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Abstract 

Physical-Biological Drivers of Population Replenishment for an Ecologically 
Important Fish Species of the California Current 

 

Mark M. Morales 

 

Marine fish population fluctuations are pervasive. A primary driver of marine fish 

population fluctuation is annual recruitment variability. For over a century, fisheries 

oceanographers have tried to attribute cause to observed recruitment variability with 

varying degrees of success. While several hypotheses of recruitment variability can 

be found in the literature, most can be grouped into either food web- or transport-

dependent mechanisms. The mechanistic basis of food web-dependent drivers is that 

larval survival, and eventual recruitment, is determined by starvation or predation 

mortality. Transport-dependent drivers are related to advective processes that disperse 

larvae into or out of habitat favorable for recruitment. In this dissertation I address 

these two mechanisms of recruitment variability for Shortbelly Rockfish, a highly 

abundant and ecologically important fish species of the California Current System. In 

Chapter 1, I develop and apply a bioenergetics growth model to understand how 

spatial variation in ocean conditions determines growth potential. I find that spatial 

patterns of early life stage-specific growth potential correspond with important early 

life history events. In Chapter 2, I introduce interannual variability in ocean 

conditions to the growth model and find that hotspots of spatial growth potential 

explain 78.6% of Shortbelly recruitment variability. This result supports the 
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hypothesis that food web-dependent processes are important for recruitment strength. 

In Chapter 3, I introduce transport-dependent processes to the model framework and 

find that the relative importance of food limitation and transport on recruitment are 

dependent on interannual climate cycles (El Niño Southern Oscillation). The 

preponderance of recruitment drivers being context dependent amongst a backdrop of 

differing climate conditions may explain why understanding recruitment mechanisms 

has been so challenging.  
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Introduction 

Background 

For many marine fish populations, the early life stages (ELS) are the most 

vulnerable period of the life cycle with ~99.9% mortality within the first year of life 

(Houde 2008). Most fish species have high fecundity, producing in some cases 

millions of eggs per female per reproductive batch (Nelson 2016). Given these 

characteristics, small changes in survivability during the first year of life can lead to 

orders of magnitude changes in recruitment (the number of larval fish that survive to 

become adults). Differential survival during the first year of life can be attributed to 

environmental processes that directly affect physiological rates, disease outbreaks, 

and larval dispersal, and indirectly through food availability and predation pressure 

(Sheperd et al., 1984). For relatively short-lived species, year-to-year fluctuations of 

recruitment yield to natural variation in adult abundance (Checkley et al., 2009). In 

contrast, long-lived species suffer fewer negative effects from fluctuations in 

recruitment through the storage effect (Warner and Chesson 1985; Secor 2007). For 

such fish species, however, a single large year class can change population structure, 

the magnitude of density-dependence, population biomass, and predator-prey 

relationships, and for exploitable fish populations, change fisheries selectivity 

(Bjørnstad et al., 2004). Understanding and predicting recruitment therefore has 

major implications for understanding ecosystem structure and for the sustainable 

management of exploitable marine fish populations.  
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Fisheries oceanography is a discipline that straddles the interface between 

marine ecology and oceanography by relating the distribution and abundance of fish 

populations to environmental variability, either natural or anthropogenic in source, to 

understand processes that drive recruitment fluctuations (Cury et al., 2008; Bograd et 

al., 2014). For over a century, fisheries oceanographers have strived to understand the 

environmental drivers of recruitment. Johan Hjort’s hypotheses (Hjort 1914; 1926) 

were the first to scientifically link natural changes in the physical and biological 

environment to recruitment and the productivity of fish populations (Browman 2014). 

Hjort hypothesized that year-class strength was largely driven by changes in available 

food for first feeding larvae (“the critical period hypothesis”) through food web-

dependent processes. He also posited that ocean currents could disperse larvae into 

habitat favorable or unfavorable to life cycle closure (“the aberrant drift hypothesis”), 

thereby affecting recruitment strength through transport-dependent processes. From 

this viewpoint, if the biophysical factors driving recruitment variability can be 

identified, and the indicators of forcing factors reliably measured, then accurate 

predictions of year-class strength could be attainable. 

Study System 

 The California Current System (CCS) is one of four major eastern 

boundary upwelling systems. The CCS is characterized by the California Current 

(CC), a nearshore coastal jet, a subsurface undercurrent, the Davidson Current, and 

the Southern California Eddy (Checkley and Barth, 2009). The CC is fed from the  
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north by the North Pacific Current, an eastward flowing current on the 

northern margin of 

the North Pacific Gyre. The CC is in geostrophic balance with the North 

Pacific Gyre, resides within 1,000 km from the west coast of North America and 

flows southward from the U.S. – Canadian border to Baja California (Checkley and 

Barth, 2009). The coastal jet is a narrower southward flowing current shoreward of 

the CC, most dominate during the spring and summer months (Huyer et al., 1991). 

The Davidson Current is a seasonal northward flowing current which dominates 

during winter months (King et al., 2011). At Point Conception, the CC bifurcates 

eastward and forms the southern California Eddy, a nearly year-round cyclonic eddy 

in the Santa Barbara Basin, although it is most pronounced in the late spring, early 

summer when the coastal jet is at its maximum velocity (Washburn and McPhee-

Shaw, 2013). 

The CCS is typified by strong seasonal upwelling, a process in which 

northwest winds in the spring and summer drive the Ekman layer (i.e. surface waters) 

offshore via friction (i.e. wind stress) and the rotation of the earth (i.e. the Coriolis 

force). The offshore flowing surface waters generate a cross-shelf pressure gradient 

which is geostrophically balanced by the southward flowing coastal jet. During the 

process of upwelling, deep, nutrient-rich, high salinity seawater is advected to the 

sunlit surface waters and fuels a highly productive food web. Furthermore, there is a 

latitudinal gradient in the strength and timing of seasonal upwelling (Checkley and  
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Barth, 2009). In the south (i.e. Point Conception, CA to Punta Eugenia, Baja Sur), 

coastal upwelling is active nearly year-round, however, peaks occur during the 

summer months. In the central CCS (Cape Mendocino to Point Conception), 

upwelling is relatively more seasonal with the spring transition occurring in March 

and persisting until fall but peaking in July. In the northern CCS (i.e. Cape 

Mendocino to Juan de Fuca Straight), upwelling is strongly seasonal, beginning in 

late spring and persisting to early fall (Bograd et al., 2009). These seasonal dynamics 

drive local and regional productivity in the CCS. 

Equally important are the wintertime wind reversals that occur in the northern 

CCS, and to a lesser extent in the central CCS. These wind reversals power a 

phenomenon known as downwelling which severely depresses the southward flowing 

jet, drives the dynamics of the Davidson Current, and transports surface waters 

(Ekman layer) towards the coast.   

Complicating the seasonal dynamics of the CCS physics are the dramatic 

natural variations occurring at interannual, decadal and secular scales. At the 

interannual scale, the El Niño Southern Oscillation (ENSO; Trenberth 1997) can have 

severe impacts on physical and biological processes in the CCS with a periodicity of 

3-7 years (McGowan et al., 1998; Chavez et al., 2002a,b; Jacox et al., 2016). ENSO 

can display three states; El Niño, La Niña and ENSO neutral. El Niño is indicative of 

high sea surface temperature anomalies (SSTa), a deepening of the thermocline and 

nutricline, delayed and weakened seasonal upwelling, and lower primary productivity. 

La Niña is characterized by lower SSTa, strong seasonal upwelling, and high 
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productivity. ENSO neutral lies in between these two states. At the decadal scale are 

the Pacific Decadal Oscillation (PDO; Manuta and Hare, 2002) and the North Pacific 

Gyre Oscillation (NPGO, Di Lorenzo et al., 2008) characterized as the first mode of 

sea surface temperature (SST) variability and the second mode of sea surface height 

anomalies in the North Pacific, respectively. A negative PDO can be thought of a 

longer term La Niña like state whereas a positive state of the PDO is similar to EL 

Niño, with fluctuations between the two occurring with a periodicity of ~40-70 years. 

The NPGO is correlated with sea surface salinity anomalies, nutrient availability and 

primary productivity (Di Lorenzo et al., 2008). At the secular scale is anthropogenic 

climate change caused by the burning of fossil fuels and positive feedbacks within the 

Earth system. Climate change will have many synergistic effects on the physical 

environment such as increased water temperatures, increased stratification, shoaling 

oxygen minimum zones, ocean acidification, and rising sea levels which will directly 

impact marine organisms through physiological responses and redistributions, and 

indirectly through changes in species interactions and population connectivity (Doney 

et al., 2012). It is currently unclear at this time how climate change will specifically 

affect the biology of the CCS, though modeling efforts, laboratory studies and 

retrospective empirical biosphysical studies (e.g. space-for-time substitutions; Ohman 

et al., 2013) are beginning to shed light on the matter, particularly when mechanistic 

drivers are explored in an ecosystem oceanography context (Curry et al., 2008). 

Perhaps most relevant to understanding recruitment is identifying mechanistic 
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linkages between physical processes in the ocean and the biological response, as well 

as the ability to tease out natural variation on multiple spatiotemporal scales from 

anthropogenic stressors. 

Rockfish Biology 

 The interplay between upwelling/downwelling dynamics, natural climate 

variability and anthropogenic climate change in the CCS have significant implications 

for the growth, survival and recruitment of marine organisms that are of economic 

and ecological importance, such as the rockfish complex (i.e. Sebastes spp.). Rockfish 

are a highly speciose group of fishes with large year-to-year fluctuations in 

recruitment (Ralston et al., 2013). As adults they occupy a variety of niches ranging 

from the land-sea interface (i.e. rocky intertidal pools), to near shore kelp forests, out 

to the continental shelf, and beyond to the shelf slope (Love et al., 2002). Rockfish 

are different from many fishes in that they exhibit viviparity by which embryos are 

internally fertilized and larvae are born alive and ready to feed. With a few 

exceptions, rockfish that inhabit the shelf and shelf-slope give birth in the winter 

months, and most nearshore species give birth in late-spring/early summer (Love et 

al., 2002). In general, most of the economically important rockfish give birth during 

the winter downwelling season, metamorphose to juveniles by April-May during the 

upwelling season and settle to the benthose during the late spring and summer 

months. 

 A wealth of evidence suggests that rockfish recruitment strength is set during 

the pelagic duration of their life history when density-independent processes 
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dominate (Woodbury and Ralston, 1991; Ainley et al., 1993; Ralston and Howard, 

1995; Laidig, 2010; Laidig et al., 2007; Caselle et al., 2010; Field et al., 2010; Ralston 

et al., 2013; Schroeder et al., 2014; 2019; Friedman et al., 2018). Furthermore, recent 

studies suggests that growth rate variability results in differential survival (Fennie et 

al., 2020; 2023a; 2023b), which raises the question how coastal oceanographic 

processes interact to affect lower trophic level production, and how spatiotemporal 

changes in food availability and temperature affects growth rate. Additionally, some 

rockfish species spend up to six months in the pelagic environment before recruiting 

to adult benthic habitat and recognizing that the youngest larvae are relatively slow 

swimmers compared to the velocity of ocean current features (e.g., the coastal 

upwelling jet; Kashef et al., 2-14), a greater understanding of the influence of 

transport processes on recruitment success is needed.  

Shortbelly Rockfish (Sebastes jordani) are an unexploited species generally 

assumed to be the most abundant rockfish species in the California Current System 

(CCS; Love et al., 2002). Relative to other Sebastes spp, Shortbelly have a life history 

more closely matching that of forage fishes (e.g. sardine and anchovy) as they exhibit 

fast growth, early age at maturity, and have relatively high natural mortality rates. 

Their parturition period is relatively broad, beginning in late December, peaking in 

February, and ending as late as May (Wyllie-Echeverria, 1987). After 3-4 months as 

pelagic larvae, Shortbelly metamorphose to pelagic juveniles before settling to their 

semi-benthic adult habitats at roughly 150-days old, or ~70 mm SL (Laidig et al., 

1991).  As pelagic juveniles, Shortbelly, and other members of the pelagic juvenile 
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rockfish assemblage, are important constituents of the forage community as their 

relatively small size and semi-pelagic schooling behavior make then particularly 

susceptible to predation from seabirds, marine mammals, and piscivorous fishes 

(Thayer et al., 2014; Warzybok et al., 2018; Lowry et al., 2022). Since Shortbelly 

recruitment covaries with other rockfish species (Ralston et al., 2013), understanding 

the mechanisms of their historical recruitment fluctuations would provide insights 

into the drivers of recruitment variability for many other commercially important and 

actively managed species, and as such would contribute greatly towards an 

ecosystem-based management approach in the CCS (Wells and Santora, 2023). 

Overview of Dissertation 

 The overarching goal of this dissertation is to better understand how physical 

and biological mechanisms determine rockfish recruitment. To elucidate biophysical 

drivers of recruitment variability I develop and apply a mechanistic ecosystem 

modeling framework that successively builds in complexity throughout each chapter.  

In Chapter 1 I develop and apply an ontogenetic bioenergetics growth model 

for multiple pre-recruitment life stages of Shortbelly rockfish: the preflexion, flexion, 

and postflexion larval stages and the pelagic juvenile stage. The model is first 

parameterized through a literature review, and where sufficient parameters could not 

be found, they are estimated through a model fitting process by confronting 

predictions with empirical data. The behavior of the model is then assessed through a 

sensitivity analysis and through scenario testing of the forcing factors (i.e., 

temperature and prey availability). Next, I expand the baseline ontogenetic 
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bioenergetics to include spatial variability and compare simulated growth potential 

with spatial patterns of reproduction, and the distribution and abundance patterns of 

pelagic juvenile shortbelly derived from a fisheries-independent survey.  

In Chapter 2 I expand the bioenergetics model developed in Chapter 1 to 

include temporal patterns of spatial growth potential and evaluate ability of the 

intensity and size of growth potential hotspots (i.e., spatial regions of elevated 

growth) to explain recruitment patterns of Shortbelly rockfish. I use the model to test 

the hypothesis that spatial patterns of growth potential across multiple ELS’s 

differentially contribute to explaining observed recruitment variability and that the 

directionality of the associations between growth and recruitment are life stage 

dependent.  

In Chapter 3 I add a Lagrangian particle tracking algorithm to the overall 

modeling framework to simulate larval dispersal of Shortbelly rockfish using ocean 

currents calculated from a regional ocean circulation model. The bioenergetics model 

is coupled to the particle tracking model and estimates growth along dispersal 

trajectories. The coupled biophysical individual-based model estimates starvation 

mortality and retention near the coast to assess the relative influence of food web- and 

transport-dependent processes, respectively, on modeled and observed recruitment. 

The importance of the two mechanisms of recruitment variability are compared 

across cohorts within a year, and then compared across contrasting environmental 

conditions to test the hypothesis that mechanisms of recruitment variability are 

context dependent.   
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Chapter 1 

Development and application of a bioenergetics growth model for multiple early 

life stages of an ecologically important marine fish 

Abstract 

Spatial and temporal variability in temperature and food availability are key drivers of 

growth of marine fishes. Growth during the early life stages (ELS’s) is tightly coupled 

to survival, and in turn, can set year-class strength (i.e. annual recruitment) and 

overall stock productivity of populations and fished stocks. Ontogenetic changes in 

physiology, dietary preferences, and growth across ELS’s can be accounted for within 

bioenergetics models, but existing models lack resolution within larval and early 

juvenile stages. We leveraged daily output from a coupled physical-biogeochemical 

model to force a highly resolved ontogenetic bioenergetics model parametrized for an 

ecologically important rockfish in the California Current System. Size-at-age 

predictions closely track empirical growth trajectories of the ELS’s. Scenario testing 

revealed that growth performance is disproportionately driven by changes in 

temperature compared to food availability. We then expanded the model to 

incorporate spatial climatological differences in temperature and prey concentration 

and found that preflexion growth potential is maximized in areas of historical 

spawning, suggesting the timing and location of reproduction is an adaptive strategy 

that places larvae in habitat favorable for survival. Growth potential for late-stage 

larvae (postflexion) is greatest over a broad areal extent, implying that if a particle 

tracking algorithm was coupled to the bioenergetics model, a wide range of larval 
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dispersal pathways would place postflexion larvae in habitat suitable for rapid 

growth. Finally, growth potential of pelagic juveniles is maximized over the 

continental shelf and shelf-break, aligning with high juvenile catch rates from a 

fisheries-independent survey. In summary, this study (i) serves as a proof of concept 

that a bioenergetics model with high ontogenetic resolution can reproduce life stage-

specific growth trajectories even though the underlying physiology data for model 

parameterization is imperfect and (ii) can aid future studies aimed at understanding 

how ecosystem processes interact with ontogenetic growth and changes in year class 

strength of early life stages of marine fishes.    

1. Introduction 

Temperature and food availability are key drivers of the rate of somatic 

growth of marine ectotherms (Winberg, 1956). Since body size is intimately linked 

with survival (Pepin, 1991; Sogard, 1997) and fecundity (Hixon et al., 2014; Dick et 

al., 2017), processes directly affecting the growth and condition of an individual 

contribute to their susceptibility to starvation and predation risk (Bailey and Houde, 

1989; Houde, 1987), and influence reproductive output. Hence, characterizing growth 

rate variability is important for understanding the dynamics of fish populations 

alongside the communities and ecosystems that depend on them. For marine 

ectotherms, such as bony fishes, metabolic rates are dependent on body size (Brown 

et al., 2004), ambient (seawater) temperature (Fry 1971), oxygen concentration (Yang 

et al., 1992), and seawater pH (Hamilton et al., 2017). Marine fishes are adapted to a 

thermal range at which physiological function is optimized (Pörtner and Farrel 2008). 
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When water temperature exceeds the optima, growth rates can increase if increased 

prey availability can offset elevated metabolic rates (Munday et al., 2009). If adequate 

food is not available to offset increased maintenance costs, individuals will suffer 

greater mortality and populations can decline (Pörtner and Knust, 2007). 

For the early life stages (ELS) of fishes, energy reserves are limited due to 

their small size and higher mass-specific metabolic rates (Peck and Moyano, 2016), 

ultimately putting them at higher risk of starvation relative to adult conspecifics. In 

the face of expected global change, increasing water temperatures are predicted to 

decrease developmental time and shorten pelagic larval durations (O’Connor et al., 

2007), affecting population connectivity, genetic diversity, trophic interactions and 

population dynamics. Furthermore, since year-class strength (recruitment) is believed 

to be set primarily during early developmental stages (Hjort, 1914; Houde, 2016), 

there is a need to perform mechanistic studies of growth rate variability through use 

of energetic models in relation to natural climate variability, anthropogenic 

environmental change, and population productivity (Hollowed et al., 2011).  

Energy budget modeling is a method used to assess the amalgamation of 

consumption, metabolism, somatic growth, excretion, and reproduction and how 

temperature and food availability interact with these rates (Chipps and Wahl, 2008). 

Bioenergetic models are grounded by the first law of thermodynamics where energy 

consumed is balanced by energy used for metabolism, excretion of waste products, 

and somatic and gonadal growth (Winberg 1956). Three modeling frameworks are 

commonly used in fish bioenergetics: (i) the metabolic theory of ecology (Brown et 
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al., 2004), (ii) dynamic energy budget (DEB; Kooijman, 2010), and (iii) the 

“Wisconsin model” (Kitchell et al, 1977; Sibly et al., 2013; Jørgensen et al., 2016). 

The Wisconsin model is a frequently used framework, primarily because of the 

development of accessible and computationally efficient software (Hewett and 

Johnson 1987, 1992; Hanson et al. 1997; Deslauriers et al., 2017).  

Historically, bioenergetics models were forced by point source measurements 

of temperature to quantify the proportion of maximum consumption required to 

achieve observed growth rates (Kitchell et al., 1977). However, Rose et al., (1999a 

and 1999b) developed a consumption term based on a multispecies Holling’s Type II 

functional response that allowed for the estimation of consumption rates given dietary 

preferences and variable prey densities. Until recently, measurements of food 

availability used to force the feeding module relied on sparse and infrequently 

sampled in situ prey concentrations, which suffer from insufficiencies due to high 

levels of variability within and among sampling sites (Young et al., 2009). Coupled 

physical-biogeochemical models allow bioenergetics modelers to circumvent the use 

of ‘snapshot’ empirical prey availabilities with fine-scale spatiotemporal temperature 

and prey fields (Ito et al., 2004; Megrey et al., 2007). Furthermore, ontogenetic 

changes in consumption, or growth, within larval development stages are not 

typically accounted for in bioenergetics models, despite the recognition that somatic 

growth varies across ELS’s (Laidig et al., 1991) and the directionality of growth-

dependent mortality can vary depending on developmental stage (Bailey and Houde, 

1989; Houde, 1997). The lack of highly resolved ontogenetic bionenergetics models 



14 
 

for ELS fishes is primarily due to a paucity of life stage-specific estimates of 

allometric respiration and consumption measurements, which are difficult to 

accurately measure in controlled laboratory settings (Peck and Moyano, 2016). 

However, accounting for ontogenetic differences in growth within a bioenergetics 

framework could possibly be achieved if life stage-specific dietary preferences based 

off larval and juvenile feeding habit studies are available. In addition, stage-specific 

feeding rate parameters within the realized consumption term (Rose et al., 1999a; 

1999b) could be calibrated by minimizing the deviance between predicted growth and 

empirical growth curves that account for ontogenetic growth differences in the ELS. 

Development of a model that accounts for fine-scale ontogenetic changes of ELS 

growth could help identify the conditions and early life history stage that is most 

important for setting year-class strength under the growth-dependent mortality 

paradigm (Anderson 1988; Miller et al.,1988). For example, there is evidence that 

juvenile quillback rockfish (Sebastes maliger) experience size-selective predation 

mortality, with smaller, slower growing individuals occurring more frequently in 

juvenile coho salmon stomachs (Onorhynchus kisutch), suggesting growth could be 

an important driver of survival for rockfish (Fennie et al., 2020). 

Rockfishes (Sebastes spp.) are a highly speciose family of fishes in the 

California Current System (CCS) with ecological and economic importance. 

Rockfishes are viviparous, giving birth to live, ready-to-feed larvae (~5 mm standard 

length; SL) primarily during the winter and spring months (Love et al., 2002). Of the 

nearly 70 species of rockfish in the CCS, shortbelly rockfish (Sebastes jordani) are 
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among the most abundant, comprising ~50% of juvenile rockfish catch in midwater 

trawls (Field et al., 2021), with the top ten species of rockfish caught in central 

California covarying in abundance (Ralston et al., 2013). The ELS of rockfishes 

display large interannual variation in survivorship as revealed through larval 

abundance (Thompson et al. 2016,2017), pelagic juvenile abundance (Ralston et al., 

2013; Santora et al., 2017; Schroeder et al., 2014; 2019) and recruitment estimates 

from stock assessments (PFMC https://www.pcouncil.org/). There is now a 

substantial body of evidence suggesting a linkage between environmental conditions 

during ELS and the strength of recruitment of rockfishes (Woodbury and Ralston, 

1991; Ainley et al., 1993; Ralston and Howard, 1995; Laidig et al., 2007; Laidig, 

2010; Caselle et al., 2010; Ralston et al., 2013; Schroeder et al., 2014; 2019; 

Friedman et al., 2018). Dietary studies reveal that larval and juvenile rockfishes 

preferentially feed on copepods and krill, respectively (Sumida and Moser, 1984; 

Reilly et al., 1992; Shaffer et al., 1995; Miller and Broduer, 2007; Miller et al., 2010; 

Bosley et al., 2014), whose abundances are forced by interannual changes in climatic 

conditions (Rebstock, 2002; Bi et al., 2011; Santora et al., 2014). Variability in 

growth and survival of larval and juvenile rockfishes in relation to temperature 

variability and food availability has not been conducted beyond correlational studies 

(e.g. Peterson et al., 2014). Mechanistic models grounded in first principles (i.e. 

physiology) are the next step in understanding the relationship between temperature, 

prey abundance and growth of ELS rockfishes. 
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Here we develop a novel ELS bioenergetics model that accounts for changes 

in growth rate (i.e., stanzas) across three larval stages (preflexion, flexion, and 

postflexion) and the pelagic juvenile stage for an ecologically important marine fish, 

the shortbelly rockfish (Sebastes jordani). Life stage transitions in the model 

(governed by changes in consumption parameters) are assumed to be deterministic 

and based off length alone, rather than morphological development which is not 

accounted for in bioenergetics models. Specifically, we parameterize the bioenergetic 

model and compare predictions to an empirical growth curve with high ontogenetic 

resolution, assess the behavior of the model through sensitivity analysis, and explore 

the relative influence of temperature and prey availability on growth through scenario 

testing. Then we apply the model to a 2-D Eulerian application to investigate ELS-

specific spatial patterns of growth potential in relation to spawning locations and 

settlement sites by forcing it with temperature and prey concentration from an 

existing high resolution coupled physical-biogeochemical historical simulation for the 

central California Current region. This work acts as a proof concept that within-ELS 

growth stanzas can be modeled accurately using imperfect physiological 

parameterizations given sufficient ecological data. Further, the model can be extended 

for use in Lagrangian individual-based models to better understand the influence of 

biophysical interactions on within-ELS growth differences and to evaluate 

mechanisms of recruitment, the ‘holy grail’ of fisheries oceanography. 

