cod in sub- Arctic systems (Laurel et al., 2017). Rather, the impact 
of warming winters has the potential to increase starvation rates 
and size- dependent predation through reduced growth and con-
dition (Sogard & Olla, 2000). Winter surface conditions appear to 
be warming at faster rate than other times of the year in the GOA 
(Figure S3). Under cooler winter conditions (e.g., 0°C), age- 0 ga-
dids can survive for >2 months in the absence of food (Copeman 
et al., 2022; Sogard & Olla, 2000), although Pacific cod have much 
higher metabolic demands than other Arctic gadids like polar 
cod (Boreogadus saida, Gadidae) at warmer temperatures (Laurel 
et al., 2016a). Forage fish may also have lower energy densities 
as a consequence of these metabolic demands in winter, leading 
to mortality across a range of trophic levels and taxa (“ectother-
mic vise”; Piatt et al., 2020). During the marine heatwave period in 
2015, stomach fullness of adult Pacific cod (40– 80 cm) was the low-
est on record at the same time preferred prey were notably absent, 
including Tanner crab (Chionoecetes bairdi, Oregoniidae) and capelin 
(Mallotus villosus, Osmeridae) (Barbeaux et al., 2019). Bioenergetic 
models indicated that the sustained demand for prey through the 
winter months was unlikely met, especially for fish in the 10 cm size 
range (age- 0 s) as well as older life stages (> 40 cm) requiring addi-
tional energy for reproduction (Barbeaux et al., 2020).

4.3  |  Shifting mortality schedules and 
demographics

Warming appears to be negatively impacting early life stages of 
cod in the GOA, with an almost complete absence of pre- recruits 
observed in the major heatwave years of 2015, 2016 and 2019. 
Historically, spring temperature had little predictive value on 
recruitment dynamics of cod, suggesting a non- stationarity in 
this relationship (Litzow et al., 2022). Mechanistically, these 
temperature- associated sources of mortality are understood 
through upper thermal stress on eggs (Laurel & Rogers, 2020) 
and higher potential for starvation in first- feeding larvae (Laurel 
et al., 2021). Reproductive potential was also likely reduced during 
this period through metabolic stress on older life stages (Barbeaux 
et al., 2019).

Despite these negative impacts of warming, we observed a pos-
itive influence of winter– spring temperatures on the annual size of 
larvae and juveniles. While these observations conform to expec-
tations (the temperature- size rule, Atkinson, 1994), it is unclear 
whether these demographic shifts are buffering or amplifying early 
sources of mortality. The processes driving these size shifts are also 
uncertain, as they could reflect temperature- dependent changes 
in spawning time (Rogers & Dougherty, 2019), size- at- hatch (Laurel 
et al., 2008), pre- settlement growth (Abookire et al., 2021), post- 
settlement growth (Hurst et al., 2010), size- selective mortality or 
some combination of all these processes (e.g., Pepin et al., 2015). 
All of these factors can work alone or together to impact the size 
and timing of settlement in nursery grounds, but disentangling these 
processes will require refined information on age and growth of lar-
vae and juveniles. Additional diet information will also be needed 
to measure consequences of early spawning for first- feeding larvae 
in the spring (e.g., match- mismatch dynamics; Laurel et al., 2021), 
increased metabolic demands and shifts in prey- size spectra 
(Munk, 1997). And finally, accounting for these cumulative tempera-
ture impacts through and beyond the first year of life (e.g., ‘carry 
over effects’; O'Connor et al., 2014; Pechenik, 2018) will require 
modeling frameworks that track demographic changes in cohorts 
over space and time, e.g. Individual Based Models (IBMs) (Hinckley 
et al., 2019; Kristiansen et al., 2009).

4.4  |  Temperature and energy reserves

The ontogenetic changes in lipid energy in Pacific cod reveal a series 
of changing energy allocation strategies as eggs, larvae and juveniles 
transition and shift to new habitats. Eggs and newly hatched larvae 
rely on yolk energy stores before first feeding and then appear to 
build lipid density at pelagic stages prior to settlement. The rapid 
decline in lipid energy after settlement may reflect an ontogenetic 
process (e.g., energy allocation to growth) and/or trophic stress 
resulting from the habitat transition (e.g., prey quality, capture, 
availability, etc; Copeman et al., 2009; Nunn et al., 2012). The abil-
ity to store lipid energy from these summer growth environments 
may be important for future survival (Weinig & Delph, 2001). For 
example, age- 0 juvenile Atlantic cod must grow rapidly in the sum-
mer to escape gape- limited predation (Linehan et al., 2001), but 
consequently enter their first winter with very low- lipid reserves 
(Copeman et al., 2008). Age- 0 juvenile Pacific cod are also in rela-
tively low- lipid condition during the summer in the GOA nearshore 
(Budge et al., 2022) and laboratory experiments show lipid allocation 
rates in age- 0 Pacific cod declining further as temperatures exceed 
10°C (Copeman et al., 2017). Interestingly, an analysis of age- 0 cod 
collected throughout the Central and Western GOA in 2018– 20 
indicated fish in 2019 (a heatwave year) had higher hepatosomatic 
values compared to fish collected in cooler adjacent years (Abookire 
et al., 2021). However, the 2019 observation is confounded by 
significant concurrent changes in average fish size (larger) and co-
hort density (lower) for that year. In addition, lipids are difficult to 
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estimate using gravimetric proxies due to their high- energetic den-
sity (Copeman et al., 2022). These challenges coupled with seasonal, 
ontogenetic and environmental constraints on lipid energy storage 
make it difficult to develop and interpret condition- based survival 
trajectories for Pacific cod early in the year.

