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a  b  s  t  r  a  c  t


Marine  fish  populations  may  exhibit  a number  of complexities  in  their  reproductive  dynamics,  such
as  weight-specific  relative  fecundity  (i.e.  eggs  produced  per  spawner  weight  increases  with  spawner
size)  and  maternal  effects  (i.e.  reduced  larval  survival  with  reduced  spawner  age),  that  are  typically  not
incorporated  in stock  assessment  models.  Improved  information  on  reproductive  biology  could  alter
estimates  of stock  productivity  and  potentially  improve  estimation  of stock–recruitment  parameters.
In  this  study,  we  examined  the  influence  of  maternal  effects  and  weight-specific  relative  fecundity  on
stock  status  (defined  as  reproductive  potential  and  measured  as  eggs,  larvae,  or  spawning  stock  biomass),
Fmsy,  and  the  statistical  fit of  stock–recruitment  curves  estimated  within  the  Bering Sea/Aleutian  Islands
Pacific  ocean  perch  (Sebastes  alutus)  and  Gulf  of  Alaska  walleye  pollock  (Theragra  chalcogramma) statisti-
cal catch-at-age  assessment  models.  In  each  example,  estimates  of  recruitment  strength  and  the variation
around stock–recruitment  curves  were  relatively  insensitive  to various  indices  of reproductive  poten-
tial.  However,  weight-specific  relative  fecundity  increased  estimates  of  Fmsy, whereas  maternal  effects
decreased  estimates  of Fmsy. The  range  of Fmsy estimates  obtained  for  walleye  pollock  from  eight indices  of
reproductive  potential  was  0.12–0.19,  whereas  the  Fmsy range  for  Pacific  ocean  perch  from  three  indices
of  reproductive  potential  was  0.079–0.084.  For  walleye  pollock,  weight-specific  relative  fecundity  and
recent  increases  in  spawner  weight-at-age  resulted  in an  upward  trend  in  reproductive  potential  rela-
tive to constant  relative  fecundity  with  spawner  size.  The  two examples  demonstrate  the  influence  of
reproductive  biology  upon  stock  productivity  even  in cases  where  residual  recruitment  variation  is  rel-
atively  unaffected,  and  motivate  the ongoing  monitoring  of  reproductive  status  and  its  incorporation  in
estimation  of  fishing  rate  reference  points.


Published by Elsevier B.V.


1. Introduction


A  fundamental concept in fisheries management is ensuring
that harvesting does not compromise stock productivity such that
desirable yield and abundance levels cannot be sustained. Stock
productivity is typically assessed with stock–recruitment analy-
ses that relate recruitment to reproductive potential, which can
be considered the number of offspring (i.e. eggs) which have the
potential to become recruits. In practice, spawning stock biomass
(SSB) is often assumed to be proportional to total egg production,
thus allowing SSB to be used as a proxy for reproductive potential in
cases where total egg production is difficult to measure. It has long
been observed that potentially misleading stock–recruitment anal-
yses can result when SSB is not proportional to total egg production
(Rothshild and Fogarty, 1989), and recent research has revealed a
variety of complexities that call into question this proportionality.


∗ Corresponding author. Tel.: +1 206 546 4248; fax: +1 206 546 6723.
E-mail address: paul.spencer@noaa.gov (P.D. Spencer).


For example, Rideout et al. (2005) identified several mechanisms
for skipped spawning (the failure of mature individuals to spawn),
including retention of eggs, resorption of eggs (i.e. mass atresia)
and resting of spawners. A recent meta-analysis of fecundity stud-
ies for 41 species of rockfish, Sebastes spp., off the US  west coast
found that the eggs produced per spawner weight (i.e., relative
fecundity) increased with spawner weight (Dick, 2009), indicat-
ing that total egg production is not proportional to SSB. Finally, egg
and larval viability may  be diminished for young, small, or inexpe-
rienced spawners (Trippel, 1998; Berkeley et al., 2004), indicating
relatively unequal contribution to reproductive potential. The influ-
ence of spawner size/age on egg and larvae viability is an example
of a maternal effect, defined generally as the non-genetic contribu-
tion of females to the condition of their offspring (Reznick, 1991;
Green, 2008), and pertains to the quality of reproductive potential;
in contrast; process such skipped spawning and weight-specific rel-
ative fecundity pertains to the quantity of reproductive potential
produced.


Recognition of these complexities has led to calls to incorpo-
rate more realistic measures of reproductive potential into fisheries
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management (Morgan, 2008; Marshall, 2009). Improved estimates
of reproductive potential can potentially affect the estimation of
fisheries harvest reference points such as Fmsy (i.e., the fishing rate
that produces the maximum sustained yield) or Fmed (i.e., the fish-
ing rate associated with a long-term stock replacement) (Murawski
et al., 2001; Spencer et al., 2007) and the level of depletion (the
reproductive potential of a stock divided by the reproductive poten-
tial of an unfished population), two key components of fishery
harvest control rules.


Indices of reproductive potential that contain greater biological
realism would presumably be expected to improve our knowledge
of the stock, provided that the “signal” is not obscured by obser-
vation error (or “noise”). Indices of reproductive potential with
relatively low information content (i.e. a low signal to noise ratio)
may  not improve estimates of stock status or productivity rela-
tive to more naïve but better estimated indices of reproductive
potential. When temporal trends occur in quantities that affect
reproductive potential (i.e. maturity at age, sex ratio, and fecun-
dity), which may  result from environmental variability and/or
changes in population abundance and age structure from fish-
ing, more detailed indices of reproductive potential may  result in
improved predictions of recruitment; however, this may  not neces-
sarily true for cases without temporal trends in reproductive data
(Morgan et al., 2011). Additionally, analyses of particular empiri-
cal case studies with high levels of observation error may  obscure a
general understanding of how various reproductive processes, such
as maternal effects (i.e. the influence of spawner age/size on the
viability of eggs or larvae) and weight-specific relative fecundity,
affect estimated stock status and productivity.


A common research approach has been to compare recruitment
to several measures of reproductive potential (SSB, female spawn-
ing biomass, or total egg production) obtained from assessment
model output (numbers-at-age) and data on sex ratio, spawner
weight, and fecundity (Marshall et al., 2006; Morgan and Brattey,
2005). In this approach, estimation of depletion and stock produc-
tivity from a stock–recruitment analysis are separated from the
estimation of stock size, thus assuming that the assessment model
recruitment estimates are not influenced by the index of repro-
ductive potential. This approach is reasonable for stocks assessed
with virtual population analysis where recruitment models are
not considered in the estimation of year-class strength. However,
in statistical catch-at-age assessment models where year-class
strengths and stock–recruitment parameters are estimated simul-
taneously with all other model parameters, it is possible that the
index chosen for reproductive potential may  affect the estimation
of recruitment. In these cases, the choice of the index of repro-
ductive potential may  affect not only the management choice of
defining the inputs to stock–recruitment analyses and estimation
of depletion, but also potentially the statistical fit of the assessment
model to data.


Maternal effects are an aspect of marine fish reproductive biol-
ogy that has received a relatively high degree of interest (Green,
2008), and has led, in part, to proposals for consideration of size
and age structure in fisheries management policies (Francis et al.,
2007). Maternal effects have been shown to reduce the expected
lifetime production of reproductive output (O’Farrell and Botsford,
2006) and estimated Fmed (Murawski et al., 2001) and Fmsy (Spencer
et al., 2007). However, little research has examined how weight-
specific relative fecundity can affect estimation of stock status or
productivity. Additionally, weight-specific relative fecundity and
maternal effects are not necessarily mutually exclusive, and little
research has been conducted regarding how these two processes
might interact to influence estimation of stock status and produc-
tivity.


The purpose of this paper is to use the Gulf of Alaska (GOA)
walleye pollock (Theragra chalcogramma)  and Bering Sea/Aleutian


Islands (BSAI) Pacific ocean perch (POP; Sebastes alutus)  as case
studies to illustrate how reproductive information can be incor-
porated into statistical catch-at-age assessment models. The GOA
walleye pollock was  examined because of the existence of a time
series of spawning stock biomass based on an egg-production sur-
vey, as well as a time series of fish maturity data that offers several
options for characterizing reproductive potential (Dorn et al., 2010).
The BSAI POP was examined because of the potential for maternal
effects (Berkeley et al., 2004) and weight-specific relative fecun-
dity (Dick, 2009) in Pacific rockfish. Taken together, the two case
studies address several of the issues identified above, including the
influence of the variability of input data, and the potential interac-
tion of weight-specific relative fecundity and maternal effects, on
estimated fishing rate reference points.