2. Methods 

2.1 Coupled Physical-Biogeochemical Historical Simulation  
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Temperature and food availability are required inputs to bioenergetically 

model temporal changes in somatic growth of marine fishes. Since empirical 

observations of subsurface temperatures and prey fields in general are sparse and 

inconsistent, we rely here on output from an existing coupled physical-

biogeochemical historical simulation for 1988-2010 (Fiechter et al., 2018; Fiechter et 

al., 2020). Briefly, the physical-biogeochemical model is a nested implementation of 

the Regional Ocean Modeling System (ROMS) (Shchepetkin et al., 2005; Haidvogel 

et al., 2008) at 3 km horizontal resolution, coupled to a customized biogeochemical 

model (NEMUCSC) adapted from the North Pacific Ecosystem Model for 

Understanding Regional Oceanography (NEMURO) of Kishi et al. (2007) and 

including two phytoplankton functional groups (nanophytoplankton and diatoms) and 

three zooplankton size classes (small, large, and predatory). The nested ROMS-

NEMUCSC historical simulation for the central CCS has been used to examine 

variability in alongshore coastal upwelling intensity and primary production (Fiechter 

et al., 2018), phenology and drivers of krill aggregations (Fiechter et al., 2020), and 

spatiotemporal patterns of coastal ocean acidification and hypoxia (Cheresh and 

Fiechter, 2020; 2023). The historical simulation has also been evaluated for its 

capability to reproduce temperature, salinity and density variability adequately in the 

central CCS (Schroeder et al. 2014; 2019).  

Daily mean values of temperature, small zooplankton (ZS), large zooplankton 

(ZL) and predatory zooplankton (ZP) from ROMS-NEMUCSC were calculated over 

the period 1988-2010 to produce a climatology of temperature and three prey 
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concentrations. For spatially invariant simulations (0-D) of the bioenergetics model, 

these variables were spatially averaged over coastal central California (36°- 39°N; 

124°-121.5°W; Figure 1) to calibrate simulated growth trajectories of ELS rockfish 

with empirical growth from the same area (see 2.4 Simulations). We selected 

temperature, ZS, ZL, and ZP at 30m depth as this is where the ELS of shelf and shelf-

slope rockfishes are most abundant (Moser and Boehlert, 1991; Ross and Larson, 

2003) and is the target depth of midwater pelagic trawl data used for model 

evaluation (Sakuma et al., 2016; Field et al. 2021). 

2.2 Bioenergetics Model 

Somatic growth of an individual is calculated daily as the difference between 

consumption and the sum of respiration, specific dynamic action, egestion and 

excretion. The formulation and terminology for the bioenergetics model follow that of 

the Wisconsin Bioenergetics model (Kitchell et al., 1977; Hewett and Johnson, 1987; 

1992; Hanson et al., 1997; Deslauriers et al., 2017), with adaptations to account for 

variable food availability (Rose et al., 1999a; 1999b). The somatic growth rate of an 

individual is given by:   

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= [𝐶𝐶 − (𝑅𝑅 + 𝑆𝑆𝑆𝑆𝑆𝑆 + 𝐸𝐸𝐸𝐸 + 𝐸𝐸𝐸𝐸)] ⋅ 𝑊𝑊 ⋅
𝐸𝐸𝐷𝐷𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧
𝐸𝐸𝐷𝐷𝑓𝑓𝑓𝑓𝑓𝑓ℎ

 (1) 

 

where W  is the wet weight (g fish) of an individual at time t (d) . C is consumption, 

R is respiration or losses through metabolism, SDA is the specific dynamic action or 
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costs to digestion, EG is egestion, EX is excretion, 𝐸𝐸𝐷𝐷𝑓𝑓𝑓𝑓𝑓𝑓ℎ is the energy density of 

ELS rockfish (Joules · g fish-1), and 𝐸𝐸𝐷𝐷𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧 is the energy density of zooplankton 

(Joules · g prey-1). The units of consumption, respiration, specific dynamic action, 

egestion and excretion are in g prey · g fish-1 · d-1, which are converted to g fish · g 

fish-1 · d-1 through the ratio of the energy density of zooplankton (ED_zoopl)  relative 

to the energy density of fish (ED_fish), which we assume are constant following 

Megrey et al. (2007) for simplicity. Parameter values and their sources are provided 

in Table 1. 

2.2.1 Consumption 

Daily consumption rate (g prey · g fish-1 · d-1) is calculated as the percentage 

of maximum consumption, offset by a temperature-dependent scaling factor: 

𝐶𝐶𝑚𝑚𝑚𝑚𝑚𝑚 = 𝑎𝑎𝐶𝐶 ⋅ 𝑊𝑊𝑏𝑏𝐶𝐶 ⋅ 𝐹𝐹𝐶𝐶(𝑇𝑇) (2) 

where 𝐶𝐶𝑚𝑚𝑚𝑚𝑚𝑚 is maximum consumption rate (g prey · g fish-1 · d-1), 𝑎𝑎𝐶𝐶  is the intercept 

for the allometric mass function, 𝑊𝑊 is the wet weight (g) of ELS rockfish, 𝑏𝑏𝐶𝐶 is the 

allometric slope, T is temperature, and 𝐹𝐹𝐶𝐶(𝑇𝑇) is the temperature-dependence function. 

Previous bioenergetics models of rockfishes were largely focused on settled juvenile 

or adult life history stages (Harvey et al., 2011; Rooper et al., 2012), and did not 

estimate growth given allometric consumption. Therefore, we derived 𝑎𝑎𝐶𝐶 and 𝑏𝑏𝐶𝐶 from 

Boehlert and Yoklavich (1983) (Table 1), who evaluated the effects of temperature, 

ration, and fish size upon growth for rockfish in the pelagic juvenile life history stage. 
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A dome-shaped temperature-dependence function is preferred over other 

functions when modeling effects of temperature on consumption for temperate fish 

species (Thornton and Lessem, 1978). Here we model the influence of temperature on 

maximum consumption as the product of two sigmoidal curves with one curve 

describing an increase in consumption with increasing temperature (gcta) and the 

other a decrease in consumption with increasing temperature (gctb; Ito et al., 2004). 

𝐹𝐹𝐶𝐶(𝑇𝑇) = 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 ⋅ 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔, (3) 

 

where T is seawater temperature (°C) and gcta is calculated as 

𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 =
𝑥𝑥𝑥𝑥1 ⋅ 𝑡𝑡4

(1 + 𝑥𝑥𝑥𝑥1) ⋅ (𝑡𝑡4 − 1), (4) 

 

𝑡𝑡4 = 𝑒𝑒𝑡𝑡5⋅(𝑇𝑇−𝑡𝑡𝑡𝑡1), (5) 

 

𝑡𝑡5 = 𝑡𝑡𝑡𝑡5 ∗ 𝑙𝑙𝑙𝑙 �
𝑥𝑥𝑥𝑥2 ⋅ (1 − 𝑥𝑥𝑥𝑥1)
𝑥𝑥𝑥𝑥1 ⋅ (1 − 𝑥𝑥𝑥𝑥2)�, (6) 

 

𝑡𝑡𝑡𝑡5 =
1

𝑡𝑡𝑡𝑡2 − 𝑡𝑡𝑡𝑡1
, (7) 

 

and gctb is calculated as 
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𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 =
𝑥𝑥𝑥𝑥4 ⋅ 𝑡𝑡6

(1 + 𝑥𝑥𝑥𝑥4) ⋅ (𝑡𝑡6 − 1), (8) 

 

𝑡𝑡6 = 𝑒𝑒𝑡𝑡7⋅(𝑡𝑡𝑡𝑡4−𝑇𝑇), (10) 

 

𝑡𝑡7 = 𝑡𝑡𝑡𝑡7 ⋅ 𝑙𝑙𝑙𝑙 �
𝑥𝑥𝑥𝑥3 ⋅ (1 − 𝑥𝑥𝑥𝑥1)
𝑥𝑥𝑥𝑥4 ⋅ (1 − 𝑥𝑥𝑥𝑥3)�, (11) 

 

𝑡𝑡𝑡𝑡7 =
1

𝑡𝑡𝑡𝑡4 − 𝑡𝑡𝑡𝑡3
. (12) 

 

To offset maximum consumption relative to the amount of prey available, we 

employed a variation of the Holling’s type II functional response that accounts for 

multiple prey types (Rose et al., 1999a; 1999b) to calculate the realized daily 

consumption rate (Crel) for each life stage i (Ci; g prey · g fish-1 · d-1) by summing 

consumption across each prey type j: 

𝐶𝐶𝑟𝑟𝑟𝑟𝑙𝑙𝑖𝑖 = �𝐶𝐶𝑟𝑟𝑟𝑟𝑙𝑙𝑖𝑖𝑖𝑖 ,
3

𝑗𝑗=1

 (13) 

𝐶𝐶𝑟𝑟𝑟𝑟𝑙𝑙𝑖𝑖𝑖𝑖 =
𝐶𝐶𝑚𝑚𝑚𝑚𝑚𝑚 ⋅

𝑃𝑃𝐷𝐷𝑖𝑖𝑖𝑖𝑣𝑣𝑖𝑖𝑖𝑖
𝐾𝐾𝑖𝑖𝑖𝑖

1 + ∑ 𝑃𝑃𝐷𝐷𝑖𝑖𝑖𝑖𝑣𝑣𝑖𝑖𝑖𝑖
𝐾𝐾𝑖𝑖𝑖𝑖

3
𝑘𝑘=1

, (14) 
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where Cmax is the maximum consumption rate (g prey · g fish-1 · d-1) of an 

individual of stage i, PDij is the density of prey type j (g prey · m-3) for life stage i, vij 

is the vulnerability of prey type j (dimensionless) for life stage i, and Kij is the half 

saturation constant (g prey · m-3) for life stage i of prey type j. Given ontogenetic 

dietary preferences of ELS shortbelly (Sumida and Moser, 1984; Reilly et al., 1992), 

we use three prey types produced by NEMUCSC for prey density; small zooplankton 

(ZS; micrograzers; j=1), large zooplankton (ZL; copepods; j = 2), and predatory 

zooplankton (ZP; Euphausiids or krill; j = 3). Prey composition of preflexion larvae 

(standard length (SL) < 8 mm) is comprised mainly of calanoid copepod nauplii (~ 

75%) and copepodites (~2-12%), with the relative contribution of copepodites being 

largest at flexion (~25%) after which adult copepods dominate (>40%) throughout the 

postflexion stage (SL < 30mm; Sumida and Moser, 1984; Reilly et al., 1992). Various 

stages of Euphausiids comprise ~50% of pelagic juvenile diet, with considerable 

contribution of copepods (Reilly et al., 1992). Vulnerability values (𝑣𝑣𝑖𝑖𝑖𝑖) were 

assigned using these dietary preferences (Table 1). NEMUCSC treats the three 

zooplankton groups as functional groups based on prey size with ZL and ZP 

representing copepods and Euphausiids, respectively. The units of prey densities in 

NEMUCSC are tracked in mol N l-1 and were converted to g · prey · m-3 by: 

14 𝑔𝑔 𝑁𝑁
𝑚𝑚𝑚𝑚𝑚𝑚 𝑁𝑁

⋅ 1 𝑔𝑔 𝑑𝑑𝑑𝑑𝑑𝑑 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑡𝑡
0.07 𝑔𝑔 𝑁𝑁 𝑑𝑑𝑑𝑑𝑑𝑑 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑡𝑡

⋅ 1 𝑔𝑔 𝑤𝑤𝑤𝑤𝑤𝑤 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑡𝑡
0.2 𝑔𝑔 𝑑𝑑𝑑𝑑𝑑𝑑 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑡𝑡

⋅ 10
3𝑙𝑙

𝑚𝑚3 =

 10−6𝑔𝑔 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑤𝑤𝑤𝑤𝑤𝑤 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑡𝑡 𝑚𝑚3. 
(15) 

Half-saturation coefficients, Kij, are used as a factor to scale satiation and 

represent the PDij at which half of maximum consumption is reached. Since very few 
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experiments have been conducted on multicellular organisms to determine half-

saturation coefficients directly, irrespective of whether the taxa in question is a plant 

or animal (Mulder and Hendriks, 2014), we calibrate Kij by minimizing the deviation 

between length-at-age from model output relative to an empirical length-at-age curve 

that accounts for different growth stanzas separated out by life stage (preflexion, 

flexion, postflexion, and pelagic juveniles; Laidig et al., 1991). Tuning was achieved 

in a stepwise fashion by first calibrating the half saturation coefficient for life stage i 

before moving to life stage i+1 so that life stage transitions were achieved at the same 

age and size reported by Laidig et al (1991). Further, we assumed that life stage 

transitions were deterministically driven by length thresholds, rather than stage-based 

transition probabilities typical of structured matrix population models (Caswell, 2001) 

or through morphological developmental changes (Downie et al., 2020). We 

leveraged an empirical length-to-weight curve over the same life stages (Norton et al., 

2001) to convert the state variable of the bioenergetics model (weight in grams) to 

standard length (SL) of fish (mm). In this way, while the parameterization of the 

consumption parameters, and the rest of the bioenergetics parameters for that matter, 

are meant to loosely represent a general rockfish, the calibrated consumption equation 

most closely matches that of shortbelly rockfish during four early life history stages, 

and as such likely provides appropriate estimates for many of the other co-occuring 

winter spawning rockfish, for which pelagic juvenile stages typically have 

comparable growth rates (Woodbury et al. 1991, Field, unpublished data). 

2.2.2 Respiration 
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Respiration (R), or the rate of oxygen consumption during metabolic 

processes, is formulated in relation to body weight, seawater temperature, and activity 

due to swimming. The allometric function is given by: 

𝑅𝑅 = 𝑎𝑎𝑅𝑅 ⋅ 𝑊𝑊𝑏𝑏𝑅𝑅 ⋅ 𝐹𝐹𝑅𝑅(𝑇𝑇) ⋅ 𝐴𝐴𝐴𝐴𝐴𝐴 ⋅ 5.258 (16) 

where 𝑎𝑎𝑅𝑅 and 𝑏𝑏𝑅𝑅 are the intercept and slope of the allometric relationship between 

resting respiration (g O2 · g fish-1 · d-1) and W (g fish), 𝐹𝐹𝑅𝑅(𝑇𝑇) is the temperature 

dependence function for respiration, T is the temperature of seawater, 𝐴𝐴𝐴𝐴𝐴𝐴 

(dimensionless) is the metabolic cost due to swimming (applied as a scalar factor to 

respiration), and 5.258 is the standard conversion factor used in bioenergetics models 

to convert from g O2 · g fish-1 · d-1 to g fish · g fish-1 · d-1 (Kitchell et al., 1977; 

Hewett and Johnson, 1987; 1992; Hanson et al., 1997; Deslauriers et al., 2017).We 

employ a hump shaped function to relate temperature to respiration: 

𝐹𝐹𝑅𝑅(𝑇𝑇) = 𝑉𝑉𝑋𝑋 ⋅ 𝑒𝑒𝑋𝑋⋅(1−𝑉𝑉), (17) 

where: 

𝑉𝑉 =
𝑅𝑅𝑅𝑅𝑅𝑅 − 𝑇𝑇

𝑅𝑅𝑅𝑅𝑅𝑅 − 𝑅𝑅𝑅𝑅𝑅𝑅
, (18) 

 

𝑋𝑋 =
𝑍𝑍2 ⋅ �1 + �1 + �40

𝑌𝑌 �
0.5
�
2

�

400
, 

(19) 
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𝑍𝑍 = ln𝑅𝑅𝑅𝑅 ⋅ (𝑅𝑅𝑅𝑅𝑅𝑅 − 𝑅𝑅𝑅𝑅𝑅𝑅), (20) 

 

𝑍𝑍 = ln𝑅𝑅𝑅𝑅 ⋅ (𝑅𝑅𝑅𝑅𝑅𝑅 − 𝑅𝑅𝑅𝑅𝑅𝑅). (21) 

Here T is the seawater temperature. RTO and RTM are the optimal and maximum 

temperature for routine metabolism, respectively. RQ approximates the standard Q10 

(i.e., rates double for each 10C temperature increase).  Since fish in the preflexion 

stage do not have much swimming capability (Kashef et al., 2014), we assume that 

their activity is minimal and assign ACT a value of 1. However, for flexion, 

postflexion, and pelagic juvenile stages, we assign values of 1.8, 1.7, and 1.6, which 

are similar to those used by Rose et al., (2015) for northern anchovy (Engraulis 

mordax), and assumes that the energetic costs to mobility decrease with ontogeny 

(Leis, 2007). 

2.2.3 Specific Dynamic Action 

Specific dynamic action (SDA) is the energy cost associated with the 

digestion of food. The percentage of total energy consumed that is used to digest food 

is believed to be relatively conserved, but the exact amount of energy lost to digestion 

is contingent on the amount of food consumed after accounting for egestion: 

𝑆𝑆𝑆𝑆𝑆𝑆 = 𝑠𝑠𝑠𝑠𝑠𝑠 ⋅ (𝐶𝐶𝑟𝑟𝑟𝑟𝑟𝑟 − 𝐸𝐸𝐸𝐸). (22) 
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where 𝑠𝑠𝑠𝑠𝑠𝑠 is the specific dynamic action coefficient (dimensionless), 𝐶𝐶𝑟𝑟𝑟𝑟𝑟𝑟 is the 

realized consumption (g prey · g fish-1 · d-1) and EG is egestion (g prey · g fish-1 · d-

1). 

2.2.4 Egestion and Excretion 

Egestion (fecal waste; EG) is the constant proportion (𝑎𝑎𝐹𝐹) of food consumed 

that is indigestible and is formulated as such: 

𝐸𝐸𝐸𝐸 = 𝑎𝑎𝐹𝐹 ⋅ 𝐶𝐶𝑟𝑟𝑟𝑟𝑟𝑟. (23) 

Excretion (nitrogenous waste; EX) is formulated as a constant proportion (aE) of 

consumption minus egestion (i.e. assimilation): 

𝐸𝐸𝐸𝐸 = 𝑎𝑎𝐸𝐸 ⋅ (𝐶𝐶𝑟𝑟𝑟𝑟𝑟𝑟 − 𝐸𝐸𝐸𝐸). (24) 

2.3 Empirical Data 

Most California rockfish are winter or early spring spawners (Wyllie-

Echeverria 1987, Love et al. 2002), and while the period of parturition is generally 

thought to be fairly constant by species, there is considerable variability in the timing 

of successful recruitment, as illustrated by variability in the birthdate distributions of 

surviving pelagic juveniles (Woodbury and Ralston, 1991; Lenarz et al., 1995). To 

initialize the bioenergetics model at the median date of parturition of surviving 

juveniles, we analyzed daily growth rings of sagittal otoliths (earbones) to determine 

birthdate frequency distributions from shortbelly specimens who survived early larval 

stages and were caught in the Rockfish Recruitment and Ecosystem Assessment 
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Survey (RREAS) midwater trawls as pelagic juveniles. The decision to initialize the 

bioenergetics model at the observed median date of parturition of survivors, rather 

than during the peak period of parturition (February; Wyllie-Echeverria 1987, Love et 

al. 2002), is so that we can align the environmental conditions in the model that 

would promote survival of shortbelly and hence so we can compare growth 

trajectories with the observed length-at-age curve of Laidig et al. (1991). RREAS has 

conducted annual midwater trawls in central California (36.5°N-38.2°N) from 1983-

present and samples the micronekton assemblage from May-mid June (Sakuma et al., 

2016; Field et al. 2021).  

Daily ages are obtained from a subset of the collected fish through otolith 

microstructure analyses. Early years (1988-1992) are analyzed by Woodbury and 

Ralston (1991) and Lenarz et al. (1995) and we update birthdates to 2010 here. 

Briefly, sagittal otoliths are extracted, cleaned, and mounted on microscope slides 

using CrystalBond adhesive. Aluminum oxide films are utilized to hand polish 

otoliths down to a flat plane for better visualization. A compound microscope (25 – 

100x magnification) and Image-Pro Premier imaging software (Media Cybernetics) 

are used to visualize otolith microstructure. As otolith formation and growth band-

pair deposition begins during embryogenesis, the dark growth band denoting 

birthdate, the extrusion check (a distinctly darker band that forms the day the larvae 

are extruded from the mother), is identified to begin age determination. The 

concentric dark growth bands post-extrusion check through to the terminal edge of 
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the otolith are counted to determine fish age using standard procedures (Stevenson 

and Campana, 1992).   

Subtracting the age of a fish from the date of capture gives an individual’s  

birthdate. To back-calculate birthdates for all individuals (aged and unaged), we 

developed a length-at-age relationship using SL for all individual specimens that were 

aged. To account for interannual differences in growth, we fit linear regression 

models to each year with sufficient data. We used the overall length-at-age 

relationship (all years) for years that did not have age data but had length frequency 

data (1999, 2000 and 2002). The overall median birthdate of pelagic juveniles that 

survived from parturition to being caught in the survey, after accounting for 

interannual changes in growth, were used to initialize the start date of model 

simulations.  

We compared spatial patterns of juvenile growth potential from the 2D 

Eulerian version of the coupled ROMS-NEMUCSC and bioenergetics model (see 2.4 

Simulations) with spatial patterns of juvenile shortbelly abundance from the RREAS. 

To estimate observed spatial effects, we fit a delta-generalized linear model (Δ-GLM) 

to raw catch data over 1988-2010 (Stefánson, 1996; Dick, 2004; Maunder and Punt, 

2004). A Δ-GLM first fits a binomial presence/absence model and then the probability 

of a presence is multiplied by the estimated mean conditioned on a positive 

observation from a lognormal model with zero catches removed. We included year, 

station, and period (based on binned intervals of Julian day, to account for 

seasonality) as main effects following Ralston et al. (2013) and Schroeder et al. 
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(2019). Station effects were then mapped to characterize empirical spatial distribution 

and to compare with a 2D Eulerian spatial growth potential simulation. 

2.4 Simulations  

A 0-D version of the bioenergetics model was used to calibrate half-saturation 

coefficients in Equation 14 across four early life stages (preflexion, flexion and 

postflexion larvae, and pelagic juveniles). To calibrate the model, we minimized the 

deviation between length-at-age produced by the model with that of an empirical 

length-at-age relationship accounting for life stage-specific growth stanzas (Laidig et 

al., 1991) by calibrating life stage i before moving to life stage i+1 so that the lengths 

separating each life stage in the model deterministically matched the same length and 

age of observations. The 0-D simulation was initialized on the median birthdate 

derived from otolith microstructure analysis over the period 1988-2010 and ran for 

150 days, which is roughly the age at which pelagic juveniles settle out from the 

water column and recruit to their adult habitat (Love et al., 2002). Wet weight was 

updated each day using daily climatological temperature and prey concentration 

(1988-2010) at 30 m depth over 36°N-39°N, 124°W-121.5°W. Since fish cannot 

shrink in length, but can lose weight, we held length constant if a fish lost weight. 

Length would resume increasing once their weight returned to their expected weight-

at-age. Therefore, fish could get skinny and be in poor condition or be fat and in good 

condition. We saved the following variables to output files: realized consumption (ZS, 

ZL, ZP, and total), proportional consumption (ZS, ZL, ZP, and total), egestion, 
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excretion, specific dynamic action, respiration, mass-specific growth, growth, weight-

at-age, and length-at-age.    

A 2-D version of the model was implemented over the RREAS sampling area 

(36°N-39°N, 124°W-121°W) to examine spatial patterns of growth potential in 

response to the spatial climatology (1988-2010) of temperature and prey availability. 

Bioenergetics formulations were embedded into the center of each grid cell at 30m 

depth and growth trajectories tracked for 150 days in a Eulerian sense. Thus, we 

model the growth potential throughout the central California region to assess what 

growing conditions would have been had a fish occupied a particular grid cell (Brandt 

et al., 1992; Henderson et al., 2019). Composite growth maps were produced for 

qualitative comparisons with empirical data by taking the mean of daily growth (in 

weight) across each of the four life stages for each grid cell in the model domain. 

2.5 Sensitivity Analysis and Scenario Tests 

2.5.1 Individual Parameter Perturbation 

We conducted a sensitivity analysis using individual parameter perturbation 

(IPP) on the 0-D climatology simulation to quantify uncertainty in the standard 

parameters of the bioenergetics model (Bartell et al., 1986). Each parameter was 

allowed to vary by +/- 5%, +/- 10% and +/- 20% of the control run values, which are 

standard sensitivity perturbations explored in other sensitivity analyses of 

bioenergetics models (Hartman and Kitchell, 2008). Length-at-age plots between the 

control run and each perturbation were plotted to visually compare growth 
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trajectories. Model bias was calculated over each 150-day simulation by subtracting 

the length-at-age of the IPP simulation from the control run and standardized by 

dividing by length-at-age of the control. Overall model bias for each perturbation 

experiment was calculated by summing up the square root of daily model bias 

(analogous to sum of squares). We refer to the overall model bias as the total sum of 

squares (TSS). To examine the directionality of model bias, we calculate the ratio of 

change (ROC) as the difference in standard length for the final day of the simulation 

for an IPP run minus the control, standardized by the standard length of the control 

run at the final day of the simulation. 

