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1  | INTRODUC TION

Starting in the winter of 2013/2014, anomalous atmospheric 
conditions over the northeast Pacific Ocean led to the larg-
est marine heatwave on record (Bond et al., 2015; Di Lorenzo 
& Mantua, 2016). The heatwave, nicknamed “The Blob” (Bond 
et al., 2015), persisted through 2015 and into 2016, with sea sur-
face temperatures up to three standard deviations above average 

(Di Lorenzo & Mantua, 2016). The anomalously warm waters in 
the northeast Pacific corresponded to abnormal ecological obser-
vations spanning multiple trophic levels. In the California Current 
System, phytoplankton production and biomass were low (Gómez-
Ocampo et al., 2018), gelatinous zooplankton proliferated (Brodeur 
et al., 2019), a toxic algal bloom related to warm conditions spanned 
the North American west coast with major fisheries-related 
economic repercussions (McCabe et al., 2016), Columbia River 
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Abstract
The North Pacific marine heatwave of 2014–2016 (nicknamed “The Blob”) impacted 
marine ecosystems from California to Alaska, USA, with cascading effects on fisher-
ies and fishing communities. We investigated the effects of this anomalous ocean 
warming on early life stages of walleye pollock (Gadus chalcogrammus) in the Gulf of 
Alaska. In spring of 2015, pollock larvae were caught at record low levels relative to 
a 30-year time series. Survival rates were low during the summer, and by late sum-
mer, numbers were further reduced, with very low abundances of juvenile (age-0) 
pollock. Our analyses suggested multiple mechanisms for this decline: (a) Low-saline 
conditions may have impacted egg buoyancy and survival; (b) population densities of 
zooplankton nauplii may have been too low to support first-feeding larvae; (c) body 
condition of age-0 pollock was poor and a bioenergetics model indicated that re-
duced quality of zooplankton prey, coupled with warmer temperatures, increased 
the ration required for positive growth by up to 19%, at a time when prey abundance 
was likely reduced. Thus, walleye pollock experienced a cascade of poor conditions 
for growth and survival through early life stages, resulting in the near disappearance 
of the 2015 year class in the population by the end of their first year. These impacts 
differ from previous warm years and emphasize the importance of looking beyond 
simple temperature–abundance relationships when predicting species responses to 
climate warming.
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Chinook salmon Oncorhynchus tshawytscha were in poor condition 
(Daly et al., 2017), and a series of mass mortality events and strand-
ings of marine mammals and seabirds were observed (summarized 
in Cavole et al., 2016; Piatt et al., 2020). Farther north, persistent 
warming was observed throughout the Gulf of Alaska (GOA) that 
extended from the surface down to 300 m (Walsh et al., 2018). 
Species of fish and zooplankton were noted far north of their 
typical ranges (Bond et al., 2015), seabird die-offs occurred (Piatt 
et al., 2020), and Pacific cod Gadus macrocephalus experienced a 
population decline leading to a severe reduction in catch limits 
(Barbeaux et al., 2020). By studying ecological responses to the 
warm anomaly, we can improve our understanding of how climate 
conditions alter ecosystem processes and functioning, as well as 
the impact on species of commercial interest.

Walleye pollock (Gadus chalcogrammus) is a widely distributed 
gadid found on the continental shelves of the North Pacific Ocean. In 
the Gulf of Alaska, walleye pollock (hereafter “pollock”) are one of the 
dominant fishes by biomass in the ecosystem (Gaichas et al., 2011) and 
play a nodal role as both predator and prey (Gaichas & Francis, 2008; 
Springer, 1992). Pollock are also the target of a $100M fishing industry 
in the Gulf of Alaska (first wholesale value; Dorn et al., 2018). Shifts 
in pollock abundance can therefore alter the structure of the ecosys-
tem and have significant impacts on commercial fisheries and fishing 
communities in Alaska. Pollock recruitment is highly variable and, as 
for most marine fishes, sensitive to conditions experienced during the 
first year of life (Duffy-Anderson et al., 2016). Understanding the di-
rect and indirect effects of a warm ocean environment on the ecology 
of pollock early life stages can help provide an understanding of the 
processes regulating recruitment in this species.

The first year of life of walleye pollock is characterized by high 
mortality, where eggs, larvae, and young-of-year (age-0) juveniles 

must survive a series of transitions between habitats and life stages 
(Duffy-Anderson et al., 2016). Shelikof Strait (Figure 1) is the primary 
spawning ground for the Gulf of Alaska stock, and mature individ-
uals aggregate there in March and April to spawn. Eggs incubate at 
depths of >150 m for about two weeks before hatching and rising to 
the upper 50 m of the water column as larvae (Kendall et al., 1994). 
Larvae hatch into a highly advective environment, subjected to the 
rapid drift of the Alaska Coastal Current to the southwest along the 
Alaska Peninsula. Larvae begin feeding about 5–6 days after hatching, 
their diet consisting primarily of copepod eggs and nauplii. During this 
first-feeding period, larvae may be subject to food-limited growth, and 
subsequent increased predation mortality (Canino et al., 1991). Post-
larval juveniles occupy mid-water habitats from the nearshore to the 
shelf edge, with high densities in the Semidi Bank area downstream 
of the Shelikof spawning area. From mid- to late summer (August–
September), juveniles shift from a diet consisting primarily of cope-
pods (especially Calanus marshallae) to one dominated by euphausiids 
(Wilson et al., 2011, 2013). Euphausiids are an especially energy-rich 
prey (Mazur et al., 2007) that have been associated with improved late 
summer body condition in age-0 pollock (Wilson et al., 2013). In the 
adjacent Bering Sea, high energy storage (i.e., lipid content) prior to 
winter has historically led to increased overwinter survival and stron-
ger year classes (Heintz et al., 2013; Siddon et al., 2013). Overwinter 
mortality is high in general, as young pollock are subject to predation 
from abundant piscivorous groundfishes (Bailey, 2000).

Previous studies of the effects of changes in temperature on 
pollock recruitment have found mixed results. Early studies found 
a positive relationship between springtime temperatures and lar-
val pollock survival, with cold years corresponding to higher rates 
of larval mortality, especially during the first week post-hatch 
(Bailey et al., 1996). This was hypothesized to be related to the 

F I G U R E  1   Study area in the western 
Gulf of Alaska, indicating locations of 
long-term sampling of larval (blue shaded 
polygon) and age-0 (dashed line) pollock. 
Spring physical oceanographic and 
zooplankton monitoring occurs at Line 
8 (solid red line) between Kodiak Island 
and the Alaska Peninsula. A time series 
of primary productivity was derived from 
MODIS data over the area indicated by 
the light gray box
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timing of microzooplankton production, particularly of cope-
pod nauplii, which are a primary prey item of first-feeding larvae 
(Bailey et al., 1995). A time series analysis found no apparent effect 
of spring temperatures on larval abundance (Doyle et al., 2009), 
while statistical models provided evidence that recruitment (as 
estimated in an age-structured assessment model) was negatively 
related to springtime temperatures (A’mar et al., 2009). These 
studies on their own give little indication of what to expect in an 
anomalously warm year. One possible explanation for these incon-
sistent findings is that temperature is only one of many factors 
that often interact to regulate survival and recruitment in this 
species (e.g., Ciannelli et al., 2004). Indeed, previous studies have 
suggested that wind mixing, transport, eddy formation, and prey 
and predator abundance may impact year-class strength of pol-
lock in the GOA (Bailey, 2000; Bailey & Macklin, 1994; Megrey 
et al., 1996), with the importance of different mechanisms chang-
ing over time (i.e., relationships are nonstationary; Bailey, 2000; 
Ciannelli et al., 2004).

Here, we investigate the effects of the marine heatwave on the 
ecology of walleye pollock through their first year of life. Our ob-
jective was to examine empirical and model-based data on multi-
ple life stages and ecosystem components to evaluate support for 
hypothesized mechanisms explaining the pollock recruitment failure 
coincident with the heatwave. We specifically focus on three early 
life stages: eggs in early spring, larvae in late spring, and age-0 juve-
niles in late summer. First, we evaluate the hypothesis that hydro-
graphic conditions affected the vertical position of eggs in the water 
column and increased mortality. Second, we investigate the timing 
of primary production and the availability of zooplankton prey to 
test the hypothesis that larvae were food-limited. Finally, we use a 
bioenergetics model to investigate the hypothesis that warmer tem-
peratures and reduced prey quality lowered the body condition and 
increased the consumption demands of juvenile fish prior to their 
first winter. Support for additional potential mechanisms is evalu-
ated in the discussion. While the heatwave persisted through 2016, 

we focus only on the 2015 year class because of a lack of survey 
coverage in recent even-numbered years.

2  | METHODS

2.1 | Environmental data

A time series of monthly sea surface temperatures was derived from 
NOAA NCEP Reanalysis data (Kalnay et al., 1996), averaged over a 
box defined by 54.3°N–56.2°N and 151.9°W–157.5°W. Anomalies 
were calculated relative to the monthly mean temperatures from 
1948 to 2019. Water column profiles of temperature and salinity 
from the late larval period were derived from hydrographic casts 
(Sea-Bird SBE-49) along Line 8, a routinely sampled transect be-
tween Kodiak Island and the Alaska Peninsula (Figure 1), during the 
period May 25–June 8. Profiles from four deep (>200 m) stations 
were averaged for each year with available data (2000, 2003–2011, 
2013, 2015, 2017). (See Figure 2 for an overview of the time series 
and models included in this study.)

2.2 | Phytoplankton

Satellite-derived estimates of near-surface chlorophyll a concen-
trations were used to characterize the seasonal timing and mag-
nitude of phytoplankton biomass on the shelf from 2002 to 2015. 
Composite 8-day average chlorophyll a estimates from the MODIS 
(Moderate-resolution Imaging Spectroradiometer) instrument on-
board the AQUA satellite (Hu et al., 2012) were downloaded on April 
20, 2017, from https://coast watch.pfeg.noaa.gov/. A time series for 
the western Gulf of Alaska shelf was developed by averaging the 
remotely sensed chlorophyll a concentrations over an area defined 
by the box shown in Figure 1 for each 8-day period from February 
15 to October 15 in each year. There are known limitations to using 

F I G U R E  2   Time series data and models used in this study, with gray shading indicating years included

https://coastwatch.pfeg.noaa.gov/
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satellite-derived estimates of chlorophyll a in glacially influenced 
coastal regions with suspended sediments (Waite & Mueter, 2013); 
however, we use the satellite data to describe seasonal patterns and 
relative trends, not to calculate absolute concentrations.

2.3 | Zooplankton

Zooplankton were collected along Line 8 during late May and early 
June and again in late summer (August–September) in the core Semidi 
age-0 sampling region (Figure 1). Zooplankton were collected using 
oblique tows of paired bongo nets (20-cm frame, 153-μm mesh, 
and 60-cm frame, 333- or 505-μm mesh) (Incze et al., 1997; Napp 
et al., 1996). The tows were within 5–10 m of the bottom depending 
on sea state. Smaller zooplankton, including copepod nauplii that are 
the primary prey of larval pollock (Incze & Ainaire, 1994), were sam-
pled using a 25-cm frame, 53-μm mesh CalVET (California Cooperative 
Oceanic Fisheries Investigations Vertical Egg Tow). Two CalVET nets 
were towed vertically from near bottom to the surface at a total of 25 
stations in both 2015 and 2017. Volume filtered was estimated using 
a General Oceanics flowmeter mounted inside the mouth of each 
net. All samples were preserved in 5% buffered formalin/seawater. 
Zooplankton were identified to the lowest taxonomic level and stage 
possible at the Plankton Sorting and Identification Center in Szczecin, 
Poland, and verified at the AFSC, Seattle, Washington, USA. Starting 
in 2012, the 60-cm frame net had its mesh changed to 505 μm. The 
majority of taxa were not affected by this change; however, the poten-
tial for some differences to arise were noted. In order to minimize the 
effect of this change, we selected life history stages that were unlikely 
to be affected by the mesh size based on prior analyses of mesh re-
tention (Incze et al., 1997; Kimmel & Duffy-Anderson, 2020; Siefert & 
Incze, 1989). Zooplankton densities are reported in No. m−3.

