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Effects of climate change on ocean ecosystem dynamics are widespread.

Oceanographic conditions vital to biological communities have already shown

changes, resulting in negative impacts on several of the world’s largest fisheries.

The Northern California Current (NCC) is a highly productive system that

supports many important fisheries. In addition to large-scale oceanographic

forcing and seasonal up- and downwelling cycles, in the last decade, the NCC

also experienced two distinct marine heatwaves (MHWs) that resulted in

pervasive ecosystem alterations. The 2014–16 and 2019 MHWs had

contrasting oceanic and atmospheric origins and different effects on ocean

temperature, providing the opportunity to identify the mechanisms important

to juvenile fish recruitment processes and how they may be differentially

impacted by future warming scenarios. We utilized a five-year time series

(2014, 2015, 2016, 2018, and 2019) of larval fish concentration, growth, and

diet as a natural experiment to investigate the impact of MHWs as well as two

neutral years on cabezon (Scorpaenicthys marmoratus). Findings include the first

published measurement of larval cabezon daily growth rates. Mean growth rates

were higher during MHWs, suggesting that elevated temperatures did not pose a

major growth or survival challenge. Cabezon’s fast growth response to MHW

conditions demonstrates that larval cabezon were able to sustain fast growth in

warmer temperatures, and were not likely prey limited. Further, larval cabezon

gut fullness did not differ significantly among years. Instead, differences in diet

composition and prey quality varied with larval growth. Relative to slower-

growing larvae, larval cabezon with high growth rates consumed larger prey

items, including larval euphausiids and amphipods. Consistent with these

patterns of larval growth, nearshore recruitment of juvenile cabezon was also

high during MHW years. Our findings highlight the importance of phenological

coupling, or matches in timing, between cabezon and euphausiid population

dynamics in that larval cabezon exhibited fast growth when the timing of flexion
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was coupled with the euphausiid population transition to a larger, omnivorous

larval stage. Results of this study suggest that larval cabezon’s variable growth

and broad diet coupled with selection for large, nutrient dense prey may be a

source of resilience for its population dynamics.
KEYWORDS

otoliths, Northern California Current, marine heatwave, Cottidae, Pacific groundfish,
larval fish growth, plankton
1 Introduction

Global climate change is driving ecosystem-wide responses in

coastal and open oceans around the world. A dramatic increase in

greenhouse gasses in the atmosphere has led to unprecedented

physical and chemical changes in ocean environments, including

increases in ocean temperatures and acidification, decreases in

dissolved oxygen, and changes to freshwater input and nutrient

cycling (Deutsch et al., 2015; Doney et al., 2012; Abraham et al.,

2013; Altieri and Gedan, 2015; Chan et al., 2019; IPCC, 2019). These

stressors interact to alter ecosystem structure and functioning in

direct and indirect ways, including changes in ocean productivity,

phenology, and species distributions (Hsieh and Boer, 1992; Koeller

et al., 2009; Bakun et al., 2015). Documenting and predicting

changes to vulnerable ocean habitats, such as regions with high

exposure to stressors (e.g., surface waters), those already near

ecological tipping points (e.g., coral reefs, kelp forests), and

nursery grounds for important fisheries species (e.g., mangroves,

seagrass beds) is critical (e.g., Rogers-Bennett and Catton, 2019).

Among the stressors impacting marine ecosystems, increases in

ocean temperatures are already resulting in poleward shifts in

species’ ranges (Hastings et al., 2020; Pinsky et al., 2020), altered

life history timelines (Auth et al., 2018; Asch et al., 2019), and

physiological challenges (Bennett et al., 2019). In addition to long-

term, nonstationary ocean warming, climate change is expected to

increase the number of marine heatwaves (MHWs; Hobday et al.,

2016, 2018, Frölicher et al., 2018). MHWs are defined as discrete

periods of prolonged anomalously warm water at a particular

location (Hobday et al., 2016, 2018) and are often caused by

compounding influences of atmospheric forcing (e.g., air-sea heat

flux, teleconnections) and/or oceanic processes (e.g., heat transport;

Oliver et al., 2021). While MHWs are not a new phenomenon, they

have been increasing in frequency and duration over the past

century (Oliver et al., 2018) and have caused substantial

disruptions to marine ecosystems (Mills et al., 2013; Wernberg

et al., 2013; Hughes et al., 2017; Eakin et al., 2019; Jacox et al., 2019;

Smale et al., 2019; Gomes et al., 2024). Early life stages are a survival

bottleneck for many marine species and can be particularly

vulnerable to MHW impacts. For example, MHW have been

linked to failed spawning of invertebrates (e.g., Shanks et al.,

2020), shifting species assemblages of larval fishes (e.g.,
02
Thompson et al., 2022), and disruptions to larval physiology (e.g.,

Gall et al., 2021; Bruning et al., 2024) and larval phenology

(e.g., Miller et al., 2024) during critical life stage transitions (e.g.,

metamorphosis, molting). In recent years, significant advances in

our ability to model the physical drivers of MHWs have enabled

forecasting of future events (Oliver et al., 2019; Holbrook et al.,

2020; Jacox et al., 2022), yet we lack a mechanistic understanding of

the biological and ecological effects on marine processes, especially

those that have been historically challenging to study, such as such

as the survival and recruitment of taxa with planktonic stages of

development. Studies that examine larval feeding, growth, and

survival in response to multiple distinct MHW events are needed.

The Northern California Current (NCC) is a dynamic eastern

boundary current system characterized by high productivity that

fuels several large commercial fisheries. This productivity is largely

attributed to intense seasonal upwelling and the retention of

nutrients from river runoff along the continental shelf (Huyer,

1983; Hickey and Banas, 2008; Checkley and Barth, 2009). The

NCC undergoes substantial variability in temperature related to

local and remote forcing and fluctuates between warm and cold

periods on a regular basis (Fiedler and Mantua, 2017). From 2014-

19, the NCC experienced several record-setting MHW events with

longer durations and higher intensities and frequencies than have

been recorded in recent decades, well exceeding normal variability

(Bond et al., 2014, Di Lorenzo and Mantua, 2016; Amaya et al.,

2020; Weber et al., 2021). For example, peak sea surface

temperature anomalies reached 2–3 standard deviations above

normal in 2013–2015 and 3.5 standard deviations above normal

in 2019 (Amaya et al., 2020). In response to anomalous

environmental conditions, profound ecosystem effects occurred

throughout the California Current including shifts in species

distributions and spawning patterns at all trophic levels (Cavole

et al., 2016; Di Lorenzo and Mantua, 2016; McClatchie et al., 2016;

Daly et al., 2017; Peterson et al., 2017; Auth et al., 2018; Jacox et al.,

2018; Brodeur et al., 2019; Rogers-Bennett and Catton, 2019, Starko

et al., 2025) and changes in the growth of young fish (Fennie

et al., 2023).

To understand the impact of MHWs on marine ecosystems,

particularly the response of economically and culturally important

fish populations to climate change stressors, it is necessary to

understand how MHWs impact recruitment processes. Marine
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larvae typically suffer exceptionally high mortality rates (>99%;

Peterman and Bradford, 1987; Hedgecock and Pudovkin, 2011),

thus it is likely that the effects of MHWs will disproportionately

impact this vulnerable life stage. There is a long history of studies of

environmental factors that affect larval fish and invertebrate growth

and survival (e.g., Cushing, 1990; Hare, 2014; Pan et al., 2016). For

larval fishes that inhabit upwelling zones, past studies have found

that intermediate levels of wind stress strike a balance between

enhancing prey availability and minimizing advective loss

(Rothschild and Osborn, 1988; Cury and Roy, 1989; Roy et al.,

1992). During MHW events where upwelling is suppressed, lower

productivity may result in poor feeding conditions for larvae

(Cushing, 1990). Alternatively, calm physical conditions may

allow prey to form concentrated layers that larval fish may exploit

(Lasker, 1975). For zooplankton that depend upon temperature as a

phenological signal (e.g., for reproduction, somatic growth,

dormancy; Mackas et al., 2012), MHW events may spatially or

temporally decouple larval fishes and their prey, resulting in

recruitment failure.

Cabezon is the largest cottid in the California Current and is

economically and culturally important. Archeological records

indicate harvest of cabezon at exposed rocky coastal sites in

California as early as 6200 B.C. (Gobalet and Jones, 1995).

