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Age, not growth, explains larger 
body size of Pacific cod larvae 
during recent marine heatwaves
Jessica A. Miller 1*, L. Zoe Almeida 1,4, Lauren A. Rogers 2, Hillary L. Thalmann 1, 
Rebecca M. Forney 1 & Benjamin J. Laurel 3

Marine heatwaves (MHWs) are often associated with physiological changes throughout biological 
communities but can also result in biomass declines that correspond with shifts in phenology. We 
examined the response of larval Pacific cod (Gadus macrocephalus) to MHWs in the Gulf of Alaska 
across seven years to evaluate the effects of MHWs on hatch phenology, size-at-age, and daily growth 
and identify potential regulatory mechanisms. Hatch dates were, on average, 19 days earlier since 
the onset of MHWs, shifting a mean of 15 days earlier per 1 ℃ increase. Size-at-capture was larger 
during & between MHWs but, contrary to expectations, larvae grew slower and were smaller in size-
at-age. The larger size during & between MHWs can be entirely explained by older ages due to earlier 
hatching. Daily growth variation was well-explained by an interaction among age, temperature, and 
hatch date. Under cool conditions, early growth was fastest for the latest hatchers. However, this 
variation converged at warmer temperatures, due to faster growth of earlier hatchers. Stage-specific 
growth did not vary with temperature, remaining relatively similar from 4 to 8 ℃. Temperature-related 
demographic changes were more predictable based on phenological shifts rather than changes in 
growth, which could affect population productivity after MHWs.

Keywords Temperature Size Rule (TSR), Otolith growth

Prolonged periods of extreme temperatures in the ocean, or marine heatwaves (MHWs), appear to be increasing 
in frequency, duration, and intensity around the  world1,2, but these patterns could be explained by longer-term 
warming  trends3. MHWs are stressful for marine and human communities and can have widespread  ecological4 
and socio-economic  impacts5. However, MHWs also provide an opportunity to evaluate mechanistic hypotheses 
about how individuals respond to warming in natural environments. During the latter part of 2014 through 
2016, the northeast Pacific Ocean experienced an extreme, prolonged MHW, which was followed by another 
substantial heatwave in  20196. The 2014–2016 heatwave in the Gulf of Alaska (GOA) is the longest MHW on 
record (> 700 days)7 and impacted the ecosystem for years by way of low  productivity6, mass mortality events, 
and reduced fisheries  resources8–10, including a 75% decline in Pacific cod (Gadus macrocephalus) biomass and 
subsequent closure of the fishery in 2020. There was also an extended period of poor recruitment during the 
MHWs, which delayed the recovery of the cod  stock11. In this study, we focused on larval Pacific cod to determine 
how individual age, size, and growth responded to MHWs throughout their first year of life across multiple years.

Warming oceans have been associated with declines in productivity and  abundance12 and can lead to increases 
in mortality  rates13. For example, the abundance of Pacific cod has consistently been greater during cooler 
 periods14,15. However, the mechanisms underlying this pattern remain unclear. Temperature can influence the 
time of hatch as well as hatch success. For Pacific cod, there is evidence for a relatively narrow thermal window 
(~ 4 to 6 ℃) for embryonic development and hatch  success16,17. Additionally, in the GOA,  larval18 and  juvenile19,20 
Pacific cod collected in standardized surveys are larger at capture during warmer years, which could be due to 
earlier spawn timing and older ages, faster growth, enhanced selective mortality, or a combination of these factors. 
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However, catch rates of larvae and juveniles are also lower during warmer years and were at their lowest during 
the MHWs, which could be related to reduced spawning effort or hatch success, differential spatial distribution, 
increased mortality, or a combination of  factors8,20. Variation in other environmental factors, such as timing of 
seasonal stratification and strength of alongshore transport, which can influence the production of mesoscale 
eddies that can affect productivity and larval retention in shelf waters, and predator and prey composition, can 
affect growth and survival and is often correlated with temperature, further complicating efforts to identify 
causative factors for population  declines21. The uncertainty regarding the processes behind poor recruitment and 
reduced productivity associated with MHWs highlights the need for greater mechanistic understanding of the 
relationship between climate and recruitment, particularly as extreme climate events become more  common2,3,22.

Warming can affect marine populations in many ways, including shifts in reproductive phenology or spatial 
distribution, with movement poleward or to deeper, cooler  waters23. However, there are limits to how far indi-
viduals can move to avoid unfavorable temperatures. For example, poleward movement in the northern GOA 
is limited by the Alaska Peninsula, which requires fish to travel westward to pass through Unimak Pass, the 
only major passage to the eastern Bering  Sea24. Therefore, understanding how phenotypic and genetic variation 
allows individuals to respond and adapt will be key to understanding and predicting consequences of short- and 
long-term warming.

A widespread observation for both aquatic and terrestrial species is the reduction in age- and size-at-maturity 
as temperatures warm, a phenomenon referred to as the temperature-size rule (TSR)25,26. Faster early growth at 
warmer temperatures, leading to earlier maturity at smaller body size, is often invoked as a mechanism behind the 
TSR. However, for age-0 Pacific cod juveniles collected during the summer in GOA coastal  nurseries20, the larger 
body size observed during recent MHWs could not be explained by faster growth alone. Rather a combination 
of shifts in phenology, leading to earlier hatch dates and older juveniles, combined with relatively small increases 
in growth rate after ~ 75 days post hatch (dph) and, potentially, enhanced size-selective  mortality27 contributed 
to those larger body sizes. Therefore, basic relationships, such as temperature-dependent growth models, are 
unlikely to predict novel demographic changes emerging under climate change.

We expand upon research on post-settlement, age-0 juvenile Pacific  cod20,27 that were collected during sum-
mer by focusing on an earlier life stage, pre-settlement larvae, collected in the spring from 2006 to 2019. We 
examined archived larval collections to (1) determine the hatch phenology; (2) estimate daily size-at-age and 
early growth histories; and (3) evaluate physical and biological factors that are potentially related to variation in 
hatch timing, daily growth, and size-at-age. Our reconstructed age and growth histories allow us to determine 
if shifts in body size during the early life history that were observed during MHWs are better explained by shifts 
in phenology or growth.

