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Most benthic marine fishes have a biphasic life cycle with a dispersive pelagic
larval stage that spends weeks to months in the plankton before metamorphosing into
juveniles and settling to benthic habitats. The magnitude of mortality during the early
life stages of marine fishes typically drives variability in year-class strength. Large
size, fast growth, and rapid development during early life are predicted to increase
survival through this treacherous period. As climate induced ocean warming
progresses, both growth and mortality rates of larval fishes are expected to increase
with potential consequences for fish populations. We examined the influence of
oceanographic conditions on size, early growth, development, and survival across
seven annual cohorts (2013-2019) of black rockfish, Sebastes melanops, settlers to
nearshore rocky reefs along the Oregon coast. This period included the large marine
heatwave (2014-2016) that impacted the physical and biological oceanography of the
California Current, providing a glimpse into how black rockfish may respond to
future ocean conditions. For three of these seven cohorts (2016-2018), we also tested
for patterns of selective mortality across the pelagic juvenile, settlement, and
recruitment stages. Finally, we compared growth rates of pelagic juvenile quillback
rockfish, Sebastes maliger, consumed by, and simultaneously collected with, juvenile
coho salmon Oncorhynchus kisutch. Otolith microstructure analysis revealed that size

did not affect survival, that development was negatively related to larval growth, and
that variation in water temperature explained most of the variability in both black and
quillback rockfish growth. However, black rockfish survival was not directly related
to ocean conditions and not positively related to larval growth. Instead, the
relationship between growth and survival was dome-shaped, with settlement
magnitude peaking at an intermediate larval growth suggesting an optimal growth
window. We hypothesize that low survival in years with the most rapid black rockfish
growth is likely due to the absence of suitable prey necessary to sustain this high
growth. Black rockfish experienced strong selective mortality favoring rapid larval
and pre-settlement growth in a year with warm water temperatures and high
settlement magnitude but there was no evidence of selective mortality when water
was cooler. Larval quillback rockfish grew faster in warmer water, but their
susceptibility to predation by juvenile coho salmon was driven by growth
immediately prior to the encounter. Our findings demonstrate the importance of
temperature and temperature-mediated patterns of selective mortality in regulating
early growth and survival of black and quillback rockfishes. A more mechanistic
understanding of the processes underlying growth and survival will enhance our
ability to predict how future changes to ocean conditions will impact early growth,
survival, and, ultimately, population dynamics of nearshore fish populations.
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CHAPTER 1: GENERAL INTRODUCTION
An incomplete understanding of how environmental variability affects
rockfish recruitment hampers predictions of rockfish population dynamics. Efforts to
explain the high variability in rockfish recruitment have correlated the abundance of
pelagic juvenile rockfishes with oceanographic variability without direct
consideration of how environmental factors affect the growth and survival of these
early life stages of rockfishes (Laidig et al. 2007, Ralston et al. 2013, Schroeder et al.
2019). A large body of literature demonstrates that environmental variability
experienced during early ontogeny affects the early life stages of fish in many ways
that in turn shape adult fish populations (reviewed in Houde 2008, Sponaugle 2010).
Examining the influence of environmental variability on rockfish early life history
traits may explain how variability in oceanographic conditions translates into
fluctuations in rockfish recruitment and improve predictions of rockfish population
dynamics.
Theories on survival of fish early life stages
Interannual variability in survival of fish early life stages is thought to
substantially influence fluctuations in fish populations and thus the processes
associated with early survival have received much attention (Hjort 1914). Variability
in survival of these stages has been largely attributed to starvation and predation
(reviewed in Houde 2008). Hjort’s (1914) Critical Period Hypothesis stated that
starvation during the transition from yolk-sac larva to first feeding larva determines
year-class strength. Subsequent efforts that expanded upon Hjort’s concept led to
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several dominant hypotheses explaining how mortality during fish early life stages
determines population fluctuations in fish populations.
Starvation was initially thought to be the major source of larval fish mortality.
The Match-Mismatch Hypothesis extended the Critical Period Hypothesis and argued
that larval abundance and survival are linked to the timing of primary production
relative to fish reproduction (Cushing, 1974, 1990). However, few strong links have
been documented between the timing of productivity and the timing of reproduction
and recruitment (Myers & Cadigan 1993, Leggett & DeBlois 1994). The Stable
Ocean Hypothesis posits that oceanographic processes that aggregate prey items
determine larval fish feeding success (Lasker 1975). While the feeding success of
early larval stages is strongly correlated with the abundance of Lasker events (calm
wind periods during upwelling season), the frequency of Lasker events does not
appear to translate into recruitment strength (Peterman & Bradford 1982, Peterman et
al. 1988). The Optimal Environmental Window Hypothesis (OEW) grew from the
Stable Ocean Hypothesis to suggest that wind-driven turbulence affects transport of
larvae while microturbulence influences feeding success of larvae (Cury & Roy
1989). Tests of the OEW hypothesis support the theory that recruitment has a domeshaped relationship to wind stress (Cury & Roy 1989). The OEW connected physical
and biological oceanography to the transport and feeding of larval fishes, and
explained how these processes ultimately affect recruitment, thus linking Hjort’s
Critical Period Hypothesis directly to recruitment variability.
Concurrent with the development of corollaries to the Critical Period
Hypothesis was a shift in understanding of the relative importance of starvation and
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predation in determining year-class strength. Examination of the relationships
between oceanographic conditions and prey availability indicated that starvation was
not the major source of mortality of early life stages and research shifted to focus on
the impacts of predation on year-class strength (Bailey & Houde 1989). The Bigger is
Better Hypothesis states that larval fish size governs mortality due to predation
(Miller et al. 1988) while the Growth Rate Hypothesis predicts that larval growth rate
influences mortality due to predation (Ware 1975a, Anderson 1988). Observations
and inferences of size and growth-selective predation are consistent with both the
Bigger is Better and Growth Rate Hypotheses (Meekan & Fortier 1996, Hare &
Cowen 1997, D’Alessandro et al. 2013). Field studies demonstrate that fast early
growth and weak selective mortality can translate into enhanced recruitment in some
fish species (Takasuka et al. 2003, Nielsen & Munk 2004, Robert et al. 2007). In
addition, the Stage Duration Hypothesis states that faster development reduces
mortality by decreasing the time spent in vulnerable life stages (Houde 1989). Lab
(Pepin 1993) and field studies (Takasuka et al. 2016) provide evidence in support of
the Stage Duration Hypothesis. These hypotheses lay the framework for how early
life history traits affect fish mortality, but the environmental mechanisms underlying
these concepts remain unclear.

Environmental influence on growth and survival
Temperature is the central environmental factor influencing growth and
mortality rates of a diversity of marine organisms at multiple scales. At larger scales,
temperature can affect current patterns, basin scale dynamics, and interannual to
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multidecadal variability in oceanographic conditions. At smaller scales temperature
affects growth rates, behavior, and metabolism (Blaxter, 1992). As ectotherms, larval
fish are highly sensitive to temperature, with high temperatures increasing
metabolism, and where ample food is available, increasing growth rates (Boehlert &
Yoklavich 1983, Houde 1989). Fast growth rates and large size reduce mortality by
decreasing the number of predators that are capable of capturing and swallowing
these larger prey (Bigger is Better & Growth Rate Hypotheses) and reducing the time
larvae spent in vulnerable life stages (Stage Duration Hypothesis). In addition to
growth and development rate, temperature influences pelagic larval duration, size-atsettlement, and condition-at-settlement. By affecting these important traits,
temperature often mediates post-settlement mortality (Grorud-Colvert & Sponaugle
2011, Rankin & Sponaugle 2011), ultimately determining recruitment strength
(Sponaugle et al. 2006, Robert et al. 2007). While many studies have examined the
influence of oceanographic conditions on growth and recruitment, most have focused
on temperate and high latitude Atlantic species (Meekan & Fortier 1996, Brander
2000, Nielsen & Munk 2004), and to a lesser extent, tropical species (Sponaugle et al.
2006, Houde 2008), but early survival of eastern Pacific species are relatively poorly
studied (Laidig et al. 1991, Shima & Findlay 2002).
Study system and focal species
The California Current Large Marine Ecosystem (CCLME) is an eastern
boundary current system characterized by equatorward winds forcing wind-driven
coastal upwelling. Coastal upwelling transports cold, deep, nutrient-rich waters close
to the surface where they fuel phytoplankton blooms and drive primary production.
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Because of its high productivity, the CCLME supports a diversity of marine flora and
fauna including large fisheries (Pauly & Christensen 1995). However, the CCLME is
a highly dynamic ecosystem with system-wide changes in environmental conditions
occurring on interannual and multidecadal timescales (Checkley & Barth 2009).
Year-to-year differences in the strength and timing of upwelling affect CCLME
oceanographic conditions (i.e. temperature, salinity, dissolved oxygen concentration),
which alter productivity and zooplankton community structure, and potentially affect
recruitment (Brodeur et al. 2005, 2008, Barth et al. 2007).
Recently, the CCLME experienced an intense marine heatwave (Bond et al.
2015) that dramatically altered the oceanography and food web in the CCLME
(Cavole et al. 2016, Peterson et al. 2017, Du & Peterson 2018, Brodeur, Auth, et al.
2019). The anomalous biological and physical oceanographic conditions altered the
phenology (Auth et al. 2018) and community of larval fish (Thompson et al. 2019);
however little is known how the marine heatwave affected fish early life history traits
and survival.
Rockfish (genus Sebastes) comprise a group of ecologically and commercially
important groundfishes that live in a variety of habitats in the CCLME from the
nearshore to the shelf slope (Love et al. 2002a). Rockfish have internal fertilization
and give birth to larvae that spend 2-6 months in the plankton, culminating in a
pelagic juvenile stage that returns to nearshore habitats to recruit(Moser & Boehlert
1991). In the northern CCLME, the timing of reproduction of many nearshore
rockfishes may be linked to enhanced productivity and corresponding prey
concentrations (Kendall & Lenarz 1986, Echeverria 1987) as the system transitions
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from downwelling to intermittent upwelling in the spring and summer (Checkley &
Barth 2009). Coastal upwelling increases primary production, which induces
zooplankton blooms that serve as prey for larval fishes (Moser & Boehlert 1991). Off
Oregon, wind-driven upwelling is intermittent and moves surface water offshore
while cessation of upwelling winds (relaxation) moves surface waters back to shore.
Pelagic larvae and juveniles rely on oscillations of upwelling dynamics to aid their
offshore and onshore transport, regulate dispersal, and to facilitate their recruitment to
nearshore habitats (Miller & Shanks 2004, Shanks & Eckert 2005).
Rockfish recruitment is highly variable, and characterized by poor stockrecruitment relationships, suggesting that our understanding of how early life history
experiences influence early survival is limited (Ralston & Howard 1995, Wallace &
Cope 2011, Cope et al. 2016). Prior to the marine heatwave, a variety of studies have
examined correlations between pelagic juvenile rockfish abundance and
oceanographic conditions including winter water temperature (Ralston & Howard
1995), prey abundance and wind stress (Wells et al. 2008), variability in the Northern
Oscillation index and its interaction with adult abundance (Zabel et al. 2011), and sea
level height anomalies (Ralston et al. 2013). However, only one study has examined
the linkages between the environmental variability, growth, and survival showing that
growth and recruitment are higher in a year when seasonal productivity occurred
earlier and overlapped with larval development compared to a year when seasonal
productivity was delayed decreasing overlap with the larval stage (Wheeler et al.
2016). The advent of the marine heatwave dramatically altered oceanographic
conditions and previous relationships between environmental variability and rockfish
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abundance. A recent study using a multidecade pelagic juvenile rockfish abundance
time series shows that the variability in relative contributions of relatively cool and
fresh water (characteristic of North Pacific and Pacific Subarctic water) compared to
warm and salty water (characteristic of Subtropical and Equatorial Pacific water) to
the upper water column of the California Current drive patterns in recruitment
variability (Schroeder et al. 2019). The lack of a mechanistic understanding of how
the environmental variability translates to variability in the early growth and survival
of rockfish hampers our ability to predict recruitment in the face of climate change.
Rockfish larval growth rates vary interannually with oceanographic conditions
(Woodbury & Ralston 1991). Several studies in the CCLME have examined the
influence of temperature on growth of rockfish during early life stages. In the
northern CCLME (north of Cape Blanco, OR) increased temperature typically
increases juvenile rockfish growth rates, except when food is limited (Boehlert &
Yoklavich 1983). In the central CCLME (between Point Conception and Cape
Blanco), pelagic larval growth and birthdate distributions are positively correlated
with winter water temperature (Woodbury & Ralston 1991): lower winter water
temperatures lead to earlier birthdates and larger sizes of pelagic juveniles (Ralston et
al. 2013). The growth-mortality hypotheses indicate the importance of larval growth
to survival and the evidence of ocean temperature driving larval rockfish growth
suggest it may play an important role governing interannual variability in rockfish
recruitment, but this has not been thoroughly investigated. The increased variability
of oceanographic conditions in the CCLME during the marine heatwave highlight the
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need for an improved understanding of the mechanisms that link CCLME
oceanographic conditions, larval growth, and survival.
Rockfish are important prey for CCLME organisms and a combination of
oceanographic conditions and mortality due to predation may influence rockfish
recruitment. Pelagic juvenile rockfish are prey for a variety of species from salmonids
to common murres (Mills et al. 2007, Brodeur et al. 2014) and, following settlement,
to a suite of demersal fishes (Hobson et al. 1995). Understanding how environmental
conditions affect rockfish early life history traits and examining how life history traits
mediate predation could improve our understanding of rockfish recruitment
variability.
Dissertation outline
The overarching goal of this dissertation is to examine the influence of
environmental conditions on rockfish early life stages and determine how
environmental variability translates into fluctuations in rockfish recruitment. This
body of work examines the effects of environmental conditions on rockfishes in three
ways: Chapter 2 examines pelagic juvenile black rockfish (Sebastes melanops) early
life history traits over 7 years and evaluates the relationships between larval growth
as well as settlement rate and a variety of basin scale, regional, and local
oceanographic indices. Chapter 3 focuses on how early life history traits affect
mortality through the examination of trait-based selective mortality across ontogeny
for three black rockfish cohorts. Finally, Chapter 4 explores the same process of
selective mortality, but from the perspective of the predator. Early life history traits
were compared between pelagic juvenile quillback rockfish (Sebastes maliger)
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simultaneously collected in trawls with coho salmon with those from the stomachs of
these salmonid predators. These three studies provide a comprehensive analysis of the
influence of environmental factors on rockfish early life history traits in the northern
CCLME and how variability in early life history traits affects survival through this
critical period.
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CHAPTER 2: LARVAL ROCKFISH GROWTH THROUGH THE MARINE
HEATWAVE: WINDOW INTO THE FUTURE
Abstract
Understanding how future ocean conditions will impact the early life history
of fishes is critical to predicting how population dynamics of marine fishes will be
impacted by climate change. As climate induced ocean warming progresses, both
growth and mortality rates of larval fishes are expected to increase. The California
Current Large Marine Ecosystem (CCLME) experienced anomalous ocean warming
from 2014 to 2016, causing changes to fish phenology, distribution, and ecosystem
structure. This large marine heatwave provided a glimpse into the future conditions
fish populations may experience. To quantify the impacts of ocean conditions on the
early growth and survival of an abundant nearshore fish species, we examined the
otolith microstructure of juvenile black rockfish (Sebastes melanops) from a 7-year
settlement time-series (2013-2019) encompassing this heatwave. Our results
demonstrated that in warmer years, fish growth and development were faster and led
to younger settlers than in cooler years. Early growth was significantly positively
associated with the Pacific Decadal Oscillation (PDO) and sea surface temperature
(SST). Settlement magnitude was not linearly related to ocean conditions or to larval
growth, but instead was dome-shaped, peaking at an intermediate larval growth and
suggesting an optimal growth window. We hypothesize that lower recruitment of
black rockfish during two years (2014-2015) of exceptionally high growth was likely
due to a combination of low survival and strong selective mortality and/or a
combination of warm water increasing growth rate and the absence of suitable prey
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necessary to sustain this high growth. Future survivorship of young marine fish in
warming oceans will likely be complicated by climate-induced changes to lower
trophic levels that are necessary for larval survivorship. Further examination of
changing planktonic communities and food webs during such marine heatwaves will
enhance the precision with which we predict future fish population dynamics.