Despite missing mechanistic information, condition metrics for 
early life stages (e.g., lipids, size- at- age, total energy density) are used 
in fisheries management of Alaska gadids (Shotwell et al., 2022). The 
implicit understanding is that larger or faster growing members of 
a cohort have a survival advantage during the winter, because they 
are less vulnerable to predators (Hurst, 2007) and can carry more 
fall energy reserves through the winter period of low productivity 
(Byström et al., 2006; Post & Evans, 1989; Thompson et al., 1991). 
These principles support a current recruitment paradigm for walleye 
pollock in the Bering Sea, where size and condition of juveniles in 
the fall preceding their first winter is a recruitment indicator (Heintz 
et al., 2013). There are currently no surveys in Alaska to track 
age- 0 cod condition in the fall, but such information may determine 
whether missing age- 1 cohorts (e.g., 2017 and 2018; Figure 9) are 
due to older juvenile stages shifting to the offshore or the result of 
winter bioenergetic stress.

4.5  |  Science and management recommendations

Pacific cod in the GOA exemplify the new challenges of managing 
fisheries in a climate era without historical precedent. Management 
targets (e.g., spawning stock biomass) and assumptions in stock as-
sessment (e.g., ELS natural mortality) remain misaligned with new 
climate- driven processes, leading to unanticipated impacts on local 
populations. Recruitment forecasts based on historical statistical re-
lationships will, therefore, be unreliable for Pacific cod populations 
experiencing rapid warming conditions. We describe several pro-
cesses by which seasonal warming negatively impacts ELS cohorts 
of Pacific cod in the GOA that have only become evident in the most 
recent part of our time series. Determining the downstream effects 
of these ELS impacts will continue to be challenging for fisheries 
management, especially as shifts in habitat and size- at- age could 
lead to new mortality and maturity schedules. However, models 
that can utilize time series data from multiple life history stages are 
most likely to have the highest predictive skill for stock assessment 
(Litzow et al., 2022) while providing mechanistic understanding for 
declining stocks attributed to anthropogenic ocean warming (Litzow 
et al., 2021).

One of the challenges for fisheries managers will be to decide 
on where to direct limited resources to monitor Pacific cod popula-
tions experiencing climate stress. For example, surveys of early life 
stages can provide early warnings of recruitment failure but may 
perform poorly at predicting strong year classes when they precede 
later critical periods. This includes measurements of fish condition 
(e.g., lipid density) taken during a time/ontogenetic period of low 
environmental influence or too early in advance of winter when 
these energetic reserves are required. At the same time, late- stage 

monitoring will provise less lead- time for management and miss 
emergent climate drivers acting on sensitive early life stages needed 
for decadal forecasts. Both approaches are needed in management 
for climate stressed fisheries like Pacific cod. Furthermore, climate- 
driven changes in phenology (e.g., spawn timing, ontogenetic habitat 
shifts) can complicate efforts to monitor early life stages, and need 
to be tracked and accounted for. Predictions based on physiological 
and biological sensitivity (e.g., thermal habitat models) can fill these 
knowledge gaps as more comprehensive monitoring programs are 
built.

We, therefore, advocate a synoptic approach that integrates 
ecosystem and ELS monitoring across multiple life stages while 
improving seasonal thermal habitat metrics for use in short- term 
and long- term forecasting. Pre- recruit monitoring should be con-
ducted annually to fill in gaps in the adult bottom trawl survey 
(currently conducted biennially; Barbeaux et al., 2019) and spatially 
extended along an east to west gradient (warm to cool) to capture 
climate stress before impacts are apparent across the entire region. 
Increased spatial coverage is also necessary to span genetic breaks 
recently discovered in the Central GOA region (Spies et al., 2021). 
We also recommend occasional integrated ecosystem surveys with 
laboratory and oceanographic support to lend improved mecha-
nistic interpretation towards emerging patterns of redistribution, 
size structure and abundance in the Pacific cod population. An ex-
ample of such effort occurred through the Bering Sea Integrated 
Ecosystem Research Project (BSIERP) which developed new recruit-
ment paradigms for several focal species, including walleye pollock 
(Heintz et al., 2013). While more modest ecosystem surveys have 
been conducted in the GOA (Ormseth & Norcross, 2009), they need 
to be repeated as continued warming exceeds historical observa-
tions and early life stages are exposed to novel environmental con-
ditions. These recommendations apply more broadly to other marine 
species given the rapid changes occurring in most marine ecosys-
tems (Smale et al., 2019). Collectively, these tools and approaches 
can provide some climate resiliency for stakeholders in the Pacific 
cod fishery, both by increasing lead times for early detection of re-
cruitment failure, and by providing the mechanistic underpinning 
necessary to produce medium-  to long- term stock outlooks to guide 
proactive planning.
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