We selected several zooplankton taxa for assessment based on 
their relevance to larval and juvenile walleye pollock. For samples 
collected in May/June along Line 8 (Figure 1), we reported the abun-
dance of nauplii > 150 μm as they comprise the greatest fraction 
of nauplii in the water column and were found to make up 98% of 
walleye pollock diets (Incze & Ainaire, 1994). The CalVET nets have 
only been used within the larval sampling area since 2015, so we 
reported data from 2015 and 2017 (due to biennial sampling sched-
ule). In addition, we calculated the standardized abundance anom-
alies of two copepod taxa that are the primary sources of nauplii: 
Pseudocalanus spp. (75%) and Metridia pacifica (18%) adults (Incze 
& Ainaire, 1994). The Pseudocalanus spp. grouping includes up to 
three species: P. newmani, P. minutus, and P. mimus, with the latter 
being the dominant species on the shelf in spring and summer (Napp 
et al., 2005). For data collected in late summer/early autumn in the 
age-0 sampling area (Figure 1), we reported the standardized abun-
dance anomalies of the primary prey of juvenile walleye pollock, 
C. marshallae stage C5, and euphausiids (Wilson et al., 2006, 2009, 
2011). Copepods > 2 mm prosome length are the primary prey of 
juveniles < 50 mm SL (Wilson et al., 2009) and the large copepod 
most prevalent in summer in neritic waters is C. marshallae C5 stage 

(Coyle & Pinchuk, 2005). The primary prey for juveniles between 50 
and 140 mm are adult and juvenile euphausiids (Wilson et al., 2009). 
The 60-cm bongo net likely underestimates juvenile and adult eu-
phausiid abundance (Hunt et al., 2016; Sameoto et al., 1993) as 
smaller plankton nets will underestimate large euphausiids, while 
larger plankton nets will underestimate small euphausiids (Eriksen 
et al., 2016). Here, we report the furcilia abundance as a proxy for 
the overall abundance of the dominant euphausiids in the region: 
Thysanoessa longipes and Euphausia pacificia, T. inermis, and T. spinif-
era, with the latter two species most prevalent in the sampling area 
(Coyle & Pinchuk, 2005). Standardized abundance anomalies were 
calculated as follows: For each year within the sampling region, the 
mean, log10 + 1-transformed abundance was calculated for each 
taxa (X). Using this yearly time series of transformed abundance, the 
long-term, annual mean (X), and standard deviation (S) were calcu-
lated. The standardized anomaly (SA) for each year was then com-
puted as SA=

X−X

S
.

2.4 | Egg vertical position model

Stage-specific vertical position of walleye pollock eggs spawned in 
Shelikof Strait was modeled using hydrographic profiles of tempera-
ture (°C), salinity, and density (sigma-t = kg/m3 − 1,000) (Sea-Bird 
Scientific, 2017) that were measured on Line 8 during May 26, 2015. 
The model was based on Kendall and Kim (1989) assuming the stage-
dependent specific gravity for type II eggs, which is the most com-
mon class of eggs and has heavier early development stages than the 
type I class (Hinckley et al., 1996). Following Kendall and Kim (1989), 
Stokes’ law was used to estimate the vertical velocity (cm/s) of eggs 
in the water column. Spawning was assumed to occur at 290 m 
over a seafloor depth of 300 m based on observations from egg 
and spawner surveys (Kendall et al., 1994; Kim & Nunnallee, 1990). 
We used the updated temperature–egg development relation-
ships from Blood et al. (1994), rather than from Bates (1987), and 
allowed the kinematic viscosity of water (cm2/s) to change within 
the water column based on temperature and salinity (Ramsing & 
Gundersen, 1994); these changes to the model had little effect on 
the predicted egg vertical trajectory. We divided each of the 21 egg 
development substages, which were nested within 6 stages, into 
100 steps to allow subdaily resolution of stage-specific development 
time and outputted the predicted vertical position after each step. 
For comparison, we computed the vertical trajectories of eggs for 
other years with hydrographic profile data from Line 8 during May 
20–June 8 depending on year (2000, 2003–2011, 2013, 2017) or 
from Kendall and Kim (1989) (1977, 1981, 1985, 1986).

2.5 | Larval data

The Alaska Fisheries Science Center's (AFSC) Ecosystems and Fisheries-
Oceanography Coordinated Investigations Program (EcoFOCI) has 
been sampling ichthyoplankton in the Gulf of Alaska since the 1970s. 
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The primary gear was a 60-cm paired bongo frame equipped with ei-
ther 333- or 505-μm mesh nets and flowmeters and towed obliquely 
at evenly spaced, predetermined sites to 100 m depth or 10 m off bot-
tom in shallower water. Previous work has shown that catches of wall-
eye pollock larvae do not differ between the two mesh sizes (Shima & 
Bailey, 1994). Samples were preserved in 5% formalin and larval pollock 
were sorted, counted, and measured for standard length (SL) to the 
nearest millimeter at the Plankton Sorting and Identification Center 
in Szczecin, Poland. We used samples collected during a consistently 
sampled time period (the late larval period; May 18–June 7) and spatial 
area (from the Shelikof Strait and Sea Valley to east of the Shumagin 
Islands; Figure 1). Counts of larvae were standardized to No. m−2 sea 
surface area as a measure of catch per unit effort (CPUE). A time series 
index of abundance was developed for 1981–2017 by calculating an 
area-weighted mean CPUE (Doyle et al., 2009). The late larval period 
was not surveyed in 1984, 1986, 2012, 2014, or 2016.

2.6 | Juvenile data

Age-0 pollock were sampled in late summer (primarily August–
September) by the EcoFOCI Program in 2000, and odd years from 
2001 to 2017. A sampling grid on the Semidi Bank was occupied in all 
years, and a second grid near Kodiak Island was sampled since 2005. 
A small-mesh mid-water trawl was used to sample the upper 200 m 
or from 5 m off bottom. Pollock were enumerated and measured for 
standard length. Age-0 pollock were distinguished from older age 
groups by length (age-0 < 140 mm SL). Age-0 pollock catch m−2 was 
calculated by dividing total age-0 pollock counts by volume filtered 
by the trawl and multiplying by the maximum depth fished by the net 
following Wilson et al. (2009). A time series of age-0 abundance was 
developed for the consistently sampled Semidi region (Figure 1) by 
calculating an area-weighted mean catch m−2 in each year, using the 
same methodology as for the larval index.

A random sample of individuals was frozen at sea and later 
processed in the laboratory for body weight and food habits (see 
Wilson et al., 2009, 2013 for details). Samples were thawed and up 
to 20 individuals were selected to represent the range of sizes col-
lected. Each fish was blotted dry, measured to the nearest 1 mm SL, 
and weighed to the nearest 1 mg. Stomachs were excised between 
the esophagus and pylorus and preserved in a sodium borate-buff-
ered 10% formalin solution. For each stomach, contents were ex-
tracted, blotted dry, weighed to the nearest 0.01 mg, and sorted by 
digestion state and by the lowest practical taxonomic level. Well-
digested prey fragments were separated from intact (>75% whole) 
individuals. Additionally, copepods and euphausiids were each 
sorted into size groups: 1) small copepods (≤2 mm prosome length, 
PL), large copepods (>2 mm PL), 3) euphausiid furciliae (ca. ≤5 mm 
length), and euphausiid juveniles and adults. All individuals in each 
digestion taxonomic were enumerated, blotted dry, and collectively 
weighed to the nearest 0.01 mg.

A body condition index was calculated as the residuals from 
a regression of ln(body weight) on ln(length) using data from all 

surveys combined (Le Cren, 1951). Residual body weight was 
available for the extent of survey time series and Buchheister 
et al. (2006) showed that it correlated with bomb calorimetry-de-
termined whole-body energy content for juvenile pollock. Day of 
year was included as a covariate in the regression to account for 
seasonal changes in body condition (Buchheister et al., 2006), and 
a generalized additive model was used to allow for non-linearity 
in the day-of-year effect. An annual index was calculated for the 
core Semidi area by weighting individual condition values by sta-
tion-specific CPUE.

2.7 | Pollock productivity and mortality rates

Early life stage processes may be captured as the number of sur-
viving larvae produced per unit of spawning stock biomass. This 
productivity metric captures variation in fecundity as well as sur-
vival through egg and early larval stages and is measured as the log-
transformed ratio of mean larval CPUE (calculated above) to female 
spawning stock biomass (SSB, estimated from the stock assessment 
for walleye pollock (Dorn et al., 2018)). Because larval abundance is 
measured as an index (mean CPUE) and is not absolute abundance, 
we present a standardized (z-score) productivity index.

An instantaneous mortality rate was calculated for the late larval 
stage to age-0 juvenile stage (approximately May–September) for 
each year the larval and age-0 surveys were executed. The rate was 
calculated as M=−ln(CPUE_Juvy∕CPUE_Larvy)∕dy, where dy is the 
number of days between the yearly mean survey date for the two 
surveys and varies from 96 to 124 days. CPUE_Juv and CPUE_Larv 
are the mean catches of age-0 juveniles and larvae, respectively, in 
No. m−2. Because the entire populations of larvae and age-0 are not 
surveyed in a given year, the mortality is expressed as a ratio of av-
erage densities within the standard survey areas and may include 
factors other than mortality, such as dispersal.

Confidence intervals were calculated by bootstrapping: For each 
year and time series, a sample was drawn from a distribution given 
by the mean and standard error of the estimate, and the mortality 
rate was calculated. The error distribution was assumed to be normal 
for the larval and age-0 abundance indices, and lognormal for SSB, 
reflecting the methodology for estimating those quantities. This was 
repeated 1,000 times and 95% confidence intervals were calculated 
from the resulting distributions for each year.

Linear regressions were used to test for relationships between 
thermal conditions and pollock abundance, productivity, and mor-
tality indices. Specifically, spawner productivity and ln(larval CPUE) 
were regressed against mean March–May SST, and M and ln(age-0 
CPUE) were regressed against mean June–August SST.

2.8 | Bioenergetics model

In order to assess the growth conditions for juvenile pollock 
in 2015 compared to previous years, we used a bioenergetics 
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modeling approach. This approach synthesizes the combined 
effects of changes in thermal conditions, prey quality, and prey 
quantity on walleye pollock growth. The Wisconsin bioenerget-
ics model, version 4.0 (Deslauriers et al., 2017), uses a balanced 
energy budget where energy for growth is total energy consumed 
minus energy for activity, respiration, and waste. It operates on a 
daily time step incorporating mass- and temperature-dependent 
functions for metabolism and maximum consumption. Parameter 
values for juvenile walleye pollock were based on Ciannelli 
et al. (1998). Inputs to the model were pollock diets (prey items 
by %Wt), taxon-specific prey energy densities (J/g), predator (pol-
lock) energy density (J/g), water temperature, pollock body weight 
(g), and daily ration (% of body weight). We fit the model to ob-
servations from the core Semidi area in 2013 and 2015. The year 
2013 was chosen as it was a relatively average year in terms of 
temperature and age-0 body condition, but the survey extent and 
timing closely matched 2015. Temperature was measured as the 
mean temperature of the upper 50 m across all stations within 
the core Semidi area. Annual mean diet composition was charac-
terized as the mean percent by weight of the 11 most prevalent 
prey groups, adjusted to sum to 100%. Diets and mean weights 
were characterized for three length classes of fish that were well 
represented in each of the years: 45–54 mm, 55–64 mm, and 
65–74 mm. Prey energy density values were taken from the lit-
erature (Table S1; Mazur et al., 2007; Wilson et al., 2013). Because 
daily ration size is unknown and uncertain to estimate, we ran the 
model for a range of ration sizes (0.03–0.065 g g−1 day−1) for each 
year (2013, 2015) and size class (50 mm, 60 mm, 70 mm) in order 
to determine the difference in ration size needed to maintain pos-
itive growth given thermal conditions and prey quality in 2015 
versus 2013. To assess the relative contribution of differences in 
temperature, diet composition, and body weight to required ra-
tion sizes, we ran three simulations. In each, we used observed 
values for 2013 and set either temperature, diet composition, or 
body weight equal to the observed 2015 values, thus allowing us 
to compare the relative contribution of each variable in isolation.

