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Larval rockfish growth and survival
In response to anomalous ocean
conditions
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Understanding how future ocean conditions will affect populations of marine species is integral to
predicting how climate change will impact both ecosystem function and fisheries management. Fish
population dynamics are driven by variable survival of the early life stages, which are highly sensitive
to environmental conditions. As global warming generates extreme ocean conditions (i.e., marine
heatwaves) we can gain insight into how larval fish growth and mortality will change in warmer
conditions. The California Current Large Marine Ecosystem experienced anomalous ocean warming
from 2014 to 2016, creating novel conditions. We examined the otolith microstructure of juveniles of
the economically and ecologically important black rockfish (Sebastes melanops) collected from 2013
to 2019 to quantify the implications of changing ocean conditions on early growth and survival. Our
results demonstrated that fish growth and development were positively related to temperature, but
survival to settlement was not directly related to ocean conditions. Instead, settlement had a dome-
shaped relationship with growth, suggesting an optimal growth window. Our results demonstrated
that the dramatic change in water temperature caused by such extreme warm water anomalies
increased black rockfish growth in the larval stage; however, without sufficient prey or with high
predator abundance these extreme conditions contributed to reduced survival.

As climate change progresses, the oceans are absorbing ~ 90% of the heat attributed to global warming'. There
is evidence that much of the ocean has been warming for decades (+0.65 °C since 1960)?, and increasing ocean
temperatures have the potential to dramatically impact marine organisms, populations, and ecosystems®. Under-
standing the impacts of changing ocean conditions on marine populations and ecosystems is essential to the
development of “climate-ready” management strategies* to support the ecosystem structure and productive
fisheries these species underpin. As fish population dynamics are driven by variable survival through fish early
life stages’, and larval mortality increases with elevated temperatures®’, climate change is likely to alter survival
during early life® and thus overall population abundances.

The larval phase is a critical period in the development of many marine fish species; however, relatively
little is known about the processes leading to successful larval growth and recruitment to adult populations.
Oceanographic conditions dictate water temperature and influence larval dispersal and food availability, all of
which affect the early growth and survival of larval fishes®*!. Variation in early growth is an important factor
explaining variability in year-class strength of fished species as small changes in growth and survivorship can
lead to large fluctuations in the magnitude of recruitment to the population and thus to the fishery'?. In addition,
larval experience can influence survival and performance in later life stages through carryover effects, such as
rapid larval growth contributing to increased juvenile survival following settlement to reefs'*'*. Thus, to predict
population dynamics of fish populations in future oceans, we need to understand how early life stages will grow
and survive in those new environmental conditions. One “natural experiment” that enables the collection of
valuable field data is the recent occurrence of large-scale marine heatwaves that mimic future ocean conditions.

Eastern boundary current systems support highly productive fisheries and are affected by ocean and land
warming patterns'>~"”. The California Current Large Marine Ecosystem (CCLME) along the eastern boundary
of the North Pacific Ocean is characterized by high but variable seasonal productivity. In winter, low-pressure
systems in the north Pacific generate storms that create turbulent mixing in the upper water column and pole-
ward winds drive onshore Ekman transport moving upper layers of water towards shore, creating downwelling
conditions. During the spring and summer, warming of the continental landmass creates a low pressure in
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contrast to the high pressure formed by the cooler air over the ocean. This pressure gradient generates equa-
torward winds that drive offshore Ekman transport, leading to the upwelling of cold nutrient-rich water along
the coast'®. Many fish species time their reproduction to minimize offshore transport' and to take advantage
of the high productivity during the upwelling season?>*!. Warming threatens to alter reproductive phenology
and early survival, and there is mounting evidence that climate change is already impacting the CCLME by
altering the distribution and phenology of fishes*>?*, as well as the intensity of upwelling winds**. In addition,
the CCLME recently experienced extreme conditions during a large marine heatwave (2014-2016) that affected
the ecosystem and its inhabitants*>?%. Understanding how anomalous oceanographic conditions in the CCLME
impact the early life stages of fishes and their survival through recruitment is important for managing fisheries
in the face of changing ocean conditions.

Rockfishes (genus Sebastes) are a group of economically and ecologically important fish species found
throughout the CCLME. Adult rockfish have comprised the backbone of the US west coast commercial bottom
fishery since the 1940s?” while the pelagic juvenile stages are important prey for a variety of predators in the
CCLME?*7!. Rockfishes are characterized by their long-life spans, high fecundity, ovoviviparity, and highly vari-
able survival during their early life stages. Females give birth to pelagic larvae that develop in the plankton for
up to several months before metamorphosing into juveniles that eventually settle to benthic adult habitats®2.
Environmental factors during the rockfish pelagic phase are thought to regulate year class strength*. Recruit-
ment variability of different rockfish species in California has been linked to different conditions: a combination
of zooplankton prey abundance and reduced offshore transport*, the Northern Oscillation Index*, northern
copepod biomass (potentially important prey and an indicator of increased equatorward transport of produc-
tive northern waters)*, regional productivity’’, and, prior to the marine heatwave, sea level height anomalies®.
During the 2014-2016 marine heatwave, the relationship between sea level height anomaly and rockfish recruit-
ment collapsed and a new “spiciness index” was computed. Spiciness is a measure of the relative contribution
of Pacific Subarctic and Pacific Equatorial water to the upper 100-400 m of the CCLME and the spiciness index
effectively explained variability in rockfish recruitment in California, including during the anomalously warm
conditions®. Spicy conditions indicate relatively low Pacific Subarctic water and high Pacific Equatorial water,
thus a warm, salty, and low oxygen signal. In contrast, minty conditions signal the presence of cold, fresh, and
highly oxygenated water. While these anomalous conditions enabled the refinement of our understanding of how
changing ocean conditions affect the recruitment of rockfish in California, mechanisms underlying these patterns
remain largely unknown. Rockfishes also recruit to more northern areas along the Oregon and Washington coasts
and up to British Columbia*®*!, in some cases comprising a substantial commercial and recreational fishery.
Oceanographic conditions differ in these northern portions of the CCLME* and little is known regarding how
oceanographic conditions influence the growth and survival of these species.