Cabezon is targeted by modern recreational and commercial

fisheries throughout its range (Cope and Key, 2009; Rodomsky

et al., 2018). Because of their proximity to shore and ability to

survive capture, cabezon are specifically targeted by the live-fish

fishery, a ‘boutique’ fishery that provides restaurants with live,

dinner-plate sized fish (McKee-Lewis, 1996). Over the past two

decades, cabezon harvest in California, Oregon, and Washington

has ranged from approximately 85–230 mts, at a value of 1.5-3.5

dollars per pound, depending on whether the harvest was sold fresh

(dead) or live (Cope et al., 2019). Total landings in Oregon and

California peaked at nearly 550 mts in the 1990s (Cope and Key,

2009) and cabezon were the fifth most important species in

California’s commercial live-fish fishery (Lucas, 2006). Cabezon

spawn during both winter (downwelling) and summer (upwelling)

months (Doyle, 1992; Shenker, 1988; Ottmann et al., 2018), thus

their larval stages experience distinct upwelling regimes that impact

temperature and prey availability. Larval cabezon primarily inhabit

the neuston for the duration of their larval stage (Shenker, 1988;

Doyle, 1992), utilizing this zone as a nursery and likely taking

advantage of elevated prey availability. The neuston is a known

nursery ground for multiple species (Brodeur, 1989; Whitney et al.,

2021) and, being at the air-sea interface, it is especially exposed to

climate change stressors (Gove et al., 2019; Helm, 2021). Despite

this importance and unique vulnerability, our understanding of

ecological processes in this habitat is limited. We utilized a 5-yr time

series of neuston sampling from along the Oregon and Washington

coasts that encompassed two different MHW events as well as

oceanographically neutral years as a natural experiment to shed

light on the trophodynamics and growth of larval cabezon.

Increased understanding of the larval ecology of this species

provides a window of insight into how recruitment processes may

be impacted by climate change in the future.
Frontiers in Marine Science 03
2 Methods

2.1 Field sampling

Biological net samples were collected during 10 research surveys

in the NCC in five different years: 2014, 2015, 2016, 2018, and 2019,

representing a portion of the long-term environmental monitoring

data that are collected by the National Oceanic and Atmospheric

Administration (NOAA), Northwest Fisheries Science Center

(NWFSC) in this region (Supplementary Figure S1). It should be

noted that because biological sampling occurred via three separate

research surveys, larval cabezon and prey collections did not

spatially or temporally overlap exactly. While coupled in-situ

sampling of zooplankton and larval fish would be preferable to

ensure spatial overlap of predators and prey (sensu Sponaugle et al.,

2009; Swieca et al., 2023), such studies are rare and targeted (i.e.,

often do not span several years). We cannot assume direct spatial

overlap between larval cabezon and prey using the samples available

for this study. However, these surveys represent the best-available

long-term larval cabezon and prey data in this region as close to co-

located as possible and thus provide valuable insights about

trophodynamics in the region. All larval cabezon were collected

during NWFSC Pre-recruit Surveys. Prey densities and biomasses

were collected during NWFSC Newport Hydrographic Line (NHL)

surveys and NWFSC Juvenile Salmon and Ocean Ecosystem

Surveys (JSOES). Pre-recruit cruises sampled shelf, shelf-break,

and offshore stations along ten cross-shelf transects in Oregon

and Washington waters (42-46.5˚N; Brookings, Oregon to

Willapa Bay, Washington; Brodeur et al., 2019); samples utilized

in this study came from nine of these transects. The JSOES survey

sampled five to six stations along cross-shelf transects in Oregon

and Washington waters (44.5-48˚N; Newport, Oregon to La Push,

Washington; Morgan et al., 2019); samples utilized in this study

came from one shelf (60-m depth) and one shelf break (296-m)

station along a single transect (Newport, Oregon). Similarly,

samples from the NHL surveys were from one shelf (60-m depth)

and one shelf-break (296-m depth) station on the historically

sampled NHL (44.6°N; Peterson et al., 2017). All samples utilized

in this study had a similar annual temporal scale (May-June of

each year).

2.1.1 Biological sample collection
Larval fishes, including cabezon, were collected using a 1.0 x

0.5-m, 333-mm mesh neuston net towed horizontally along the sea

surface for 5 min at 3.7 km h−1 (~ 1.0 m s −1) on Pre-recruit surveys.

This net targets the surface layer where cabezon live. The volume of

water filtered was estimated using a General Oceanics flowmeter.

All larval fishes were sorted, identified, measured (to standard

length, SL), and preserved according to standard procedures

(Auth and Brodeur, 2006; Auth, 2008; Auth et al., 2018). Larval

cabezon were separated for further laboratory analysis.

Amphipod and early-stage euphausiid biomasses were

estimated from zooplankton samples collected by a 0.6-m

diameter, 333-mm mesh plankton net towed obliquely from

approximately 20-m to the sea surface (Morgan et al., 2005;
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Brodeur and Morgan, 2016; Morgan et al., 2019) on JSOES surveys.

This net was used for these taxa with higher mobility which would

allow them to evade plankton nets with smaller mesh (below).

Amphipods and euphausiid eggs and larvae (nauplii, calyptopis,

and furcilia) were enumerated, measured, and converted to biomass

using length-to-mass regressions (e.g., Morgan et al., 2019).

The environmental concentrations of appendicularians,

cladocerans, copepod nauplii, and adult copepods were estimated

from zooplankton samples collected from a 0.5-m diameter, 202-

mm plankton net towed vertically from a maximum of 100-m to the

sea surface (sensu Keister et al., 2011; Fisher et al., 2015; Peterson

et al., 2017) on NHL surveys. This smaller mesh net allows for the

collection of smaller less mobile plankton. The volume of water

filtered was estimated using a Tsurumi-Seiki (TSK) flowmeter.

Concentrations estimated for individual species were summed

over broad taxonomic groups (e.g., Podon sp. and Evadne sp.

summed to form Cladocera group) and averaged over sampling

station and averaged over sampling events (May and June) each

year. Copepods were enumerated, identified following standard

methods, measured, and converted to biomass using length-to-

mass regressions from the literature (e.g., sensu Hooff and Peterson,

2006). Only the copepod groups observed in larval cabezon guts —

Pseudocalanus spp., Centropages sp., Acartia spp., Paracalanus spp.,

Ctenocalanus sp., Clausocalanus spp., Calocalanus spp.,

Mesocalanus sp., and Corycaeus spp.— were included in the

estimation of copepod environmental biomass. Copepod

biomasses were summed for calanoid and cyclopoid groups

separately and then averaged over sampling station and averaged

over sampling events (May and June).
2.2 Environmental data

High resolution (1/4˚) daily sea surface temperature (SST) data

were obtained from the NOAA OISST V2 data product (https://

www.esrl.noaa.gov/psd/). A time series of daily SST for the study

region was obtained by averaging over 42.125 to 46.625˚N and

124.25 to 125.25˚W. These data were analyzed using the R software

(v. 4.0.4) package heatwaveR (Schlegel and Smit, 2018) to identify

the presence of marine heatwave (MHW) events, which are defined

as five or more consecutive days of anomalously warm

temperatures, or temperatures elevated above a threshold value,

in this case the 90th percentile defined over a 30-y climatology

(1982-2012; following Hobday et al., 2016, 2018). MHW events are

categorized as “moderate” if the maximum intensity does not

double the distance between the climatology and the threshold

value, “strong” if the maximum intensity doubles the distance

between the climatology and the threshold value, “severe” if this

distance is tripled, and “extreme” if the distance is quadrupled

(following Hobday et al., 2016). Mean recent temperature (MRT),

or the average of daily SST during the last three complete days of life

for individual larval cabezon, was calculated to align environmental

conditions with the experiences of larvae at the time of collection.

Upwelling intensity was calculated using the Coastal Upwelling

Transport Index (CUTI; Jacox et al., 2018; https://mjacox.com/
Frontiers in Marine Science 04
upwelling-indices/), which provides estimates of vertical transport

near the coast. CUTI values in the central geographic area of the

study region (44°N) were summed over the 14-d period prior to

larval collection to estimate the cumulative upwelling input into the

ecosystem. This 14-d period was chosen to account for the lag

between physical forcing and zooplankton abundance, as

zooplankton blooms are thought to lag wind stress by ~13–16 d

(Spitz et al., 2005).
2.3 Diet analysis

We examined the gut contents of larval cabezon collected in

2014 (n=13), 2015 (n=14), 2018 (n=8) and 2019 (n=18). In 2016, a

total of n=106 larval cabezon were collected, thus we utilized a

random subsample for gut content analysis (n=24). Larval guts were

dissected in glycerol on a glass microscope slide under a Leica MZ16

dissecting scope. We removed the entire gastrointestinal tract and

then gently teased out prey items using minutien pins, starting with

the anterior end (Llopiz and Cowen, 2009). Prey were identified to

the lowest taxonomic level possible, enumerated, and measured

along the longest axis (prosome length, carapace length, trunk

length, or total length) under the same microscope fitted with a

Leica DMLB camera and Imago Pro Premier 9.1 software. Prey

lengths were converted to biomass using published length to mass

regressions, using temperate system conversions wherever possible

(Uye, 1982; Hosie and Ritz, 1983; Middlebrook and Roff, 1986; Hay

et al., 1991; Mumm, 1991; Abubakr and Jones, 1992; Webber and

Roff, 1995; Berggreen et al., 1988; Lindley, 1998, 1999; Satapoomin,

1999; Cornet-Barthaux et al., 2007; Llopiz and Cowen, 2009;

Nakamura et al., 2017). We identified most copepods prey items

to orders Calanoida or Cyclopoida. All cyclopoid copepods were

positively identified as Corycaeus spp. For some calanoid copepods,

lower taxonomic resolution was possible, including the positive

identification the following genera: Pseudocalanus spp., Centropages

sp., Acartia spp., Paracalanus spp., and a group unidentifiable to

genera but likely a member of the following group: Paracalanus

spp., Ctenocalanus sp., Clausocalanus spp., Calocalanus spp., or

Mesocalanus sp. However, because some calanoids could not be

identified beyond order, we present copepod prey in two groups:

calanoids and Corycaeus spp. For unknown crustaceans (e.g.,

unidentifiable copepods) the means of all conversions within the

lowest possible taxonomic group were used.