3  | RESULTS

3.1 | Temperature and salinity

Sea surface temperatures in the Gulf of Alaska were above average 
starting in January 2014, with high temperatures persisting through 
all of 2014, 2015, and 2016. This is the longest period of continu-
ous warm monthly sea surface temperature anomalies in the data 
record (since 1948; Figure 3a); the strongest monthly warm anomaly 
was in September 2016. Other warm periods included 1983–1984 
and 2004–2005. The period 2007–2012 comprised an extended 
cold phase in the Gulf of Alaska. Temperature measurements from 
a transect of Line 8 near Kodiak Island indicated that the warm-
ing in spring of 2015 was most notable at depth, and extended to 

200 m (Figure 3b). Temperatures at 200 m were >6°C, compared to 
an average (2000–2013) of 4.8°C. Salinity measurements indicated 
unusually fresh conditions throughout the top 200 m, similar to only 
2003 and 2004 (Figure 3c).

3.2 | Phytoplankton

MODIS-derived estimates of chlorophyll a concentrations suggest 
that phytoplankton biomass in the western Gulf of Alaska was not 
anomalous in terms of magnitude or timing in 2015 (Figure S1), al-
though chlorophyll a estimates were not available for the 8-day 
period around May 21, 2015, due to persistent cloud cover. The 
average annual pattern of chlorophyll a includes a rapid increase 
starting in late April, an annual maximum in May, lower sustained 
concentrations through the summer, and a smaller peak in late sum-
mer to early fall. In 2015, chlorophyll a concentrations followed this 
same pattern (Figure S1).

3.3 | Zooplankton

The mean copepod naupliar (>150 μm) abundance was 11 L−1 in both 
2015 and 2017 during the spring survey. Across all sampled stations, 
the overall range of nauplii differed slightly as evidenced by differ-
ences in the 25th and 75th percentiles, which were 6–12.7 L−1 and 
6–16.5 L−1 in 2015 and 2017, respectively (Figure 4). There was no 
significant difference in the mean abundance between the years 
(t = 0.01, p = .99); however, in 2015, 75% of the nauplii abundance 
estimates observed were less than 13 L−1, a density below which 
25% of pollock guts have been observed to be empty (Theilacker 
et al., 1996). The primary nauplii producers had differing patterns 
in 2015: abundances of Pseudocalanus spp. adults were above aver-
age, whereas M. pacifica adults had a large, negative anomaly in 2015 
(Figure S2). During late summer, abundance of C. marshallae C5 was 
above average in 2015, whereas abundance of euphausiid furcilia 
was low (Figure S2).

3.4 | Egg vertical position model

In 2015, the vertical trajectory of the most common class of wall-
eye pollock eggs in Shelikof Strait (Type II) was predicted to have 
been lower in the water column and shorter in duration than the 
trajectories for all other years in our comparison. As expected from 
the egg stage-dependent schedule of specific gravity (Kendall & 
Kim, 1989), all trajectories ascended during early stages to a mid-
stage plateau and then descended to the seafloor (Figure 5). The 
trajectory for 2015 was unique among all years compared in that it 
plateaued early, never ascended above 270 m, reached the seafloor 
only 5 days after fertilization, and terminated (i.e., hatched) earlier 
than all other years.
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F I G U R E  3   Physical characteristics of the Gulf of Alaska before and during the heatwave. (a) Sea surface temperature anomalies in the 
Gulf of Alaska derived from NCEP Reanalysis data. Data extend through 2019. (b) Average temperature and (c) salinity profiles from Line 
8, from 2000 to 2017, sampled between 5/25 and 6/8. No data were available for 2001, 2002, 2012, 2014, or 2016. Values from 2015 are 
shown in black

(a)

(b) (c)
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3.5 | Abundance and survival of walleye pollock

In 2015, the mean No. m−2 of larval pollock in late May to early June 
was 1.6 larvae, the lowest in the time series 1981–2017 (Figure 6), and 
2.5 SDs below the historical mean (ln-scale). The previous survey, in 
2013, captured 163 larvae m−2. Prior years with low abundance were 
2004 (1.8 m−2), 1985 (4.6 m−2), and 1991 (5.5 m−2). Low estimated 
abundance of larval pollock in 2015 was followed by low catches of 
age-0 pollock in late summer (mean 2015 CPUE = 0.001 m−2), ap-
proximately 1/50th of the next lowest catch (0.06 m−2 in 2003), and 
5 SDs below the historical mean (ln-scale). The estimated instanta-
neous mortality rate (M) from late May until early September 2015 
was the highest observed in our time series (Figure 6). The estimated 
number of larvae produced in 2015 per unit spawning stock biomass 
(“spawner productivity”) was also the lowest during the period for 
which data exist (Figure 6).

While 2015 was anomalous in terms of temperature as well as 
abundance and survival of early life stages, there was no histori-
cal relationship between thermal conditions and ln(larval CPUE) 
(n = 32, p > .10), ln(age-0 CPUE) (n = 10, p > .10), M (n = 10, 
p > .10), or spawner productivity (n = 32, p > .10; Figure S3). The 
year 2005, which had warmer mean summer temperatures than 
2015, saw the highest age-0 abundance and lowest mortality 
rate in the time series (Figure S3), in stark contrast to the 2015 
observations.

3.6 | Condition, diets, and growth potential in 
late summer

Body condition of juvenile pollock was poor in 2015, as indicated by 
low weight at length in late summer, and was second lowest in the time 
series after 2005 (Figure 7). For a given length, individuals weighed 
6% less in 2015 compared to 2013, which was a relatively average 
year in terms of body condition. The three years with lowest mean 
condition were the three warmest years as measured by mean sum-
mer SST. However, the summer of 2003 was only slightly cooler than 
2015, yet age-0 pollock had the highest condition in the time series.

A comparison of pollock stomach contents suggests that prey 
resources differed for juvenile pollock in 2013 compared to 2015 
(Figure 8). Considering fish in the 50-mm size range, the primary 
prey items by weight in 2013 were juvenile and adult euphausiids 
(65%) and large (>2.5 mm total length) copepods (25%). In 2015, 
juvenile and adult euphausiids comprised less than 3% of the diets 
of 50-mm pollock, and large copepods comprised 64%. For all size 
classes, euphausiids were relatively less prevalent in 2015 com-
pared to 2013 in terms of percent contribution by weight (Figure 8). 
For 50-mm and 60-mm fish, a smaller proportion of individuals 
had euphausiids present in their diets in 2015 compared to 2013 
(χ2 = 31.8, p < .01 for 50-mm; χ2 = 8.7, p < .01 for 60-mm). For the 
larger size class (70-mm), the proportion of fish with euphausiids 
in their diets did not differ significantly between 2013 and 2015.

F I G U R E  4   Density of copepod nauplii > 150 µm in 2015 and 
2017 from 25 stations within the larval sampling area (Figure 1). 
Horizontal line shows the estimated density (13 L−1) below which 
25% of larval pollock have empty guts (Theilacker et al., 1996)
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F I G U R E  5   Predicted trajectories of 
the vertical position of Type II walleye 
pollock eggs in Shelikof Strait by year class 
(1977, 1981, 1985, 1986, 2000, 2003–
2011, 2013, 2017). Trajectories start (0 d) 
at the assumed spawning depth (290 m). 
Subsequent symbols indicate the endpoint 
of each of six egg development stages. All 
trajectories reached the seafloor (300 m) 
prior to the end of the embryonic period 
(i.e., hatch), which is indicated by filled 
symbols. The 2015 year class and some 
notable others (see text) are distinguished 
by color or labels
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Using a bioenergetics model, we estimated the amount of con-
sumption of prey required for a fish to achieve positive growth given 
the observed temperatures and diets. In 2013, a 60-mm fish would 
need to consume at least 4.3% of its body weight per day to maintain 
positive growth. In 2015, the same-sized fish would need to con-
sume at least 4.9% of its body weight per day, an increase of 14%. 
For a 50-mm fish, consumption would need to increase by 19%, and 
for a 70-mm fish, consumption would need to increase by 10%. The 
warmer temperatures in 2015 were responsible for approximately 
half of the increase in required consumption (Figure 9). Changes 
in the prey composition (as measured by taxon percent weight in 
stomach contents) contributed a majority of the remaining differ-
ences in required ration sizes. The stomach contents of age-0 pol-
lock were comprised of prey with lower energy densities for all three 
size classes in 2015 relative to 2013. This difference was particularly 
notable for the smallest size class fish, which had an average prey en-
ergy density in 2015 of 5,099 J/g (SD = 336) compared to 5,611 J/g 

(SD = 400) in 2013, a significant difference (t = 5.9, p < .01) due in 
large part to the near absence of energy-dense euphausiids in stom-
achs of 50-mm pollock in 2015.

4  | DISCUSSION

For pollock in the Gulf of Alaska, the marine heatwave of 2014–
2016 corresponded to the lowest abundance and survival rates 
of early life stages in the data record and, as a result, the near-
total loss of a year class (2015) in the population. Estimates of the 
abundance of the 2015 year class at age 1 from an age-structured 
stock assessment model are 0.1% of the long-term mean (Dorn 
et al., 2018). In the first few weeks and months of life, where daily 
mortality rates are high, changes in mortality can have a drastic 
effect on ultimate year class size. The expectation for GOA pollock 
is that most of the variability in mortality occurs between feeding 
larval and juvenile stages (Megrey et al., 1996). In 2015, the co-
hort had been impacted by high mortality before the feeding larval 
stage, as indicated by an extremely low productivity index. Poor 
survival persisted over summer in association with poor body con-
dition attributable to temperature-related increases in metabolic 
demand and lower availability of preferred prey. Our analyses sug-
gest pollock experienced a combination of direct physiological 
effects of physical conditions (temperature, seawater density) on 
early life stages, as well as indirect bottom-up effects via changes 
in zooplankton prey.

4.1 | Egg buoyancy and vertical position

One hypothesis for low survivorship is that unprecedented hy-
drographic conditions contributed to increased egg mortality via 
effects on egg vertical position. The relative warmth and freshen-
ing of the lower water column increased the egg development rate 
and lowered seawater specific gravity, resulting in a unique vertical 

F I G U R E  6   Time series of (a) mean 
CPUE of larval walleye pollock in late 
May sampling period within a standard 
survey area, (b) mean CPUE of age-0 
walleye pollock sampled in late summer, 
(c) productivity measured as the 
standardized ln ratio of larvae per unit 
of SSB, and (d) estimated instantaneous 
mortality rate from the late larval to early 
juvenile stage. Gray shading indicates data 
for 2015. CPUE, catch per unit effort; 
SSB, spawning stock biomass

(a) (b)

(c) (d)

F I G U R E  7   CPUE-weighted and day-corrected average body 
condition (± 1 SE) of age-0 pollock captured in late summer 
(Ntotal = 4,656, N2015 = 115). CPUE, catch per unit effort
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position trajectory predicted for walleye pollock eggs in 2015. 
Observations of low salinity in spring of 2015 were consistent with 
records from the Seward Line in the Central Gulf of Alaska (Batten 
et al., 2018). Our salinity profiles from May were the closest avail-
able following peak spawning (late March–April) in Shelikof Strait. 
We deemed them suitable for modeling egg vertical position given 
the apparent negligible change in surface and near-bottom temper-
ature and salinity from March through May (Stabeno et al., 2004).