We used a time-series of settlement-stage juvenile black rockfish (Sebastes melanops) from 2013 to 2019
along the central coast of Oregon to investigate the influence of oceanographic variability on fish early life his-
tory traits and survival (Table 1). This time-series included the extreme conditions of 2014-2016, allowing for a
glimpse into how future ocean conditions may impact black rockfish early life. Otolith microstructure analysis
was used to quantify black rockfish early life history traits while calculation of settlement rate (i.e., catch per unit
effort) to nearshore monitoring devices provided an estimate of survival through the pelagic period to the point
of nearshore settlement. We examined how early growth and settlement magnitude were related to a variety of
basin-scale, regional, and local oceanographic indicators, to shed light on what we can expect in future oceans.

Results

Oceanography during the larval phase of rockfish. Larval black rockfish experienced a wide diver-
sity of conditions from 2013 to 2019. On a basin scale, the Pacific Decadal Oscillation (PDO), a measure of
sea surface temperature (SST) throughout the northeast Pacific, during the larval period was strongly negative
during 2013 and somewhat neutral during 2018, while Ocean Nino Index (ONI), a measure of equatorial upper
water temperature and indicator of El Nifo events, was negative in 2013 and 2018, indicating enhanced coastal
upwelling and cooler water temperatures during larval development (Fig. 1). In contrast, both PDO and ONI
were positive during the larval rockfish windows in 2014, 2017, and 2019, and strongly positive in 2015-2016,
indicating that fish experienced reduced upwelling and warmer water temperatures. The marine heatwave began

Year Sample size (n) Recruitment window
2013 15 June 6-July 17

2014 34 May 28-June 25

2015 1+(5) May 18-June 29

2016 32 May 17-June 29

2017 27 May 18-June 27

2018 29 May 16-July 17

2019 32 May 10-July 5

Table 1. Otolith sample sizes used to estimate early life history traits of black rockfish (Sebastes melanops).
All samples from central Oregon except where parentheses indicate individuals from the southern Oregon
SMURFs (233 km away, also in the Northern California Current). The recruitment window indicates the dates
used to calculate settlement rate.
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Figure 1. Monthly mean basin-scale climate indices. From top to bottom: Pacific Decadal Oscillation (PDO),
Ocean Nifio Index (ONI), North Pacific Gyre Oscillation (NPGO), and the Northern Oscillation Index (NOI).
Gray rectangles indicate the larval period for each annual cohort of black rockfish (Sebastes melanops)-birthdate
distribution plus one month.

to impact the CCLME in 2014, which is apparent in the transition from negative PDO and ONI in 2013 to posi-
tive in 2014, but the dramatic effects of the heatwave did not impact the northern CCLME until after the larval
period. However, both the PDO and ONI shifted to positive in winter of 2014 ahead of the heatwave, indicat-
ing that larvae in 2014 developed in warm and reduced upwelling conditions. Likewise, the North Pacific Gyre
Oscillation (NPGO), which is a measure of upwelling and horizontal transport, was positive in 2013 and 2016,
negative in 2014 and 2017, and strongly negative in 2015, 2018, and 2019 (Fig. 1). The Northern Oscillation
Index (NOI), which is associated with trade wind and upwelling strength, was positive during the larval stage
in 2013 and 2018, near the long term mean for 2014 and 2015, and negative in 2016, 2017, and 2019 (Fig. 1).

Regional oceanographic indices varied across years. Meridional winds were poleward in 2013-2014 as well
as 2016-2018, strongly equatorward in 2015, and moderately equatorward in 2019. The biologically effective
coastal upwelling transport index (BEUTI) was negative during the larval stage from 2013 to 2018 and turned
positive in 2019 (Table 2).

Local oceanographic indicators aligned with the basin-scale indices. The southern copepod biomass anomaly
trended with the PDO and ONI and was negative during the larval period in 2013-2014, strongly positive in
2015-2017 as the warm water mass moved into the northeast Pacific, and weakly positive in 2018-2019 (Fig. 2).