We calculated feeding incidence as the percentage of cabezon

larvae with prey in their guts. Larvae with empty guts were excluded

from further prey analysis (n=3). Three metrics were used to

describe larval diet composition: 1) frequency of occurrence (%

FO, the percent of larvae with a particular prey type in gut), 2)

numerical percentage (%N, the percent number of each prey type

out of all prey numbers available), and 3) biomass proportion (%B,

the percent biomass of each prey type out of total consumed prey

biomass). These diet metrics were calculated for each year group.

There was a broad size range of cabezon larvae in all years; thus, to

factor in any ontogenetic shifts in feeding, larvae were split into

large (>8.4 mm) and small (<8.4 mm) size classes to investigate the
frontiersin.org
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differences in diet composition. A size of 8.4 mm SL was selected

because this is the size that most larvae in the study undergo flexion.

Consumed prey biomass was calculated for each individual

larva by summing the biomass of all consumed prey. We divided

this value by larval volume (SL3) to account for increased gut

capacity with increasing larval size. We used larval volume instead

of SL (Sponaugle et al., 2009; Gleiber et al., 2020; Swieca et al., 2023)

because post-flexion growth in larval cabezon is associated with

substantial increases in body depth. Thus, larval volume more

accurately captures increased gut capacity than larval length. We

calculated gut fullness by regressing consumed prey biomass on

larval volume to account for the increase in gut capacity with

growth and examining the residuals of this relationship (Dower

et al., 1998; Sponaugle et al., 2009). Analysis of variance (ANOVA)

was used to compare consumed prey biomass and gut fullness

between year groups and prey types.

We calculated a prey selectivity index (wi, Equation 1) using

prey proportions consumed as a function of prey availability

(following Manly et al., 2002; Llopiz and Cowen, 2009):

wi = oi=pi (1)

where oi is the proportion of prey type i consumed and pi is the
proportion in the environment. Values of wi>1 indicate selection for

a prey type and values<1 indicate selection against a prey type.

Selection ratios near 1 indicate consumed proportions reflect those

in the environment. Bonferroni-adjusted confidence intervals [S

(wi), Equation 2] were calculated as:

S(wi) =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
oi(1 − oi)
(u+p2

i )

s
(2)

where ui is the total number of prey items consumed. Significant

selection for or against a prey item is shown by a CI not overlapping

with 1 (non-random selection). This selection ratio was chosen for

its simplicity and statistical testability, but CIs are questionable for

rare prey (Manly et al., 2002). The selection ratio becomes

Chesson’s a when expressed as a proportion of the sum of

selection ratios, which is known to be similarly vulnerable when

prey types are rare in the environment (Lechowicz, 1982). Thus, the

selectivity index is not calculated for prey types where the number

of consumed prey ≤ 3. Selectivity values were calculated by pooling

individuals within a given year (e.g., oi: biomass of prey type i

consumed in a given year/total biomass of prey consumed in a given

year; pi: biomass of prey type i in environment in a given year/total

biomass of larval cabezon prey items in environment in given year).

We used the selection index and other diet metrics to identify the

most important prey items (i.e., highly selected for and comprising

a large proportion of larval cabezon diet). We then grouped years by

the occurrence of these important prey items for growth analysis.
2.4 Growth analysis

We used otolith microstructure analysis to analyze the age and

daily growth rates of larval cabezon. We have previously validated
Frontiers in Marine Science 05
the assumptions underlying the use of otolith microstructure,

including daily deposition of material (Wilson et al., 2023). While

this is the first study to use otolith microstructure analysis to make

biological and ecological inferences about the early life history and

survival of this species, otolith microstructure has been used

successfully in other cottids elsewhere (Khrustaleva and Pavlov,

2000; Onikura et al., 2004). Extreme temperature and/or feeding

conditions, often encountered in laboratory studies, may influence

otolith deposition (e.g., Ofelio et al., 2023), however we assumed

consistent otolith deposition across the range of temperatures

encountered in this study. Further laboratory testing would be

useful to test this assumption.

A limited sample size of cabezon larvae necessitated that we

pool samples from all sampling locations and by year group. All

larvae (n=196) were staged (pre-flexion, flexion, or transformation)

and measured for SL and gape width (mouth height and width;

Yasuda, 1960) to the nearest 0.01 mm using a Leica MZ16 dissecting

microscope with a Leica DLMB camera and Image Pro Premier 9.1

software. In 2014, 2015, 2016, and 2018, larvae were heavily

damaged due to preservation methods and the otoliths of many

individuals were degraded or completely dissolved. As a result,

although all larvae were examined for otoliths, usable otolith sample

sizes varied each year: 2014 (n=13), 2015 (n=9), 2016 (n=7), 2018

(n=10), and 2019 (n=20). Due to low sample size, and similar

environmental conditions, we combined individual years into year

groups. Individual larvae used in the diet analysis were also used in

otolith analysis.

Otoliths were relatively easy to locate in the cranium, lying

laterally along either side of the brain (Supplementary Figure S2A).

In younger cabezon, incomplete cranium ossification and

pigmentation meant otoliths could be seen through the cranium

prior to dissection. This was not possible in older cabezon (post-

flexion and transformation stage), where ossification and

pigmentation necessitated careful removal of the top of the

cranium. Sagittal otoliths were distinguished by their medial

location and ellipsoid shape relative to more laterally located,

rounder lapilli. The hatch mark was often challenging to locate

due to the cloudy nature of the core region but was distinguished as

the first increment to encompass >75% of the core circumference

[see Wilson et al. (2023) for confirmation via a laboratory-based

rearing study].

Sagittal otoliths were dissected and stored in immersion oil on a

glass microscope slide for 1–3 days to clear prior to reading.

Otoliths were read along the longest axis at 100x magnification

using a Leica DMLB compound microscope with a Lumenera

Infinity 3 camera and Image Pro Premier 9.1 software. Each

otolith was read twice by the same reader without access to prior

reads or sampling data. If the two readings differed by ≤5%, one

read was randomly chosen for analysis. If reads differed by >5%,

otoliths were read a third time. Otoliths where the three readings

differed by >5% would be removed from analysis (n=0; Sponaugle

et al., 2009).

Daily otolith increments were enumerated to provide an

estimate of age. The distance between two consecutive increments

(increment width) was used to analyze growth patterns using two
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metrics: 1) mean daily growth (MDG), the average increment width

for each day of life, and 2) mean recent growth (MRG), or the

average increment width for the last three complete days of life.

MRG was used to relate biological responses to the environmental

conditions at the time of sampling.

Otolith increment width typically increases with the age of the

fish (Baumann et al., 2003). Thus, we accounted for the effect of age

on MRG by calculating a detrended growth index (Equation 3):

DGij = (Gij −  Gj)SD
−1
j (3)

where DGij is the detrended growth of individual i at age j, Gij is

the otolith-based growth (increment width) of individual i at age j,

Gj is the mean otolith-based growth of all individuals at age j, and

SD is the standard deviation of G. Analyzing detrended MRG

allowed us to compare the biological response to environmental

conditions across different aged larvae (Robert et al., 2009;

Sponaugle et al., 2010).

