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Background 
Petrale sole (Family: Pleuronectidae, Eopsetta jordani) is the most commercially 

valuable flatfish targeted in the California Current (CC). By the 1980s  to 2000s the spawning 
biomass reached minimums around or below 10% of unexploited levels, in part due to fishery 
targeting of winter (November–February) spawning aggregations (Haltuch et al. 2013). Recently, 
the spawning stock biomass, and therefore fishery catch, has fluctuated in response to above 
average recruitments followed by a lack of incoming recruits (Figure 1), with the fishery 
essentially depending on incoming recruits to remain at or near the target stock size (Haltuch et 
al. 2013). 

Figure 1.  Log recruitment deviations from the 2013 stock 
assessment (Haltuch et al. 20013). Blue points represent time 
periods with little data and black points have length and age 
composition data to inform recruitment estimates. 

 
Petrale sole prefer soft substrates at depths up to 550 m 

(Love 1996, Haltuch et al. 2013). Adults move inshore during the 
spring and summer to feeding grounds and offshore during the 
fall and winter to discrete deep water spawning grounds, with 
peak spawning taking place from December to February (Harry 

1959, Best 1960,  Gregory and Jow 1976, Garrison and Miller 
1982, MBC Appl. Environ. Sci. 1987, Horton 1989, Love 1996, Castillo et al. 1993, Castillo 
1995, Love 1996, Moser 1996, Casillas et al. 1998) (Figure 2). Tagging studies suggest high site 
fidelity (Di Donato and Pasquale 1970, Pederson 1975).   

 
Figure 2. The 2002-2010 spatial distribution of winter petrale sole 
catch (lbs/km2) off of WA and OR. Dark green areas indicate 
localized fishing grounds. 

 
Females spawn once each year and fecundity varies with 

fish size, with one large female laying as many as 1.5 million 
planktonic eggs (Porter 1964). Eggs are found in deep water at 
temperatures of 4 to 10 degrees C and salinities of 25 to 30 ppt, size 
ranges from 1.2 to 1.3 mm (Best 1960, Ketchen and Forrester 1966, 
Alderdice and Forrester 1971, Gregory and Jow 1976). Egg stage 
duration ranges from 6 to 14 days (Alderdice and Forrester 1971, 
Love 1996, Casillas et al. 1998) with the most favorable conditions 
for egg incubation and larval growth being 6–7 degrees C and 

27.5–29.5 ppt (Ketchen and Forrester 1966, Alderdice and Forrester 1971, Castillo et al., 1995). 
Planktonic petrale sole larvae range in size from approximately 3 to 20 mm, and are found up to 
150 km offshore (Moser 1996, MBS Appl. Env. Sci 198, Casillas et al. 1998). The larval 
duration, including the egg stage, spans approximately 6 months with larvae settling at about 2.2 
cm in length on the inner continental shelf (Pearcy et al. 1977). While there is limited 
information regarding larval petrale sole vertical migration, species in the Pleuronectidae family 
exhibit diel vertical migration, generally within the upper 50 m of the water column, as well as 
horizontal swim speeds that increase with larval growth (Verheijen and DeGroot 1966, Pearcy et 
al. 1977, Hoar and Randall 1978, Fukuhara 1988, Grioche et al. 2000, Lanksbury et al. 2007, 



Bailey et al. 2008, Domenici and Kapoor 2010, Hoffle et al. 2013). In the waters off British 
Columbia juveniles are found at 19–82 m and large juveniles at 25–125 m (Starr and Fargo 
2004). Juveniles are benthic and found on sandy or sand-mud bottoms (Eschmeyer and Herald 
1983; MBS Appl. Environ. Sci. 1987). While, no specific areas have been identified as nursery 
grounds for juvenile petrale sole beyond soft substrate areas on the continental shelf, these 
nursery areas are spatially distinct from the deep water spawning areas. 