2. Methods


The assessment models used in this paper are slightly modified
versions of the models used to provide scientific advice on the man-
agement of these stocks by the North Pacific Fishery Management
Council (NPFMC) (Dorn et al., 2010; Spencer and Ianelli, 2010). The
basic model characteristics are the following: populations are age-
structured with annual recruitment; competing mortality due to
fishing and natural causes occurs throughout the year; natural mor-
tality is assumed constant for all ages and years; fishing mortality
is separable into age-specific selectivity and an annual compo-
nent, the fully selected fishing mortality. These are fairly standard
assumptions that are widely employed in statistical catch-at-age
models used by fisheries management bodies.


Models are fit to survey and fishery information using maximum
likelihood equations. Survey data consist of an index of popula-
tion abundance and estimates of age composition. Fishery data
include annual fishery take, and estimates of fishery catch-at-age,
derived from observer sampling. Log-normal likelihoods are used
for index data, while multinomial likelihoods are used for com-
position data. Parameters estimated include annual recruitment,
selectivity parameters for the fishery and the survey, annual fish-
ing mortality, and a survey catchability coefficient for each survey
used in the assessment.


For each case study, a stock recruitment curve of the form


R = 0.8R0hS


0.2�0R0(1 − h) + (h − 0.2)S
eε (1)


was estimated within the statistical catch-at-age model, where S is
reproductive potential (i.e. eggs, larvae, or SSB), ϕ0 is the expected
lifetime production of S per recruit for an unfished stock, R0 is the
estimated recruitment for an unfished population, h is steepness
(the recruitment as a proportion of R0 when S is 20% of the unfished
S; Dorn, 2002; Mace and Doonan, 1988), and ε is a normally dis-
tributed random error with mean of 0 and standard deviation of �r


(set to 0.95 and 0.75 for walleye pollock and POP, respectively). The
error term eε thus has a lognormal distribution, and deviations from
the mean predicted recruitment were used in the recruitment like-
lihood equation. The reproductive potential of an unfished stock
(S0) is the product R0 ϕ0, and depletion at time t is calculated as
St/S0. Note that this differs slightly from the currently used defini-
tion of depletion for these stocks, which was based on the mean of
estimated recruitment for the post-1977 year classes rather than
R0. Estimates of recruitment, depletion, stock recruitment parame-
ters, and Fmsy were made for each index of reproductive potential.
The model fits to data were evaluated with the total negative ln-
likelihood of all data components and the root mean square error
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(RMSE) of the residuals between the log of predicted recruitment
and the log of estimated recruitment,


RMSE =
√∑


nε2
i


n
(2)


where n is the number of recruitment estimates.


2.1. GOA walleye pollock


The modeled population includes individuals from age 2 to age
10, with age 10 defined as a “plus” group, i.e. comprised of all
individuals age 10 and older (Dorn et al., 2010, Appendix B). The
model extends from 1961 to 2010 (50 years). A novel aspect of the
GOA pollock assessment model is that selectivity parameters fol-
low a random walk process, which allows selectivity to gradually
change over time. The specific data used to fit the model are total
catch (1964–2010), fishery length composition (1964–1971), fish-
ery age composition (1972–2009), Alaska Fisheries Science Center
(AFSC) Shelikof Strait acoustic survey index and age composi-
tion (1981–2010; this also provides estimates of weight at age at
spawning), AFSC bottom trawl survey index and age composition
(1984–2009), egg production index (1981–1992), Alaska Depart-
ment of Fish and Game trawl survey index and length (or age)
composition, (1989–2010), and historical trawl survey indices and
length (or age) composition (1961–1982).


Since the egg production index data has more relevance to this
work, it is described in more detail here (see also Picquelle and
Megrey, 1993). Egg production estimates were discontinued in
1992 because the AFSC Shelikof Strait acoustic survey was  con-
sidered to provide similar information. Egg production estimates
of spawning biomass are derived from two main components:
(1) AFSC ichthyoplankton surveys that estimate the total number
of eggs produced, and (2) information on reproductive potential
(eggs produced per unit female biomass). Raw ichthyoplankton
data (counts of eggs at different developmental stages) are pro-
cessed extensively to account for the seasonal pattern of spawning
and post-hatch mortality. In contrast to most surveys, egg produc-
tion surveys provide a direct estimate of the spawning population,
and do not require estimating a selectivity pattern. While this is
advantageous from the perspective of simplicity, it does make the
estimates of maturity-at-age, which are used to calculate expected
spawning biomass, consequential in fitting stock assessment mod-
els. If maturity-at-age estimates are in error, or if they change from
year to year when they are assumed constant, model performance
could be compromised.


Another issue for both the egg production index and the Shelikof
Strait acoustic survey is that only a percentage of the GOA pol-
lock stock spawns in Shelikof Strait. In the assessment model, this
percentage is assumed to be constant, and is an estimated param-
eter (i.e. the catchability coefficient for the survey). Other areas in
the GOA have been surveyed, but the time series of estimates are
too short to be useful in the assessment. Lack of model fit to both
of these indices could be a result of an incorrect assumption that
catchability is constant; however, allowing this coefficient to vary
inter-annually would imply that the index conveys no information
about overall abundance.


A weight–fecundity relationship of the form


E = aWb (3)


where E is fecundity (1000s of eggs) and W is spawner weight (g)
was obtained from Hinckley (1987), who used data collected from
1983 to 1984 in the BSAI to estimate parameters of a = 174.92 and
b = 1.0765. Data on the proportion mature-at-age have been col-
lected annually in the Shelikof Strait acoustic survey since 1983
and do not indicate a temporal trend, and an average proportion


mature from 1983 to 2010 by age is used in the current assess-
ment model (Dorn et al., 2010). Logistic regression was used to
estimate maturity ogives and age at 50% maturity (a50%) by year
and cohort. Four options for characterizing the proportion mature-
at-age were considered: (1) the average proportion mature-by-age
from 1983 to 2010; (2) the proportion mature-by-age for the year
with the highest a50%; (3) the proportion mature-by-age for the
year with the lowest a50%; and (4) time-varying maturity with sep-
arate ogives by cohort (with maturity for cohorts with limited data
set to the values of the nearest cohort with estimable parameters).
Each of the four maturity options can be used to estimate SSB or
total egg production, yielding eight potential indices of reproduc-
tive potential. For quantities which were time-varying (e.g., fishing
selectivity, size-at-age, proportion mature), the calculation of life-
time production of reproductive potential (i.e., the “replacement
lines” in stock–recruitment analysis) was  based on average values
from the most recent five years.


Finally, the general effect of weight-specific relative fecundity
was examined with a sensitivity analysis in which the wall-
eye pollock assessment model was  run with average proportion
mature-at-age and a range of the b exponent in Eq. (3) from 0.8
to 2.0, which corresponds roughly to the 90% credibility interval of
the estimated posterior distribution for Pacific rockfish obtained by
Dick (2009).


2.2. BSAI POP


The BSAI POP assessment model covers the period from 1961
to 2010, and includes POP between ages 3 and the plus group
at age 25. Input data include catch (all years), the AFSC Aleutian
Islands (AI) trawl survey biomass estimates (1980–2010), a fishery
catch-per-unit-effort index (1969–1978), as well as age and length
composition data from the fishery and the AFSC AI trawl survey
(Spencer and Ianelli, 2010).


Relative to GOA pollock, information on BSAI POP reproduc-
tive biology is more limited and requires assuming that data from
neighboring areas are applicable to the BSAI area. The proportion
mature-at-age was obtained from Lunsford (1999), who examined
POP maturity samples collected in the central GOA. A fecundity-at-
length relationship of the form


E = x1Lx2 (4)


was fit to POP fecundity estimates for specimens collected in 1985
off Vancouver Island (Leaman, pers. commun.). Specimens were
collected in November when the oocytes were expected to be at
their maximum unfertilized size, and a gravimetric method was
used to estimate fecundity. A weight-at-length relationship of the
form


W = x3Lx4 (5)


was obtained from specimens collected in the Alaska Fisheries Sci-
ence Center’s Aleutian Islands bottom trawl survey from 1980 to
2006; this relationship was  also used to obtain weight at age from
the estimates of length-at-age from the Aleutian Islands trawl sur-
vey. Substituting Eq. (5) into Eq. (4) yields the fecundity–weight
relationship shown in Eq. (3), with the parameters a and b defined
as:


b = x2


x4
a = x1


xx2/x4
3


Rockfish are viviparous and release larvae, and a hypothesized
maternal effect on larval survival was  obtained from a modifica-
tion of the relationship shown by Berkeley et al. (2004) for black
rockfish. Berkeley et al. (2004) expressed mortality in units of days
to 50% survival, from which we  calculated a daily mortality rate.