2.5.2 Scenario Tests 

We performed a scenario test on the bioenergetics forcing factors to explore 

how changes in temperature and prey concentration affect model predictions and to 

make inference about future climate conditions. First, we examined the effect of 

holding temperature (prey) constant at the mean value (i.e., took the mean of prey 

(temperature) over the 150-day time series used in the 0-D control run) and allowed 

prey (temperature) to vary daily (same forcing as control run) to understand the 

influence of daily and seasonal variability in forcing variables on growth 

performance, relative to fixed temperature or prey concentration. Next, four separate 

scenario tests were conducted on different combinations of constant temperature and 

prey availability to understand the influence of novel conditions on growth 

performance. Scenario 1 allowed temperature to vary about the mean (+/- 5%, +/- 

10% and +/- 20%) while holding prey concentrations constant at the mean. Scenario 2 
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allowed prey concentrations to vary about their respective mean (same as Scenario 1) 

while holding temperature constant at the mean. Scenario 3 allowed temperature and 

prey concentrations to vary (magnitude of change same as Scenario 1 & 2), but in 

equal fashion; temperature and prey concentrations were both added to, or subtracted 

from, the mean simultaneously. Finally, Scenario 4 allowed temperature and prey 

concentrations to vary but in opposite directions (i.e., add 5% of temperature and 

subtract 5% of prey concentrations and vice versa). We report ROC for all 

combinations of each scenario test. 

3. Results 

3.1. Simulated historical temperature and prey concentrations  

Temperature, microzooplankton (ZS), mesozooplankton (ZL) and predatory 

zooplankton (ZP) from the 23-year climatology of ROMS-NEMUCSC for the focal 

area of our study exhibits marked seasonal cycles (Figure 2-3). When spatially 

averaged over the study region to produce the 0-D climatology at 30m depth, 

temperature decreases from January 1st-May14th, increases until the end of 

September, before decreasing for the remainder of the year (Figure 2). The 

thermocline is shallowest from April to July during peak upwelling and stratification 

is strongest from July to mid-November (Figure 3). As expected, temperature 

decreases with latitude, with the coolest temperatures (~10-11°C) at the northernmost 

latitudinal range (38-39°N) from late March to July (Figure 3), and the warmest 

temperatures (~14-15.5°C) being found at the southernmost latitudes (36-37°N) 

during the Fall (Figure 4). The coolest temperatures occur closest to the coast during 
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the winter and spring months and increase with distance offshore (not shown). These 

temperature patterns reflect the seasonality of coastal wind-driven upwelling and in 

turn drive primary and secondary productivity.  

Zooplankton concentrations produced by NEMUCSC exhibit seasonal 

patterns (Figure 2-3).  All three zooplankton functional groups increase from a 

minimum beginning on January 1st but peak at different times (Figure 2); ZS 

concentration is greatest in mid-March (0.45 mol N m-3); ZL is greatest in mid-May 

(0.39 mol N m-3); and ZP is greatest in late-June (0.35 mol N m-3). Horizontally, peak 

zooplankton concentrations occur at ~37.5 °N and between 123-122.25 °W (Figure 

3), which is located just south of the Gulf of Farallones, near Pioneer Canyon (Figure 

1). 

3.2. Birthdate Distribution and 0-Dimensional Bioenergetics Climatology 

Otolith microstructure analysis of pelagic juvenile shortbelly rockfish caught 

in the RREAS midwater trawls over the period 1988-2010 estimated a median back-

calculated birthdate of March 15th, with a standard deviation of 24 julian days (n = 

8,645; Figure S2). The frequency of back-calculated birthdates had a bimodal 

distribution with a peak occurring in mid-February and a second peak in late-

March/early-April. The median birthdate was used as the day of year to initialize the 

0-D climatology bioenergetics model.  

Ontogenetic changes in respiration, consumption and subsequent growth are 

partially driven by daily and seasonal changes in temperature and prey availability 
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(Figures 2, 3 and 4A-B). Temperature declined from the start to three quarters of the 

way through the postflexion larval stage, after which temperature increased and 

continued to increase throughout the pelagic juvenile stage (Figures 2, 3 & 4A). 

100% of the preflexion larval diet comes from ZS, with ZS comprising 50%, 50%, 

and 20% of flexion, postflexion and pelagic juvenile diets, respectively (Table 1). ZS 

concentration was relatively high and stable throughout the simulation. The 

preflexion stage coincided with the highest ZS concentration (~0.45 mol N m-3), 

flexion occurred when ZS concentration were slightly decreased (~0.43 mol N m-3), 

while postflexion and pelagic juvenile stages took place when ZS were slightly 

further decreased (~ 0.38 mol N m-3; Figure 2, 3 & 4B). ZL comprises 0%, 50%, 50% 

and 30% of preflexion, flexion, postflexion and pelagic juvenile diets, respectively 

(Table 1). The flexion stage coincided when ZL concentrations were relatively high 

and stable (~0.36 mol N m-3), with the postflexion stage occurring when ZL were 

slightly increased (~0.38 mol N m-3) and the pelagic juvenile stage was slightly 

decreased from the preceding life stage (~0.37 mol N m-3 (Figure 2, 3 & 4B). ZP 

comprises 0% of the diet of preflexion, flexion, and postflexion larval stages and 50% 

of pelagic juvenile diet (Table 1). During the pelagic juvenile stage ZP concentration 

was at a maxima but declined slightly during the last 20 days of the simulation 

(Figures 2, 3 & 4B).  

The final calibration of the ELS bioenergetics model yielded a length-at-age 

curve that closely matched the observed length-at-age curve for shortbelly rockfish 

(Figure 4I ). Importantly, the starting and ending standard lengths for each life stage 



35 
 

(preflexion larvae, Stage I; flexion larvae, Stage II; postflexion larvae, Stage III; and 

pelagic juvenile, Stage IV) from the simulation closely match that of the empirical 

length-at-age curve, implying that the model, on average, reproduces ontogenetic 

developmental stages at the same age (Stage I <14 days old; Stage II < 26 days old; 

Stage III < 73 days old; Stage IV > 74 days old). The model produces a mean growth 

rate of ~0.667 mg day-1 (0.432 mm SL day-1; Figure 4F-G) and closely tracks the 

empirical growth trajectory across all ontogenetic stages (Figure 4H-I). Within 

ontogenetic stages, average modeled growth for preflexion larvae is ~0.21 mm SL 

day-1 (~0.25 mg day-1), ~0.10 mm SL day-1 (~0.37 mg day-1) for flexion larvae, 0.45 

mm SL day-1 (~8.12 mg day-1) for postflexion larvae, and ~0.51 mm SL day-1 (~57 

mg day-1) for pelagic juveniles. In comparison, the empirical growth measurements 

for preflexion larvae are ~ 0.21 mm SL day-1, ~0.08 mm SL day-1 for flexion larvae; 

~0.47 mm SL day-1 for postflexion larvae, and 0.52 mm SL day-1 for the pelagic 

juvenile stage. However, along a growth trajectory, the model slightly overestimates 

growth for postflexion larvae as the model produces a more linear change in SL while 

the empirical trajectory is convex.   

Ontogenetic changes occur for total mass-specific respiration rate (g fish · g 

fish-1 · d-1), with the largest relative rate of oxygen consumption (~35%) happening 

during the flexion stage and declining thereafter (Figure 4C). These stepped changes 

in total mass-specific respiration are due to ontogenetic changes in activity levels 

(ACT; Table 1). Mass-specific consumption rates (g prey · g fish-1 · d-1) are greatest at 

the transition between flexion and post-flexion stages (Figure 4D). Ontogenetic 



36 
 

changes in mass-specific consumption are primarily due to changes in half-saturation 

coefficients (Kij; Table 1) but are also attributed to changes in dietary preferences (vij, 

Table 1) and to seasonal changes in temperature and prey concentrations (Figure 1). 

Proportional consumption relative to maximum consumption is at a minimum for 

newborn larvae (~20%; preflexion larvae) and increase throughout ontogeny (up to 

~50% by the end of the pelagic juvenile stage), with a pronounced, and stepped, 

increase at the transition from flexion to postflexion larval stages (Figure 4E).    

3.3. Sensitivity Analysis: Individual Parameter Perturbation 

Sensitivity of bioenergetics parameters by individual parameter perturbation 

(IPP) are quantified as the ratio of change (ROC (Figure 5). IPP identifies the 

allometric slope and intercept of maximum consumption (cb and ca, respectively) as 

having the largest effect on growth. The relative influence of decreasing the values of 

cb and ca are larger compared to an increase because growth is slowed under smaller 

values, and thus, more time is spent in earlier larval stages where mass-specific 

growth rates are slower. A similar pattern is found for the slope and intercept of 

allometric respiration (rb and ra, respectively), and the optimal temperature for 

respiration (RTO), which had the third, fourth and fifth largest effect, respectively 

(Figure 5).  The temperature-dependence on maximum consumption parameter 

describing the peak of the ascending limb of the temperature-dependence function 

(te2), maximum temperature for respiration (RTM) has the smallest effect on growth 

(Figure 5). All other parameters tested in the sensitivity analysis have a modest effect 

on the final size of fish (Figure 5). 
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3.4. Scenario Tests: Sensitivity of Forcing Factors.  

When holding temperature constant and allowing prey concentrations of ZS, 

ZL and ZP to vary daily (i.e. same as in control runs), the final SL did not vary much 

from the control (ROC = 0.002), nor did the trajectory over the 150 day simulation 

period (TSS = 0.48). When holding prey constant and allowing temperature to vary 

daily, the final SL was slightly smaller than the control (ROC = -0.019), however, the 

growth trajectory over the simulation period was faster compared to the control (TSS 

= 5.031). When holding both temperature and prey concentrations constant about 

their mean, length-at-age was consistently higher (TSS = 5.95), however, the final 

length-at-age was slightly smaller (ROC = -0.027).  

Increasing mean temperature causes the largest discrepancies compared to a 

decrease in temperature or changes to prey concentration (Figure 6). For example, in 

Scenario 1, increasing temperature by 20% causes fish to grow more slowly, resulting 

in fish that were ~40% smaller by the end of the simulation (ROC = -0.40; Figure 6). 

In contrast, when decreasing temperature by 20%, fish grow faster and are ~14% 

larger by the end of the simulation (ROC = 0.135). By comparison, decreasing prey 

concentration by 20% (Scenario 2) causes fish to grow more slowly with the final 

length of fish being 27% smaller than the control (Figure 6). Increasing prey 

concentration has marginal improvements to growth with a 20% increase in prey 

concentration resulting in fish that are 16% larger at the end of the simulation (Figure 

6). These results suggest that temperature has a larger impact on growth performance 

compared to prey availability and the directionality of change matters more than the 
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magnitude of change; increasing (decreasing) temperature (prey concentration) has a 

disproportionate negative influence on growth compared to decreasing temperature or 

increasing prey concentration. This result is strengthened by the ROC scores for 

Scenario 3 and Scenario 4. Scenario 3, which allows both temperature and prey 

concentrations to vary in the same direction, leads to a dampening effect; increasing 

temperature and prey concentration by 20% leads to a 20% decrease in the final 

length of fish at the end of the simulation, while decreasing both temperature and 

prey concentration leads to a ~10% decrease in final length (Figure 6). However, in 

Scenario 4, when temperature increases by 20% and prey concentration decreases by 

20%, fish are 89% smaller at the end of the simulation relative to the control (Figure 

6). Decreasing temperature by 20% and increasing prey concentration by 20% leads 

to a ~34% increase in final length (Figure 6). Importantly, when a scenario led to a 

decrease in growth, deviations were amplified because length-based stage transitions 

caused fish to get ‘stuck’ in the slow growing flexion stage and were unable to 

transition to the faster growing postflexion stage. The ROC for this situation was 

always -0.89. 

3.5. 2-D Eulerian Climatology and Pelagic Juvenile Spatial Distribution 

The Eulerian climatology (1988-2010) of spatial patterns of growth potential 

for preflexion, flexion, and postflexion larvae, and pelagic juveniles reveals 

heterogeneity of growth potential with different spatial patterns associated with each 

life stage (Figure 7). The spatial pattern of growth potential is patchiest for preflexion 

larvae with maximum growth (~0.4-0.45 mg day-1 (0.3-0.4 mm day-1)) constrained to 
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a localized region of the mid and outer shelf to the south of the Gulf of Farallones 

Islands, containing Pioneer Canyon and Ascension Canyon (Figure 7A). A similar 

pattern occurs for flexion larvae, albeit over a slightly larger area, with maximum 

growth rates of ~0.6 mg day-1 (0.2-0.25 mm day-1 (Figure 7B). Spatial patterns of 

growth potential for postflexion larvae are most homogeneous with maximum growth 

of 9-10 mg day-1 (0.5-0.6 mm day-1) over the shelf break along the entire latitudinal 

extent of the study region (Figure 7C). Pelagic juvenile growth potential is slightly 

more constrained to the shelf break compared to postflexion larvae, with maximum 

growth rates of 70 mg day-1 (0.5 mm day-1) just offshore of the greater Farallones 

region and monotonically declining to 25 mg day-1 (~0.3 mm day-1) towards the 

southwest extent of the model domain (Figure 7D).  Collectively, while there is 

considerable variability in growth performance across individual grid cells (Figure 7), 

an average of all growth trajectories fits well within empirical growth estimates, 

noting a slight overestimation of mean growth potential for postflexion larvae (Figure 

8), further supporting the notion that the model is well calibrated to handle a range of 

temperature and prey conditions. Station-effects from the Δ-GLM of pelagic 

juveniles caught by midwater trawls in the RREAS reveals peak abundance of 

shortbelly over the 200m isobath, just to the south of the Gulf of Farallones, at two 

stations near Ascension Canyon, and in the outer Monterey Bay area (Figure 9), 

which is consistent with the spatial patterns of growth potential for the pelagic 

juvenile stage (Figure 7D).   

4. Discussion 
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This study presents a highly resolved ontogenetic bioenergetics model for the 

ELS of an ecologically important fish in the central California Current System (CCS), 

the shortbelly rockfish. When accounting for ontogenetic dietary preferences and 

feeding rates through a realized consumption term (Rose et al., 1999a; 1999b), the 

baseline bioenergetics model presented here sufficiently reproduces empirical growth 

stanzas of preflexion, flexion, and postflexion larvae and pelagic juvenile shortbelly 

rockfish in the central CCS (Laidig et al., 1991) which would not have been 

recovered if stage-specific adaptations to the model were ignored. Growth during 

ELS’s can contribute to differential survival from year-to-year and lead to orders of 

magnitude changes in recruitment (Houde, 2008). At what ELS stage a bottleneck to 

survivorship occurs from growth-dependent mortality can vary in both space and time 

depending on the timing of reproduction, successional changes in preferred prey 

types, and changes in environmental forcing that affects growth rates (Peck and 

Hufnagl, 2012). A model that accounts for highly resolved changes in ELS growth 

stanzas, such as the one presented here, can help to elucidate at what early life stage 

growth-dependent mortality is most pronounced under a given set of environmental 

conditions. Conversely, failure to account for ontogenetic variability within 

mechanistic growth models can obscure growth-dependent survival if the 

directionality of the relationship changes across life stages (e.g., slow growth, high 

survival during early larval stages v. fast growth, high survival during later ELS’s; 

Robert et al., 2023).    
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Some interesting patterns emerge when comparing the seasonality of forcing 

factors with the timing of model initialization and developmental transitions. First, 

the optimal temperature for consumption (~12°C) occurs at the beginning of March, 

just prior to model initialization. While upwelling is somewhat persistent in central 

California (36-39°N), the spring transition dates for this region occur on average 

during February (Bograd et al., 2009), which preconditions the ecosystem with cool 

waters and plankton production that is advantageous to shortbelly rockfish prior to the 

median parturition date of March 15th (Schroeder et al., 2009; 2013; Black et al., 

2010). First feeding preflexion larvae are obligate feeders on small zooplankton 

which peak in abundance near the start of the simulation. Similarly, as shortbelly 

progress through ontogeny, the proportion of large zooplankton and krill (ZP) 

becomes increasingly important to diet and the temporal aspect of this prey switching 

mirrors the phenology/succession in prey concentration predicted by the ROMS-

NEMUCSC historical simulation. Taken together, this suggests, at least in a 

climatological sense, a temporal match between prey production, the timing of 

average reproduction leading to survival of pelagic juveniles (based off otolith 

microstructure analysis), and transitions between developmental stages. The match-

mismatch hypothesis posits year class success is enhanced when there is a temporal 

overlap between fish larvae and zooplankton prey (Cushing 1969; 1982; 1990; Durant 

et al., 2005; 2007; 2013). However, the CCS is highly dynamic (Checkley and Barth, 

2009) over multiple scales (Chavez and Messié, 2009) and exhibits pronounced 

interannual variability in plankton production (McGowan et al., 1998). If fish 

spawning times are fixed, or spatially invariable, a mismatch between predator and 
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prey can occur, causing recruitment failure.  For example, atmospheric blocking of 

poleward winds in 2005 (Sydeman et al., 2006) delayed coastal upwelling in the 

central CCS (Schwing et al., 2006) which led to reduced plankton production in late 

winter and early spring (Thomas and Brickley, 2006; Jahncke et al., 2008) when peak 

rockfish production occurs (Love et al., 2002). These series of events coincided with 

low biomass anomalies of pelagic juvenile shortbelly rockfish for our study region 

(Ralston and Stewart, 2013), possibly owing to a temporal mismatch between peak 

reproduction and prey availability. Over longer time scales, however, natural selection 

should favor the timing of life history events that align with the long-term seasonality 

of environmental conditions (Ji et al., 2010; Giménez, 2011; Durant et al., 2019). 

Using a temperature and zooplankton climatology from a coupled physical-

biogeochemical simulation to force a bioenergetics model that accounts for 

ontogenetic changes in feeding parameters fortuitously demonstrates the temporal 

alignment between temperature, zooplankton succession, and the timing of 

developmental transitions, inline with the match-mismatch hypothesis.  

Empirical growth rates for ELS rockfish in the CCS are known to vary 

interannually (Crane, 2014; Fennie et al., 2023a; 2023b; Johnson et al., 2001; Lenarz 

et al., 1995; Wheeler et al., 2017). For shortbelly rockfish specifically, empirical 

growth rates of surviving pelagic juveniles during the 1980s ranged between 0.524 

mm/day to 0.638 mm/day (Woodbury and Ralston, 1991), which are within our 

predictions for the same life stage. However, ontogenetic changes in growth are 

known to occur for marine fishes (e.g. Hare and Cowen, 1995) and we found that 
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somatic growth of larvae is slower, especially for flexion larvae, than that of pelagic 

juveniles. Considerable developmental and physiological changes occur during larval 

metamorphosis, e.g. during flexion, the posterior end of the notochord turns upward 

and fins begin to differentiate, changing the rate of somatic growth (Blaxter, 1969; 

Ricker, 1979). The physiological response for flexion larvae, in the context of our 

model, is an abrupt increase in mass-specific respiration (driven by an increase ACT) 

which must be compensated for by an increase in consumption to meet energetic 

demands. This has implications for the effect of temperature changes due to natural 

climate variability and anthropogenic climate change, and associated changes in 

lower trophic level productivity on growth since respiration and consumption are 

temperature-dependent. Moreover, we note that our parameterization of allometric 

formulations (e.g. respiration and consumption) did not account for ontogenetic 

changes, but rather our model only considers changes in observed dietary preferences 

(vulnerability; vij) and feeding rate parameters that were estimated within the model 

(i.e. half saturation constants; Kij) to account for life stage-specific growth rates. This 

suggests that even with a paucity of detailed species-specific experimental data on 

ontogenetic changes in physiology, the bioenergetics model can still generate realistic 

predictions of somatic growth across larval and pelagic juvenile ELS’s given a highly 

resolved length-at-age curve with designated length-based stage transitions. 

We subjected the 0-D climatological bioenergetic model to a sensitivity 

analysis by individually perturbing parameters at set percentages (Bartell et al., 1986). 

Our results indicate that the most sensitive parameters are associated with allometric 
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consumption and respiration, which is similar to the findings of other bioenergetics 

sensitivity analyses (Kitchell et al., 1977; Bartell et al., 1986; Megrey et al., 2007; 

Brodie et al., 2016). We adopted most of our parameter values from a generic adult 

rockfish bioenergetic model (Harvey, 2005; 2009) and consumption parameters from 

settled juveniles (Boehlert & Yoklavich, 1983), which, given ontogenetic changes in 

physiology and allometry (Peck and Moyano, 2016), likely caused larger deviations 

than would have occurred if we had access to ELS specific parameters of 

consumption and respiration. However, we used the best available data at the time of 

model development. The use of a realized consumption term that accounts for 

seasonal changes in prey concentration (from NEMUCSC) as well as ontogenetic 

differences in preferred prey from field data (Sumida and Moser, 1984; Reilly et al., 

1992) may offset the bias between predicted and observed length-at-age when using 

energetics parameters for settled juveniles and adults. Our findings could be refined 

with consumption and respiration experiments on the ELS of commercially and 

ecologically important rockfishes (e.g. Boehlert, 1978; 1981; Boehlert and Yoklavich, 

1983) to get more reliable estimates of allometric parameters to reduce model 

uncertainty. However, logistical constraints may complicate this call as culturing the 

appropriate prey items for rearing larval rockfishes in a laboratory setting is a time-

intensive challenging endeavor. Furthermore, care must be taken when using 

controlled laboratory experiments that estimate temperature-dependence parameters 

of performance (i.e. respiration, consumption, and activity) because of Jensen’s 

inequality (Jensen, 1906; Ruel and Ayres, 1999). Typically, temperature- and weight-

specific parameters are calculated from controlled laboratory experiments where 
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temperatures are held constant within treatments. Performance of an individual under 

average temperature is different compared to the average performance in a thermally 

variable environment. Nonlinear averaging techniques can alleviate these biases 

(Bernhardt et al., 2018), but caution is still warranted because they do not account for 

time-dependent interactions between body temperature and physiological plasticity 

(Denny, 2019).  

We assessed the relative influence of temperature and prey concentrations on 

growth through an orthogonal manipulation of respective forcing factors. 

Temperature had a larger effect on growth trajectories than prey concentration, but the 

deviance in growth rates depended on the directionality of temperature change with 

warmer temperatures disproportionately decreasing growth relative to cooler 

temperatures increasing growth. This is because increasing temperatures had a large 

effect on consumptive rates as the temperature moved outside of the optimum and 

decreased consumption; decreasing temperature, even by 20%, allowed consumption 

to stay within the optimum.  As expected, decreasing food availability led to a 

decrease in growth and vice versa. Moreover, both a synergistic and antagonistic 

effect was found when temperature and food availability were allowed to covary. An 

antagonistic effect was found when forcing changed in the same direction since the 

relative effect of increasing (decreasing) temperature was partially offset by an 

increase (a decrease) in food availability. Conversely, a synergistic effect was found 

when temperature and prey concentration varied in opposite directions. This scenario 

is what is predicted for the CCS under anthropogenic climate change, specifically an 
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increase in temperature and a possible decrease in zooplankton concentrations (Pozo 

Buil et al., 2021; Fiechter et al., 2021; Koenigstein et al., 2022), which according to 

our model, could lead to a substantial decline in growth, and under the extreme case 

(20% increase in temperature, 20% decrease in prey concentration), fish were unable 

to grow out of the flexion stage which is probably not realistic. Nevertheless, 

recognizing that growth is linked to mortality (e.g., the stage duration hypothesis; 

Houde, 1989), this scenario would  lead to severe mortality and a significant decline 

in recruitment unless fish can move to cooler habitat with increased food production. 

The coastal pelagic environment of the central CCS is a biodiversity hotspot for 

marine predators (Hazen et al., 2013) and many species are reliant upon shortbelly 

rockfish and co-occurring juvenile rockfishes as a prey source (Szoboszlai et al., 

2015). For example, diets of the common murre (Uria aalge) switch from pelagic 

juvenile rockfish to northern anchovy under low rockfish regimes, which results in 

the incidental predation of juvenile salmon that frequently co-occur with northern 

anchovy in coastal waters (Wells et al., 2017). However, caution is warranted in our 

scenario approach because of Jensen’s inequality. However, when we kept prey 

concentration the same as in the control run and held temperature constant at its 

nominal value (mean of temperature throughout the duration of the simulation), 

length-at-age over the duration of the simulation and the terminal length at the end of 

the simulation was nearly the same as the control run (TSS = 0.48; ROC = 0.002, 

respectively). Additional research on the impacts of Jensen’s inequality to 

bioenergetic model predictions in relation to the scale of temporal variability of 

temperature is needed (e.g., Holsman and Danner, 2016). 
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The 2-D Eulerian climatology of spatial growth potential reveals spatial 

patterns strikingly similar to the known distribution of reproducing adults, the 

dispersal of larvae, as well as the distribution of pelagic juvenile shortbelly rockfish. 