We compared MRG across year groups using ANOVA, followed

by a Tukey HSD post-hoc test. We also used analysis of covariance

(ANCOVA) with age and location as covariates to check that

differences in MRG across year groups were not confounded by age

or location. Differences in MRG remained significant after accounting

for age (p<0.05). Differences in MRG were marginally significant after

accounting for location (p=0.07). Considering the small sample size

and large survey area, we proceeded under the assumption that

location was not confounding observed differences in MRG.
2.5 Statistical modeling

We used generalized additive models (GAMs) to assess the

effect of upwelling, temperature, and prey availability on the recent

growth of larval cabezon. The response variable in the model was

individual MRG of cabezon (n=55). The candidate predictor

variables were upwelling intensity (cumulative; 14 d prior to

collection), mean recent sea surface temperature (MRT; averaged

over last three complete days prior to collection), appendicularian

concentration (ind. m-3), cladoceran concentration (ind. m-3),

copepod nauplii concentration (ind. m-3), calanoid copepod

biomass (mg C m-3), Corycaeus spp. biomass (mg C m-3),

biomasses of four euphausiid life stages (i.e., egg, nauplii,

calyptopis, and furcilia; mg C m-3), and amphipod biomass (mg

C m-3). We included a measure of early growth (mean increment

width over first 6 d of life, which is on average the first third of larval

life) because an individual’s recent growth is likely dependent on

growth experiences early in life (i.e., fish that grow faster when

young are more likely grow faster at older ages). Finally, we

included latitude as a random intercept to account for spatial

differences in collection location, as spatial comparisons were

outside the scope of the present study. We also examined a

second suite of models with the same structure, but instead of

environmental prey concentrations and biomasses, we used

ingested prey biomasses.
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We used Kendall’s correlation test, a nonparametric alternative

to a Pearson test, to evaluate collinearity between candidate

predictor variables. While there appeared to be a relationship

between temperature and the environmental biomass of

calyptopis (t = 0.74), more distinct observations are needed to

clarify this relationship. Smoothing functions were applied to each

predictor variable and the number of knots was restricted to three to

avoid model overfitting given the small sample size. We then used a

forward stepwise selection procedure to include significant

predictor variables (p<0.05) while maximizing model fit and

parsimony by minimizing Akaike’s information criterion (AIC)

and the generalized cross validation (GCV) score and maximizing

the deviance explained. Model residuals were inspected for

deviations from normality and homogeneity of variance. All

model analyses and visualizations were conducted using the R

packages ‘mgcv’ (Wood, 2017) and ‘mgcViz’ (Fasiolo et al., 2020).
3 Results

3.1 Environmental setting

Interannual variation in satellite-derived sea surface

temperature led to annual cohorts of larval cabezon experiencing

a different mean (ranging from 12.00-13.80˚C) and range of

temperature variation (0.01-2.41˚C difference; Figure 1). The

temperature cabezon larvae experienced during their final three

days of life, corresponding to the mean recent growth and feeding

environment, ranged from 12.32 ˚C-14.41˚C, occurring in 2015 and

2016, respectively. There was also interannual variation in

cumulative upwelling in the study region (Figure 2). On average,

2018 had the lowest mean cumulative upwelling (2.31 m3s-1), while

2019 was >3x greater (7.74 m3s-1). However, 2014 had the highest

maximum upwelling value and experienced the greatest range in

upwelling strength over 14 d (4.34-10.35 m3s-1).

Out of the 10 strongest MHW events in the past 39 y (1982-

2021), five occurred in late 2014, 2016, and 2019. The MHW event

in 2014 had the longest uninterrupted duration over our study

period (218 d) and the MHW event in 2019 had the highest

intensity (+4.00˚C) over our study period (Figures 1, 2), which

was the second highest intensity over the long-term climatology

(highest: +4.17˚C in 1997). Though the in-situ SSTs experienced by

cabezon larvae each year fell within the 90th percentile of the long

term (1982-2012) climatology (Figure 1), the ecosystem was altered

by the environmental forcing that resulted from MHW events. In

2015 and 2016, an extended ~8-mo period of elevated temperatures

in our study region preceded sampling, creating persistent,

anomalous conditions that shaped the larval cabezon feeding and

growth environment. In 2019, a high intensity 3-mo MHW was

evident in our study region approximately one month after

sampling. However, MHW conditions including elevated

temperature, reduced surface winds, and decreased evaporative

cooling, were present in the Northeast Pacific Ocean as early as
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May 2019 (Amaya et al., 2020, Chen et al., 2021) and by early

summer the mixed layer had already begun to shoal (Amaya et al.,

2020), suggesting that larval cabezon experienced environmental

preconditioning, or the early onset of altered conditions (e.g.,

Shroeder et al., 2013) due to the 2019 MHW. Year groups were

defined as: 1) Neutral (2014, 2018), 2) MHW I (2015, 2016), and 3)

MHW II (2019). The MHW I event was characterized by

exceptional duration, resulting in longer-term disturbances to the

ecosystem, and larval cabezon experienced the aftermath of these

conditions. The MHW II event was characterized by exceptional

intensity, a high magnitude but shorter-term disturbance to the

ecosystem, and larval cabezon experienced the spin-up of the event.
Frontiers in Marine Science 07
3.2 Cabezon distribution and size

Cabezon was the third most abundant larval fish collected in the

Pre-recruit surveys of the neuston in 2014, 2015, 2016, and 2018.

Only rockfishes (Sebastes spp.) and Pacific Saury (Cololabis saira)

were more abundant. Across all sampling years, cabezon had an

average concentration of 2.70 ± 0.51 ind. 1000 m-3 (total n=199

cabezon individuals). Cabezon mean concentration varied by year,

ranging from 1.10 ± 0.36 ind. 1000 m-3 in 2018 to 6.81 ± 1.81 ind.

1000 m-3 in 2016 (Table 1). Cabezon were broadly distributed

throughout the study area in 2016 and were concentrated toward

the north in 2014 and 2019 and toward the south in 2015 and 2018
FIGURE 1

Sea surface temperature (SST) throughout the study period and region, utilizing high resolution SST data from NOAA OISST v2 data product. Shaded
boxes indicate the days that cabezon (Scorpaenichthys marmoratus) larvae inhabited the neuston. Different colors indicate different annual cohorts.
Marine heatwave events are indicated in yellow and red (most intense) shading and are defined as discrete warm water anomalies that persist for at
least five consecutive days and exceed the threshold (green line; 90th percentile) of the long-term (1982-2012) climatology (blue line).
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(Supplementary Figure S1). Cabezon were caught at similar rates

during day and night hours except for 2016, when 86.8% of the

catch occurred at night. Larval fish are highly visual and may be able

to evade net capture during the day, but further behavioral study

would be needed to understand why larvae were mostly caught at

night only in 2016. The average SL of cabezon larvae was 8.23, 9.09,

and 9.31 mm in neutral, MHW I, and MHW II years, respectively.
3.3 Cabezon diet and selectivity

Cabezon larvae had a very high feeding incidence in all years of

this study (Table 1): very few individuals (n=3) had empty guts. As

expected, larval gape size (mouth width and mouth height) increased

linearly with fish size (p<0.05; Supplementary Figure S3) and ingested

prey biomass was directly proportional to fish volume (p<0.05,

Supplementary Figure S4A). However, there were no significant

differences in standardized prey biomass or gut fullness between
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neutral, MHW I, and MHW II years (Supplementary Figure

S4B, C; p>0.05).

Larval cabezon diet composition was variable among years

(Figure 3). Calyptopis comprised the greatest proportion (53.0%)

of biomass consumed during neutral years, with the largest

proportion (4.5%) of cladocerans also consumed in neutral years.

Calyptopis (18.7%) and furcilia (26.0%) together comprised a large

proportion of consumed biomass during MHW I years. There was a

larger proportion (13.3%) of rare prey types categorized as “other”,

which included crab megalopae, ostracods, pteropods, bivalve

larvae, and protists during MHW I. The greatest proportion of

amphipods in the cabezon diet occurred in MHW II, with

amphipods (25.2%), furcilia (17.7%), and calyptopis (14.5%)

comprising most of the biomass. Calanoid copepods accounted

for roughly similar amounts of biomass in all years, ranging from

9.9% (MHW II) to 12.8% (MHW I). Corycaeus spp. copepods and

appendicularians accounted for a greater proportion of biomass

(6.7% and 8.2%, respectively) in MHW I years than in MHW II
FIGURE 2

Coastal upwelling transport index (CUTI) in the central geographic area of the study region (44˚N) for the duration of the study period (thin black
line). Values above (below) the dashed line indicate upwelling (downwelling). Colored boxes indicate the days that cabezon (Scorpaenichthys
marmoratus) larvae inhabited the neuston and grey shaded boxes are the 14-d period prior to larval collection over which CUTI was averaged.
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years (2.2% and 5.2%, respectively), and were nearly absent in

neutral years (0.23% and 0.31%, respectively).

After accounting for cabezon size (i.e., standardized biomass;

Figure 4), the prey item with the greatest consumed biomass in

neutral years was furcilia (ANOVA, p<0.0001). In MHW I years,

calyptopis and furcilia had significantly higher standardized

biomasses than Corycaeus spp. copepods and copepod nauplii

(ANOVA, p<0.0001). Calyptopis also had significantly higher

biomass than calanoid copepods and krill eggs (ANOVA,

p<0.0001). In MHW II, calyptopis and furcilia were significantly

more abundant than copepod nauplii and krill eggs (ANOVA,

p<0.0001). Additionally, calyptopis had significantly higher

biomass than Corycaeus spp. copepods and cladocerans

(ANOVA, p<0.0001).

