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Abstract—The petrale sole (Eopsetta 
jordani) is a commercially and ecologi-
cally important flatfish found through-
out the continental shelf from California 
through British Columbia, Canada. 
Although stock assessments are rou-
tinely conducted along the West Coast 
of the United States for this population, 
these assessments have depended on 
limited data for estimating reproductive 
output. In this analysis, the reproductive 
strategy for this species was revisited, 
fecundity estimates were updated, and 
size- dependent fecundity relationships 
were established from fish collected off 
California and the Pacific Northwest. 
Results of histological analysis indicate 
that petrale sole exhibit a determinate 
batch spawning strategy, with potential 
annual fecundity (PAF) set prior to the 
release of eggs over the course of sev-
eral spawning events. Both PAF and 
relative PAF (weight- specific fecundity) 
increased significantly with maternal 
length and weight. Regional differences 
in the strength of the relationship 
between relative PAF and size indicate 
that the maternal effect is stronger in 
the Pacific Northwest; however, more 
data are necessary to confirm regional 
patterns. Because reproductive output 
was not proportionate with female size, 
fisheries managers should consider 
using relative PAF in determining the 
reproductive potential of this stock.
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The petrale sole (Eopsetta jordani) 
is a commercially important flatfish 
in the family Pleuronectidae (right- 
eyed flounders). Although their range 
extends from Baja California, Mexico, to 
the western Gulf of Alaska, their great-
est abundance and commercial signifi-
cance is generally from Santa Barbara, 
California, through British Columbia, 
Canada (Alverson and Chatwin, 1957; 
CDFW, 2013). Female petrale sole grow 
considerably larger than males and can 
reach a maximum total length (TL) of 
70 cm (although fish larger than 60 cm 
are rarely encountered) and live up to 
31 years (Haltuch et al., 2013; Stawitz  
et al., 2016). Hannah et al. (2002) esti-
mated the length at 50% maturity at 
33 cm (corresponding to an age of 5 
years) for fish collected off Oregon. 
Petrale sole migrate seasonally between 
shallow feeding grounds (with depths 
of 70–200 m), where they disperse 
across the continental shelf from March 

through October, and deeper spawning 
grounds (with depths of 290–440 m), 
where they form discrete aggregations 
along the outer shelf during late fall and 
winter (November–February) (Ketchen 
and Forrester, 1966; CDFW, 2013;  
Stawitz et al., 2016). Tagging data indi-
cate that individuals are capable of dis-
persing several hundred miles, although 
most individuals have high fidelity to 
winter spawning habitats (Ketchen and 
Forrester, 1966; Pedersen, 1975).

The petrale sole fishery off the U.S. 
Pacific coast has a long history, having 
started in the late 1800s off California 
and Oregon (CDFW, 2013). The first 
stock assessments in U.S. waters eval-
uated only populations north of Cape 
Blanco, Oregon, because of data con-
straints (Turnock et al., 1993; Samp-
son and Lee, 1999), but recent stock 
assessments have assumed a single 
coast- wide stock (Haltuch and Hicks, 
2009; Haltuch et al., 2013). The petrale 
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sole is currently treated as a single stock in waters of 
Canada for management purposes (Starr and Fargo, 
2004), although it is believed that there are 2 distinct 
stocks in British Columbia (Ketchen and Forrester, 1966; 
Starr and Fargo, 2004). Stock depletion was evident as 
early as the 1950s and 1960s in waters of both the United 
States (Haltuch et al., 2013) and Canada (Ketchen and 
Forrester, 1966), following increasing landings and tar-
geting of petrale sole on their winter spawning grounds. 
Recent stock assessments indicate that the population 
in the United States was below target levels (25% of 
the unfished spawning output) from 1962 through 2014 
and below the overfished level (12.5% of the estimated 
unfished spawning output) from 1979 through 2011 
(Haltuch et al., 2013; Stawitz et al., 2016), although the 
stock was not declared overfished until 2009. Following 
subsequent reductions in allowable catch, and due in 
part to strong recruitment events, the stock abundance 
increased sharply from 2009 through 2015, and the stock 
was declared rebuilt in 2014 (Stawitz et al., 2016).

High priority research recommendations in recent 
petrale sole stock assessments engendered new studies 
on the reproductive biology of the stock and on spatial 
variability in growth and recruitment (Haltuch et al., 
2011, 2013; Stawitz et al., 2016). The only published 
estimates of fecundity for petrale sole come from col-
lections in the 1950s off California (Porter, 1964), and 
the reproductive strategy of this species was established 
solely on the basis of visual (macroscopic) evaluation of 
the ovaries. Annual fecundity estimates in that study 
ranged from 150,000 to 1.49 million eggs, and females 
were presumed to exhibit a determinate total spawning 
strategy (Murua and Saborido-Rey, 2003), releasing all 
eggs in a single spawning event annually. Relationships 
between maternal size and relative fecundity (the num-
ber of eggs per gram of maternal somatic weight) were 
not examined. Subsequently, stock assessments for this 
species have assumed that fecundity is proportional to 
maternal length.