Results
To compare hatch phenology, size, and growth before and during & between MHWs, we grouped larvae col-
lected in the northern GOA (Fig. 1) according to MHW status. MHWs were defined as anomalous events during 
which temperatures were warmer than the 90th percentile of the 30 year baseline period of 1983–2012 for five 
days or  more28,29. We had one year, 2017, that was relatively warm compared to earlier years but not classified as 
a heatwave event (Fig. 2). Therefore, we included 2017 in the “during & between” group, along with the MHW 
years 2015 and 2019. The years 2006, 2009, 2010, and 2013 were included in the “before” MHW group.

Age, hatch date, and incubation duration
Since 2015, Pacific cod larvae have been longer (mean = 10.8 ± 3.21 SD versus 8.3 ± 2.44 SD mm total length, TL) 
and older (32.4 dph ± 2.7 SD versus 19.5 dph ± 5.1 SD) at capture with earlier mean hatch dates (17 April versus 
6 May) (Table 1). The earliest mean annual hatch date occurred in 2019 (11 April) and the latest occurred over 
a month later (17 May) in 2009. Pairwise differences in mean annual hatch date before and during & between 
MHWs ranged from 5 (2015 compared with 2006) to 36 days earlier (2019 versus 2009).

We compared hatch dates before and during & between MHWs (Fig. 3) with a linear mixed model (LMM). 
A model with collection year and survey station as random effects performed slightly better than models with 
only one or neither factor (AIC = 16,046 with both random effects versus > 16,128 for other models). There was 
a slight negative skew in model residuals due to 13 fish with hatch dates earlier than 21 March in 2006, 2009, 
and 2017. However, given that large sample sizes (n = 2262) are relatively robust to departures from normality, 
these larvae were not removed (and results were qualitatively the same either way). The final LMM to predict 
hatch date with MHW status as a fixed effect and year and station as random factors explained a little over half 
the variation in hatch dates. The model’s explanatory power related to the fixed effects alone (marginal  R2) was 
0.160 and the total  R2 was 0.613. The model’s intercept, corresponding to the mean hatch date (day of year) before 
MHWs was 125.30 (95% CI 118.17 to 132.43, t2257 = 34.48, P < 0.001) (Supplementary Table S1). The effect of 
MHWs indicated that hatch dates occurred an estimated 19 days earlier during & between MHWs than before 
(beta = −18.54 (95% CI −29.53, −7.54,  t1 = −3.31, P < 0.001).

Mean temperature at 100 to 250 m depth during the spawning period (January to April, “TJ-A, 100–250 m”) ranged 
from 4.93 ℃ in 2009 to 6.89 ℃ in 2019 (Supplementary Table S2). We also estimated an annual mean incubation 
duration by determining the number of days immediately prior to a fish’s hatch date needed to reach a cumulative 
degree day of 110 ℃ based on GAK1 temperatures at 100 to 250 m depth. Cumulative degree days (CDD) provide 
an estimate of thermal exposure, are often used to quantify developmental rates in agronomy and  aquaculture30, 
and can be used to examine variation in size and growth in  ectotherms31 (see Methods for additional detail).

Annual mean temperature during embryonic incubation periods was highly correlated with  TJ-A, 100–250 m 
(r = 0.944, n = 7, P = 0.006), but incubation temperatures were a bit cooler than  TJ-A, 100–250 m, ranging from 4.57 ℃ 
in 2009 to 6.64 ℃ in 2019 (Supplementary Table S2). Estimates of incubation duration ranged from 17 days in 
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2019 to 24 days in 2009 (Table 1). Based on pairwise comparisons between years, differences in mean tempera-
ture during incubation, or the direct effects of temperature on embryonic development rate, could account for 
1 (2009 versus 2017) to 7 days (2009 versus 2019) of the observed differences in mean hatch date. However, the 
pairwise differences in observed hatch dates before and during & between MHWs ranged from 5 to 36 days. 
Therefore, estimated shifts in incubation duration could only account for ~ 20% of the largest difference in mean 

Figure 1.  Location of survey area for collection of Pacific Cod larvae (blue polygon). The location of the 
hydrographic station (GAK1) is also indicated.

Figure 2.  Daily temperature experienced by larvae from first day of hatching to last day of capture in years 
before (2006, 2009, 2010, 2013) and during & between (2015, 2017, 2019) marine heatwaves. Mean temperature 
from (a) 100 to 250 m was used for initial 5 days of life and (b) surface to 30 m for 6 days post hatch to capture. 
Colored boxes in (a) indicate mean hatch date for each year. Temperature data are from the GAK1 hydrological 
station.
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hatch dates (7 of 36 days), indicating other factors, such as changes in parental spawning behavior or increased 
selective mortality, contributed to the shifts in hatch dates during & between the MHWs.

Mean annual hatch dates were negatively associated with water temperature (Fig. 4). A linear model with 
deep temperatures during the spawning period  (TJ-A, 100–250 m) was more parsimonious than a model with incu-
bation temperatures (AIC = 50.4 versus 55.0, respectively). The final model (mean hatch date = 204.10 (± 23.11 
SD) – 14.68 (± 3.91 SD) ·  TJ-A, 100-250 m, F1,5 = 14.10, P = 0.013, R2

adj = 0.686) indicated that, from 2006 to 2019, 
hatch dates shifted a mean of 14.7 days earlier for each degree of warming during January through April (Sup-
plementary Table S3).

Size-at-age
We compared larval size-at-age before and during & between MHWs with a LMM. This LMM was limited to 
individuals > 4.79 mm TL and < 17 mm TL and < 51 dph (n = 2162 larvae) due to few very small (< 5 mm TL), 

Table 1.  Metrics associated with larval Pacific cod collections, including year of capture (Year), marine 
heatwave status (MHW), earliest, latest, and mean hatch date (HD), estimated incubation duration (Incub. 
Dur. in days), mean capture date (Cap. date), and mean (SD) for total length (TL, mm) at capture, age (days 
post hatch, dph), absolute daily growth rate (TL/age = mm/day), catch per unit effort (CPUE, no. per 10  m2). 
Sample sizes for all larvae with length measurements (n, all) and for the larvae included in otolith-based age 
analyses (n, otolith) and those included in the otolith-based growth analyses in parentheses.