Egg-specific gravity of marine fishes is an adaptive response 
to the vertical structure of temperature and salinity in spawning 
areas because it affects egg dispersal and transport, which in turn 
affect survival (Sundby & Kristiansen, 2015). We hypothesize 
three mechanisms by which a deeper distribution of the typically 
pelagic eggs may have increased mortality. First, the lower posi-
tion of eggs in the water column might have increased their vulner-
ability to predation by adult pollock (Schabetsberger et al., 1999) 

F I G U R E  8   Percent diet composition 
by weight for age-0 pollock collected in 
the core Semidi area in 2013 and 2015. 
Abbreviations for euphausiids indicate 
larval stages calyptopsis and furcilia (c + f) 
or juveniles and adults (j + a)

Length Bin (mm)

P
ro

po
rti

on
 b

y 
W

ei
gh

t

0.0

0.2

0.4

0.6

0.8

1.0
n = 5 n = 25 n = 74 n = 71 n = 14 n = 1

2013

0.0

0.2

0.4

0.6

0.8

1.0

30 40 50 60 70 80

n = 0 n = 1 n = 32 n = 39 n = 23 n = 5
2015

Prey Item
Other
Tunicata
Pteropods
Hyperiid amphipod
Fish
Crustacean
Chaetognath
Crab
Calanoid copepods <2.5 mm
Calanoid copepods >2.5 mm
Euphausiids, c+f
Euphausiids, j+a

F I G U R E  9   Bioenergetics model results 
showing the daily ration required to obtain 
positive growth rates in 2013 versus 2015 
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Shaded triangles show the relative 
contribution of changes in temperature, 
diet composition, or body weight to the 
increase in required consumption in 2015 
relative to 2013
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and invertebrates (e.g., euphausiids; Brodeur et al., 1996). Second, 
horizontal dispersal of eggs may have been reduced, which is 
relevant to advection trajectory and density-dependent mech-
anisms; density-dependent mortality of larvae was high during 
1981 (Duffy-Anderson et al., 2002) another year when the egg 
vertical position trajectory was low. Finally, a deeper distribution 
would increase the ascent distance larvae must traverse to reach 
prey-rich feeding areas upon hatching, which tend to be the upper 
30 m (Napp et al., 1996). While temperatures were warm at depth 
(>6°C), it is unlikely that thermal effects reduced egg survival, as 
pollock eggs successfully hatch at temperatures exceeding 10°C 
(Laurel et al., 2018). It is noteworthy that the unique trajectory 
for the 2015 year class corresponds with the lowest age-1 abun-
dance on record as indicated by the stock assessment model (Dorn 
et al., 2018). Among the years in our comparison, however, mid-
stage egg depth was not generally indicative of subsequent age-1 
abundance (Figure 5). For example, year classes with the second 
lowest (2003) and the highest (1977) age-1 abundance estimates 
had similar vertical position trajectories, and three trajectories 
with low plateaus were for year classes with relatively low (2004), 
medium (2010), and high (1981) age-1 abundance. Considerable 
variation exists in the vertical position of walleye pollock eggs 
(Kendall, 2001; Kendall & Kim, 1989) and interannual variation has 
not been well studied.

4.2 | Feeding conditions for larval pollock

Temporal mismatch of first-feeding larvae with production of their 
prey has long been hypothesized to affect recruitment in marine 
fishes (Cushing, 1990) and depends on temperature-dependent 
processes. In seasonal environments, the spawn timing of fishes 
has evolved so that offspring arrive as prey production rapidly in-
creases in spring. For pollock that primarily feed on copepod nauplii 
as first-feeding larvae, changes in the timing of spawning and speed 
of development relative to production of nauplii could result in a 
mismatch. Spawn timing of many fishes, including pollock, is tem-
perature-dependent (Rogers & Dougherty, 2019). Earlier spawning 
and faster egg development in warmer years can advance the first-
feeding larval period by over a week (Rogers & Dougherty, 2019). 
However, despite warm temperatures in 2015, spawn timing was 
approximately average, a likely consequence of a spawning popula-
tion dominated by young fish that spawn later on average (Rogers & 
Dougherty, 2019).

The timing and magnitude of production of copepod nauplii as 
prey for larval fishes is also temperature-dependent. Warmer tem-
peratures typically decrease copepod development times and in-
crease growth rate and production (Hirst & Lampitt, 1998; Huntley 
& Lopez, 1992), so the warm temperatures in 2015 should have re-
sulted in higher abundances of nauplii in the water column in May, 
assuming no food limitation. However, the opposite was observed; 
abundances of nauplii were low relative to requirements of larval 
pollock. Thermally mediated reduced clutch sizes of Pseudocalanus 

spp. (Hirst & Lampitt, 1998; Napp et al., 2005) could partially ex-
plain these observations. Furthermore, the large, negative anom-
aly in M. pacifica abundance would suggest a significant drop in 
the contribution of nauplii of that species to the zooplankton com-
munity. Egg production rates for M. pacifica typically peak in May 
(Hopcroft et al., 2005); therefore, the timing of this drop in nauplii 
produced would be significant for larval pollock. Surface chlo-
rophyll data from satellites suggest that primary production was 
not anomalous in terms of magnitude or timing in 2015; however, 
these estimates are based on ocean color observations and do not 
reflect potential changes in phytoplankton community composi-
tion (e.g., a higher fraction of the total primary production occur-
ring in the smallest size fractions; Peter & Sommer, 2012) that may 
affect food quality for zooplankton (Galloway & Winder, 2015; 
Nejstgaard et al., 2001). Regardless, naupliar estimates from 2015 
were low, lending credence to the idea that food limitation con-
tributed to poor larval pollock survivorship.

4.3 | Age-0 bioenergetics

Conditions in late summer were also not conducive for growth and 
survival of age-0 pollock. Our bioenergetics modeling suggests 
a bottom-up mechanism whereby warmer temperatures, com-
bined with reduced availability of preferred prey items (Wilson 
et al., 2006), contributed to poor body condition of age-0 pollock 
in 2015. Age-0 pollock in 2015 had to consume 10%–19% more 
prey to maintain the same level of growth as in 2013, a result of 
accelerated metabolic rates due to warm temperatures, and con-
sumption of reduced-quality prey types. Most notable was the low 
abundance of euphausiids in pollock diets in 2015 compared to 
2013, especially among fish < 70 mm in length. While the diet 
data suggest euphausiids were relatively less prevalent in 2015 
compared to 2013, sampling of the prey field did not show nota-
ble differences in euphausiid abundances between those years. 
However, the zooplankton data that we present here are for early 
stage euphausiids because adult euphausiids are poorly sampled 
by bongo nets. Acoustic-trawl sampling of adult-stage euphausiids 
suggests slightly reduced euphausiid abundance in 2015 relative 
to 2013, although not as low as in some years (Ressler, 2017). The 
positive anomaly of C. marshallae in 2015 would benefit smaller ju-
venile pollock (<50 mm); however, in a typical year, larger pollock 
preferentially switch to diets dominated by euphausiids (Wilson 
et al., 2009). Thus, age-0 pollock likely faced multiple compound-
ing factors in 2015: high metabolic demands due to increased tem-
peratures, and reduced availability of high-quality euphausiid prey 
for larger juveniles.

Poor body condition at end of summer may have negative im-
plications for pollock survival through their first winter (Sogard & 
Olla, 2000). As prey densities decrease in winter, young pollock 
depend on energy stores to subsist, seeking out cooler waters to 
lower their metabolic demands when prey are scarce (Bailey, 1989). 
Warm winter temperatures can thus further exacerbate the impacts 
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of low energy stores, as behavioral thermoregulation becomes in-
sufficient to balance metabolic demands. In the Bering Sea, energy 
storage prior to winter is a predictor of recruitment to age-1 (Heintz 
et al., 2013; Siddon et al., 2013), although this relationship has not 
been evaluated for pollock in the GOA.

Our bioenergetics model necessitated some simplifying as-
sumptions, including static predator and prey energy densities 
based on published values. Previous work in the eastern Bering 
Sea suggests that taxon-specific energy densities are likely to 
be lower in warm years; for example, Calanus spp. percent lipid 
was 27% lower in a warm year compared to a cold year (Heintz 
et al., 2013). This decrease in energy density would exacerbate 
the differences in growth potential and consumption demands 
predicted by our model. More generally, a reduction in quality of 
zooplankton prey would be consistent with zooplankton abun-
dance patterns during warming that suggest a reduction in body 
size and an increase in the proportion of smaller-sized zooplank-
ton. In Alaska waters, increases in smaller zooplankton and more 
southern species have been observed in the Bering Sea (Kimmel 
et al., 2018), Prince William Sound (McKinstry & Campbell, 2018), 
and the Gulf of Alaska (Batten & Walne, 2011; Kimmel & Duffy-
Anderson, 2020). Smaller zooplankton often have less lipid, thus 
decreasing the quality of prey available to predators such as age-0 
pollock.

4.4 | Reproductive output

Low abundance of larvae in spring of 2015 might be linked to 
reduced reproductive output of the spawning stock that winter; 
however, the limited available data do not support this hypothesis. 
Spawning stock biomass was only slightly below average (Dorn 
et al., 2018), and an acoustic-trawl survey of spawners in Shelikof 
Strait found spawning females in average condition, with a mean 
gonado-somatic index approximately equal to the long-term mean 
(McCarthy et al., 2016). This is in contrast to the following year 
(2016), when spawners were in markedly poor condition as indi-
cated by low weight at length and a below-average gonado-so-
matic index (Stienessen et al., 2017). Poor body condition has been 
linked to reduced fecundity and atresia in other gadids (Kjesbu 
et al., 1991). Thus, while poor condition of spawning females may 
have affected reproductive output as the heatwave persisted into 
2016, existing evidence does not point to this as a problem in 
2015. Detailed histological work is ongoing to determine whether 
ovarian development, maturation, and fecundity were atypical 
during heatwave years.

4.5 | Advection of larvae

The Alaska Coastal Current (ACC) carries eggs and larvae from spawn-
ing locations in Shelikof Strait to nursery grounds in the regions of the 
Semidi Bank and Shumagin Islands (Hinckley et al., 1991). Variation 

in the ACC has been linked to unusual larval distributions in May, for 
instance, a reversal of flow in Shelikof Strait in 1996 displaced lar-
vae to the northeast of their typical distribution (Bailey et al., 1999). 
Strong off-shelf flow could potentially advect larvae away from 
nursery grounds and into the strong Alaskan Stream, where they 
would be effectively lost to the system (Hinckley et al., 1991; Incze 
et al., 1989). Direct current measurements do not exist for 2015 in 
the study area; however, a satellite-tracked drifter drogued at 40 m 
(the depth of maximum larval abundance) and released May 25, 
2015, in Shelikof Strait became entrained in an eddy near the exit of 
Shelikof Strait for over a month (Figure S4, data from https://www.
ecofo ci.noaa.gov/drift ers/efoci_drift erData.shtml), suggesting con-
ditions conducive to larval retention (Bograd et al., 1994; Stabeno 
et al., 1996). Modeled May–June transport speed though Shelikof 
based on the Hybrid Coordinate Ocean Model (HYCOM) indicated 
slow current speeds in 2015 relative to other years 1991–2017 
(Kimmel & Duffy-Anderson, 2020), again suggesting retention as op-
posed to advection. Retention of larvae is consistent with observed 
surface winds, which lacked a strong southward component, and the 
buildup of low salinity water in 2015 (Wilson & Laman, 2020). Timing 
and location of spawning may affect the ultimate drift trajectory of 
eggs and larvae (Hinckley et al., 2001), but neither was anomalous 
in 2015 (McCarthy et al., 2016; Rogers & Dougherty, 2019). Thus, 
while detailed observations of currents on the Gulf of Alaska shelf 
are lacking for 2015, available data and models do not support a hy-
pothesis of off-shelf larval advection.