In response to research recommendations in recent 
stock assessments and in cooperation with The Nature 
Conservancy and commercial fishermen, mature female 
petrale sole were collected from spawning grounds off 
Central California (Morro Bay) in the 2014–2015, 2015–
2016, and 2016–2017 reproductive seasons (August– 
February) to estimate annual fecundity. Collections were 
expanded in the 2015–2016 and 2016–2017 reproductive 
seasons to include samples caught off Oregon and Wash-
ington with cooperation from the West Coast Groundfish 
Bottom Trawl Survey of the Northwest Fisheries Sci-
ence Center (NWFSC), National Marine Fisheries Ser-
vice (NMFS) (Keller et al., 2012), and from Washington 
Department of Fish and Wildlife (WDFW) commercial 
port samplers. Histological analysis of ovarian tissue was 
used to determine the reproductive strategy of petrale sole 
and to identify suitable samples for inclusion in fecundity 
analyses. The relationships between fecundity and mater-
nal size were established or updated, and regional differ-
ences between fish collected off California and those from 

waters of the Pacific Northwest (Oregon and Washington) 
were examined. The majority of samples collected for this 
study came from commercial fishermen who targeted fish 
on their spawning grounds. Because maturity estimates 
from fish collected on spawning grounds can be biased 
(Murua and Saborido-Rey, 2003), we did not attempt to 
update maturity ogives in this study.

Materials and methods

Sample collection

A total of 401 female petrale sole were collected from 
commercial and survey bottom- trawl operations off Cal-
ifornia (number of samples [n]=291), Oregon (n=1), and 
Washington (n=109) between August and February of 
the 2014–2015, 2015–2016, and 2016–2017 reproduc-
tive seasons (Table 1, Fig. 1). The majority (n=250) were 
collected off Morro Bay by commercial fishermen in all  
3 sampling years. Sixty females were collected by WDFW 
port samplers in Puget Sound, Washington, from com-
mercial and tribal bottom trawlers, 40 in August 2015, 
10 in December 2016, and 10 in January 2017. The 
remaining fish (n=91) were collected by the NWFSC West 
Coast Groundfish Bottom Trawl Survey off the coasts of 
Washington and Oregon and off part of California (from 
Bodega Bay south to Point Conception) from August 
through October in the 2015–2016 and 2016–2017 repro-
ductive seasons.

Fish collected by commercial fishermen in Morro Bay 
were stored on ice and landed 1–5 days after capture. On 
average, 40 fish per landing were selected to represent the 
entirety of the size range of the catch. Fish were trans-
ported to the Fisheries Ecology Division of the Southwest 
Fisheries Science Center (SWFSC) and processed within 
24 h of landing. Total weight (TW, in grams) and TL (in 
millimeters) were recorded, and sagittal otoliths were 
removed for age analysis. Ovaries were excised, weighed 
(in grams), and assigned a macroscopic development stage 
(Table 2). Initially, the blind- and eyed- side ovarian lobes 
were weighed and recorded separately. A paired t- test con-
ducted on 136 stage-2 and -3 ovaries demonstrated that 
weights did not significantly vary between blind- and 
eyed- side ovarian lobes (P=0.35, df=145).

Fish collected by WDFW were processed at an unknown 
time after capture, and those collected by the NWFSC 
were processed immediately after capture. For both col-
lections, sagittal otoliths were removed; TL (in centime-
ters) and TW (in grams) were recorded; and one or both 
ovarian lobes (depending on their size and ability to fit 
in storage containers) were excised, placed individu-
ally into muslin bags, and fixed in 10% neutral buffered 
formalin. Ovaries were processed at the SWFSC within 
1–6 months from the date of collection. Ovaries were 
removed from the formalin, assigned a macroscopic stage, 
blotted dry, and weighed (in grams). When only one ovar-
ian lobe was present, the weight was doubled to estimate 
total gonad weight; a macroscopic stage- based correction 
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Table 1

Summary information for catches of petrale sole (Eopsetta jordani) during 2014–2017 off 
California and the Pacific Northwest (Oregon and Washington), including number of sam-
ples by month, mean size in total length (TL), and mean age in years. An asterisk (*) indi-
cates a sample included in fecundity analyses. Standard deviations (SDs) of means are 
given in parentheses. Blank cells indicate that no samples were available.

Month

No. of samples

California Pacific Northwest

2014–15 2015–16 2016–17 2015–16 2016–17

August 10 (7)* 9 25 (3)*
September 81 (27)* 8 (1)* 42 (11)* 14
October 40 (7)* 40 (6)*
December 12 39 (1)* 10 (7)*
January 20 1 10 (1)*
February 40

Total 72 171 48 51 59

Size range (mm TL) 336–555 330–600 305–545 300–520 280–450
Mean size (SD) 441 (39) 487 (47) 463 (40) 429 (55) 442 (69)
Age range (years) 4–14 5–20 4–14 3–10 4–15
Mean age (SD) 7.7 (2.0) 10.6 (3.5) 8.0 (2.0) 6.6 (1.9) 10.0 (3.1)
No. of samples aged 72 147 30 40 20

factor was applied to account for differences in fresh 
and preserved gonad weights (stage 2: Fest=1.02P−3.66;  
stage 3: Fest=0.99PW+5.30; Fest is the estimated fresh 
weight [in grams], and PW is the preserved weight  
[in grams]). No correction factor was necessary for ovaries 
of macroscopic stages 1, 4, and 5).

A small piece of tissue was removed from all ovaries for 
histological analysis. Between 2 and 6 weighed subsam-
ples (0.25–1.00 g) for fecundity analyses and 1 unweighed 
sample for archives were collected from stage-2 and -3 
ovaries by gently teasing oocytes from fresh ovarian tissue 
(see the “Fecundity” section below for details). Ages were 
determined from otoliths through the break- and- burn 
technique by the aging lab at the NWFSC in Newport, 
Oregon. Ages were estimated from all otoliths from com-
mercial and WDFW collections; from NWFSC collections, 
ages were estimated only from otoliths of fish that were 
used to estimate fecundity (n=16).