Year MHW Earliest HD Latest HD Mean HD
Incub. Dur. 
(d) Cap. date TL (mm) Age (dph)

Daily growth 
(mm/day) Larval CPUE n, all n, otolith

2006 Before 19 Mar 18 May 28 Apr 21 24 May 9.7 (2.4) 26.0 (9.0) 0.38 (0.04) 11.96 627 22

2009 Before 25 Apr 28 May 17 May 24 31 May 7.2 (1.8) 13.7 (6.4) 0.58 (0.13) 14.59 372 48

2010 Before 14 Mar 23 May 06 May 20 26 May 8.5 (2.5) 20.0 (13.0) 0.53 (0.22) 3.17 120 21

2013 Before 29 Mar 23 May 04 May 22 23 May 7.8 (2.3) 18.4 (9.6) 0.47 (0.10) 55.66 961 47 (44)

2015 During/
Between 01 Mar 15 May 23 Apr 18 26 May 11.1 (3.8) 32.8 (19.0) 0.41 (0.14) 0.37 21 10

2017 During/
Between 01 Mar 09 May 17 Apr 23 22 May 10.9 (3.2) 34.9 (14.2) 0.32 (0.04) 4.94 147 37 (34)

2019 During/
Between 21 Mar 24 Apr 11 Apr 17 11 May 9.5 (2.5) 29.6 (9.7) 0.34 (0.08) 0.45 14 14

Figure 3.  Hatch date density distributions before (2006, 2009, 2010, 2013) and during & between (2015, 2017, 
2019) the marine heatwaves (MHWs) for larvae that were aged based on otolith analysis (n = 201, top graph) 
and all larvae (n = 2262), bottom graph).
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large (> 17 mm TL), or old (> = 51 dph) larvae. Length was square root transformed to meet model assumptions 
and the inclusion of year as a random factor improved the model (AIC = 3006 for year versus 3469 without). 
However, the models with only year as a random effect and with year and station as random effects were similar 
(AIC difference was < 2). Therefore, the final model, estimated using restricted maximum likelihood (REML) 
and an nlminb optimizer, included a second-degree polynomial fit for age and MHW status as fixed effects and 
year as a random effect (Supplementary Table S4; Fig. 5). Standardized parameters were obtained by standard-
izing the covariates to aid in model interpretation, i.e., age was scaled by subtracting the mean and dividing by 
the standard deviation. The model’s total explanatory power was high (conditional R2 = 0.960), largely driven 
by fixed effects alone (marginal R2 = 0.920). The model’s intercept (8.66) corresponds to length at scaled age = 0 
(~ 20 dph) before the MHWs (Supplementary Table S4). There were interactions between age and MHW status, 
with size-at-age larger before MHWs (Fig. 3). This pattern was reflected in the model’s marginal means, with 
TL being 1.9% and 10.9% longer at ~ 6 and 25 dph, respectively, before the MHWs (Supplementary Table S5).

Daily growth
We compared daily relative growth before and during & between MHWs using a LMM. For this LMM, age was 
limited to larvae < 67 dph (n = 193 larvae with 4820 daily growth increments) due to issues with model conver-
gence when the three larvae > 80 dph were included. We used relative growth rates rather than absolute growth 
rates to account for variation in size across years and MHW status. We compared models with all potential 

Figure 4.  Predicted mean (± SD) hatch date and water temperatures from January through April (JFMA) at 
100 to 250 m depth. Data for larvae collected before (2006, 2009, 2010, 2013; blue circles) and during & between 
(2015, 2017, 2019; red circles) the marine heatwaves are included. Temperature data are from the GAK1 
hydrological station. 

Figure 5.  Size-at-age: total length at capture (mm) by age (days post hatch, dph) for larvae collected before 
(2006, 2009, 2010, 2013) and during & between (2015, 2017, 2019) the marine heatwaves (MHWs). Model 
predictions (lines) are included for years before and during & between the MHWs. Grey points are observed 
data.
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predictor variables (scaled age, scaled temperature, scaled hatch date) and all interactions with or without day 
of life for each fish as a random effect, and the model with the random effect was supported (AIC = −34,358 
with the random effect versus -32,276 without). All potential predictor variables contributed to the model and 
there was a significant three-way interaction among scaled age, scaled temperature, scaled hatch date. There-
fore, all variables and their interactions remained in the models for comparison with or without a first order 
auto-regressive parameter. The most parsimonious model also included a first order auto-regressive parameter 
(AIC = −34,827 with versus −34,181 without).

The final model’s explanatory power was high (conditional R2 = 0.701) with the fixed effects accounting for 
47% of the variation (marginal R2 = 0.469). The model’s intercept (0.028) corresponds to relative growth (mm/
mm/day) at scaled age = 0 (~ 13 dph), scaled temperature = 0 (5.5 ℃) and scaled hatch date = 0 (April 20) (Table 2). 
There were interactions between and among all variables and a three-way interaction among scaled age, scaled 
temperature, and scaled hatch date. Given the three-way interaction indicates that one, or more, of the interac-
tions differ across levels of the third factor, we visualized the patterns by plotting the marginal mean relative 
daily growth at age for early (April 8), mid (April 20), and late (May 6) hatch dates at temperatures of 4.5, 5.5, 
and 6.5 ℃ (Fig. 6, lines) along with observed growth (Fig. 6, grey points).

Growth declined with age, as expected, although the rate of decline varied with temperature and hatch date. 
At cooler temperatures and younger ages, the fastest growth was associated with later hatch dates, which also 
experienced the most rapid decline in growth with age (Fig. 6, left panel). However, the growth benefit early in 
life associated with later hatching was reduced at intermediate temperatures (Fig. 6, middle panel) and essentially 
gone at warmer temperatures (Fig. 6, right panel), and the change was due primarily to relatively faster growth 
rates at the youngest ages (< 15 d) for earlier hatchers rather than declines in growth of the later hatchers. The 

Table 2.  Results from models to predict daily relative growth (mm/mm/day) based on age, temperature, and 
hatch date. Model terms and their value (SE = standard error) are included with t-value, and p-value. Data were 
scaled for analysis.