Dividing cabezon larvae into different size groups revealed size-

based differences in the prey types ingested (Figure 5). Small cabezon

larvae (<8.4 mm SL, pre-flexion) in neutral years consumed mostly

calyptopis (53.0%) and calanoid copepods (17.9%), and a very small

amount of furcilia (2.6%). Small larvae in MHW I years consumed
Frontiers in Marine Science 09
appendicularians (9.8%), calanoid copepods (20.3%), some Corycaeus

spp. copepods (5.2%), and a large proportion of calyptopis (28.1%)

and euphausiid eggs (21.1%). Small larvae in the MHW II year

consumed the largest proportion of calanoid copepods (38.3%) and

furcilia (17.3%), and some calyptopis (25.4%) as well. Nauplii

comprised 8.7% and 12.5% of the diets of small larvae in MHW I

and MHW II years, respectively, and accounted for more biomass

(16.5%) in neutral years (Figure 5A).

Large cabezon larvae (>8.4 mm SL, post-flexion) in neutral

years continued to consume a large proportion of calyptopis

(53.1%), more furcilia than small larvae (8.2%), and began

consuming amphipods (8.8%). Large larvae in MHW I consumed

large numbers of furcilia (32.5%) and some amphipods (3.0%),

while maintaining some consumption of calyptopis (16.3%) and

appendicularians (7.8%). Large larvae in the MHW II year

consumed the greatest proportion of larger prey such as

amphipods (32.4%), while continuing to consume euphausiid

furcilia (17.8%) and calyptopis (11.5%), and smaller prey such as

euphausiid eggs (8.7%) and appendicularians (6.7%). The

proportion of nauplii consumed by large cabezon larvae was

much less than small larvae in all years except MHW II, where

the proportion of nauplii consumed was similar between years

(11.1%; Figure 5B).

Overall, the highest prey selectivity indices (proportion of prey

biomass consumed vs. in the environment) were observed in the

MHW II year (Figure 6). Amphipods, furcilia, calyptopis, nauplii,

and Corycaeus spp. copepods were selected for during MHW II. In

neutral years, though to a lesser degree than in MHW II, cabezon

larvae selected nauplii, euphausiid eggs, calyptopis, cladocerans, and

amphipods. Selectivity indices were generally lowest in MHW I

years, but there was slight selection for furcilia, calyptopis, and

Corycaeus spp. copepods. In all years, cabezon larvae tended not to

select for calanoid copepods (Figure 6). Calanoid copepods are diel

vertical migrators and may not spatially overlap with cabezon larvae

as much as other neustonic copepod prey (e.g., Corycaeus spp).

Additionally, observed prey preferences may be related to prey

energy or lipid content. For example, calanoid copepods have a

lower trophic level than some of the other prey items that were

selected for, and their lipid content varies by species.
3.4 Prey availability

Environmental prey abundances estimated from zooplankton

sampling varied among years. The lowest biomass of calanoid

copepods occurred during MHW I (2015: 1.87 ± 0.42 mg C m-3;

2016: 2.9 ± 1 mg Cm-3; Table 2). Calanoid copepods were ~5x more

abundant in 2014 than during MHW I, 3x more abundant in 2018,

and 10x more abundant during MHW II in 2019. Cyclopoid

Corycaeus spp. copepods were absent in neutral years but

occurred in low biomasses during MHW I and II. Copepod

nauplii were present in all years but had an exceptionally high

concentration in the neutral year 2018.

The biomass of euphausiids varied interannually and by life

stage (Supplementary Figure S5). Calyptopis was the most
TABLE 1 Summary of diet data for larval cabezon (Scorpaenichthys
marmoratus) collected in the northern California Current in neutral
(2014, 2018), marine heatwave I (MHW I; 2015, 2016) and marine
heatwave II (MHW II; 2019) years along cross-shelf transects from
Willapa Bay, Washington, to Gold Beach, Oregon.

Neutral MHW I MHW II

Larvae, n= 23 38 19

Prey, n= 484 447 347

Fish size
(mm SL)

6.87-10.41 7.43-12.29 7.66-12.32

Feeding
incidence (%)

91.3 100 94.7

Prey Type Neutral MHW I MHW II

%N, %FO %N, %FO %N, %FO

Amphipod 1.0, 17.4 1.8, 13.2 4.0, 42.1

Appendicularian 0.2, 4.3 6.0, 34.2 0.9, 15.8

Cladoceran 17.6, 34.8 2.2, 15.8 0.6, 10.5

Copepoda

Calanoid 10.5, 47.8 19.2, 55.3 3.5, 15.8

Corycaeus 0.4, 4.3 18.6, 50.0 1.7, 26.3

Unknown 1.4, 13.0 0.7, 7.9 1.7, 21.1

Euphausiacea

Egg 6.2, 26.1 14.8, 26.3 8.6, 26.3

Calyptopis 11.4, 65.2 7.6, 42.1 2.3, 31.6

Furcilia 0.4, 8.7 5.8, 21.1 4.0, 21.1

Nauplius 50.4, 56.5 18.3, 52.6 70.9, 52.6

Other 0.2, 4.3 3.1, 18.4 0.8, 5.3

Unknown 0.2, 4.3 1.1, 7.9 1.2, 10.5
%N is the numerical percentage and %FO is the frequency of occurrence.
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abundant life stage in neutral years and was significantly more

abundant than nauplii (p=0.02; Supplementary Figure S5A). There

were no significant differences in biomass between euphausiid life

stages during MHW I years (p>0.05, Supplementary Figure S5B).

During MHW II, eggs had the highest biomass of all life stages,

being 11x greater than other euphausiid life stages combined

(p=0.01; Supplementary Figure S5C). Nauplii had consistently low

biomass across all years and were nearly absent in neutral 2018, and

furcilia had the highest biomass in MHW I year.

Amphipods were an important component of larval cabezon

diets, especially during MHW II, but had a consistently low biomass

throughout the study period (Table 2). Appendicularians were

highly abundant throughout the study periods and densities were

2-9x higher in 2016 than in other years. Cladocerans also

maintained high concentrations throughout the study years.
3.5 Cabezon age and growth

Cabezon larvae used in otolith-based growth analysis ranged

from 4.95 to 12.36 mm SL and were 2 to 40 d post-hatch (dph;

Figure 7A). Three individuals older than 40 dph were identified as

outliers (>1.5x the inter-quartile range of the sample) and removed

from otolith analysis. The mean age of cabezon larvae from neutral

years (13.4 d) was significantly younger than those from MHW I

(20.5 d), and MHW II years (24.3 d; p<0.0001). Otherwise, larval size
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and age had similar means and ranges across year groups. The overall

mean somatic growth rate for this population was 0.43 mm d-1.

Otolith microstructure analysis revealed otolith regions with

distinct growth patterns after the hatch mark: 1) fast growth and

wide, clear increments for 3–5 dph, 2) slow growth and small,

cloudy increments for 5–10 dph, 3) increasingly fast growth and

distinct, wide increments continuing to the otolith edge

(Supplementary Figure S2B). There was a significant, positive

relationship between fish size and age, otolith size and age, and

fish size-at-age residuals and otolith size-at-age residuals (Wilson

et al. unpubl. data).

Mean recent growth (MRG; size-detrended growth rate over the

last three complete days of life) was significantly faster in MHW II

than in neutral years (p=0.04; Figure 7B). MRG inMHW II (0.714 ±

0.164) was also higher than in MHW I (0.147 ± 0.241), though this

difference was not significant (p = 0.13), likely due to a small sample

size in MHW I.

Mean daily growth (MDG; average growth in each day of life)

and mean size-at-age followed a similar pattern. Daily growth and

size-at-age in cabezon fromMHW II began to diverge fromMHW I

and neutral year fish at approximately 10 dph, and this difference

became significant by 15–20 dph (Figure 8). This difference in MDG

was most pronounced between neutral and MHW II years

(Figure 8A), where growth after 20 dph fell in neutral years.