4.6 | Predation and competition

The Blob has been implicated as the cause of additional atypical 
ecological occurrences in the Gulf of Alaska. Changes in ground-
fish spatial distribution (Yang et al., 2019) and groundfish weight at 
length (Barbeaux et al., 2020; Dorn et al., 2018), seabird die-offs and 
breeding failures (Piatt et al., 2020), and unusual mortality events 
for fin (Balaenoptera physalus) and humpback whales (Megaptera no-
vaeanglia) (Savage, 2017) were recorded. A sharp decline in Pacific 
cod biomass led to a federally declared fishery disaster (Barbeaux 
et al., 2020). Some of these observations may be the result of top-
down forcing acting in concert with bottom-up processes to influence 
the marine ecosystem. Specifically, Piatt et al. (2020) hypothesized 
that warm temperatures through the water column in 2015 would 
have increased consumption demands of ectotherms, particularly 
Pacific cod, adult pollock, and arrowtooth flounder (Holsman & 
Aydin, 2015), leading to more rapid depletion of available forage 
fishes (including age-0 pollock) and zooplankton prey. Indeed, along 
with the age-0 pollock results reported here, forage fish abundances 
(e.g., capelin Mallotus catervarius; McGowan et al., 2020) and energy 
content (e.g., Pacific sand lance Ammodytes personatus; Von Biela 
et al., 2019) were low in 2015, which is consistent with the theory 
that predators with thermally elevated metabolic rates may have 
grazed down a forage base with lower nutritional value and energy 
content. Ultimately, the forage fish and euphausiid prey base may 

https://www.ecofoci.noaa.gov/drifters/efoci_drifterData.shtml
https://www.ecofoci.noaa.gov/drifters/efoci_drifterData.shtml
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have been insufficient to provision upper trophic level predators, 
leading to the mass die-offs observed (Piatt et al., 2020). For age-0 
pollock, predation mortality likely increased during the Blob years, 
as did competition for energy-rich zooplankton prey. The 2012 year 
class of pollock was extraordinarily abundant and would have ex-
acerbated these effects, either through direct predation on pollock 
eggs, larvae, or juveniles (i.e., cannibalism; Dwyer et al., 1987), or by 
competing for euphausiids, which remain a key prey item for pollock 
of all ages (Urban, 2012).

4.7 | The Blob and future warming

The 2014–2016 marine heatwave provides us with an example of 
anomalous and prolonged warm conditions in the Gulf of Alaska. 
While pollock early life stage data are not available for 2014 or 
2016, the response in 2015 was not necessarily what would have 
been expected based on past warm years. For instance, 1997 and 
2005, both warm years according to SST anomalies, resulted in aver-
age or above-average abundance of pollock early life stages. Lower 
trophic level responses to the heatwave also differed from previous 
warm years (Batten et al., 2018): the abundance of diatoms, which 
had previously been positively related to temperature, was greatly 
reduced in 2015, and zooplankton biomass became decoupled from 
diatom abundance (Batten et al., 2018). Oceanographic and ecosys-
tem conditions beyond temperature contributed to these dynam-
ics. Specifically, in 2015, low salinity water and a deep mixed layer 
depth were associated with delayed and reduced diatom production 
(Batten et al., 2018), and we have shown here the probable effect 
of low salinity waters on buoyancy of pollock eggs. Our results thus 
emphasize that temperature alone is not sufficient to characterize 
conditions for pollock survival or condition and additional oceano-
graphic and ecosystem conditions must be considered. Temperature 
increases the potential for juvenile pollock growth, but also ener-
getic demands; thus, the impact of warmer temperatures on juvenile 
pollock will depend on how prey resources are affected, which will in 
turn be determined by energetic demands of competitors in the eco-
system. These results highlight the importance of considering the 
dynamics of other ecosystem components when evaluating climate 
change impacts on individual species.

While it was underway, the 2014–2016 marine heatwave was 
a unique event in the NE Pacific Ocean, notable for its intensity, 
duration, and geographic scale (Di Lorenzo & Mantua, 2016). 
However, ocean conditions in 2019 were similarly warm, includ-
ing at depth, and preliminary data show similar ecosystem re-
sponses, including low zooplankton and larval fish production, and 
particularly low abundances of juvenile gadids, including pollock 
(Zador et al., 2019). Heatwaves are predicted to increase in fre-
quency under global warming (Frölicher et al., 2018), suggesting 
that rather than being an isolated event, the 2014–2016 heatwave 
may provide critical lessons for fisheries science and manage-
ment through recurring warm conditions in the GOA. Ecosystem 
monitoring, including the early life stages of fishes, can give early 

warning of ecosystem shifts that may have economic impacts both 
immediately and in years to come.

ACKNOWLEDG EMENTS
The authors gratefully acknowledge the members of the EcoFOCI 
group, past and present, who have carried out the fieldwork, labo-
ratory work, and data stewardship that made this study possible. 
Comments from Esther Goldstein and Jeanette Gann improved 
this manuscript. The findings and conclusions in this paper are 
those of the authors and do not necessarily represent the views 
of the National Marine Fisheries Service, NOAA. Reference to 
trade names does not imply endorsement by the National Marine 
Fisheries Service, NOAA. This paper is contribution EcoFOCI-0951 
to NOAA's Ecosystems and Fisheries-Oceanography Coordinated 
Investigations Program.

CONFLIC T OF INTERE S T
The authors have no conflicts of interest to declare.

AUTHOR CONTRIBUTIONS
L.A.R., M.T.W., and J.T.D.-A. designed the study; L.A.R. conducted 
analyses, with contributions from M.T.W. (egg vertical position 
model) and D.G.K. (zooplankton); J.F.L. processed age-0 pollock 
diets and prepared data files; L.A.R. drafted the manuscript with 
contributions from M.T.W. and D.G.K; all authors contributed to 
manuscript revisions and final edits.

DATA AVAIL ABILIT Y S TATEMENT
The data that support the findings of this study are available from 
the corresponding author upon reasonable request.

ORCID
Lauren A. Rogers  https://orcid.org/0000-0003-3305-6441 
Matthew T. Wilson  https://orcid.org/0000-0003-0651-8428 
David G. Kimmel  https://orcid.org/0000-0001-7232-7801 

R E FE R E N C E S
A’mar, Z. T., Punt, A. E., & Dorn, M. W. (2009). The evaluation of two 

management strategies for the Gulf of Alaska walleye pollock fish-
ery under climate change. ICES Journal of Marine Science, 66(1999), 
1614–1632.

Bailey, K. (1989). Interaction between the vertical distribution of juvenile 
walleye pollock Theragra chalcogramma in the eastern Bering Sea, 
and cannibalism. Marine Ecology Progress Series, 53, 205–213. https://
doi.org/10.3354/meps0 53205

Bailey, K. M. (2000). Shifting control of recruitment of walleye pol-
lock Theragra chalcogramma after a major climatic and ecosystem 
change. Marine Ecology Progress Series, 198, 215–224. https://doi.
org/10.3354/meps1 98215

Bailey, K. M., Bond, N. A., & Stabeno, P. J. (1999). Anomalous transport 
of walleye pollock larvae linked to ocean and atmospheric patterns 
in May 1996. Fisheries Oceanography, 8(4), 264–273. https://doi.
org/10.1046/j.1365-2419.1999.00113.x

Bailey, K. M., Canino, M. F., Napp, J. M., Spring, S. M., & Brown, A. L. 
(1995). Contrasting years of prey levels, feeding conditions and 
mortality of larval walleye pollock Theragra chalcogramma in the 

https://orcid.org/0000-0003-3305-6441
https://orcid.org/0000-0003-3305-6441
https://orcid.org/0000-0003-0651-8428
https://orcid.org/0000-0003-0651-8428
https://orcid.org/0000-0001-7232-7801
https://orcid.org/0000-0001-7232-7801
https://doi.org/10.3354/meps053205
https://doi.org/10.3354/meps053205
https://doi.org/10.3354/meps198215
https://doi.org/10.3354/meps198215
https://doi.org/10.1046/j.1365-2419.1999.00113.x
https://doi.org/10.1046/j.1365-2419.1999.00113.x


14  |     ROGERS Et al.

western Gulf of Alaska. Marine Ecology Progress Series, 119(1–3), 11–
24. https://doi.org/10.3354/meps1 19011

Bailey, K. M., & Macklin, S. A. (1994). Analysis of patterns in larval walleye 
pollock Theragra chalcogramma survival and wind mixing events in 
Shelikof Strait, Gulf of Alaska. Marine Ecology Progress Series, 113(1–
2), 1–12. https://doi.org/10.3354/meps1 13001

Bailey, K. M., Picquelle, S. J., & Spring, S. M. (1996). Mortality of lar-
val walleye pollock Theragra chalcogramma in the western Gulf of 
Alaska, 1988–91. Fisheries Oceanography, 5(s1), 124–136. https://doi.
org/10.1111/j.1365-2419.1996.tb000 87.x

Barbeaux, S. J., Holsman, K., & Zador, S. (2020). Marine heatwave stress 
test of Ecosystem-Based Fisheries Management in the Gulf of Alaska 
Pacific Cod fishery. Frontiers in Marine Science, 7, 1–21. https://doi.
org/10.3389/fmars.2020.00703

Bates, R. D. (1987). Estimation of egg production, spawner biomass, and 
egg mortality for walleye pollock, Theragra chalcogramma, in Shelikof 
Strait from ichthyoplankton surveys during 1981. NWAFC Processed 
Rep. 87–20, 192 p. Northwest and Alaska Fish. Cent., Natl. Mar. Fish. 
Serv., NOAA, Seattle, WA.

Batten, S. D., Raitsos, D. E., Danielson, S., Hopcroft, R., Coyle, K., & 
McQuatters-Gollop, A. (2018). Interannual variability in lower tro-
phic levels on the Alaskan Shelf. Deep-Sea Research Part II: Topical 
Studies in Oceanography, 147, 58–68. https://doi.org/10.1016/j.
dsr2.2017.04.023

Batten, S. D., & Walne, A. W. (2011). Variability in northwards exten-
sion of warm water copepods in the NE Pacific. Journal of Plankton 
Research, 33, 1643–1653. https://doi.org/10.1093/plank t/fbr065

Blood, D. M., Matarese, A. C., & Yoklavich, M. M. (1994). Embryonic de-
velopment of walleye pollock, Theragra chalcogramma, from Shelikof 
Strait, Gulf of Alaska. Fishery Bulletin, U.S., 92(2), 207–222.