Author's personal copy


162 P.D. Spencer, M.W. Dorn / Fisheries Research 138 (2013) 159– 167


0 5 10 15 20 25 30 35


Spawner age


Su
rv


iv
al


 to
 1


4 
da


ys


0.0


0.1


0.2


0.3


0.4


0.5


0.6


Black rockfish (Berkeley et al. 2004)
Pacific ocean perch modification


Fig. 1. Survival to viable larvae as a function of spawner age for black rockfish (from
Berkeley et al., 2004) and a hypothesized curve for Pacific ocean perch.


Viable larvae were defined as those that survive to 14 days, which
was considered a period sufficient for the maternal effect to be
expressed. Because POP have lower natural mortality and a longer
generation time than black rockfish (Sampson, 2007; Spencer and
Ianelli, 2010), the x-intercept of the Berkeley et al. (2004) original
survival curve was increased and the slope decreased in order to
maintain consistency between the ages over which larval viability is
hypothesized to be reduced relative to the species life-span (Fig. 1).
Three indices of reproductive potential were considered for BSAI
POP: (1) SSB; (2) total larvae; and (3) hypothesized viable larvae
(which relies on estimated larval production from Eq. (3)). Fishing
selectivity varies between four-year blocks in the POP assess-
ment model, and calculation of lifetime production of reproductive
potential was based on estimated values from the most recent
block.


A Bayesian prior distribution was used to estimate steepness
for BSAI POP. Steepness was rescaled into the interval (0,1) and
transformed into its logit ˇ, which ranges between −∞ and +∞
and was assumed to be normally distributed (Dorn, 2002; Spencer
et al., 2007):


 ̌ = ln
(


h − 0.2
1 − h


)
, ˇ∼N(�, �2) (6)


Reproductive success (recruits per spawners at the origin
divided by recruits per spawners for an unfished stock) was  used to
specify the mean and variance of ˇ. The median level of reproduc-
tive success for stock–recruitment curves considered plausible by
Clark (1991) was 8 (  ̌ = 0.34), and this was lowered to 4 (  ̌ = −0.51)
to reflect a perceived lower productivity of rockfish. The vari-
ance of  ̌ was set such that the values of reproductive success of
approximately 2.3 and 7.7 were located at the 10th and 90th per-
centiles, respectively. The same Baysian prior for steepness was
applied for each of the indices of reproductive potential; thus,
any changes in the estimated parameters between the indices
of reproductive potential are due to differences in the estimates
of recruitment and reproductive potential rather than the prior
distribution.


3. Results


3.1. Walleye pollock


The estimated a50% for walleye pollock year classes between
1984 and 2005 varied between 3.97 and 6.18 without an apparent
trend, and show a similar level of variability to values of a50% fit by
year (Fig. 2a). The maximum a50% of ogives fit by year occurred in
1991 (6.12) whereas the minimum occurred in 1983 (3.51). Esti-
mates of maturity ogives for the pre-1984 and post-2005 year
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Fig. 2. Walleye pollock age at 50% maturity by year and cohort (a) and temporal
trends in spawner weight by age (b).


classes were not obtained due to limited data. The weight of spawn-
ers has increased over time, particularly since 2003 (Fig. 2b).


Estimates of recruitment obtained from stock assessment mod-
els with the eight indices of reproductive potential show only slight
changes from each other, and appear superimposed on each other
in the scale shown in Fig. 3a. The percentage increase from the mini-
mum to maximum recruitment estimates within a year varied from
0.2% to 4.8% across the years, with variation of less than 3% for 43
of the 50 years. The largest percentage change of 4.8% occurred for
the relatively low recruitment in 1961 and is not noticeable in the
scale shown in Fig. 3a.


Differences in the estimated time series of relative depletion
were obtained from the eight different indices of reproductive
potential (Fig. 3b). For a given maturity ogive, use of eggs as the
index of reproductive potential resulted in slightly lower levels of
reproductive output (relative to unfished) than that obtained from
using SSB. The maturity ogive with the maximum a50% resulted in
the most variation in relative depletion, as the estimates of rel-
ative depletion for these cases were often either the highest or
lowest among the eight time series. Estimated relative depletion
from the maturity ogives with the minimum and maximum a50%
differed substantially between the mid-1980s and the early 1990s.
For example, in 1986 the relative depletion obtained from defining
reproductive potential as eggs and using the maturity ogive with
the minimum a50% was 29%, and increased to 46% with the maturity
ogive with the maximum a50%.


Estimates of steepness and R0 varied with the index of repro-
ductive potential, whereas only relatively minor differences were
observed in the estimates of RMSE of the recruitment residuals and
the overall model fit (Table 1). The highest estimates of steepness
were obtained when the maturity ogive with the maximum a50%
was used (0.67 and 0.66 for eggs and SSB, respectively), whereas
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Fig. 3. Estimated walleye pollock recruitment (a) and depletion (b) from assessment
models for eight indices of reproductive potential.


the lowest estimates of steepness were obtained with time-varying
maturity (0.46 and 0.45). The negative ln-likelihood and RMSE of
the recruitment residuals varied slightly among the eight indices of
reproductive potential, and showed <0.2% and <3% change, respec-
tively, between the highest and lowest values (Table 1). Higher
estimates of steepness corresponded to higher estimates of Fmsy,
which was  0.19 for both eggs and SSB with the maturity ogive
with the maximum a50%, and 0.12 for both eggs and SSB with time-
varying maturity (Table 2). In contrast, the highest F40% rates of
0.23 were obtained for the lowest a50% for each index of reproduc-
tive potential, as these values do not reflect changes in estimated
stock–recruitment parameters. The coefficient of variation (CV; the
standard deviation divided by the mean) of estimated steepness
and Fmsy were approximately 0.43 and 0.71, respectively, with
time-varying maturity, whereas the CVs for these quantities for
the other reproductive potential indices were approximately 0.21
and 0.34 (Tables 1 and 2). An example stock–recruitment scatter-
plot is shown in Fig. 4, indicating how estimated stock–recruitment
curves can be affected by the units of reproductive potential.


The model fits to SSB values obtained from the egg production
index were not improved by inclusion of time-varying maturity
(Fig. 5). The negative ln-likelihood to this dataset when eggs were
used as reproductive potential with the average maturity ogive
was 23.21, and increased to 24.94 with the time-varying maturity
ogives.


The sensitivity analysis to the b exponent in the
fecundity–weight relationship indicated that the rate of increase
of recent egg production (relative to an unfished stock) increased
with b (Fig. 6). When b = 1, the trend in recent relative egg produc-
tion was largely flat with some variation. In contrast, increased
values of b > 1 resulted in progressively stronger increases in
relative egg production from 2003 to 2010, which resulted from
increased values of b exponentially increasing the influence of the
recent trend of increased spawner weights on egg production.


Estimates of steepness and Fmsy were also sensitive to the b
exponent in the fecundity–weight relationship (Fig. 7 and Table 3).
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Table 2
Fmsy estimates and coefficient of variation (CV), and estimated F40%, as a function of index of reproductive potential for BSAI POP and GOA walleye pollock. The percent change
from  SSB (for POP) and SSB with the average maturity ogive (for walleye pollock) is shown in parentheses.


Index of reproductive potential Maturity ogive Fmsy F40% Pct change


Est CV Pct change


BSAI Pacific ocean perch
SSB Based on GOA data 0.081 0.197 0.062
Total larvae Based on GOA data 0.084 0.186 (4.57) 0.062 (−0.693)
Viable larvae Based on GOA data 0.079 0.167 (−1.68) 0.053 (−14.304)


GOA  walleye pollock
Eggs Average from 1983 to 2010 0.177 0.336 (2.03) 0.198 (−1.192)
Eggs  Based on 1991 data (max a50%) 0.193 0.343 (11.24) 0.175 (−12.738)
Eggs Based on 1983 data (min a50%) 0.176 0.335 (1.59) 0.228 (13.754)
Eggs Time-varying maturity 0.120 0.713 (−30.57) 0.197 (−2.089)
SSB  Average from 1983 to 2010 0.173 0.337 0.201
SSB  Based on 1991 data (max a50%) 0.188 0.343 (8.41) 0.176 (−12.177)
SSB  Based on 1983 data (min a50%) 0.174 0.337 (0.69) 0.233 (16.181)
SSB  Time-varying maturity 0.117 0.710 (−32.67) 0.199 (−1.084)
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Fig. 4. Scatterplot of estimated recruitment and reproductive potential, and fitted
stock–recruitment relationships, for GOA walleye pollock with reproductive poten-
tial  defined as eggs with maturity ogives with either the maximum or minimum
a50%.