Term Value (SE) t-value p-value

Intercept 0.0279 (0.0004) 69.50  < 0.0001

Scaled Age −0.0098 (0.0004) −24.23  < 0.0001

Scaled Temp 0.0018 (0.0002) 6.21  < 0.0001

Scaled HD −0.0008 (0.0004) −2.11 0.0363

Scaled Age:Scaled Temp 0.0005 (0.0002) 2.18 0.0294

Scaled Age: Scaled HD −0.0040 (0.0004) −10.52  < 0.0001

Scaled Temp:Scaled HD −0.0008 (0.0002) −3.15  < 0.0001

Scaled Age: Scaled Temp:Scaled HD 0.0014 (0.0002) 7.20  < 0.0001

Figure 6.  Predicted marginal mean relative growth (mm/mm/day) from linear mixed model holding 
temperature at 4.5 °C, 5.5 °C, or 6.5 °C and hatch dates at 8 April, 20 April, or 6 May. Data observations are 
indicated by grey circles, and 85% of the data fall within this temperature range.
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interaction was due to a convergence of growth rates across hatch times in warmer waters. Later in life, after ~ 30 
dph, the earlier hatchers consistently had faster growth rates. 

We visualized observed relative growth before and during & between MHWs by binning all data into three 
groups for temperature (< 5.0 ℃, between 5.0 and 5.7 ℃ and > 5.7 ℃) and for hatch date (“Early” = 6 March to 
15 April, “Middle” = 16 April to 27 April, and “Late” = 28 April to 21 May), with each bin including ~ 33% of the 
observations, which highlighted several points (Fig. 7). First, during & between MHWs, the late hatchers (28 
April to 21 May) were only present at the warmest temperatures (> 5.7 ºC). Second, within a MHW status, growth 
rates declined as temperatures warmed. Third, within a temperature range, growth rates were always faster for 
later hatchers regardless of MHW status. Fourth, the decline in growth with age was reduced or disappeared for 
the earliest hatchers (6 March to 15 April) at the warmest (> 5.7 ℃) temperatures before the MHWs and at all 
temperatures during & between the MHWs (Fig. 7, blue lines).

We also compared growth rates across temperature for fish of comparable age early (6 to 20 dph) and later 
(31 to 45 dph) in their larval life by hatch date (“Early”, “Middle”, and “Late”, as defined above) before and during 
& between the MHWs. This comparison highlights how consistent growth was across temperatures (Fig. 8a,b). 
Growth rates were, expectedly, faster earlier in life (6 to 20 dph) than later in life (31 to 45 dph). However, growth 
rates before and during & between MHWs mostly overlapped for both periods although the warmest tempera-
tures (> 8 ℃) were rarely experienced before 2015 and only by middle and late hatchers (Fig. 8a,b).

Figure 7.  Observed relative growth (mm/mm/day) for larvae with variable hatch dates across the temperature 
range (colored points) and predictions (colored lines) from the linear mixed model that included temperature, 
hatch date, and age. “Early” indicates hatch dates from 6 March to 15 April, “Middle” from 16 to 27 April, and 
“Late” from 28 April to 21 May. Data are separated by marine heatwave (MHW) status for visualization although 
MHW status was not included in the model due to collinearity issues. Dotted lines at 0.04 and 0.02 mm/mm/
day are for reference.
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Lifetime thermal history using Cumulative Degree Day (CDD)
We summed the daily mean temperature experienced on each day of life for each larvae to generate a mean 
daily estimate of CDD for each year. The comparison of interannual variation in CDD in relation to age (dph) 
(Fig. 9) demonstrates that the lifetime thermal histories were similar across years until approximately 25 dph. 
From 25 to 50 dph, larvae collected in 2015, which was the first full year of the recent MHWs, experienced the 
greatest CDD at age (Fig. 9). Additionally, from 30 to 45 dph, larvae collected in 2013 experienced the lowest 
CDD. Otherwise, CDD experienced at age was similar across years.

Relationships with annual phytoplankton bloom
Pacific cod larvae (< 7 mm TL) primarily feed initially on copepod nauplii and then consume various copepo-
dites and adult copepods as well as eggs as they  grow32. In the GOA, secondary production follows the spring 
phytoplankton bloom and can provide a relative indication of interannual variation in  productivity21. Therefore, 
we compared annual mean hatch phenology and absolute growth rates (mm/day) with annual estimates of the 
timing of bloom initiation in the GOA. Hatch dates were positively, but not significantly, associated with bloom 

Figure 8.  Observed relative growth (mm/mm/day) for larvae with variable hatch dates before and during & 
between marine heatwaves (MHWs). “Early” indicates hatch dates from 6 March to 15 April, “Middle” from 16 
to 27 April, and “Late” from 28 April to 21 May. (a) Growth for larvae from 6 to 20 dph and (b) from 31 to 45 
dph are presented. Lines represent predictions from the linear mixed model. Years before heatwaves (2006, 2009, 
2010, 2013) are solid, blue line and years during & between heatwaves (2015, 2017, 2019) are dashed, red line. 
Linear fits with 95% confidence intervals are presented.
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initiation (Fig. 10a r = 0.800, n = 7, P = 0.095). Larvae grew faster when bloom initiation occurred later in the 
year as indicated by a positive correlation between mean absolute growth rates (mm/day) and bloom initiation 
(Fig. 10b, r = 0.906, n = 7, P = 0.025). Growth rates were also faster when hatch dates occurred later in the year 
(Fig. 10c, r = 0.960, P = 0.004) and tended to be higher when mean SST temperature was lower, as indicated by a 
weak negative correlation (Fig. 10d, r = −0.740, P = 0.115).