Consistently elevated MDG in MHW II years translated into

significantly larger sizes-at-age (Figure 8B; p<0.05).
FIGURE 3

Larval cabezon (Scorpaenichthys marmoratus) ingested prey biomass, presented as a proportion of the total biomass of all consumed prey in guts of
larvae collected across the study region. Fish collected over five years were grouped into neutral years, and years with marine heatwaves I or II
(MHW I, MHW II).
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3.6 Recent growth modeling

In the best model, larval cabezonMRG (size-detrended growth rate

over the last three complete days of life) was influenced by early larval

growth, environmental conditions, and the environmental biomass of

calyptopis (Figure 9; deviance explained=51.4%, AIC=116.21,

GCV=0.48). As expected, MRG was higher in larvae with high mean

early growth (p<0.001; Figure 9A). MRG had a positive linear

relationship with upwelling intensity (p=0.02; Figure 9B): growth was

faster when higher levels of upwelling had occurred during the previous

14 d. MRG had a logarithmic relationship with mean recent

temperature, such that growth was faster in warmer temperatures,

but gains in MRG slowed and plateaued after a threshold. While this

relationship was not significant (p=0.17; Figure 9C), including

temperature in the model improved overall model fit. Finally, MRG

was lower when the biomass of calyptopis was high (p=0.04;

Figure 9D). Models re-run with consumed prey biomass rather than

environmental prey biomass generated similar model fit and variance.

The same covariates led to the best fitting model and covariates had

similar functional relationships with MRG.
4 Discussion

Despite the economic and cultural importance of cabezon

(Lucas, 2006; Cope and Key, 2009; Rodomsky et al., 2018),
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relatively little is known about events occurring during its early

life history stages that are the most vulnerable. Examining growth

and diet of cabezon larvae in the northern California Current across

five years encompassing oceanographically neutral years as well as

those affected by anomalous marine heatwaves provided a natural

experiment to shed light on processes influencing growth and

survival of this neustonic species. Larval cabezon growth and diet

varied significantly between neutral years and those affected by

marine heatwaves (MHW I, and MHW II): growth was fastest

during MHW II (2019), when upwelling was most intense and

larvae consumed primarily amphipods, in addition to a substantial

biomass of euphausiid calyptopis and furcilia. Growth was

intermediate in MHW I years (2015, 2016), when upwelling was

moderate and larval diets were diverse, containing euphausiids (all

life stages), calanoid copepods, Corycaeus spp. copepods,

appendicularians, and a collection of “other” prey types

(including crab megalopae, pteropods, bivalve larvae, ostracods,

and protists). Finally, larval growth was slowest in neutral years

when upwelling was lowest and larval cabezon consumed

predominantly calyptopis and calanoid copepods. These growth

and diet patterns resulted in cabezon larvae that were largest-at-age

during MHW II, which may have provided refuge from gape-

limited predators. Altogether, these conditions during 2019

translated into the highest juvenile cabezon recruitment rate

observed in our 8-yr recruitment monitoring time series (Wilson

et al., unpubl. data; Figure 10).
FIGURE 4

Mean standardized prey biomass consumed by larval cabezon [µg dry weight/Scorpaenichthys marmoratus SL3] separated by prey taxon and year
group (A: neutral, B: MHW I, C: MHW II). Error bars represent the standard error of the mean. Different letters indicate significant differences
(ANOVA; p<0.05).
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4.1 Larval cabezon otolith microstructure

This study provides the first published measurement of larval

cabezon daily growth rates. Larval cabezon grew at an average rate

of 0.43 mm d-1, which is markedly faster than many other larval

fishes in the NCC, such as myctophids (0.11-0.13 mm d-1; Methot,

1981; Bystydzieńska et al., 2010; Swieca et al., 2023) and rockfishes

(Sebastes spp.; 0.15-0.47 mm d-1 from 3.5-52.3 mm SL, Laidig et al.,

2008), but comparable to other species that also inhabit the neuston

as larvae, such as sablefish (Anoplopoma fimbria; 0.4–1 mm d-1

from 10–40 mm SL; Sogard, 2011) and species that are known to

have elevated larval growth rates associated with an early onset of

piscivory (e.g., yellowfin tuna [Thunnus albacares]; 0.47 mm d-1,

Lang et al., 1994; blackfin tuna [T. atlanticus], 0.45 mm d-1, Gleiber
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et al., 2020; and Atlantic bluefin tuna [T. thynnus], 0.37-0.39 mm d-1

(Malca et al., 2022). Larval cabezon’s fast growth relative to other

NCC larval fishes is likely related to their utilization of the neuston

habitat and their ability to select higher trophic level prey items.

Three regions of distinct otolith growth patterns were evident

after the hatch mark: 1) fast growth and wide, clear increments for

3–5 dph, 2) slow growth and cloudy, small increments for 5–10 dph,

and 3) increasingly fast growth and distinct, wide increments to the

otolith edge. Based on findings from rearing cabezon eggs, the 3–5

initial wide increments likely correspond to yolk-sac absorption

(Wilson et al., 2023). Coherence in patterns of otolith

microstructure among several other larval fishes in the NCC are

consistent with the idea that the 5–10 small, cloudy increments

correspond to a period of first feeding (H.W. Fennie and K. Swieca,
FIGURE 5

Larval cabezon (Scorpaenichthys marmoratus) ingested prey biomass as a proportion of the total biomass of all consumed prey from larvae
collected across the study region. Fishes were separated into (A) small (<8.4 mm SL) and (B) large (>8.4 mm SL) categories to account for
ontogenetic shifts in diet composition. Fish collected over five years were grouped into neutral years, and years with marine heatwaves I or II (MHW
I, MHW II).
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NOAA, pers. comm.). Increasingly successful feeding associated

with flexion and increasing gape width likely leads to increasingly

wide increments extending to the otolith edge.
4.2 Interannual variability in cabezon diet
and growth

Larval cabezon gut fullness did not differ among year groups,

suggesting instead that differences in diet composition and prey

quality are more important in generating variable larval growth. The

diet of larval cabezon is fairly broad, consisting of amphipods,

euphausiid eggs, nauplii, calyptopis, and furcilia, calanoid and

cyclopoid copepods and nauplii, appendicularians, and cladocerans.

This array is generally consistent with the single past study of larval
Frontiers in Marine Science 13
cabezon diet that occurred in the Saanich Inlet, British Columbia,

Canada (Barraclough and Fulton, 1968), except for the presence of

Balanus cyprids in similar size cabezon larvae in this earlier study.

This minor difference is likely due to the 1968 study samples being

collected closer to the coastline within a fjord.

Like many fishes, larval cabezon diets change with ontogeny,

with the fastest growing cabezon larvae expanding their range of

prey sizes from smaller to increasingly larger prey items over time

(Makrakis et al., 2005; Bochdansky et al., 2008; Daly et al., 2009).

Unsurprisingly, the composition of “small” and “large” prey items

consumed differed with environmental conditions. In neutral years,

small, mostly pre-flexion larvae (<8.4 mm SL) consumed large

proportions of relatively small prey items (i.e., calyptopis, calanoid

copepods, nauplii, and cladocerans), while large, post-flexion larvae

(>8.4 mm SL) continued to consume large proportions of
FIGURE 6

Cabezon selectivity of each prey type in each year, indicated by the ratio of the proportion of consumed prey biomass (blue bars) to prey biomass in
the environment (grey bars). Fish collected over five years were grouped into neutral years, and years with marine heatwaves I or II (MHW I, MHW II).
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TABLE 2 Cabezon (Scorpaenichthys marmoratus) concentration, upwelling conditions over the 14-d period prior to sampling, and environmental prey
abundances, defined by biomasses (mg C m-³; or concentrations* where biomass was not available).

Year

2014 2015 2016 2018 2018

Cabezon (ind. 1000 m-3) 1.44 ± 0.49 1.79 ± 0.8 6.81 ± 1.81 1.1 ± 0.36 1.27 ± 0.63

Upwelling (CUTI, m-3s-1) 5.89 (4.34-10.35) 7.2 (6.2-7.83) 4.77 (4.22-5.88) 2.31 (1.91-4.34) 7.74 (5.15-9.95)

Prey

Amphipod 0.17 ± 0.12 0.11 ± 0.04 0.26 ± 0.19 0.37 ± 0.25 0.11 ± 0.06

Appendicularian* 259.67 ± 51.06 298.06 ± 87.6 732.12 ± 235.65 120.6 ± 31.73 74.42 ± 18.66

Cladoceran* 213.69 ± 4.88 251.15 ± 108.74 292.26 ± 134.36 164.62 ± 67.29 256.35 ± 64.3

Copepoda

Calanoid 14.49 ± 5.47 1.87 ± 0.42 2.9 ± 1 8.05 ± 1.79 24.08 ± 14.58

Corycaeus 0 ± 0 0.11 ± 0.05 0.15 ± 0.06 0 ± 0 0.05 ± 0.03

Nauplius* 15.11 ± 6.29 9.09 ± 3.26 91.99 ± 5.57 388.89 ± 166.26 106.66 ± 50.74

Euphausiacea

Egg 1.6 ± 0.66 0.28 ± 0.09 1.72 ± 0.78 0.32 ± 0.22 7.7 ± 3.77

Nauplius 0.43 ± 0.13 0.38 ± 0.12 0.5 ± 0.27 0.01 ± 0 0.22 ± 0.08

Calyptopis 2 ± 0.4 0.94 ± 0.25 0.88 ± 0.28 0.42 ± 0.16 0.32 ± 0.14

Furcilia 0.85 ± 0.3 1.2 ± 0.34 1.11 ± 0.28 0.63 ± 0.11 0.23 ± 0.1
F
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Environmental prey biomass samples were collected on the continental shelf along cross-shelf transects from La Push, Washington to Newport, Oregon. Concentrations were collected at two
stations (one on the shelf and one at the shelf break) on the Newport Hydrographic Line.
FIGURE 7

