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A B S T R A C T   

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 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 imper-
fect 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 so-
matic 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) tem-
perature (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 
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Farrel 2008). 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 mecha-
nistic 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 amalgam-
ation 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 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 con-
sumption 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, mea-
surements 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 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 onto-
genetic 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 impor-
tance. 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 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 as-
sessments (PFMC https://www.pcouncil.org/). There is now a substan-
tial 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, 2001; 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 tempera-
ture, prey abundance and growth of ELS rockfishes. 

Here we develop a novel ELS bioenergetics model that accounts for 
changes in growth rate (i.e., stanzas) across three larval stages (pre-
flexion, 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 tem-
perature 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 lo-
cations 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 parameteri-
zations given sufficient ecological data. Further, the model can be 
extended for use in Lagrangian individual-based models to better un-
derstand the influence of biophysical interactions on within-ELS growth 
differences and to evaluate mechanisms of recruitment, the ‘holy grail’ 
of fisheries oceanography. 
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2. Methods 

2.1. Coupled Physical-Biogeochemical Historical Simulation 

Temperature and food availability are required inputs to bio-
energetically 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 capa-
bility 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 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; Fig. 1) to calibrate simulated growth trajectories of ELS 
rockfish with empirical growth from the same area (see 2.4 Simula-
tions). 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 ac-

tion, 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: 

dW
dt

= [C − (R+ SDA+EG+EX)]⋅W⋅
EDzoopl

EDfish
(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 costs to digestion, EG is egestion, EX is 
excretion, EDfish is the energy density of ELS rockfish (Joules ⋅ g fish− 1), 
and EDzoopl 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 
(EDzoopl) relative to the energy density of fish (EDfish), 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: 

Cmax = aC⋅WbC ⋅FC(T) (2)  

where Cmax is maximum consumption rate (g prey ⋅ g fish− 1 ⋅ d− 1), aC is 
the intercept for the allometric mass function, W is the wet weight (g) of 
ELS rockfish, bC is the allometric slope, T is temperature, and FC(T) 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 aC and bC 
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. 

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 con-
sumption with increasing temperature (gcta) and the other a decrease in 

Fig. 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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consumption with increasing temperature (gctb; Ito et al., 2004). 

FC(T) = gcta⋅gctb, (3)  

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

gcta =
xk1⋅t4

(1 + xk1)⋅(t4 − 1)
, (4)  

t4 = et5⋅(T − te1), (5)  

t5 = tt5 ∗ ln
(

xk2⋅(1 − xk1)
xk1⋅(1 − xk2)

)

, (6)  

tt5 =
1

te2 − te1
, (7)  

and gctb is calculated as 

gctb =
xk4⋅t6

(1 + xk4)⋅(t6 − 1)
, (8)  

t6 = et7⋅(te4− T), (10)  