Discussion
Understanding the effects of MHWs throughout the life history of fishes is integral to realistic future management 
 projections33. The dramatic decline in the GOA Pacific cod population after two extreme MHWs, which resulted 
in a federal disaster declaration for the fishery, provided an opportunity to better understand individual responses 
to acute ocean warming. Reduced spawning activity and/or hatching success coupled with severe metabolic stress 
of adult fish are often cited as key factors contributing to that population  decline8. However, we also observed 
notable shifts in hatching phenology (~ 3 weeks earlier) and interactive effects of hatch date and age on growth 

Figure 9.  Cumulative Degree Days (CDD) by age, in days post hatch (dph). Years before (2006, 2009, 2010, 
2013) the marine heatwaves are represented by solid blue lines and years during & between (2015, 2017, 2019) 
MHWs are represented by dashed, red lines.

Figure 10.  Scatterplots of mean (SD) annual values for (a) timing of bloom initiation in the Gulf of Alaska 
and larval hatch dates; (b) timing of bloom initiation and annual absolute larval growth rates (mm/day); (c) 
hatch dates and larval growth rates (mm/day); and (d) sea surface temperature (SST, ºC) January through April 
and larval growth rates (mm/day). Correlations with P < 0.005 are in bold.
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and size of larvae during warmer ocean conditions. These complex interactions with temperature could also influ-
ence the size and condition of older age classes, affecting the demography and productivity of the  population34.

We documented a nearly three-week (19 d) shift in hatch dates of GOA larval Pacific cod between 2006 and 
2019, which was associated with the onset of the 2014–2016 MHW. Our comparisons are limited to every other 
year given the biennial frequency of the larval survey. However, the mean hatch date shifted 11 days earlier from 
2013 to 2015, and hatch dates were even earlier in 2017 and 2019. The greatest difference in mean hatch dates 
(36 days) occurred between the coldest (2009) and warmest (2019) years. Examination of the phenology of 43 
fish species in the California Current between 1951 and 2008 reported phenological shifts in 26  species40. For 
species with earlier hatch dates, the rate of change was between −2.8 to −12.4 days per decade (mean = −6.4), 
which translated to a temperature sensitivity that ranged from 10.8 to 47.7 days per ℃. An  examination35 of 
the reproductive phenology of walleye pollock (Gadus chalcogrammus), which can spawn multiple times in a 
season, over 32 years found that a 1 ℃ increase in March SST corresponded to a 5-day shift to earlier spawn-
ing. For Pacific cod from 2006 to 2019, we observed a shift of 14.7 days in hatch phenology per 1 ℃ increase 
in January to April deep temperatures, which aligns with prior studies. In addition to temperature, population 
demographics were important with an older and more age-diverse spawning stock related to earlier spawning 
for longer duration in walleye  pollock35. However, there is no evidence that the age composition of Pacific cod 
spawners has shifted during & between the MHWs and affected reproductive  phenology11.

Shifts in hatching phenology for nearshore collections of juvenile Pacific cod collected in July in the GOA 
from 2006 to 2019 were 14 to 28 d earlier since  201520, which are notably similar to our observations for offshore 
larvae collected in May. However, although the phenological shifts in hatch time were similar for both life stages, 
larvae in our study hatched, on average, a month later than the juveniles. This consistent shift in phenology 
within, but offset between, life stages could be explained by several factors. The larvae could (1) be from a dif-
ferent source population than the juveniles; (2) represent later spawners within the population; (3) indicate that 
there was selection on hatch date between May and July; (4) or a combination of these factors. However, the idea 
that selective mortality on hatch date associated with MHWs across multiple years was so consistent for larvae 
and juveniles that hatched approximately one month apart seems unlikely. Additionally, in both studies, direct 
effects of temperature during incubation could only account for a portion of these shifts in phenology. Overall, 
the consistent temporal shift in phenology observed for both larvae and juveniles indicates that, at least in the 
northern GOA, the effect of the MHWs on hatching phenology was similar and likely related to changes in 
parental spawning timing, such as increased gonadal developmental rates and behavioral differences, embryonic 
developmental rates, and potentially selection associated with hatch date.

The similar shifts in hatch date observed for Pacific cod larvae and juveniles, even if offset by a month, have 
important and encouraging implications for survey design. Our larvae were collected by National Oceanic and 
Atmospheric Administration’s (NOAA) Alaska Fisheries Science Center’s (AFSC) as part of a long-term survey 
focused on walleye pollock, which spawns later than Pacific  cod35. While the precise timing and duration of 
larval production may be difficult to discern for non-target species, the similar temporal shifts evident in larval 
and juvenile collections indicate that long-term survey data can provide insights on the effects of acute—and 
likely longer-term—warming on reproductive phenology. Even surveys that do not capture peak larval produc-
tion may be able to provide estimates of phenological shifts in reproduction, at least for single-batch spawners 
such as Pacific cod.

The slower growth and smaller size-at-age we observed during warmer periods could be related to reductions 
in the quantity or quality of prey or a mismatch in timing of  production36,37. Reductions in early growth with 
warming are expected if prey resources are inadequate to meet metabolic  demands38. Changes in the timing 
and magnitude of the phytoplankton bloom during MHWs could influence the timing, quantity, or quality of 
secondary production, which includes the prey of larval Pacific  cod32,39,40. The positive correlations observed 
between growth rates and hatch dates and the date of bloom initiation suggest match-mismatch dynamics may 
be important, but more data are needed. As noted earlier, juvenile Pacific cod in the GOA had similar patterns 
of slower larval growth very early in life since  201520. However, those juveniles hatched about one month earlier 
than our larvae. Therefore, the factors influencing slower larval growth during MHWs appear to have persisted 
for at least a month.

Marine fish larvae increase visual foraging capacity as they develop, and daylength can further affect their 
foraging opportunities and subsequent  growth41. The earliest observed mean hatch date (11 April) experienced 
approximately two hours less daylength than the latest mean hatch date (17 May), which likely led to reduced 
opportunities to forage. Laboratory-reared pre-flexion Pacific cod larvae that were similar in age (0 to 36 dph) 
to the those in this study (mean = 22 dph) were maintained at 2 to 8 ℃ and fed enriched rotifers and dry food 
at least twice  daily42. Their daily absolute growth rates were less than 0.20 mm/day at all temperatures whereas 
GOA larvae in this study, which primarily experienced temperatures < 8 ℃, had mean overall growth rates (0.32 
to 0.58) that were 30 to nearly 300% faster than the well-fed laboratory larvae. Therefore, while we observed 
slower growth associated with the onset of MHWs in 2015, larval growth rates were not unusually low in any 
year, indicating that surviving larvae were able to find adequate food, as suggested by  others43.