Estimates of steepness increased from 0.55 with b = 0.8 to 0.77 with
b = 2.0, a 41% increase, whereas estimates of Fmsy increased 49%
from 0.17 to 0.25 over this range of b. The increases in Fmsy were
associated with decreases in estimated R0, which decreased 19%
over the range of b values. The changes in negative ln-likelihood and
RMSE were similar to those observed for the eight indices of repro-
ductive potential, and increased by 0.14% and 2.6%, respectively,
over the range of b values.
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Fig. 5. Model fits to estimates of spawning biomass from the Shelikof Strait egg
production survey with reproductive potential defined as eggs with either average
or  time-varying maturity data.


3.2. POP


An exponential relationship between length (cm) and weight
(kg) resulted in estimates of 1.02 × 10−5 and 3.09 for x1 and x2,
respectively, and an exponential relationship between length (cm)
and fecundity estimated from the Vancouver Island POP data
resulted in estimates of 1.24 and 3.22 for x3 and x4, respectively.
These values result in estimates of the a and b of Eq. (1) of 2.01 × 105


and 1.04, respectively, indicating weight-specific relative fecundity
for POP.
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Fig. 6. Estimated depletion (a) for walleye pollock as a function of the b exponent in
the fecundity–weight relationship (with the temporal average of the maturity data).
The  lower panel (b) shows the percentage change in depletion from the case where
b  = 1 (i.e. fecundity is proportional to spawner weight).
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Table 3
Estimated R0, steepness, Fmsy, recruitment RMSE, and total negative ln-likelihood as a function of the b exponent in the fecundity–weight relationship for GOA walleye
pollock. The percent change from b = 0.8 is shown in parentheses.


b R0 (millions) Steepness Fmsy Recruitment RMSE Total negative ln-likelihood


0.8 1410.69 0.55 0.165 1.009 1074.07
0.9  1422.17 (0.81) 0.56 (2.51) 0.169 (2.24) 1.010 (0.17) 1074.17 (0.01)
1  1427.72 (1.21) 0.57 (5.16) 0.173 (4.71) 1.012 (0.35) 1074.28 (0.02)
1.1  1426.58 (1.13) 0.59 (7.96) 0.178 (7.45) 1.014 (0.55) 1074.40 (0.03)
1.2  1418.18 (0.53) 0.61 (10.93) 0.183 (10.48) 1.016 (0.76) 1074.53 (0.04)
1.3  1402.19 (−0.60) 0.62 (14.09) 0.188 (13.86) 1.019 (0.99) 1074.66 (0.05)
1.4  1378.72 (−2.27) 0.64 (17.45) 0.195 (17.62) 1.021 (1.23) 1074.79 (0.07)
1.5  1348.41 (−4.41) 0.66 (21.02) 0.201 (21.80) 1.023 (1.47) 1074.93 (0.08)
1.6  1312.41 (−6.97) 0.68 (24.77) 0.209 (26.42) 1.026 (1.72) 1075.07 (0.09)
1.7  1272.38 (−9.80) 0.70 (28.69) 0.218 (31.50) 1.028 (1.96) 1075.20 (0.11)
1.8  1230.22 (−12.79) 0.72 (32.71) 0.227 (37.01) 1.031 (2.20) 1075.33 (0.12)
1.9  1187.80 (−15.80) 0.75 (36.77) 0.236 (42.91) 1.033 (2.43) 1075.46 (0.13)
2 1146.73  (−18.71) 0.77 (40.80) 0.247 (49.14) 1.035 (2.64) 1075.58 (0.14)
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Fig. 7. Estimated Fmsy (dashed line) and steepness (solid line) (with the temporal
average of the maturity data) for walleye pollock as a function of the b exponent in
the  fecundity–weight relationship.


Similar to the walleye pollock case study, the influence of the
reproductive potential index on estimated recruitment was  minor,
as recruitment estimates for 46 of the 48 year classes differed by less
than 2%. Estimates of depletion within a year from the three indices
of reproductive potential varied from 4.6% to 35.0% between 1960
and 2010. With the exception of years 1960 to 1963, the lowest and
highest estimates of depletion were associated with viable larvae
and total larvae, respectively (Fig. 8).


Estimated steepness and Fmsy differed between model runs with
the different indices of reproductive potential, but the relative
changes in these quantities were not necessarily in the same direc-
tion (Tables 1 and 2). Estimates of steepness and Fmsy obtained
from using total larvae as the index of reproductive potential
were 2.6% and 4.6% larger, respectively, than estimates obtained
from using SSB as the index of reproductive potential. In contrast,
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Fig. 8. Estimated POP depletion from assessment models for three indices of repro-
ductive potential.


Fig. 9. Scatterplot of estimated recruitment and reproductive potential, and fit-
ted  stock–recruitment relationships, for BSAI POP with two  indices of reproductive
potential.


estimates of steepness and Fmsy obtained from using viable larvae
as the index of reproductive potential were 5.9% larger and 1.7%
smaller, respectively, than estimates obtained from using SSB as
the index of reproductive potential. An example BSAI POP scat-
terplot (Fig. 9) illustrates a relatively small change in estimated
steepness between the cases using either SSB and viable larvae as
reproductive potential, as the estimated stock–recruitment param-
eters for POP are influenced by the prior distribution for steepness.
The RMSE values were relatively unchanged between the models
with the three indices of reproductive potential. The CVs for steep-
ness ranged between 0.07 and 0.10, whereas the CVs for Fmsy ranged
between 0.17 and 0.20 (Tables 1 and 2).


The indices of reproductive potential were more influential on
Fcrash (the fishing rate where equilibrium recruitment and yield are
reduced to zero) than Fmsy, and estimates of Fcrash ranged from 0.24
(viable larvae) to 0.28 (SSB) to 0.30 (total larvae) (Fig. 10). This pat-
tern results from stock productivity at high fishing rates and its
associated younger age structure being affected to a greater degree
by reproductive processes related to spawner age.


4. Discussion


One of the motivations for developing detailed indices of repro-
ductive potential is improving the fit of stock–recruitment curves,
but the case studies presented here reveal that more detailed esti-
mates of reproductive biology can substantially affect estimated
stock productivity without necessarily improving the statistical fit
to stock–recruitment curves. The ability of more detailed indices of
reproductive potential and/or indices of age composition to reduce
variability around stock–recruitment curves has been observed for
cod (Gadus morhua) in Iceland (Marteinsdottir and Thorarinsson,
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Fig. 10. Estimated POP equilibrium yield with three indices of reproductive
potential.


1998) and the Baltic Sea (Köster et al., 2001) but not for cod in
the northeast Arctic (Marshall et al., 2006). This range of results
is not surprising given that even perfect knowledge of reproduc-
tive potential would not address the variability associated with
pre-recruit mortality, and observations on pre-recruit abundance
are often limited. However, given that estimation of stock pro-
ductivity and sustainable harvest rates is a primary purpose of
stock–recruitment analysis, the influence of information on repro-
ductive biology on estimated stock productivity is, in itself, a
sufficient motivation for consideration of these factors.


Among the more critical quantities estimated within age-
structured stock assessments are (1) the population abundance;
(2) the level of stock depletion; and (3) a recommended rate of
fishing that reflects stock productivity. For the two case stud-
ies examined here, estimates of depletion and stock productivity
were affected by the index of reproductive potential whereas esti-
mates of abundance (i.e. year-class strength) and the variability of
deviations from stock–recruitment curves were not substantially
affected. This suggests that year-class strength is likely influenced
by other factors such as age and length composition data, struc-
tural form of selectivity curves, and specification of �r. However,
our two case studies had substantial age and length composition
data, and it is plausible that statistical catch-at-age assessments
with a reduced level of age and length composition data may  reveal
a greater influence of the index of reproductive potential on esti-
mated recruitment.


The results here illustrate that reproductive dynamics such as
maternal effects and weight-specific relative fecundity affect stock
productivity in a consistent manner. For each of the case studies,
the effect of weight-specific relative fecundity (with b > 1) was to
increase the estimate of Fmsy relative to use of SSB as reproductive
potential (i.e. assuming b = 1). This is caused by a higher level of
stock productivity being associated with a higher level of repro-
ductive output (relative to an unfished stock) with increased b.
Similarly, for POP the incorporation of maternal effects resulted in
a reduction of estimated Fmsy relative to using total larvae as repro-
ductive potential, as maternal effects would be associated with a
reduction in reproductive potential and a lower level of stock pro-
ductivity. For POP, estimation of viable larvae is obtained by first
estimating the total larvae, and thus incorporates the combined
effects of weight-specific relative fecundity and maternal effects.
The opposing effects of these two processes results in the estimate
of Fmsy from viable larvae (0.079) being very similar to that obtained
from SSB (0.081), which ignores each process. However, this should
not be taken as a reason for not incorporating information on these
(and other) complexities of reproductive biology into stock assess-
ments, as the relative degree of influence of these processes would
be expected to vary between stocks.