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    

υ11 Vulnerability of ZS to 
preflexion larvae 

- 1 Sumida & Moser 
1984 

υ12 Vulnerability of ZS to 
flexion larvae 

- 0.5 Sumida & Moser 
1984 

υ13 Vulnerability of ZS to 
postflexion larvae 

- 0.5 Sumida & Moser 
1984; Reilly 
et al., 1992 

υ14 Vulnerability of ZS to 
pelagic juveniles 

- 0.2 Reilly et al., 
1992 

υ21 Vulnerability of ZL to 
preflexion larvae 

- 0 Sumida & Moser 
1984 

υ22 Vulnerability of ZL to 
flexion larvae 

- 0.5 Sumida & Moser 
1984 

υ23 Vulnerability of ZL to 
postflexion larvae 

- 0.5 Sumida & Moser 
1984; Reilly 
et al., 1992 

υ24 Vulnerability of ZL to 
pelagic juveniles 

- 0.3 Reilly et al., 
1992 

υ31 Vulnerability of ZP to 
preflexion larvae 

- 0 Sumida & Moser 
1984 

υ32 Vulnerability of ZP to 
flexion larvae 

- 0 Sumida & Moser 
1984 

υ33 Vulnerability of ZP to 
postflexion larvae 

- 0 Sumida & Moser 
1984; Reilly 
et al., 1992 

υ34 Vulnerability of ZP to 
pelagic juveniles 

- 0.5 Reilly et al., 
1992 

Κ11 Half saturation 
constant for ZS to 
preflexion larvae 

g fish wet 
weight 
m− 3 

2 Calibrated 

Κ12 Half saturation 
constant for ZS to 
flexion larvae 

g fish wet 
weight 
m− 3 

1.5 Calibrated 

Κ13 Half saturation 
constant for ZS to 
postflexion larvae 

g fish wet 
weight 
m− 3 

0.5 Calibrated 

Κ14 Half saturation 
constant for ZS to 
pelagic juveniles 

g fish wet 
weight 
m− 3 

0.2 Calibrated 

Κ21 Half saturation 
constant for ZL to 
preflexion larvae 

g fish wet 
weight 
m− 3 

0 Calibrated 

Κ22 Half saturation 
constant for ZL to 
flexion larvae 

g fish wet 
weight 
m− 3 

1.4 Calibrated 

Κ23 Half saturation 
constant for ZL to 
postflexion larvae 

g fish wet 
weight 
m− 3 

0.5 Calibrated 

Κ24 Half saturation 
constant for ZL to 
pelagic juveniles 

g fish wet 
weight 
m− 3 

0.4 Calibrated 

Κ31 Half saturation 
constant for ZP to 
preflexion larvae 

g fish wet 
weight 
m− 3 

0 Calibrated  

Table 1 (continued ) 

Parameter Description Units Value Source 

Κ32 Half saturation 
constant for ZP to 
flexion larvae 

g fish wet 
weight 
m− 3 

0 Calibrated 

Κ33 Half saturation 
constant for ZP to 
postflexion larvae 

g fish wet 
weight 
m− 3 

0 Calibrated 

Κ34 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 

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    
EDzoopl Energy density of 

zooplankton 
J g prey− 1 2580 

Megrey et al., 
2007 

EDfish Energy density of 
rockfish 

J g fish− 1 4850 Spear, 1993; 
Warzybok et al., 
2018  
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t7 = tt7⋅ln
(

xk3⋅(1 − xk1)
xk4⋅(1 − xk3)

)

, (11)  

tt7 =
1

te4 − te3
. (12) 

This formulation requires four parameters for seawater temperatures 
(i.e. te1, te2, te3, and te4) and four percentages of maximum con-
sumption associated with each temperature (i.e. xk1, xk2, xk3, and xk4). 
Parameter te1 (te4) is the lower (higher) temperature at which tem-
perature dependence is a small fraction (xk1 or xk4) of the maximum 
rate. Parameter te2 (te3) describes the peak of the ascending 
(descending) limb, set at xk2 and xk3, and can be thought of as the lower 
(upper) bound of the optimal temperature for consumption. Detailed 
experimental investigations of the effects of temperature on consump-
tion of ELS rockfishes have not been conducted, therefore we assume 
that optimal thermal habitat occurs where ELS shortbelly rockfish 
(Sebastes jordani) are most commonly found in the central California 
Current. To that end, we plotted the frequency of positive catches of 
pelagic juvenile shortbelly relative to seawater temperature at 20-40m 
to find te2 and te3 in Equation 7 and 12, respectively (Figure S1). 
Pelagic juvenile data are from the Rockfish Recruitment and Ecosystem 
Assessment Survey (RREAS; see section 2.3). The lower (te1) and upper 
(te4) temperature thresholds were assumed to be 5◦C and 20◦C, which 
are generally outside the range of observed temperatures for the central 
CCS for the depth of ELS shortbelly rockfish (~30m; Moser and Boeh-
lert, 1991). 

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: 

Creli =
∑3

j=1
Crelij , (13)  

Crelij =
Cmax⋅PDijvij

Kij

1 +
∑3

k=1
PDikvik

Kik

, (14)  

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 pred-
atory 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 post-
flexion 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 (vik) 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 g N
mol N

⋅
1 g dry weight

0.07 g N dry weight
⋅

1 g wet weight
0.2 g dry weight

⋅
103l
m3

= 10− 6g prey wet weight m3. (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 experiments have been conducted on multi-
cellular 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 be-
tween 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 empir-
ical 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 
Respiration (R), or the rate of oxygen consumption during metabolic 

processes, is formulated in relation to body weight, seawater tempera-
ture, and activity due to swimming. The allometric function is given by: 

R = aR⋅WbR ⋅FR(T)⋅ACT⋅5.258 (16)  

where aR and bR are the intercept and slope of the allometric relation-
ship between resting respiration (g O2 ⋅ g fish− 1 ⋅ d− 1) and W (g fish), 
FR(T) is the temperature dependence function for respiration, T is the 
temperature of seawater, ACT (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: 

FR(T) = VX ⋅eX⋅(1− V), (17)  

where: 

V =
RTM − T

RTM − RTO
, (18)  

X =

Z2⋅

(

1 +

(

1 +

(
40
Y

)0.5
)2)

400
, (19)  

Z = lnRQ⋅(RTM − RTO), (20)  