Histological analysis

Ovarian tissue samples were fixed in 10% neutral buff-
ered formalin for at least 48 h before being rinsed in water 
and stored in 70% ethanol. Tissues selected for histological 
analyses were processed according to standard histolog-
ical techniques, by using paraffin as a blocking medium 
and staining and counterstaining sections with hematox-
ylin and Eosin Y (Humason, 1972). All stage-2 (n=142) 
and stage-3 (n=48) ovaries were selected to determine 
their suitability for inclusion in fecundity analyses. These 

samples, along with haphazardly selected representatives 
of macroscopic stages 1 (n=12), 4 (n=12), and 5 (n=16), 
were used to detail the reproductive cycle of petrale sole. 
Histological sections were examined at 40–250× magnifi-
cation by using a compound microscope. Each ovary was 
assigned an ovarian phase on the basis of the stage of 
the leading oocyte cohort, incidence and state of atresia, 
and presence of postovulatory follicle (POF) complexes 
(Tables 2 and 3). Ovarian phases were based on descrip-
tions of oocyte development in Wallace and Selman (1981) 
and Lowerre-Barbieri et al. (2011), and standard terminol-
ogy suggested by Brown-Peterson et al. (2011) was used 
for them. To examine the size range of oocyte stages, mean 
maximum oocyte diameters were recorded from histolog-
ical slides of 99 individuals: the diameter of the largest 
oocyte of the leading cohort in each of 5 fields of view was 
measured by using an ocular micrometer, and diameters 
were averaged to obtain the mean maximum oocyte diam-
eter (Table 3). Estimates of sizes of hydrated oocytes were 
made from preserved whole tissue mounts from 5 stage-3 
ovarian samples by using a compound microscope and ocu-
lar micrometer (Table 3).

To verify homogenous ovarian development, histology 
samples were collected and processed from the anterior, 
middle, and posterior portion of blind- and eyed- side 
ovarian lobes (6 total) from 15 females (stage-2 [n=8] and 
stage-3 [n=7] ovaries). Slides were read without refer-
ence to identification number, ovarian lobe, or location. 
Oocyte stage of the leading cohort was recorded, and his-
tological phase was assigned. Because there were no 
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Figure 1
Map of locations where petrale sole (Eopsetta jordani) were 
captured during 2014–2017 off California, Oregon, and 
Washington. Northwest Fisheries Science Center (NWFSC) 
locations represent bottom-trawl survey stations; South-
west Fisheries Science Center (SWFSC) and Washington 
Department of Fish and Wildlife (WDFW) locations are 
ports of landings. Map provided by R. Miller (SWFSC).

differences among slides from the same individual, there-
after, tissue was collected from the middle portion of a 
randomly selected ovarian lobe.

Fecundity

Determination of fecundity strategy Fecundity strategy 
was determined by examination of ovarian histological 
sections and diagrams of oocyte size–frequency distribu-
tion for ovaries of macroscopic stages 2 and 3. Histological 
observations of POFs concomitant with oocytes undergo-
ing vitellogenesis or maturation indicated that petrale 
sole spawned multiple times a season (batch spawning). 
Furthermore, the presence of a hiatus between primary 
and secondary growth oocytes in ovaries from fish for 
which spawning was imminent (with the leading oocyte 
cohort at late stages of vitellogenesis or further devel-
oped) and in ovaries from repeat spawners (with the lead-
ing oocyte cohort at late stages of vitellogenesis or further 
developed and POF present) indicated that fecundity was 

determinate (potential annual fecundity [PAF] set prior to 
the first spawning event) (Murua and Saborido-Rey, 2003).

To confirm that fecundity was determinate and to define 
the minimum trailing oocyte stage (least developed sec-
ondary growth oocyte present) threshold for fecundity 
analyses, oocyte size–frequency distributions were exam-
ined from archival samples of 20 ovaries of macroscopic 
stages 2 and 3 (10 of each stage). Oocytes were teased from 
tissue and placed into welled chambers. Photomicrographs 
were recorded at 70× magnification by using a digital 
camera (MU8001, AmScope, Irvine, CA) mounted to a ste-
reo microscope. Measurements of oocyte diameters were 
automated from photomicrographs by using the ObjectJ 
plugin (vers. 1.03x, University of Amsterdam, available 
from website) and associated modified macros (avail-
able from website) for image analysis software ImageJ 
(vers. 1.50i, National Institutes of Health, available from  
website; Schneider et al., 2012). Automated measurements 
recorded from damaged oocytes or detritus were manually 
removed. Primary growth oocytes clustered together and 
were difficult to tease apart. Because the maximum size 
for primary growth oocytes was 150 µm (on the basis of 
measurements from 10 stage-3 ovaries; Table 2), a lower 
limit of 150 µm was established for automated measure-
ments. A minimum of 500 secondary growth oocytes per 
sample were measured. A gap between primary and sec-
ondary oocytes was observed (Fig. 2B) when the trailing 
oocytes had reached the secondary vitellogenic stage 
(Vtg2) (meaning no secondary growth oocytes were less 
developed than Vtg2). Recruitment from the reserve of 
primary growth oocytes to the spawning stock was consid-
ered complete at this time.