Year | PDO ONI NPGO | NOI BEUTI | Mwind | S.copepod | SST Spicy

2013 -0.338 | -0.375 0.888 4.85875 | —0.259 0.030 | -0.035 9.642 | —-0.654
2014 1.05 -0.115 | -0.536 0.278 -1.32 1.430 | -0.187 10.595 | —-0.384
2015 1.913 0.567 -1.349 | -0.036 -0.023 |-12 0.401 11.406 | -0.395
2016 1.893 2.067 0.547 | -2.725 —2.481 4.836 |0.348 11.461 | -0.266
2017 0.853 0.03 -0.559 | -0.7916 | -2.805 3.475 | 0.405 10.537 | —-0.086
2018 0.143 -0.683 | -2.112 2.222 -0.178 0.432 |0.182 10.197 | -0.215
2019 0.415 0.715 —2.282 | -3.0745 |0.22 —-0.047 |0.155 10.441 | -0.161

Table 2. Oceanographic indicators averaged over the larval period (birthdate distribution plus 1 month) of
black rockfish (Sebastes melanops) used in the partial least squares regressions with mean larval growth and
settlement rate. Pacific Decadal Oscillation (PDO), Ocean Nifio Index (ONI), North Pacific Gyre Oscillation
(NPGO), Northern Oscillation Index (NOI), regional: biologically effective upwelling transport index
(BEUTI), meridional wind velocity (Mwind), and local oceanographic conditions: southern copepod biomass
anomaly (S.copepod), sea surface temperature (SST), and the spiciness index (Spicy).
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Figure 2. Monthly mean local climate indices. From top to bottom: Southern Copepod Biomass Anomaly
Index, sea surface temperature (SST) at Stonewall Bank, OR, and biologically effective coastal upwelling
transport index (BEUTI) at 45°N. Gray rectangles indicate the larval period for each annual cohort of black
rockfish (Sebastes melanops)-birthdate distribution plus one month.

SST generally tracked the PDO/ONI values with cold temperatures in 2013, markedly warmer temperatures in
2014-2017, cooling oft in 2018, before warming slightly in 2019 (Fig. 2). The spiciness index suggested that source
waters of the CCLME throughout this time series were dominated by Pacific Subarctic water, with the greatest
influence in 2013-2016 and a relatively smaller contribution in 2017-2019 (Table 2).

Rockfish early life history traits & settlement rate. There was significant interannual variability in
black rockfish early life history traits. Birthdates varied by year (Fg 153=22.57, p<0.001) with fish born earliest
in 2016 with a mean birthdate of February 5 and latest in 2014 and 2018 with a mean date of March 6 (28 days
later; Fig. 3a). Mean larval growth differed significantly across years (Fg ¢5=13.32, p<0.001) with growth ~27%
faster in the anomalously warm years of 2014-2016 than growth in cool years of 2013 and 2018 (Fig. 3b). Age-
at-settlement varied significantly across years (Fg 155 =11.25, p <0.001) and mirrored growth rate as settlers were
typically younger in warm years when growth was fastest (2014-2016) and oldest in 2013 (8% older) when
growth was slowest and water temperatures were coldest (Fig. 3c). Size (SL) also varied significantly among
years (Fg 53=6.102, p<0.001): Fish were largest in 2014 and smallest in 2015 (15% smaller; Fig. 3d). There was
significant interannual variability in settlement rate (Table 3) with highest settlement in 2016 and 2019 and low-
est settlement in 2013 and 2015 (Fig. 3e).

Relationship between larval growth and oceanography. Rockfish larval growth rate is largely
driven by ocean temperature. The first two components of the partial least squares regression analysis explained
88.8% of variability in mean larval black rockfish growth, with the first component explaining 60.2% of the
variability (Fig. 4a). There was a strong positive relationship between mean larval growth and the first PLSR
component, which was driven mainly by PDO and SST (Table 4), indicating that growth was faster in years with
warmer water (p=0.04; R*=0.60; Fig. 4b). The second component captured 28.6% of the variability but mean
larval growth was not significantly correlated with this component (p=0.22).

There was a weak relationship between black rockfish settlement and the same suite of oceanographic and
early life history variables. The first two components of the partial least squares regression explained 89.9% of
the variability in black rockfish settlement. The first component explained 51.3% of the variability in settlement
while the second component explained 38.6% of the residual variation in settlement; however, settlement was
not significantly correlated with either component (p=0.07 and p=0.14, respectively).

Relationship between growth, timing of metamorphosis, and settlement. The timing of lar-
val black rockfish metamorphosis to pelagic juveniles was negatively related to mean larval growth (R?=0.92,
p<0.001), suggesting that rapid growth enables a faster transition from larvae to juvenile (Fig. 5). In contrast,
annual settlement magnitude of black rockfish was not a linear function of mean larval growth, but instead was
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Figure 3. Mean (thick line), standard error (box) and 95% confidence interval (whisker) of (a) birthdate
distribution, (b) age at settlement, (c) mean larval growth rate, (d) size at settlement, and (e) settlement rate of
black rockfish (Sebastes melanops). Letters above boxplots represent Tukey-HSD post-hoc comparisons. Shared
letters are not significantly different.
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Variable df Deviance Residual df Residual Deviance Pr(>Chi)
Null 227 346.41
Year 6 144.37 221 202.04 <0.0001
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Component 2
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Table 3. Results of generalized linear model with negative binomial distribution of interannual black rockfish
settlement.
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Figure 4. Partial least squares regression (PLSR) correlation (a) radar plot of oceanographic indices (blue) and
mean larval growth of black rockfish (Sebastes melanops) (orange) based on 7 years of settlement-stage fish.

(b) Linear regression of mean larval growth as a function of PLSR component 1; gray area is 95% confidence
interval. Indices as listed in Figs. 1 and 2.