(A) Age frequency distribution (age in days post-hatch, dph) and (B) mean recent growth of larval cabezon (Scorpaenichthys marmoratus) over five
years grouped into neutral years and years with marine heatwaves I or II (MHW I, MHW II). Dashed lines in (A) represent the mean of each
distribution. Error bars in (B) represent the standard error of the mean, and different letters indicate significant differences (ANOVA, p<0.05). Larvae in
neutral years were significantly younger than larvae in MHW I and II years.
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calyptopis, while adding a small proportion of larger prey items (i.e.,

furcilia and amphipods). In MHW I years, small cabezon larvae

again consumed small prey items, though of different composition

(i.e., euphausiid calyptopis and eggs, calanoid and Corycaeus sp.

copepods), while larger larvae consumed a larger proportion of

furcilia (a relatively large prey item). In MHW II compared to

MHW I, small cabezon larvae consumed a much larger proportion

of calanoid copepods and had begun to feed on furcilia in addition

to calyptopes. In addition, during the MHW II year, the diets of

large cabezon larvae had the smallest proportion of calyptopis,

which were replaced by a large biomass of amphipods and furcilia.

Our observation that the fastest growing larvae consumed the

greatest proportion of amphipods suggests that amphipods are a

highly nutritious prey item. Studies of amphipod diet and lipid

content in other systems (e.g., Arctic and Straits of Georgia) have

shown that some amphipod species (e.g., Parathemisto abyssorum,

Parathemisto pacifica, and Cyphocaris challengeri) prey upon

copepods, other amphipods, cladocerans, and ostracods, thus

incorporating lipids up the food chain (Falk-Petersen et al., 1987;

Haro-Garay, 2003; Kraft et al., 2015). Similarly, larval cabezon in

the NCC consuming amphipods likely reap the benefit of feeding at

a higher trophic level. Years with high amphipod abundance may

indicate strong recruitment for cabezon, but cabezon’s broad diet is

likely to support strong recruitment in various prey environments.

Larval cabezon diets reflect some prey selectivity, where

amphipods and euphausiid furcilia were overrepresented relative

to their natural occurrence in the environment. Interestingly, the

furcilia stage is when larval euphausiids, especially Thysanoessa

spinifera, start to transition from a primarily phytoplankton diet to

omnivory, elevating their trophic level, increasing their lipid

content, and thus increasing their value as a prey item (Feinberg
Frontiers in Marine Science 15
et al., 2010; Fisher et al., 2020). Corycaeus spp. also appeared to be

selected for by larval cabezon especially during MHW II. Calanoid

copepods were never selected for, despite being a preferred prey

item for many species in the California Current (Tomaro et al.,

2012; Swalethorp et al., 2014).

Prey selectivity varied among years: While furcilia and calyptopis

were preferentially consumed during MHW II, calyptopis and

cladocerans were selected for in neutral years. In contrast, during

MHW I years, the biomasses of consumed euphausiid life stages

roughly reflected patterns of environmental biomasses, with only a

slight preference for furcilia. Appendicularians were consistently

present in larval cabezon diets but did not appear to be selected for

or against. Pleuronectiform and some scombrid larvae are known to

specialize on consuming appendicularians (Gadomski and Boehlert,

1984; Llopiz et al., 2010), and other larval fishes are thought consume

appendicularians during the onset of piscivory, as they are similarly

shaped and easier to capture than fish larvae (Purcell et al., 2005). In

the NCC, appendicularians are present in the water column prior to

the onset of summer upwelling (Gadomski and Boehlert, 1984; Purcell

et al., 2005), and are an important trophic link to the microbial food

web (Llopiz et al., 2010; Corrales-Ugalde et al., 2021); thus they may be

important for fish larvae, including earlier cohorts of cabezon, that are

feeding in the plankton during this time (Wilson et al., unpubl. data).

The generalist diet of larval cabezon likely provides resilience

to seasonal environmental variation as well as anomalous

environmental conditions.

We note that apparent prey selectivity by larval cabezon may

have been influenced by study design. Larval fishes and

environmental prey were sampled at different times each year

using techniques that could bias our views. For example,

zooplankton sampling was conducted with plankton nets towed
FIGURE 8

Mean (± SE) (A) daily growth and (B) size-at-age across three-year groups of larval cabezon (Scorpaenichthys marmoratus). Fish collected over five
years were grouped into neutral years, and years with marine heatwaves I or II (MHW I, MHW II). After ~15–20 dph, MHW II larvae grew significantly
faster than other years (A), translating into a significantly larger size-at-age (B).
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vertically and obliquely, which may under-sample neustonic

organisms such as Corycaeus spp. Additionally, it is possible that

the number of larval cabezon predators in the environment varied

between years. However, because none of our sampling methods

enumerated predators in the environment, examining the impact of

predation on diet and growth is outside the scope of this study.

Coupled, in-situ studies of zooplankton, larval fish, and larval fish

predators would be preferable to ensure spatial overlap when

investigating trophodynamics (sensu Sponaugle et al., 2009;

Swieca et al., 2023). However, these studies are rare and targeted

(e.g., do not span several years). The surveys included in the present

study represent the best-available, long-term larval cabezon and

prey data in the region and thus still provide valuable insights.

Finally, interpreting patterns of prey selectivity can be challenging
Frontiers in Marine Science 16
when prey species have well-developed predator avoidance

behaviors. For instance, calanoid copepods may spend less time

in the neuston as they vertically migrate, especially during daylit

hours when visual predators like larval fishes feed.

Larval cabezon have a well-developed feeding apparatus and

large eyes compared to other similar age larval fishes in the

California Current (O’Connell, 1953). Because larval fishes are

visual predators, it is not surprising that larval cabezon can

selectively feed on high-quality prey items. Additionally, it is

possible that cabezon have very little resource competition. While

most larval fishes and other zooplanktivorous organisms vertically

migrate to feed in the photic zone during the night to seek refuge

from visual predators (Brewer and Kleppel, 1986; Ohman, 1990;

Hobbs and Botsford, 1992; Hays, 2003), larval cabezon
FIGURE 9

GAM smooth functions showing the partial effects of each covariate (A: mean early growth, B: cumulative upwelling, C: mean recent temperature,
D: environmental calyptopis biomass) after accounting for the other covariate effects on the mean recent growth (MRG) of individual larval cabezon
(Scorpaenichthys marmoratus; n=55). 95% confidence intervals (shaded in grey) and partial residuals (points) are shown for each covariate pot.
Model AIC=116.21, GCV=0.48, and deviance explained=51.4%.
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continuously inhabit the neuston (Doyle, 1992). Larval cabezon

feeding occurrence was not affected by time of day, indicating that

they successfully feed regardless of time of day and have access to

prey while would-be competitors migrate to depth. Other

planktivores that inhabit the neuston at all times of day include

larval sablefish (Anoplopoma fimbria) who appear to preferentially

consume calanoid copepods at similar larval sizes (Grover and Olla,

1990; Sogard, 2011), larval Pacific saury (Cololabis saira) whose diet

is unknown though adults are known to feed on large copepods and

adult euphausiids (Miyamoto et al., 2020), juvenile salmon, who

preferentially feed on larger, heavily pigmented prey like hyperiid

amphipods and insects (Brodeur, 1989), and Velella velella, who

largely consume cladocerans, calanoid copepods, and fish eggs

(Zeman et al., 2018). Interestingly, both V. velella and Chrysaora

fuscescens, common, co-occurring gelatinous zooplankton in the
Frontiers in Marine Science 17
NCC, preferentially feed on cladocerans (Zeman et al., 2016).

Although cladocerans are not a main prey item for cabezon, they

comprise part of the cabezon diet, so this apparent selection poses

an opportunity for competition between larval fish and gelatinous

zooplankton, which are predicted to increase in abundance with

climate change (Brodeur et al., 2002, 2018). Overall, the preferred

and rather generalist diet of cabezon reflects their neustonic niche,

including some differentiation from other neustonic inhabitants.
4.3 Differential impact of marine
heatwaves

While the most likely impact of climate-change driven, non-

stationary increases in ocean temperatures is changes in larval fish
FIGURE 10

Mean settlement rate of cabezon (Scorpaenichthys marmoratus) (± SE) from an 8-yr time series of nearshore groundfish recruitment monitoring
along the coast of Oregon (adapted from Wilson et al. unpubl data).
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physiology (e.g., metabolism), discrete MHW events add

complexity by altering the ecological setting that a larval fish

must navigate to survive (e.g., trophodynamics). Discrete

environmental events that can restructure ecosystems, such as

MHWs, are emerging as critical factors driving rapid ecosystem

shifts (Smale et al., 2019; Oliver et al., 2021). Therefore, categorizing

MHWs not only in terms of physical factors (e.g., intensity of

temperature anomaly, duration, and source of forcing), but also in

terms of biological and ecological ramifications is necessary. The

present study encompassed two types of MHW events, each with

different sources of physical forcing, durations, and intensities,

which provides an opportunity to measure their ecological

impacts on larval cabezon, either by anomalous preconditioning,

in-situ, or carry-over environmental changes, and each with

markedly different outcomes for the recruitment of this species.