Fecundity processing and analyses Only macroscopic- stage- 2 
ovaries (n=132) were considered for fecundity process-
ing and analysis to determine PAF prior to any spawning 
events. Macroscopic- stage-3 ovaries were not used for fecun-
dity analysis because of the observation of POFs (evidence 
of prior spawning) in all stage-3 ovaries examined histolog-
ically. Histological sections from macroscopic- stage-2 ova-
ries were examined for the presence of POFs (n=0) and to 
ensure recruitment of oocytes for the reproductive season 
was complete. Any samples with trailing oocytes earlier 
than Vtg2 (n=56) were excluded because of the possibil-
ity for incomplete recruitment of oocytes to the potential 
spawning stock. A total of 70 samples (California: n=49; 
Pacific Northwest: n=21) were included in fecundity 
analyses.

Homogenous oocyte density (oocytes per gram of ovar-
ian weight) throughout the ovary was verified by com-
paring densities from subsamples collected from the 
anterior, middle, and posterior third of each ovarian lobe 
from 6 macroscopic- stage-2 ovaries collected in the 2015–
2016 reproductive season. The results of a nested analy-
sis of variance indicate that oocyte density did not vary 

1 Mention of trade names or commercial companies is for identi-
fication purposes only and does not imply endorsement by the 
National Marine Fisheries Service, NOAA.

https://sils.fnwi.uva.nl/bcb/objectj/index.html
https://sils.fnwi.uva.nl/bcb/objectj/examples/oocytes/Oocytes.htm
https://imagej.nih.gov/ij
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Table 2

Macroscopic stage and histological phase descriptions of ovarian development in petrale sole (Eopsetta jordani). Oocyte stages used 
in this study are based on descriptions in Wallace and Selman (1981) and Lowerre-Barbierie et al. (2011), and terminology follows 
Brown-Peterson et al. (2011), with modifications specific to petrale sole. BV=blood vessel; CT=connective tissue; GVB=germinal vesicle 
breakdown; GVM=germinal vesicle migration; HO=hydrated oocyte; LC=leading oocyte cohort; MB=muscular bundle; PG=primary 
growth oocyte; and POF=postovulatory follicle complex; Vtg1, Vtg2, and Vtg3 represent the primary, secondary, and tertiary vitellogenic 
oocytes, respectively.

Macroscopic 
stage Macroscopic description

Histological 
phase Subphase Histological description

1 (Immature) Ovaries are small and elongate, 
pale or flesh- colored with no 
black pigmentation, and tear 
easily.

Immature Lamellae are tight and generally well 
organized with only PG present. No 
atresia or prominent BV, MB, or CT 
present. Ovarian wall is thin.

2 (Developing) Oocytes are visible, giving 
ovary a uniformly granular 
appearance. Ovary is well 
vascularized and opaque.

Developing Early 
developing

LC is at Vtg1 or Vtg 2. Minor atresia may 
be present. By the end of this stage, 
there is a distinct hiatus between 
primary and secondary growth oocytes. 
Note: there appears to be no distinct 
cortical alveolar stage oocytes in  
petrale sole.

Spawning 
capable

Late 
developing

LC is at Vtg3, GVM, or GVB stage. 
Generally, when ovary is at this stage, 
the earliest secondary growth oocyte 
stage is Vtg2 or later. Minor atresia may 
be present, and there is no evidence of 
recent spawning (no POFs present)

3 (Ripe or 
running ripe)

Large, translucent hydrated 
eggs visible, scattered 
throughout ovary. Hydrated 
eggs may run under slight 
pressure.

Actively 
spawning

LC may be Vtg3, GVM, GVB, or HO. At 
least one stage of POF present and 
readily distinguishable from older 
atresia. Standing stock of secondary 
growth oocytes at the Vtg3. Moderate 
delta and gamma atresia may be present.

4 (Spent) Ovaries are flacid; brown, or 
dark red in color and may 
have excess ovarian fluid. 
Residual oocytes (vitellogenic 
or hydrated) may or may not 
be visible.

Regressing PG are the most advanced nonatretic 
oocyte present; if present, secondary 
growth oocytes are undergoing alpha or 
beta atresia. Lamellae appear loose and 
disorganized. Initially, POFs are readily 
distinguishable from other atretic 
material. BV, MB, and CT are prominent.

5 (Resting) Ovaries are reduced in size, 
are firmer to the touch 
(compared to spent), are 
pink in color, have no 
discernable oocytes, and have 
a gelatinous texture.

Regenerating PG dominate. Some beta atretic oocytes may 
be present but delta and gamma atresia 
dominate. Lamellae more organized 
compared with “regressing” ovary. BV, 
MB, and CT are prominent. Ovarian wall 
is thick.

significantly between lobes (P=0.88) or location within 
lobes (P=0.97). Subsequently, 2 fecundity subsamples 
were collected from the middle portion of either the blind- 
or eyed- side ovarian lobe.

In the 2015–2016 reproductive season, weighed subsa-
mples for fecundity analyses were 0.5–1.0 g. Upon prelim-
inary analysis of these samples, subsample weights were 
reduced to 0.25–0.50 g in the 2016–2017 season. All oocytes 
in weighed subsamples were counted by using a stereomi-
croscope, and oocyte density was calculated as quotient of 
the oocyte count and subsample weight. Potential annual 
fecundity was estimated gravimetrically by multiplying 

the oocyte density by the ovarian weight. Relative PAF 
was calculated as the quotient of PAF and somatic weight 
(total weight minus ovarian weight). Estimates from the 
2 subsamples were averaged, and the coefficient of varia-
tion was calculated. Samples were excluded from further 
analyses when the coefficient of variation exceeded 0.15 
(n=5). Fecundity estimates are potential values because 
any potential down- regulation through atresia was not 
accounted for.