Z = lnRQ⋅(RTM − RTO). (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 tem-
perature 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, post-
flexion, and pelagic juvenile stages, we assign values of 1.8, 1.7, and 1.6, 
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which are similar to those used by Rose et al., (2015) for northern an-
chovy (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: 

SDA = sda⋅(Crel − EG). (22)  

where sda is the specific dynamic action coefficient (dimensionless), Crel 
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 (aF) of food 

consumed that is indigestible and is formulated as such: 

EG = aF ⋅Crel. (23) 

Excretion (nitrogenous waste; EX) is formulated as a constant pro-
portion (aE) of consumption minus egestion (i.e. assimilation): 

EX = aE⋅(Crel − EG) (24)  

2.3. Empirical Data 

Most California rockfish are winter or early spring spawners (Wyl-
lie-Echeverria 1987, Love et al. 2002), and while the period of parturi-
tion 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 short-
belly specimens who survived early larval stages and were caught in the 
Rockfish Recruitment and Ecosystem Assessment Survey (RREAS) mid-
water trawls as pelagic juveniles. The decision to initialize the bio-
energetics model at the observed median date of parturition of survivors, 
rather than during the peak period of parturition (February; Wyllie-E-
cheverria 1987, Love et al. 2002), is so that we can align the environ-
mental 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 con-
ducted 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 up-
date 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 Cy-
bernetics) are used to visualize otolith microstructure. As otolith for-
mation 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 
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 condi-
tioned on a positive observation from a lognormal model with zero 
catches removed. We included year, station, and period (based on bin-
ned intervals of Julian day, to account for seasonality) as main effects 
following Ralston et al. (2013) and Schroeder et al. (2019). Station ef-
fects 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 (pre-
flexion, flexion and postflexion larvae, and pelagic juveniles). To cali-
brate the model, we minimized the deviation between length-at-age 
produced by the model with that of an empirical length-at-age rela-
tionship 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 micro-
structure 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, 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 sam-
pling 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. 
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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 un-
certainty 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 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 (analo-
gous 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 condi-
tions. First, we examined the effect of holding temperature (prey) con-
stant 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 concentra-
tion. Next, four separate scenario tests were conducted on different 
combinations of constant temperature and prey availability to under-
stand 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 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 cy-
cles (Fig. 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 (Fig. 2). The thermocline is shallowest from 
April to July during peak upwelling and stratification is strongest from 
July to mid-November (Fig. 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 (Fig. 3), and the 
warmest temperatures (~14-15.5◦C) being found at the southernmost 
latitudes (36-37◦N) during the Fall (Fig. 4). The coolest temperatures 
occur closest to the coast during the winter and spring months and in-
crease 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 (Fig. 2-3). All three zooplankton functional groups increase 
from a minimum beginning on January 1st but peak at different times 

Fig. 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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(Fig. 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 (Fig. 3), which is located just 
south of the Gulf of Farallones, near Pioneer Canyon (Fig. 1). 

3.2. Birthdate Distribution and 0-Dimensional Bioenergetics Climatology 

Otolith microstructure analysis of pelagic juvenile shortbelly rock-
fish 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 fre-
quency 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 tempera-
ture and prey availability (Figs. 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 (Figs. 2, 3 & 4A). 100% of the 
preflexion larval diet comes from ZS (υ11), with ZS comprising 50%, 
50%, and 20% of flexion (υ12), postflexion (υ13) and pelagic juvenile 
(υ14) 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; Fig. 2, 3 & 4B). ZL 
comprises 0%, 50%, 50% and 30% of preflexion (υ21), flexion (υ22), 
postflexion (υ23) and pelagic juvenile (υ24) 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 (Fig. 2, 3 & 4B). ZP comprises 0% of the diet of 
preflexion (υ31), flexion (υ32), and postflexion (υ33) larval stages and 
50% of pelagic juvenile (υ34) 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 (Figs. 2, 3 & 4B). 

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

Fig. 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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at-age curve that closely matched the observed length-at-age curve for 
shortbelly rockfish (Fig. 4I). Importantly, the starting and ending stan-
dard lengths for each life stage (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; 
Fig. 4F-G) and closely tracks the empirical growth trajectory across all 
ontogenetic stages (Fig. 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 
(Fig. 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 (Fig. 4D). Ontogenetic 

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 (Fig. 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 (Fig. 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 (Fig. 5). 
IPP identifies the allometric slope and intercept of maximum con-
sumption (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 (Fig. 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 (Fig. 5). All other parameters tested in the sensitivity analysis 
have a modest effect on the final size of fish (Fig. 5). 