Interestingly, the model produced patchy spatial patterns of growth for the earliest life 

stages and more homogenous patterns for later ELS’s. For preflexion (<14 days old) 

and postflexion larvae (15-26 days old), growth is maximized along the shelf break 

just offshore of San Francisco, near the Farallones Islands and Pioneer Canyon, and 

to a lesser extent, Ascension Canyon. This region is federally protected under the 

United States Greater Farallones National Marine Sanctuary and overlays the main 

spawning grounds for shortbelly rockfish, as revealed by extensive spatial sampling 

of recently born larvae (age 0-2 days; Ralston et al., 2003; their Fig. 11). Furthermore, 

nutritional dynamics of embryos from gestating females in this region contain a 

higher prevalence of lipids and proteins that aid in starvation resistance relative to 

areas to the north (i.e. Cordell Bank), suggesting this region is favorable for both 

larval production, and in light of our study, larval survival (MacFarlane and Norton, 

1999). Spawning site fidelity is, on average, an adaptive strategy that places larvae in 

habitat favorable for survival (Ellersten et al., 1989). Recognizing that faster early 

larval growth is tied with reduced mortality (Houde, 1989), adults who reproduce in 

areas of enhanced growth, on average, ensure a higher probability of early life 

survival and life cycle closure (Cushing, 1969; Sinclair, 1988). Furthermore, as larvae 

progress through ontogeny, and are vulnerable to dispersal by ocean currents, survival 

is contingent upon starvation resistance and predator avoidance (Peck and Hufnagle, 

2012). Our spatial climatology of growth reveals favorable growing conditions for 



48 
 

postflexion larvae throughout the study area suggesting that, on average, late-stage 

larvae can find sufficient food to resist starvation as long as they are not advected too 

far offshore where zooplankton production is reduced and temperatures are warmer 

(Checkley and Barth, 2009). Finally, there is spatial coherence between the 

distribution of pelagic juveniles and the spatial pattern of maximum growth potential. 

The preponderance of pelagic juvenile rockfish having the ability to resist offshore 

advection (Larson et al., 1994; Kashef et al., 2014) along with our results, points to 

the possibility of pelagic juvenile rockfish behaviorally aggregating in areas that are 

favorable for growth, survival, and settlement. Taken together, our model generates 

spatial patterns of growth potential for each of the four early life stages of shortbelly 

rockfish that are in line with known attributes of their life history strategies which 

would not be quantifiable if life stage-specific parameterizations of feeding rates and 

dietary preferences were ignored. 

To conclude, we demonstrate, to the first of our knowledge, that a 

bioenergetics model with high ontogenetic resolution of the early life stages for a 

marine fish can produce accurate predictions of somatic growth using imperfect 

physiological data (i.e. adult parameters). We relied on imprecise ontogenetic 

parameterizations of key physiological functions (e.g. allometric metabolism) which 

can be offset with accurate environmental forcing, knowledge of reproductive 

phenology and ontogenetic changes in dietary preferences. Bioenergetic growth 

models that account for within ELS growth stanzas can be nested within Lagrangian 

individual-based models to understand the mechanisms of recruitment variability, and 
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at what life stage(s) bottlenecks to survival occur. Mechanistic models, such as the 

one we present here, can be applied under the backdrop of various climate change 

scenarios, or be used to inform ecosystem-based fisheries management objectives.         
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Tables and Figures 

Table 1. Summary of parameter values used in the shortbelly rockfish (Sebastes 

jordani) bioenergetics model. 

Parameter Description Units Value Source 

  Consumption       

aC  

Intercept for 
Cmax at 
(te1+te3)/2 - 0.4613 

Boehlert & 
Yoklavich, 
1983 

bC  

Coefficient for 
Cmax vs. 
weight - -0.335 

Boehlert & 
Yoklavich, 
1983 

te1 
Temperature 
for xk1 °C 5 Derived 

te2 
Temperature 
for xk2 °C 8 Derived 

te3 
Temperature 
for xk3 °C 12 Derived 

te4 
Temperature 
for xk4 °C 20 Derived 

xk1 
Proportion of 
Cmax at te1 - 0.1 

Megrey et al., 
2007 

xk2 
Proportion of 
Cmax at te2 - 0.98 

Megrey et al., 
2007 

xk3 
Proportion of 
Cmax at te3 - 0.98 

Megrey et al., 
2007 

xk4 
Proportion of 
Cmax at te4 - 0.1 

Megrey et al., 
2007 

 

Multispecies 
functional 
response 

   

u11 Vulnerability 
of ZS to - 1 

Sumida & 
Moser 1984 
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preflexion 
larvae 

u12 

Vulnerability 
of ZS to 
flexion larvae - 0.5 

Sumida & 
Moser 1984 

u13 

Vulnerability 
of ZS to 
postflexion 
larvae - 0.5 

Sumida & 
Moser 1984; 
Reilly et al., 
1992 

u14 

Vulnerability 
of ZS to 
pelagic 
juveniles - 0.2 

Reilly et al., 
1992 

u21 

Vulnerability 
of ZL to 
preflexion 
larvae - 0 

Sumida & 
Moser 1984 

u22 

Vulnerability 
of ZL to 
flexion larvae - 0.5 

Sumida & 
Moser 1984 

u23 

Vulnerability 
of ZL to 
postflexion 
larvae - 0.5 

Sumida & 
Moser 1984; 
Reilly et al., 
1992 

u24 

Vulnerability 
of ZL to 
pelagic 
juveniles - 0.3 

Reilly et al., 
1992 

u31 

Vulnerability 
of ZP to 
preflexion 
larvae - 0 

Sumida & 
Moser 1984 

u32 

Vulnerability 
of ZP to 
flexion larvae - 0 

Sumida & 
Moser 1984 

u33 Vulnerability 
of ZP to - 0 Sumida & 

Moser 1984; 
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postflexion 
larvae 

Reilly et al., 
1992 

u34 

Vulnerability 
of ZP to 
pelagic 
juveniles - 0.5 

Reilly et al., 
1992 

K11 

Half saturation 
constant for 
ZS to 
preflexion 
larvae 

g fish wet 
weight m-3 2 Calibrated 

K12 

Half saturation 
constant for 
ZS to flexion 
larvae 

g fish wet 
weight m-3 1.5 Calibrated 

K13 

Half saturation 
constant for 
ZS to 
postflexion 
larvae 

g fish wet 
weight m-3 0.5 Calibrated 

K14 

Half saturation 
constant for 
ZS to pelagic 
juveniles 

g fish wet 
weight m-3 0.2 Calibrated 

K21 

Half saturation 
constant for 
ZL to 
preflexion 
larvae 

g fish wet 
weight m-3 0 Calibrated 

K22 

Half saturation 
constant for 
ZL to flexion 
larvae 

g fish wet 
weight m-3 1.4 Calibrated 

K23 

Half saturation 
constant for 
ZL to 
postflexion 
larvae 

g fish wet 
weight m-3 0.5 Calibrated 
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K24 

Half saturation 
constant for 
ZL to pelagic 
juveniles 

g fish wet 
weight m-3 0.4 Calibrated 

K31 

Half saturation 
constant for 
ZP to 
preflexion 
larvae 

g fish wet 
weight m-3 0 Calibrated 

K32 

Half saturation 
constant for 
ZP to flexion 
larvae 

g fish wet 
weight m-3 0 Calibrated 

K33 

Half saturation 
constant for 
ZP to 
postflexion 
larvae 

g fish wet 
weight m-3 0 Calibrated 

K34 

Half saturation 
constant for 
ZP to pelagic 
juveniles 

g fish wet 
weight m-3 0.4 Calibrated 

 
Respiration 

   

aR  Intercept for R - 0.0143 

Harvey et al., 
2011; Rooper 
et al., 2012  

aC  
Coefficient for 
R vs. weight - -0.2385 

Harvey et al., 
2011; Rooper 
et al., 2012  

RQ 

Slope for 
temperture 
dependence of 
respiration 
(Q10) - 2 

Harvey et al., 
2011; Rooper 
et al., 2012  

RTO 

Optimum 
temperature 
for respiration °C 23 

Harvey et al., 
2011; Rooper 
et al., 2012  
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RTM 

Maximum 
temperature 
for respiration °C 28 

Harvey et al., 
2011; Rooper 
et al., 2012  

ACT 
Activity 
Multiplier - 

1a; 1.8b; 1.7c; 
1.6d 

Rose et al., 
2015  

 

Egestion and 
Excretion (Eg 
and U) 

   

aF  

Proportion of 
consumed 
food egested - 0.104 

Harvey et al., 
2011; Rooper 
et al., 2012  

aE  

Proportion of 
consumed 
food excreted - 0.068 

Harvey et al., 
2011; Rooper 
et al., 2012  

 

Specific 
Dynamic 
Action 

   

SDA 

Specific 
Dynamic 
Action - 0.163 

Harvey et al., 
2011; Rooper 
et al., 2012  

 

Energy 
Density 

   

𝐸𝐸𝐷𝐷𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧  

Energy 
density of 
zooplankton J g prey-1 2580 

Megrey et al., 
2007 

𝐸𝐸𝐷𝐷𝑓𝑓𝑓𝑓𝑓𝑓ℎ 

Energy 
density of 
rockfish J g fish-1 4850 

Spear, 1993; 
Warzybok et 
al., 2018 

 



55 
 

 

Figure 1. Map of the California Current System and focal study area (inset). Spatial 

extents for the 3km resolution ROMS-NEMUCSC (blue box) and the core Rockfish 

Recruitment and Ecosystem Assessment Survey (RREAS) survey area (green box and 

inset). Spatial extent used for generating the 0-D climatology temperature and 

zooplankton concentrations from ROMS-NEMUCSC with RREAS sampling stations 

(open circles) and 200m and 2,000m isobaths shown. (inset) Major promontories are 

labeled on land (PR = Point Reyes; PAN = Point Año Nuevo; PS = Point Sur) and the 

Gulf of Farallones (GoF) and two canyon systems (blue diamond: PC = Pioneer 

Canyon; AC = Ascension Canyon) important to shortbelly rockfish (Sebastes jordani) 

life history.    
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Figure 2. 30m depth 0-D climatological (1988-2010) time series of temperature and 

concentration (mol N m-3) of microzooplankton (ZS; blue), mesozooplankton (ZL; 

green), and predatory zooplankton (ZP; red) used to force the bioenergetics model. 

Solid vertical lines denote the beginning and end dates of the bioenergetics 

simulation. Dashed vertical lines denote the transition from preflexion-to-flexion, 

flexion-to-postflexion, and postflexion-to-juvenile stages.   
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Figure 3. Latitudinal Hovmöller plots of climatological temperature, 

microzooplankton (ZS), mesozooplankton (ZL), and predatory zooplankton (ZP) 

from ROMS-NEMUCSC. Solid vertical lines denote the beginning and end dates of 

the bioenergetics simulation. Dashed vertical lines denote the transition from 

preflexion-to-flexion, flexion-to-postflexion, and postflexion-to-juvenile stages.  
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Figure 4. Bioenergetics processes of the 150-day 0-D climatology simulation. (A) 

Daily temperature at 30m depth used to force the bioenergetics model. (B) Daily 

concentrations (g prey m-3) of small zooplankton (ZS; blue line), large zooplankton 

(ZL; pink line), and predatory zooplankton (ZP; gold line) used to force consumption 

in the bioenergetics model. (C) Total daily mass-specific respiration (g fish fish-1 day-

1) resulting from the bioenergetics simulation. (D) Daily mass-specific consumption 

(g prey g fish-1 day-1) given temperature and prey concentrations. (E) Proportion of 
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maximum allometric consumption (dimensionless). (F) Daily growth in weight (g fish 

day-1) and (G) daily growth in length (mm day-1). (H) Weight-at-age (g) and (I) 

length-at-age from the bioenergetics simulation (red lines) relative to empirical size-

at-age (black lines; Norton et al., 2001; Laidig et al., 1991). 

 

Figure 5. Ratio of Change (ROC), or the ending standard length (SLend) of the 

perturbed simulation minus SLend control, divided by SLend control, for the 

individual parameter perturbation (IPP). Refer to Table 1 for a description of each 

parameter and their nominal value.  
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Figure 6. Ratio of Change (ROC) of the input scenario tests. In Scenario 1, 

temperature to vary about the mean (+/- 5%, +/- 10% and +/- 20%) while holding 

prey concentrations constant at the mean. In Scenario 2, prey concentrations to vary 

about the mean while holding temperature constant at the mean. In Scenario 3, 

temperature and prey concentrations to vary, but in equal fashion; temperature and 

prey concentrations were both added to, or subtracted from, the mean simultaneously. 

In Scenario 4, temperature and prey concentrations to vary but in opposite directions 

(i.e. add 5% of temperature and subtract 5% of prey concentrations and vice versa). 

Importantly, the three bars on the left of Scenario_4 are the ROC scores when 



61 
 

temperature additions were made and prey concentration reduced, and vice versa for 

the three bars on the right.  

 

Figure 7. Mean stage-specific growth potential maps of the 2-D Eulerian climatology 

for (A) preflexion, (B) flexion, (C) and postflexion larvae, and (D) the pelagic 

juvenile stage.. 
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Figure 8 Standard length (SL) at age ensemble for all 3,750 individuals tracked in the 

2D Eulerian climatology (grey lines). The mean of all individuals (red line) is plotted  

relative to the empirical length-at-age curve (black line) from Laidig et al., (1991). 

Vertical dashed lines denote transitions between life stages. 
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Figure 9. Pelagic juvenile shortbelly rockfish (Sebastes jordani) station-effects from 

Δ-GLM of the core stations from the Rockfish Recruitment and Ecosystem 

Assessment Survey over the period 1988-2010. The size of the circle indicates the 

relative abundance at that station. Major promontories are labeled on land (PR = Point 

Reyes; PAN = Point Año Nuevo; PS = Point Sur) and the Gulf of Farallones (GoF) 

and two canyon systems (blue diamond: PC = Pioneer Canyon; AC = Ascension 

Canyon) important to shortbelly life history.    
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Figure S1. Frequency of subsurface temperature at 20-40m depth at sampling stations 

with positive shortbelly rockfish (Sebastes jordani) from the Rockfish Recruitment 

and Ecosystem Assessment Survey (RREAS). The red curve is the estimated normal 

distribution (μ = 10.7 °C, σ = 1.6°C).  
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Figure S2. Back-calculated birthdate distribution of 8,645 pelagic juvenile shortbelly 

rockfish (Sebastes jordani) collected by the Rockfish Recruitment and Ecosystem 

Assessment Survey over the period 1990-2010. The solid vertical line denotes the 

median and the dashed vertical lines denote +/- 1 SD.  
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Chapter 2 

Spatial patterns of growth potential from a Eulerian individual-based model 

explains interannual recruitment variability of Shortbelly Rockfish (Sebastes 

jordani).   

Abstract  

Understanding mechanisms driving year-to-year changes in the survival of the early 

life stages (ELS) of marine fishes has challenged fisheries oceanographers for over a 

century. One promising approach, however, is to relate variability in somatic growth 

to early survival, and eventual recruitment. Temperature and zooplankton abundance 

from a high-resolution physical-biogeochemical model of the central California 

Current System (cCCS) were used to model early life growth potential of Shortbelly 

Rockfish (Sebastes jordani), a highly abundant and ecologically important marine 

fish species. Growth potential across four ELS’s  (preflexion larvae, flexion larvae, 

postflexion larvae, and pelagic juvenile stage) explained 78.6% of the variance of a 

recruitment index derived from a fisheries-independent survey. Functional response 

curves showed that growth potential of each of the four ontogenetic life stages 

differentially affects recruitment. These results highlight the relative importance of 

growth potential to explain recruitment, and that the influence of growth on 

recruitment is life stage-dependent, with growth during the preflexion, flexion and 

pelagic juvenile stages contributing the greatest to recruitment success. The 

relationships between growth and recruitment indicate that more rapid growth during 

the earliest life stages leads to reduced recruitment, but that fast growth during the 
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pelagic juvenile stage contributes to higher recruitment, which both supports and 

contradicts the fast growth-survival hypothesis (or at least suggests that it may be life 

stage dependent). The use of a mechanistic ecosystem model framework to 

understand relationships between growth, survival, and subsequent recruitment 

strength underscores the complexities of elucidating mechanisms of recruitment 

variability, the “holy grail of fisheries oceanography”.  

Introduction 

Since the days of Hjort, elucidating biophysical mechanisms of recruitment 

variability has challenged fisheries scientists and resource managers alike (Browman, 

2014; Kjesbu et al., 2016). Hjort (1914, 1926) posited that marine fish population 

fluctuations were the result of changes in year-class strength determined by cohort-

level modifications of mortality rates during early life stages (ELS’s). Hjort attributed 

these modifications to both food web-dependent (‘critical period’) and transport-

dependent (‘aberrant drift’) processes. Extensions of Hjort’s hypotheses were made 

throughout the late-20th century and include the ‘migration triangle’ (Harden Jones, 

1968), ‘match-mismatch’ (Cushing, 1969; 1990), ‘stable ocean’ (Lasker, 1975; 1981), 

‘member/vagrant’ (Sinclair, 1988; Sinclair and Iles, 1989), ‘optimal environmental 

window’ (Cury and Roy, 1989), ‘ocean triad’ (Bakun, 1996), and ‘single process’ 

(Cushing, 1975; Houde, 1987; Anderson, 1988). Despite each hypothesis being 

theoretically sound, support for any given one of these hypotheses has not been 

universal, likely because determinants of recruitment strength can differentially 
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operate across multiple life stages (Houde, 2008; Tolimieri et al., 2018; Haltuch et al., 

2020; Vestfalls et al., 2023).     

The ‘single process’ relates growth to mortality and how the two vital rates 

can determine recruitment strength under three separate, but related mechanisms 

(Cushing, 1975, Houde, 1987, Anderson, 1988). The ‘stage duration’ mechanism 

predicts fast growth will reduce time spent in highly vulnerable ELS’s and lead to 

reductions in cumulative mortality (Houde, 1989). The ‘bigger-is-better’ mechanism 

posits larger size-at-age will confer lower mortality through faster swimming speeds 

and allow individuals to capture prey and evade predators more easily (Miller et al., 

1988). The ‘growth-survival’ mechanism proposes that faster growing individuals 

will be in greater condition to resist starvation and more easily detect and escape 

predators (Takasuka et al., 2003). A recent meta-analysis found that 56% of field, 

mesocosm, laboratory, and numerical modeling studies support the faster growth-

higher survival hypotheses while 16% of studies show that higher survival is related 

to slower growth rates (Robert et al., 2023). Less known is how ontogenetic stages 

could mediate the degree to which fast growth is more advantageous for survival. For 

example, if predation is the dominant agent of differential survival (Bailey and 

Houde, 1989), and predators are large relative to larval prey, then slow growth may 

cause disproportionate survival during the earliest larval stages (Litvak and Leggett, 

1992; Robert et al., 2010). On the other hand, fast growth could be advantageous in 

later stages (e.g. postflexion larvae) once individuals have acquired all of their 

morphological features required for swimming and predator/prey detection. The 
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degree to which differential survival acts for or against fast growth across ontogenetic 

stages has not been fully tested, though Ishihara et al., (2019) concluded that for 

Pacific Bluefin tuna larvae, fast growth enhanced survival of postflexion larval stages 

but that the opposite was shown for preflexion and flexion stages. 

Individual-based models (IBMs) grounded in first principles (e.g. physiology) 

have the potential to explicate mechanisms driving year class strength as population-

level dynamics emerge from individual-based vital rate variability (Miller, 2007; Peck 

and Hufnagl, 2012). An element of marine fish IBMs are somatic growth submodels 

that respond to changes in temperature and prey availability from coupled physical-

biogeochemical models (North et al., 2009). Lagrangian IBMs utilize ocean 

circulation models to track growth of individual larvae along their dispersal routes 

while Eulerian IBMs track growth at fixed locations, usually across grid cells of the 

coupled physical-biogeochemical model. The latter can be used to model growth rate 

potential across a spatiotemporal mosaic of environmental conditions to understand 

the relative importance of growth on survival. For example, simulated growth 

potential from an Eulerian IBM for juvenile Chinook Salmon (Oncorhynchous 

tshawytscha) in coastal central California explained a high proportion of early ocean 

survival, providing a greater understanding of the ocean conditions that determine 

growth and eventually drive productivity (Henderson et al., 2019). Recently, Morales 

et al. (in press) developed a bioenergetics model for Shortbelly Rockfish (Sebastes 

jordani) at high ontogenetic resolution that reproduced the observed growth 

trajectories of preflexion, flexion, and postflexion larvae as well as pelagic juveniles 
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under climatological ocean conditions (temperature and prey availability). Extension 

of the model to incorporate spatiotemporal variability in growth potential through an 

Eulerian IBM could illuminate the directionality of the growth-survival hypothesis 

across ontogenetic stages and identify the role that growth plays in recruitment. 

Shortbelly Rockfish (Sebastes jordani) are an unexploited species generally 

assumed to be the most abundant rockfish species in the California Current System 

(CCS; Love et al., 2002). Relative to other Sebastes spp, Shortbelly Rockfish 

(hereafter “Shortbelly”) have a life history more closely matching that of forage 

fishes (e.g. sardine and anchovy) as they exhibit fast growth, early age at maturity, 

and have relatively high natural mortality rates. In contrast to broadcast spawning 

forage fishes, Shortbelly like all rockfishes, are livebearers, and produce live, ready-

to-feed larvae (~5mm standard length; SL) that are extruded at parturition (a.k.a. 

birth; Wyllie-Echeverria, 1987; Love et al., 2002). Their parturition period is 

relatively broad, beginning in late December, peaking in February, and ending as late 

as May (Wyllie-Echeverria, 1987; Woodbury and Ralston, 1991; Lenarz et al., 1995; 

Morales et al., in press). After 3-4 months as pelagic larvae, Shortbelly metamorphose 

to pelagic juveniles before settling to their semi-benthic adult habitats at roughly 150-

days old, or ~70 mm SL (Laidig et al., 1991).   

Shortbelly exhibit marked recruitment fluctuations (Field et al., 2007) that 

covary with other rockfishes in the central CCS (Ralston et al., 2013; Schroeder et al., 

2019). Furthermore, Shortbelly experience ontogenetic changes in somatic growth 

during their early life stages (Laidig et al., 1991) but the degree to which 
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spatiotemporal variability in growth during the pelagic larval and juvenile stages 

contributes to recruitment strength has not been investigated. As pelagic juveniles, 

Shortbelly, and other members of the pelagic juvenile rockfish assemblage, are 

important constituents of the forage community as their relatively small size and 

semi-pelagic schooling behavior make then particularly susceptible to predation from 

seabirds, marine mammals, and piscivorous fishes (Thayer et al., 2014; Warzybok et 

al., 2018; Lowry et al., 2022). Although Shortbelly are not currently targeted by 

commercial fisheries, in recognition of their key role as forage to other higher trophic 

level predators, significant bycatch can occur at times in commercial rockfish and 

Pacific Hake trawl fisheries (PFMC 2022, Free et al., 2023). Moreover, understanding 

the mechanisms of their historical recruitment fluctuations would also provide 

insights into the drivers of recruitment variability for many other commercially 

important and actively managed species, and as such would contribute greatly 

towards an ecosystem-based management approach in the CCS (Wells and Santora, 

2023).  

Through application of a Eulerian IBM of Shortbelly in the central CCS, we 

test the hypothesis that recruitment strength is partially determined by spatiotemporal 

patterns of growth potential during their pelagic duration. We analyze simulated 

growth potential across the preflexion, flexion, and postflexion larval stages and the 

pelagic juvenile stage to determine if variability in life-stage specific growth 

contributes to year class strength. Furthermore, we seek to determine whether the 

direction of the association between Shortbelly recruitment and growth potential 
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changes across ontogenetic stages. It is generally accepted that year-class strength has 

been set via density-independent mechanisms by the end of the pelagic juvenile phase 

(Ralston and Howard, 1995; Field et al., 2010), so we test our hypotheses by relating 

spatiotemporal indices of growth potential to an index of pelagic juvenile Shortbelly 

abundance from a fisheries-independent survey. 

Methods 

Overview 

In this study we expand the spatial bioenergetics model of Morales et al., (in 

press) to include interannual variability and to assess the influence of life stage-

specific spatial growth patterns on Shortbelly recruitment. This effort utilizes 

temperature and secondary production from a historical physical-biogeochemical 

simulation to force the ontogenetic bioenergetics model. We calculated spatial 

statistics on simulated growth maps to identify hotspots of growth potential and 

develop annual life stage-specific indices of spatial growth potential using the mean 

intensity and areal extent of hotspots for a given year and life stage. Life stage-

explicit indices of spatial growth patterns are then statistically related to a time series 

of Shortbelly recruitment to identify the relationships between growth during the 

preflexion, flexion, postflexion and pelagic juvenile stages on subsequent year-class 

strength through nonlinear, semiparametric models. Our analysis identifies the life 

stages that contribute most to year-class strength under the growth-survival 

hypothesis and the directionality of the relationship between growth rate and  

recruitment for each life stage.  
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Fisheries-Independent Survey 

The Rockfish Recruitment and Ecosystem Assessment Survey (RREAS) has 

conducted annual midwater trawl surveys from 1983-present to provide recruitment 

indices for stock assessments and to otherwise inform fisheries and ecosystem 

oceanography studies (Sakuma et al., 2016; Field et al., 2021, Santora et al. 2021a). 

The survey has a fixed station sampling design that samples pelagic young-of-the-

year rockfish (hereafter pelagic juvenile), as well as the micronekton community in 

central California from May-mid June, which, on average, is just prior to when the 

pelagic juveniles of winter-spawning  rockfish species recruit to their benthic adult 

habitats (Love et al., 2002). Briefly, a modified-Cobb midwater trawl, with a 9.5mm 

cod-end liner and 26 m headrope is fished at ~30 m headrope depth for 15 minutes, 

except where stations are shallow (<60m depth) and the net is fished at 10 m depth to 

avoid bottom contact. Specimens caught are identified to the lowest taxonomic level 

and enumerated, and for all rockfishes (Sebastes spp.), the standard length (SL) of 

fish is measured. A subset of pelagic juvenile rockfishes are aged in most years using 

daily age analysis ( Woodbury and Ralston, 1991).  