Estimates of PAF and relative PAF were developed to 
evaluate the effects of maternal size on egg production. For 
most finfish, absolute fecundity increases geometrically 
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Table 3

Modifications specific to petrale sole (Eopsetta jordani) for oocyte stages described by Wallace and Selman (1981) and Low-
erre-Barbieri et al. (2011). Oocytes were measured from prepared histological slides, except for hydrated oocytes, which were 
measured from whole mount samples. n=number of samples measured.

Oocyte stage Petrale sole modification Size (µm) n

Primary growth Include oogonia and perinuclear oocytes. <150 150
Cortical alveolar A distinct cortical alveolar stage is rare in petrale sole: cortical 

alveoli mostly appear concurrently with vitellogenin.
140–180 7

Primary  
vitellogenic (Vtg1)

Initial accumulation of small yolk granules occurs peripherally and 
mostly concurrently with cortical alveoli. Little to no oil droplet 
accumulation.

140–325 81

Secondary  
vitellogenic (Vtg2)

Small yolk granules completely fill cellular space. Little to no oil 
droplet accumulation.

250–650 234

Tertiary  
vitellogenic (Vtg3)

Oil droplets begin to appear and increase in size and numbers 
throughout this stage.

450–775 121

Germinal vesicle 
migration

Migration of the nucleus occurs concurrently with initial yolk 
coalescence (larger yolk granules).

625–775 27

Germinal vesicle 
breakdown

The nuclear membrane breaks down as yolk continues to coalesce, 
forming pale- pink “plates” within the oocyte. Oil begins to coalesce 
into a single droplet.

625–850 12

Hydrated Yolk and lipids are completely coalesced. >1200 20

with length and weight and is best described as a power 
function:

PAF = aLb or (1)

PAF = aWb, (2)

where L is the total length (in millimeters) and W is the 
somatic weight (in grams). The parameters a and b for 
each equation are the intercept and slope, respectively, of 
the linear natural- log- transformed least- squares regres-
sion fit to the data:

log(PAF) = log(a) + (b × log(L)) or (3)

log(PAF) = log(a) + (b × log(W)). (4)

The value for a was reported after back- transformation 
by using the bias correction term exp(σ2/2). Values for P 
and the coefficient of determination (r2) were reported for 
the log- transformed equation. Relative PAF (PAFrel) was 
described as a linear function of female L or W:

PAFrel = c + (d × L) or (5)

PAFrel = c + (d × W), (6)

where c and d are the intercept and slope, respectively, of 
the least- squares regression fit to the data. To understand 
potential geographic effects, we compared the performance 
of models relating fecundity (PAF or relative PAF) to mater-
nal size in the following ways: 1) without considering region 
(California or Pacific Northwest) as a covariate, 2) allowing 
for region- specific intercepts along with a shared effect of 
size (i.e., classic analysis of covariance), or 3) allowing for 
region- specific effects of size (i.e., modeling an interaction 
between region and maternal size). We used the difference 

between Akaike information criterion (AIC) values for  
2 nested models (ΔAIC) to select the most parsimonious 
models for each combination of size and fecundity predictors. 
Although in all cases the use of ΔAIC resulted in selection of 
the model with an interaction between region and size as the 
best description of the data, we also present results for the 
size- only model because the use of this model could be more 
appropriate for stock assessments that do not distinguish 
among regions.

All statistical analyses were conducted by using R (vers. 
3.4.3; R Core Team, 2017) with a significance level of 0.05.

Results

Female petrale sole collected off California ranged in size 
from 305 to 600 mm TL (mean: 472 mm TL [standard devi-
ation (SD) 48]) and in age from 4 to 20 years (mean: 9.4 
years [SD 3.3]) (Table 1). Fish collected off Washington 
and Oregon measured 280–520 mm TL (mean: 436 mm 
TL [SD 63]) and had ages from 3 to 15 years (mean: 7.7 
years [SD 2.8]) (Table 1). All macroscopic stages of ovar-
ian development were observed in fish collected from 
California (Fig. 3); the only immature fish were collected 
in NWFSC bottom- trawl surveys. At the earliest collec-
tions, the majority of females had stage-2 ovaries. Spawn-
ing was first evident in September, and peak spawning 
occurred in December, as determined by the percentage 
of females with stage-3 ovaries. By January, the majority 
of females had completed spawning and had stage-4 ova-
ries. The reproductive season appeared to start later in 
Pacific Northwest collections, with the majority of ovaries 
found at stage 2 in December and the first stage-3 ovaries 
collected in January.
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Figure 2
Representative examples of oocyte size–frequency distri-
bution diagrams for ovarian samples taken from petrale 
sole (Eposetta jordani) collected off California, Oregon, 
and Washington in 2014–2017. Primary growth oocytes, 
which were <150 um, are not included, and all oocytes 
are at the primary vitellogenic oocyte stage or further 
advanced. (A) An example of when recruitment of oocytes 
for the year was nearing completion, from a macroscop-
ic-stage-2 ovary sampled in August. (B) An example of 
oocytes fully recruited before spawning has commenced, 
from a macroscopic-stage-2 ovary sampled in October.  
(C) An example of a female that had initiated spawning, 
from a macroscopic-stage-3 ovary sampled in October.  
The gap between primary and secondary growth oocytes 
evident in panels B and C indicates a determinate fecun-
dity pattern for petrale sole.