Bograd, S. J., Stabeno, P. J., & Schumacher, J. D. (1994). A cen-
sus of mesoscale eddies in Shelikof Strait, Alaska, during 1989. 
Journal of Geophysical Research, 99(C9), 243–254. https://doi.
org/10.1029/94jc0 1269

Bond, N. A., Cronin, M. F., Freeland, H., & Mantua, N. (2015). Causes and 
impacts of the 2014 warm anomaly in the NE Pacific. Geophysical 
Research Letters, 42(9), 3414–3420. https://doi.org/10.1002/2015G 
L063306

Brodeur, R. D., Auth, T. D., & Phillips, A. J. (2019). Major shifts in pelagic 
micronekton and macrozooplankton community structure in an up-
welling ecosystem related to an unprecedented marine heatwave. 
Frontiers in Marine Science, 6(May), 1–15. https://doi.org/10.3389/
fmars.2019.00212

Brodeur, R. D., Picquelle, S. J., Blood, D. M., & Merati, N. (1996). 
Walleye pollock egg distribution and mortality in the western 
Gulf of Alaska. Fisheries Oceanography, 5(s1), 92–111. https://doi.
org/10.1111/j.1365-2419.1996.tb000 85.x

Buchheister, A., Wilson, M. T., Foy, R. J., & Beauchamp, D. A. (2006). 
Seasonal and geographic variation in condition of juvenile walleye 
pollock in the western Gulf of Alaska. Transactions of the American 
Fisheries Society, 135(4), 897–907. https://doi.org/10.1577/
T05-105.1

Canino, M. F., Bailey, K. M., & Incze, L. S. (1991). Temporal and geographic 
differences in feeding and nutritional condition of walleye pollock 
larvae Theragra chalcogramma in Shelikof Strait, Gulf of Alaska. 
Marine Ecology Progress Series, 79, 27–35. https://doi.org/10.3354/
meps0 79027

Cavole, L., Demko, A., Diner, R., Giddings, A., Koester, I., Pagniello, C., 
Paulsen, M.-L., Ramirez-Valdez, A., Schwenck, S., Yen, N., Zill, M., & 
Franks, P. (2016). Biological impacts of the 2013–2015 warm-water 
anomaly in the northeast Pacific: Winners, losers, and the future. 
Oceanography, 29(2), 2013–2015. https://doi.org/10.5670/ocean 
og.2016.32

Ciannelli, L., Chan, K.-S., Bailey, K. M., & Stenseth, N. C. C. (2004). 
Nonadditive effects of the environment on the survival of a large 

marine fish population. Ecology, 85(12), 3418–3427. https://doi.
org/10.1890/03-0755

Ciannelli, L., Brodeur, R. D., & Buckley, T. W. (1998). Development 
and application of a bioenergetics model for juvenile wall-
eye pollock. Journal of Fish Biology, 52(5), 879–898. https://doi.
org/10.1111/j.1095-8649.1998.tb005 89.x

Coyle, K. O., & Pinchuk, A. I. (2005). Seasonal cross-shelf distribu-
tion of major zooplankton taxa on the northern Gulf of Alaska 
shelf relative to water mass properties, species depth preferences 
and vertical migration behavior. Deep Sea Research Part II: Topical 
Studies in Oceanography, 52(1–2 SPEC. ISS.), 217–245. https://doi.
org/10.1016/j.dsr2.2004.09.025.

Cushing, D. H. (1990). Plankton production and year-class strength 
in fish populations: An update of the match/mismatch hypothesis. 
Advances in Marine Biology, 26, 249–293. https://doi.org/10.1016/
S0065-2881(08)60202-3

Daly, E. A., Brodeur, R. D., & Auth, T. D. (2017). Anomalous ocean con-
ditions in 2015: Impacts on spring Chinook salmon and their prey 
field. Marine Ecology Progress Series, 566, 168–182. https://doi.
org/10.3354/meps1 2021

Deslauriers, D., Chipps, S. R., Breck, J. E., Rice, J. A., & Madenjian, C. 
P. (2017). Fish Bioenergetics 4.0: An R-based modeling applica-
tion. Fisheries, 42(11), 586–596. https://doi.org/10.1080/03632 
415.2017.1377558

Di Lorenzo, E., & Mantua, N. (2016). Multi-year persistence of the 
2014/15 North Pacific marine heatwave. Nature Climate Change, 6, 
1042–1047. https://doi.org/10.1038/nclim ate3082

Dorn, M., Aydin, K., Fissel, B., Palsson, W., Spalinger, K., Stienessen, S., 
Williams, K., & Zador, S. (2018). Assessment of the walleye pollock 
stock in the Gulf of Alaska. In Stock assessment and fishery evaluation 
report for the groundfish resources of the Gulf of Alaska for 2018 (pp. 
1–130).  North Pacific Fishery Management Council.

Doyle, M. J., Picquelle, S. J., Mier, K. L., Spillane, M. C., & Bond, N. A. 
(2009). Larval fish abundance and physical forcing in the Gulf of 
Alaska, 1981–2003. Progress in Oceanography, 80(3–4), 163–187. 
https://doi.org/10.1016/j.pocean.2009.03.002

Duffy-Anderson, J. T., Bailey, K. M., & Ciannelli, L. (2002). Consequences 
of a superabundance of larval walleye pollock Theragra chalcogramma 
in the Gulf of Alaska in 1981. Marine Ecology Progress Series, 243, 
179–190. https://doi.org/10.3354/meps2 43179

Duffy-Anderson, J. T., Barbeaux, S. J., Farley, E., Heintz, R., Horne, J. K., 
Parker-Stetter, S. L., Petrik, C., Siddon, E. C., & Smart, T. I. (2016). 
The critical first year of life of walleye pollock (Gadus chalcogrammus) 
in the eastern Bering Sea: Implications for recruitment and future 
research. Deep-Sea Research Part II: Topical Studies in Oceanography, 
134, 283–301. https://doi.org/10.1016/j.dsr2.2015.02.001

Dwyer, D. A., Bailey, K. M., & Livingston, P. A. (1987). Feeding habits and 
daily ration of walleye pollock (Theragra chalcogramma) in the eastern 
Bering Sea, with special reference to cannibalism. Canadian Journal of 
Fisheries and Aquatic Sciences, 44, 1972–1984.

Eriksen, E., Skjoldal, H. R., Dolgov, A. V., Dalpadado, P., Orlova, E. 
L., & Prozorkevich, D. V. (2016). The Barents Sea euphausiids: 
Methodological aspects of monitoring and estimation of abundance 
and biomass. ICES Journal of Marine Science, 73(6), 1533–1544. 
https://doi.org/10.1093/icesj ms/fsw022

Frölicher, T. L., Fischer, E. M., & Gruber, N. (2018). Marine heat-
waves under global warming. Nature, 560, 360–364. https://doi.
org/10.1038/s41586-018-0383-9

Gaichas, S. K., Aydin, K. Y., Francis, R. C., & Post, J. (2011). What drives 
dynamics in the Gulf of Alaska? Integrating hypotheses of spe-
cies, fishing, and climate relationships using ecosystem modeling. 
Canadian Journal of Fisheries and Aquatic Sciences, 68(9), 1553–1578. 
https://doi.org/10.1139/f2011-080

Gaichas, S. K., & Francis, R. C. (2008). Network models for ecosys-
tem-based fishery analysis: A review of concepts and application to 

https://doi.org/10.3354/meps119011
https://doi.org/10.3354/meps113001
https://doi.org/10.1111/j.1365-2419.1996.tb00087.x
https://doi.org/10.1111/j.1365-2419.1996.tb00087.x
https://doi.org/10.3389/fmars.2020.00703
https://doi.org/10.3389/fmars.2020.00703
https://doi.org/10.1016/j.dsr2.2017.04.023
https://doi.org/10.1016/j.dsr2.2017.04.023
https://doi.org/10.1093/plankt/fbr065
https://doi.org/10.1029/94jc01269
https://doi.org/10.1029/94jc01269
https://doi.org/10.1002/2015GL063306
https://doi.org/10.1002/2015GL063306
https://doi.org/10.3389/fmars.2019.00212
https://doi.org/10.3389/fmars.2019.00212
https://doi.org/10.1111/j.1365-2419.1996.tb00085.x
https://doi.org/10.1111/j.1365-2419.1996.tb00085.x
https://doi.org/10.1577/T05-105.1
https://doi.org/10.1577/T05-105.1
https://doi.org/10.3354/meps079027
https://doi.org/10.3354/meps079027
https://doi.org/10.5670/oceanog.2016.32
https://doi.org/10.5670/oceanog.2016.32
https://doi.org/10.1890/03-0755
https://doi.org/10.1890/03-0755
https://doi.org/10.1111/j.1095-8649.1998.tb00589.x
https://doi.org/10.1111/j.1095-8649.1998.tb00589.x
https://doi.org/10.1016/j.dsr2.2004.09.025
https://doi.org/10.1016/j.dsr2.2004.09.025
https://doi.org/10.1016/S0065-2881(08)60202-3
https://doi.org/10.1016/S0065-2881(08)60202-3
https://doi.org/10.3354/meps12021
https://doi.org/10.3354/meps12021
https://doi.org/10.1080/03632415.2017.1377558
https://doi.org/10.1080/03632415.2017.1377558
https://doi.org/10.1038/nclimate3082
https://doi.org/10.1016/j.pocean.2009.03.002
https://doi.org/10.3354/meps243179
https://doi.org/10.1016/j.dsr2.2015.02.001
https://doi.org/10.1093/icesjms/fsw022
https://doi.org/10.1038/s41586-018-0383-9
https://doi.org/10.1038/s41586-018-0383-9
https://doi.org/10.1139/f2011-080


     |  15ROGERS Et al.

the Gulf of Alaska marine food web. Canadian Journal of Fisheries and 
Aquatic Sciences, 65(9), 1965–1982. https://doi.org/10.1139/F08-104

Galloway, A. W. E., & Winder, M. (2015). Partitioning the relative impor-
tance of phylogeny and environmental conditions on phytoplankton 
fatty acids. PLoS One, 10(6), 1–23. https://doi.org/10.1371/journ 
al.pone.0130053

Gómez-Ocampo, E., Gaxiola-Castro, G., Durazo, R., & Beier, E. (2018). 
Effects of the 2013–2016 warm anomalies on the California 
Current phytoplankton. Deep-Sea Research Part II: Topical 
Studies in Oceanography, 151, 64–76. https://doi.org/10.1016/j.
dsr2.2017.01.005

Heintz, R. A., Siddon, E. C., Farley, E. V., & Napp, J. M. (2013). Correlation 
between recruitment and fall condition of age-0 pollock (Theragra 
chalcogramma) from the eastern Bering Sea under varying climate 
conditions. Deep-Sea Research Part II: Topical Studies in Oceanography, 
94, 150–156. https://doi.org/10.1016/j.dsr2.2013.04.006

Hinckley, S., Bailey, K. M., Picquelle, S. J., Schumacher, J. D., & Stabeno, 
P. J. (1991). Transport, distribution, and abundance of larval and ju-
venile walleye pollock (Theragra chalcogramma) in the western Gulf 
of Alaska. Canadian Journal of Fisheries and Aquatic Sciences, 48(1), 
91–98.

Hinckley, S., Hermann, A. J., & Megrey, B. A. (1996). Development of 
a spatially explicit, individual-based model of marine fish early life 
history. Marine Ecology Progress Series, 139, 47–68. https://doi.
org/10.3354/meps1 39047

Hinckley, S., Hermann, A. J., Mier, K. L., & Megrey, B. A. (2001). 
Importance of spawning location and timing to successful transport 
to nursery areas: A simulation study of Gulf of Alaska walleye pol-
lock. ICES Journal of Marine Science, 58(5), 1042–1052. https://doi.
org/10.1006/jmsc.2001.1096

Hirst, A. G., & Lampitt, R. S. (1998). Towards a global model of in situ 
weight-specific growth in marine planktonic copepods. Marine 
Biology, 132(2), 247–257. https://doi.org/10.1007/s0022 70050390

Holsman, K. K., & Aydin, K. (2015). Comparative methods for evalu-
ating climate change impacts on the foraging ecology of Alaskan 
groundfish. Marine Ecology Progress Series, 521, 217–235. https://doi.
org/10.3354/meps1 1102

Hopcroft, R. R., Clarke, C., Byrd, A. G., & Pinchuk, A. I. (2005). The para-
dox of Metridia spp. egg production rates: A new technique and mea-
surements from the coastal Gulf of Alaska. Marine Ecology Progress 
Series, 286, 193–201. https://doi.org/10.3354/meps2 86193

Hu, C., Lee, Z., & Franz, B. (2012). Chlorophyll a algorithms for oligo-
trophic oceans: A novel approach based on three-band reflectance 
difference. Journal of Geophysical Research: Oceans, 117(1), 1–25. 
https://doi.org/10.1029/2011J C007395

Hunt, G. L., Ressler, P. H., Gibson, G. A., De Robertis, A., Aydin, K., Sigler, 
M. F., Ortiz, I., Lessard, E. J., Williams, B. C., Pinchuk, A., & Buckley, T. 
(2016). Euphausiids in the eastern Bering Sea: A synthesis of recent 
studies of euphausiid production, consumption and population con-
trol. Deep-Sea Research Part II: Topical Studies in Oceanography, 134, 
204–222. https://doi.org/10.1016/j.dsr2.2015.10.007

Huntley, M. E., & Lopez, M. D. G. (1992). Temperature-dependent pro-
duction of marine copepods: A global synthesis. The American 
Naturalist, 140(2), 201–242.