The recent emergence of a horizontal-advection bottom-up forcing paradigm, in which 
large-scale climate forcing drives regional changes in alongshore and cross-shelf ocean transport 
that directly impact ecosystem functions (e.g., productivity, species composition, spatial 
connectivity) (Di Lorenzo et al. 2013), provides a mechanistic framework for testing the 
hypothesis that cross-shelf and alongshore advection are drivers of petrale sole recruitment 
strength. This paradigm provides mechanistic pathways through which climate variability and 
change could drive petrale sole recruitment. Specifically, this proposal tests the hypothesis 
that cross-shelf transport of pelagic petrale sole from deep water spawning grounds 
shoreward towards nursery areas on the continental shelf results in stronger recruitments 
than transport off-shore away from nursery areas. Previous research supports this hypothesis, 
suggesting that density-independent survival during early life stages is impacted by offshore 
transport of eggs and larvae (Castillo 1992; Castillo et al. 1995). Furthermore, decadal scale 
variability in wind driven changes in cross-shelf transport of pelagic life stages of other flatfish 
species towards favorable nursery areas have been shown to impact recruitment strength 
(Hollowed et al. 2009, Wilderbuer et al. 2014). Variability in cross-shelf transport in the CC is 
important for understanding population and ecosystem dynamics because of variable offshore 
and northward transport of nutrients, mass, and organisms (Combes et al. 2013, Di Lorenzo 
2013). Waters from the poleward flowing California Undercurrent can be either coastally 
upwelled or advected offshore, likely impacting fish life cycles via transport of larvae and by 
altering connectivity patterns (Combes et al. 2013, Di Lorenzo 2013).  

Recent oceanographic studies illustrate the influence of large scale climate drivers, such 
as the Pacific Decadal Oscillation (PDO), on mesoscale processes in the CC that drive cross-
shelf and alongshore transport at local scales (Keister et al. 2011, Combes et al. 2013). Keister et 
al. (2011) show a direct mechanistic link between PDO-related changes in horizontal surface 
advection and multiyear variability in zooplankton communities. During the positive PDO phase 
the Aleutian Low is stronger and the Northeast Pacific is characterized by downwelling wind 
anomalies that drive positive sea level height anomalies (Di Lorenzo et al. 2013). These higher 
SSH anomalies lead to anomalies in the poleward flow of the California Under Current (Combes 
et al. 2013, Di Lorenzo et al.2013).  

This proposal provides a mechanistic test of the horizontal-advection bottom-up forcing 
paradigm (Di Lorenzo et al. 2013) for petrale sole by linking the winter commercial spawning 
aggregation fishery data with a biophysical individual-based model (IBM) driven by ROMS to 
determine how cross-shelf and alongshore transport of petrale sole pelagic life states from 
spawning grounds to benthic settlement on the continental shelf drives recruitment (e.g. Gaughan 
et al. 2001, Dorman et al.2011, Keister et al. 2013). Petrale sole are an excellent candidate for 
mechanistic investigations into oceanographic drivers of recruitment strength because 1) the 
petrale sole data available for the CC are likely the most information-rich groundfish data 
set/stock assessment due to the large amount of age and length data that spans multiple 
generations (compared <1 generation for most CC rockfishes), 2) petrale sole spawn in known, 
localized locations during winter, 3) the stock assessment model, and thus recruitment estimates, 



is one of the most stable CC groundfish assessment models, 4) both previous fisheries and 
oceanographic research suggests a clear mechanism for oceanographic drivers of petrale sole 
recruitment, but a mechanistic test of this hypothesis has not been conducted.  
Approach 

This study will build an IBM of larval drift (e.g. Parada et al. 2010, Parada et al. 2014, 
Hinckley et al. 2015) for CC petrale sole, allowing for the determination of the direction of larval 
drift from discrete spawning grounds off the U.S. west coast for the years 1990-2009, as well as 
record larval oceanographic histories. The IBM will enable the theoretical determination of 
which spawning grounds most greatly contribute to recruitment success via on-shelf 
transport as well as the variability of recruitment success through time. The center of 
spawning success will be evaluated to identify potential changes in phenology during the study 
time period. The years 1990-2009 encompass years with both high and low recruitments that are 
well estimated in the stock assessment as well as a range of environmental conditions, including 
both El Niño and La Niña years and both positive and negative phases of the PDO and North 
Pacific Gyre Oscillation (NPGO). The IBM is forced by annually varying ROMS hydrodynamic 
model with output for the CC (Curchitser et al. 2005, Hermann et al. 2009, Danielson et al. 
2011). A time series (1950-2009) of ROMS model output on both ~10 km and 2 km grids (NEP) 
are currently available. Oceanographic outputs from the ROMS model will be validated with 
physical oceanographic data collected during the NWFSC Pacific hake acoustic survey, 
including temperature, salinity, currents, as these data are not used in the ROMs model. 
With a few exceptions, due to equipment failure or survey conflicts, data are available for survey 
years during 1992 to 2015.	
  The coupled IBM-ROMS model will inform the transport dynamics 
of petrale sole during their pelagic life stages, allowing for the impacts of variability in cross-
shelf and alongshore transport in the CC to be quantified (e.g. Combes et al. 2013). Combes et al. 
(2013) found that 10 km ROMS models were able to capture both the mean large-scale features 
of the mesoscale activity, which influences cross-shelf transport, and the subsurface poleward 
flow in the CC which is likely to be important for petrale sole pelagic transport.  