Predictor Weight? Correlation Loading
PDO 0.412 0.958 +
SST 0.369 0.985 +
ONI 0.103 0.834 +
NOI 0.097 —-0.783 -
Mwind 0.011 0.324 +
S.copepod 0.006 0.407 +
NPGO 0.005 —-0.059 -
Spicy 0.002 0.342 +
BEUTI 0.0001 -0.313 -

Table 4. Summary of the partial least squares regression analysis between basin scale: Pacific Decadal
Oscillation (PDO), Ocean Nifio Index (ONI), North Pacific Gyre Oscillation (NPGO), Northern Oscillation
Index (NOI), regional: meridional wind velocity (Mwind), biologically effective upwelling transport index
(BEUTI), the spiciness index (Spicy), and local oceanographic conditions: sea surface temperature (SST), and
southern copepod biomass anomaly (S.copepod) and mean larval growth of black rockfish (Sebastes melanops).
Weight? indicates the contribution of each variable to the variability explained by Axis 1. Correlation is
between mean larval growth and each indicator variable. Loading indicates the direction of the relationship
between the explanatory variable and mean larval growth. Significant predictor variables that explained more
than 20% of variability in Axis 1 are in bold.

dome-shaped, with settlement highest at an intermediate value of mean larval growth (Adj. R* 0.72, F, ,=8.88,
p=0.03; Fig. 6).
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Figure 5. (a) Linear regression of the timing of metamorphosis (transition between larval and pelagic juvenile
stages) of larval black rockfish (Sebastes melanops) and larval growth rate. Gray area is 95% confidence interval.
(b) Mean daily larval growth (otolith increment widths) for each of seven annual cohorts of black rockfish.
Colors correspond to relative mean water temperatures encountered by larvae with higher temperatures in reds
and lower temperatures in blues.
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Figure 6. Multiple regression of mean settlement rate of black rockfish (Sebastes melanops) to coastal Oregon as
measured in replicate Standardized Monitoring Units for the Recruitment of Fishes (SMURFs) over 7 years as a
function of mean larval growth and mean larval growth®. Gray area is 95% confidence interval.

Discussion

Marine heatwaves and rockfish in the California Current. Over the 7-yr period of 2013-2019, the
CCLME experienced extremely variable oceanographic conditions. The advent of the large anomalous marine
heatwave from 2014 to 2016 resulted in the warmest three-year period in the recorded history of the CCLME®.
These years consisted of strongly positive PDO values, a very strong El Nifio (2015-2016), and strongly negative
NPGO values, triggering ecosystem-wide changes in the taxa distributions, reproductive phenology***, larval
fish abundance, and community structure in the CCLME*. These extreme conditions also changed our previous
understanding of the relationship between the physical environment and rockfish recruitment in California®.

In Oregon, the extreme event of a marine heatwave resulted in changes throughout the planktonic food web.
In the phytoplankton community, diatom abundance and diversity decreased and dinoflagellate diversity spiked*.
The zooplankton community experienced a reduction of copepod and euphausiid biomass, but increased in
copepod species richness as a diversity of southern and offshore species moved into the system*. Additionally,
micronekton and macrozooplankton communities underwent a shift from crustacean to gelatinous zooplankton
dominance?’. In 2015, the plankton community experienced a dramatic increase in the hydromedusa Aequorea
victoria, but by 2016, the pelagic tunicate Pyrosoma atlanticum dominated the system*”*. These changes to the
base of the food web led to changes in the diets of many forage fish off the Oregon coast with gelatinous zoo-
plankton becoming a major proportion of the prey consumed®.

Rockfish are an important component of this ecosystem, but few studies have examined how they have and
will respond to warming-induced ecosystem changes in the northern CCLME. Pelagic juvenile rockfish are con-
sidered to be a forage species as they link large predators to lower trophic levels?. The diets of pelagic juvenile
rockfish are typically dominated by copepods, euphausiids, and amphipods®**!; however, not much is known
about larval rockfish diets and how they may change with oceanographic conditions®?. Abundance of larval
rockfish has been positively correlated with the multivariate ENSO index and eastward Eckman transport™.
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Additionally, settlement of several rockfish groups has been shown to increase with downwelling conditions
prior to settlement while the settlement of others increased with higher SST, though the group containing black
rockfish did not have a strong response to either of these conditions*.

Marine heatwaves cause major changes to oceanic ecosystems and are expected to become more frequent
as oceans continue to warm®*. These events provide the opportunity to examine relationships between extreme
conditions and settlement patterns as a precursor to refining our predictions of climate change effects on future
fish populations. By examining a 7-yr time series of settlement that included multiple years of anomalous con-
ditions, we were able to tease apart the effect of environmental conditions on the growth, development rate,
and survival of juvenile black rockfish, together informing our understanding of the mechanisms underlying
patterns of recruitment.