Introduction
As climate change progresses, the oceans are absorbing the majority of heat
attributed to global warming (Bindoff et al. 2019). Ocean warming has the potential
to dramatically impact marine organisms, populations, and ecosystems (Doney et al.
2012) and there is evidence that much of the ocean has been warming for decades
(Johnson & Lyman 2020). Understanding the impacts of changing ocean conditions
on marine populations and ecosystems is crucial to developing “climate-ready”
management strategies (Pinsky & Mantua 2014). Because fish population dynamics
are driven by variable survival through fish early life stages (Bailey & Houde 1989),
and larval mortality increases with elevated temperatures (Houde 1989, Wang et al.
2020), climate change may alter survival during early life (Llopiz et al. 2014).
The larval phase is a critical period in the development of many fish species;
however, relatively little is known about the processes leading to successful larval
growth, and ultimately, survival to 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 (Lasker
1975, Iles & Sinclair 1982, Cury & Roy 1989, Houde 1989, Sponaugle et al. 2006).
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Variation in early growth is thought to be an important factor explaining variability in
year-class strength as small changes in growth and survivorship can lead to large
changes in the magnitude of recruitment (Houde 1987). In addition, larval experience
during the pelagic phase can influence survival and performance in later life stages
through carryover effects (Searcy & Sponaugle 2001, Shima & Findlay 2002). 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 a test of the effects of potential
climate change on fish populations is the recent occurrence of large-scale
oceanographic anomalies that mimic future ocean conditions.
Eastern boundary current systems support highly productive fisheries and are
affected by ocean and land warming patterns (Bakun 1990, Snyder et al. 2003, Bakun
et al. 2010). The California Current Large Marine Ecosystem (CCLME) along the
eastern boundary of the North Pacific Ocean is defined by high but variable seasonal
productivity. During the spring and summer, warming of the continental landmass
creates a low pressure in contrast to high pressure formed by the cooler air over the
ocean. This pressure gradient generates equatorward winds that drive Ekman
transport leading to the upwelling of cold nutrient-rich water along the coast (Bakun
& Nelson 1991). Many fish species time their reproduction to minimize transport
(Shanks & Eckert 2005) and to take advantage of the high productivity during the
upwelling season (Cushing 1990, Carr 1991). However, there is mounting evidence
that climate change is already impacting the CCLME by altering the distribution and
phenology of fishes (Asch 2015, Auth et al. 2018), as well as the intensity of
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upwelling winds (Sydeman et al. 2014). In addition, the CCLME recently
experienced anomalous conditions during the large marine heatwave (2014-2016) that
had a variety of impacts on the ecosystem and its inhabitants (Bond et al. 2015,
Cavole et al. 2016). Understanding how anomalous oceanographic conditions in the
CCLME impact the early life stages of fishes and their survival to recruitment is
important to managing fisheries in the face of changing ocean conditions.
Rockfish (genus Sebastes) are a group of economically and ecologically
important fish species found throughout the CCLME. They are characterized by their
long-life spans, high fecundity, ovoviviparity, and highly variable survival of their
early life stages. Rockfish have a complex life cycle with females giving birth to
larvae that develop in the plankton for one to several months. Many species
metamorphose to the juvenile stage during their planktonic phase before settling to
benthic adult habitat (Carr 1991, Love et al. 2002b). Physical factors during the
rockfish pelagic phase are thought to regulate year class strength (Ralston & Howard
1995). Recruitment variability of different rockfish species in California has been
linked to a variety of conditions: a combination of zooplankton abundance and
reduced offshore transport (Wells et al. 2008), the Northern Oscillation Index (Zabel
et al. 2011), northern copepod biomass (Peterson et al. 2014), regional productivity
(Wheeler et al. 2016), and, prior to the marine heatwave, sea level height anomalies
(Ralston et al. 2013). During the 2014-2016 marine heatwave, the relationship
between sea level height anomaly and rockfish recruitment collapsed and a new
“spiciness index” (the potential temperature and potential salinity at the 26.0 kg•m3
isopycnal) was computed. Based on, spiciness provides a measure of the relative
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contribution of Pacific Subarctic and Equatorial Pacific water to the upper waters
(100-400 m) of the CCLME, the “spiciness index” effectively explained variability in
rockfish recruitment in California, including during the anomalously warm conditions
(Schroeder et al. 2019). 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. Rockfish also recruit to more northern areas along the Oregon coast and up
to British Columbia (Haggarty et al. 2017, Ottmann et al. 2018), in some cases
comprising a substantial commercial and recreational fishery. Oceanographic
conditions differ in these northern portions of the CCLME (Checkley & Barth 2009)
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 2013-2019 along the central coast of Oregon to investigate the
influence of oceanographic variability on fish early life history traits and survival.
This time-series included the anomalous conditions of 2014-2016, allowing for a
glimpse into how potential 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. CPUE) 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

23

provide insights into how projected changes in these variables may affect future
recruitment.

Methods
Oceanographic conditions
To characterize the environmental conditions experienced by larval black
rockfish, 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 the Pacific Decadal Oscillation (PDO), the Ocean Niño Index (ONI), and
the North Pacific Gyre Oscillation (NPGO). We included two regional measures of
upwelling strength and productivity at 45º N (latitude of central Oregon): the coastal
upwelling transport index (CUTI) and the biologically effective upwelling transport
index (BEUTI). We also examined the local oceanographic indicators of northern and
southern copepod biomass anomalies and upper water column (20 m) temperature
from the Newport Hydrographic Line. These data have been collected fortnightly to
monthly by NOAA since 1996 (Peterson et al. 2017). Additionally, we included sea
surface temperature (SST) and meridional wind from the National Data Buoy Center
buoy 46050 (located 37 km west of Newport, OR). Finally, we included the
“spiciness index” for the 26.0 potential density isopycnal (Schroeder et al., 2019). For
all of these indices, we refined the time period used for the values by using the
birthdate distribution for each juvenile rockfish cohort (see below) to average
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monthly mean oceanographic data over the time period fish were in the plankton (i.e.,
if the birthdate distribution was restricted to February we included February and
March conditions to capture the larval experience; if the distribution spanned
February to March we included February to April conditions).

Fish collection
Juvenile black rockfish were collected in standard monitoring units for the
recruitment of fishes (SMURFs; Ammann 2004). These SMURFs were located in
nearshore waters 16 km north of Newport, OR between Cape Foulweather and Otter
Rock (see Ottmann et al., 2018). 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 was sampled every ~14 days. Fish were collected by two snorkelers using a
benthic ichthyofauna net for coral and kelp ecosystems (BINCKE, Anderson & Carr
1998) to engulf a SMURF, remove it from the mooring, and bring the sample to a
boat where fishes were shaken and rinsed out of the SMURFs. Fish were euthanized
with a lethal dose (2 mM) of tricaine methanesulfonate (MS-222) buffered with
sodium bicarbonate (6 mM), placed on ice, and transported to the lab for
measurement and dissection. For the purposes of back-calculation of age at
settlement, we assumed fish that appeared in SMURFS arrived 7 days prior to
collection.
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Sample Processing
Juvenile black rockfish were distinguished from similar-looking yellowtail
rockfish using pectoral fin ray counts, pectoral fin pigmentation, and dorsal coloration
patterns (Laidig & Adams 1991). 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 2.1). 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., 2018) to increase our sample size
for this year. Daily growth increments have been validated for juvenile black rockfish
(Yoklavich & Boehlert 1987), 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 (Miller & Shanks 2004, Wheeler et al. 2016). We embedded sagittal otoliths
in Crystalbond thermoplastic resin (Electron Microscopy Science) and used lapping
paper to polish otoliths along the sagittal plane. Otoliths were read at 400x using a
compound microscope equipped with polarized transmitted light, and increments
were interpreted using image analysis software (ImagePro v.9.0).
Following standard procedures (Miller & Shanks 2004, Sponaugle 2009), we
obtained otolith increment counts and measurements of daily increment widths to
estimate the age and daily growth of each individual (Fig. 2.1). Additionally, we used
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the presence of secondary growth primordia to determine the initiation of
metamorphosis from the larval to pelagic juvenile stage (Laidig et al. 1991). 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. 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 and create complete core-toedge 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 positive relationship between the residuals of the radius-at-age and size-atage of surviving rockfish (F1,173 = 128.7, p <0.0001, R2 = 0.42), confirming that
otolith radius and otolith increment width could be used as proxies for size and
growth, respectively (see Thorrold & Hare, 2002).

Calculation of settlement rate
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Black rockfish typically settle to nearshore rocky reefs and kelp beds between
May and July (Ottmann et al. 2018). Because of weather and logistical issues with
deployments, SMURF moorings were not always deployed before the start of this
window. 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
SMURFs in a given year as the end of the settlement window for that year. Settlement
rate was calculated as the average number of fish per SMURF per sampling interval
(days between SMURF 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. We used TukeyHSD 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
by day 44, we limited the larval period for analysis to 43 days. This ensured that
larval growth was compared over a window when all fish were actually larvae. To
determine mean larval growth for each year, we averaged increment widths of each
individual from age 1 to 43 days, then computed the mean for each year. Because size
and age are tightly coupled, to test for differences in size-at-settlement across years
we used ANCOVA with age as covariate. Mean settlement rate had unequal variance;
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to account for this, we employed Welch’s ANOVA to test for differences in
settlement rate 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 multivariate 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 (Carrascal et al. 2009), and has been used to examine the influence of
oceanographic conditions on fish growth (Takahashi et al. 2012) and abundance
(Wells et al. 2008). We tested the influence of basin-scale oceanographic indices
including PDO, ONI, and NPGO, regional values of CUTI and BEUTI at 45 ºN, local
oceanographic conditions including: northern and southern copepod index, sea
surface temperature (SST), upper 20-m water temp during winter (20 m T), the
meridional winds, as well as the spiciness index on black rockfish larval growth. We
used these same variables to test the influence of oceanographic conditions 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.

Results
Oceanography during the larval phase of rockfish
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Larval black rockfish experienced a wide variety of conditions from 2013 to
2019. On a basin scale, the PDO was negative during 2013, 2018, and 2019 (Fig.
2.2a), and ONI was negative in 2013 and 2018 (Fig. 2.2b), indicating enhanced
coastal upwelling and cooler water temperatures. In contrast, both PDO and ONI
were positive in 2014-2016, reflecting reduced upwelling and warmer water
temperatures. Finally, PDO and ONI were slightly positive in 2017 and 2019. The
marine heatwave began to impact the CCLME in 2014 and this is apparent in the
transition from negative PDO and ONI values in 2013 to positive values in 2014.
Likewise, the NPGO, which is a measure of vertical transport, was positive in 2013
and 2016, and negative in 2014 and 2017, and strongly negative in 2015, 2018, and
2019 (Fig. 2.2c).
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. CUTI was negative during the larval stage from
2013-2017 and turned positive from 2018 to 2019, while BEUTI was negative for
2013-2018 and positive in 2019 (Table 2.2).
Local oceanographic indicators aligned with the basin-scale indices. Copepod
biomass anomaly indices trended with the PDO and ONI as the northern copepod
biomass anomaly was positive in 2013, 2014, and 2018, strongly negative in 20152017 as the warm water mass moved into the northeast Pacific, and weakly negative
in 2019 (Fig. 2.3a). The southern copepod biomass anomaly exhibited the opposite
pattern with negative values in 2013-2014, strongly positive values in 2015-2017, and
weakly positive values in 2018-19 (Fig. 2.3b). SST generally tracked the PDO/ONI
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values with markedly warmer SST in 2014-2016 and cooler temperatures in 2013,
and 2017-2019 (Fig. 2.3c). 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 20172019 (Table 2.2).

Rockfish early life history traits & settlement rate
There was significant interannual variability in black rockfish early life
history traits. Birthdates varied by year (F6, 168 = 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 a month later on March 6 (Fig. 2.4a). Mean larval growth differed
significantly across years (F6,168= 13.32, p < 0.001) with fastest growth in the
anomalously warm years of 2014-2016 and slowest growth in cool years such as 2013
and 2018 (Fig. 2.4b). Age-at-settlement varied significantly across years (F6, 168 =
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 when growth was
slowest and water temperatures were coldest (Fig. 2.4c). Size (SL) varied
significantly among years (F7,167= 17.91, p < 0.001): Fish were largest in 2014 and
smallest in 2015 (Fig. 2.4d). There was significant interannual variability in
settlement rate (Welch’s F6, 8.05= 4.0879, p = 0.035) with highest settlement in 2019
and lowest settlement in 2015 (Fig. 2.4e).

Relationship between larval growth and oceanography
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The first two components of the partial least squares regression analysis
explained 92.6% of variability in mean larval black rockfish growth, with the first
component explaining 71.0% of the variability (Fig. 2.5a). There was a strong
positive relationship between the first PLSR component, which was driven mainly by
PDO and SST (Table 2.3), indicating that growth was faster in years with warmer
water (p = 0.017; R2 = 0.71; Fig. 2.5b). The second component captured 21.6% of the
variability but was not significantly correlated with growth (p = 0.29).
There was no significant 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 89.5% of the variability
in black rockfish settlement. The first component explained 35.5% of the variability
in settlement while the second component explained 54.0% of the residual variation
in settlement; however, neither component was significantly correlated with
settlement (p =0.15 and p = 0.06 respectively).

Relationship between growth, timing of metamorphosis, and settlement
The timing of larval black rockfish metamorphosis to pelagic juveniles was
negatively related to mean larval growth (R2 = 0.92, p < 0.001), suggesting that rapid
growth enables a faster transition (Fig. 2.6). In contrast, annual settlement magnitude
of black rockfish was not a linear function of mean larval growth, but instead was
dome-shaped, with settlement highest at an intermediate value of mean larval growth
(Adj. R2: 0.7763 F2,4= 11.41, p = 0.022; Fig. 2.7).
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Discussion
Marine heatwaves and rockfish in the California Current
Over the seven-year time period of 2013-2019, the California Current Large
Marine Ecosystem (CCLME) experienced extremely variable oceanographic
conditions. The advent of the large marine heatwave from 2014 to 2016 resulted in
the warmest three-year period in the recorded history of the CCLME (Jacox et al.
2018). These years experienced strongly positive PDO values, a very strong El Niño
(2015-2016), and strongly negative NPGO values, triggering ecosystem-wide changes
in the taxa distributions and reproductive phenology (Asch 2015, Auth et al. 2018),
and larval fish abundance and community structure in the CCLME (Brodeur et al.
2019a, Thompson et al. 2019). These extreme conditions saw a collapse in our
previous understanding of the relationship between the physical environment and
rockfish recruitment in California (Schroeder et al. 2019).
In Oregon, the marine heatwave resulted in changes throughout the food web.
In the phytoplankton community, diatom abundance and diversity decreased and
dinoflagellate diversity spiked (Du & Peterson 2018). The zooplankton community
experienced a reduction of copepod and euphausiid biomass, but increased in
copepod species richness as a variety of southern and offshore species moved into the
system (Peterson et al. 2017). Additionally, micronekton and macrozooplankton
communities underwent a dramatic shift from crustacean to gelatinous zooplankton
dominance (Brodeur et al. 2019a). In 2015, the plankton community experienced a
dramatic increase in the hydromedusa Aequorea victoria, but by 2016, a subtropical
pelagic tunicate, Pyrosoma atlanticum, dominated the system (Sutherland et al. 2018,
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Brodeur et al. 2019a). These changes to the base of the food web led to changes in the
diets of many forage fishes in the northern CCLME, with gelatinous zooplankton
becoming a major proportion of the prey consumed, replacing the typical crustacean
prey found in normal years (Brodeur et al. 2019b).
Rockfishes are an important component of this ecosystem, but few studies
have examined how they will respond to warming-induced ecosystem changes in the
northern CCLME. Pelagic juvenile rockfish are considered to be a forage species as
they link large predators to lower trophic levels (Brodeur et al. 2014). The diets of
pelagic juvenile rockfish are typically dominated by copepods, euphausiids, and
amphipods (Reilly et al. 1992, Bosley et al. 2014); however, not much is known about
larval rockfish diets and there has been no examination of how their diets may change
with oceanographic conditions (Sumida & Moser 1984). A previous study, conducted
prior to the marine heatwave, correlated offshore larval rockfish abundance (all
species together) to basin- and local-scale oceanographic indices with neutral PDO
conditions, an El Niño index (both lagged by 7 months), and with eastward Eckman
transport (Auth et al. 2011). Additionally, settlement of several rockfish groups has
been shown to increase with downwelling conditions prior to settlement, whereas the
settlement of other species increased with higher SST, although the group containing
black rockfish did not have a strong response to either of these conditions (Ottmann et
al. 2018). Because marine heatwaves cause major changes to oceanic ecosystems and
are expected to become more frequent as oceans continue to warm (Frölicher &
Laufkötter 2018), they provide the opportunity to examine relationships between
extreme conditions and settlement patterns as a precursor to refining our predictions
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of climate change effects on future fish populations. By examining a 7-year time
series of settlement that included multiple years of anomalous conditions, 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. Birthdate distributions varied across years but were not clearly
associated with ocean conditions. In contrast, there were clear linkages across other
traits: rapid growth was associated with warmer water during development, leading to
early metamorphosis--i.e. younger ages-at-settlement (such as in 2015). Likewise,
slow growth during cooler years led to a later transition from larvae to pelagic
juveniles, and slower (i.e., older ages at) settlement. Because size at the time of
settlement is a function of both growth rate and time spent growing at that rate, there
were fewer significant differences in size-at-settlement. Size-at-settlement was at
least 42 mm SL in each year except in 2015 when growth was highest and size-atsettlement significantly smaller. Variability in growth is commonly attributed to
variable temperatures and work on temperate species shows that warmer temperatures
increase early growth (Campana 1996) and weight-at-age of species such as Atlantic
cod (Gadus morhua; Brander, 2000). Studies of tropical fishes have shown that water
temperature encountered by larvae during early life not only influences their growth,
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but also their larval duration and size-at-settlement (Sponaugle et al. 2006, GrorudColvert & Sponaugle 2011).
Temperature plays a major role in black rockfish larval growth. Early growth
was strongly positively associated with positive PDO and SST indicating faster
growth in warmer water. Laboratory studies of larval and juvenile rockfish growth
indicate that, as long as fish have sufficient access to food, growth rate increased with
increasing temperature (Boehlert & Yoklavich 1983, Chin et al. 2007). Field studies
confirm that larval growth increases with increasing temperature for rockfish off the
coast of central California (Woodbury & Ralston 1991) and off of Washington, USA
(Fennie et al. 2020). The fish used in the present 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 play an important role in determining how climate change will
impact the early survival of fishes (Munday et al. 2009, Llopiz et al. 2014).