Fig. 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 con-
sumption 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 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). 
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3.4. Scenario Tests: Sensitivity of Forcing Factors 

When holding temperature constant and allowing prey concentra-
tions 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 tra-
jectory 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 
(Fig. 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; Fig. 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 (Fig. 6). Increasing prey concentration has marginal improve-
ments to growth with a 20% increase in prey concentration resulting in 
fish that are 16% larger at the end of the simulation (Fig. 6). These re-
sults suggest that temperature has a larger impact on growth perfor-
mance compared to prey availability and the directionality of change 
matters more than the magnitude of change; increasing (decreasing) 
temperature (prey concentration) has a disproportionate negative in-
fluence 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 

Fig. 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. 

Fig. 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 con-
centrations and vice versa). Importantly, the three bars on the left of Scenario_4 are the ROC scores when temperature additions were made and prey concentration 
reduced, and vice versa for the three bars on the right. 
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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 (Fig. 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 (Fig. 6). Decreasing temperature by 20% and increasing prey 
concentration by 20% leads to a ~34% increase in final length (Fig. 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 al-
ways -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 ju-
veniles reveals heterogeneity of growth potential with different spatial 
patterns associated with each life stage (Fig. 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 a 
localized region of the mid and outer shelf to the south of the Gulf of 
Farallones Islands, containing Pioneer Canyon and Ascension Canyon 
(Fig. 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 (Fig. 7B). Spatial patterns of growth potential for post-
flexion 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 lat-
itudinal extent of the study region (Fig. 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 (Fig. 7D). Collectively, while there is 
considerable variability in growth performance across individual grid 
cells (Fig. 7), an average of all growth trajectories fits well within 

empirical growth estimates, noting a slight overestimation of mean 
growth potential for postflexion larvae (Fig. 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 Far-
allones, at two stations near Ascension Canyon, and in the outer Mon-
terey Bay area (Fig. 9), which is consistent with the spatial patterns of 

Fig. 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.. 

Fig. 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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growth potential for the pelagic juvenile stage (Fig. 7D). 

4. Discussion 

This study presents a highly resolved ontogenetic bioenergetics 
model for the ELS of an ecologically important fish in the central Cali-
fornia 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 bio-
energetics 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 sur-
vival from year-to-year and lead to orders of magnitude changes in 
recruitment (Houde, 2008). At what ELS stage a bottleneck to survi-
vorship 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 af-
fects growth rates (Peck and Hufnagl, 2012). A model that accounts for 
highly resolved changes in ELS growth stanzas, such as the one pre-
sented 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 ontoge-
netic 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). 

Some interesting patterns emerge when comparing the seasonality of 
forcing factors with the timing of model initialization and develop-
mental 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 Cali-
fornia (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 advanta-
geous 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 clima-
tological 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 develop-
mental 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 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 ontoge-
netic 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., 2023; Johnson et al., 2001; 
Lenarz et al., 1995; Wheeler et al., 2017). For shortbelly rockfish spe-
cifically, 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 somatic growth of 
larvae is slower, especially for flexion larvae, than that of pelagic ju-
veniles. 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 ener-
getic 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 formula-
tions (e.g. respiration and consumption) did not account for ontogenetic 
changes, but rather our model only considers changes in observed di-
etary preferences (vulnerability; vij) and feeding rate parameters that 

Fig. 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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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 real-
istic 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 sensi-
tivity analysis by individually perturbing parameters at set percentages 
(Bartell et al., 1986). Our results indicate that the most sensitive pa-
rameters are associated with allometric consumption and respiration, 
which is similar to the findings of other bioenergetics sensitivity ana-
lyses (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 consump-
tion 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 be-
tween predicted and observed length-at-age when using energetics pa-
rameters for settled juveniles and adults. Our findings could be refined 
with consumption and respiration experiments on the ELS of commer-
cially and ecologically important rockfishes (e.g. Boehlert, 1978; 1981; 
Boehlert and Yoklavich, 1983) to get more reliable estimates of allo-
metric 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 temperatures are held constant within treatments. 
Performance of an individual under average temperature is different 
compared to the average performance in a thermally variable environ-
ment. Nonlinear averaging techniques can alleviate these biases (Bern-
hardt 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 concen-
trations 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 antago-
nistic 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 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 sig-
nificant 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 re-
gimes, 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 concen-
tration 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). 

The 2-D Eulerian climatology of spatial growth potential reveals 
spatial patterns strikingly similar to the known distribution of repro-
ducing 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 short-
belly rockfish, as revealed by extensive spatial sampling of recently born 
larvae (age 0-2 days; Ralston et al., 2003). 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 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 
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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 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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