Variation in rockfish traits. For black rockfish settling to coastal Oregon, this period of highly variable
oceanographic conditions led to interannual variability in juvenile black rockfish early life history traits. Birth-
date distributions varied across years but were not associated with ocean conditions. However, there were clear
linkages across other traits: growth and development were strongly affected by temperature, leading to faster
growth, rapid development, and earlier settlement in warm years relative to cool years. Because size at the time
of settlement is a function of both growth rate and time spent growing at that rate, size-at-settlement was largely
conserved across years (~42 mm SL) except in 2015 when growth was highest, and size-at-settlement was sig-
nificantly smaller. Variability in growth is commonly attributed to variable temperatures, and work on temperate
species shows that warmer temperatures increase early growth® and weight-at-age of species such as Atlantic
cod (Gadus morhua)*®. Studies of tropical fishes have shown that water temperature encountered by larvae dur-
ing early life not only influences their growth, but also their larval duration and size-at-settlement®”*,

Temperature plays a major role in black rockfish larval growth. Early growth was strongly positively associated
with PDO and SST, indicating faster growth in warmer water. Laboratory studies of larval and juvenile rockfish
growth demonstrate that, as long as fish have sufficient access to food, growth rate increases with increasing
temperature®®®. Field studies confirm that larval growth increases with increasing temperature for rockfish off
the coast of central California® and off of Washington, USA®. The fish used in our study were those that had
successfully navigated the pelagic larval period and were collected at the time they transitioned to the nearshore.
Because these fish had survived this high mortality stage, by definition, they were those that had enough food to
survive. However, for larval fishes in general, the interplay between temperature, food availability, and growth
will likely be important in determining how climate change will impact the early survival of fishes® and thus
adult population dynamics.

Oceanography and rockfish settlement to central Oregon. Perhaps surprisingly, the magnitude of
black rockfish settlement to central Oregon was not significantly correlated with oceanographic conditions. The
two highest settlement years (2016 and 2019) were characterized by positive PDO and ONI conditions, although
2016 had much higher PDO and ONI values. These years differed substantially from each other in that relative to
2019, 2016 had an elevated southern copepod biomass anomaly, weakly positive NPGO (in contrast to strongly
negative values in 2019), northward meridional winds and moderate downwelling (in contrast to southward
meridional winds and upwelling in 2019), and high SST (in contrast to moderate SST in 2019). In 2015, when
black rockfish settlement was lowest, PDO and ONI were positive while NPGO was negative, meridional winds
were southward and there was an early pulse of upwelling, southern copepod abundance was enhanced, and SST
was high. The overlapping and contrasting conditions within years of high recruitment and between years of
high and low recruitment demonstrate the challenge in using oceanographic conditions in a dynamic ecosystem
experiencing anomalous conditions to forecast rockfish survival.

Previous studies in California have shown that the pelagic juvenile abundance of a variety of rockfish spe-
cies is related to oceanographic variability (Table SI and references therein). Juvenile black rockfish abundance
has been shown to be negatively associated with sea level anomaly and nearshore temperature during the larval
stage®®. However, only one study encompassed the marine heatwave and demonstrated that the spiciness index
best explained rockfish abundance throughout the time series®. Inclusion of the anomalous marine heatwave
conditions altered our previous understanding of how pelagic juvenile abundance of a variety of rockfish spe-
cies varies with ocean conditions®®®. For black rockfish settling to central Oregon, settlement magnitude was
not significantly correlated with the spiciness index or any other oceanographic index. Instead, we found that
low settlement occurred in one year of elevated water temperatures as well as in the coldest year, while high
settlement occurred in two warm years. It is possible that there are regional differences in how black rockfish
respond to ocean conditions as upwelling in Oregon is more intermittent than the near constant upwelling of
northern and central California*.

The combination of the differences in Oregon oceanography and the inclusion of the marine heatwave in this
settlement timeseries may explain why conditions that predict early survival of pelagic California rockfish do
not reliably predict black rockfish settlement to the nearshore in Oregon. Importantly, the majority of previous
studies in California have focused on the abundance of pelagic juveniles offshore and not on nearshore settlement
or recruitment®®. Nor do these studies provide a direct link between oceanographic variability and rockfish
early life history traits. Without a mechanistic understanding of how oceanographic variability translates into
variability in rockfish early life history traits we cannot anticipate how changing conditions will affect rockfish
survival. Our study is one of the first to link these larval oceanographic variables with nearshore recruitment for
black rockfish. Here we demonstrate that ocean conditions impact rockfish larval growth and that oceanographic
variability is translated to settlement variability through larval and pelagic juvenile growth.
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Early life history traits and magnitude of rockfish settlement. The annual magnitude of black rock-
fish settlement to central Oregon varied predictably with larval growth, but in an unexpected way. While a com-
bination of environmental and oceanographic variables failed to predict black rockfish settlement rate, a better
predictor emerged: growth integrates the influence of the biological and physical environment on larval develop-
ment. Numerous studies stress the importance of fast growth®-%, large size®”*® and rapid development'>* to the
survival of young fishes. We found that water temperature strongly influences larval growth and development,
but interestingly, this rapid larval growth did not translate to high survival. Survival to settlement was highest at
moderate growth rates in conditions that likely increased food availability and decreased predation. Our findings
demonstrate that warming of the CCLME will increase black rockfish larval growth rates, but depending on how
the entire ecosystem responds to warming, may lead to reduced survival to settlement.