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 reduced
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northern copepod and elevated southern copepod biomass anomalies, 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, northern copepod biomass was reduced and 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 species is related to oceanographic variability (Table 4,
Ralston & Howard, 1995; Laidig et al., 2007; Wells et al., 2008; Zabel et al., 2011;
Ralston et al., 2013; Schroeder et al., 2014, 2019; Wheeler et al., 2016). One study
examined black rockfish and found that juvenile abundance was negatively associated
with sea level anomaly and nearshore temperature during the larval stage (Laidig et
al. 2007). However, only one study encompassed the marine heatwave and showed
that the “spiciness index” best explained rockfish abundance variability throughout
the time series (Schroeder et al. 2019). This study demonstrated that the anomalous
marine heatwave conditions altered our previous understanding of how pelagic
juvenile abundance of a variety of rockfish species varies with ocean conditions
(Laidig et al. 2007, Ralston et al. 2013). For black rockfish settling to central Oregon,
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settlement magnitude was not correlated with the “spiciness index” nor any other
oceanographic index used in our study. Instead, we found that low settlement
occurred in two years of elevated water temperatures as well as in the coldest year,
while high settlement occurred in another warm year. It is possible that there are
regional differences in how black rockfish respond to ocean conditions as the
upwelling characteristic of Oregon is more intermittent than the near constant
upwelling of northern and central California (Checkley & Barth 2009). 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 California rockfish, do not reliably predict black rockfish
settlement 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 (but see Laidig et al., 2007; Wheeler et al., 2016). 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. 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.

Early life history traits and magnitude of rockfish settlement
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The annual magnitude of black rockfish settlement to central Oregon varied
predictably with larval growth, but in an unexpected way. While a combination of
environmental and oceanographic variables failed to predict black rockfish settlement
rate, growth integrates the influence of the biological and physical environment on
larval development. Numerous studies stress the importance of fast growth (Hare &
Cowen 1997, Takasuka et al. 2003, Robert et al. 2007), large size (Anderson 1988,
Miller et al. 1988) and rapid development (Chambers & Leggett 1987, Houde 1987)
to the survival of young fishes. Growth of young black rockfish off Oregon was
significantly related to water temperature but fast growth in warm temperatures did
not lead to high rates of settlement. Instead, settlement peaked at intermediate values
of larval growth. Settlement was lowest in 2013 when growth was lowest and
increased in years with increasing larval growth until a peak in 2016. In the two years
with highest larval growth (2014 and 2015), settlement magnitude decreased. There
are several possible explanations for why settlement rate may be lower at the highest
growth rates. First, strong physical forces during the larval stage may have displaced
larvae offshore or beyond their retention zone at too young of an age to allow for
successful settlement to a nearshore habitat (Iles & Sinclair 1982). In 2015, strong
meridional winds during the larval period led to a strong early upwelling pulse and
offshore transport, which may have dramatically decreased the survival of this cohort
as only a few extremely fast-growing individuals were collected at settlement.
Swimming endurance in rockfish increases with increasing size and development
(Kashef et al. 2014). It is possible that only the individuals that grew and developed
rapidly were able to resist or overcome offshore displacement and settle to the
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nearshore. Second, there may have been strong growth-selective mortality (Takasuka
et al. 2003) 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 (Paradis et al.
1996) 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 has been shown to consume larval rockfish (Purcell
1989), dramatically increased off the coast of Oregon in 2015 (Brodeur et al. 2019a)
and may have caused catastrophic losses to the larval black rockfish population.
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, larval growth was fast in 2014, but upwelling strength, A.
victoria abundance, and settlement rates were low. Thus, our data are not consistent
with either physical transport or predator-mediated high mortality as a cause of
reduced settlement during these two years. Instead, a more most parsimonious
explanation is that a combination of temperature and food availability explains the
difference in survival and thus settlement rate during years of rapid growth.
Growth of poikilotherms is known to increase with increasing temperatures
(Brown et al. 2004), but adequate food is required to sustain such growth. In
laboratory experiments, rockfish growth and consumption increased with increasing
temperature and as long as there was access to sufficient prey, fish condition also
increased (Boehlert & Yoklavich 1983, Chin et al. 2007). However, when prey were
unavailable, increased temperature led to increased growth, but reduced condition
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(Boehlert & Yoklavich 1983). Experiments mimicking heatwave conditions on the
larvae of a tropical fish species revealed similar patterns of enhanced growth at higher
temperatures with the requirement of high consumption to maintain elevated growth
(McLeod & Clark 2016). Our observations of high black rockfish growth coupled
with reduced survival (settlement magnitude) in anomalously warm water during
2014-2016 may be due to changes in food availability. During these years, there was
a large decrease in the northern copepod biomass anomaly and a dramatic increase in
copepod diversity fueled by an influx of offshore and southern species (Peterson et al.
2017). Southern copepod species are thought to be lower quality prey than the large,
lipid-rich northern species associated with cooler years (Lee et al. 2006).
Additionally, the composition of the zooplankton community is typically dominated
by crustaceans, but during 2015, the community transitioned to a gelatinous
dominated zooplankton community and may have reduced the availability of common
larval rockfish prey items (Brodeur et al. 2019a). To support their increased growth in
these warm, nutrient-poor waters, larval black rockfish would have needed to feed
more frequently. An elevation in feeding activity would increase the likelihood of
encounters with predators and reduce survival in years with low food availability
(Pepin 1991). This hypothesis remains to be tested as details of how this shift in
zooplankton community was translated into the diets of young rockfish is largely
unknown. To our knowledge, only one larval rockfish diet study exists and this was
on a different species (S. paucispinis) which mainly consumed copepod nauplii
(Sumida & Moser, 1984). No data were included on how this diet may shift across
years. The majority of early rockfish diet studies focus on the pelagic juvenile phase
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and indicate that adult copepods are important prey items (Reilly et al. 1992, Bosley
et al. 2014). These findings suggest that the northern and 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 populations of fishes. While marine heatwaves
provide some indication of how lower 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 expressing the effects of climate change making it
imperative to understand future impacts to larval fish survival. Evidence for predicted
changes in the timing, intensity, and duration of upwelling in the CCLME (Bakun
1990, Snyder et al. 2003, Bakun et al. 2010) is starting to mount, resulting in
upwelling intensification during spring and signals of lower overall total upwelling
(Sydeman et al. 2014, Brady et al. 2017). This could lead to enhanced productivity or
mixing could become too strong, transporting nutrients, phytoplankton, and larval
fishes out of nearshore waters (Cury & Roy 1989). In addition, the southern portion
of the CCLME is experiencing earlier seasonal warming and many fish species,
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including several rockfishes, are experiencing shifts in their reproductive phenology
to earlier in the year (Asch 2015). Coinciding with the large marine heatwave in the
northern CCLME, reproduction of many fish species is occurring earlier and farther
north than previously observed (Auth et al. 2018). Shifts in both the timing of
reproduction and the onset of seasonal productivity may become detrimental to early
fish survival in the CCLME. Finally, the warm period of 2014-2016 revealed how
sensitive the northern CCLME plankton community is to changing ocean conditions
(Peterson et al. 2017, Du & Peterson 2018, Brodeur, Auth, et al. 2019, Brodeur,
Hunsicker, et al. 2019). Our results demonstrated that the dramatic change in water
temperature caused by such warm water anomalies may increase black rockfish
growth in some stages, but without adequate prey availability in other stages,
settlement magnitude may plummet. In our 7-year study, anomalously warm
oceanographic conditions increased black rockfish larval growth, but we hypothesize
that the poor quality of copepod prey during the same period 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 recruitment. By integrating environmental variability (both temperature
and potentially prey availability) the examination of fine-scale individual and cohortspecific growth enables a view into the mechanisms underlying population
predictions.
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Table 2.1. 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).
The recruitment window indicates the dates used to calculate settlement rate.
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
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Table 2.2. 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 Niño Index (ONI), North Pacific Gyre Oscillation (NPGO),
regional: Coastal upwelling transport index (CUTI), biologically effective upwelling
transport index (BEUTI), meridional wind velocity (Mwind), and local oceanographic
conditions: northern copepod biomass anomaly (N.Copepod), and southern copepod
biomass anomaly (S.Copepod), sea surface temperature (SST), upper 20m water
column temperature (20mT), and the “spiciness index” (Spicy).
Year PDO
2013 -0.977
2014 0.878
2015 1.413
2016 1.428
2017 0.301
2018 -0.418
2019 -0.206

ONI
-0.285
0.087
0.657
1.955
0.127
-0.590
0.793

NPGO
0.923
-0.281
-1.349
0.352
-0.559
-2.112
-2.240

CUTI BEUTI
-0.065 -1.106
-0.005 -0.778
-0.091 -0.023
-0.505 -2.157
-0.348 -2.805
0.020 -0.178
0.063
0.273

Mwind
0.667
0.686
-1.200
4.376
3.475
0.432
-0.352

N.
S.
Copepod Copepod SST
20mT Spic
0.447
-0.035
9.238 10.120
-0.
0.587
-0.187
11.536 9.620
-0.
-0.902
0.401
11.407 12.730
-0.
-1.270
0.348
11.486 12.030
-0.
-1.306
0.405
10.537 11.470
-0.
0.030
0.182
10.197 10.630
-0.
-0.574
0.155
10.269 10.990
-0.
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Table 2.3. Summary of the partial least squares regression analysis between basin
scale: Pacific Decadal Oscillation (PDO), Ocean Niño Index (ONI), North Pacific
Gyre Oscillation (NPGO), regional: meridional wind velocity (Mwind), Coastal
upwelling transport index (CUTI), biologically effective upwelling transport index
(BEUTI), the “spiciness index” (Spicy), and local oceanographic conditions: sea
surface temperature (SST), upper 20m water column temperature (20mT), northern
copepod biomass anomaly (N.Copepod), and southern copepod biomass anomaly
(S.Copepod) and mean larval growth of black rockfish (Sebastes melanops). Weight2
indicates the contribution of each variable to the variability explained by Axis 1.
Correlation is between mean larval growth in each year (n = 7) 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.
Predictor
Weight2
Correlation Loading
PDO
0.354
0.948
+
SST

0.338

0.880

+

20mT

0.107

0.773

+

ONI

0.102

0.760

+

Mwind

0.032

0.116

+

BEUTI

0.024

-0.031

-

N.Copepod

0.023

-0.649

-

S.Copepod

0.013

0.570

+

NPGO

0.003

-0.142

-

Spicy

0.002

0.294

+

CUTI

0.002

-0.437

-
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Table 2.4. Summary of previous studies examining the relationships between pelagic juvenile rockfish abundance and oceanographic
conditions. Each of these studies used rockfishes collected off of central California.
Study
Ralston &
Howard 1995
Laidig et al.
2007
Wells et al. 2008
Zabel 2011
Ralston et al.
2013

Species
S. flavidus,
S. mystinus
S. flavidus,
S. melanops,
S. mystinus
S. jordani
S. paucispinis
S. auriculatus,
S. entomelas,
S. flavidus,
S. goodei,
S. hopkinsi,
S. jordani,
S. mystinus,
S. paucispinis,
S. pinniger,
S. saxicola

Years

Environmental variables

Recruitment pattern

Winter water temperature

Dome shaped relationship between recruitment
and water temperature

Winter sea level anomaly
and nearshore temperature

Negatively correlated with winter sea level
anomaly and nearshore temperature

1975-2005

Zooplankton abundance
and wind stress curl

Positively correlated with zooplankton and
negatively correlated with curl

1968-2006

Northern Oscillation Index
(NOI)

Positively correlated with NOI

Sea level anomaly

Increased recruitment when sea level
anomalies indicate equatorward flow during
the larval stage

1983-1992

1983-2003

1983-2010
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Schroeder et al.
2014

Wheeler et al.
2016
Schroeder et al.
2019

S. auriculatus,
S. entomelas,
S. flavidus,
S. goodei,
S. hopkinsi,
S. jordani,
S. mystinus,
S. paucispinis,
S. pinniger,
S. saxicola

1990-2010

S. carnatus,
S. caurinus

2010-2011

S. auriculatus,
S. entomelas,
S. flavidus,
S. goodei,
S. hopkinsi,
S. jordani,
S. mystinus,
S. paucispinis,
S. pinniger,
S. saxicola

1983-2016

Isopycnal depth

Negatively correlated with isopycnal depth

Regional Productivity

Positively correlated with productivity

"Spiciness index"

Positively correlated with Pacific Subarctic
water signature in upper waters
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Figure 2.1. Image of otolith core (left) and whole otolith (right). Increment counts were made along the post-rostral axis indicated by
the yellow arrows in each image. The extrusion check (A) indicates when larvae were parturated and age 0. The secondary growth
primordia (B) indicates when larval black rockfish begin metamorphosis to their juvenile stage.
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Figure 2.2. Monthly mean basin-scale climate indices. From top to bottom: Pacific
Decadal Oscillation (PDO), Ocean Niño Index (ONI), and North Pacific Gyre
Oscillation (NPGO). Gray rectangles indicate the larval period for each annual cohort
of black rockfish (Sebastes melanops)--birthdate distribution plus one month.
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Figure 2.3. Monthly mean local climate indices. From top to bottom: Northern
Copepod Biomass Anomaly Index, Southern Copepod Biomass Anomaly Index, and
sea surface temperature (SST) at Stonewall Bank, OR. Gray rectangles indicate the
larval period for each annual cohort of black rockfish (Sebastes melanops)--birthdate
distribution plus one month.
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Figure 2.4. 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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Figure 2.5. Partial least squares regression (PLSR) correlation (a) radar plot of
oceanographic indices (blue) and mean larval growth (μm d−1 ) 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 Tables 1 and 2.
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Figure 2.6. 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.
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Figure 2.7. Multiple regression of mean settlement rate of black rockfish (Sebastes
melanops) over 7 years as a function of mean larval growth and mean larval growth2.
Gray area is 95% confidence interval.
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CHAPTER 3: TEMPERATURE-DRIVEN PATTERNS OF SELECTIVE
MORTALITY IN YOUNG BLACK ROCKFISH IN THE NORTHERN
CALIFORNIA CURRENT