Histological examination of ovarian tissues confirmed 
macroscopic assignment of developmental stages (Fig. 4) 
and provided evidence of the fecundity pattern and spawn-
ing strategy of petrale sole. Increasing size of perinucleolar 
stage oocytes signaled the earliest development. Interest-
ingly, there appeared to be no distinct cortical alveolar 
oocyte stage, with cortical alveoli appearing concomitantly 
with vitellogenin (yolk protein). Oocytes developed some-
what asynchronously until a mid- vitellogenic state (Vtg2) 
because, presumably, recruitment from primary growth 
reserves was ongoing. Oocytes then developed synchro-
nously to the tertiary vitellogenic stage (Vtg3), after which 
individual clutches underwent final maturation sequen-
tially (observed histologically as ovaries with primary 
growth and Vtg3 oocytes with groups of oocytes at various 
stages of final maturation [e.g., germinal vesicle migra-
tion, germinal vesicle membrane breakdown, or hydra-
tion]). Once the leading cohort reached the Vtg3 stage, 
earlier vitellogenic stages were not observed (indicating 
recruitment from the primary growth stage was complete). 
This oogenesis pattern indicates that petrale sole exhib-
ited a determinate fecundity pattern. The fecundity pat-
tern was corroborated with examination of diagrams of 
oocyte size–frequency distribution that show a distinct gap 
between primary and secondary growth oocytes (Fig. 2).

The presence of POFs (from prior spawning events) with 
hydrating oocytes (destined for imminent spawning) and 
late vitellogenic oocytes (for future spawning activity) 
demonstrated that petrale sole exhibited batch spawning 
behavior (Fig. 4D) (Murua and Saborido-Rey, 2003). The 
exact number of spawning events could not be determined 
because the duration of POFs were unknown in this spe-
cies; however, 2 or 3 distinct stages of POFs were found in 
many histological sections from ovaries with both vitello-
genic and hydrating oocytes, indicating that at least 4 or 
5 spawning events for an individual were common and that 
more were possible. Atresia of secondary growth oocytes 
appeared to be rare during the reproductive season, indi-
cating minimal fecundity down regulation. A small per-
centage (14%, or 1 of 7) of ovaries in the regressing phase 
appeared to be resorbing the final batch of oocytes at the 
end of the season.

Fecundity models including the interaction term of 
length or weight and region were the best fit on the basis 
of AIC (Table 4). Total PAF of the fish examined in this 
study ranged from 458,000 to over 3 million eggs and was 
significantly related to maternal size (Table 5, Fig. 5). Rel-
ative PAF values ranged from 481 to 1639 eggs per gram 
of somatic weight and was significantly related to mater-
nal size in the combined and Pacific Northwest regional 
models (Table 5, Fig. 5); however, the slope parameter in 
the California regional model was not significantly dif-
ferent from zero (Table 4). The difference in the regional 
slopes for relative PAF means that a 56- cm-TL fish pro-
duced 1.25 times as many eggs per gram as a 40- cm-TL 
fish in California but produced 2.37 times as many eggs 
per gram as a 40- cm-TL fish off Washington and Oregon. 
This regional difference in the fecundity relationship 
appears to be driven by lower relative PAF for smaller 
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Figure 3
Composition of the macroscopic stages of ovarian development, by 
month, in petrale sole (Eopsetta jordani) collected off (A) California 
and (B) the Pacific Northwest (Oregon and Washington) in 2014–
2017. The numerals above bars indicate number of samples.

fish in the data from the Pacific Northwest region rela-
tive to those from California. When all data are pooled, 
a 56- cm-TL fish produces 1.60 times as many eggs per 
gram as a 40- cm-TL fish.

Discussion

Accurate reproductive data are necessary for stock assess-
ments. Even when the biology of a species is well under-
stood, parameters such as fecundity exhibit spatiotemporal 
variation as a response to environmental conditions and 
body condition (McElroy et al., 2013; Beyer et al., 2015), 
and population shifts in egg production may occur over 
time as the demographics of a stock change (for example, 
when the number of small females increases) (Rideout and 
Morgan, 2007). Therefore, it is important to periodically 
revisit and review these types of data.

Maximum estimates of PAF (>3 million eggs) for petrale 
sole along the West Coast of the United States were found 
to be more than double previous estimates (1.45 million 
eggs; Porter, 1964). Through histological examination of 
ovarian tissue and analysis of oocyte size–frequency dis-
tributions, it was determined that petrale sole employed a 

determinate batch spawning strategy, as opposed 
to the determinate total spawning strategy sug-
gested by Porter (1964). This updated under-
standing of the petrale sole’s reproductive biology 
renders Porter’s fecundity estimates obsolete 
because those data likely include samples from 
females that had already initiated spawning 
for the season. Porter (1964) observed hydrated 
oocytes (“ripe eggs”) scattered throughout ovaries 
but assumed the fish spawned all eggs in a single 
event annually in part because of the homogene-
ity in size of the remaining oocytes. The homoge-
neity that Porter (1964) observed is explained by 
our observation of all oocytes contributing to PAF 
developing to the late stages of vitellogenesis 
prior to the first spawning event (evidenced his-
tologically by all secondary growth oocytes being 
in late stages of vitellogenesis without evidence of 
spawning activity [no POFs present]), with indi-
vidual batches advancing sequentially (evidenced 
histologically by the presence of POFs, hydrat-
ing oocytes, and late- stage vitellogenic oocytes). 
Furthermore, Porter (1964) noted that, although 
most oocytes appeared to develop synchronously, 
there were some samples in which multiple sizes 
of oocytes were visible. He assumed that they 
would be resorbed and, therefore, did not include 
them in his fecundity estimates. However, on 
the basis of our observations, it is possible that 
oocyte recruitment was ongoing in those cases 
and, therefore, PAF would have been underes-
timated from those individuals. Interestingly,  
Porter (1964) did also observe regional differ-
ences in fecundity: fish from Eureka (Northern 
California) had a slightly greater number of eggs 

at length than those from Oregon, a finding consistent 
with what we observed in differences in relative PAF 
between small fish from Morro Bay (Central California) 
and those from Oregon and Washington.