We used a delta-generalized linear model (Δ-GLM; Stefánson, 1996; Dick et 

al., 2004) to standardize raw catch of Shortbelly from the RREAS over 1988-2010. 

This approach is consistent with the approach developed and used to provide indices 

of abundance for pelagic juvenile rockfish and other frequently encountered taxa 

(Ralston et al., 2013; Santora et al. 2021b). Indices of standardized pelagic juvenile 

rockfish abundance from the RREAS are significantly and positively correlated to 
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recruitment estimates from statistical catch-at-age stock assessments that use more 

robust demographic data from adult populations (Field et al., 2007; Ralston et al., 

2013), and are used as indicators of recruitment within many rockfish stock 

assessments (Field et al. 2021). For this reason, we treat the standardized pelagic 

juvenile abundance as an index of recruitment for shortbelly rockfish, which are not 

routinely assessed using integrated analysis (stock assessment) models. Explanatory 

variables in the Δ-GLM were the same as those used by Ralston et al. (2013) (year, 

station, and period). Period is used to account for seasonal variability in the 

availability of Shortbelly to the survey and is calculated by taking the Julian day of a 

single haul, dividing by 10 and taking the integer (Ralston et al., 2013). Year effects 

were extracted from the Δ-GLM to obtain the Shortbelly recruitment index.  

Previous efforts have back-calculated birthdates of pelagic juvenile Shortbelly 

caught in the RREAS from 1983-1992, based on age data from collected specimens 

(Woodbury and Ralston, 1991; Lenarz et al., 1995). We updated the yearly back-

calculated birthdate distributions from 1993-2010 and reanalyzed data from 1990-

1992 (Morales et al., in press). Importantly, these birthdates reflect the parturition 

dates that led to individuals surviving to the pelagic juvenile phase rather than reflect 

the total parturition window within a given year. Back-calculated birthdates were used 

to initialize model simulations at the median birthdate of surviving juveniles for a 

given year to assess what the growing conditions were like that led to the survival of a 

cohort in a way empirical approaches employ the ‘characteristics of survivors’ 

approach (Miller, 1997).  
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Eulerian IBM 

The Eulerian IBM contains three coupled submodels; (i) an ocean circulation 

model that simulates the coastal oceanography of the central CCS, (ii) a 

bioegeochemical model that simulates lower trophic levels (phytoplankton and 

zooplankton), and (iii) a biogenetics model that simulates the somatic growth of 

Shortbelly larvae and pelagic juveniles. Details of each of the three submodels can be 

found in Fiechter et al. (2018; 2020) and Morales et al. (in press). Briefly, the ocean 

circulation model is a nested implementation of the Regional Ocean Model System 

(ROMS) (Shchepetkin & McWilliams, 2005; Haidvogel et al., 2008). The outer 

domain consists of a 1/10° horizontal resolution (~10 km) data assimilative historical 

reanalysis product (Neveu et al., 2016) and the inner domain has a 1/30° (~3 km) 

horizontal resolution (Fiechter et al., 2018). The biogeochemical model, NEMUCSC 

(Fiechter et al., 2018; 2020), is a customized version of the North Pacific Ecosystem 

Model for Understanding Regional Oceanography (NEMURO) (Kishi et al., 2007). 

NEMUCSC simulates three zooplankton size classes (small, large, and predatory), 

which become the prey for larval and pelagic juvenile Shortbelly in the bioenergetics 

model.  

The bioenergetics model for Shortbelly is based off the Wisconsin 

bioenergetics model formulations (Kitchell et al., 1977; Hewett and Johnson, 1987; 

1992; Hanson et al., 1997; Deslauriers et al., 2017) and was adapted from a 

generalized rockfish energetics model (Harvey, 2005). A full description of the model, 

along with details of model parameterization, a sensitivity analysis, scenario testing, 
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and a 2-D spatial climatology of simulated growth across preflexion, flexion, and 

postflexion larval stages, and pelagic juveniles, is documented in Morales et al., (in 

press). The temperature and small, large, and predatory (krill) zooplankton fields used 

to force the bioenergetics model are generated from daily output files of ROMS and 

NEMUCSC, respectively. Maximum consumption and respiration rates are allometric 

(body size-dependent) and temperature-dependent (Morales et al., in press). Specific 

dynamic action, egestion and excretion are modeled following the standard 

formulations from the Wisconsin bioenergetics model. Realized consumption is based 

on a multispecies Holling’s type II functional response (Rose et al., 1999a; 1999b) 

that relates the rate of prey consumption to the amount of prey available in the 

environment and accounts for ontogenetic dietary preferences from studies of ELS 

Shortbelly food habits (Sumida and Moser, 1984; Reilly et al., 1992). Because fish 

cannot shrink in length, but can lose weight, we held length constant if a fish lost 

weight and only increased length afterwards once weight returned to the last maxima. 

A zero-dimensional (spatially invariant) climatological simulation of the fully 

parameterized bioenergetics model could reproduce life stage-specific growth stanzas 

that compare well with  observed length-at-age curves (Morales et al., in press).    

The Eulerian IBM simulated growth over the ‘core’ RREAS sampling area 

(36°N-39°N, 124°W-121°W) from 1988-2010 at 30m depth, the depth where both 

larval and juvenile shortbelly are found in highest abundance (Moser and Boehlert, 

1991; Ross and Larson, 2003). This time frame was chosen because the ROMS-

NEMUCSC hindcast only covered 1988-2010, despite the RREAS data existing post 
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2010. Bioenergetics formulations were solved in each grid cell from ROMS-

NEMUCSC (n = 3,750 grid cells) and tracked in a Eulerian sense (i.e. spatially fixed). 

In this way, we simulated what the growing conditions would have been had a fish 

occupied a particular grid cell (Brandt et al., 1992; Henderson et al., 2019). The start 

date of each yearly simulation was the median birthdate of surviving pelagic juveniles 

found through otolith microstructure analysis. Each yearly simulation tracked 3,750 

individuals from birth (informed by the median birthdate of surviving pelagic 

juveniles) to the end of their pelagic juvenile duration (150 days). Composite growth 

maps were calculated for each of the four life stages (preflexion, flexion, and 

postflexion larvae, and pelagic juveniles) by counting the number of days an 

individual spent in a given life stage and then calculating the mean daily growth (in 

weight and length) over the days spent in a given life stage. This was repeated for all 

3,750 individuals within the model domain resulting in four layers of mean growth 

potential across 23 years, or 92 growth potential maps across 86,250 individuals.   

Statistical Analysis 

We subjected annual life stage-specific mean growth potential maps to a 

spatial hotspot analysis by applying the Geti-Ord Gi* statistic (Getis and Ord, 1992; 

Ord and Getis, 1995) to objectively characterize regions of elevated growth potential. 

The Gi* statistic (a Z-score) quantifies clusters of growth potential that are 

significantly faster (hotspots) relative to the background spatial mean and standard 

deviation. To account for spatial autocorrelation, and to assign a spatial neighborhood 

with which the Gi* algorithm searches over, we first treated each of the 92 growth 
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potential maps to a local Moran’s I test to determine the distance lags at which 

autocorrelation drops to zero. Using this distance for each year and stage-specific 

map, the local Gi* statistic was calculated using the spdep package in the R Statistical 

Programming language. Z-scores above 1.15 were considered statistically significant 

at the α < 0.1 level (Yurlowski et al., 2018). Next, we calculated the average intensity 

(mean Z-score) of significant hotspots to quantify the degree of spatial clustering and 

the areal extent (in km2) of hotspots for each stage-by-year combination to get annual 

indicators of growth across the four life stages. The average intensity and areal extent 

(size) of hotspots were used as independent variables to assess the association of 

elevated growth potential with annual recruitment of Shortbelly. The choice to 

evaluate hotspots of growth potential was to focus on statistically significant regions 

of elevated growth potential rather than simply taking the average growth rate over 

the entire model domain as this would smear an annual growth datum with both high 

and low values. 

We used generalized additive models (GAMs) to quantify the functional forms 

between indices of modeled growth potential (i.e. intensity and size of stage-specific 

growth hotspots) and recruitment. GAMs are a semi-parametric, nonlinear partial 

regression approach that does not require a priori assumptions of a particular 

functional form (Wood, 2017). The mgcv package in the R statistical programming 

software was used to calculate GAMs. The full candidate statistical model is given 

by: 

Ry = s(HIy,i) + s(HSy,i) + ε,                                             (1) 
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where R is the Shortbelly recruitment index, s is the smoothing function, HI is the 

mean intensity of a hotspot for year y and life stage i (i = 1-4), HS is the hotspot size 

(km2) for y and life stage i, and ε is the error term under a normal distribution. We 

limited the number of knots in the smoothing splines to a maximum of three (k = 3) to 

restrict flexibility to avoid ecologically unrealistic functional forms during model 

fitting. Preliminary assessment of the Gi* hotspot analysis found that there was not a 

significant hotspot of growth potential for the preflexion larval stage in 2003. 

Furthermore, we found that postflexion larvae hotspot intensity and size were 

significantly correlated to each other above ρ = 0.7, which is beyond the threshold 

recommended to prevent collinearity in GAMs (Wood, 2017). Therefore, we fit a 

maximum of 7 independent predictors to 22 data points (excluding 2003) and used 

backwards stepwise selection and Akaike Information Criterion with corrections for 

small sample size (AICc) using the bbmle package (v1.0.25) in the R Programming 

Language (v4.2.0).  

To evaluate the contribution of each predictor variable in the final model, we 

removed each term one at a time, refitted the model while conserving the original 

vector of smoothing parameters (except for the term that was removed), and took the 

difference in deviance between the full model and the reduced model (with term of 

interest removed), and standardized the difference by the deviance of an intercept 

only model (the null model). Because there was some collinearity of remaining 

explanatory variables, the total sum of all single contributions could be more than 

100%.  
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Results 

Recruitment Index, Observed Juvenile Growth Rate, and Birthdate Frequency 

Distribution 

Shortbelly exhibited pronounced interannual variability in recruitment from 

1988-2010 as indicated by the standardized index of pelagic juvenile abundance from 

the RREAS (Figure 1). 1988 and 1989 stand out as the two highest years on record 

while 1998 and 2005 were the two lowest. The slopes of annual linear length-at-age 

regressions indicated interannual variability of the estimated in situ growth rates of 

pelagic juvenile Shortbelly that survived the larval phase and were caught in the 

RREAS as pelagic juveniles (Table 1). The mean of the estimated annual growth rates 

for pelagic juveniles over 1988-2010 was 0.556 mm day-1. The slowest observed 

growth rate for pelagic juveniles was 0.4082 mm day-1 in 2005 and the fastest was 

0.6454 mm day-1 in 2009.  

Estimates of back-calculated birthdates of surviving pelagic juveniles captured 

in the RREAS were quite variable from year to year with the earliest and latest 

birthdates being in late December to early January and late April to early May, 

respectively (Fig. S1). Median birthdates ranged from late January in 1988 to mid-

April in 1996 (Table 1).  

Simulated Growth  

Length-at-age curves from the Eulerian IBM growth model indicated 

considerable spatial variability in growth rates within a given year, with some 
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individuals growing far below the annual mean and others above (Fig. S2). Overall, 

IBM simulations mostly overestimated length-at-age when comparing the grand mean 

of simulated length-at-age (1988-2010; n = 86,250) to empirical growth estimates of 

Laidig et al., (1991) (Fig. 2A). Specifically, simulations overestimated the mean daily 

growth rate for preflexion, flexion, and postflexion larval stages while the daily 

growth rate of pelagic juveniles was underestimated (Fig. 2A and 2B). The 

overestimation of mean growth during larval stages and the underestimation of mean 

growth during the pelagic juvenile stage meant that for any given year, the mean 

length at the end of any given simulation was close to that of the observed length at 

151 days old (Fig. 2A and S2). The overall mean growth rate of preflexion larvae was 

0.27 mm day-1 from the model compared to the observed growth rate of 0.2 mm day-1 

from Laidig et al. (1991). In the model, life stage transitions are size-based 

thresholds, with the mean number of days spent in the preflexion larval stage being 

10 days compared to observed duration of 13 days. The modeled mean growth rate of 

flexion larvae deviated most from observations, with the model producing a growth 

rate of 0.16 mm day-1 compared to the observed growth rate of 0.08 mm day-1. The 

average number of model days spent in the flexion larval stage was six compared to 

the observed duration of 12 days. Postflexion larval mean growth rate estimated in the 

model was 0.52 mm day-1 compared to the observed growth rate of 0.45 mm day-1. 

The duration of time spent in the postflexion larval stage was 44 model days 

compared to the observed duration of 47 days. Finally, pelagic juvenile growth 

predicted by the model was 0.44 mm day-1 relative to an observed growth rate of 0.51 
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mm day-1. In the model, Shortbelly metamorphosed to the pelagic juvenile stage by 

day 59, on average, compared to Laidig’s estimate of day 73.  

Across years, length-at-age trajectories averaged over the model domain 

(3,750 grid cells) showed interannual variability in growth relative to the observed 

length-at-age curve of Laidig et al. (1991) and the grand mean of simulated length-at-

age (Fig. S2). Growth was fastest in 1999 and from 2002 to 2010 with the annual 

mean length-at-age being consistently higher than the grand mean (1988-2010). In 

contrast, growth was relatively slow in 1989, 1992, 1994-1995, and 1998 with the 

daily mean length-at-age being consistently lower than the daily grand mean length-

at-age. 

Interannual variability of size and intensity of hotspots among life stages 

Growth hotspots were inversely correlated with temperature implying that 

cooler conditions are related to faster growth and the association is strongest for 

flexion and pelagic juveniles (Table 2). Greater hotspot intensity occurred for all life 

stages when total prey availability was high. However, pelagic juvenile growth 

potential intensity was not related to the availability of small zooplankton (ZS; Table 

2), which is understandable since pelagic juveniles do not feed on small zooplankton 

within the model. Similarly, preflexion and flexion do not feed on predatory 

zooplankton and were not significantly related to their concentration (Table 2).  

Hotspots identified by the Gi* analysis were mostly spatially contiguous (i.e. 

a single hotspot) for all life stages and years. For preflexion larvae, exceptions 
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included 2002 and 2009 when two hotspots were detected and 2006 when four 

hotspots were detected. For flexion larvae, two hotspots were detected in 1988, 2002, 

2006, and 2008, and three for 2009. Two hotspots were detected in 2000 and 2004 for 

postflexion larvae and two hotspots were detected in 2003 and 2007 for pelagic 

juveniles. No hotspot was detected in 2003 for preflexion larvae (Fig. 3).  

Mean intensity and areal extent of significant hotspots were quite variable 

year-to-year with little to no cycling or synchrony among life stages (Fig. 3; Table 3). 

However, hotspot intensity of preflexion larvae was positively correlated with the 

areal extent (size) of preflexion hotspots (ρ = 0.52; p = 0.013) and hotspot intensity of 

flexion larvae (ρ = 0.52; p = 0.014). Intensity and areal extent of postflexion larvae 

were positively and significantly correlated (ρ = 0.86; p < 0.01; Table 3), implying 

that when growth was fast, it also occurred over larger areas.. An average and 

standard deviation of life-stage specific Z-scores across all year’s highlights where 

hotspots tended to be located (Fig. 4) and how variable they were (Fig. 5). Growth for 

all life stages was greatest just offshore of the Gulf of Farallones (outside of the San 

Francisco Bay; Fig. 4) but was quite variable across years for preflexion larvae (Fig. 

5a) and relatively consistent for flexion and postflexion larvae, and pelagic juveniles 

(Fig. 5B-D).  

Hotspots of Growth Potential Explain Interannual Recruitment 

The best GAM for explaining interannual deviance in recruitment included: 

preflexion hotspot intensity, flexion hotspot intensity and size, postflexion hotspot 

size, and pelagic juvenile hotspot intensity (Table 4). Preflexion hotspot size and 
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pelagic juvenile hotspot size were not found to be significant predictors of 

recruitment. Since postflexion hotspot intensity and size were significantly correlated 

beyond the threshold to prevent concurvity (Wood, 2017; Table 2), we fit a separate 

model that included postflexion hotspot intensity but not size, and found that 

postflexion hotspot size was a better predictor based off AICc (ΔAICc = 3.1; not 

shown). The deviance explained by the top GAM was 78.6% and the model 

reproduced observed recruitment well (Fig. 6A). Model diagnostics revealed the 

GAM model did not violate assumptions of autocorrelation (Fig. S3) and did not 

violate the assumption of a Gaussian error term (Shapiro-Wilks = 0.94; p-value = 

0.17).  

The final GAM yielded functional relationships that were both linear and non-

linear depending on life stage (Fig. 6B-F). Preflexion hotspot intensity had a negative 

linear relationship with recruitment (Fig. 6B). The functional relationship between 

hotspot intensity during the flexion larval stage was U-shaped, implying that 

intermediate hotspot intensity was poor for recruitment while lower and higher 

hotspot intensity levels were advantageous (Fig. 6C). The areal extent (size) of 

flexion and postflexion hotpots were positively, and linearly related to the time series 

of recruitment (Fig. 6D-E). Finally, the hotspot intensity of pelagic juvenile shortbelly 

rockfish had an asymptotic relationship with estimated recruitment (Fig. 6F).  

The intensity of life stage-specific hotspots of growth potential explained 

more of the variance in recruitment estimates than did the areal extent (size) of 

hotspots. The ranking of each covariate in terms of proportional contribution to total 
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deviance explained by the full model (78.6%) is: (i) flexion hotspot intensity (36%), 

(ii) pelagic juvenile hotspot intensity (35%), (iii) preflexion hotspot intensity (27%), 

(iv) flexion hotspot size (19%), and (v) postflexion hotspot size (13%).  

Discussion         

We have shown that annual life-stage specific spatial patterns of growth 

potential for Shortbelly during larval and pelagic juvenile phases explains a large 

fraction  (76%) of Shortbelly recruitment variability. Raw growth potential is 

determined by local and regional patterns of temperature and prey availability derived 

from a historical physical-biogeochemical simulation, and thus, variability in growth 

is implicitly environmentally driven. Growth potential estimated from our model 

consistently produced spatial clusters of rapid growth, or hotspots, whose intensity 

(growth rate) and areal extent were mostly asynchronous across the preflexion, 

flexion and postflexion larval stages, as well as the pelagic juvenile stage. This 

asynchrony suggests that spatial variation of ocean conditions differentially affects 

growth at each life stage. Throughout the 23-year study period (1988-2010), the 

abundance of pelagic juvenile Shortbelly is related to the strength and size of hotspots 

of growth potential across all four life stages suggesting recruitment of Shortbelly is 

at least partially determined by growth throughout the entire pelagic duration for this 

species. However, the effect of fast growth on recruitment was complex, with several 

of the functional relationships changing direction across ontogenetic stages. Growth 

during larval preflexion and flexion, as well as the pelagic juvenile stage explained 

the greatest fraction of observed variability in year-class strength, with the areal 
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extent of good growing conditions during flexion and postflexion also contributing 

but to a lesser degree. Below we describe these results in the context of the growth-

survival hypothesis and how the relationship between growth during the pelagic 

duration and recruitment could differ throughout ontogeny.  

The growth-survival hypothesis posits faster somatic growth during the early 

life stages of marine fish will lead to higher survivorship and larger year-class 

strength (Cushing, 1975, Houde, 1987, Anderson, 1988), however there are numerous 

examples of fast growth conferring higher mortality (reviewed by Robert et al., 

2023). Marine fish larvae are most vulnerable to adverse advection and predation 

during the earliest larval stages when swimming capacity and sensory cues are 

minimal (Bailey and Houde, 1989). When preflexion rockfish larvae grow fast, they 

are in better condition to resist starvation and accrue a larger length-at-age. However, 

they may also have developmental constraints that limit defensive responses (Fuiman 

and Magurran, 1994) such as slow escape times due to underdeveloped 

morphological structure relative to later stage conspecifics (Downie et al., 2020). 

Faster swimming of larvae resulting from larger size (Kashef et al., 2014) could 

increase predation mortality if the encounter rate with predators increases (Rothschild 

and Osborn, 1988; Bailey and Houde, 1989; Sundby and Fossum, 1990). In fact, more 

active fish larvae are eaten more frequently by ambush-raptorial predators (e.g., 

chaetognaths and siphonophores) and this selectivity has been attributed to more 

frequent encounters (Purcell, 1981). In the context of our results, recruitment will be 

reduced in years when the intensity of growth hotspots for preflexion larvae is high. 
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Hotspot intensity is a measure of the spatial distinctness of fast growth, with higher 

intensity values indicating faster growth within hotspots. While our model does not 

explicitly account for predation, raw growth and hotspot intensity within the model is 

associated with the amount of food available. Preflexion larvae feed exclusively on 

small zooplankton and there is a strong positive association between preflexion 

hotspot intensity and the total amount of food available, including large zooplankton. 

The large zooplankton size class modeled in NEMUCSC is parameterized to 

represent copepods (Kishi et al., 2007), which, along with chaetognaths and other 

zooplankton, can be predators of fish larvae (McGowan and Miller, 1980; Bailey and 

Yen, 1983). If fast growth for preflexion co-occurs in regions of increased predatory 

copepods and other predatory zooplankton, as suggested by our model, then 

encounter rates with larval predators could be greater when hotspot intensity is 

strongest, thus yielding the predicted negative relationship between preflexion hotspot 

intensity and recruitment.  

The relationship between intensity of hotspots during flexion and recruitment 

was U-shaped, suggesting that intermediate growth hotspot intensity results in weak 

year-class strength. Reduced recruitment at intermediate levels of growth is an 

interesting and somewhat puzzling result.  However, examples of this have been 

shown empirically (e.g. Gagliano et al., 2007). An explanation for this pattern can 

come from an evaluation of anatomical development and energy expenditure during 

flexion. Larval flexion, a major milestone in development, occurs when the notochord 

turns upward, trunk musculature differentiates, and the caudal fin develops, which, 
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collectively, results in improved swimming performance (Downie et al., 2020). Mass-

specific respiration is predicted by the underlying bioenergetics model of the Eulerian 

IBM to increase substantially during flexion, which must be offset by increased 

consumption in order to yield positive growth (Morales et al., in press). Fish growing 

rapidly during the flexion stage would exit this energetically costly period of 

development more quickly, in line with the stage duration hypothesis (Houde, 1989). 

Moreover, high intensity of growth hotspots are associated with an increased 

abundance of mesozooplankton and predatory zooplankton, and fish in years with 

high hotspot intensity would possibly be exposed to increased predation risk, albeit 

over a shorter duration of time and with a slight swimming advantage compared to 

preflexion larvae. Larvae growing at the lower end of the hotspot intensity spectrum 

would be at less risk of predation as described above for preflexion larvae. However 

simulated growth during flexion was overestimated compared to empirical growth, 

and therefore the model may put undue emphasis on how important growth is during 

this stage. 

Inference on the positive relationship between the areal extent of growth 

hotspots for the flexion and postflexion larval stages and recruitment is somewhat 

intuitive given that ocean currents can disperse larvae far and wide by the time fish 

are in these stages of development (Petersen et al., 2010). For years with a large areal 

extent of growth potential hotspots, flexion and postflexion larvae would experience 

suitable growing conditions to resist starvation over a wide array of dispersal 

trajectories. One reason why preflexion hotspot size might not be as important as 
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flexion and postflexion hotspot size has to do with the spatial patterns of reproduction 

for Shortbelly rockfish (Ralston et al., 2003). Peak reproduction for Shortbelly along 

the central California coast occurs along the shelf break between Point Reyes and 

Monterey Bay (Macfarlane and Norton, 1999; Ralston et al., 2003), which overlaps 

spatially with the highest mean hotspot intensity values for preflexion. However, 

growth hotspot intensities for preflexion larvae are quite variable from year-to-year in 

this area and the total area of a preflexion growth hotspot will not relate to Shortbelly 

recruitment if hotspots do not overlap with reproductive sites in some years. For 

flexion and postflexion larvae, the location of growth hotspots are more persistent 

meaning when ocean currents transport larvae away from their birth (parturition) site. 

When the size of flexion hotspots are large, there is a greater chance of larvae 

dispersing to areas favorable for growth.  

The functional relationship between the intensity of pelagic juvenile growth 

hotspots and subsequent recruitment is asymptotic. As hotspot intensity increases, 

there are diminishing returns to recruitment because as growth increases during the 

highly mobile pelagic juvenile phase, encounter rates with prey vary little and are 

insignificant compared to capture success by predators (Juanes and Conover, 1994; 

Sogard, 1997). Intensity of a significant hotspot is related to the degree of clustering 

of the variable of interest, so when intensity is high, the variable of interest is 

spatially clustered with uniquely high values relative to the values outside of its 

neighborhood (Getis and Ord, 1992). So, at increasing intensities, the realized 

distribution of pelagic juvenile Shortbelly may become more aggregated within a 
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hotspot if pelagic juveniles can target good growing conditions by directed movement 

to habitat favorable to growth. If pelagic juvenile rockfish are aggregated in higher 

densities in regions of fast growth, they may be more susceptible to predation by 

visual predators and thus have diminishing returns at increasingly high growth 

potential hotspot intensities. Alternatively, it could be that pelagic juveniles reach a 

point of saturation in consumption and additional increases to food will not lead to 

additional growth, or by association, recruitment.   