The reproductive biology of marine fish stocks affects not only
the stock–recruitment relationship, but also the expected lifetime
production of reproductive output. Because estimated productivity
(i.e. production of yield or recruitment) is a function of these two
aspects, focusing upon only one of these aspects may give an incom-
plete picture of the influence of reproductive biology on estimated
productivity. For example, for the POP case study the lowest level
of Fmsy and the highest level of steepness were obtained from using
viable larvae as reproductive potential. In this case, the reduction
in the reproductive potential produced per recruit (i.e. the shift in
the replacement line) resulted in a low estimate of Fmsy despite the
increased estimate of steepness, and a similar result was  obtained
in previous applications to Alaska POP (Spencer et al., 2007). Esti-
mation of equilibrium yield integrates the stock–recruitment curve
and the expected lifetime production of reproductive output, and
thus seems particularly suited for inferring the influence of repro-
ductive biology on estimated productivity.


For the walleye pollock case study, the use of time-varying
maturity data did not improve the fit to estimates of SSB obtained
from the egg production method, illustrating a case where any
underlying trend may  be minor relative to the observation error.
In theory, time-varying maturity would be expected to improve
the fit to the SSB input data, and the lack of improvement reflects
the influence of observation errors in at least one of these datasets.
Both the maturity information and egg production estimates of
SSB are derived from Shelikof Strait and may not be representa-
tive of the entire GOA stock. High quality egg and larval surveys
can motivate use of indices of reproductive potential as input data
for age-structured assessment models. For example, the California
Cooperative Oceanic Fisheries Investigations (CalCOFI) larval index
survey (Moser et al., 2001) is used within the US west coast bocac-
cio (Sebastes paucispinis) assessment model (Field et al., 2009) as an
index of larval abundance, and fitting this dataset requires informa-
tion on fish reproduction. However, mismatches in spatial coverage
and patchiness of larval spatial distributions have prevented use of
CalCOFI larval indices in other stock assessments such as Dover sole
(Microstomus pacificus) (Brodziak et al., 1997).


As with other inputs to stock assessments models, data on
reproductive biology (i.e. maturity, egg production, etc.) will be
expected to contain both process and observation errors. In man-
agement systems where specification of harvest rates is a function
of the estimated uncertainty in fishing rate reference points, such
as the US Magnuson-Stevens Fishery Management and Conserva-
tion Reauthorization Act, characterizing the uncertainty associated
with the reproductive biology is an important step and would not
be accomplished by treating the data outside the assessment model
as if it were known without observation error. Sensitivity analyses
of the type applied here to the GOA walleye pollock are a first-
order approach to evaluate the implications of uncertainty. If error
bounds to the reproductive data can be specified, the estimation
of maturity ogives and fecundity relationships could be conducted
within statistical catch-at-age models and would result in esti-
mated variances of fishing rate reference points that reflect the
variability of the reproductive data.


Estimated uncertainty in Fmsy was  relatively consistent within
each stock with the exception of the use of time-varying maturity
ogives for walleye pollock, which evidently introduces variability
and results in substantially higher uncertainty in steepness and
Fmsy (CVs of 0.43–0.44 and 0.71, respectively). For the other cases,
the lower CVs of Fmsy for POP (0.17–0.20) than walleye pollock
(0.34) likely reflects the use of a prior distribution for steepness in
the POP assessment. If the variability in estimated Fmsy was suffi-
ciently high such that the Fmsy estimate was  considered unreliable
for management purposes, one could use Fspr% rates to establish
recommended fishing rates. However, Fspr% estimates are also sen-
sitive to information to information on reproductive biology. For







Author's personal copy


P.D. Spencer, M.W. Dorn / Fisheries Research 138 (2013) 159– 167 167


example, the F40% values for walleye pollock using eggs ranged from
0.18 to 0.23 for the various options for treating maturity ogives,
which is higher than the range of Fmsy point estimates (excluding
the time-varying maturity case) of 0.18–0.19. This illustrates the
importance of information on reproductive process regardless of
whether fishing rate reference points are based upon Fmsy or Fspr%.


Monitoring of reproductive processes may  be especially critical
in cases with strong temporal trends that could affect the prediction
of recruitment (Morgan et al., 2011) or estimation of current fishing
rate reference points. Temporal patterns in recruitment also reflect
life-history strategies; for example, POP have been classified as a
“periodic” strategist (King and McFarlane, 2003) characterized by
high longevity, decadal-scale recruitment patterns, and infrequent
strong-year classes. The walleye pollock case study also illustrated
that temporal trends in growth rates can interact with reproduc-
tive processes such as weight-specific relative fecundity to produce
trends in the relative depletion of reproductive potential. Ongo-
ing monitoring will be required to identify such temporal trends
and the level of variation in reproductive processes, and would
improve stock assessments relative to cases where information on
reproductive biology is obtained from data sampled in a single year.


The results of this study illustrate how estimates of depletion
and Fmsy depend on the choice of index for reproductive potential,
and demonstrate how processes such as weight-specific fecundity,
maternal effects in larval survival, and temporal trends in growth
can interact to produce complex changes in estimated stock status
and productivity. In future studies, the “signal to noise” properties
of reproductive data should be explored more thoroughly, particu-
larly in the context of the other input data to stock assessments. For
example, incorporation of the uncertainty associated with repro-
ductive information into assessments would allow evaluation of
the relative gain obtained by improved sampling of reproductive
information relative to other inputs such as abundance surveys.
Additionally, management strategy evaluations can be used to
evaluate the risk to yield and stock abundance associated with
imprecise information on reproductive biology.
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Abstract.—Size at maturity is incorporated into stock assessments of walleye pollock Theragra


chalcogramma. For eastern Bering Sea walleye pollock, however, this important biological variable has


not been examined since 1976 and possible interannual and geographic variations have never been evaluated.


Maturity condition and fish length data were collected from 10,197 walleye pollock aboard factory trawlers


during winter 2002 and 2003. We also analyzed a smaller, previously unanalyzed data set on maturity


collected annually by National Marine Fisheries Service scientists during eight echo integration–trawl surveys


over 1989–2002. Length at 50% maturity (L
50


) was estimated by year and area by logistic regression using


maximum likelihood methods. Spatial (within subareas) and temporal (interannual) variability were found.


For instance, fish matured at the smallest lengths north of the Pribilof Islands and in the years 1989, 1991, and


1995 and at the largest lengths in the southeastern Bering Sea and in the years 2001 and 2002. We found


evidence that the variability in size at maturity was related to biological mechanisms. Length at 50% maturity


appeared to be directly related to growth as measured by length at age. Moreover, an inverse relationship


between walleye pollock biomass and L
50


suggests that growth is density dependent. This spatiotemporal


variability in size at maturity has implications for estimates of spawning stock biomass and should be


incorporated into the annual stock assessments for setting annual catch specifications.


The goal of this study was to estimate the spatial and


temporal variability in the size of maturity of walleye


pollock Theragra chalcogramma in the eastern Bering


Sea. Until now, published maturity schedules for this


important commercial species have come from a single


year (1976) of observations pooled over a large area of


the eastern Bering Sea shelf (Bakkala and Smith 1978).


Although some data were collected over a limited


portion of the eastern Bering Sea during echo


integration–trawl surveys during 1989–2002, these


data have not yet been analyzed for potential


geographic or interannual shifts in size at maturity.


Walleye pollock are a subarctic species ranging from


the northwest Pacific Ocean, including the Sea of


Japan, the Okhotsk Sea, and the Commander Islands,


north through the Bering and Chukchi seas and south


into the Gulf of Alaska to Puget Sound (and rarely as


far south as central California) (Mecklenburg et al.


2002). Population structure remains somewhat unre-


solved within the eastern Bering Sea. Recent studies of


allozymes, microsatellites, and mitochondrial DNA and


analyses of DNA sequence data from the pantophysin


locus indicate weak structuring over large geographical


distances, conforming to an isolation-by-distance


pattern of neutral divergence. This suggests either that


gene flow is high or that the genetic drift since


separation has been insufficient for significant levels of


differentiation to accumulate (Olsen et al. 2002;


O’Reilly et al. 2004; Canino et al. 2005). Morphomet-


rics and life history characteristics imply that there are


three to five stocks in the eastern Bering Sea (Hinckley


1987; Dawson 1994), and length at age (Hinckley


1987), juvenile otolith composition (Mulligan et al.