Abstract
Predation during the early life stages of marine fishes is thought to be a major driver
of variability in survival. Survival during the larval stage is predicted to increase with
larval growth which is typically a function of water temperature. Larval growth can
also have a “carry-over” effect that influences survival in later life stages. We
examined the influence of water temperature on patterns of early life history traits and
survival across three annual (2016-18) cohorts of black rockfish, Sebastes melanops,
that settled to nearshore rocky reefs of Oregon, USA. Otolith microstructure analysis
of sampled fishes from three life stages—pelagic juveniles, settlement-stage juveniles
(settlers), and recruits—revealed that across these successive stages mean larval (days
1-49) and pre-settlement (7 d prior to settlement) growth influenced survival to the
recruit stage: recruits had faster larval growth than either pelagic juveniles or settlers
and recruits had faster pre-settlement growth than settlers. However, this pattern of
growth-selective mortality was only significant in 2016, which coincided with a
marine heatwave that dramatically altered the physical and biological oceanography
of the California Current. Warm water in 2016 increased larval rockfish growth rates,
potentially increasing survival through the earliest life stages, but these warm
temperatures coupled with low quality prey for later stages likely contributed to
strong pre-settlement growth-selective mortality. For both metamorphosis (from
larvae to pelagic juveniles) and settlement, there was no evidence of size-selective
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mortality. Further, there was low variance in size-at-metamorphosis and size-atsettlement across years. Our findings demonstrate the importance of temperature and
temperature-mediated selective mortality in regulating early life history traits and
survival of black rockfish, highlighting the need to better understand how predicted
future changes to ocean conditions will impact early growth and survival and,
eventually, population dynamics.
Introduction
Identifying the mechanisms that control recruitment 1 variability has long been
a goal of fisheries scientists. Mortality during early life is an important process
dictating year-class strength in fish populations, and the primary source of mortality
is thought to be predation (Bailey & Houde 1989). Predation has the potential to not
only regulate the magnitude of recruitment, but when predation is non-random (i.e.,
selective), it also determines the traits of fishes that survive to recruit. Survival is
typically higher for larger (Anderson 1988) or faster growing fishes (Shepherd &
Cushing 1980, Hare & Cowen 1997, Takasuka et al. 2003). Larger size can provide a
refuge from gape-limited predators, so larger fish are vulnerable to a smaller field of
predators (Miller et al. 1988, Houde 1997). Fast growth reduces the time spent in
vulnerable life stages, further limiting the window of predation (Houde 1987,
Takasuka et al. 2016) and may result in better larval condition leading to reduced
susceptibility to predation (Searcy & Sponaugle 2001, Takasuka et al. 2003). While
mortality during the larval stage is thought to have a large impact on the magnitude of
Although fisheries scientists typically define “Recruitment” as the entry of fish into the fishery, for
the purposes of this study, we define recruitment as the entry of young fish into the benthic
population after their settlement from the plankton.

1
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recruitment, directional selection may vary across fish ontogeny leading to variable
survivorship in different life stages.
The importance of predation and selective mortality frequently varies across
ontogeny in fishes. Fish suffer mortality due to predation across all early life stages;
however, as fish grow and develop, the predator field changes, which may affect
patterns of selective mortality (Gleason & Bengtson 1996). While predation plays a
major role in recruitment success, the specific life stage in which predation
determines year-class strength can vary among species (Sogard 1997). In some
species predation regulates year-class size during the larval stage, while other species
are more strongly regulated in their juvenile stage (Sissenwine 1984, Leggett &
DeBlois 1994). Selective mortality may be more apparent in the juvenile stage than in
the larval stage because juvenile fishes are less susceptible to indiscriminate
mortality, predator encounter rates are more uniform, and size variation is typically
greater than in the larval stage (Sogard 1997). Because water temperature influences
variability in early life history traits, affects the strength and direction of selective
mortality (Grorud-Colvert & Sponaugle 2011, Rankin & Sponaugle 2011), and is
predicted to increase as climate change progresses, it is important to understand how
future changes to ocean temperature will affect early growth and survival.
As global climate change continues, ocean temperatures are expected to warm
dramatically (IPCC Special Report 2019). If elevated temperatures increase larval
fish mortality (Houde 1989, Wang et al. 2020), global climate change is likely to alter
survival of wild fishes during early life (Llopiz et al. 2014). One indication of
changing ocean conditions is the increasing frequency with which marine heatwaves
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are appearing and altering marine ecosystems (Frölicher & Laufkötter 2018),
including a recent large marine heatwave affecting the California Current System
(Bond et al. 2015, Cavole et al. 2016). Because variation in temperature can affect
early life history traits and survival of young fishes (Sponaugle et al. 2006, Koenker
et al. 2018), examining patterns of selective mortality of commercially important
fishes in years with different temperatures could improve our understanding of
recruitment variability and improve our ability to forecast population dynamics in the
face of climate change.
Rockfishes in the California Current System are a group of commercially
important groundfishes that have high recruitment variability. Recent work has
demonstrated how rockfish recruitment in the southern California Current is affected
by oceanographic conditions (Schroeder et al. 2019), and that anomalously warm
water has strong impacts on early growth and survival (Fennie Chp 2). During their
long pelagic larval (49-80 days) and pelagic juvenile (20-70 days) stages, rockfishes
are prey to a suite of predators including seabirds (Mills et al. 2007) and salmonids
(Daly et al. 2009, Fennie et al. 2020), and once they move to benthic habitats, adult
rockfishes and other demersal reef fishes become important predators (Hobson et al.
1995). Despite significant post-settlement mortality, rockfish year-class strength is
thought to be established during the pelagic juvenile stage (Ralston et al. 2013).
However, the role of selective mortality in shaping rockfish population regulation has
not been investigated. For newly settled rockfish, predation is very high, especially
during the transition to the benthos (Hobson et al. 1995). High mortality of recently
settled rockfishes may explain the weak correlation between the abundance of
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settlement-stage and one-year-old black rockfish in British Columbia (Haggarty et al.
2017). Examination of patterns of selective mortality across black rockfish ontogeny
should reveal how processes vary across life stages and the relative importance of
predation in establishing year-class strength.
We repeatedly sampled three annual cohorts (2016-18) of juvenile black
rockfish (Sebastes melanops) from their pelagic juvenile (only in 2016) and
settlement stage to their benthic recruitment stage. We used otolith microstructure
analysis to compare patterns of early life history traits across these life stages and
examined the influence of water temperature on interannual variability of these traits.
Our goal was to determine (1) if selective mortality occurs, (2) whether there are
certain traits that consistently improve survival, and (3) the extent to which
oceanographic conditions during development affect patterns of selective mortality.

Methods
Fish collections
During summer and fall of three years (2016-2018), we repeatedly sampled
cohorts of juvenile black rockfish from the pelagic juvenile stage, to the settlement
stage (settlers), and through recruitment to the benthic juvenile stage (recruits).
Pelagic juvenile rockfish were sampled between mid-May and early June during the
annual NOAA Pre-Recruitment surveys [see Brodeur et al. (2019) for methods], but
pelagic juvenile black rockfish were only successfully collected in 2016. Settlers were
collected in Standard Monitoring Units for the Recruitment of Fishes (SMURFs,
Ammann 2004) deployed ~16 km north of Newport, OR in the Otter Rock Marine
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Reserve and off Cape Foulweather, OR (Ottmann et al. 2018). Black rockfish
settlement to nearshore rocky reefs and kelp beds in Oregon peaks during June
(Ottmann et al. 2018) and we focused on these June fish for this study. Because
SMURFs were sampled every ~14 days, we standardized our calculations by
assuming that settlement occurred 7 days prior to collection. Several weeks to months
following the peak settlement of rockfishes to the SMURFs, recruits were collected
on shallow rocky reefs by SCUBA divers with hand nets. Collected fish were
measured to the nearest 0.1 mm standard length (SL) prior to otolith dissection.

Otolith analysis
To examine interannual variability of early life history traits we dissected and
processed the otoliths of up to n = 39 fish per life stage in each year (Table 3.1). Daily
growth increments have been validated for juvenile black rockfish (Yoklavich &
Boehlert 1987), 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
(Miller & Shanks 2004, Wheeler et al. 2016). We embedded sagittal otoliths in
Crystalbond thermoplastic resin (Electron Microscopy Science) and polished otoliths
along the sagittal plane. Because juvenile black rockfish were frequently older than
100 days, it was difficult to completely capture the core and the edge of the otolith in
the same plane. We obtained 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. Occasionally, this
final polishing resulted in the loss of some edge material, but the use of both images
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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 and create complete
core-to-edge increment counts. Otoliths were read at 400x using a compound
microscope equipped with polarized transmitted light, and increments were
interpreted using image analysis software (ImagePro v.9.0).
Following standard procedures (Miller & Shanks 2004, Sponaugle 2009), we
obtained otolith increment counts and measurements of daily increment widths to
estimate the age and daily growth of each individual. We used the presence of
secondary growth primordia to determine the initiation of metamorphosis from the
larval to pelagic juvenile stage (Laidig et al. 1991). 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.

Data analysis
We first determined there was a significant positive relationship between the
residuals of the radius-at-age and size-at-age of juvenile black rockfish (F1,191 =
102.9, p <0.001, R2 = 0.35), confirming that otolith radius and otolith increment
width could be used as proxies for size and growth, respectively (see Thorrold &
Hare, 2002). Hereafter, growth and size refer to otolith increment width and radius,
respectively. To ensure fish from each life stage were from the same cohort, we
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confirmed that their birthdate distributions fell within the same two-month period
(Fig. 3.1). We compared age-at-capture across cohorts to illustrate that recruits were
older than settlers.
We used analysis of covariance (ANCOVA) with temperature as a covariate
to identify whether there was evidence of selective mortality acting on five black
rockfish early life history traits: mean larval growth, age-at-metamorphosis (from
larval to pelagic juvenile stage), size-at-metamorphosis, pre-settlement growth, and
size-at-settlement (Grorud-Colvert & Sponaugle 2011, D’Alessandro et al. 2013). We
used mean water temperature during February-March to as a covariate for larval traits
(mean larval growth, age-at-metamorphosis, and size-at-metamorphosis) and mean
temperature from April-May as a covariate of pre-settlement growth and size-atsettlement. There was inter- and intra-annual variability in the length of the pelagic
larval period (i.e., pelagic larval duration, PLD) and some fish began to
metamorphose into pelagic juveniles by day 50. To ensure that larval growth was
compared over a window when all fish were actually larvae, we constrained the
window of analysis to ≤ 49 days. Mean larval growth for each year was therefore
estimated by averaging increment widths of each individual from age 1 to 49 days,
and then computing the mean for each year. We used the presence of secondary
growth primordia to identify age-at-metamorphosis and used the corresponding
otolith radius to determine size-at-metamorphosis (Laidig et al. 1991). Because we
were unable to detect a signature of settlement in black rockfish otoliths, we assumed
that recruits in a given cohort settled at the average age-at-settlement of settlers from
that cohort. While we therefore could not compare age-at-settlement among life
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stages, we could compare two additional traits. We used mean growth during the 7
days prior to settlement (or the 7 days prior to estimated settlement in recruits) to
compare pre-settlement growth. Similarly, we used mean otolith radii at the average
age-at-settlement to compare size-at-settlement between life stages.
Where we observed significant patterns of selective mortality together with a
significant effect of temperature (LS; Table 2), we compared the patterns of growthselective mortality across life stages within each year to test how the strength of
selective mortality varied by year. We used analysis of variance (ANOVA) to
compare mean larval and pre-settlement growth among stages within years.
To examine how mean growth and size varied over the life of each annual
cohort and how the annual cohorts compared to each other, we examined the
complete trajectories of otolith increment widths and otolith radii. We used ANOVA
to compare inter-annual differences in mean larval growth (to age 49), larval size at
age 49, pre-settlement (7 days prior to settlement) growth, and size-at-settlement. We
also used ANOVA to examine annual settlement rate by comparing the average
number of fish per SMURF per sampling interval (days between SMURF retrievals),
per year.
The temperature data used in the analyses were obtained from the Ocean
Observatories Initiative Oregon shelf surface mooring (CE02SHSM) located
approximately 19 km west of Newport, OR in 80 m of water. The data from the
subsurface instrument (7 m) had the most complete temperature time series for 20162018 and captures water temperature closer to the depths larval and pelagic juvenile
rockfish compared to surface temperature measurements. We used the mean water
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temperature at 7 m depth from February-March to capture the larval conditions, and from
April-May to capture juvenile conditions. We also obtained quantitative data on the potential
prey field of pelagic juvenile and settlement stage rockfish by examining monthly mean
northern and southern copepod biomass anomalies from the Newport Hydrographic Line via
the California Current Integrated Ecosystem Assessment data portal
(https://www.integratedecosystemassessment.noaa.gov/). Northern copepods are
associated with cooler water and are both larger and contain higher lipid content,
indicating higher prey quality than the cold water associated southern copepods that
smaller and lipid poor (Lee et al. 2006).
Results
We collected a total of 197 black rockfish comprised of 15 pelagic juveniles,
96 settlers, and 86 recruits over three years. Pelagic juveniles were only collected in
2016. Mean birthdate did not vary across life stages in 2016 (F(2,78) = 1.835, p =
0.167), 2017 (F(1,57) = 0.007, P = 0.93), or 2018 (F(1,55) = 1.459, p = 0.232)
demonstrating that we successfully resampled the same black rockfish cohorts from
the pelagic juvenile to recruit stage in 2016, and from settlers to recruits in 2017-18
(Fig 3.1). Recruits were significantly older than both pelagic juveniles and settlers in
2016 (F(2,78) = 881.7, P < 0.001), and settlers in 2017 (F(1,57) = 23.8, P < 0.001) and
2018 (F(1,55) = 56.2, P < 0.001).
Examination of black rockfish life history traits across life stages revealed that
a combination of selective mortality and temperature drive variability in traits.
Settlers and recruits had significantly faster mean larval growth than pelagic juveniles
and larval growth increased with increasing temperature (Table 3.2, Fig. 3.2a,f). Age-