Although growth of young black rockfish off Oregon was positively related to water temperature, fast growth
in warm temperatures did not lead to high rates of settlement. In fact, settlement rate was lowest in 2015 when
growth was fastest and peaked at intermediate values of larval growth. Settlement was so low in 2015 that there
were barely enough fish samples to analyze. There are several possible explanations for why settlement rate was
lowest in 2015 when growth was highest, and the following two explanations are most likely. First, in 2015, strong
meridional winds during the larval period led to a strong early upwelling pulse and offshore transport, potentially
displacing larvae offshore or beyond their retention zone'! which may have dramatically decreased the survival
of this cohort as only a few extremely fast-growing individuals were collected at settlement. Swimming endur-
ance in rockfish increases with increasing size and development”. It is possible that only the individuals that
grew and developed rapidly were able to resist or overcome offshore displacement and settle to the nearshore.
Second, there may have been strong growth-selective mortality®® where predators consumed the slowest growing
individuals and only the fastest growers escaped predation and survived to the settlement stage. There is evidence
of size-selective predation of larval fish by hydromedusae” and faster growing fish are likely to reach larger size
more rapidly, reducing the amount of time they would be vulnerable to gelatinous predators. Abundance of A.
victoria, a hydromedusa that consumes larval rockfishes’?, dramatically increased off the coast of Oregon in
2015% and may have caused catastrophic losses to the larval black rockfish population in 2015.

While measured rates of settlement in our study were extremely low in 2015 and young rockfish may have
experienced high mortality due to physical transport and/or predation by A. victoria, data from 2014 provide
an interesting comparison. In 2014 when larval rockfish growth was relatively fast and settlement moderate,
upwelling strength and A. victoria abundance were low, thus inconsistent with either physical transport or
predator-mediated high mortality driving reduced settlement. We hypothesize that the reduction in settlement
at high larval growth rates is due to a combination of high temperature and reduced food availability with high
predation underlying the most extreme low survival at the highest growth rate.

Our observations of high black rockfish growth coupled with reduced survival (settlement magnitude) in
anomalously warm water during 2014-2015 may be due to changes in food availability. As with most poikilo-
therms, rockfish growth and consumption increases at higher temperatures and, as long as there is access to
sufficient prey, fish condition also increases®®. However, when prey are unavailable, increased temperature
leads to increased growth, but reduced condition®”. Experiments mimicking heatwave conditions on the larvae
of a tropical fish species revealed similar patterns of enhanced growth at higher temperatures with the require-
ment of high consumption to maintain elevated growth”. While larval black rockfish were growing rapidly in
2014-2015, the copepod community shifted to one dominated by offshore and southern species that are lower
in quality than the northern species associated with cooler years’*. To support higher growth in these warm,
nutrient-poor waters, we hypothesize that larval black rockfish would have to increase their foraging rate, rais-
ing the likelihood of encounters with predators and reducing survival, especially in years with high predator
abundance”. This hypothesis remains to be tested as details of how such a shift in zooplankton community
translates into the diets of young rockfish is largely unknown. We found only one study of larval rockfish diets
that indicated that copepod nauplii were important to larvae of a related rockfish species (S. paucispinis)**. The
majority of early rockfish diet studies focus on the pelagic juvenile phase and indicate that adult copepods are
important prey items®>°". These findings suggest that southern copepod biomass anomalies may be more relevant
to juvenile rockfish survival and that examination of fluctuations in the abundance and species composition of
copepod nauplii is necessary to understand how changing ocean conditions affect the diets of larval rockfish.

Changes to food-webs in future oceans remain a large challenge in our efforts to predict the resilience of fish
populations. While marine heatwaves provide some indication of how both lower and upper trophic levels may
shift with climate-induced changes, the consequences of shorter-term community changes may be different than
long-term community changes. Thus, a deeper understanding of food webs in important ecosystems such as the
CCLME will be necessary to fully understand how climate change will impact fish populations.

Climate change and the future of fishes in the CCLME. The CCLME is already feeling the effects of
climate change, making it imperative to understand future impacts to larval fish survival and subsequent popula-
tion dynamics during the adult, fished life stages. Evidence of changes in the timing, intensity, and duration of
upwelling in the CCLME is mounting'>~'”: upwelling is intensifying during spring but there are signals of lower
upwelling overall**”®. Intensified upwelling could lead to enhanced productivity, or mixing could become too
strong, transporting nutrients, phytoplankton, and larval fishes out of nearshore surface waters'. In addition,
the southern portion of the CCLME is experiencing earlier seasonal warming, and many fish species, including
several rockfishes, are experiencing shifts in their reproductive phenology to earlier in the year?’. Coinciding
with the large marine heatwave in the northern CCLME, reproduction of many fish species is occurring earlier
and farther north than previously observed®. Shifts in both the timing of reproduction and the onset of seasonal
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productivity may become detrimental to early fish survival in the CCLME. Finally, the warm period of 2014-
2016 revealed the sensitivity of the northern CCLME plankton community to changing ocean conditions*~*#.

Our results demonstrated that the dramatic change in water temperature caused by such extreme warm
water anomalies may increase black rockfish growth in the larval stage, but without adequate prey availability
or with increased predator abundance, settlement magnitude may plummet. In our 7 year study, anomalously
warm oceanographic conditions increased black rockfish larval growth, but we hypothesize that poor quality of
copepod prey during the same period required increased feeding activity, leading to higher predator encounter
rates, and diminished pelagic juvenile rockfish survival. The balance between constraints operating in different
stages will determine the degree to which growth-related processes contribute to successful population replenish-
ment. By integrating environmental variability (temperature, abundances of prey and predators) the examination
of fine-scale individual and cohort-specific growth enables a view into the mechanisms underlying population
predictions in a changing ocean.