If earlier hatchers experience shorter daylength, slower growth, and potentially reduced foraging opportuni-
ties, why do they persist? During cooler conditions, late hatchers had a growth advantage early in life (Fig. 6). 
However, as waters warmed, the overall growth variation during early life declined and growth rates converged 
at ~ 0.04 mm/mm/day. The convergence of early growth was not due to slower growth for later hatchers but 
rather due to faster growth rates for earlier hatchers during warmer conditions. Furthermore, growth rates of 
early hatchers during warmer temperatures did not exceed growth rates of later hatchers during cooler condi-
tions. Therefore, earlier hatching during warming may lead to increases in growth (relative to later hatchers) 
that could contribute to their overall survival. Once conditions change (warm) and allow for increased growth 
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of earlier hatchers, survivors would have subsequent size advantages due to their older age that could enhance 
later survival.

When examined through the lens of CDD, it is notable that the CDD-at-age was relatively similar across 
years with the exception of 2015, which was also the first year the MHWs directly affected larvae as the MHW 
began late in 2014. Hatch dates in 2015 coincided with a sharp increase in surface temperatures (Fig. 2), which 
exceeded all other years and likely contributed to the greater overall thermal exposure that year. Although bottom 
temperatures were similar during the MHW years 2015 and 2019, surface waters warmed faster and attained 
higher temperatures in 2015. Larval CPUE was also lowest during 2015, which was the first year that spawning 
occurred during the MHW, indicating poor hatching success and/or early larval survival.

Various mechanisms are proposed for the TSR, which refers to global observations of reduced size- and age-
at-maturity and larger body size early in life. These include physiological (increased metabolic rates and associ-
ated oxygen demand), environmental (decreased oxygen availability and subsequent selection for smaller body 
size), and ecological (shifts in prey composition or mortality rates)  processes44–47. However, there are relatively 
few field observations that quantify how both shifts in phenology and individual growth influence body size 
during warming. Our results highlight that shifts in hatching phenology can wholly account for larger larval 
size observed in long-term surveys. Additionally, stage-specific larval growth rates did not increase with tem-
perature and were similar regardless of marine heatwave status. On the other hand, a similar study on Atlantic 
cod (Gadus morhua) found that growth rates, rather than hatch dates, could explain differences in body size 
of juveniles collected with the North  Sea48. These variable responses in phenology and growth have important 
implications for the use of temperature-dependent growth responses to predict individual, population, and 
community responses to climate  change49,50.

Although moderately faster juvenile growth rates during warming have been reported in laboratory and field 
 studies41,51, the TSR is less clear on expectations for larval stages and many field observations of body size are 
reported without daily age estimates. The smaller size-at-age during warmer periods that we observed in larval 
Pacific cod could be related to more rapid embryonic development leading to smaller size-at-hatch, which aligns 
with observations of more rapid development at warmer  temperatures52–54. If this was the primary cause, it would 
be reasonable to expect growth rates to increase later in life, such as after metamorphoses, which occurs at ~ 25 
to 30 mm TL in Pacific  cod55 (NOAA, 2024). However, during & between the MHWs, GOA juvenile Pacific cod 
also grew more slowly until 50 to 60 dph when relative growth rates increased for a few weeks but converged again 
by ~ 80  dph20. Therefore, while faster development likely contributed to our results, other factors contributed to 
the slower early growth in Pacific cod during MHWs.

Shifts in hatch phenology alone can have notable effects on size that carry over to older ages. These age-related 
size differences can influence body size when fish enter their first winter and could contribute to observations of 
increased size-at-age early in life. For example, most comparisons of size-at-age, particularly age-1 fish, assume 
individuals are the same age. However, individuals that hatch nearly three weeks earlier in a warmer year would 
be older, and notably larger, during their first winter than fish from a cooler year. For age estimation, the forma-
tion of the first annulus in an otolith is assumed to occur during winter, often January  156. However, if a fish is 
30 or 40 days older by January 1 and growing conservatively at an average of 0.40 mm/day, that individual could 
be 12 to 16 mm longer due to earlier hatch date alone. Hence, greater body size associated with older daily age 
alone could carry over into older age classes, potentially contributing to observations of larger size-at-age before 
maturity during warmer conditions. While faster growth is an often-cited mechanism regulating observations 
underpinning the TSR, the effect of shifting phenology and fish that are effectively older at “age-1” warrant 
further consideration.

An important consideration is how reflective MHWs are of longer-term warming conditions. While acute 
warming events can be informative, there are key differences associated with the more sudden onset of warming 
events that result in less time for acclimation and may result in stronger selection for certain traits under extreme 
conditions. During warmer periods, regardless of the cause, there is the potential for elevated metabolism and 
predators and prey may require higher consumption rates to maintain growth. However, longer-term warm-
ing could be associated with shifts in community composition of both predators and prey and provide more 
time for movement and adaptation. Overall, acute events such as MHWs provide an important opportunity to 
learn about how individuals and populations respond to warming and test key hypotheses, such as the TSR, 
and become better informed about the consequences of longer-term ocean warming, although there are some 
limitations to the comparison.

Our study highlights the importance of information on individual age and growth from long-term surveys 
to understand organismal and population responses to warming. The fact that older age alone can account for 
increases in larval body size observed during & between the MHWs emphasizes the importance of phenological 
change and age determination when evaluating the effects of warming on early life stages. The complex inter-
actions among hatch date, age, and temperature underscore how growth can be affected in unexpected ways. 
Although size- and temperature-dependent growth models based on laboratory studies can be  informative57, 
we observed similar growth across temperatures before and during & between MHWs, which indicates that 
comprehensive efforts to understand the effects of warming cannot rely solely on such approaches to generate 
accurate predictions.