76

at-metamorphosis did not vary by life stage, but decreased with increasing
temperature (Table 3.2, Fig. 3.2b,g). Interestingly, neither life stage nor temperature
affected size-at-metamorphosis (Table 3.2, Fig. 3.2c,h). Growth-selective mortality
was apparent immediately prior to settlement as mean pre-settlement growth was
significantly slower among settlers than recruits and decreased with increasing
temperature (Table 3.2, Fig. 3.2d,i). Size-at-settlement did not vary by life stage, but
increased with temperature (Table 3.2, Fig. 3.2e,j). Age-at-settlement varied
significantly with juvenile temperature with oldest settlers in 2016 and youngest in
2018 (R2 = 0.99, P = 0.039).
Where a significant effect of temperature indicated shifting patterns of
selective mortality across years (Table 3.2), we found that patterns of growthselective mortality were only significant in one year. Larval growth varied
significantly among life stages only in 2016 when pelagic juveniles were sampled.
Mean larval growth of pelagic juveniles was significantly slower than that of settlers
and recruits (Fig. 3.3a; F(2,78) = 6.143, P = 0.003). In all three years, there was a
consistent non-significant trend of faster larval growth among recruits compared to
settlers. Mean pre-settlement growth also varied among life stages only in 2016. In
2016, recruits grew significantly faster prior to settlement than settlers (Fig. 3.3b;
F(1,64) 8.611, P = 0.004), but there was no evidence of significant pre-settlement
growth-selective mortality in 2017 or 2018.
An interannual comparison of traits indicated that the 2016 cohort differed
significantly from cohorts in the other two years. Mean larval growth of settlers was
significantly faster in 2016 than in 2017 or 2018 (Table 3.3, Fig. 3.4a) yielding larger
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sizes-at-age (significant at age 49) and a significantly larger size-at-settlement (Table
3.3, Fig. 3.4b). Interestingly, pre-settlement growth was significantly slower in 2016
than in 2017 and 2018 (Table 3.3, Fig. 3.4a). Because of this relationship, age-atsettlement was significantly positively correlated with temperature during the pelagic
juvenile phase, as fish in warmer water that were growing slowly late in pelagic life
settled later (R2 = 0. 99, P = 0.039). The combination of fast larval growth, slow presettlement growth, and older age-at-settlement contributed to a significantly larger
size-at-settlement in 2016 (Table 3, Fig. 4b). These patterns were exactly the same in
recruits, as larval growth was fastest in 2016 (Fig. 4c; F(2, 83)= 14.77, P < 0.001) and
size-at-age 49 was largest in 2016 (Table 3, Fig. 4d). Pre-settlement growth was
slower (Table 3, Fig. 4c) and size-at-settlement larger in 2016 (Table 3, Fig 4d).
During these three sampling years, settlement rate was significantly higher in 2016
than in 2018 (Fig 5; F(2, 69)= 4.031, P = 0.022).
Ocean conditions varied significantly across years. Water temperature during
the larval phase was significantly warmer in 2016 (mean = 11.38 °C) than 2017
(mean = 10.43°C), and both 2016 and 2017 were significantly warmer than 2018
(mean = 9.91°C; F(2,170) = 248.6, P < 0.001 ). Water temperature during the juvenile
phase followed the same pattern with 2016 having the warmest temperature (mean =
11.78°C), followed by 2017 (mean = 10.86°C), with 2018 having the coolest
temperature (mean = 10.38°C; F(2,123) = 58.7, P < 0.001). Northern copepod biomass
anomaly was negative in 2016 and 2017, but slightly positive in 2018. Southern
copepod biomass anomaly was strongly positive in 2016 and 2017, and slightly
positive in 2018 (Fig. 6).
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Discussion
There is mounting evidence that not only do early life history traits play an
important role in governing survival during the larval stage of marine fishes, but these
traits can also “carry-over” to affect survival through settlement (Searcy & Sponaugle
2001, Grorud-Colvert & Sponaugle 2011, Rankin & Sponaugle 2011) and into the
first year of life (Robert et al. 2007, Khamassi et al. 2020). We examined patterns of
selective mortality across three life stages of black rockfish in 2016, and two life
stages in 2017 and 2018. We found that juvenile black rockfish experience growthselective mortality at two different points in early life and that temperature influences
patterns of early life history traits and the strength of this selective mortality.
Anomalous ocean conditions in 2016 suggest that not only does temperature play an
important role in influencing early growth-related traits of black rockfish, but the
strength of trait-based patterns of selective mortality also varied across time and
temperature, with implications for future changes in survival of black rockfish in the
northern California Current under projected warming scenarios.
Patterns of selective mortality
Our analysis revealed evidence for selective loss of slow-growing black rockfish
during the larval stage and again immediately prior to settlement, but despite the close
relationship between growth and size, we did not detect any size-mediated patterns of
selective mortality. Larval growth and relative size are considered the most important
traits contributing to survival of the earliest life stages of fishes (Anderson 1988,
Miller et al. 1988). We found that black rockfish settlers and recruits had significantly
faster larval growth than pelagic juveniles, suggesting rapid larval growth conveyed a
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survival advantage extending into the juvenile stage. A similar pattern was found
between juvenile and one year old Atlantic mackerel (Robert et al. 2007, Khamassi et
al. 2020). Like previous studies on other species (e.g., Sponaugle et al. 2006, GrorudColvert & Sponaugle 2011), black rockfish larval growth was higher and stage
duration shorter in warmer water temperatures. These contrasting trait responses to
temperature yielded a similar size-at-metamorphosis across stages and years,
suggesting that it is size and not age that determines when fish can metamorphose
(Chambers et al. 1989).
Evidence for growth-selective mortality occurred again immediately prior to
settlement. Juvenile rockfish are preyed upon by a variety of demersal fish as they
transition from the pelagic to benthic juvenile stages (Hobson et al. 1995, Brodeur et
al. 2014). Our results revealed that black rockfish recruits had significantly faster presettlement growth than settlers, suggesting predators in the benthic juvenile habitat
selectively consumed slower-growing individuals immediately prior to settlement.
These findings are similar to patterns observed in predation studies that showed that
rapid growth immediately prior to predator encounter led to enhanced survival in
larval anchovy (Takasuka et al. 2003, 2004) and pelagic juvenile rockfish (Fennie et
al. 2020) . Similar to size-at-metamorphosis, there was no shift in size-at-settlement
between settlers and recruits, thus no evidence for size-based selective mortality.
Instead all selective loss appears to be related to growth and not size.
Intra-annual variability in selective mortality
Although our analysis revealed significant patterns in directional shifts in cohort
traits over three years, closer examination of patterns of selective mortality across
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stages in each year demonstrated that significant selective mortality occurred in only
one of the three cohorts. In 2016, settlers and recruits had significantly faster larval
growth than pelagic juveniles. There is strong support for rapid larval growth leading
to high larval survival (Meekan & Fortier 1996, Takasuka, Oozeki, et al. 2004,
Takasuka et al. 2016), but we did not have larval collections to examine this process
directly. Instead, selection for faster larval growth of black rockfish occurred among
different juvenile stages (pelagic, settlement-stage, and benthic recruits). Selection
against relatively slower larval growth of pelagic juveniles suggests a carryover effect
of larval growth with rapid early growth increasing survival across these juvenile
stages (Searcy & Sponaugle 2001, Shima & Findlay 2002, Khamassi et al. 2020).
Despite research cruises in 2017 and 2018 targeting this stage, pelagic juvenile black
rockfish were not collected during either year, perhaps due to low early survival;
therefore, it is not possible to determine whether larval growth would have played
role in survival between the pelagic and nearshore life stages in 2017 and 2018.
Similar to selection for rapid larval growth, recruits in 2016 had faster presettlement growth than settlers. Selection for fast growth at the time of settlement has
been shown for a number of species (Searcy & Sponaugle 2001, Gagliano,
McCormick, et al. 2007, Grorud-Colvert & Sponaugle 2011, D’Alessandro et al.
2013) suggesting rapid pre-settlement growth enhances survival. There is direct
evidence that predation of juvenile salmon on pelagic juvenile quillback rockfish is
strongly growth-selective (Fennie et al. 2020). In addition, there is evidence that
during years of high rockfish settlement a variety of demersal fish species switch to
preying on juvenile rockfish during the first few weeks following settlement (Hobson
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et al. 1995). It is possible that individuals with faster growth at settlement may
experience higher survival during this short, but intense, period of predation.
Opportunistic prey switching of nearshore predators may explain the pattern of strong
pre-settlement growth-selective mortality in 2016 when settlement was high, but the
lack of growth-selective mortality in 2017 and 2018.
Interannual differences in early life history traits
Early life history traits of black rockfish in 2016 were dramatically different than
in 2017 and 2018. When we compared traits among life stages across years, larval
growth was faster and size at the end of the larval stage was larger in both settlers and
recruits in 2016 compared to either 2017 or 2018. Rapid early growth and
development frequently contribute to high survival through the larval and juvenile
stage (Meekan & Fortier 1996, Hare & Cowen 1997, Robert et al. 2007, Khamassi et
al. 2020) and, indeed, settlement rate was highest in 2016. In contrast, pre-settlement
growth of settlers and recruits was dramatically slower in 2016 than either 2017 or
2018 (significant for settlers, while both 2016 and 2017 were significantly slower
than 2018 in recruits). Pre-settlement growth was negatively related to water
temperatures encountered during the pelagic juvenile period. As a result of this
slower pre-settlement growth, settlers spent longer in the plankton, settling at an older
age in 2016. This additional time in the plankton resulted in settlers in 2016 being
larger at settlement than their 2017 and 2018 counterparts. The trade-off between
growth and stage duration enabled slower-growing black rockfish to reach (and
exceed) a potential minimum settlement size. The dramatic differences in water
temperature as well as black rockfish larval growth, pre-settlement growth, and
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survival in 2016 compared to 2017 and 2018 indicate that conditions may have been
drastically different in these years. Variable ocean conditions may explain the large
differences in early life history traits and survival across years.
Anomalous ocean conditions influence variability in larval traits and survival
Ocean conditions in 2016 were dominated by a large marine heatwave which
dramatically warmed the upper water column throughout the early life of the 2016
black rockfish cohort (Peterson et al. 2017). Elevated temperature during the larval
stage caused faster larval growth for black rockfish in 2016 relative to 2017 and 2018.
Typically, increased growth is thought to lead to increased survival through this
critical life stage and, in 2016, relatively fast growth contributed to the highest black
rockfish settlement rate in the three years examined. Fast growth alone is not
sufficient for high survival and extremely fast growth can be detrimental to survival.
There is evidence that anomalously warm conditions in 2014 and 2015, due to the
marine heatwave, contributed to significantly faster larval growth, but lower survival
than in 2016 (Chp 2). Laboratory studies on larval and juvenile rockfish suggest that
growth increases with increasing temperature (Boehlert & Yoklavich 1983, Chin et
al. 2007) and that as a consequence of warm water and rapid growth, rockfish
experienced increased metabolic demands, requiring higher quality prey or a higher
foraging rate. Increased feeding activity would likely have led to higher predator
encounter rates, increasing predation and potentially growth-selective mortality
(Pepin 1991). In years when fast growers are able to feed sufficiently to maintain
growth, survival may be enhanced, but survival may be dramatically reduced when
food is scarce, or prey quality is low. Within the population of fast growers, the
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fastest growers are typically in better condition and potentially better able to sense
and evade predators, and therefore may be less susceptible to predation, leading to the
observed pattern of significantly faster larval growth among settlers and recruits
compared to pelagic juveniles (Takasuka et al. 2003, Grorud-Colvert & Sponaugle
2011). The combination of rapid larval growth and successful feeding in 2016 may
have increased survival through the vulnerable larval stage and contributed to high
settlement magnitude.
Interestingly, high larval growth in 2016 did not persist into the pelagic juvenile
stage. Instead, the trend reversed, with pre-settlement growth in 2016 significantly
slower relative to the other years. This was coupled with strong growth-selective
mortality in 2016. The marine heatwave not only dramatically warmed the coastal
waters of Oregon, but also changed the structure of the planktonic food web (Peterson
et al. 2017, Du & Peterson 2018, Brodeur et al. 2019a), leading to a diet switch in
many pelagic forage fish species (Brodeur et al. 2019b). While these conditions may
have improved larval growth in 2016, they appear to have impaired pelagic juvenile
growth. Nearshore pelagic juvenile rockfish, and recently-settled benthic black
rockfish in particular, typically feed on copepods (Reilly et al. 1992, Studebaker &
Mulligan 2008, Bosley et al. 2014). The warm waters in 2016 drove a shift in the
copepod community to one that was dominated by small, lipid-poor offshore and
southern copepod species. These warm water species are lower quality prey than the
large, lipid-rich northern species associated with cooler years (Lee et al. 2006). The
combination of warm water and the shift in the plankton community to lower quality
prey may have reduced pelagic juvenile growth rates prior to settlement (Siddon et al.
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2013, Gleiber et al. 2020), necessitating a longer duration of the pelagic juvenile life
stage. Additionally, the combination of warm temperatures, poor-quality prey, and
high settlement likely caused growth-selective mortality during settlement. The
observed pattern of faster pre-settlement growth among recruits indicates they were
likely in better condition than slower growers at the time of settlement and were
either less frequently exposed to or better at avoiding predators (Takasuka et al. 2003,
Takasuka, Oozeki, et al. 2004). The atypical 2016 conditions facilitated rapid larval
growth and high early survival, but also lower pre-settlement growth and a longer
overall pelagic stage duration, leading to strong selection against individuals who
grew more slowly as larvae and settlement stage juveniles. Understanding how
anomalous conditions led to high recruitment is critical to predicting how future
ocean changes will impact survival of the early life stages of black rockfish.
Conclusions
The influence of temperature on the early life history traits, strength of selective
mortality, and the impact on settlement rate reveal the vital contribution of water
temperature to variability in the early life stages of black rockfish. As climate change
continues to impact the northern California Current, fluctuations in water temperature
may forecast changes in black rockfish early life history traits and, ultimately,
survival. Warm temperatures during the larval phase of black rockfish in 2016
increased larval growth and early survival, translating into the highest recruitment of
the three years studied (and among the two highest years of rockfish settlement in the
7 years of settlement monitoring Ch 2). Warm temperatures during the pelagic
juvenile stage and high settlement rate, however, were correlated with slower pre-
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settlement growth and resulted in growth-selective mortality during settlement.
Juveniles that settled in years of cooler temperatures experienced rapid growth prior
to settlement and there was no evidence of post-settlement selective mortality. This
lack of post-settlement trait-based selective mortality may have occurred because
settlement magnitude was insufficient to cause prey switching behavior in benthic
predators (Hobson et al. 1995) and thus, predation rates remained low. Slower presettlement growth also may have occurred in warm waters due to a concomitant shift
in the prey for late-stage juveniles. If prey are not sufficiently available (or of
insufficient condition) to sustain fast larval or juvenile growth in warm waters,
individuals will not survive (Gleiber et al. 2020). As temperature increases due to
global warming, prey availability will become an increasingly important issue. If
smaller prey are available, larval stages will likely experience rapid early growth
(Llopiz et al. 2014) and potentially high survival, but juvenile stages may have
reduced growth with similar decreases in survival if critical changes occur in the food
web (Siddon et al. 2013, Koenker et al. 2018). The relative balance in the
contributions of temperature, food, and predation during different early life stages
will influence the degree to which settlement is enhanced or reduced. For example,
there is evidence that extremely warm water and fast larval growth (significantly
faster than in 2016) can lead to significantly lower black rockfish settlement (Fennie
Chp 2); though it is unclear if settlement rate was determined by survival during the
larval stage, juvenile stage, or occurred across both these stages. These findings
demonstrate that ocean temperature plays an important role in shaping black rockfish
early life traits and survival. Fine-scale examination of temperature and food-web
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impacts across the early larval stage in addition to the juvenile stages is required to
fully resolve the future impacts of climate change on the recruitment of black rockfish
to nearshore populations.
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Table 3.1. Otolith sample sizes used to estimate early life history traits of black
rockfish (Sebastes melanops) across life stages and years.
Year
2016

2017
2018

Life stage

Collection month

Sample size (n)

Pelagic juveniles

June

15

Settlers

June

39

Recruits

October

26

Settlers

June

27

Recruits

June-July

32

Settlers

June

29

Recruits

June-July

28
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Table 3.2. Analysis of covariance (ANCOVA) results from testing the relationship
between black rockfish Sebastes melanops early life history traits among life stages
with temperature as a covariate.