Spatial locations for release of larvae will be derived from the commercial spawning 
aggregation fishery logbook data stored in the Pacific Fisheries Information Network (PacFIN). 
Fishery spawning aggregation data will provide mature female distribution that allows for the 
generation of spatially-explicit reproductive potential indices. The reproductive potential indices 
will be generated as a function of female fecundity, female abundance (Haltuch et al. 2013), and 
size-at-maturity (Hannah et al 2002). The CC will be spatially discretized into strata for larval 
release areas and settlement areas.  Larval petrale sole will be released on the winter spawning 
grounds during November through February and transport will be followed through the larval 
stages to settlement (May-August). Individual larvae will be released at the spawning depth and 
rise to the mixed layer where they are likely to be retained. Egg development, larval growth, 
mortality, settlement behavior will be specified based on existing literature (see introduction). 
Alternative hypotheses regarding active behaviors will be compared to examine the impact on 
transport. 

Temperature dependent growth through the larval stages will be modeled, as well as 
settlement mechanisms. Settlement habitat will be defined based on maps of sediment types 
available for the CC (Henkel et al, In Press), with a preference for soft substrates. The model will 
increase the mortality rate on individuals that settle on non-preferred, off-shelf or rocky, habitat. 
Settlement criteria will be specified such that larva that do not find appropriate settlement habitat 
within 6 months after being spawned die.  



The IBM output will consist of larval release locations, daily locations (i.e. larval spatial 
trajectories), individual characteristics such as age and stage, oceanographic conditions and 
settlement location (from which distance from shore, water depth, and transport compass 
direction between start and end points will be computed).  Each model run will be characterized 
by the spawning and settlement season that runs from November of year 1 through August of 
year 2. Juvenile petrale sole settlement distributions from the coupled IBM-ROMS model 
will be validated using statistical techniques that contrast the spatio-temporal consistency 
of the model output (Hinckley et al. 2015) with both 1) maps of the smallest sizes of petrale 
sole encountered in the NWFSC annual groundfish survey (Keller at al. 2007) (~10-20 cm 
juveniles) available from 2003-2014 and 2) maps of the distribution and abundance of small 
petrale sole in the NWFSC survey data produced via a spatial habitat model (Shelton 
2014), that can account for environmental covariates such as latitude and depth. Transport 
from the winter deep water spawning grounds will be summarized using maps of the distribution 
of settlers each year, which will be discretized in space and calculated as fish density on the same 
scale as the ROMS model. This settlement index will be contrasted with stock assessment 
recruitment estimates for the corresponding year to check for the consistency of the IBM 
modelling results. Connectivity maps will be used to define the potential areas of spawning 
success and failure in the CC. Empirical Orthogonal Function (EOF) analysis will be used to 
understand the modes of variability over the connectivity matrices across varying time and space 
scales. EOF analysis aids in understanding spawning-nursery ground connections. The EOFs will 
be spatially correlated with climate/oceanographic indices to describe the spatial impact of 
environmental drivers (Parada, 2015). Additionally, each model run will be summarized by the 
monthly and seasonal spatial mean and anomalies of the transported petrale sole. Following 
Combes et al. (2013) transects at increasing distance from the coast will be specified and the 
time series of the amount of pelagic petrale reaching each transect will be computed to 
investigate upwelling as an indicator of the amount of cross-shelf transport.  