1992), and size composition and growth (Lynde et al.


1986; Shuck 2000) differ among one or more subareas.


For fishery management purposes, walleye pollock


from the U.S. portion of the Bering Sea are assessed


and managed as three separate stocks: the eastern


Bering Sea shelf from Unimak Pass to the U.S.–Russia


Convention line, the Aleutian Islands shelf region


(1708W to the U.S.–Russia Convention line), and the


central Bering Sea–Bogoslof Island region (includes


the Aleutian Basin) (Ianelli et al. 2005).


Our study focuses on walleye pollock collected


during National Marine Fisheries Service (NMFS)


fishery-independent surveys and from commercial


fisheries targeting the eastern Bering Sea shelf stock.


Because our spatial analyses subsequently revealed that


some samples were actually collected off the conti-


nental shelf in basin waters, we also examined our


results with respect to stock delineation, as these results


could have broader implications for fishery stock


assessment and management.
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There are two fishing seasons for the shelf stock of


walleye pollock in the eastern Bering Sea. In the ‘‘A’’


season, the fishery is concentrated along the 100-m


depth contour between the Pribilof Islands and Unimak


Island. The fishery targets prespawning fish for their


valuable roe but also produces fillets, whole (headed


and gutted) fish, and surimi. The season opens on


January 20 and extends as late as June 10, but the total


allowable catch (TAC) is usually taken within 4–6


weeks (Ianelli et al. 2005). In the postspawning ‘‘B’’


season, the same seafood products are produced except


for roe. The B season fishery runs from June 10 to


November 1 but is usually concentrated in August–


October and occurs slightly northwest of the range


during the A season (Ianelli et al. 2005).


The North Pacific Fishery Management Council sets


catch specifications based on biological reference


points derived from spawning biomass estimates


(Ianelli et al. 2005). Fishing limits are based on the


fishing mortality rate that produces the maximum


sustainable yield, which is assumed to be the rate


associated with a reduction in the spawning biomass to


35% of that of the unfished population (F
35%


). The


acceptable biological catch (ABC) is conservatively set


at F
40%


, and the TAC is set at or below the ABC. This


strategy requires accurate estimates of spawning


biomass and therefore of size at maturity.


Female spawning stock biomass (B
t
) is calculated for


a given year from the equation


Bt ¼
X


wa �/a
� Nat; ð1Þ


where w
a


is mean fish weight at age a, /
a


is the


proportion of mature females at age a, and N
at


is the


number of fish of age a in year t (Ianelli et al. 2005).


The numbers of fish are estimated by statistical age-


structured assessment models that incorporate data


collected during bottom trawl and echo integration–


trawl (EIT) surveys, from observers aboard commercial


fishing vessels, and via a catch accounting system


(Ianelli et al. 2005). The assessments use maturity-at-


age estimates fitted by Smith (1981) to data collected in


1976 by Bakkala and Smith (1978). In years when the


fishery harvests a large proportion of immature fish,


small shifts in the maturity curve may alter the actual


harvest rates significantly; as a result, it is useful to


determine whether /
a


varies by year or area within the


range of the stock. Thus, a reexamination of walleye


pollock maturity schedules and consideration of


possible spatial and temporal variability among them


are long overdue for this commercially and ecologi-


cally important resource.


Methods
Data Collection


Maturity data were collected aboard vessels belong-


ing to members of the Pollock Conservation Cooper-


ative (PCC) during the A fishing season from late


January to the beginning of April in 2002 and 2003


throughout the geographic area fished in the eastern


Bering Sea. Twelve PCC vessels participated in data


collection in 2002 and 15 in 2003. Ten female fish


were sampled over a range of lengths from one


randomly chosen haul per day. The following infor-


mation was collected from each fish: fork length (cm),


body weight (g), ovary weight (g), and maturity stage


(the latter based on macroscopic visual observation


following criteria adapted from an NMFS five-stage


scale; Table 1). From other fish, NMFS observers


aboard PCC vessels collected otoliths that were aged to


determine length at age. A subsample of these otoliths


was aged at the Age and Growth Laboratory of NMFS,


Alaska Fisheries Science Center (AFSC), using the


break and burn methods of Chilton and Beamish


(1982). The aging methods used at the AFSC have


been corroborated (Kimura et al. 2006) and validated


for walleye pollock up to age 8 using a method based


on the disequilibrium of lead-210 and radium-226


(Kastelle and Kimura 2006). The mean percent


agreement among two experienced age readers at


AFSC was 72.4% over all ages and 79.1% over ages 3–


8 (Kimura and Lyons 1991).


Fishery-independent maturity data were available


from EIT stock assessment surveys conducted annually


(1989–2002) by NMFS on the eastern Bering Sea shelf


from January to April. These surveys are intended to


TABLE 1.—Classification of walleye pollock ovarian maturity condition based on macroscopic observation; criteria were


derived from the National Marine Fisheries Service five-stage scale.


Maturity code Condition Macroscopic examination


1 Immature Ovary transparent with no eggs visible; gonad small and tucked inside body cavity.
2 Developing Ovaries translucent to opaque, occupying about one-half the body cavity; spawn within


the following year.
3 Pre-spawning Ovaries orange and reddish, occupying about two-thirds of the body cavity; eggs


discernible and opaque.
4 Spawning Roe runs with slight pressure; most eggs hydrated (translucent), with few opaque eggs.
5 Spent Ovaries empty and flaccid.
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collect information on the off-bottom component of the


walleye pollock stock. The EIT assessment is primarily


conducted by hydroacoustics, but occasional trawl


tows are made to characterize the fish comprising the


schools. The data collected include fork length, ovary


and body weight, and macroscopic maturity stages (the


latter based on a five-stage scale before 1996 and an


eight-stage scale since 1996). Despite the collection of


these observations before our study, these maturity-at-


length data were not previously analyzed or incorpo-


rated into annual stock assessments. Finally, for


comparison with the fixed maturity schedule currently


used to estimate spawning stock biomass in annual


stock assessments, we also reanalyzed length and


maturity stages (based on the five-stage scale) for 3,585


walleye pollock collected by demersal trawl surveys


from April through August 1976 (Bakkala and Smith


1978).


Analytical Methods


Size at maturity.—The following logistic regression


model was used to estimate the proportion of mature


walleye pollock by length:


P ¼ 1=½1þ e�aðL�bÞ�; ð2Þ


where P is the predicted proportion of mature fish at a


particular fork length (cm) L and a and b are estimated


parameters (McCullagh and Nelder 1989), a describing


the shape of the curve and b being the inflection point


where 50% of fish for that length are mature, L
50


. The


negative log likelihood (�log
e
L) was calculated as


�logeL ¼ �½M logeðPþ 0:0001Þ
þ I loge½1� ðPþ 0:0001Þ�f g�; ð3Þ


where M is the number of mature and I the number of


immature walleye pollock. Excel Solver was used to


minimize�log
e
L while estimating parameters a and b.


Logistic regression was initially performed using


three different interpretations of the PCC maturity data.


To estimate maturity curves and L
50


, mature fish that


will spawn during the year of sampling must be


distinguished from immature fish that will not spawn


until the following year. Histological examination of a


subsample of fish ovaries collected by one of us


(J.P.S.) aboard a PCC vessel in 2003 revealed that 16%
of the ovaries macroscopically classified as developing


(stage 2) would not spawn until the following year,


whereas 84% would spawn after the A fishing season


in 2003 (Stahl and Kruse 2008). This conclusion was


based on the presence of yolked oocytes in the ovaries


of specimens collected during the A season and the


finding that development from primary yolk oocyte


stage to spawning is 4 months in Funka Bay, Japan (Y.


Sakurai, Hokkaido University, personal communica-


tion). Because of the uncertainty in the true fate of the


walleye pollock ovaries macroscopically staged as


developing, we conducted separate statistical analyses


based on three alternative interpretations of the fish


with developing ovaries. In the first interpretation, we


considered them as immature (developing [D] ¼
immature [I]). In the second, we considered them as


mature (D¼mature [M]). The third interpretation was


based on the gonadosomatic index (GSI; [ovary


weight/body weight] 3 100). Values of the GSI were


plotted against length for 158 histological samples; a


gap in these values occurred at 3.8–6.9 across all


length-classes (Figure 1; Stahl and Kruse 2008). Fish


with GSI values below the gap included all of the fish


classified as immature by histology plus 26% of those


classified as mature. All fish with GSI values above the


gap were classified as mature (Stahl and Kruse 2008).