Methods
Larval collection
Archived samples of larval Pacific cod, collected by the National Oceanic and Atmospheric Administration’s 
(NOAA) Alaska Fisheries Science Center’s (AFSC) Ecosystems and Fisheries-Oceanography Coordinated Inves-
tigations Program (EcoFOCI), were used for this study. Samples were collected with a 60 cm paired bongo frame 
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equipped with either 333- or 505-μm mesh nets and flow meters. The net was towed obliquely at evenly spaced, 
predetermined sites to 100 m depth or 10 m off bottom in shallower water. One of the paired bongo nets was 
preserved in ethanol while the other net was preserved in 5% buffered formalin and larval Pacific cod were sub-
sequently sorted, counted, and measured for total length (TL) to the nearest millimeter at the Plankton Sorting 
and Identification Center in Szczecin, Poland. Lengths were corrected for shrinkage associated with formalin 
preservation  (TLcorrected = 1.044 ·  TLpreserved + 0.530, n = 57, R2 = 0.947). The spatial area sampled included the She-
likof Strait and associated sea valley to east of the Shumagin Islands (Fig. 1). Larval counts were standardized to 
number per 10  m2 sea surface area as a measure of catch per unit effort (CPUE). Since 2013, the survey in the 
GOA has occurred in odd years only.

The larvae used in this study were collected through a long-term governmental plankton monitoring program 
by federal scientists at the NOAA’s AFSC under a National Marine Fisheries Service Scientific Research Permit. 
All research was carried out in accordance with applicable guidelines and regulations at the time that the study 
was conducted. Oregon State University’s Institutional Animal Care and Use Committee (IACUC) approved of 
this study through an exemption because samples were provided after collection. Larvae were deceased by the 
time nets were retrieved and rinsed and were immediately preserved in ethanol or 5% buffered formalin. All 
methods are reported in accordance with ARRIVE guidelines (https:// arriv eguid elines. org).

Otolith preparation and interpretation
Larval Pacific cod from ethanol-preserved samples were available from May surveys that occurred in 2006, 
2009, 2010, 2013, 2015, 2017, and 2019. The duration of the surveys ranged from 9 to 19 days with a mean 
of 12.9 days ± 4.2 SD. All available otoliths from years with fewer than 20 larvae were included along with a 
random sample of at least 20 individuals from years with more than 20 larvae (Table 1). Larvae were imaged, 
measured for TL to the nearest 0.1 mm, and otoliths were extracted. Total lengths were corrected for shrinkage 
associated with ethanol preservation  (TLcorrected = 1.030 ·  TLpreserved + 0.612, n = 52, R2 = 0.947). We prepared thin 
sections by mounting sagittae on glass slides with thermoplastic resin, polishing the distal side, flipping the 
otolith, and polishing the proximate side to expose the core region. We used 3 M™ Wetordry™ paper (1000–2000 
grit),  Buehler® lapping film (3-to-30-micron), and alumina slurry (0.3 micron). Polished otolith sections were 
imaged  (Levenhuk® T300 camera) with a compound microscope at 100X and 400X magnification. Daily otolith 
increment formation has been validated for Pacific  cod58. Therefore, we measured the radius and counted all 
daily increments to estimate individual age. Every otolith was read by one to three readers one to two times 
using ImagePro  Premier®. If independent counts varied by > 10%, otoliths were revisited, and discrepancies were 
resolved. The final read used to provide age and increment widths for subsequent analyses was randomly selected 
from multiple reads per individual.

There were strong, positive, linear relationships between larval size and otolith radius for each year of the 
study (Supplementary Fig. S1). Therefore, we used the biological-intercept back-calculation  model59 with pub-
lished values for Pacific cod biological  intercepts58 to estimate fish size at each day of life based on otolith radii 
measurements. Hatch date estimates were generated by subtracting age from the day of capture. We then esti-
mated a daily growth rate for each individual based on daily change in size. We calculated a daily growth rate 
(mm/day) and a relative growth rate (mm/mm/day) to reduce the effect of size on growth rate.

Temperature
To characterize thermal history of each larvae, we estimated daily mean temperature by interpolating monthly 
data from the oceanographic station GAK1 (Fig. 2), which is the longest and most complete seasonal temperature 
record for the GOA and reflects regional temperature  patterns17 (research.cfos.uaf.edu/gak1/data/TimeSeries/). 
We selected depths to align with larval growth based on the life history of Pacific cod, which spawn in rela-
tively deep waters (75–250 m)60–62; and hatch near the sea  floor16 before moving towards the surface relatively 
 quickly42,43. Therefore, we used mean temperatures at depths from 100 to 250 m for the first 5 dph and tem-
peratures from 0 to 30 m from 6 dph to capture. This approach allowed us to assign a daily mean temperature 
to each day of life for every larva. We grouped larvae according to MHW status, which was evaluated using the 
R package ‘heatwaveR’63.

Relationships with annual phytoplankton bloom
We used metrics of the annual phytoplankton bloom in the GOA as an indicator of relative productivity. The 
metrics were based on spatial and temporal characteristics of surface chlorophyll a (Chl a) measured with satellite 
remote sensing data spanning the MODIS  era36. The area for the bloom metric represents the entire GOA shelf 
region < 300 m between 150°W and 170°W. Satellite chlorophyll estimated with MODIS-Aqua (years 2003–2019: 
R2018.0) were obtained from the NASA OceanColorWeb (https:// ocean color. gsfc. nasa. gov). Spatial resolution 
of the ocean color products was approximately 9 km with an 8 day average for the temporal resolution. The start 
and end dates of the surface expression of the bloom were defined as the day Chl a biomass reached one-third 
and one-half of the annual maximum, respectively. The duration was the number of days between the start 
and end dates. We compared these annual estimates of the bloom initiation date and duration with estimates 
of annual mean larval hatch date and absolute growth rate (total length at capture (mm) / age = mm/day) with 
using Pearson correlation analysis with Bonferroni correction for multiple comparisons. We also calculated an 
overall mean temperature for surface waters (0 to 30 m) based on GAK1 temperatures during January to April 
 (TJ-A,SST) for comparison with the larval metrics.