Incze, L. S., & Ainaire, T. (1994). Distribution and abundance of copepod 
nauplii and other small (40–300 um) zooplankton during spring in 
Shelikof Strait, Alaska. Fishery Bulletin, U.S., 92(1), 67–78.

Incze, L. S., Kendall, A. W., Schumacher, J. D., & Reed, R. K. (1989). 
Interactions of a mesoscale patch of larval fish (Theragra chalco-
gramma) with the Alaska Coastal Current. Continental Shelf Research, 
9(3), 269–284. https://doi.org/10.1016/0278-4343(89)90028-9

Incze, L. S., Siefert, D. W., & Napp, J. M. (1997). Mesozooplankton of 
Shelikof Strait, Alaska: Abundance and community composition. 
Continental Shelf Research, 17(3), 287–305. https://doi.org/10.1016/
S0278-4343(96)00036-2

Kalnay, E., Kanamitsu, M., Kistler, R., Collins, W., Deaven, D., Gandin, L., 
& Joseph, D. (1996). The NCEP/NCAR 40-Year Reanalysis Project. 
Bulletin of the American Meteorological Society, 77(3), 437–471. https://
doi.org/10.1175/1520-0477(1996)077<0437:TNYRP >2.0.CO;2

Kendall, A. W. J. (2001). Specific gravity and vertical distribution of 
walleye pollock (Theragra chalcogramma) eggs. AFSC Processed Rep. 
2001–01, 88 p. Alaska Fish. Sci. Cent., Natl. Mar. Fish. Serv., NOAA, 
Seattle, WA.

Kendall, A. W., Incze, L. S., Ortner, P. B., Cummings, S. R., & Brown, P. K. 
(1994). The vertical distribution of eggs and larvae of walleye pol-
lock, Theragra chalcogramma, in Shelikof Strait, Gulf of Alaska. Fishery 
Bulletin, U.S., 554, 540–554.

Kendall, A. W. Jr, & Kim, S. (1989). Buoyancy of walleye pollock (Theragra 
chalcogramma) eggs in relation to water properties and movement 
in Shelikof Strait, Gulf of Alaska. In R. J. Beamish, & G. A. McFarlane 
(Eds.), Effects of ocean variability on recruitment and an evaluation of 
parameters used in stock assessment models (pp. 169–180). Canadian 
Special Publication of Fisheries and Aquatic Sciences 108. NRC 
Research Press.

Kim, S., & Nunnallee, E. P. (1990). Distribution of walleye pollock, Theragra 
chalcogramma, spawning in Shelikof Strait, Gulf of Alaska, based on 
acoustic and ichthyoplankton surveys 1981, 1984 and 1985. Journal 
of the Korean Fisheries Society, 23, 425–438.

Kimmel, D. G., & Duffy-Anderson, J. T. (2020). Zooplankton abundance 
trends and patterns in Shelikof Strait, western Gulf of Alaska, USA, 
1990–2017. Journal of Plankton Research, 42(3), 334–354. https://doi.
org/10.1093/plank t/fbaa019

Kimmel, D. G., Eisner, L. B., Wilson, M. T., & Duffy-Anderson, J. T. (2018). 
Copepod dynamics across warm and cold periods in the eastern 
Bering Sea: Implications for walleye pollock (Gadus chalcogrammus) 
and the Oscillating Control Hypothesis. Fisheries Oceanography, 27, 
143–158.

Kjesbu, O. S., Klungsøyr, J., Kryvi, H., Witthames, P. R., & Walker, M. G. 
(1991). Fecundity, atresia, and egg size of captive Atlantic cod (Gadus 
morhua) in relation to proximate body composition. Canadian Journal 
of Fisheries and Aquatic Sciences, 48(12), 2333–2343. https://doi.
org/10.1139/f91-274

Laurel, B. J., Copeman, L. A., Spencer, M., & Iseri, P. (2018). Comparative 
effects of temperature on rates of development and survival of eggs 
and yolk-sac larvae of Arctic cod (Boreogadus saida) and walleye pol-
lock (Gadus chalcogrammus). ICES Journal of Marine Science, 75(7), 
2403–2412. https://doi.org/10.1093/icesj ms/fsy042

Le Cren, E. D. (1951). The length-weight relationship and seasonal cycle 
in gonad weight and condition in the perch (Perca fluviatilis). Journal of 
Animal Ecology, 20(2), 201–219. https://doi.org/10.2307/1540

Mazur, M. M., Wilson, M. T., Dougherty, A. B., Buchheister, A., & 
Beauchamp, D. A. (2007). Temperature and prey quality effects on 
growth of juvenile walleye pollock Theragra chalcogramma (Pallas): 
A spatially explicit bioenergetics approach. Journal of Fish Biology, 
70(3), 816–836. https://doi.org/10.1111/j.1095-8649.2007.01344.x

McCabe, R. M., Hickey, B. M., Kudela, R. M., Lefebvre, K. A., Adams, N. 
G., Bill, B. D., Gulland, F. M. D., Thomson, R. E., Cochlan, W. P., & 
Trainer, V. L. (2016). An unprecedented coastwide toxic algal bloom 
linked to anomalous ocean conditions. Geophysical Research Letters, 
43(19), 10366–10376. https://doi.org/10.1002/2016G L070023

McCarthy, A. L., Stienessen, S., & Jones, D. (2016). Results of the acous-
tic-trawl surveys of walleye pollock (Gadus chalcogrammus) in the 
Gulf of Alaska, February-March 2015 (DY2015-02 and DY2015-03). 
AFSC Processed Rep. 2016–01, 94 p. Alaska Fish. Sci. Cent., NOAA, 
Natl. Mar. Fish. Serv., Seattle WA.

McGowan, D. W., Goldstein, E. D., Arimitsu, M. L., Deary, A. L., Ormseth, 
O., De Robertis, A., Horne, J. K., Rogers, L. A., Wilson, M. T., Coyle, K. 
O., Holderied, K., Piatt, J. F., Stockhausen, W. T., & Zador, S. (2020). 
Spatial and temporal dynamics of Pacific capelin Mallotus catervar-
ius in the Gulf of Alaska: Implications for ecosystem-based fisheries 

https://doi.org/10.1139/F08-104
https://doi.org/10.1371/journal.pone.0130053
https://doi.org/10.1371/journal.pone.0130053
https://doi.org/10.1016/j.dsr2.2017.01.005
https://doi.org/10.1016/j.dsr2.2017.01.005
https://doi.org/10.1016/j.dsr2.2013.04.006
https://doi.org/10.3354/meps139047
https://doi.org/10.3354/meps139047
https://doi.org/10.1006/jmsc.2001.1096
https://doi.org/10.1006/jmsc.2001.1096
https://doi.org/10.1007/s002270050390
https://doi.org/10.3354/meps11102
https://doi.org/10.3354/meps11102
https://doi.org/10.3354/meps286193
https://doi.org/10.1029/2011JC007395
https://doi.org/10.1016/j.dsr2.2015.10.007
https://doi.org/10.1016/0278-4343(89)90028-9
https://doi.org/10.1016/S0278-4343(96)00036-2
https://doi.org/10.1016/S0278-4343(96)00036-2
https://doi.org/10.1175/1520-0477(1996)077%3C0437:TNYRP%3E2.0.CO;2
https://doi.org/10.1175/1520-0477(1996)077%3C0437:TNYRP%3E2.0.CO;2
https://doi.org/10.1093/plankt/fbaa019
https://doi.org/10.1093/plankt/fbaa019
https://doi.org/10.1139/f91-274
https://doi.org/10.1139/f91-274
https://doi.org/10.1093/icesjms/fsy042
https://doi.org/10.2307/1540
https://doi.org/10.1111/j.1095-8649.2007.01344.x
https://doi.org/10.1002/2016GL070023


16  |     ROGERS Et al.

management. Marine Ecology Progress Series, 637, 117–140. https://
doi.org/10.3354/meps1 3211

McKinstry, C. A. E., & Campbell, R. W. (2018). Seasonal variation of 
zooplankton abundance and community structure in Prince William 
Sound, Alaska, 2009–2016. Deep-Sea Research Part II: Topical 
Studies in Oceanography, 147, 69–78. https://doi.org/10.1016/j.
dsr2.2017.08.016

Megrey, B. A., Hollowed, A. B., Hare, S. R., Macklin, S. A., & Stabeno, 
P. J. (1996). Contributions of FOCI research to forecasts of 
year-class strength of walleye pollock in Shelikof Strait, Alaska. 
Fisheries Oceanography, 5(Supplement 1), 189–203. https://doi.
org/10.1111/j.1365-2419.1996.tb000 92.x

Napp, J. M., Hopcroft, R. R., Baier, C. T., & Clarke, C. (2005). Distribution 
and species-specific egg production of Pseudocalanus in the Gulf 
of Alaska. Journal of Plankton Research, 27(5), 415–426. https://doi.
org/10.1093/plank t/fbi015

Napp, J. M., Incze, L. S., Ortner, P. B., Siefert, D. L. W., & Britt, L. 
(1996). The plankton of Shelikof Strait, Alaska: Standing stock, 
production, mesoscale variability and their relevance to larval 
fish survival. Fisheries Oceanography, 5(s1), 19–38. https://doi.
org/10.1111/j.1365-2419.1996.tb000 80.x

Nejstgaard, J., Hygum, B., Naustvoll, L., & Båmstedt, U. (2001). 
Zooplankton growth, diet and reproductive success compared in 
simultaneous diatom- and flagellate-microzooplankton-dominated 
plankton blooms. Marine Ecology Progress Series, 221, 77–91. https://
doi.org/10.3354/meps2 21077

Peter, K. H., & Sommer, U. (2012). Phytoplankton cell size: Intra- and in-
terspecific effects of warming and grazing. PLoS One, 7(11), e49632. 
https://doi.org/10.1371/journ al.pone.0049632

Piatt, J. F., Parrish, J. K., Renner, H. M., Schoen, S. K., Jones, T. T., 
Arimitsu, M. L., Kuletz, K. J., Bodenstein, B., García-Reyes, M., Duerr, 
R. S., Corcoran, R. M., Kaler, R. S. A., McChesney, G. J., Golightly, R. 
T., Coletti, H. A., Suryan, R. M., Burgess, H. K., Lindsey, J., Lindquist, 
K., … Sydeman, W. J. (2020). Extreme mortality and reproductive 
failure of common murres resulting from the northeast Pacific ma-
rine heatwave of 2014–2016. PLoS One, 15(1), e0226087. https://doi.
org/10.1371/journ al.pone.0226087

Ramsing, N., & Gundersen, J. (1994). Seawater and gases: Tabulated 
physical parameters of interest to people working with microsensors 
in marine systems. Retrieved from http://www.unise nse.com/files/ 
PDF/Diver se/Seawa ter%20&%20Gas es%20tab le.pdf. Accessed 9 
April 2018.