Trait
Mean larval
growth

Factor
Temperature
Life stage

df
1, 193
1, 193

SS
14.9
4.4

F
54.8
8.2

P
< 0.0001
< 0.0001

Age-atmetamorphosis

Temperature
Life stage

1, 193
1, 193

793.8
126.1

20.9
1.7

< 0.0001
0.19

Size-atmetamorphosis

Temperature
Life stage

1, 193
1, 193

0.001
1684

0.001
0.3

0.99
0.77

Pre-settlement
growth

Temperature
Life stage

1, 178
1, 178

358.2
26.6

67.3
5

< 0.0001
0.03

Size-atsettlement

Temperature
Life stage

1, 177
1, 177

242515
14081

23.1
1.3

< 0.0001
0.24
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Table 3.3. Analysis of variance (ANOVA) of early life history trait variation among
black rockfish Sebastes melanops life stages across years.
Life stage

Source

df

SS

F

p

Tukey

Year

2

7.7

13.2

<0.0001

16 > 17 & 18

Error

93

27.3

Year

2

7.4

14.7

<0.0001

16 > 17 & 18

Error

83

20.8

Year

2

16647

13

<0.0001

16 > 17 & 18

Error

93

59393

Year

2

19805

17.5

<0.0001

16 > 17 & 18

Error

83

46917

Year

2

258.6

21.5

<0.0001

17 & 18 > 16

Error

93

560.3

Year

2

123.5

13.9

<0.0001

17 & 18 > 16

Error

82

363.6

Year

2

228430

7.9

0.0007

16 > 17 & 18

Error

92

1334502

Year

2

81105

7.4

0.001

16 > 17 & 18

Error

82

451730

Mean larval growth

Settlers

Recruits
Size-at-age 49

Settlers

Recruits

Pre-settlement growth

Settlers

Recruits

Size-at-settlement

Settlers

Recruits
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Figure 3.1. Comparison of birthdate distributions of life stages in each year.
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Figure 3.2. Early life history traits for three life stages of Sebastes melanops across
all three (2016-2018) cohorts (adjusted means ± SE). ANCOVA was used to
distinguish the effects of temperature of five life history traits: (a) larval growth, (b)
age at metamorphosis, (c) size at metamorphosis, (d) pre-settlement growth, (e) size
at settlement. Different letters indicate significant differences in means based on
Tukey post-hoc comparisons P < 0.05. The effect of temperature on each trait is
shown in (f-j).
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Figure 3.3. Mean (thick line), standard error (box) and two standard errors (whisker)
of (a-c) mean larval growth and (d-f) and mean pre-settlement growth of black
rockfish in each of three years based on ANOVA. Different letters indicate significant
differences in means based on Tukey post-hoc comparisons; P < 0.05.
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Figure 3.4. Mean (± SE) (a,c) larval growth and (b,d) size-at-age trajectories among
settlers and recruits across all years (color). Each point and line represent a minimum
of 10 observations. Text indicates ANOVA results and Tukey post-hoc analysis of
mean larval growth (bottom left of a, c with the vertical dashed line indicating the end
of the larval stage), mean pre-settlement growth (middle right of a, c), mean size at
age 49 (bottom left of b, d with the vertical dashed line indicating day 49), and sizeat-settlement (middle right of b, d).
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Figure 3.5. Mean (thick line), standard error (box) and two standard errors (whisker)
of settlement rate of black rockfish (Sebastes melanops) to nearshore SMURFs.
Letters above boxplots represent Tukey-HSD post-hoc comparisons. Shared letters
are not significantly different.
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Figure 3.6. Monthly mean local climate indices for the northern California Current.
From top to bottom: sea water temperature at 7 m from Ocean Observatories
Initiative Buoy (CE02SHSM; temperature data not recorded for part of 2017),
Northern Copepod Biomass Anomaly Index, Southern Copepod Biomass Anomaly
Index from the Newport Hydrographic Line
(https://www.integratedecosystemassessment.noaa.gov/).
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CHAPTER 4: PREY TELL: WHAT QUILLBACK ROCKFISH EARLY LIFE
HISTORY TRAITS REVEAL ABOUT THEIR SURVIVAL IN ENCOUNTERS
WITH JUVENILE COHO SALMON
As published in:
Fennie H, Sponaugle S, Daly E, Brodeur R (2020) Prey tell: what quillback rockfish
early life history traits reveal about their survival in encounters with juvenile
coho salmon. Mar Ecol Prog Ser 650:7–18
Abstract
Predation is a major source of mortality in the early life stages of fishes and a
driving force in shaping fish populations. Theoretical, modeling, and laboratory
studies have generated hypotheses that larval fish size, age, growth rate, and
development rate affect their susceptibility to predation. Empirical data on predator
selection in the wild are challenging to obtain, and most selective mortality studies
must repeatedly sample populations of survivors to indirectly examine survivorship.
While valuable on a population scale, these approaches can obscure selection by
particular predators. In May 2018, along the coast of Washington, USA, we
simultaneously collected juvenile quillback rockfish (Sebastes maliger) from both the
environment and from the stomachs of juvenile coho salmon (Oncorhynchus kisutch).
We used otolith microstructure analysis to examine whether juvenile coho salmon
were age-, size-, and/or growth-selective predators of juvenile quillback rockfish. Our
results indicate that juvenile rockfish consumed by salmon were significantly smaller,
slower growing at capture, and younger than surviving (unconsumed) juvenile
rockfish, providing direct evidence that juvenile coho salmon are selective predators
on juvenile quillback rockfish. These differences in early life history traits between
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consumed and surviving rockfish are related to timing of parturition and the
environmental conditions larval rockfish experienced, suggesting that maternal
effects may substantially influence survival at this stage. Our results demonstrate that
variability in timing of parturition and sea surface temperature leads to tradeoffs in
early life history traits between growth rate in the larval stage and survival when
encountering predators in the pelagic juvenile stage.

Introduction
Mortality due to predation on the vulnerable early life stages of marine fish
plays a major role in shaping recruitment variability. Because small changes in larval
fish mortality rates can lead to large changes in year class strength (Houde 1987,
Leggett & DeBlois 1994), much effort has been directed at examining how early life
history traits affect vulnerability to predation. The ‘growth mortality hypothesis’
(Anderson 1988) suggests that early survival is strongly influenced by the early life
history traits of size (Miller et al. 1988), growth rate (Shepherd & Cushing 1980,
Hare & Cowen 1997, Takasuka et al. 2003, 2004a, 2007), and development rate
(stage duration; Chambers & Leggett 1987, Houde 1987). Trait-based selective
mortality is commonly examined within cohorts of larval fish (Miller et al. 1988,
Bailey & Houde 1989, Pepin 1993, Takasuka et al. 2003, 2004b, 2007, Robert et al.
2007), with additional predation during the juvenile stage playing a key role in
determining the traits beneficial to survival (Sissenwine 1984, Sogard 1987, Searcy &
Sponaugle 2001, Grorud-Colvert & Sponaugle 2011).
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Larval fishes are subject to indiscriminate mortality from a variety of sources
and the importance of early life history traits may not be realized until later life stages
(Sogard 1997). Important periods of high mortality and selective predation in fish are
often associated with transitions from the larval to juvenile stage, and from pelagic to
benthic habitat utilization (Hobson et al. 1995, Searcy & Sponaugle 2001, Almany &
Webster 2006). Larval traits can “carry-over” and affect this transition as well as the
survival of juvenile stages (Searcy & Sponaugle 2001, Shima & Findlay 2002). The
strength of selection for particular traits can vary ontogenetically, among cohorts, and
across time and space (Meekan & Fortier 1996, Robert et al. 2007, Grorud-Colvert &
Sponaugle 2011, Rankin & Sponaugle 2011). Additionally, the importance of early
life history traits appears to be species specific, with some species, for example,
experiencing selective loss of fast-growing individuals during the larval stage (Pepin
1993). For others, larval traits may not convey much success in post-settlement
survival when compared to the role of juvenile traits (D’Alessandro et al. 2013).
To examine the importance of life history traits on fish survival through early
life, most studies utilize indirect methods such as repeated sampling of particular
cohorts coupled with otolith-based examination of traits (e.g. D’Alessandro et al.
2013, Shulzitski et al. 2016). These methods are effective at identifying the traits that
survivors possess relative to the initial population of larvae, but can mask the specific
roles of multiple predators. Direct studies of predator-prey interactions and the role of
natural variability in prey traits are less common but offer valuable insights. For
example, direct examination of predation in the wild indicates that Atlantic bluefish
(Pomatomus saltatrix) are consistently size-selective across two prey fish species
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(Juanes & Conover 1995), and direct comparisons between surviving and consumed
Japanese anchovy (Engraulis japonicus) revealed that different predatory fish have
contrasting patterns of selection on larval anchovy (Takasuka et al. 2003, 2004a,
2007). Interannual variability in the strength of selection and recruitment may be
influenced by variability in the identity and abundance of predators that fish
encounter during their early life. A more nuanced understanding of the selection
patterns of specific predators will enable improved predictions of early fish survival
and recruitment success.
In the coastal waters of the northeast Pacific Ocean, juvenile rockfishes
(Sebastes spp.) and juvenile coho salmon (Oncorhynchus kisutch) overlap during part
of their early life histories and allow for direct examination of salmon predation
patterns (see Fig. 4.1). Rockfishes are ovoviviparous and their larvae hatch from
internally fertilized eggs. Larvae develop within the female and parturition typically
occurs around five days post hatch. Larval rockfish begin forming otolith increments
when they are extruded (Laidig & Ralston 1995).
Quillback rockfish (Sebastes maliger) larvae, an important nearshore species,
are extruded in March-June (Love et al. 2002) and pelagic larvae and juveniles spend
~1-2 months in the upper water column, before recruiting to nearshore benthic
habitats. In Oregon, quillback rockfish juveniles typically settle from June through
August, but can settle as early as May and as late as September and arrive to
nearshore habitats at ~15-40 mm standard length (SL; Ottmann et al. 2018). In
contrast, juvenile coho salmon from Oregon and Washington spawn in freshwater
streams (or in many cases are of hatchery origin) and inhabit freshwater for a year
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prior to entering the ocean in spring. In coastal waters, juvenile coho salmon
primarily inhabit surface waters along the continental shelf where they overlap
spatially with juvenile rockfishes (Brodeur et al. 2003, 2004). This transition to a
marine existence is accompanied by a dramatic increase in piscivory, and juvenile
rockfishes are an important component of juvenile coho salmon diets, comprising up
to 25% of their diet by weight (Daly et al. 2009).
In this study we directly compared the early life history traits of pelagic
juvenile quillback rockfish consumed by predatory coho salmon to traits of
simultaneously collected free-swimming pelagic juvenile quillback rockfish. Our aim
was to determine if juvenile coho salmon are selective predators on juvenile quillback
rockfish with particular early life history traits and, if so, to identify which of these
traits reduce rockfish vulnerability to predation. We used otolith microstructure
analysis to compare the age, size-at-capture, and recent growth between the survivors
and consumed rockfish. We compared predator size to the size of prey they
consumed. In addition, we examined daily growth and size-at-age trajectories to
compare the growth and size histories of these two groups. Finally, we examined the
relationship between water temperature and growth during early life to determine
how developmental conditions affected the traits of juvenile rockfish and their
encounters with juvenile salmon.
Methods
Rockfish and salmon collections
To determine if juvenile coho salmon exhibit age-, size-, or growth-selective
predation on juvenile rockfishes, we used samples collected during the Juvenile
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Salmon Ocean Ecology Survey along the coast of Washington from May 24-28, 2018
(Fig. 4.2). Juvenile coho salmon and juvenile rockfishes were simultaneously
collected using a Nordic 264 pelagic rope trawl towed at the surface with a mouth
opening of 30 m wide by 20 m deep and a 3-mm cod-end liner (Litz et al. 2019). This
fine mesh lining retains larval fishes as small as 6 mm (Brodeur et al. 2011) and
juvenile rockfish in the same size range as those found in the salmon stomachs
suggesting that these nets did not select against the smaller rockfish (see Fig 4.3). The
trawl was towed during daylight hours for 30 min at a ship speed of ~ 1.7 m-s between
the 50-100 m isobaths. Juvenile salmon were removed from the trawl, identified to
species, their fork length measured, and immediately frozen. Juvenile rockfishes
sampled by trawl (alive at the time of capture; i.e., ‘survivors’) were frozen
immediately. In the lab, we measured surviving juvenile rockfish to the nearest 0.01
mm (SL) and dissected juvenile rockfishes from the stomachs of the coho salmon
(‘consumed rockfish’). We used all of the consumed rockfish and all of the surviving
rockfish from stations with less than 15 individuals. We took a random subsample of
15 surviving rockfish from stations with greater than 15 individuals in subsequent
analyses.
Molecular identification
Because consumed rockfish were too digested to identify to species
morphologically, we modified the protocol in Thompson et al. (2017) and sequenced
the cytochrome-b gene of both consumed and surviving rockfish and compared these
to a reference database of rockfish sequences. We extracted DNA from rockfish
caudal fin tissue using the CTAB protocol (Winnepenninckx et al. 1993) followed by