Pelagic juvenile rockfish are the leading forage group within the CCS, being 

preyed upon by a wide diversity of predators compared to any other species or group 

(Szoboszlai et al., 2015). Wells et al. (2017) showed a positive relationship between 

the proportion of juvenile rockfish in the diets of common murre (Uria aalge) nesting 

at the Farallon Islands and the abundance of juvenile rockfish caught by the RREAS. 

Furthermore , the foraging trip duration of common murre’s returning to nests with 

pelagic juvenile rockfish was half that compared to when birds returned with 

alternative prey (mainly northern anchovy (Engraulis mordax)), implying that when 

rockfish are in high abundance, they are also distributed closer to the Farallon Islands 

(Wells et al., 2017). Located downstream of the Point Reyes upwelling plume, the 

Gulf of Farallones is a known retention zone (Wing et al., 1998) that concentrates 

recently upwelled water enriched with nutrients required for primary production 

(Fiechter et al., 2018), and is a hotspot for krill aggregations (Santora et al., 2011; 

Cimino et al., 2020; Fiechter et al., 2020; Messié et al., 2022), which are known prey 

of pelagic juvenile shortbelly (Chess et al., 1988; Reilly et al., 1992). Here we 
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showed that growth hotspots for pelagic juvenile Shortbelly are collocated near the 

Farallon Islands (Fig. 4d) and that these hotspots are persistent (i.e. low interannual 

variability; Fig. 5d). The intensity of growth potential in the Gulf of Farallones is 

related to cooler waters and increased secondary production, with faster growth 

potential being advantageous to recruitment strength. 

One interesting result from our study is that no single life stage-specific 

attribute of ELS shortbelly growth potential could explain the recruitment time series 

alone. Instead, attributes of growth potential across all pelagic ELS’s cumulatively 

explained 78.6% of interannual recruitment variability. Patterns of growth potential 

during ELS integrate physical and biological conditions across pelagic life stages to 

determine eventual year-class strength. Studies examining the influence of ocean 

conditions on rockfish recruitment point to large-scale physical mechanisms, but here 

we argue that a biological mechanism, combined growth over all pre-recruitment 

stages, has explanatory power that rivals other rockfish recruitment studies. For 

example, mean sea surface temperature (SST) during January-March, the period of 

peak parturition (Wyllie-Echeverria, 1987;), had a dome-shaped relationship to the 

abundance of pelagic juvenile stages and settled juveniles of blue rockfish (Sebastes 

mystinus) and yellowtail rockfish (Sebastes flavidus) (Ralston and Howard, 1995). 

The authors concluded that recruitment was set before the late pelagic juvenile stage, 

with interannual recruitment variability being mediated by temperature, but noted 

SST is a proxy for more complicated physical mechanisms (Ralston and Howard, 

1995). In another study, lagged sea level height anomalies (SLA) during February-
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May were negatively correlated with the abundance of rockfish species in May-June 

(1983-2010) and the strongest correlations occurred during April-May (ρ = 0.57) 

which, on average, would correspond to the pelagic juvenile stage (Ralston et al., 

2013). However, in a follow up study, the correlation with SLA deteriorated when 

more data were added that covered the North Pacific marine heatwave of 2014-2016, 

a period of high SLA and high rockfish catches (Schroeder et al., 2019). Instead, a 

better indicator of source water transport, the ‘spiciness index’, explained rockfish 

recruitment and that the strength of correlations increased from January-May with 

mean April-May spiciness values explaining 81% of interannual recruitment variation 

(Schroeder et al., 2019). The interpretation of these results from Ralston et al. (2013) 

and Schroeder et al. (2019) is that a greater influx of Pacific Subarctic Upper Water 

(PSUW) is beneficial for rockfish productivity, but the biological mechanism is still 

unclear. Other studies have noted the importance of PSUW  intrusion for fish 

production (Chelton et al., 1982; Schirripa and Colbert 2006; Stachura et al. 2014; 

Tolimieri et al., 2018; Haltuch et al., 2020; Vestfalls et al., 2023). The overarching 

hypothesized biological mechanism is that an increase flux of Pacific subarctic water 

to the CCS is enriched with oxygen (Meinville and Johnson, 2013) and supports a 

greater abundance of lipid-rich subarctic copepods (Keister et al., 2011), which would 

be beneficial to the ELS rockfishes (Peterson et al., 2014). This analysis advances 

upon these studies by mechanistically modeling growth based on first principles (i.e. 

temperature-dependent physiology and prey abundance) and finds similar explanatory 

power compared to studies using oceanic proxies. 
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Next steps to unraveling a mechanistic understanding of rockfish recruitment 

via Eulerian IBMs could include gaining a better understanding of growth potential 

hotspot formation and its relationship to large scale oceanographic forcing, such as 

the influence of PSUW intrusion into the CCS. Empirically, growth rate variability 

for the ELS of northeast Pacific rockfishes is mediated by environmental conditions 

(Ralston, 1995; Crane, 2014; Wheeler et al., 2017; Fennie et al., 2023a; 2023b). ELS 

growth of three deep dwelling species, chilipepper rockfish (Sebastes goodei), widow 

rockfish (S. entomelas), and yellowtail rockfish (S. flavidus), captured in the RREAS, 

are positively correlated with SST (Crane, 2014). Similar findings were seen for black 

rockfish (S. melanops) that settled in kelp forests of central Oregon (Fennie et al., 

2023a). Meanwhile, for two nearshore species, copper rockfish (S. caurinus) and 

gopher rockfish (S. carnatus), SST was negatively related to growth (Wheeler et al., 

2017), which is similar to the results of scenario experiments performed on the 

underlying ontogenetic bioenergetics model of Shortbelly rockfish (Morales et al., in 

press). Growth potential hotspot intensity from the Eulerian IBM analyzed here is 

negatively correlated with simulated temperatures from ROMS at 30m depth. 

Considering growth during the four life stages modeled here contributes to the 

magnitude of recruitment in different ways, the conflicting relationships between SST 

and backcalculated larval growth of fish that survived to either the pelagic juvenile 

phase (Crane, 2014) or settled to benthic habitat (Wheeler et al., 2017; Fennie et al., 

2023a) could be confounded by not accounting for life stage-dependency effects of 

growth on survival.  
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While describing the mechanisms of stage-specific hotspot formation in detail 

was outside the scope of this paper, it is worth noting that, for example, 1998 was one 

of the lowest recruitment years on record, while hotspot intensity was relatively high 

and the average temperature within a hotspot was relatively low (as indicated by the 

negative association between temperature and hotspot intensity). The strongest El 

Niño within our 23-year study occurred in 1998, and temperatures throughout the 

central CCS were, in general, significantly warmer than normal (Thompson et al., 

2022). However, thermal refugia with elevated food availability were likely 

responsible for generating growth hotspots in 1998 and these refugia were likely 

advantageous to the fish that recruited in 1998. Indeed, MacFarlane et al. (2005) 

showed that growth of juvenile Chinook Salmon (Oncorhynchus tshawytscha) was 

faster in 1998 (compared to 1999) and fast growth was associated with greater 

zooplankton abundance in the Gulf of Farallones which emphasizes the importance of 

local-scale oceanographic variability on fish growth. However, 1998 ended up being a 

poor year for salmon survival in the Gulf of Farallones region (Henderson et al., 

2019). In Oregon, Fennie et al. (2023a) showed that high SST in their study region 

predicted fast growth of blue rockfish, but fast growth did not predict high survival. 

They note that fish who survived the pelagic larval duration and settled in 2015 grew 

the fastest, yet the magnitude of settlement was the lowest over the four-year time 

series (Fennie et al., 2023a). Empirical approaches to testing the growth-survival 

hypothesis on recruitment can be prone to sampling biases. The major sampling bias 

comes in recognizing that while the overall magnitude of recruitment can be low, fish 

that did survive to settlement, and whose characteristics were realized, were those 
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who grew the fastest while most individuals in the cohort grew slow and did not 

survive to settlement. Our approach bypasses these constraints by characterizing the 

potential for growth within ELS Shortbelly, mediated by ocean conditions, and then 

relates growth to recruitment by taking into consideration only the regions that 

experienced fast growth (and their associated ocean conditions). 

Our approach, however, has its limitations. First, the underlying bioenergetics 

model overestimates early larval growth when exposed to novel conditions. The 

bioenergetics model was trained on spatially invariant climatological conditions 

during parameterization (Morales et al., in press). However, expansion of the model 

to a spatial climatology of temperature and food availability produced spatial patterns 

of high growth potential for preflexion larvae that overlapped with historical 

spawning grounds as well as produced regions of fast growth potential that were 

similar to spatial patterns of catches from the RREAS (Morales et al., in press). Our 

baseline bioenergetics model could be improved with new physiological data for early 

larval stages and a better understanding of feeding rates, which should improve 

predictions of growth during preflexion, flexion and postflexion larval stages when 

exposed to novel and/or highly dynamic conditions. Second, our interpretation of the 

functional relationships between life stage-explicit growth presented here are largely 

based on the assumption that growth is tightly coupled with predation mortality, 

which is the primary assumption in the growth-survival hypothesis (Robert et al., 

2023). Incorporation of predation mortality into the shortbelly IBM would greatly 

enhance our understanding of rockfish recruitment. Efforts are underway to 
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characterize larval predator-prey assemblages for the CCS using eDNA techniques 

(Andrew Thompson, personal communication) and coupling these efforts within a 

mechanistic IBM framework could fill the missing link. For pelagic juvenile rockfish, 

a dominant prey group to higher trophic level predators within the CCS (Thayer et al., 

2014; Warzybok et al., 2018; Lowry et al., 2022), the incorporation of predation 

mortality within an IBM framework could follow the approach outlined by Vasbinder 

et al. (2023). There they imposed top-down predation mortality from a seabird on 

modeled juvenile Chinook salmon given size-dependent predation thresholds 

(mediated by simulated salmon growth), dynamic seabird abundance and distribution, 

and annual variability of diet composition. Finally, we did not incorporate larval 

dispersal via ocean currents, which would determine the fate of larvae during the 

earliest developmental stages (i.e. preflexion and flexion), and perhaps beyond. 

Advective losses of larvae is Hjort’s second hypothesis for explaining year-class 

success and separating food web dependency from transport dependency via a 

Lagrangian IBM could further tease out mechanisms of recruitment fluctuations for 

this ecologically important species. 

Conclusion 

Our modeling efforts have revealed that the relationships between growth 

during four distinct ELS’s of Shortbelly rockfish and recruitment are complex with 

the direction of growth-mediated recruitment variability changing across ontogenetic 

stages. The preponderance of growth contributing to recruitment is, overall, in line 

with the growth-survival hypothesis since growth across all four pre-recruitment 
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stages explains a high degree of incoming year-class strength. Identifying 

mechanisms of recruitment variation for Shortbelly rockfish, and the many other 

species of commercially and recreationally important rockfishes who covary with 

them, has the potential to greatly improve forecasting and management of rockfish 

productivity throughout the California Current. An improved understanding of these 

mechanisms also illuminates the complex interplay between physical variability, 

primary and secondary production, forage fish availability, the diverse suite of 

predators, and the human community that interacts with the system. In doing so, we 

can move closer to an operational ecosystem-based management approach for this 

productive marine ecosystem. 
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Tables and Figures 

Table 1. Sample sizes of pelagic juvenile Shortbelly rockfish (Sebastes jordani) used 
for ageing caught in the Rockfish Recruitment and Ecosystem Assessment Survey 
through otolith microstructure analysis and the sample size of standard length (SL) 
measurements used for back-calculating birthdate frequency distributions. Mean, 
median, and standard deviation (Std Dev) of back-calculated birthdates of pelagic 
juvenile Shortbelly caught in the RREAS as well as pelagic juvenile growth rate 
(mm/day) based off the slope of linear length-at-age regressions are provided.  

Year 
Otolith 
Sample 

Size 

SL 
Sample 

Size 
Mean Median Std 

Dev 

Pelagic 
Juvenile 
Growth 

Rate 
(mm/day) 

1988 91a 3921a 1-
Feba 28-Jana 24.37a 0.5735a 

1989 57b 584b 13-
Febb 3-Febb 35.59b 0.5253b 

1990 34 1149 23-
Feb 23-Feb 10.33 0.5804 

1991 36 658 10-
Mar 12-Mar 28.15 0.5852 

1992 32 467 9-Apr 9-Apr 6.17 0.5343 

1993 35 1668 10-
Mar 17-Mar 22.8 0.4763 

1994 42 44 3-Apr 11-Apr 26.41 0.5317 

1995 15 94 27-
Mar 31-Mar 19.67 0.5042 

1996 29 457 13-
Apr 17-Apr 13.66 0.4282 

1997 37 360 23-
Mar 23-Mar 14.97 0.5666 

1998 27 32 29-
Mar 30-Mar 6.71 0.4353 

1999 0 NA 20-
Mar 21-Mar 14.47 NA 

2000 0 NA 30-
Mar 30-Mar 10.87 NA 

2001 44 1120 13-
Mar 14-Mar 19.46 0.5462 

2002 0 NA 12-
Feb 11-Feb 14.26 NA 

2003 38 107 9-Feb 5-Feb 16.04 0.6224 
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2004 10 356 13-
Mar 16-Mar 21.21 0.4677 

2005 7 4 20-
Mar 16-Mar 14.03 0.4082 

2006 11 44 31-
Mar 2-Apr 6 0.5888 

2007 7 159 22-
Mar 21-Mar 11.84 0.5708 

2008 0 0 NA NA NA NA 

2009 3 289 17-
Mar 14-Mar 13.65 0.6454 

2010 11 135 16-
Mar 16-Mar 16.15 0.5251 

1988-2010 566 7143 13-
Mar 16-Mar 24.17 0.556 

a Woodbury and Ralston (1991) 
b Lenarz et al. (1995) 

 

Table 2. Correlation between life stage explicit growth potential intensity (Gi* 

values) and raw growth, temperature, small zooplankton (ZS), large zooplankton 

(ZL), krill (ZP), and total food (sum of ZS, ZL, and ZP). * indicates p-value < 0.05. 

Life Stage Growth Temperature 
Total 

Food  
ZS ZL ZP 

Preflexion  0.58 -0.17 0.42 0.45 0.36 0.11 

Flexion 0.59 -0.29 0.41 0.35 0.41 0.19 

Postflexion 0.74 -0.15 0.63 0.38 0.68 0.4 

Pelagic 
Juvenile 

0.62 -0.51 0.48 -0.09 0.56 0.62 
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Table 3. Correlation matrix of growth potential hotspot intensity and areal extent 

(size). Upper triangle are Pearson correlation coefficients and lower triangle are 

associated p-values. Bold values indicate significance at the p < 0.05 level. 

 

 

 

 

 

 

 Preflexion 
Intensity 

Preflexion 
Size 

Flexion 
Intensity 

Flexion 
Size 

Postflexion 
Intensity 

Postflexion 
Size 

Juvenile 
Intensity 

 
 

Preflexion 
Intensity  0.52 0.52 0.41 0.39 0.31 0.16  

Preflexion 
Size 0.013  -0.32 0.31 -0.18 -0.11 0.089  

Flexion 
Intensity 0.014 0.13  0.1 0.38 0.11 0.074  

Flexion 
Size 0.058 0.16 0.65  -0.22 -0.24 0.056  

Postflexion 
Intensity 0.073 0.4 0.07 0.32  0.86 0.28  

Postflexion 
Size 0.16 0.63 0.62 0.27 1.32E-07  0.34  

Juvenile 
Intensity 0.47 0.68 0.74 0.8 0.2 0.12   

Juvenile 
Size 0.99 0.75 0.69 0.86 0.74 0.17 0.003   
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Table 4.  Summary statistics for the generalized additive model for explaining 

interannual deviance in Shortbelly recruitment showing model types, model 

formulation, p-value of model covariates, generalized cross validation (GCV), 

deviance explained (%), Akaike Information Criterion corrected for small sample size 

(AICc), and the difference of AICc between top model and single covariate models 

(ΔAICc). Hot spot (HS).  

Model Type Model p-value GCV Deviance 
Explained AICc ΔAICc 

Top Model  

s(preflexion HS 
intensity) + 
s(flexion HS 
intensity) + 
s(flexion HS size) 
+ s(postflexion HS 
size) + s(juvenile 
HS intensity) 

all 
predictors 
significant 
@       p < 
0.05 

0.632 78.60% 49.92 0 

Single 
Covariate 
Model 

s(preflexion HS 
intensity) 0.432 1.13 11.20% 60.7 16.79 

 s(preflexion HS 
size) 0.143 1.03 9.91% 67.85 17.93 

 s(flexion HS 
intensity) 0.112 0.951 54.30% 60.65 10.73 

 s(flexion HS size) 0.195 1.02 39.50% 63.53 13.61 

 s(postflexion HS 
intensity) 0.41 1.16 3.42% 67.47 17.55 

 s(postflexion HS 
size) 0.138 1.07 10.70% 65.75 15.84 
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 s(juvenile HS 
intensity) 0.09 0.944 28.70% 62.73 12.81 

  s(juvenile HS 
size) 0.06 0.959 21.80% 63.28 13.36 

 

Figure 1. Standardized recruitment anomalies of pelagic juvenile shortbelly rockfish 

(Sebastes jordani) from the Rockfish Recruitment and Ecosystem Assessment Survey 

(RREAS).  
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Figure 2. Modeled growth potential from the Shortbelly rockfish Eulerian IBM 

relative to observed growth. (A) Modeled grand mean (1988-2010) of standard length 

of fish (mm) vs. age (days) (blue line) relative to observations (black line) of Laidig 

et al. (1991).Vertical dashed lines denote observed life stage transitions for preflexion, 

flexion and postflexion larval stages, and the pelagic juvenile stage. (B) Modeled 

grand mean growth rate (mm/day) (blue bars) relative to observed growth rate (black 

bars).    
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Figure 3. Time series of mean growth potential hotspot intensity (1st column) and 

areal extent (size) (2nd column) of significant hotspots for each life stage (rows).  No 

significant growth potential hotspot was detected for preflexion larvae in 2003. 
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Figure 4. Mean growth potential hotspot intensity (Gi* values) (1988-2010) maps for 

preflexion, flexion and postflexion larval, and pelagic juvenile stages.    
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Figure 5. Temporal variation (standard deviation) of hotspot intensity over 1988-

2010 for preflexion, flexion and postflexion larval, and pelagic juvenile stages.    
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Figure 6. Results of generalized additive model for explaining Shortbelly rockfish 

recruitment with growth potential hotspot attributes. (A) Modeled recruitment (blue 

line) and delta-GLM standardized recruitment (black points??) of pelagic juvenile 

shortbelly abundance from the Rockfish Recruitment and Ecosystem Assessment 

Survey (RREAS). (B-F) Generalized additive model results for evaluating the 

functional relationship between Shortbelly recruitment and (B) preflexion intensity, 

(C) flexion intensity, (D) areal extent of hotspot (size; km2) for flexion and (E) 

postflexion larvae, (F) pelagic juvenile hotspot intensity.  
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Figure S1. Back-calculated birthdate frequency distributions of pelagic juvenile 

shortbelly rockfish for 1990-2010.  
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Figure S2. Modeled annual standard length-at-age curves for all individuals in model 

domain (grey lines) relative to empirical mean (black; Laidig et al., 1991), annual 

mean of individuals (red) and the grand mean (blue; 1988-2010). 



110 
 

 

Figure S3. Autocorrelation of the top generalized additive model. Bars extending 

beyond broken lines indicate significant autocorrelation (p < 0.05). 
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Chapter 3 

Context matters: mechanisms of recruitment dynamics associated with 

contrasting ENSO events in the California Current 

Abstract 

Understanding biophysical drivers of year-to-year changes in the replenishment of 

marine fish populations (i.e., recruitment) is crucial for effective single species and 

ecosystem-based fisheries management (EBFM). Mechanistic models grounded in 

first principles (i.e., physiology) when coupled to ocean circulation models are useful 

to retrospectively test recruitment hypotheses. Here, a coupled biophysical individual-

based model for Shortbelly rockfish (Sebastes jordani), a non-commercial, yet 

ecologically important species of the California Current System, is used to evaluate 

the relative influence of starvation mortality and advective losses on recruitment 

across El Niño Southern Oscillation events. Starvation should dominate over 

transport processes because during an El Niño event, temperature is warm leading to 

increased metabolic cost and food availability leading to decreased consumption. In 

contrast, increased upwelling during La Niña events will lead to cooler conditions and 

increased prey production (thus reducing starvation), but larvae would be advected 

offshore and away from habitat favorable to settlement (nearshore). Leveraging 

biological data from a fisheries-independent survey along with model output, I show 

that starvation had a larger effect on modeled recruitment than did retention during El 

Niño events (𝛽𝛽Starvation, El Niño = -0.84 vs. 𝛽𝛽Retention, El  Niño = 0.27), and both starvation 

and modeled recruitment explain the timing and magnitude of observed recruitment 
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(⍴ = -0.67 and ⍴ = 0.68, respectively). In contrast, retention over the continental shelf 

had a larger effect on modeled recruitment than did starvation during La Niña events 

(𝛽𝛽Retention, La  Niña = 0.95 vs. 𝛽𝛽Starvation, La Niña = -0.049), but while retention alone could 

not explain the timing of observed recruitment, modeled recruitment was positively 

associated with observed recruitment for one of the two La Niña years (1999) (⍴ = 

0.66) and when both years (1989 and 1999) were combined (⍴ = 0.44). The 

preponderance of recruitment variability being differentially driven by food web-

dependent and transport-dependent processes amongst a backdrop of contrasting 

environmental conditions (ENSO events) emphasizes the importance of context-

dependency when studying mechanisms of recruitment variability. 

Introduction 

Marine fish populations fluctuate over broad spatial and temporal scales (e.g., 

Lluch-belda et al., 1999). Annual recruitment variability is a main driver of adult fish 

population fluctuations  (Hjort, 1914). Recruitment is the number of larval fish that 

survive to become adults, and for exploited marine fish species, is the number of fish 

that enter the fishery (Ricker, 1954; Beverton and Holt, 1957). Fisheries 

oceanographers have strived for over a century to understand the biophysical drivers 

of recruitment success (Houde, 2008). Johan Hjort proposed two hypotheses to 

explain large amplitude fluctuations in annual recruitment (Hjort, 1914; 1926). The 

first mechanism proposed was the Critical Period hypothesis which posits that young 

larvae must acquire suitable food before their yolk sacs (or oil globules) have become 

fully absorbed or else mass mortality will occur due to starvation. Hjort’s second 
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mechanism was the Aberrant Drift hypothesis which predicts recruitment strength is 

determined by larval dispersal via ocean currents. For example, if fish are transported 

away from their adult populations and/or nursery grounds then recruitment will be 

low (Harden-Jones, 1968). Several extensions of Hjort’s hypothesized mechanisms of 

recruitment variability have been made since his seminal articles and these extensions 

can be broadly categorized into either food web-dependent or transport-dependent 

mechanisms (Figure 1). Some authors of these extensions argued their stance in the 

literature, proposing food limitation overrides transport effects, or vice versa (e.g., 

Sinclair and Illes, 1985; Cushing, 1986).  However, rather than recruitment being 

determined solely by food web-dependent or transport-dependent mechanisms, both 

could operate on year class success of the same species, with each category of 

mechanisms being important in different places and at different times (Cury and Roy, 

1989). 

Context dependence occurs when ecological relationships vary in magnitude 

or sign depending on differing abiotic and/or biotic conditions (Catford et al., 2022). 

Physical variability of the California Current System (CCS), one of the four major 

eastern boundary upwelling systems (Fréon et al., 2009), operates over multiple 

scales (Checkley and Barth, 2009). The dominant modes of variability for the central 

CCS (Cape Mendocino to Point Conception) occur at intraseasonal and interannual 

timescales (Chavez and Messié, 2009). At intraseasonal timescales, synoptic 

upwelling events can vary in frequency and magnitude, which in turn can impact the 

delivery of fish larvae to nursery sites (Hobson and Chess, 1988; Bakun, 1996), can 
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have significant impacts on lower trophic level production (Garcia-Reyes et al., 

2014), and can modulate larval fish feeding success and survival (Lasker, 1975; 

1978). At  interannual timescales, the El Niño Southern Oscillation (ENSO), with a 

periodicity of ~3-7 years, can modify surface winds and subsequent upwelling 

through Rossby waves that strengthen and displace the Aleutian low (Alexander et al., 

2002; Schwing et al., 2002). Furthermore, during an El Nino event, coastal Kelvin 

waves deepen the nutricline, which together with decreased upwelling favorable 

winds, leads to decreased primary productivity (Palacios et al., 2004; Jacox et al., 

2015).  The influence of ENSO on upwelling dynamics can affect the composition, 

distribution, and abundance of zooplankton (Santora et al., 2014; Lilly and Ohman, 

2018; Cimino et al., 2020) and transport of marine fish larvae (Bashevkin et al., 

2020). These food web-dependent and transport-dependent processes significantly 

impact recruitment dynamics of coastal marine fishes, but the relative influence of the 

two mechanisms together have not been fully investigated under contrasting 

environmental conditions.  