Consequently, fish classified macroscopically as de-


veloping with GSI values greater than 6.94 (the


smallest GSI value of mature fish above the gap) were


considered to be mature in our third interpretation (D¼
GSI); fish classified macroscopically as developing


with GSI values less than 6.94 were assumed to be


immature. Because the D ¼ GSI model uses the most


information on the maturity condition of developing


fish, we considered this model to be the best. To


facilitate comparisons with current practice, however,


we retained the D ¼ I and D ¼ M approaches to


estimate L
50


for the combined 2002–2003 data set. For


simplicity, the D ¼ GSI approach alone was used in


other analyses (see Stahl 2004 for detailed analyses


with the other models).


Spatial and temporal differences in maturity.—


Although the walleye pollock population of the entire


shelf of the eastern Bering Sea is treated as one stock


for management purposes, there are differences in life


history characteristics, length at age (Hinckley 1987),


and growth (Lynde et al. 1986) within this stock. To


explore whether there are also geographic differences


in maturity schedules, we subdivided the eastern


Bering Sea shelf into three areas based on bathymetry


and natural breaks in walleye pollock distribution, as


evidenced by the fishery data. The PCC data were


separated into those pertaining to the area north of the


Pribilof Islands, those pertaining to the area south of


the Pribilof Islands, and those pertaining to the


Aleutian Basin (Figure 2). The areas south and north


of the Pribilof Islands were distinguished by a break in


the PCC data between longitudes �169.2 and �169.9;


both of these areas are located on the continental shelf


at depths less than 150 m. All waters in the Aleutian


basin are at least 150 m deep and include both the basin


and the continental slope. In addition to these three
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large areas, the area south of the Pribilof Islands was


subdivided into central and southern subareas by a line


perpendicular to the 100-m isobath intersecting the 50-


m contour at coordinates �163.0, 57.3 and the 150-m


contour at �166.7, 54.98. The basin was subdivided


into central and southern basin subareas by a break in


PCC data between latitudes 54.8 and 55.2 (Figure 2).


Maturity curves were estimated by area for the PCC


data in 2002 and 2003 separately and combined, and


likelihood ratio tests were performed to determine


whether the shapes of the maturity curves and the L
50


parameters were statistically different by area. Statis-


tical significance between two or more maturity curves


was determined by


v2 ¼ 2½ð�logeLRÞ � ð�logeLFÞ�; ð4Þ


where L
R


is the�log
e
L for the reduced model and L


F
is


the�log
e
L for the full model (Quinn and Deriso 1999).


To calculate the �log
e
L


R
, one set of parameters was


estimated for all data sets, whereas for �log
e
L


F
,


parameters were estimated for each separate data set.


The �log
e
L for each separate data set was summed to


derive�log
e
L


F
. Statistical significance was set at 0.05,


and the degrees of freedom was the difference between


the number of parameters in the full and reduced


models. A v2 value was calculated and compared with


the critical value to determine whether there was a


statistically significant difference in the shape of the


maturity curves (parameter a). If so, the same test was


performed to determine whether b (L
50


) was also


statistically different. In the latter case, �log
e
L was


minimized while reestimating parameter b alone;


parameter a was held constant at the value estimated


in the reduced model.


Temporal differences in size at maturity were


explored. To examine potential within-season differ-


ences among PCC data collected during 2002 and


2003, the A fishing season was subdivided into early


(January 20–February 24) and late (February 25–April


2) periods. Maturity data from the EIT surveys were


subdivided into those for the same three areas as the


PCC data. Sample sizes for GSI in EIT surveys were


sufficient for analysis in the following areas and years:


south of the Pribilofs for 1989, 1991–1993, 1995, and


2000–2002 and the basin for 1991, 1993, and 2001–


2002. Statistical differences in a and b among years by


area or among early and late periods within the A


fishing season were estimated by likelihood ratio tests


identical to those used to test for differences among


areas (equation 4).


Biological factors affecting maturity.—We explored


the possibility that the observed differences in size at


maturity could be attributed to biological factors,


including length at age and density dependence. We


used NMFS observer samples to estimate length at age


FIGURE 1.—Plot of the gonadosomatic index (GSI) versus fork length for histological samples of walleye pollock collected in


the eastern Bering Sea in 2003 showing a gap in GSI values from 3.8 to 6.9 across all length-classes; only mature fish had values


above 6.9 (from Stahl and Kruse 2008).
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by area in 2002 and 2003 and the von Bertalanffy growth


model to estimate growth parameters by area, that is,


Lt ¼ Linf ½1� e�Kðt�t0Þ�; ð5Þ


where L
t


is length at age t and the parameters to be


estimated are L
inf


(the mean maximum body size), K (the


growth rate coefficient), and t
0


(the hypothetical age at


length 0) (Quinn and Deriso 1999). To test for


statistically significant differences between growth


parameters, an analysis of the residual sum of squares


(RSS) was performed (Quinn and Deriso 1999). The


RSS and degrees of freedom were estimated and


summed for each curve to calculate R RSS and R df.


Data for all curves were pooled to derive RSS
p


and df
p
.


Then, an F-statistic was calculated as follows:


F ¼
RSSp �


X
RSS


dfp �
X


df
3


X
df


X
RSS


: ð6Þ


The degrees freedom were computed as 3(K� 1) and


(N � 3)(K), where K is the number of curves being


compared and N is the sum of the number of ages in


each curve’s data set. Statistical significance was set at


0.05.


We also considered whether L
50


might be affected


by length at age for large year-classes. Length at age


for females was estimated by NMFS by year from their


summer bottom trawl survey data (G. E. Walters,


NMFS, personal communication), and a mean length


for each age was determined by averaging the survey


data from 1983 to 2003. The size of a year-class


estimated by NMFS with statistical age-structured


assessment models (Ianelli et al. 2005) and its mean


length at age for a particular age and year were both


considered as potential explanatory variables for


changes in L
50


.


To explore potential density-dependent effects,


variations in walleye pollock abundance and biomass


were examined as additional explanatory variables for


spatial and temporal differences in L
50


. Values of L
50


were linearly regressed on annual estimates of the


biomass of fish age 1 and older (hereafter, age-1þ fish;


FIGURE 2.—Geographical areas by which walleye pollock maturity data in the eastern Bering Sea collected by Pollock


Conservation Cooperative members in 2002–2003 were separated for spatial analysis.
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Ianelli et al. 2003), the biomass of age-3þ fish, and the


number of age-3þ fish (T. W. Buckley, NMFS,


personal communication) from summer bottom trawl


surveys. Relationships between L
50


and the biomass


and number of age-3þ fish were explored by area. The


areas over which NMFS disaggregated their biomass


data differed slightly from our area designations. The


NMFS designated a northwest area that extends north


to about 61.0 latitude and a southeastern area that


extends south to Unimak (Alaska Peninsula), which are


separated by diagonal line bisecting the two Pribilof


Islands (Acuna et al. 2003). We divided our areas north


and south of the Pribilofs with a line just south of the


Pribilofs. Because there are few maturity observations


between the two lines and virtually all of the walleye


pollock biomass occurs either south or north of the


Pribilofs (and not between the islands), we related


maturity data for the areas north and south of the


Pribilof Islands to the abundance and biomass data for


NMFS northwestern and southeastern areas, as well as


for all areas combined.


Results
Size at Maturity and Population Parameters


Maturity data were collected from 4,964 walleye


pollock in 2002 and from 5,098 in 2003; these data


were pooled to produce maturity curves for all models


(Figure 3). The L
50


was estimated to be 38.14 cm for


the D ¼ I model, 34.31 cm for the D ¼M model, and


37.36 cm for the D¼GSI model. A maturity curve fits


the observed data well for all models except for a few


large lengths for the D¼ I and D¼ GSI models and a


few small lengths for the D ¼ M model. Large


immature walleye pollock were removed in a sensitiv-


ity test for the D¼ I model in which L
50


was changed


from 38.14 cm to 38.15 cm. The proportion mature at


age increased with age, based on the D ¼ GSI model.


Age at 50% maturity was estimated to be about age 4


for 2002 and 2003 (Stahl 2004).


Spatial and Temporal Analysis


Spatial analysis revealed geographic variability in


maturity curves in 2002 and 2003; L
50


ranged between


34.93 and 40.82 cm (Table 2). For all data sets, the


more southerly areas had the largest L
50


values,


namely, the area south of the Pribilof Islands (central


and southern subareas combined) and the southern


portion of the Aleutian basin, depending on the year.


The smallest L
50


values occurred for the northerly


areas, that is, the area north of the Pribilofs and the


central Aleutian basin, depending on the year.