MHW I first appeared in the NCC in mid-September 2014,

when surface waters warmed by 7˚C in 1 h (Gentemann et al.,

2017). Although MHW I was punctuated by brief periods of

cooling, SST was elevated until late 2016 (Peterson et al., 2017).

Above-average upwelling winds were evident in the spring of both

2015 and 2016, but there was an anomalously deep mixed layer

underlying the warm water mass. Despite the upwelling of some

cool water nearshore and off southern Oregon, these waters warmed

to above average temperatures by mid-summer each year

(Gentemann et al., 2017). MHW II brought anomalous

environmental conditions beginning in May 2019 with extreme

temperatures evident in following summer months. In contrast to

MHW I, MHW II was shorter in duration, higher in intensity

(+7.9˚C maximum anomaly) and coincided with a very shallow

mixed-layer depth (Amaya et al., 2020). The differences in mixed-

layer depth may be an important factor in the differential ecosystem

impact of the two MHW events. A deep mixed-layer in MHW I

allowed the surface water heat flux to be mixed over a larger volume

(lower intensity), but also resulted in surface anomalies becoming

trapped below the mixed layer as it shoaled in the summer, only to

remerge when the mixed layer deepened the following winter

(Amaya et al., 2020). This reemergence resulted in an extended

period of temperature anomalies and sustained alteration of the

marine ecosystem. A shallow mixed layer in MHW II resulted in

less dilution of warm surface waters (high intensity) and no

reemergence (shorter duration).

MHW I resulted in well-documented range shifts and

reproduction failure for many species (Thompson et al., 2019;

Laurel and Rogers, 2020; Piatt et al., 2020; Shanks et al., 2020;

Walker et al., 2020; Nielsen et al., 2021). The NCC typically

undergoes a spring transition to upwelling conditions that bring

lipid-rich northern copepods southward into the study region.

During wintertime downwelling conditions, these northern

copepods are displaced by lipid-poor southern copepods that are

advected into the region by poleward transport. During the MHW I

years, this transition in copepod communities never occurred

(https://www.fisheries.noaa.gov/west-coast/science-data/ocean-

ecosystem-indicators-pacific-salmon-marine-survival-northern). If

larval cabezon diets reflected broader copepod community

dynamics, we might expect southern species such as Paracalanus
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spp. and Corycaeus spp. to be consumed during MHW years, and

northern species to be consumed in neutral years. The increased

number of Corycaeus spp. copepods in larval cabezon diets during

MHW relative to neutral years may provide some support for this

hypothesis; however, we were not able to reliability identify calanoid

copepod species to genera and are thus unable to categorize them as

part of the northern or southern communities. A targeted, co-

located study of neustonic larval fish and their prey would enable us

to make more robust predictions about the impact of environmental

forcing on this unique habitat and whether our assumptions about

the impact of upwelling-driven copepod community dynamics on

the food web hold.

MHW I also had a profound effect on euphausiid population

dynamics. In northern and central California, the common NCC

euphausiid species, Thysanoessa spinifera and Euphausia pacifica,

decreased in abundance (McClatchie et al., 2016; Peterson et al.,

2017) and body size (Robertson and Bjorkstedt, 2020; Killeen et al.,

2022). However, larval euphausiid stages had the opposite response:

warm temperatures and elevated chlorophyll levels led to increases

in body length and abundance (Robertson and Bjorkstedt, 2020).

Lipid analysis of E. pacifica and T. spinifera life stages indicate that

while E. pacifica can complete its life cycle feeding on

phytoplankton alone, development is delayed in T. spinifera when

there are insufficient zooplankton to sustain their omnivorous diet

(Fisher et al., 2020). Multiple lines of evidence suggest that MHW I

resulted in a high abundance of euphausiid larvae, providing ample

prey for larval cabezon to consume. However, the ability of these

krill larvae to complete their life cycle may have been reduced due to

insufficient smaller zooplankton prey. In this case, adult biomasses

would have plummeted as was observed off Oregon (Peterson et al.,

2017), leading to very few larval euphausiids for cabezon to feed

upon in 2017-18, which may have contributed to the low cabezon

recruitment that was observed off Oregon in 2017-2018 (Figure 10).

In contrast to MHW I, warm water conditions during MHW II did

not result in below average euphausiid abundances in the NCC

(Thompson et al., 2019).
4.4 Factors affecting recruitment processes
and early-life history success

Variable ocean conditions throughout the study period

provided the opportunity to investigate the factors affecting

recruitment processes for cabezon in the NCC. Elevated

temperatures can increase larval fish metabolism and growth

(Houde, 1987; Sponaugle et al., 2006; Grorud-Colvert and

Sponaugle, 2011), so faster larval cabezon growth during MHW I

and MHW II years is not unexpected. However, elevated

temperatures can result in poor larval survival if there are

insufficient prey available to sustain this fast growth (Shelley and

Johnson, 2022; Fennie et al., 2023). Mean recent larval growth was

significantly faster and recruitment greater in MHW years than in

neutral years, thus it seems that elevated temperatures did not pose

a growth or survival challenge. However, the difference in the

magnitude of elevated temperatures experienced by the larvae is
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likely not great enough to account for the particularly elevated larval

growth and record-setting recruitment in 2019 (Figure 10). Instead,

differences in prey abundance and quality likely played a key role.

The linear relationship between larval cabezon MRG and

upwelling intensity suggests that increased upwelling is beneficial

for growth, as increased productivity increases prey availability.

Especially because the neuston is uniquely exposed to strong winds

as an air-sea interface, we might expect a decrease in MRG after

some intermediate upwelling value due to increased turbulence and

decreased larval fish-prey encounter rates (Rothschild and Osborn,

1988; Cury and Roy, 1989; Roy et al., 1992). However, the neuston

has often been considered a “foraging hotspot,” where much like

thin layers, encounter rates with prey and predators are elevated

(Greer et al., 2013; Benoit-Bird et al., 2013; Benoit-Bird and

McManus, 2014; Whitney et al., 2021). This may be why there

was no sharp decrease in MRG at high values of cumulative

upwelling. Additionally, onshore and offshore movement with

upwelling cycles may maintain overall coherence and normal

encounter rates within the surface layer throughout the cross-

shelf journey (Shanks and Eckert, 2005).

These findings are consistent with the existence of a critical

period where sufficient high quality prey items must be present

when larval cabezon undergo flexion and become capable of

capturing larger prey items. Larval cabezon appear to be

preferentially consuming larger prey items (e.g., furcilia vs.

calyptopis or eggs), and among larger prey items, they are

selecting for amphipods. Higher resolution information about

larval cabezon diet composition (e.g., identification to species via

preservation in formalin rather than ethanol or lipid content

analysis) would provide more clarity about the benefits of

different prey items (Robert et al., 2014).

Larval cabezon growth appears to be dependent on euphausiid

population dynamics: larval growth is elevated when the onset of

flexion is spatially and temporally aligned with transition from

calyptopis to furcilia larval stage in the euphausiid population.

Though larval euphausiids comprise a large proportion of larval

cabezon diets each year, the ability to also utilize other large prey

items such as amphipods may provide some resilience to

environmental “mismatches” (Cushing, 1990; Fortier et al., 1995;

Endo et al., 2022). Fluctuations in euphausiid populations are

driven by temperature, upwelling, and chlorophyll levels

(Robertson and Bjorkstedt, 2020; Phillips et al., 2022) and closely

reflect regional and local patterns in oceanography. Larval cabezon

utilization of euphausiid larvae, and the growth impact of different

euphausiid larval stages, suggests that monitoring euphausiid

population dynamics may help predict cabezon recruitment.

While considerable knowledge has been gained from applying

oceanographic or zooplankton community indices to predict fish

recruitment and population dynamics, results of the present study

indicate that the mechanistic connections between temperature,

diet, and growth in fish early stages can be indirect and complex.

Achieving a nuanced understanding of these relationships under

variable environmental conditions, including discrete ecosystem
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perturbations (e.g., MHW events), enhances our understanding of

recruitment processes and improves our ability to predict responses

to future climate change.
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