Rockfishes (Sebastes spp.) of the northeast Pacific are a highly speciose genus 

of fishes with commercial, recreational, ecological, and cultural significance (Love et 

al., 2002). The Rockfish Recruitment and Ecosystem Assessment Survey (RREAS) 

has sampled the micronekton assemblage in central California (36.5°N-38.5°N) using 

a midwater trawl since 1983 with the goal to assess recruitment of winter-born 

rockfishes (Sakuma et al., 2016; Field et al. 2021). Annual indices of abundance for 

young-of-the-year rockfish species are used in statistical catch-at-age stock 
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assessments to estimate incoming year-class strength (recruitment) and reduce 

uncertainty in biological reference points used in fisheries management (Field et al., 

2021). Importantly, the indices represent the abundance of a species after most of the 

density-independent processes have occurred (Field et al., 2010) and are a close 

approximation to ‘realized’ recruitment (Ralston et al., 2013). Deviations between 

recruitment estimates from the RREAS and ‘realized’ recruitment estimated from 

stock assessments can be driven by density-dependent mortality after fish have settled 

to adult benthic habitat (Ralston et al., 2013). Additionally, differences between the 

RREAS recruitment indices and realized recruitment are due to sampling bias in the 

RREAS and uncertainty in realized recruitment from assessments. For example, 

during a strong La Niña year, intense and persisting upwelling throughout the 

reproductive window can transport larvae offshore and outside of the sampling area, 

leading to an underestimation of recruitment in the assessment if larval survival and 

subsequent recruitment is high. Conversely, during a strong El Niño year, weakened 

or delayed upwelling could lead to low productivity of phytoplankton and 

zooplankton and lead to mass mortality of the early life stages of rockfishes. 

However, reduced offshore Ekman transport should lead to greater retention of 

young-of-the-year rockfish near the coast and reduce sampling bias, albeit at 

relatively lower levels of abundance. Hence, the interplay between food web-

dependent vs. transport-dependent mechanisms of recruitment variability, and the 

detectability of incoming year class strength in recruitment surveys, should be context 

dependent.  
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I predict that recruitment of rockfish will disproportionately be driven by food 

web-dependent mechanisms (i.e., starvation mortality) during El Niño events and 

transport-dependent mechanisms during La Niña events. Individual-based models 

(IBMs) are useful tools to evaluate mechanisms of fish recruitment (Peck and 

Hufnagl, 2012). I test these predictions using a coupled biophysical individual-based 

model (CBP-IBM) across two El Niño years and two La Niña years by comparing 

starvation mortality and coastal retention of early life stage (ELS) Shortbelly across 

years. I then investigate intra-annual variation of each mechanism by comparing the 

timing and magnitude of observed recruitment (estimated by birthdates of surviving 

pelagic juveniles captured in the RREAS) with sub-cohort level starvation mortality 

and retention indices predicted by the CBP-IBM under differing larval release dates.   

Materials 

Shortbelly rockfish 

This study focuses on Shortbelly rockfish (Sebastes jordani), which are the 

most abundant species of rockfish on the U.S. West Coast, but are most abundant in 

central California along the continental shelf break between Point Reyes (~38°N) and 

the northern end of Monterey Bay (~37°N)  (Love et al., 2002; Field et al., 2007). As 

adults, they are found from 90 to 500 m in depth and form dense schools at night on 

the bottom, but disperse at night to feed on krill in shallower depths (Love et al., 

2002). Shortbelly are early to mature (50% of females mature by age 2, 99% by age 3 

or 20 cm standard length) and have a relatively high natural mortality rate (Field et 

al., 2007), making them more ‘forage fish like’ compared to other species of genus 
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Sebastes (Love et al., 2002). Females can produce as many as 50,000 eggs per 

reproductive bout (Love et al., 2002), and parturate (give birth to) live larvae over a 

broad reproductive window that begins as early as December, ends in late April, but 

peaks in February (Wyllie-Echeverria, 1987; Woodbury and Ralston, 1991; Lenarz et 

al., 1995). Larvae and pelagic juveniles spend up to 150 days in the coastal pelagic 

environment before recruiting to nearshore rocky reefs from June-August (Love et al., 

2002). Shortbelly exhibit drastic fluctuations in recruitment lending them ideal for 

tests of Hjort’s hypotheses (Field et al., 2007). While Shortbelly are not targeted 

directly by commercial or recreational fisheries, they are an essential component of 

the CCS forage assemblage (Thayer et al., 2014; Warzybok et al., 2018; Lowry et al., 

2022). Recently, there has been an increase in the incidental take (i.e., bycatch) of 

Shortbelly in Pacific Hake (Merluccius productus) fisheries, which almost closed the 

profitable fishery without adaptive management (PFMC 2022). Due to their 

ecological importance, recent challenges to fisheries management, and numerical 

dominance in the RREAS (Field et al., 2021), I use Shortbelly as a model species to 

test the hypothesis that mechanisms of recruitment variability differ between ENSO 

years (i.e., context dependent). 

Coupled Biophysical Individual-Based Model – Model Structure Overview 

The CBP-IBM for the ELS of Shortbelly rockfish was implemented by 

coupling four separate models (Figure 2). First, the Regional Ocean Modeling System 

(ROMS; Shchepetkin & McWilliams, 2005; Haidvogel et al., 2008) at 3 km 

horizontal resolution is used here to simulate temperature and horizontal velocity 
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fields (Fiechter et al., 2018; 2020). NEMUCSC, a customized version of the North 

Pacific Ecosystem Model for Understanding Regional Oceanography (NEMURO; 

Kishi et al., 2007), which is coupled to ROMS, is used to simulate the concentrations 

of three zooplankton size classes (Fiechter et al., 2018; 2020). The ROMS-

NEMUCSC domain used here was subsampled from its original configuration (32-

44°N, 129-116°W) to focus on the region encompassing Cape Mendocino to Point 

Conception (34.5-40.5°N) and from the coast to 300 km offshore. This reduced 

domain was chosen because Cape Mendocino to Point Conception represents the 

latitudinal extent of the central CCS (Checkley and Barth, 2009), which encompasses 

important habitat and spawning grounds for Shortbelly. Temperatures from ROMS 

and zooplankton concentrations from NEMUCSC were used to force a highly 

resolved ontogenetic bioenergetics growth model for the larval and pelagic juvenile 

stages of Shortbelly (Chapter 1). Horizontal velocity fields (i.e., gridded zonal and 

meridional current velocities) from ROMS, in combination with a Lagrangian particle 

tracking model, were used to simulate ELS dispersal trajectories.  

Lagrangian Particle Tracking Model 

Larval dispersal in the CBP-IBM was implemented with a customized 

Lagrangian particle tracking algorithm developed for this chapter. Coupling was 

performed offline, using stored output from ROMS-NEMUCSC. Offline coupling is 

less computationally intensive compared to online coupling (tracking trajectories 

simultaneously with ROMS calculations) but does not allow for feedback between 

lower trophic level biology and ELS fish consumption (i.e., top-down control on 
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zooplankton). The particle tracking algorithm calculates Lagrangian trajectories from 

daily Eulerian velocity fields at 30m depth using a first order Euler integration 

scheme with an internal time step of ~26 minutes (55 internal time steps per day). The 

choice of internal time steps was determined by solving the inequality Δt < Δx / U, 

where Δt  is the internal time step of discretization (in seconds), Δx is the model 

resolution (3km in this case), and U the expected maximum velocity (1.44 m/s) across 

the entire model domain for a particular depth (30 m here). Linear interpolation of 

ocean currents was conducted to estimate velocities at any location within a grid cell 

(ROMS calculate velocities at the center of each grid cell). The decision to track ELS 

dispersal in 2D (depth invariant) rather than 3D was threefold: (i) 30 m is the depth of 

maximum density for larval and pelagic juvenile Shortbelly (Moser and Boehlert, 

1991; Ross and Larson, 2003); 30 m is the target depth of the RREAS midwater 

trawls (Field et al., 2021); and (iii) 2D particle tracking is not as computationally 

intensive as 3D (North et al., 2009). Furthermore, ELS Shortbelly were tracked as 

passive drifters, which is a simplifying assumption because evidence from laboratory 

experiments suggests that even the smallest rockfish larvae (i.e., preflexion larval 

stages) are capable of swimming at speeds that could counteract ocean currents 

(Kashef et al., 2014). However, ELS swimming behavior is poorly understood, 

particularly because it is unclear how long they can maintain a swimming speed, and 

any directed swimming implemented in the CBP-IBM would introduce uncertainty in 

dispersal trajectories. If a particle reached any boundary of the domain (northern, 

coast, south, or offshore (300km from coast)), the particle would ‘stick’ until it was 

transported back into the domain. The particle tracking algorithm was implemented in 
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the R Programming Language (v3.6.1) using the doParallel (v1.0.15) and ncdf4 

(v1.17) packages. 

Parturition Module 

Ralston et al. (2003) reported the spatial location of larvae age 0-2d (Figure 

3).  I use this as a proxy for the spatial location of reproduction to assemble a spatial 

parturition module by assuming that recently born larvae are found near their 

birthplace (Figure 4). The highest density of early staged larvae occurred near Pioneer 

Canyon and Ascension Canyon, with decreasing density to north and south. A total of 

5,000 individual particles were released for each parturition bout (n = 507 grid cells), 

with 3,000 individuals being released near the two canyon structures (n = 154 grid 

cells). The decision to standardize the number of larvae that were introduced to each 

model simulation within and between years was to compare the relative effects of 

food web-dependent and transport-dependent processes without confounding the 

model with differential larval production within a season or across years.   

Timing of peak parturition is believed to be fixed in time (i.e., February; Field, 

unpublished data), but considerable interannual variability in birthdate frequencies of 

surviving pelagic juveniles captured in the RREAS suggests mortality occurs 

differentially on larvae throughout a given cohort (Woodbury and Ralston, 1991; 

Lenarz et al., 1995; Chapter 2). For this reason, I initialized eight ‘subcohorts’ within 

a given year over 1988-2010 to understand the influence of within year variability of 

food web- and transport-dependent processes on recruitment. Within-year model 

initializations occurred on the 1st and 15th day of the month from January-April, or 
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roughly every 14-17 days. Preliminary analysis of daily water velocities averaged 

over the parturition grounds at 30 m depth in central California showed current 

reversals occurred at a frequency of ~2 weeks, and thus my decision to initialize eight 

reproductive bouts at ~2-week intervals was sufficient to account for intraseasonal 

upwelling variability. 

Oceanic Niño Index and Modeled Biophysical Conditions 

While the full CBP-IBM simulation covered 1988-2010, I selected the two 

largest La Niña and El Niño events over this period using the Oceanic Niño Index 

(ONI). The decision to select two years for each event was so that only “strong” or 

“very strong” events were included in the analysis for greatest contrast. ONI data 

were downloaded from the California Current Integrated Ecosystem Assessment 

website (https://www.integratedecosystemassessment.noaa.gov/regions/california-

current/california-current-iea-indicators).  

Zonal and meridional velocities, temperature, and zooplankton concentration 

(ZS, ZL, and ZP) at 30m depth were qualitatively compared across the four ENSO 

years to characterize the biophysical conditions experienced by individuals along 

their drift routes. Anomalies of mass-specific respiration, proportional consumption, 

and mass-specific growth were calculated by finding the grand mean and standard 

deviation of each biophysical variable by averaging across all individuals, days, 

subcohort batches, and years (1988-2010). Standardized anomalies (z-scores) for each 

of the four ENSO years were calculated as, (𝑥𝑥i,t – μi) / si, where 𝑥𝑥i,t is the annual mean 

of variable i in year t, μi is the grand mean (1988-2010) of variable i, and si is the 
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grand standard deviation (1988-2010) of variable i. The interplay of respiration and 

consumption determines growth, and growth determines the susceptibility of 

starvation (see section on Modeled Starvation Mortality and Retention Indices). 

Proportional consumption represents the proportion of realized consumption relative 

to maximum consumption (Chapter 1). Realized consumption is a proportion of 

maximum consumption determined by the amount of food available at a given place 

and time. Maximum consumption is determined by an allometric relationship 

(between weight and consumption) and is offset by a dome shaped temperature-

dependence function. Since the baseline bioenergetics model accounts for ontogenetic 

changes in dietary preferences and feeding rates (half saturation coefficients), 

proportional consumption was calculated for each of the four life stages in the growth 

model (i.e., preflexion, flexion, and postflexion larvae, and pelagic 

juveniles).Similarly, growth rate varies by life-stage (Chapter 1), so ontogenetic 

mass-specific annual growth (g fish ⋅ g fish-1 ⋅ day-1) anomalies were calculated to 

characterize the effect of ENSO on growth rate. Respiration parameters are fixed 

across life stages and so annual anomalies across life stages are reported for 

simplicity. 

Modeled Starvation Mortality, Retention, and Recruitment Indices 

Starvation mortality was selected as a proxy for the food web-dependent 

processes that can operate on the magnitude of recruitment. While many marine 

mammals, seabirds and piscivorous fish feed on ELS shortbelly (Lowry et al., 2022; 

Warzybok et al., 2018; Thayer et al., 2014), I ignore the influence of top-down 
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controls on the strength of recruitment in this chapter because I was interested in 

understanding the influence of bottom-up drivers on ELS Shortbelly recruitment 

(Figure 1) across El Niño and La Niña years. Starvation mortality was determined 

from a bioenergetics growth model (Chapter 1). Along an individual’s drift route, 

spatiotemporal variation in temperature and food availability from ROMS-

NEMUCSC causes individual growth rate variability and starvation was imposed if 

an individual fell below 50% of their expected weight-at-age during larval stages and 

40% during the pelagic juvenile stage. The expected weight-at-age was from Norton 

et al. (2001). Importantly, fish were not allowed to shrink in length, but could only 

lose weight. This allowed for the bookkeeping of ELS condition and prevented 

individuals from transitioning back to an earlier life stage since ontogenetic 

transitions were length-based (Chapter 1). Both annual (mean over eight within year 

reproductive bouts) and subannual (individual reproductive bouts) starvation indices 

were defined as the proportion of total larvae (n = 40,000 or 5,000, respectively) that 

‘died’ of starvation.  

Retention within the RREAS sampling area was selected as a proxy for the 

transport-dependent processes that can operate on the magnitude of recruitment 

(Figure 1). Shortbelly rockfish recruit to kelp beds and other nearshore areas, but 

sometimes recruit to deeper rocky reefs during the summer months (June-August) 

(Love et al., 2002). To encompass these areas, but more importantly to compare the 

CBP-IBM results with empirical data from the RREAS, I defined retention as the 

proportion of individuals that were within the RREAS sampling area (Figure 5) on 
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the median date of sampling (May 25th). With this definition of retention, model 

results could be directly compared with observed recruitment from the RREAS. 

Modeled recruitment was defined as the proportion of individuals who 

survived and were retained within the RREAS survey (Figure 5) on the median date 

of sampling. Similarly, using the survey area at the time of sampling to define 

recruitment, modeled and observed recruitment could be directly compared.    

Timing and Magnitude of Observed Recruitment 

Back-calculation of pelagic juvenile Shortbelly birthdates from otolith 

microstructure analysis have been described in detail in Chapter 1 and Chapter 2. 

Here I binned birthdates of surviving juveniles corresponding to an equal number of 

days preceding and following each model simulation start date (1st and 15th day of 

January-April). The proportion of total fish born within a particular bin was defined 

as the timing and magnitude of observed recruitment and was used for intra-annual 

comparison with starvation mortality, retention, and modeled recruitment indices.    

Analysis 

Three sets of statistical analyses were conducted on the CBP-IBM output to 

understand whether ENSO modulates the relative influence of food web-dependent 

and transport-dependent drivers of Shortbelly rockfish recruitment variability. The 

first analysis employed a linear mixed effects model to determine if the annual mean 

starvation mortality, retention, or modeled recruitment differed across ENSO events 

(two El Niños and two La Niñas). The ‘lmer’ function from the ‘lmtest’ package 
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(v0.9.40) in the R Programming Language (v4.2.0) was used to fit the linear mixed 

effects model. Either starvation mortality, retention, or modeled recruitment were the 

response variable and ENSO category (El Niño and La Niña as factors) was included 

as a fixed effect with year as a random variable. P-value’s less than 0.05 were 

considered statistically significant. Additionally, a pairwise Student’s t-test was used 

to determine differences between ungrouped years, and to account for multiple 

comparisons, used a threshold p-value of 0.001 to infer significance.  

The second analysis looked at subannual starvation mortality, retention, and 

modeled recruitment over the different modeled start times within a year relative to 

the timing and magnitude of observed recruitment indicated by birthdate frequencies 

of surviving pelagic juveniles. Spearman rank correlation coefficients were conducted 

on the association of the timing and magnitude of observed recruitment and 

subannual starvation mortality, retention, and recruitment from the model. P-values 

less than 0.05 were considered statistically significant.  

The third analysis quantified the relative effect of subannual starvation 

mortality and retention on modeled recruitment. Six separate multiple linear 

regression models (one for each of the four ENSO events, and two for combined 

ENSO events) were employed with modeled recruitment as the response variable, and 

starvation mortality and retention as the predictor variables. Standardized coefficients 

of predictors were used to quantify the relative effect of starvation and retention on 

modeled recruitment. P-values less than 0.05 were considered significant.  

Results 
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ENSO Impacts on Biophysical Conditions 

1989 and 1999 were selected as the two strongest La Niña events (< -1.5 ONI) 

and 1992 and 1998 were the two strongest El Niño events (>1.5 ONI) over the period 

of the full CBP-IBM simulation (1988-2010) according to the ONI index 

(https://origin.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ONI_v5.ph

p).  

Biophysical oceanographic conditions experienced by individuals (“realized 

conditions”) along drift trajectories varied greatly between El Niño (1992 and 1999) 

and La Niña (1989 and 1999) events (Figure 6). Individuals experienced less offshore 

advection (less negative zonal velocity) in the two El Niño years and one of the two 

La Niña years (1989) compared to 1999 (Figure 6A). Meridional velocities (north-

south component) experienced by individuals were similar for both El Niño years and 

in 1999, but meridional velocities differed considerably in 1989 with more northward 

flow (positive meridional velocity) (Figure 6B).  

In general, temperatures were cooler (warmer) and zooplankton 

concentrations were higher (lower) for the two La Niña (El Niño) years (Figure 6C-

F). The contrasting temperatures and zooplankton concentrations across ENSO years 

caused differential metabolic costs, consumption rates, and subsequent growth rates 

(Figures 7-9). Respiration was near the long-term average (1988-2010) during La 

Niña events but was very high during El Niño events (Figure 7). Increased metabolic 

loss during El Niño and not La Niña events reflects the elevated temperatures 

experienced by ELS during El Niño events whereas temperatures were relatively 
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closer to the long-term average during La Niña events (Figure 6C). Proportional 

consumption, on average, was anomalously high in La Niña years and low in El Niño 

years, however, life-stage specific differences were evident within a given year 

(Figure 8). In 1989, consumption was near the long-term average for preflexion (stage 

1; Figure 8A) and flexion larvae (stage 2; Figure 8B) but was slightly above average 

for postflexion (stage 3; Figure 8C) and the pelagic juvenile stage (stage 4; Figure 

8D). For the two El Niño years, consumption was low for all stages (Figure 8A-D) 

except for pelagic juveniles which had a relatively average consumption rate in 1992 

(Figure 8D). During the 1999 La Niña, individuals were consistently feeding above 

average for all life stages (Figure 8A-D). The interactive effect of respiration and 

consumption led to differential growth rates across ENSO years (Figure 9). Growth 

rate during all life stages was anomalously low during El Niño events, except for 

pelagic juveniles in 1992 who grew anomalously fast (Figure 9A-D). In contrast, 

growth was fast during La Niña events, but more so in 1999 relative to 1989 (Figure 

9A-D).  

ENSO Effects on Cohort-level Modeled Starvation Morality, Retention and 

Recruitment 

The interplay between respiration, consumption, and growth determined 

cumulative starvation mortality of a cohort. Mean cumulative starvation mortality 

over preflexion, flexion, and postflexion larval stages and the pelagic juvenile stage 

was 21% in 1989, 98% in 1992, 86% in 1998, and 15% in 1999 (Figure 10A). El 

Niño (La Niña) had a strong, positive (negative) effect on starvation mortality 
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(F(2,30) = 123.85; p < 0.001; Figure 10A). However, ENSO did not have a significant 

effect on mean cohort-level retention (F(2,30) = 0.12; p = 0.45; Figure 10B). This was 

due to 1989 having relatively high retention (33.7%) compared to 1999 (8.2%), and 

the high retention in 1989 was more comparable to El Niño events (1992 (33.6%) and 

1998 (32%)). Retention in 1999, however, was significantly lower compared to all 

other years (F(3,28) = 10.68; p < 0.01).  

Annual mean starvation mortality and retention interacted to determine 

modeled annual recruitment (Figure 10C), however, modeled recruitment was not 

related to ENSO (F(2,30) = 0.41; p = 0.59). This was primarily because modeled 

recruitment was high in 1989 and low in 1999. The high recruitment in 1989 was due 

to the combination of low starvation mortality and high retention (Figure 10A-C). In 

contrast, recruitment was low in 1999 despite starvation mortality being the lowest 

over the four-year comparative period (Figure 10A&C). This was because retention 

near the coast and within the RREAS survey area was also the lowest over the four-

period (Figure 10B) as well as the full simulation period (not shown). In summary, 

ENSO, when grouped across years, can significantly explain mean starvation 

mortality for an entire cohort, but not retention or modeled recruitment.   

ENSO Effects on Subcohort-level Starvation Mortality, Retention, and Modeled and 

Empirical Recruitment 

Effects of ENSO on subcohort-level starvation mortality, retention, and 

recruitment within a year were qualitatively apparent (Fig. 12). El Niño events 

coincided with high cumulative starvation mortality (~90-100%) for fish born early in 
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the reproductive window (January-March; Figure 11B-C). In contrast, there was no 

discernable pattern in subcohort-level starvation in 1989 (La Niña) but rather 

mortality was consistently low (15-30%) for fish born throughout the reproductive 

season (Figure 11A). Cumulative starvation mortality in 1999 (La Niña) was very low 

(<10%) throughout the reproductive season until mortality levels increased (~30-

60%) for fish that were born in April (Figure 11D). There was little qualitative effect 

of ENSO on subcohort-level retention (Figure 11E-H), however, retention did slightly 

increase for later reproductive bouts in 1999 (Figure 11H). Higher modeled 

recruitment occurred for fish born later in 1992, 1998, and 1999 while recruitment in 

1989 was relatively constant, albeit with slightly reduced recruitment in January 

(Figure 11I-L). Observed recruitment was spread over the reproductive period in 

1989 as indicated by back-calculated birthdate frequency of surviving juvenile 

Shortbelly caught in the RREAS (Figure 11M). In contrast, observed recruitment 

came from fish that were born later in the reproductive season (late March-April), 

during the two ENSO years (Figure 11N-O), and fish that recruited in 1999 were born 

in mid-February through April.  

Quantitatively, the timing and magnitude of cumulative starvation mortality 

was negatively associated with the timing and magnitude of observed recruitment 

from the RREAS for both El Niño years combined (ρ = -0.67; p-value = 0.002) and 

individually for 1992 (ρ = -0.67; p-value = 0.0343) and 1998 (ρ = -0.80; p-value = 

0.009) (Table 1). The timing and magnitude of retention was not related to observed 

recruitment in either El Niño years, nor when the two years were combined (Table 1). 
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Modeled recruitment was positively associated with the timing and magnitude of 

observed recruitment during El Niño years and starvation mortality had a larger effect 

on the modeled recruitment signal than did retention (Table 2).  

The association between modeled starvation mortality, retention, and modeled 

recruitment with observed recruitment were more nuanced during La Niña events 

compared to El Niño events (Table 1). None of the modeled indicators were 

associated with observed recruitment in 1989 (Table 1). For 1999, neither starvation 

nor retention alone were sufficient to explain observed recruitment, but modeled 

recruitment, which combines survival (1-starvation mortality) with retention, was 

positively associated with observed recruitment (ρ = 0.66; p-value = 0.038; Table 1). 

A similar result can be shown when the two La Niña events were combined; 

starvation mortality and retention were unrelated to observed recruitment, but 

modeled recruitment was significantly, and positively, associated with observed 

recruitment (ρ = 0.48; p-value = 0.028). Taken together, modeled recruitment was 

positively associated with observed recruitment (excluding 1989), and retention had a 

larger effect on modeled recruitment than did starvation mortality during La Niña 

years (Table 2).  

Discussion 

The objective of this study was to test the hypothesis that mechanisms of 

recruitment variability are context-dependent with a numerical model grounded in 

first principles (i.e., physiology and physics) and fisheries-independent data. The 

CBP-IBM revealed that the effects of food web-dependent processes on recruitment 
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strength are more pronounced during El Niño events as demonstrated by the strong 

association between starvation mortality and observed recruitment. In contrast, the 

effects of transport-dependent processes on observed recruitment were mediated by 

retention through modeled recruitment during La Niña events, rather than retention 

alone being directly related to observed recruitment. These results suggest that at least 

for the current version of the CBP-IBM, mechanisms of Shortbelly rockfish 

recruitment variability are more apparent for weak recruitment years (El Niño events) 

compared to strong recruitment years (La Niña events). The propensity to 

characterize drivers of poor recruitment more easily is consistent with a recent study 

that showed more skill in forecasting poor recruitment because it required only one 

predictor variable to be extreme rather than good recruitment requiring all biophysical 

predictors to align (Gross et al., 2022). Nevertheless, the results support the 

hypothesis that Shortbelly recruitment variability is differentially driven by food web- 

and transport-dependent processes amongst a backdrop of contrasting environmental 

conditions (i.e., ENSO). 