A change point analysis (Lanzante, 1996) will be used to identify concurrent shifts 
through time in oceanographic covariates derived from the coupled IBM-ROMs model, the 
estimates of petrale sole recruitment from the most recent stock assessment (Stawitz et al. 2015), 
and a standardized index of the smallest fish from the NWFSC survey data. Each season will be 
characterized as an El Niño, LA Niña, or average years as well as negative or positive PDO and 
NPGO phases for the purposes of analyzing the resulting simulated settlements. A Principle 
Component Analysis (PCA) of the oceanographic histories of petrale sole larvae from the IBM, 
ENSO, PDO, and NPGO will be used as a data reduction technique to create a recruitment index 
that can be evaluated in the stock assessment model. The impact of oceanographic covariate(s) 
from the PCA on recruitment and stock trajectory will be evaluated prior to the next petrale sole 
stock assessment (Haltuch et al. 2013, Stawitz et al. 2015). Evaluation of the impact of 
oceanographic covariate(s) within the stock assessment model will include two methods 1) 
treating the oceanographic covariate(s) as a survey index of recruitment, and 2) forcing the 
stock-recruitment dynamics directly with the oceanographic covariate(s). Models with and 
without the oceanographic covariate(s) will be evaluated based on their ability to fit the data.  
The impact and feasibility of using oceanographic covariate(s) to provide both historical and 
short-term forward projections of recruitment strength will be evaluated via model sensitivity 
runs. The implication of alternative models with and without the oceanographic drivers on 
management reference points will be quantified.  

 



Benefits 
This study leverages an information rich data set/stock assessment for the CC petrale sole 

stock to provide a mechanistic framework for investigating oceanographic influences, 
specifically the impact of cross-shelf and alongshore ocean transport on petrale sole recruitment 
strength and population connectivity, thus directly informing the stock assessment used by the 
management process as well as ecosystem models (e.g. Atlantis), assessments, and reports that 
directly use stock assessment outputs (FATE priorities 1, 2, 4, 6). Indices of oceanographic 
drivers of petrale sole recruitment derived from the coupled IBM-ROMS model will be directly 
evaluated in the stock assessment (FATE priority 6).  

There is little information regarding the dispersal and connectivity of petrale sole pelagic 
life stages to the settled benthic juveniles. While petrale sole are widely distributed, this study 
provides an assessment of the connectivity and spatial scale over which petrale sole life-history 
operates via the investigation of pelagic dynamics and climate variability, and will aid in 
determining the spatial scales over which recruitment takes place and thus population dynamics 
(FATE priorities 1, 4). Therefore, this study is relevant for protecting both the temporal and 
spatial reproductive potential of the stock from overfishing.  Investigating the spatial component 
of interplay between population connectivity and recruitment is important for addressing 
demographic questions such as 1) are successful recruitments always from the same spawning 
grounds, and 2) are the spawning grounds that contribute the most to the adult stock shifting over 
time. Answering the above questions is important for the spatial allocation of fishing effort. If 
individual fishing grounds are contributing disproportionately to the stock abundance (measured 
as juveniles successfully settled) then fishing effort in areas that contribute the most to stock 
abundance must be carefully monitored (e.g. Gaughan et al. 2001). This is particularly important 
as petrale sole show the ability to home to their natal spawning grounds (Haltuch et al. 2013) and 
the spatial impacts of a single, region wide-fishing mortality need to be considered to avoid 
localized depletion. 

This study addresses the first and second steps for a unified approach to forecasting the 
implications of climate change on production of marine fish as outlined in Hollowed et al (2009) 
(FATE priority 1). This proposal also lays the groundwork necessary to hindcast petrale sole 
recruitment strengths where there is great uncertainty in the stock assessment model due to either 
a total lack of age and length composition data, or where the data are sparse. Hindcasting 
recruitments is of particular interest because most of the fishery removals took place prior to the 
collection of good age and length composition data, resulting in greater uncertainty during early 
model years. Oceanographic indices identified during this study (FATE priorities 1, 2) could be 
used as a survey index of recruitment in the stock assessment during the historical time period.  
Deliverables 
1. Spatial analysis of particle (pelagic petrale) transport in the CC, and population connectivity, 

so that managers can consider the stock wide impacts of the commercial spawning 
aggregation fishery.  

2. Analyses of temporal oceanographic transport indicators for successfully settled petrale 
larvae to identify an oceanographic index of petrale sole recruitment for incorporation into 
both the stock assessment as well as the CC Integrated Ecosystem Assessment.  

3. Publication of results from this study in peer reviewed scientific journals. 
4. Presentations to the Pacific Fishery Management Council Advisory Bodies and at 

professional conferences. 
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