https://arriveguidelines.org
https://oceancolor.gsfc.nasa.gov
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Age and hatch phenology
We developed an age-length model based on otolith-aged fish with year of capture as a fixed effect (R2 = 0.88, 
n = 201, Supplementary Table S6), which was used to estimate age of the remaining larvae based on their forma-
lin-corrected length (n = 2061). To determine if hatch dates changed during and between MHWs, we used a LMM 
to examine variation in hatch date in relation to MHW status (“before” and “during & between”). We compared 
models with various random effects, including year, station, station nested in year, and all combinations using 
Akaike Information Criteria (AIC) and maximum likelihood (ML). The most parsimonious model included 
MHW status as a fixed effect and year and station as random effects (AIC = 16,077 versus > 16,170 for all other 
models). The final model was estimated using restricted maximum likelihood (REML) and an nlminb optimizer.

Based on the GAK1 temperature record, we generated a mean temperature at deeper depths (100 to 250 m) 
from January to April  (TJ-A, 100-250 m), which covers the majority of the spawning and incubation period. We also 
estimated mean annual incubation temperatures to determine what proportion of the observed differences in 
hatch dates across years could be attributed to direct effects of temperature on embryonic development. Based 
on laboratory  studies58,64, Pacific cod hatch after a mean of 110 ℃ degree days. Therefore, for each individual 
(n = 2262), we estimated the number of days prior to hatching required to attain 110 ℃ degree days using our 
estimated hatch dates and GAK1 temperature data (100 to 250 m depth). We then examined the pairwise mean 
difference in the number of days to attain 110 ℃ degree days with observed hatch dates across years to estimate 
the proportion of the shifts in hatch date that could be attributed to direct effects of temperature on development. 
Finally, to further examine the relationship between hatch dates and temperature across years, we conducted 
a simple linear regression between mean annual hatch date and  JTJ-A, 100-250 m and between mean annual hatch 
date and incubation temperatures to determine which metric best described interannual variation in hatch 
dates (n = 7).

Size-at-age
We expected larvae to be larger-at-age during & between MHWs due to faster growth at warmer temperatures. 
To test this hypothesis, we examined the effect of MHW status on size-at-age using a LMM to predict length at 
capture. The use of standardized parameters results in the variable having a mean of 0 and a standard deviation 
of 1, which puts them in similar ranges and is helpful when models contain polynomial terms or interaction 
terms. It can also help compare effects in LMM because estimated coefficients are on the same scale. We compared 
models with and without year and station as random effects using maximum likelihood (ML) and fit the most 
parsimonious model with REML. Ninety-five percent Confidence Intervals (CIs) and p-values were computed 
using a Wald t-distribution approximation. We present marginal mean size-at-age, which represent the predicted 
size averaged across ages before and during & between the MHWs, along with observed data.

Growth
To examine factors influencing daily growth, we used a LMM to predict daily relative growth (mm/mm/day). 
We evaluated models with age, daily temperature, hatch date, and all interactions as fixed effects with day of life 
nested in fish ID as a random effect. Given that nearly 30% of the stations had only one individual, we did not 
consider a random effect for station in this  model65. We also compared models with and without a first order 
autocorrelation function to account for growth correlation within individuals. Standardized parameters were 
obtained by fitting the model with standardized covariates to aid in model interpretation. We considered models 
that included MHW status as a factor, but they had moderate to high collinearity (Variable Inflation Factors, 
VIF > 5) and, therefore, were excluded. All models were compared using AIC with maximum likelihood func-
tions, and the final model was then fitted using REML and an nlminb optimizer. We estimated marginal means, 
which represent the average predicted relative daily growth for specific ages, hatch dates, and temperatures.

In order to better visualize differences in relative growth before and during & between MHWs, we present 
the data in two additional ways. First, we binned all data into three groups for temperature (< 5.0 ℃, between 
5.0 and 5.7 ℃ and > 5.7 ℃) and for hatch date (“Early” = 6 March to 15 April, “Middle” = 16 April to 27 April, and 
“Late” = 28 April to 21 May), with each bin including ~ 33% of the observations. We then plotted observed and 
predicted relative growth from the LMM described above by age across the three temperature and hatch date 
groups before and during & between MHWs. Second, to visualize growth at similar temperatures before and 
during & between the MHWs, we plotted observed relative growth by temperature for larvae at 6 to 20 dph and 
at 31 to 45 dph and grouped by the same three hatch date groups. The mean size for the 6 to 20 day old larvae 
was 9.9 (2.2 SD) and for the 31 to 45 day old larvae was 12.8 (2.0). For this plot, we fit simple linear models to 
observed data rather than predictions for visualization purposes. We did not use output from the LMM in this 
plot because we wanted to examine growth responses across temperature directly, rather than based on predic-
tions that accounted for temperature.

Lifetime thermal history using Cumulative Degree Day (CDD)
To compare larval size and growth in relation to lifetime thermal exposure, we calculated Cumulative Degree 
Days (CDD) for each day of life for every larva. The daily mean temperature for each day of life of every indi-
vidual was summed, generating a daily estimate of CDD for each larva. As in the growth analysis, we used the 
mean temperatures at depths from 100 to 250 m for the first 5 dph and temperatures from 0 to 30 m from 6 dph 
to capture. We plotted CDD by age in order to visualize variation in lifetime thermal exposure across years.

Statistical analyses
All analyses were conducted in R (version 4.2.2), and we visualized our results with R package ‘ggplot’ (version 
3.4.4)66. All models were developed using the R package ‘nlme’ (version 3.1–160)67 except for the growth models, 
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which were developed using the R package ‘lme4’ (version 1.1.31)68. We examined residuals and quantile–quantile 
(QQ) plots of all models and evaluated multicollinearity with VIF. Marginal model means were generated with 
the R packages ‘effects’69 and ‘ggeffects’ 70.

Data availability
Data and code are publicly available via GitHub (www. GitHub. com) at https:// github. com/ mille rjess icaad ele/ 
Data- Code- for- Age- not_ Growth.
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