Over the duration of the full CBP-IBM (1988-2010), 1989 and 1999 were two 

of the largest year classes on record for Shortbelly rockfish, as indicated by pre-

recruitment indices from the RREAS and realized recruitment from age-structured 

stock assessments (Chapter 2; Ralston et al., 2013). However, for 1999, the signal of 

the large year class was not detected in the RREAS (Ralston et al., 2013) and this 

study suggests that strong offshore transport of ELS rockfish throughout their pelagic 

larval and juvenile duration left propagules outside of the survey area (indexed by 
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low retention) at the time of sampling. The timing of parturition for fish that did not 

starve and were within the survey area at the time of sampling (i.e., modeled 

recruitment) closely matched the timing and magnitude of observed recruitment, as 

indicated by birthdate frequency distributions. Given the sequence of events revealed 

by the model, why then was realized recruitment from stock assessment so high in 

1999 but not detected in the survey? The model suggested a reduced metabolic cost 

because of the existence of cooler water temperatures as well as elevated 

consumption rates due to increased prey availability which resulted in a large 

proportion of modeled fish being in good condition (large weight-to-length ratio). 

While not directly explored here, good body condition could have provided pelagic 

juveniles with the energy reserves to offset strong offshore Ekman transport through 

directed swimming towards shore (Bjorkstedt, unpublished). Alternatively, settlement 

to nearshore nursery grounds could have occurred earlier in the year because fish 

would have reached settlement size at an earlier age as result of their fast growth. 

This latter possibility was not directly assessed in this study because settlement-at-

size was not included as an agent of recruitment, though this would be a useful 

scenario to explore in future iterations of the model. However, care would need to be 

taken when comparing the modeled results to observed recruitment which does not 

take into account settlement-at-size. 

Interestingly, despite 1989 being a strong La Niña year, retention was high 

along with the expected low starvation mortality. In the context of the CBP-IBM, this 

resulted in high modeled recruitment, and retention contributed disproportionately to 
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modeled recruitment. However, the timing and magnitude of modeled recruitment 

was not associated with the timing and magnitude of observed recruitment. Despite a 

lack of correlation between modeled and observed recruitment, 1989 was the second 

largest year class over the 1988-2010 observed recruitment record (Chapter 2) and 

this is consistent with the high recruitment predicted by the model. While elucidating 

the physical basis of advection being advantageous for retention during 1989 was 

outside the scope of this study (e.g., frontogenesis), it is worth noting that the 1989 La 

Niña event occurred at a time when the Pacific Decadal Oscillation (PDO; Mantua et 

al., 1997) had been in a positive state since 1977 (Hare and Mantua, 2002). Since the 

manifestation of the PDO on the physical oceanography of the CCS is similar to 

ENSO (Jacox et al., 2014), but operating with a periodicity of 40-76 years instead of 

3-7 years, respectively, it is possible that the opposing signs of the two dominant 

modes of interannual variability for the CCS during the time period of this study 

could have had canceling effects which lead to increased retention of ELS rockfish. 

Indeed, upwelling in the central CCS is strongly negatively correlated with ENSO 

and the PDO (Jacox et al., 2014), and if the two modes of variability are out of phase 

with each other like they were in 1989, then upwelling should have been close to the 

long-term average and recruitment would not be limited by retention. This is in fact 

what the CBP-IBM suggests; zonal velocities (east-west component) experienced by 

individuals along their drift routes were close to the 1988-2010 average. Importantly, 

the modeled recruitment signal in 1989 was still more strongly influenced by 

retention than starvation whereas starvation had a larger effect on modeled 

recruitment for both El Niño years. Importantly, the PDO and ENSO were in phase 
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with each other during the 1992 and 1998 El Niño events, as well as during the 1999 

La Niña event, which likely explains why the timing and magnitude of modeled 

recruitment in these years had a stronger association with starvation mortality and 

retention, respectively.  

This study emphasizes the difficulty of elucidating recruitment mechanisms 

and underscores why they have challenged fisheries oceanographers for over a 

century by highlighting that biophysical mechanisms can alternate in importance 

depending on the physical state of the system (i.e., ENSO), and at times confounded 

by multiple scales of variability operating against each other (e.g., PDO and ENSO). 

It is now acknowledged in fisheries oceanography that multiple hypotheses of 

recruitment should be tested but comparing and linking multiple hypotheses together 

in a context dependent fashion is difficult and seldom done (Hare, 2014). This is 

partially because most studies of recruitment mechanisms use correlative analyses 

that relate the full record of a time series to a suite of environmental indicators that 

are a proxy for a more biologically realistic process that affects the strength of 

recruitment. For example, temperature has been used in the management of Pacific 

sardine (Sardinops sagax) in the CCS as a proxy for the physical-biological 

interactions that drive recruitment fluctuations (Jacobson and MacCall, 1995; 

Lindegren and Checkley, 2013) despite the recognition that the mechanisms 

controlling the fluctuations are more complicated (Rykaczewski and Checkley, 2008; 

Lindegren et al., 2013; Fiechter et al., 2015; Politikos et al., 2018). Furthermore, 

correlative analyses of environment-recruitment relationships are prone to break 
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down over time due to spurious correlations (Meyers et al., 1998; McClatchie et al., 

2010; Zwolinski and Demer, 2019) or be susceptible to non-stationary relationships 

between climate and biological time series (Litzow et al., 2020). For example, the 

importance of the PDO has waned in recent years while the contribution of the North 

Pacific Gyre Oscillation (NPGO; Di Lorenzo et al., 2008) has increased (Litzow et 

al., 2020). Nonstationarity of basin climate indices, if not accounted for in regression 

models, led to a longstanding temperature-salmon production and PDO-salmon 

production relationship declining to 0 (Litzow et al., 2020). Even if nonstationary 

relationships are accounted for in correlative studies, they still typically rely on 

proxies for more complicated physical-biological interactions (e.g., PDO, NPGO, and 

ENSO). In what is now a classic review of fish recruitment hypotheses, Houde (2008) 

acknowledged that it is likely that fish recruitment is determined by multiple 

mechanisms, and different mechanisms are likely to be important at different times 

depending on conditions. I show here based on simulations from a CBP-IBM for 

Shortbelly that starvation mortality and retention are important for recruitment and 

their relative contribution to recruitment is dependent on the physical state of the 

system (i.e., context dependent).  

Another reason that context dependency of recruitment drivers is often not 

explored is because developing IBMs for the ELS of marine fishes to mechanistically 

test hypotheses is a time consuming and data intensive endeavor that requires careful 

assessment of parameter and model structure uncertainty through sensitivity and 

scenario testing (Chapter 1). For this reason, they are not as commonly used 
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compared to other process-based modeling approaches (e.g., models of intermediate 

complexity; Collie et al., 2014), despite the potential for IBMs to tell us why most 

larvae in the ocean die (Peck and Hufnagl, 2012). Typically, IBMs rely on modeling 

one fish species in great detail, and with this increased realism comes increased 

uncertainty (Collie et al., 2014).  

Despite the CBP-IBM used here being relatively complex, I still took many 

simplifying assumptions that are worth discussing. First, the Lagrangian particle 

tracking model was a 1st order Euler integration scheme which is relatively simple 

and computationally efficient compared to more advanced methods like a 4th order 

Runge-Kutta integration scheme. Increasing the complexity of the particle tracking 

algorithm however would improve the precision of particle trajectories rather than 

promote more bias (Press, 2007) and this method should be used in future iterations 

of the Shortbelly CBP-IBM. Second, I assumed that ELS dispersal was passive (no 

directed swimming) and depth-invariant (so that model output could be directly 

compared with observational data). While Ross and Larson (2003) show that the peak 

abundance for Shortbelly was at 30m, there was still considerable biomass above and 

below this depth. Ekman velocities also decrease and change in orientation with depth 

(Talley, 2011) and several studies have shown the implications of vertical shear on 

larval dispersal using ocean circulation models in the CCS (e.g., Petersen et al., 

2010). A future direction of this model could implement multiple depths, or even 

allow for physically- or biologically induced depth migrations based on  an 

optimization routine that maximizes growth as function of depth, bounded by the full 



137 
 

depth range of larvae and pelagic juveniles (Humston et al., 2000; 2004). Third, 

reproduction was spatially invariant because the spawning module was based on the 

distribution of very young larvae in central California, which was assumed fixed 

across years (Ralston et al., 2003). Improved monitoring of gravid (pregnant) female 

Shortbelly would aid in determining if, and to what extent, reproduction was spatially 

dynamic. Furthermore, Shortbelly are also quite abundant in the Southern California 

Bight (Field et al., 2007) and I did not account for any source-sink dynamics between 

the central and southern CCS population. Finally, maternal effects are known to 

influence the condition and survival of rockfish larvae (Sogard et al., 2008; Fennie et 

al., 2023b), yet this was also ignored in this study. Improved understanding of these 

factors, albeit through field or laboratory experiments, would increase the ecological 

realism of the CBP-IBM and possibly have implications for the relative importance of 

food web- and transport-dependent processes on Shortbelly recruitment.  

The RREAS is a unique program because it is one of the few fisheries-

independent surveys that directly estimates recruitment of commercially important 

fish species and includes the data directly into stock assessments to derive harvest 

control rules for sustainable fisheries management (Field et al., 2021). While 

Shortbelly are not of commercial importance, they are a significant component of the 

ecosystem, comprising a large proportion of the diets of many seabirds, marine 

mammals and piscivorous fishes (Thayer et al., 2014; Warzybok et al., 2018; Lowry 

et al., 2022). Using an unfished species also allows for a more direct examination of 

the recruitment dynamics independent of a human-induced mortality signal. Taking a 
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similar approach to a fished species could help disentangle climate and fishing 

impacts on a stock (Essington et al., 2015) The model presented here is parameterized 

to represent Shortbelly but the recruitment dynamics of many species of rockfish are 

strongly correlated with each other which suggests that factors that control 

recruitment of rockfish in the central CCS operate similarly across species (Ralston et 

al., 2013; Schroeder et al., 2019). Therefore, the mechanisms identified to be 

important for the recruitment of Shortbelly could be extended to other species of 

rockfish. Because of the slow growing and late to mature life history of most 

commercially important rockfish species (Love et al., 2002) the survey-derived 

recruitment indices are quite informative in stock assessments (Field et al., 

unpublished). For example, Chilipepper rockfish (Sebastes goodei) recruit to the 

fishery around 4-5 years of age, and given the large recruitment event that occurred in 

1999 that was not detected in the survey, projected adult biomass of Chillipepper 

rockfish in 2004 was severely underestimated which meant that groundfish fisheries 

had maximum sustainable yield quotas that were significantly lower than they should 

have been (Field et al., 2015). A model such as the one presented here could be 

extended to include more recent years (e.g., 2018-2019 at the time of writing) and 

compared with recruitment from RREAS to adjust any bias in the adult biomass 

projections (e.g., 2023). Similarly, IBMs, when coupled to downscaled climate 

projections (Pozo-Buil et al., 2021), can be used to assess long term recruitment 

impacts resulting from climate change (Fiechter et al., 2021). Such applications 

would be a significant improvement to fisheries management and to ecosystem-based 
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fisheries management given the ecological role of Shortbelly rockfish and 

commercial importance of other rockfish species.  
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Tables and Figures 

Table 1. Spearman rank correlation coefficients (ρ) evaluating the association 

between subcohort-level cumulative starvation mortality, retention, and modeled 

recruitment on the observed timing and magnitude of recruitment from the Rockfish 

Recruitment and Ecosystem Assessment Survey (RREAS). Significant correlations 

are indicated in bold and defined by p-value < 0.05. 

ENSO 
Category Year(s) Process ρ p-val 

El Niño 
(Combined) 

1992           
&            
1998 

Starvation -0.67 0.002 

Retention 0.18 0.258 

Recruitment 0.67 0.002 

La Niña 
(Combined) 

1989           
&                        
1999 

Starvation 0.25 0.83 

Retention 0.26 0.16 

Recruitment 0.48 0.028 

La Niña 1989 

Starvation 0.02 0.52 

Retention 0.00 0.72 

Recruitment 0.25 0.274 

El Niño 1992 

Starvation -0.67 0.0343 

Retention 0.08 0.427 

Recruitment 0.67 0.034 

El Niño 1998 

Starvation -0.80 0.009 

Retention 0.44 0.14 

Recruitment 0.81 0.007 

La Niña 1999 

Starvation -0.15 0.36 

Retention 0.22 0.3 

Recruitment 0.66 0.038 
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Table 2. Multiple linear regression results showing the effect of subcohort-level 

cumulative starvation mortality and retention (predictors) on modeled recruitment 

(response). The predictor with the higher absolute effect size is indicated in bold.   

ENSO 
Category Year(s) Response Predictor 

Standardized 
Coefficient 
(β) 

p-value R2 

El Niño 

(Combined) 

1992         
&         
1998 

Modeled 
Recruitment  

Starvation -0.84 < 0.001 0.93 

Retention 0.27 0.0035 

La Niña 

(Combined) 

1989         
&         
1999 

Modeled 
Recruitment  

Starvation -0.049 0.66 
0.867 

Retention 0.95 < 
0.0001 

La Niña 1989 Modeled 
Recruitment  

Starvation -0.56 0.052 0.81 
Retention 1.01 0.007 

El Niño 1992 Modeled 
Recruitment  

Starvation -0.99 < 0.001 0.97 
Retention -0.019 0.822 

El Niño 1998 Modeled 
Recruitment  

Starvation -0.67 <0.001 0.82 
Retention 0.47 0.002 

La Niña 1999 Modeled 
Recruitment  

Starvation 0.25 0.38 0.82 
Retention 0.72 0.039 
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Figure 1.  Hypotheses of recruitment variability categorized by food web-dependent 

(green) and transport-dependent (blue) mechanisms. The “Critical Period Hypothesis” 

and the “Aberrant Drift Hypothesis” (Hjort, 1914) and their extensions: “Match-

Mismatch” (Cushing 1969; 1990), “Stable Ocean” (Lasker, 1975; 1978); “Optimal 

Environmental Window” (Cury and Roy, 1989); “Migration Triangle” (Harden-Jones, 

1968); and “Member/Vagrant” (Sinclair, 1988). Note: the “Optimal Environmental 

Window” appears on both sides.  



143 
 

 

Figure 2. Schematic of model structure for the coupled biophysical individual-based 

model (CBP-IBM) showing the four separate models (Model 1 and 2 = ROMS-

NEMUCSC (yellow); Model 3 = Energy Acquisition, Energy Losses, Growth, and 

Starvation Mortality Size Threshold (green, peach, light blue); Model 4 = Transport 

Model (Lagrangian Particle Tracking Model; dark blue)). The IBM (somatic growth 

model for an individual fish) is imbedded within ROMS-NEMUCSC (offline) and 

coupled to a Lagrangian particle tracking algorithm (also offline). Simulations report 

daily values of state variables: location, temperature (T), prey concentration (‘prey 
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conc.’), consumption (C; parameters are half saturation coefficients (‘half sat.’) and 

prey vulnerability (Chapter 1)), metabolism, excretion (U), egestion (F), specific 

dynamic action (cost of digestion; SDA), and growth in weight (‘body size’). 

Starvation mortality (MS) is determined as a function of size-at-age. If an individual 

does not starve on a given day, then the Lagrangian particle tracking algorithm 

updates the individual’s location and the IBM calculation repeat. Note: ‘active 

dispersal’ was not implemented in this chapter. This figure was adapted from Peck 

and Hufnagl (2012).  
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Figure 3. Map showing the spatial distribution of very young (0-2 d) Shortbelly 

rockfish larvae used as a proxy for the spatial reproduction patterns to inform the 

parturition module. The size of the circles is proportionate to catch. This map was 

originally published in Ralston et al., 2003.  
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Figure 4. Spatial distribution of reproduction in the parturition module that seeds 

preflexion larvae into the domain of the CBP-IBM. The number of grid cells released 

in each spawning region are shown on map. 507 ROMS grid cells are implemented 

over the five spawning regions (region 1(red dots)  = 195 grid cells; region 2 (green 

dots) = 154 grid cells; region 3 (dark blue dots) = 55 grid cells; region 4 (light blue 

dots) = 85 grid cells; region 5 (violet dots) = 18 grid cells). 
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Figure 5. Map showing the location of the Rockfish Recruitment and Ecosystem 

Assessment Survey midwater trawl location (circles) bounded by the region of 

‘retention’ (red). Two submarine canyons important for both reproduction and 

recruitment of Shortbelly rockfish (blue triangles); Pioneer Canyon (PC) and 

Ascension Canyon (AC). The Gulf of Farallones (GoF), which is a large breeding 

ground for seabirds that feed on pelagic juvenile Shortbelly (blue triangle). 200m and 

2,000m isobaths are shown to denote the shelf-break (~200m) and the shelf slope 
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(~200-2,000m). Notable coastal promontories are shown; Point Reyes (PR), Point 

Año Nuevo (PAN), and Point Sur (PS).  

 

Figure 6. Biophysical conditions experienced by individuals across two La Niña 

years (blue) and two El Niño years (red).  
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Figure 7. Mass-specific respiration standardized anomalies (relative to 1988-2010) 

across La Niña (blue) and El Niño (red) years.  
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Figure 8. Life stage-specific proportional consumption standardized anomalies 

(relative to 1988-2010) across La Niña (blue) and El Niño (red) years. Stage 1 = 

preflexion larvae; Stage 2 = flexion larvae; Stage 3 = postflexion larvae; Stage 4 = 

pelagic juvenile. 
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Figure 9. Ontogenetic mass-specific growth standardized anomalies (relative to 

1988-2010) across La Niña (blue) and El Niño (red) years.  Stage 1 = preflexion 

larvae; Stage 2 = flexion larvae; Stage 3 = postflexion larvae; Stage 4 = pelagic 

juvenile. 
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Figure 10. Modeled (A) starvation mortality, (B) retention, and (C) recruitment for 

each of the 8 reproductive bouts during La Niña (blue) and El Niño (red) years. All 

years are shown for comparison (1988-2010; grey). 
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Figure 11. Cohort-level (A-D) starvation mortality, (E-H) retention, (I-L) modeled 

recruitment, and (M-P) observed recruitment from the Rockfish Recruitment and 

Ecosystem Assessment Survey (RREAS) across La Niña (blue) and El Niño (red) 

years.  
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Conclusion 

One of the biggest challenges in marine fisheries management is 

understanding recruitment variability. Beginning with the seminal work of Johan 

Hjort (1914), two separate classes of mechanisms are hypothesized to control 

recruitment strength. While several extensions of Hjort’s hypotheses have been made, 

food web- and transport-dependent mechanisms are still believed to be the underlying 

drivers of year-to-year changes in the strength of recruitment (Houde, 2016). The 

central tenant of food web-dependent mechanisms of recruitment variability is that 

the early life stages (ELS) of fish must find and acquire food in sufficient quantity to 

outgrow the highly vulnerable larval stages or else poor body condition will result in 

starvation or increased risk of predation. The central tenant of transport-dependent 

mechanisms of recruitment variability is that ocean currents can disperse larvae to 

habitat that is either favorable or unfavorable for growth, and for fish with a bipartite 

life cycle, ocean currents must also facilitate transport to suitable nursery habitat or 

settlement sites. Since production at the base of pelagic food webs in the marine 

environment and larval dispersal is determined by physical oceanographic processes 

(e.g., the delivery of nutrients to the sunlit waters), the two hypothesized mechanisms 

of recruitment variability must inherently consider physical environmental variability 

over multiple spatial and temporal scales. 

Climate change will have many interactive effects on the physical 

environment such as increased water temperatures, increased stratification, shoaling 

oxygen minimum zones, ocean acidification, and rising sea levels which will directly 
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impact marine organisms through physiological responses and redistributions and 

indirectly through changes in species interactions and population connectivity (Doney 

et al., 2012). Therefore, better understanding the environmental drivers of recruitment 

variability will allow resource managers to make more informed decisions and be 

situated to for climate-ready fisheries management. This is particularly true for the 

California Current System (CCS) which supports numerous commercially important 

fisheries and many threatened marine seabirds and mammals that require healthy 

populations of fish to feed on. While the exact fate of the CCS is still uncertain, 

recent advances in numerical modeling have increased the spatial resolution of 

projected changes to the physical and chemical environment to better resolve 

mescoscale processes important to the ELS of marine fishes (Pozo Buil et al., 2021), 

and when coupled to biological models, climate impacts will undoubtedly lead to 

changes in fish distribution and population productivity (Smith et al., 2023).    

In this dissertation I sought to better understand the biophysical factors that 

determine recruitment variability for an ecologically important marine fish species in 

the California Current System (CCS), the Shortbelly Rockfish (Sebastes jordani). 

Recognizing the importance of somatic growth to recruitment, and that growth 

integrates environmental conditions across multiple ELS’s that can differentially 

influence the overall magnitude of recruitment, I developed a highly resolved 

ontogenetic bioenergetics model for ELS Shortbelly that allows for growth rate to 

vary in response to changing temperature and prey availability (Chapter 1). This 

model, when coupled to a highly resolved physical-biogeochemical model of the CCS 
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was able to reproduce observed growth with high precision over multiple pre-

recruitment life stages. As a proof of concept, the model was applied in a spatial 

context, under a historical climatological forcing scenario, and produced a highly 

heterogenous spatial pattern of growth potential for the earliest larval stage that 

indicated Shortbelly reproduce where larval growth will be maximized. This was a 

compelling result in that in provides evidence that on average, fish reproduction is an 

adaptive strategy that places young (preflexion) larvae in habitat that is suitable for 

rapid growth to quickly exit the highly vulnerable preflexion stage. Interestingly, 

intermediate larval stages (postflexion), on average, experienced rapid growth over a 

broad homogenous area, indicating that multiple larval dispersal pathways can result 

in sufficient growth potential and possibly promote survival. Finally, spatial patterns 

of growth potential for the pelagic juvenile stage were closely associated with the 

distribution and abundance of pelagic juvenile Shortbelly from a fisheries-

independent survey, suggesting pelagic juvenile Shortbelly aggregate in areas suitable 

for faster growth.  

To understand how interannual variability of ocean conditions affects growth, 

and how growth rate variability relates to Shortbelly recruitment, I expanded the 

baseline bioenergetics model from Chapter 1 to include temporal variability of 

temperature and prey availability by performing spatial simulations of growth 

potential over the period 1988-2010 in Chapter 2. Hotspots of spatiotemporal growth 

potential (spatial regions of elevated growth) was able to explain a large proportion of 

observed Shortbelly recruitment variance (78.6%). An interesting result of this 
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analysis was that no single life stage could explain recruitment alone, but rather 

growth potential across all life stages cumulatively explained recruitment, and that 

relationship between growth and recruitment was life stage specific. These results 

illuminated the importance of food web-dependent processes on the strength of 

recruitment, in line with the growth-survival hypothesis (Robert et al., 2023), but did 

not seek to incorporate transport-dependent mechanisms of recruitment.  

In Chapter 3 I coupled a larval dispersal model to the bioenergetics growth 

model to better resolve the relative influence of food web- and transport-dependent 

processes on determining recruitment strength. Here I hypothesized that the relative 

importance of the two mechanisms should depend on background environmental 

conditions, which is to say that there should be context-dependency. The El Niño 

Southern Oscillation (ENSO) modulates upwelling dynamics, and in turn influences 

temperature and primary and secondary production in the CCS. Under contrasting 

environmental conditions (El Niño vs. La Niña), I predicted that food web-dependent 

mechanisms (i.e., starvation) should dominate during an El Niño year when upwelling 

is weakened, and prey availability is reduced. In contrast, I predicted that transport-

dependent mechanisms (i.e., retention near the coast) should dominate over starvation 

during a La Niña year when upwelling is intensified (i.e., more offshore transport), 

and prey availability is high. The results of this chapter support the general hypothesis 

that mechanisms of recruitment variability are context dependent, and more 

specifically, that recruitment will be limited by food web-dependent processes during 

low productivity regimes and transport-dependent processes will limit recruitment 
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during high productivity regimes. These results partially highlight why elucidating 

mechanisms of recruitment variability can be challenging if researchers do not 

account for changing ecological interactions under differing environmental 

conditions.  

Taken together, this dissertation developed and employed a mechanistic 

ecosystem modeling approach, grounded in first principles (i.e., physics and 

physiology) to elucidate the factors important for the recruitment of an ecologically 

important fish species of the CCS. In doing so, this dissertation assumed bottom-up 

drivers are the controlling mechanisms of recruitment fluctuations and did not 

account for top-down controls on recruitment strength. Recognizing that Shortbelly 

are a key component of the forage community in the CCS, next steps could include 

adding predation mortality as a module with the ecosystem model to understand the 

role of top-down influences on recruitment strength and to assess the influence of 

Shortbelly on higher trophic level population dynamics and foraging behavior. In 

addition, since the mechanisms controlling Shortbelly productivity are believed to be 

similar other commercially important rockfish species (Ralston et al., 2013), the 

modeling framework presented here can easily be adapted to other species to aid in 

improving fisheries management. Finally, the modeling framework for Shortbelly can 

be extended to understand the influence of climate change on population dynamics as 

new regional forecasting products become available (e.g., Pozo Buil et al., 2021).   
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