112

ethanol precipitation, and amplified rockfish cytochrome-b gene sequences using
GluRF and CB3RF primers. The PCR reaction had an initial denaturing step of 92oC
for 150 s, then consisted of 40 cycles of: 94o for 30 s, 55o for 90 s, 70o for 90 s, and a
final extension step of 72o for 5 min. We cleaned the DNA products with shrimp
alkaline phosphatase and exonuclease I (GE Healthcare) and sequenced these DNA
fragments using the internal primer CBINR3-5’ and BigDye v3.1 on an ABI 3730XL
DNA analyzer (Applied Biosystems). The rockfish haplotype sequences were
aligned, edited, and compared to the rockfish reference sequence library developed by
Hyde & Vetter (2007) in Sequencher v4.7 (Gene Codes, Inc.). We used 100%
sequence identity matches of our samples to the reference sequences to determine
species identification. Of the positively identified rockfish, Sebastes maliger
(quillback rockfish) was the dominant rockfish in both the surviving (38/72) and
consumed groups (21/22), therefore, our subsequent analyses focused on this species.
Otolith measurement and analysis
To compare early life history traits and examine patterns of selective mortality
among consumed and survivor quillback rockfish we dissected a total of n = 21 and n
= 38 otoliths, respectively. Daily growth increments have been validated for juvenile
rockfish (Yoklavich & Boehlert 1987, Laidig & Sakuma 1998), 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 (e.g., Miller & Shanks 2004, Wheeler et al.
2016). We embedded sagittal otoliths in Crystalbond thermoplastic resin (Electron
Microscopy Science, Hatfield, PA, U.S.A.) and used lapping paper to polish otoliths
along the sagittal plane. Otoliths were read at 400X using a compound microscope
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equipped with polarized transmitted light, and increments were interpreted with use
of image analysis software (ImagePro 9.0). Following standard procedures (Miller &
Shanks 2004, Sponaugle 2009), we obtained otolith increment counts and
measurements of daily increment widths to estimate the age, growth rate, and size-atage of each individual. Each otolith was read blind two independent times and if the
ages differed by >10%, it was read a third time. If no two reads were within 10% of
one another, the otolith was excluded from further analysis. For reads within 10% of
each other, one read was randomly selected for further analysis. There was a
significant relationship between the residuals of radius-at-age and size-at-age of
surviving rockfish (F(1,36) = 55.33, p <0.0001, R2 = 0.60), confirming that otolith
radius and otolith increment width are proxies for size and growth, respectively.
Environmental data
To examine the influence of sea surface temperature (SST) on rockfish growth
prior to their encounter with salmon, we calculated daily mean SST data from the
closest NOAA buoy located off the coast of Grays Harbor, Washington (NDBC
#46211; Fig. 4.2). Located inshore of, but in the center of the latitudinal range of the
sampling locations, this buoy records water temperature at 1 m depth. This SST is a
good proxy for water temperatures experienced by rockfish during their early
development because quillback rockfish larvae and juveniles are found in surface
waters (Lenarz et al. 1995).
Data analysis
We used multiple regression analysis to compare the age, size, and recent
growth (mean of the last 5 growth increments) between the surviving and consumed
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rockfish. Latitude was included as a covariate in the analyses to account for the range
in latitude over which fish were collected (1.5°). Data were log transformed to meet
the assumptions of normality. Additionally, because age is strongly correlated with
size and growth, age was included as a covariate in analyses comparing size-atcapture and recent growth.
The relationship between predator size and prey size was examined using
linear regression. Quillback rockfish otolith radius and salmon fork length were log
transformed to meet assumptions of normality.
Linear mixed effects models were used to compare the growth rate and sizeat-age trajectories between surviving and consumed rockfish. We used a subset of our
data to best examine the patterns of growth and size-at-age across early life history.
We limited our analysis to the first 42 days as this time period was shared by both
groups and allowed for a minimum of n = 5 observations per day per group. The fixed
and random effects were selected by minimizing AIC. The model that best fit the
growth rate trajectory included the fixed effects of status (consumed vs surviving),
age, and a status by age interaction term (Table 4.1). Because we repeatedly measured
the growth rate of individual fish, we included fish identity as a random effect in the
model and allowed both the intercept and the slope to vary for each fish. To account
for the inherent autocorrelation between sequential otolith increments, we
incorporated an autoregressive correlation term in the model (Weisberg et al. 2010).
The model that best fit size-at-age trajectory included the fixed effects of status, age,
an age2 term, and a status by age interaction term (Table 4.2). Fish identity was
included to allow for a random intercept for each individual growth trajectory, an age2
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term allowed slope to vary for each individual, and an autocorrelation term was also
included. Models were fit with the R package nlme (Pinheiro et al. 2019) and due to
unequal samples sizes between the two groups, we used a type III analysis of
deviance estimate to model parameters.
We compared the recent growth of individuals of the same size between
surviving and consumed fish using ANCOVA, with size-at-capture (or consumption)
as a covariate (see Takasuka et al. 2003). We removed the smallest consumed
individual and largest survivor to constrain the data set to the size range shared by
both groups. There was no significant interaction between size-at-capture and status,
so this interaction was not included in the model.
To examine the relationship between rockfish growth rate and SST, growth
was averaged over days 1-25 for all fish born on a given calendar day and linear
regression was used to compare this growth to the mean SST over the same time
period. An extra sum of squares F-test was used to compare model fits between a
simple linear model and a quadratic model, but no support was found for the
inclusion of a quadratic term. All analyses were preformed using R v3.6.0 (R
Development Core Team 2019) and all figures were created using R package
‘ggplot2’ v 2.0.0 (Wickham 2009).
Results
Mean age, size-at-capture, and recent growth differed significantly between
the surviving and consumed quillback rockfish. After accounting for the effect of
latitude, surviving rockfish were significantly older (~7 d on average) than consumed
rockfish (Fig. 4.4a, Table 4.3). Similarly, after accounting for age and latitude,
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surviving rockfish otolith radii were significantly larger on average than consumed
fish (Fig. 4.4b, Table 4.3). The otolith radii of surviving rockfish were linearly related
to their SL ( SL = 5.599 + 0.0421 x radius, p < 0.0001, R2 = 0.83), and conversion of
the otolith radius to the length to age relationship of survivors indicated that survivors
were ~1.85 mm SL, or 29% larger than consumed fish. Finally, mean recent growth
of surviving rockfish was also significantly faster than that of consumed rockfish
(Fig. 4.4c, Table 4.3).
Salmon size did not affect the size of rockfish they consumed. There was no
significant relationship between salmon fork length and the otolith radii of rockfish
consumed (F1,18, = 0.2845, p = 0.6, R2 = 0.02).
Growth was significantly affected by rockfish status (survivors vs. consumed),
age, and the status by age interaction (GLMM, p <0.0001; Table 4.4). The model
indicated that the initial growth was higher for consumed fish, that growth increased
with age, and that growth of surviving rockfish increased more rapidly with age than
did growth of consumed rockfish (Fig 4.5a).
Size increased with age and the relationship between size and age varied
between survivors and consumed rockfish. Size-at-age was not affected by status
(GLMM, p >0.05); however, size was significantly affected by age, age2, and the
status by age interaction (GLMM, p <0.0001; Table 4.4). This model indicated that
size-at-age was similar for the two groups during early growth, that consumed fish
were larger-at-age than survivors from days ~10 -35, but, after day 35, surviving
rockfish were larger-at-age than consumed rockfish (Fig 4.5b).
There was evidence of growth-selective mortality as growth rate differed
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between survivors and consumed fish of similar size. Over the five days prior to
capture, consumed rockfish grew significantly more slowly than surviving rockfish of
the same size (F1,55 = 64.88, p <0.001; Fig. 4.6).
As expected, SST increased with day of year (F(1,55)=357.9, R2 = 0.87, p <
0.0001), thus because consumed rockfish were typically born about a week later than
the surviving rockfish, they developed in warmer water. Larval rockfish growth
during the first 25 days of life was significantly related to SST with growth
significantly higher for fish born later in the season (F(1,25) = 7.19, p = 0.013; Fig.
4.7).
Discussion
Due to the inherent challenges of sampling already consumed fish, there are
few direct studies of the characteristics of these fish that increase their susceptibility
to predation mortality. Though the sample size of consumed fish is relatively small,
the results of our study provide direct field evidence of selective predation upon and
by marine fishes. As predicted by the ‘bigger is better’ hypothesis, juvenile coho
salmon selectively consumed smaller pelagic juvenile quillback rockfish. Frequently,
size-selective mortality is a function of gape limitation. However, coho salmon are
capable of eating prey as large as one third of their length; previous work has shown
that even the smallest coho predator collected (119 mm FL) has the potential to
consume every quillback rockfish encountered in this study (Daly et al. 2009). This
pattern of size-selective predation on smaller individuals is consistent with other
direct measures of the predatory relationship between marine fishes and their prey.
Juvenile Atlantic bluefish (Pomatomus saltatrix) consume relatively smaller juvenile
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Atlantic silversides (Menidia menidia) and bay anchovies (Anchoa mitchilli) (Juanes
& Conover 1995), while larval Japanese anchovy (Engraulis japonicus) experience
predator-specific patterns of selective mortality (Takasuka et al. 2003, 2004b, 2007).
Also consistent with these studies (Takasuka et al. 2003, 2004b, 2007), our results
revealed direct evidence of ‘growth-selective predation’, with coho salmon
selectively consuming juvenile rockfish that were growing more slowly (i.e., with
slower recent growth). These findings demonstrate that juvenile coho salmon are
selective predators and that large size and rapid recent growth can reduce rockfish
vulnerability to predation.
A variety of studies have indirectly tested the ‘bigger is better’ hypothesis by
repeatedly sampling particular cohorts of fish prey and comparing the characteristics
of survivors to those of the original population (see Fig. 4.1). Results of these studies
have generally demonstrated the importance of larger sizes-at-age in enhancing
survival through larval and juvenile stages (Meekan & Fortier 1996, Hare & Cowen
1997, Robert et al. 2007, D’Alessandro et al. 2013). However, there are also
examples of smaller individuals being more likely to survive (Takasuka, et al. 2004b,
Grorud-Colvert & Sponaugle 2011). Additionally, a study that compared backcalculated size-at-age of juveniles to measured length of larval shortbelly rockfish (S.
jordani) found no evidence of size-selective mortality (Laidig et al. 1991). The
inconsistency in findings from these indirect studies likely reflects the fact that
examined survivors have potentially survived predation by multiple predators, or
different predators at different times. Results of our study corroborate the ‘bigger is
better’ hypothesis for a particular predator-prey interaction in the wild.
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Laboratory and mesocosm studies of predation in marine fishes provide
equivocal evidence of size-selective mortality. While some laboratory/mesocosm
studies have identified size-selective predation on smaller size classes of prey fish
(e.g., Atlantic bluefish; Juanes & Conover 1994), others provide evidence of selection
against larger larvae (e.g., three spine stikleback (Gasterosteus aculeatus) preying on
larval capelin (Mallotus villosus); Litvak & Leggett 1992). Previous mesocosm
predation experiments have demonstrated that coho salmon are selective predators of
smaller juvenile pink (O. gorbuscha) (Parker 1971) and chum (O. keta) salmon
(Hargreaves & LeBrasseur 1986), findings consistent with our observations of
juvenile coho salmon feeding on wild rockfish. The importance of size in reducing
predation appears to be predator-prey specific, highlighting the importance of direct
studies of particular predator-prey relationships. Our results demonstrate that wild
juvenile coho salmon are likely size-selective predators of juvenile quillback rockfish.
Fish that survive their vulnerable early life stages are often those that grow
rapidly during their larval stage (Meekan & LaFortier 1996, Hare & Cowen 1997,
Wilson & Meekan 2002) and/or immediately prior to encountering a predator
(Takasuka et al. 2004a). Interestingly, in our study, juvenile coho salmon
preferentially preyed upon small quillback rockfish that had rapid early larval growth,
but slower growth at the time of capture. The pattern of consumed fish having slower
growth rate than surviving fish of the same size is consistent with growth-selective
predation observed in some larval Japanese anchovy predators (Takasuka et al. 2003,
2004a, 2007). While the salmon may be consuming smaller fish in general and
selecting the slower- growing individuals when they encounter fish of the same size,

120

the dramatic differences in the growth history of these rockfish suggests vulnerability
to coho salmon predation may be determined earlier in life. Fish that were slower
growing at the time of encounter with predators actually grew faster earlier in life. It
is possible that this faster early growth enhanced their survival at that time, but the
reversal to slower growth increased their vulnerability to predation by coho salmon.
While it is unclear why the consumed fish grew more slowly prior to capture, because
they were born later in the season, they encountered warmer water at an earlier age
which likely increased their growth and development. Faster growth and development
would have led to their more rapid (younger age and small size) transition to the
pelagic juvenile stage, potentially leading to reduced feeding success and reduced
growth relative to the older, larger individuals.
These differences in early growth patterns put the fish born later in the season
at a disadvantage compared to the individuals born earlier in the season that had
slower early larval growth but were growing more rapidly immediately prior to
encountering juvenile coho salmon. Thus, traits that might be beneficial early in life
(i.e., fast growth) do not always carry-over to affect survivorship of later stages in the
same way. For young marine fish, there is frequently a trade-off between growth and
stage duration that affects fish size at the time of stage transitions, which can play a
critical role in survivorship. For example, fast-growing larval coral reef fish are
typically younger and smaller at settlement which can substantially influence juvenile
survivorship (Grorud-Colvert & Sponaugle 2011, Rankin & Sponaugle 2011).
Whether or not differences in early larval growth influenced juvenile rockfish
survival is unknown, but younger fish that exhibited faster early growth did not grow
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as quickly as pelagic juveniles, were smaller in size, and were consequently at a
disadvantage when they encountered predatory salmon.
Although predation by juvenile salmon upon their rockfish prey largely
followed predictions of the ‘growth mortality’ hypothesis, rockfish age appears to be
the key trait underlying differences in size, growth, development, and ultimately,
survival. While mortality generally decreases with fish age, laboratory and mesocosm
studies indicate that some predatory fish select older larval fish prey (Fuiman 1989,
Litvak & Leggett 1992). Age is fundamentally linked with size and growth rate, but
the influence of age is not typically examined in indirect cohort re-sampling studies
because age is accounted for when defining cohorts, potentially at the expense of
information on how birthdate affects survival (Meekan & Fortier 1996). Aligning resampled members of a cohort with those originally sampled is essential in cohort resampling studies as there is strong evidence that differences in developmental
conditions affect early life history traits and survival (Hamilton et al. 2008, GrorudColvert & Sponaugle 2011, Shulzitski et al. 2016). However, from the predator’s
perspective, fish of multiple ages and condition can be encountered at the same time,
influencing the predator’s choice.
Along the coast of Oregon and Washington, rockfish give birth to young once
a year with a reproductive season that lasts several months (Love et al. 2002a).
Larvae produced at different times of the season encounter the highly dynamic
California Current System and thus potentially experience very different
oceanographic conditions (Checkley & Barth 2009). In our study, the oldest and
youngest rockfish were born 31 d apart and encountered SST that varied by 5°C.

122

Differences in the temperature larvae experience can dramatically affect growth and
development rates (Green & Fisher 2004) and ultimately determine survival to later
life stages (Gagliano, Mccormick, et al. 2007, Grorud-Colvert & Sponaugle 2011).
Variability in the timing of parturition of quillback rockfish led these fish to develop
during substantially different conditions, creating variability in their early growth and
development that ultimately affected their survival.
The timing of parturition of rockfish is known to be related to maternal traits
(i.e. age and size; Berkeley et al. 2004, Sogard et al. 2008, Rodgveller et al. 2012,
Stafford et al. 2014). In many rockfish species, and quillback rockfish in particular,
older and larger females produce larvae earlier in the reproductive season (Sogard et
al. 2008, Rodgveller et al. 2012). In addition, older females produce higher quality
larvae, with higher energy reserves, that are more likely to survive than the offspring
of younger mothers (Berkeley et al. 2004, Rodgveller et al. 2012). In our study, these
earlier-born fish were more likely to survive predation by juvenile salmon they
encountered during their transition to nearshore settlement habitats. Juvenile salmon
consumed quillback rockfish that were born later in the spring and that experienced
warmer water temperatures. These warmer temperatures led to faster early growth
and development, yet slower juvenile growth and smaller juvenile sizes relative to
those of the earlier-born rockfish. Juvenile coho salmon encountered juvenile
quillback rockfish with variable life history traits and selectively preyed upon the
younger, smaller, slower-growing individuals. Ultimately, timing of rockfish
parturition influences all of their early life history traits and may be the primary factor
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that best predicts survival of quillback rockfish at the time they encounter predatory
salmon in nearshore waters.
Conclusions
The direct examination of predator selectivity improves our understanding of
the predator-prey relationship and how early life history traits affect survival in
specific predator-prey interactions. It remains a challenging goal to fully describe the
outcomes of predation in the natural environment with the diversity of predators and
variety of prey they encounter, yet these events have important implications for
survival and recruitment of prey species. Though we acknowledge the small sample
size, our results have shown that a combination of the timing of parturition and the
sea surface temperature during the larval stage affect juvenile quillback early life
history traits. We found that large size and rapid recent growth immediately prior to
predator encounter improve survival of fish prey, yet these traits may not be
consistent throughout the early life of a fish. Depending on which predation events
are more intense (predation on early or later stages), detrimental early traits (slower
growth, smaller sizes-at-age) may ultimately improve the survival of later stages.
Such tradeoffs between early and late stage traits may persist in a prey population due
to variation in the timing and identity of predator encounter. Young fish face a suite
of predators that changes as fish grow and move to different habitats. The role of
individual or multiple predators in shaping the traits and recruitment strength of
juvenile fishes remains a complex topic and resolving these processes will require
both direct and indirect studies of multiple predator-prey relationships in the wild.
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Table 4.1. Model selection for mean daily growth trajectory. Fixed effects are listed
on the left of the vertical line and random effects are to the right.
Growth Rate Model
Age + Status + Age x Status | Random Intercept + Random Slope + Auto
Correlation
Age + Status + Age x Status | Random Intercept + Random Slope
Age + Status + Age x Status | Random Intercept
Age + Status + Age x Status
Age
Age + Status
Status
Intercept
* The lowest AIC = 5931.87

Δ AIC
0*
537.67
649
1101.64
1127.96
1129.94
4022.74
4035.71
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Table 2.2. Model selection for mean size-at-age trajectory. Fixed effects are listed on
the left of the vertical line and random effects are to the right.
Size-at-age Model
Age + Status + Age^2 + Age x Status | Random Intercept + Random Slope + Auto
Correlation
Age + Status + Age^2 + Age x Status | Random Intercept + Random Slope
Age + Status + Age^2 + Age x Status | Random Intercept
Age + Status + Age^2 + Age x Status
Age + Status + Age^2
Status + Age^2
Age + Age^2
Age^2
Age
Age + Status
Status
Intercept
*The lowest AIC = 6675.53

Δ AIC
0*
4349.33
8813.68
10744.91
10743.85
10753.1
10758.16
10768.55
11989.41
11990.54
16696.65
16708.1
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Table 3. Multiple regression results for age, size, and recent growth of pelagic
juvenile Sebastes maliger with status (consumed or surviving) and latitude, and
status, latitude, and age as covariates, respectively.
Dependent
variable
Log(Age)

Sources of
variation
Status
Latitude
Error

df

F

p

Model r2

1
1
56

13.608
4.953

<0.001
0.03

0.25

Log(Radius)

Status
Latitude
Age
Error

1
1
1
55

45.2
16.995
137.05

<0.001
0.001
<0.001

0.78

Status

1

28.35

<0.001

0.51

Latitude
Age
Error

1
1
55

2.632
26.817

0.11
<0.001

Log(Recent
Growth)
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Table 4. Mixed effects model results for mean daily growth and size-at-age of pelagic
juvenile Sebastes maliger with 95% confidence interval estimates and p-values for
each fixed effect. Bold p-values are significant (<0.05).