Ressler, P. (2017). Gulf of Alaska Euphausiid (“krill”) Acoustic Survey. In 
S. Zador, & E. Yasumiishi (Eds.), Ecosystem considerations 2017: Status 
of the Gulf of Alaska Marine Ecosystem (pp. 87–89). Stock Assessment 
and Fishery Evaluation Report. : North Pacific Fishery Management 
Council.

Rogers, L. A., & Dougherty, A. B. (2019). Effects of climate and demog-
raphy on reproductive phenology of a harvested marine fish popula-
tion. Global Change Biology, 25(2), 708–720. https://doi.org/10.1111/
gcb.14483

Sameoto, D., Cochrane, N., & Herman, A. (1993). Convergence of acous-
tic, optical, and net-catch estimates of euphausiid abundance: Use of 
artificial light to reduce net avoidance. Canadian Journal of Fisheries 
and Aquatic Sciences, 50(2), 334–346. https://doi.org/10.1139/
f93-039

Savage, K. (2017). Alaska and British Columbia large whale unusual 
mortality event summary report. NOAA Fisheries Report, Juneau, 
AK. 1–42. Retrieved from https://repos itory.libra ry.noaa.gov/view/
noaa/17715.

Schabetsberger, R., Brodeur, R. D., Honkalehto, T., & Mier, K. L. (1999). 
Sex-biased egg cannibalism in spawning walleye pollock: The role of 
reproductive behavior. Environmental Biology of Fishes, 54, 175–190.

Sea-Bird Scientific (2017). Software Manual Seasoft V2: SBE Data 
Processing. Version 7.26.7. 177 pp.

Shima, M., & Bailey, K. M. (1994). Comparative analysis of ichthyoplank-
ton sampling gear for early life stages of walleye pollock (Theragra 
chalcogramma). Fisheries Oceanography, 3(1), 50–59. https://doi.
org/10.1111/j.1365-2419.1994.tb000 47.x

Siddon, E. C., Heintz, R. A., & Mueter, F. J. (2013). Conceptual model of 
energy allocation in walleye pollock (Theragra chalcogramma) from 
age-0 to age-1 in the southeastern Bering Sea. Deep-sea Research 
Part II: Topical Studies in Oceanography, 94, 140–149. https://doi.
org/10.1016/j.dsr2.2012.12.007

Siefert, D. L. W., & Incze, L. S. (1989). Zooplankton of Shelikof Strait, 
Alaska, April to August 1986: Data from Fisheries-Oceanography 
Coordinated Investigations (FOCI) cruises. NWAFC Processed Rep. 
89–17, 169 p. Alaska Fish. Sci. Cent., Natl. Mar. Fish. Serv., NOAA, 
Seattle, WA.

Sogard, S. M., & Olla, B. L. (2000). Endurance of simulated winter condi-
tions by age-0 walleye pollock: Effects of body size, water tempera-
ture and energy stores. Journal of Fish Biology, 56, 1–21. https://doi.
org/10.1006/jfbi.1999.1136

Springer, A. M. (1992). A review: Walleye pollock in the North Pacific–
how much difference do they really make? Fisheries Oceanography, 
1(1), 80–96. https://doi.org/10.1111/j.1365-2419.1992.tb000 26.x

Stabeno, P. J., Bond, N. A., Hermann, A. J., Kachel, N. B., Mordy, C. W., & 
Overland, J. E. (2004). Meteorology and oceanography of the north-
ern Gulf of Alaska. Continental Shelf Research, 24(7–8), 859–897. 
https://doi.org/10.1016/j.csr.2004.02.007

Stabeno, P. J., Schumacher, J. D., Bailey, K. M., Brodeur, R. D., & Cokelet, 
E. D. (1996). Observed patches of walleye pollock eggs and lar-
vae in Shelikof Strait, Alaska: Their characteristics, formation and 
persistence. Fisheries Oceanography, 5(s1), 81–91. https://doi.
org/10.1111/j.1365-2419.1996.tb000 84.x

Stienessen, S., McCarthy, A., Jones, D., & Honkalehto, T. (2017). Results 
of the acoustic-trawl surveys of walleye pollock (Gadus chalcogram-
mus) in the Gulf of Alaska, February-March 2016 (DY2016-02 and 
DY2016-04). AFSC Processed Rep. 2017–02, 91 p. Alaska Fish. Sci. 
Cent., NOAA, Natl. Mar. Fish. Serv., Seattle, WA.

Sundby, S., & Kristiansen, T. (2015). The principles of buoyancy in marine 
fish eggs and their vertical distributions across the world oceans. PLoS 
One, 10(10), 1–23. https://doi.org/10.1371/journ al.pone.0138821

Theilacker, G. H., Bailey, K. M., Canino, M. F., & Porter, S. M. (1996). 
Variations in larval walleye pollock feeding and condition: A 
synthesis. Fisheries Oceanography, 5(s1), 112–123. https://doi.
org/10.1111/j.1365-2419.1996.tb000 86.x

Urban, D. (2012). Food habits of Pacific cod and walleye pollock in the 
northern Gulf of Alaska. Marine Ecology Progress Series, 469, 215–
222. https://doi.org/10.3354/meps1 0135

Von Biela, V. R., Arimitsu, M. L., Piatt, J. F., Heflin, B., Schoen, S. K., 
Trowbridge, J. L., & Clawson, C. M. (2019). Extreme reduction in nu-
tritional value of a key forage fish during the Pacific marine heatwave 
of 2014–2016. Marine Ecology Progress Series, 613, 171–182. https://
doi.org/10.3354/meps1 2891

Waite, J. N., & Mueter, F. J. (2013). Spatial and temporal variability of chlo-
rophyll-a concentrations in the coastal Gulf of Alaska, 1998–2011, 
using cloud-free reconstructions of SeaWiFS and MODIS-Aqua data. 
Progress in Oceanography, 116, 179–192. https://doi.org/10.1016/j.
pocean.2013.07.006

Walsh, J. E., Thoman, R. L., Bhatt, U. S., Bieniek, P. A., Brettschneider, 
B., Brubaker, M., Danielson, S., Lader, R., Fetterer, F., Holderied, K., 
Iken, K., Mahoney, A., McCammon, M., & Partain, J. (2018). The high 
latitude marine heat wave of 2016 and its impacts on Alaska. Bulletin 
of the American Meteorological Society, 99(1), S39–S43. https://doi.
org/10.1175/BAMS-D-17-0105.1

Wilson, M. T., Buchheister, A., & Jump, C. (2011). Regional variation in 
the annual feeding cycle of juvenile walleye pollock (Theragra chalco-
gramma) in the western Gulf of Alaska. Fishery Bulletin, U.S., 109(3), 
316–326.

https://doi.org/10.3354/meps13211
https://doi.org/10.3354/meps13211
https://doi.org/10.1016/j.dsr2.2017.08.016
https://doi.org/10.1016/j.dsr2.2017.08.016
https://doi.org/10.1111/j.1365-2419.1996.tb00092.x
https://doi.org/10.1111/j.1365-2419.1996.tb00092.x
https://doi.org/10.1093/plankt/fbi015
https://doi.org/10.1093/plankt/fbi015
https://doi.org/10.1111/j.1365-2419.1996.tb00080.x
https://doi.org/10.1111/j.1365-2419.1996.tb00080.x
https://doi.org/10.3354/meps221077
https://doi.org/10.3354/meps221077
https://doi.org/10.1371/journal.pone.0049632
https://doi.org/10.1371/journal.pone.0226087
https://doi.org/10.1371/journal.pone.0226087
http://www.unisense.com/files/PDF/Diverse/Seawater & Gases table.pdf
http://www.unisense.com/files/PDF/Diverse/Seawater & Gases table.pdf
https://doi.org/10.1111/gcb.14483
https://doi.org/10.1111/gcb.14483
https://doi.org/10.1139/f93-039
https://doi.org/10.1139/f93-039
https://repository.library.noaa.gov/view/noaa/17715
https://repository.library.noaa.gov/view/noaa/17715
https://doi.org/10.1111/j.1365-2419.1994.tb00047.x
https://doi.org/10.1111/j.1365-2419.1994.tb00047.x
https://doi.org/10.1016/j.dsr2.2012.12.007
https://doi.org/10.1016/j.dsr2.2012.12.007
https://doi.org/10.1006/jfbi.1999.1136
https://doi.org/10.1006/jfbi.1999.1136
https://doi.org/10.1111/j.1365-2419.1992.tb00026.x
https://doi.org/10.1016/j.csr.2004.02.007
https://doi.org/10.1111/j.1365-2419.1996.tb00084.x
https://doi.org/10.1111/j.1365-2419.1996.tb00084.x
https://doi.org/10.1371/journal.pone.0138821
https://doi.org/10.1111/j.1365-2419.1996.tb00086.x
https://doi.org/10.1111/j.1365-2419.1996.tb00086.x
https://doi.org/10.3354/meps10135
https://doi.org/10.3354/meps12891
https://doi.org/10.3354/meps12891
https://doi.org/10.1016/j.pocean.2013.07.006
https://doi.org/10.1016/j.pocean.2013.07.006
https://doi.org/10.1175/BAMS-D-17-0105.1
https://doi.org/10.1175/BAMS-D-17-0105.1


     |  17ROGERS Et al.

Wilson, M. T., Jump, C. M., & Buchheister, A. (2009). Ecology of small 
neritic fishes in the western Gulf of Alaska. II. Consumption of krill in 
relation to krill standing stock and the physical environment. Marine 
Ecology Progress Series, 392, 239–251. https://doi.org/10.3354/
meps0 8237

Wilson, M. T., Jump, C. M., & Duffy-Anderson, J. T. (2006). Comparative 
analysis of the feeding ecology of two pelagic forage fishes: Capelin 
Mallotus villosus and walleye pollock Theragra chalcogramma. Marine 
Ecology Progress Series, 317, 245–258. https://doi.org/10.3354/
meps3 17245

Wilson, M. T., & Laman, N. (2020). Interannual variation in the coastal 
distribution of a juvenile gadid in the northeast Pacific Ocean: The 
relevance of wind and effect on recruitment. Fisheries Oceanography. 
https://doi.org/10.1111/fog.12499

Wilson, M. T., Mier, K. L., & Jump, C. M. (2013). Effect of region on the 
food-related benefits to age-0 walleye pollock (Theragra chalco-
gramma) in association with midwater habitat characteristics in the 
Gulf of Alaska. ICES Journal of Marine Science, 70(7), 1396–1407. 
https://doi.org/10.1093/icesj ms/fst138

Yang, Q., Cokelet, E. D., Stabeno, P. J., Li, L., Hollowed, A. B., Palsson, W. 
A., Bond, N. A., & Barbeaux, S. J. (2019). How “The Blob” affected 

groundfish distributions in the Gulf of Alaska. Fisheries Oceanography, 
28, 434–453. https://doi.org/10.1111/fog.12422

Zador, S., Yasumiishi, E., & Whitehouse, G. G. A. (Eds.) (2019). Ecosystem 
Status Report 2019: Gulf of Alaska. Stock Assessment and Fishery 
Evaluation Report. North Pacific Fishery Management Council, 
Anchorage, AK.

SUPPORTING INFORMATION
Additional supporting information may be found online in the 
Supporting Information section.

How to cite this article: Rogers LA, Wilson MT, Duffy-
Anderson JT, Kimmel DG, Lamb JF. Pollock and “the Blob”: 
Impacts of a marine heatwave on walleye pollock early life 
stages. Fish. Oceanogr.2020;00:1–17. https://doi.
org/10.1111/fog.12508

https://doi.org/10.3354/meps08237
https://doi.org/10.3354/meps08237
https://doi.org/10.3354/meps317245
https://doi.org/10.3354/meps317245
https://doi.org/10.1111/fog.12499
https://doi.org/10.1093/icesjms/fst138
https://doi.org/10.1111/fog.12422
https://doi.org/10.1111/fog.12508
https://doi.org/10.1111/fog.12508