Histological analysis in which hematoxylin and Eosin 
Y staining was used also demonstrated the lack of a dis-
tinct cortical alveolar stage oocyte in petrale sole. Primary 
growth (perinuclear stage) oocytes move into secondary 
growth with the appearance of cortical alveoli, a change 
that is triggered by the hormone gonadotropin (Wallace 
and Selman, 1981). In most fish, this oocyte stage is a 
distinct one that occurs prior to the appearance of vitello-
genin; however, in petrale sole in our study, cortical alveoli 
appeared at the same time as the vitellogenin. Although 
rarely documented, the lack of a cortical alveolar stage has 
been observed in pollock (Pollachius virens) (Skjæraasen 
et al., 2016). This observation has little relevance in the 
context of our study; however, it is important to note that, 
although many aspects of oogenesis and reproductive biol-
ogy can be generalized across teleosts, a great variety of 
reproductive patterns exist.

Previous reproductive studies of petrale sole were 
focused on fish collected primarily off Oregon and to a 
lesser extent Washington (Harry, 1959; Porter, 1964;  
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Figure 4
Photomicrographs from histological slides of ovarian tissue from petrale sole (Eopsetta jordani) collected in 2014–
2017 off California, Oregon, and Washington, showing all phases of development: (A) immature, characterized by 
thin ovarian wall (OW), no stroma, and primary growth oocytes (PGs); (B) developing, characterized by oocytes at the 
mid-vitellogenic stage without evidence of spawning; (C) spawning capable, characterized by late vitellogenic oocytes 
without evidence of spawning; (D) actively spawning, characterized by hydrated oocytes (HOs) and postovulatory 
follicles (POFs); (E) regressing, characterized by POFs and only PGs; and (F) regenerating, characterized by a thick 
OW, only PGs, and thick stroma (S). V1=primary vitellogenic oocytes; V2=secondary vitellogenic oocyte; V3=tertiary 
vitellogenic oocyte; and HO(r)=residual HO. The bars indicate a scale of 250 µm.

Hannah et al., 2002). The reproductive season of petrale 
sole observed off California in this study, with a peak in 
December, overlapped with that observed previously for 
petrale sole in Oregon by Harry (1959), with a peak in 
December–January, and for those in Oregon and Washing-
ton by Porter (1964), with spawning occurring sometime 
between December and March; however, the season ended 
earlier in California, with most spawning activity conclud-
ing by January. With our limited collections from the 
waters of the Pacific Northwest, the onset of spawning 
appears to occur later in more northerly waters, with data 
from other sources indicating a 1- month lag compared 
with the timing of spawning observed for petrale sole in 
California (Haltuch2). Seasonal differences in the onset 
and intensity of upwelling are well known between Cali-
fornia waters and those of the Pacific Northwest (e.g., Par-
rish et al., 1981), and such differences have been linked to 
shifts in the timing and the duration of spawning for other 
species of flatfish, such as the English sole (Parophrys  
vetulus) (Kruse and Tyler, 1983). Latitudinal variation in 
biological traits, such as growth and maturity, are common 
in many other commercially important fish species 

2 Haltuch, M. 2018. Personal commun. Northwest Fish. Sci. Cent., 
Natl. Mar. Fish. Serv., NOAA, 2725 Montlake Blvd. East, Bldg. 
South, Seattle, WA 98112-2097.

(Sampson and Al-Jufaily, 1999; McBride et al., 2013), and 
both temporal and spatial differences in growth for many 
species of groundfish on the West Coast of the United 
States, including the petrale sole, have been previously 
characterized (Stawitz et al., 2015; Gertseva et al., 2017).

In addition to providing more accurate estimates of PAF, 
maternal size was shown to significantly affect estimates 
of relative PAF in petrale sole, such that larger females 
contributed disproportionately more in terms of egg pro-
duction compared with smaller females, as is common 
across fish taxa (e.g., Hixon et al., 2014; Barneche et al., 
2018). Furthermore, regional variation in fecundity rela-
tionships were observed in this study. In California, the 
slope of the maternal size–fecundity relationship was less 
steep (and not statistically different from zero), compared 
with fish from the Pacific Northwest (Table 4, Fig. 5). This 
finding may be a reflection of differences in spawning 
season, such that fish off California have a longer spawn-
ing season and, therefore, can extend their reproductive 
efforts over a wider temporal range. However, the entirety 
of the spawning season was not studied sufficiently in the 
Pacific Northwest to verify that durations of the spawning 
seasons differ regionally. The observed differences in the 
slopes of the fecundity relationships appear to be driven 
by the data from small females, with larger females hav-
ing similar fecundity estimates in both regions. Although 
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Table 4

Selection criteria and parameters of the models for potential annual fecundity (PAF) and 
relative potential annual fecundity (PAFrel) at length and weight in petrale sole (Eopsetta  
jordani). The base models consider only size (total length [TL] in millimeters or somatic 
weight [SW] in grams). Colons represent interactions between variables, and an asterisk 
(*) indicates the regional model that best fits the data on the basis of Aikake information 
criterion (AIC). Also provided are coefficients of determination (r2), P- values, and values for 
the difference between Akaike information criterion (AIC) values for 2 nested models (ΔAIC).