Methods

Oceanographic conditions. To characterize the ocean conditions experienced by larval black rockfish
during the pelagic stage we assembled a variety of basin- scale, regional, and local oceanographic data from the
California Current Integrated Ecosystem Assessment data portal (https://www.integratedecosystemassessment.
noaa.gov/). To examine the influence of broadscale oceanographic patterns on larval black rockfish, we obtained
monthly values of periodic climate patterns: the PDO, the ONI, the NPGO, and the NOI. We included BEUTI
as a regional measure of upwelling strength and productivity at 45°N. We also examined the local oceanographic
indicator of southern copepod biomass anomalies from the Newport Hydrographic (NH) Line (off Newport,
Oregon): southern copepods originate in central and southern California or offshore waters in the California
Current and are transported to the northern California Current during winter. There is also a northern copepod
biomass anomaly, but these larger, cold-water associated copepods with greater lipids and thus nutritional value
are typically not abundant in winter when rockfish are larvae’”. The copepod data were collected by NOAA
along the NH line every 2-4 weeks throughout the study period*®. Additionally, we included SST and meridional
wind data from buoy 46050 (located 20 nmi west of Newport, OR). Data from 2019 were incomplete so we used
a regression between February-May SST data from buoy 46050 and the buoy located in Yaquina Bay (SBEO3,
Newport, OR) to determine the missing offshore 2019 SST values (F, ;= 96.55, p <0.0001, R*=0.86). Finally, we
included the spiciness index for the 26.0 potential density isopycnal as a proxy of the relative contribution of
Pacific Subarctic and Equatorial Pacific water to the upper waters (100-400 m) of the CCLME (sensu Schroeder
et al,*). For all these indices, we refined the values of interest by using the birthdate distribution for each
juvenile rockfish cohort (see below) to compute the average monthly mean for the oceanographic data over the
period fish were in the plankton (i.e., ~2 months from each cohort’s mean birthdate).

Fish collection. Juvenile black rockfish were collected in standard monitoring units for the recruitment
of fishes (SMURFs; Ammann”®). These SMURFs were located in nearshore waters 16 km north of Newport,
OR between Cape Foulweather and Otter Rock (see Ottmann et al.*’). Eight SMURF moorings were deployed
in~ 15 m of water and SMURFs were attached 1 m below the surface. SMURF moorings were anchored in sandy
habitat >390 m from shore and well offshore of rocky reefs and kelp canopy habitats to ensure fish collected in
the SMURFs were those transitioning from their pelagic to nearshore life stage. Each mooring was a minimum
of 300 m apart and sampled every ~ 14 days. Fish were collected by two snorkelers using a benthic ichthyofauna
net for coral and kelp ecosystems (BINCKE, Anderson & Carr”) to engulf a SMURE, remove it from the moor-
ing, and bring the sample to a boat where fishes were rinsed out of the SMURFs. Following American Veterinary
Medical Association guidelines for euthanasia of animals (2013), fish were euthanized with a lethal dose (2 mM)
of tricaine methanesulfonate (MS-222) buffered with sodium bicarbonate (6 mM), observed for 10 min after
cessation of opercular movement and then immersed in ice to ensure euthanasia, before being transported to the
lab for measurement and dissection. For the purposes of determining age-at-settlement, we assumed fish that
appeared in SMURES arrived the day they were collected. Juvenile black rockfish were collected under National
Marine Fisheries Service permit #18,058 and all procedures, including the ethical treatment of juvenile fishes,
were approved and conducted in accordance with Oregon State University Institutional Animal Care and Use
Committee protocol #4573, and followed recommendations from the ARRIVE Guideline®”.

Sample processing. Juvenile black rockfish were distinguished from similar looking yellowtail rockfish
using pectoral fin ray counts, pectoral fin pigmentation, and dorsal coloration patterns®!. We used digital calipers
to measure each fish to the nearest 0.1 mm standard length (SL) before otoliths were dissected and removed for
microstructure analysis.