Parameter
Intercept
Status
Age
Status x Age
Parameter
Intercept
Status
Age
Age^2
Status x Age

Mean daily growth model
Lower Bound
Estimate
Upper Bound
0.594
0.883
1.172
-0.875
-0.517
-0.159
0.137
0.155
0.174
0.008
0.03
0.052
Size-at-age model
Lower Bound
Estimate Upper Bound
12.304
14.308
16.313
2.233
0.291
2.817
0.465
0.602
0.74
0.084
0.088
0.093
-0.581
-0.419
-0.258

p-value
<0.001
0.003
<0.001
0.006
p-value
<0.001
0.817
<0.001
<0.001
<0.001
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Figure 4.1. Schematic depicting the two different approaches to examining selective
mortality in wild fishes. Cohort re-sampling studies examine early life history traits
(ELHTs) in an initial population (solid gray box) and compare these to the same
cohort at a later time (dashed gray box) to detect how mortality during early life
changes the distribution of ELHTs. Direct studies (solid black box) examine
differences in ELHTs between free-swimming individuals collected simultaneously
with predators (survivors) to the traits of individuals consumed by the predator.
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Figure 4.2. Sampling locations for juvenile coho salmon and juvenile rockfish along
the coast of Washington, USA from May 24 – 28, 2018. Stations (circles) were
located between the 50 m and 100 m isobaths. + indicates the buoy used for SST data
for growth analyses.
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Figure 4.3. Density plot of Sebastes maliger size frequency distributions divided into
those consumed (gray) and those alive at the time of collection (survivors). Survivor
size is based on SL measurements while consumed fish size was estimated from the
otolith radius to standard length ratio of surviving rockfish.
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Figure 4.4. Differences in otolith-based early life history traits between surviving and
juvenile Sebastes maliger: (a) age, (b) size-at-capture based on otolith radius, and (c)
mean growth over the last 5 d of life (C). Box plots show the median (thick band in
box), 25% and 75% quantiles (bottom and top of box), and outliers (points). *
indicate significant differences (p<0.001).
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Figure 4.5. Mean (top) daily growth as measured by otolith increment widths and
(bottom) mean size-at-age as measured by otolith radius-at-age for juvenile S.
maliger. Only ages with n ≥ 5 observations are presented. Error bars represent ± SE.
Fitted lines represent the mixed effects models for each trajectory with dashed lines
for survivors and solid lines for consumed fish.
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Figure 4.6. ANCOVA of growth rate and size-at-capture between consumed (dashed
line) and surviving (solid line) juvenile S. maliger.
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Figure 4.7. Relationship between mean growth during first 25 days post extrusion of
pelagic juvenile Sebastes maliger and mean SST (Grays Harbor NDBC Buoy 46211).
Growth = -0.26 + 0.25xSST (r2 = 0.22, p = 0.0013).
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CHAPTER 5: GENERAL CONCLUSIONS
One of the major goals of fisheries science is to understand sources of
recruitment variability. Variable survival through the critical early life stages of fishes
determines year-class strength (Bailey & Houde 1989). Predation during early life is
considered the major source of mortality during this vulnerable period (reviewed in
Houde, 2008). The Growth-Mortality umbrella hypothesis provides a framework for
examining sources of mortality. The major tenets of the hypothesis are that larger size
(Miller et al. 1988), faster growth (Ware 1975b, Anderson 1988), and a shorter larval
stage (Houde 1989) enhance survival through this critical period. Mounting evidence
indicates that oceanographic conditions affect these important early life history traits
which, in turn, influence survival. Because larval fish growth and development rates
are linked to temperature (Houde 1987, Pepin 1991, Francis 1993) and water
temperatures are changing throughout the oceans, understanding how ocean
temperatures affect early survival is essential to predicting future recruitment
variability.
Climate change is increasing ocean temperatures and is expected to have
dramatic impacts on marine organisms, populations, and ecosystems (Doney et al.
2012). As climate change progresses, marine heatwaves are expected to increase in
frequency and intensity (Frölicher & Laufkötter 2018), potentially affecting growth
and mortality rates of a range of organisms. In addition, recent heatwaves have led to
dramatic changes to oceanographic conditions and food webs (Peterson et al. 2017,
Brodeur et al. 2019a, Brodeur et al. 2019b). These ecosystem-wide changes could
dramatically alter the survival of young fish. In the Gulf of Alaska, recruitment of
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walleye pollock was closely linked to larval mortality until a major climactic and
ecosystem shift changed this regulation to the juvenile stage (Bailey 2000). In the
northwest Atlantic, fishing-induced food web changes dramatically increased the
abundance of forage fish populations which heightened predation on the early life
stages of an important fisheries species (Fauchald 2010, Frank et al. 2011). Similar
dramatic increases in forage fish abundance occurred in Southern California during a
recent heatwave (Thompson et al. 2018), though there is no evidence of an impact on
the recruitment of commercial species. As fisheries management continues to move
from single-species to ecosystem-based management, there is a need to evaluate not
only the impacts of future environmental conditions on adults, but also the vulnerable
early life stages of fishes.
The California Current Large Marine Ecosystem (CCLME) is a dynamic and
productive ecosystem that supports large fisheries. There have been many efforts to
examine the effects of oceanographic variability on the recruitment of different
commercially and recreationally important rockfish species, but a mechanistic
understanding of how oceanographic variability translates to recruitment variability
has been elusive. Recently, the CCLME experienced a strong and persistent heatwave
that affected the oceanography and induced ecosystem-wide changes in the food web
(Cavole et al. 2016, Jacox et al. 2018). This heatwave also changed our understanding
of the relationship between rockfish recruitment variability and oceanographic
conditions off California. In Central California, a 28-year time series indicated a
strong relationship between pelagic juvenile rockfish abundance and sea level height
anomalies (Ralston et al. 2013); however, when this time-series was extended to
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include the marine heatwave, rockfish abundance was no longer correlated with sea
level height. A new environmental index (“the spiciness index”) based on the relative
contribution of Pacific Subarctic vs Equatorial Pacific waters to the upper water
column was developed to explain rockfish recruitment variability in light of changing
ocean conditions (Schroeder et al. 2019). The link between spiciness and early
rockfish survival remains unclear. Without fully understanding the influence of
oceanographic variability on key processes in the development of rockfish, we cannot
predict how changes to the environment will impact recruitment. This dissertation
demonstrates that oceanographic variability predictably affects the early life history
of black and quillback rockfish off Oregon and Washington, that larval growth is a
reliable indicator of survival through rockfish early life stages, and that growth during
the transition from the pelagic to benthic stage affects juvenile survival. The
relationship between settlement variability and larval growth provides a mechanistic
link between fluctuations in black rockfish year class strength and the environment.
These findings contribute to the body of knowledge on rockfish early life history and
will help inform management in the face of changing ocean conditions.

Rockfish early life history traits
This dissertation identifies the important role oceanographic conditions play
in shaping rockfish early life history traits (Fig. 5.1). Across years and within one
year, water temperature affected black rockfish and quillback rockfish growth rates.
In Chapter 2, the larval growth of seven annual cohorts of black rockfish was strongly
positively related to PDO phase and sea surface temperature. Similarly, in Chapter 3,
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larval growth of black rockfish over 3 years increased with increasing temperature;
however, juvenile growth during this period decreased at higher temperatures. In
Chapter 4, seasonal differences in water temperature led to variable larval growth
rates among individual quillback rockfish born several weeks apart—with growth
positively related to water temperature. These findings demonstrate repeatedly that
water temperatures encountered during development determine early growth of
several species of rockfish.
The Growth-Mortality Hypotheses predict that rapid larval growth increases
survival through the vulnerable early life stages (Anderson 1988). In Chapter 2, we
found that rockfish survival to settlement was positively related to larval growth in 5
of 7 years but was lower in 2 years when larval growth was extremely fast. These
years of high larval growth corresponded with anomalous ocean temperatures when
we hypothesize that warm water temperatures increased metabolic demands, but prey
availability was too low to support these increased energy requirements. While some
individuals survived to settle (and to be collected and aged), many others did not,
leading to poor settlement magnitude. Additionally, without an abundance of highquality prey, these increased metabolic demands would require an increase in rockfish
foraging rate, which likely increased predator encounter rates, and thus mortality
from predation. Ultimately, larval growth translates environmental variability into
variability in survival.
Early larval growth impacts other life history traits including age-atmetamorphosis, and age-at-settlement. Larval growth is clearly linked to
developmental rate in black rockfish as rapid larval growth led to younger ages-at-
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metamorphosis—both within and among cohorts (years). Although age-at-settlement
varied among years, surprisingly, there were no strong interannual differences in sizeat-settlement. For the seven cohorts examined in Chapter 2, most juveniles arrived to
the nearshore around 42.5 mm, standard length. In Chapter 3, repeated sampling of
three of those cohorts through settlement and recruitment indicated that there was no
evidence of size-selective mortality during pelagic metamorphosis or settlement to the
benthos. This suggests that major life history transitions are regulated by size and
points to the importance of growth in determining when fish attain the size required
for a successful transition.
Larval growth clearly plays an important role in the early life of rockfishes
and in determining the magnitude of survival to settlement, but during periods of
intense predation in the pelagic juvenile and settlement stages, late-stage growth can
also play a dominant role. Across the three cohorts examined in Chapter 3, growth
immediately prior to settlement was faster among black rockfish that survived the
transition to the benthos than those collected during settlement. However, this was
significant only in 2016, a year of high black rockfish settlement. There is evidence
that in years of high rockfish settlement predators opportunistically switch diets to
consume newly settled juveniles (Hobson et al. 1995). Results of this chapter indicate
that when predation is strong during this transition, rapid growth prior to settlement
conveys a survival advantage. This is echoed in Chapter 4 for quillback rockfish. The
comparison of recent growth between quillback pelagic juveniles that were consumed
by juvenile coho salmon to those that were alive and caught simultaneously with the
salmon revealed that recent growth was significantly faster in survivors than in
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consumed fish. These findings indicate that mortality during these important
transitions influences the characteristics of survivors. Future work examining
relationships between the abundance of settlers to recruits would indicate the degree
to which post-settlement mortality may modify year-class strength.
We detected interannual differences in rockfish birthdate distributions,
however, we cannot determine if this indicates climate induced changes in black
rockfish phenology. There is evidence of warming water leading to early reproduction
of three rockfish species in Southern California (Asch 2015) and changes in
phenology of other species off the coast of Oregon (Auth et al. 2018). There also is
evidence to suggest that older, larger female rockfish extrude larvae earlier in the
reproductive season and produce higher quality larvae than younger, smaller
individuals (Berkeley et al. 2004, Sogard et al. 2008, Rodgveller et al. 2012b). The
larvae of older mothers tend to grow faster and better resist starvation, providing a
distinct survival advantage over those of younger mothers (Berkeley et al. 2004).
Depending on the magnitude of any future shifts in phenology, the larvae from older
mothers may be less affected by shifts in birthdates because they are starting at a
higher quality, than poorer quality larvae from young mothers. However, for all of
these fish, they will still require prey later in their pelagic life to survive and if
changes in the prey field occur with changing ocean conditions, rockfish recruitment
may be negatively affected.

Population management
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Current efforts to understand how oceanographic variability influences
rockfish recruitment variability may limit our ability to forecast rockfish population
dynamics in changing ocean conditions. While our analysis of the patterns of black
rockfish settlement and a suite of environmental indices revealed no apparent
relationship between oceanographic variability and recruitment, closer analysis of
early life history traits points to a likely mechanism. By identifying a significant
relationship between black rockfish growth and ocean temperature, and a strong
dome-shaped relationship between larval growth and settlement magnitude, the
results of this dissertation identify a link between environmental variability and
rockfish settlement. Our work highlights the need to incorporate rockfish early life
history information in efforts to elucidate linkages between recruitment and
environmental variability. Laidig et al. (2007) demonstrated cohesion in the
abundance patterns of black, yellowtail (S. flavidus), and blue rockfish (S. mystinus)
that had settled to nearshore rocky reefs in California, suggesting that our results for
black rockfish may be applicable to other rockfish species. By identifying how both
strong and weak rockfish settlement is related to larval growth, the results of these
studies substantially improve our understanding of the effects of oceanographic
conditions on the early life history and recruitment dynamics of one of Oregon’s
largest recreational marine fisheries.

Climate impacts on rockfishes & future directions
Across all three data chapters in this dissertation, one environmental variable
emerges as central to larval and juvenile rockfish growth: temperature. Water
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temperature encountered by rockfish larvae and pelagic juveniles varied by year and
within years, significantly influencing growth and survival. As climate change
progresses and the oceans continue to warm, we expect rockfish larval growth rates to
further increase. Consequently, black rockfish survival should also increase with
growth, until growth becomes too fast to be sustained by available prey and survival
diminishes. While evidence from this dissertation identifies relationships between
oceanography, larval growth, and survival to settlement, the mechanisms underlying
these processes are not entirely evident. We hypothesize that a combination of poor
feeding conditions associated with anomalously warm water temperatures, and high
predation rates are responsible for reduced rockfish survival in two of seven study
years. Previously documented dramatic changes to the California Current planktonic
ecosystem associated with unusually warm ocean conditions indicate that future
ocean change will not only affect the physical oceanography of this ecosystem, but
also the biological oceanography (Peterson et al. 2017, Du & Peterson 2018,
Brodeuret al. 2019a). As oceans are predicted to continue to warm and heatwaves
increase in frequency, we anticipate that rockfish survival may be enhanced in years
when warm water facilitates moderately high rockfish growth, but survival may be
dramatically reduced in years when water is too warm, growth is too rapid, prey
quality decreases, and predation increases. To test the hypothesis regarding prey
availability and rockfish survival in both more typical and anomalous years, there is a
need to sample the in-situ predator and prey fields rockfish experience during early
life. Simultaneous sampling of rockfishes and their prey combined with gut contents
analysis would provide a clearer view into the relationships between these variables.
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Further, increased sampling of the youngest life stage of rockfish would
provide important insight into this understudied stage. Because of the large number of
co-occurring species and difficulty identifying the larval stages to species, there are
few studies examining these important life stages. Only recently have at-sea
monitoring programs begun to genetically identify larval rockfishes to species
(Andrew Thompson, Ric Brodeur, NOAA, personal communication). Collections of
larval rockfish and their prey field would provide information on variability in
rockfish diets with variable ocean conditions and reveal how temperature and prey
together affect larval growth. Results from Chapter 2 indicate that black rockfish
larval growth and settlement is not tied to northern and southern copepod biomass
anomalies. Because larval rockfish are too small to consume adult copepods, the
species identity and abundance of copepod nauplii may be more important to larval
rockfish survival. Sampling rockfish predators is a substantially more challenging
goal and these likely include a range of organisms that are difficult to quantify.
However, collections of larval rockfish and their predators would provide useful
information on whether predation increases as a result of changes in the relative
abundance or behavior of predators or changes in larval rockfish foraging behavior.
Examining patterns in the abundance, diets, and growth of rockfish from their early
larval through juvenile stage would build upon the work in this dissertation and
further improve our understanding of the effects of climate variability on rockfish
early life history.
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Figure 5.1 Schematic depicting the influence of ocean conditions on black rockfish
early life history traits and survival. The color gradient indicates relative water
temperature during development with blue representing cool water and red indicating
warm water. There is a significant positive relationship between larval growth rate
and temperature; larvae that develop in cooler water grow more slowly than larvae
that develop in warmer water (Box 1). We hypothesized that a combination of food
availability and growth rate determines survival during the larval stage (Box 2).
When water is cool and growth is slow, food is typically abundant but slow growers
are highly vulnerable to predation and survival is low. In years when growth is
moderate, there is sufficient food available to sustain growth, and this level of growth
enhances survival, and contributes to high settlement. Larvae that develop in warm
water require increased nutrition to support rapid growth; a combination of
anomalous conditions altering the food web and increased predator encounter rates
driven by increased metabolic demands contributes to low survival during the larval
phase. Settlement magnitude is a function of growth rate during the larval phase, with
low settlement rate in years when growth is slow and fast, and high settlement in
years with moderate larval growth (Box 3). When larval growth is moderate and
settlement is high, there is evidence of trait-based selective mortality (SM) such that
settlers (survivors; bottom of Box 3) had faster larval growth compared to pelagic
juveniles (initial population; top of Box 3). In contrast, there was no growth-selective
mortality in two years when growth was slow and settlement was low, and no data to
evaluate growth-selective mortality in years when growth was fast and settlement was
low. There was also evidence of selective mortality at the end of the pelagic period:
when larval growth was moderate and settlement high, fish growing faster
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immediately prior to settlement preferentially survived. Similar to larval growth
patterns, there was no pre-settlement growth-selective mortality in cool waters when
larval growth was slow and settlement low, and no information to evaluate presettlement growth-selective mortality when larval growth was fast and settlement low
(Box 4). Fast growth prior to settlement increases survival during the transition from
the settlement (bottom of Box 3) to the benthic recruit stage (bottom of Box 4) when
settlement is high.