Fecundity relationship Model r2 P- value ΔAIC

PAF (length) TL 0.78 <0.001 23.92
TL + Region 0.81 <0.001 16.66
TL + Region + TL:Region* 0.85 <0.001 0.00

PAF (weight) SW 0.75 <0.001 32.93
SW + Region 0.81 <0.001 14.66
SW + Region + SW:Region* 0.85 <0.001 0.00

PAFrel (length) TL 0.24 <0.001 16.88
TL + Region 0.38 <0.001 5.03
Tl + Region + TL:Region* 0.44 <0.001 0.00

PAFrel (weight) SW 0.13 0.001 23.68
SW + Region 0.31 <0.001 8.94
SW + Region + SW:Region* 0.40 <0.001 0.00

Table 5

Fecundity ranges and fecundity relationship model parameters for petrale sole (Eopsetta jordani) collected during 2014–2017 off 
California and the Pacific Northwest (Oregon and Washington). The potential annual fecundity parameter a is reported after back 
calculating from the log of length or weight by using the bias correction term exp(σ2/2). The 95% confidence intervals for all param-
eters (a, b, c, and d) are listed in parentheses. An asterisk (*) denotes a result that was not significant. Lengths were measured as 
total lengths. n=number of samples.

Region n

Potential annual fecundity (no. of oocytes)
Potential annual relative fecundity (no. oocytes per 

gram somatic weight)

Length (mm) Weight (g) Length (mm) Weight (g)

Range a b a b Range c d c d

Combined 70 458,442–
3,003,377

9.03 × 10−7 4.55 58.63 1.39 481–
1639

−373.56 2.85 678.4 0.22
(2.5 × 10−8,  
3.19 × 10−5)

(3.97, 
5.13)

(14.55, 
236.18)

(1.20, 
1.58)

(–956.04, 
212.92)

(1.65, 
4.06)

(476.67, 
880.13)

(0.09, 
0.35)

California 49 839,318–
3,003,377

2.86 × 10−4 3.63 487.71 1.11 833–
1639

343.1 1.49* 963.29 0.07
(7.24 × 10−6, 
1.13 × 10−2)

(3.03, 
4.22)

(122.50, 
1925.87)

(0.92, 
1.30)

(–287.10, 
974.48)

(0.02*, 
2.78*)

(754.88, 
11171.70)

(−0.06, 
0.20)

Pacific  
Northwest

21 458,442–
2,558,064

1.16 × 10−10 5.99 3.38 1.76 481–
1189

–1296.78 4.57 201.11 0.45
(4.51 × 10−15, 
3.00 × 10−6)

(4.35, 
7.63)

(0.09, 
526.84)

(1.26, 
2.26)

(–3048.06, 
454.06)

(0.77, 
8.19)

(−361.42, 
763.67)

(0.09, 
0.81)

intriguing, these relationships are based on a limited num-
ber of samples, particularly in large fish from the Pacific 
Northwest, and should be refined further before conclu-
sions on regional variation can be drawn. Still, the obser-
vation that egg production is not proportional to maternal 
size in the combined model indicates that spawning stock 
biomass may not be an appropriate predictor of total egg 
production. Until regional values are established, the 
combined fecundity relationships (Table 4) are likely to be 

more appropriate for estimating total egg production in 
stock assessments.

A thorough understanding of the reproductive biology of 
a species is vital to providing accurate data for stock assess-
ment models. For as long as the petrale sole has been 
assessed, fecundity appears to have been underestimated 
because of an incomplete understanding of the reproduc-
tive strategy of this species. The stronger size- dependent 
relationship observed in our data indicates that previous 
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Figure 5
Potential annual fecundity (PAF) as a function of maternal (A) length and (B) somatic weight and relative PAF as a 
function of maternal (C) length and (D) somatic weight in petrale sole (Eopsetta jordani) sampled during 2014–2017 
off California (CA) and the Pacific Northwest (NW, Oregon and Washington). Circles and triangles indicate observed 
values, and dashed, dotted, and solid lines indicate values predicted by models for each region and with regions 
combined.

stock assessments of petrale sole conducted along the West 
Coast of the United States may have overestimated rela-
tive spawning output because they did not fully account for 
the increased relative egg production of larger individuals 
that would have been present in an unfished population. 
Moreover, the observation that female petrale sole produce 
not one, but several, batches of eggs throughout a given 
spawning season may have implications for how catch and 
effort data are evaluated from the winter fisheries (which 
take place on spawning grounds). However, given the 
uncertainties regarding potential differences in the rela-
tive fecundity relationship over space, additional research 
to better quantify reproductive output of this commercially 
important species would be ideal. Given the importance of 
this stock in commercial fisheries in both the United States 
and Canada, future studies into the reproductive ecology of 
petrale sole should include and pool data from a broader 
latitudinal range, including waters in California, the Pacific 
Northwest, and Canada, to better understand patterns of 
variability in fecundity and life history.
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