To examine interannual variability of early life history traits we dissected and processed the otoliths of up to
n =34 juveniles per year (Table 1). Recruitment was very low in 2015 such that only 1 black rockfish recruited
to the SMURFs deployed near Newport, OR. We used all (n=5) black rockfish that recruited to SMURFs in
southern Oregon (233 km away; see Ottmann et al.**) to increase our sample size for this year. We recognize that
there are likely local differences in the oceanographic conditions between the two juvenile settlement monitor-
ing locations; however, these two locations are both part of the Northern California Current and experience the
same broad-scale oceanographic conditions: downwelling and storm driven vertical mixing in the winter and
intermittent upwelling during the spring/summer*. Additionally, the impact of the largest marine heatwave
ever recorded®?, extending from Alaska to Southern California (~ + 3 °C over 1000 s of km), on the physical and
biological oceanography of the California Current System during this period dwarfed local variation. Similarly,
intra-annual variability in growth for the fish in central and southern Oregon is small relative to interannual
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differences in growth based on dramatically different oceanographic conditions (Figs. S1 & S2). Daily growth
increments have been validated for juvenile black rockfish®, so otolith increment counts can be used to estimate
age, and widths between successive otolith increments can be used as a proxy for somatic growth®” . We embed-
ded sagittal otoliths in Crystalbond thermoplastic resin (Electron Microscopy Science) and used lapping paper
to polish otoliths along the sagittal plane. Otoliths were read at 400 x using a compound microscope equipped
with polarized transmitted light, and increments were interpreted using image analysis software (ImagePro v.9.0).
Following standard procedures®*%°, we obtained otolith increment counts and measurements of daily increment
widths to estimate the age and daily growth of each individual. Additionally, we used the presence of second-
ary growth, shown as primordia in the otolith, to determine the initiation of metamorphosis from the larval to
pelagic juvenile stage®®. Because juvenile black rockfish were frequently older than 100 days, it was difficult to
completely encompass the core and the edge of the otolith in the same plane. We captured two otolith images:
the first included the edge of the otolith with a little material remaining above the plane of core, after which the
otolith was polished to the plane of the core, producing the second image. This second image always contained
the core, was readable to at least the secondary growth primordia, and was used to estimate daily larval growth
rate. Occasionally, this final polishing resulted in the loss of some edge material, but the use of both images
during microstructure reading minimized the loss of information. We created transects from the core to the
edge of each of these images, aligning these transects by otolith landmarks. This allowed us to combine the two
transects, confirming overlapping regions, and create complete core-to-edge increment counts. Each otolith
was read blind two independent times by the same person (HWF) and if the ages differed by > 5%, it was read
a third time. If no two reads were within 5% of one another, the otolith was excluded from further analysis. For
reads within 5% of each other, one read was randomly selected for further analysis. There was a significant posi-
tive relationship between the residuals of the radius-at-age and size-at-age of surviving rockfish (F, ;,;=110.2,
p<0.0001, R?=0.39), confirming that otolith radius and otolith increment width could be used as proxies for
size and growth, respectively®.

Calculation of settlement rate. We used settlement rate of black rockfish to nearshore reefs as metric of
survival through the vulnerable early life stages and to understand how early survival is modified by interannual
variability in oceanographic conditions. Year class strength for most California Current fish species is set after
hatching/parturition, due to high mortality during early life history stages, so larval abundances are not consid-
ered reliable sources of data on recruitment dynamics; however, the pelagic juvenile abundance of several species
of rockfish in the Central California Current are correlated with recruitment to the fishery*>**#. Additionally,
rockfish can produce strong recruitment classes despite low spawning stock biomass, therefore juvenile rockfish
abundance is our best estimate of recruitment variability®. Black rockfish typically settle to nearshore rocky
reefs and kelp beds between May and July*’. SMURF moorings were not always deployed before the start of this
window due to weather and logistical issues with deployments. To standardize annual settlement to SMURFs
we restricted our analysis to the period beginning May 10 and used the last day black rockfish were collected in
SMUREFs each year as the end of the settlement window for that year. Settlement rate was calculated as the aver-
age number of fish per SMURF divided by the sampling interval (days between SMUREF retrievals), which was
then averaged for each year.

Data analysis. We tested for interannual differences in early life history traits (birthdate, mean larval
growth, and age-at-settlement) using one-way ANOVA as the error in these traits were normally distributed.
We used Tukey-HSD to examine pairwise differences in early life history traits. Birthdates were calculated by
subtracting fish age from the day the fish were collected. Because there was inter- and intra-annual variability in
the length of the pelagic larval period (i.e., pelagic larval duration) and some fish began to metamorphose into
pelagic juveniles when they were 44 days old, we limited the larval period for analysis to 0-43 days old. This
ensured that larval growth was compared over a window when all fish were larvae. To determine mean larval
growth for each year, we averaged increment widths of individuals from age 1 to 43 days, then computed the
mean for each year. As size and age are tightly correlated, to test for differences in size-at-settlement across years
after accounting for the effect of age we used ANCOVA with age as covariate. Because settlement of rockfish
frequently included observations of zero individuals per SMURE, we used a generalized linear model with a
negative binomial distribution to compare settlement across years. This analysis also included an offset variable
to account for differences in the sampling interval between settlement observations*’. We used Tukey-HSD to
make pairwise comparisons of settlement across years.

To elucidate the contributions of basin-scale, regional, and local oceanographic conditions to interannual
variability in growth and settlement, we utilized partial least squares regression (PLSR). PLSR is a multivari-
ate analysis well suited to ecological data because it handles many colinear predictor variables, maximizes the
variability explained in a response variable, is robust to small sample sizes®’, and has been used to examine the
influence of oceanographic conditions on fish growth’ and abundance®. We tested the influence of basin-scale
oceanographic indices including PDO, ONI, NPGO, and NOJ, regional values of BEUTT at 45°N, local oceano-
graphic conditions including southern copepod index, sea surface temperature (SST), the meridional winds, as
well as the spiciness index on black rockfish larval growth. Oceanographic conditions included in the PLSR were
averages of the monthly values during the larval window for each year. We used these same conditions with the
addition of the spiciness index to test the influence of oceanographic indicator variables on settlement magnitude.

We used simple linear regression to examine the relationship between the timing of metamorphosis from
larval to pelagic juveniles and mean larval growth rate. A multiple regression model with linear and quadratic
fits was used to determine whether settlement magnitude was correlated with larval growth.
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All analyses were performed in R v4.1.27° using packages dplyr and plsrdepot. Figures were generated using

R package ggplot2.

Data availability
The data sets generated and/or analyzed during the current study are available in the Dryad data repository:
https://doi.org/10.7291/D1109B.
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