Likelihood ratio tests showed that maturity curves


were significantly (P , 0.05) different between the


areas north and south of the Pribilof Islands in 2003


and 2002–2003 combined; however, there were no


significant differences between these areas in 2002


FIGURE 3.—Maturity curves for walleye pollock in the eastern Bering Sea estimated by fitting logistic regression models to the


observed proportion mature by length. The models are based on three different assumptions with respect to developing fish: (1)


that all such fish are mature (the D¼M model; plus signs), (2) that all such fish are immature (the D¼ I model; times signs), and


(3) that developing fish with gonadosomatic index (GSI) values higher than 6.94 are mature and those with lower values are


immature (the D ¼ GSI model; circles).
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(Table 3). Some significant differences occurred


between areas in all years, depending on the year(s)


and area tested (Table 3). For all areas combined, there


was no significant difference between the maturity


curves for 2002 (36.96 cm) and 2003 (37.66 cm).


Within-year analysis revealed significant differences


in the early and late portions of the season, most likely


because of the spatial distribution of the fishery (Figure


4). The distribution of observations collected aboard all


participating PCC vessels in the 2002 and 2003 A


fishing season was highly concentrated north of


Unimak Island and followed the 100-m depth contour


past the Pribilof Islands (Figure 4). In 2002 the fishery


mainly operated south of the Pribilof Islands during the


early part of the season and spread both north and south


of the Pribilof Islands during the latter part of the


season. During 2003, the fishery had a distribution


similar to that in 2002 early in the season, but unlike in


2002, the late-season fishery occurred mainly north of


the Pribilof Islands with a small concentration south in


the Aleutian Basin. Likelihood ratio tests revealed


statistically significant differences in L
50


between the


early and late periods for 2003 and 2002–2003


combined, but not for 2002.


Consistent with the fishery-derived samples, the


fishery-independent collections also showed variability


in maturity; interannual variation in maturity was


evident in the maturity curves estimated for the


samples collected in NMFS winter EIT surveys during


1989, 1991–1993, 1995, and 2000–2002 (Figure 5).


The L
50


values ranged from 34.10 to 43.58 cm for the


area south of the Pribilof Islands and from 40.50 to


46.18 cm for the Aleutian Basin area (Table 4). The


limited geographic distributions of these surveys


prevented analysis of the size of maturity north of the


Pribilof Islands. There were statistically significant


differences in the maturity curves between years for


each area; at least one year was statistically different


from all of the other years tested. South of the Pribilof


Islands, similar maturity curves with large L
50


values


occurred for 1992, 2000, and 2001; the 2002 maturity


curve was similar for fish with small lengths but shifted


for fish with large lengths. Smaller L
50


values occurred


for 1989, 1991, 1993, and 1995; however, the maturity


curves for these years were incomplete because of


insufficient sample sizes, particularly at small lengths.


For the Aleutian basin, the largest L
50


values occurred


for 2001.


Biological Factors Affecting Maturity


The possibility that spatial and temporal differences


are attributable to differences in walleye pollock


growth rates was explored by fitting the von Berta-


lanffy growth equation to length-at-age data by area


and year for the eastern Bering Sea. Due to small


TABLE 2.—Length (cm) at 50% maturity of walleye pollock


estimated by area (see Figure 2) from data collected by the


Pollock Conservation Cooperative in the eastern Bering Sea,


2002 and 2003.


Area 2002 2003 Both years combined


North of Pribilof Islands 36.04 34.93 35.10
South of Pribilof Islands 37.46 40.42 38.56


Central 36.33 39.27 37.41
Southern 37.88 40.82 38.94


Aleutian Basin 36.21 37.93 37.52
Central 35.81 37.96 37.53
Southern 37.60 a 37.60


a Sample size too small to estimate length at 50% maturity.


TABLE 3.—Results of likelihood ratio tests between areas or subareas (see Figure 2) testing maturity curves for walleye pollock


for statistical differences between shape and fork length at 50% maturity (L
50


). Results were considered significant at a¼ 0.05,


where *¼ P , 0.05, **¼ P , 0.01, ***¼ P , 0.01, and ns¼ not significant. Likelihood ratio tests were not performed when


data did not allow or for L
50


values for which there was a nonsignificant difference between maturity curves.


Areas compareda


2002 2003 Both years


Shape L
50


Shape L
50


Shape L
50


NP versus SP ns *** *** *** ***
NP versus B *** ns *** ns
NP versus B versus CSP versus SSP *** *** *** *** *** ***
(NP, B) versus (CSP, SSP) *** ***
(NP, B) versus CSP ** **
(NP, B) versus SSP *** ***
NP versus (CSP, B) ** ns
(NP, CSP, B) versus SSP *** ***
CSP versus SSP * ns *** ***
CSP versus B ns
CB versus SB ns


a Areas include those north of the Pribilof Islands (NP); south of the Prilof Islands (SP) and its central


(CSP) and southern (SSP) subareas; and the Aleutian Basin (B) and its central (CB) and southern (SB)


subareas.
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FIGURE 4.—Distribution of walleye pollock maturity samples collected during the early (January 20 to February 24) and late


(February 25 to April 2) portions of the 2002 and 2003 commercial fishing seasons in the eastern Bering Sea. This fishery was


concentrated south of the Pribilof Islands during the early portion of the fishing season and more to the north late in the season,


especially in 2003. Estimates of the length (cm) at which 50% of the fish were mature (numbers above the clusters of data points)


differed significantly between the early and late periods in 2003 but not in 2002.
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samples sizes (,50 fish) for some area–year combina-


tions, the tests for differences in growth parameters


were limited to (1) the central versus the southern


subarea in 2002 and (2) the northern versus the


southern subarea in 2003. There were significant


differences in the growth parameters for 2003 between


the north, central, and south subareas (P ¼ 0.03) and


the north and south subareas (P¼ 0.04). Age-3–11 fish


were larger in the southern subarea than in the area


north of the Pribilof Islands.


We investigated large walleye pollock year-classes


to determine whether length at age was driving the


interannual trends in the maturity schedule. For each


NMFS survey year, we identified any year-class


comprising more than 25% of the abundance, as


estimated by a combination of EIT trawl and bottom


trawl surveys along with fishery data (Ianelli et al.


2003; Table 5), which we compared with shifts in L
50


(Table 4; Figure 5). The length at age for a particular


age and year was compared with the average length at


age from 1983 to 2003 and considered below or above


average if it was less than or greater than 5% of the


mean, respectively (Table 6). Below-average lengths at


age occurred for the 1988 year-class at age 3, which


accounted for 28% of age-3þ fish in 1991 (note that


below-average growth for this year-class in 1991


FIGURE 5.—Maturity curves of walleye pollock estimated from samples collected during the National Marine Fisheries Service


(NMFS) winter echo-integration–trawl surveys in the eastern Bering Sea. Data are presented by year for the area south of the


Pribilof Islands and the Aleutian basin (data provided by N. Williamson, NMFS).
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corresponds to a small L
50


in that year; Table 4); the


1992 year-class at age 3, which accounted for 53% of


age-3þ fish in 1995; and the 1998 year-class at age 3,


which accounted for 27% of age-3þ fish in 2001.


Above-average lengths at age occurred for the 1989


year-class at age 3, which accounted for 72% of age-3þ
fish in 1992; the 1989 year-class at age 4, which


accounted for 50% of age-3þ fish in 1993; the 1990


year-class at age 3, which accounted for 35% of age-3þ
fish in 1993; and the 1999 year-class at age 3, which


accounted for 36% of age-3þ fish in 2002. An average


length at age occurred for the 1996 year-class at age 4,


which accounted for 38% of the age-3þ fish in 2000;


the 1996 year-class at age 5, which accounted for 28%


of age-3þ fish in 2001; and the 1984 year-class at age


5, which accounted for 30% of age-3þ fish in 1989.


Two findings bear upon consideration of the density-


dependent effects on size of maturity. First, bottom


trawl survey catches of age-3þ walleye pollock were


lower in the southeastern than in the northwestern


Bering Sea in 2002 (1,544 versus 4,747) and 2003


(3,783 versus 6,144), consistent with the reduction in


L
50


with latitude. Second, there is a statistically


significant (P ¼ 0.013) negative relationship between


L
50


and the biomass of age-1þ walleye pollock in the


eastern Bering Sea (Figure 6). However, relationships


between the number (P ¼ 0.057) and biomass (P ¼
0.274) of age-3þ fish and L


50
in the Bering Sea were


not significant.


Discussion


Ours is the first study to demonstrate spatial and


temporal patterns in the size at maturity of walleye


pollock in the eastern Bering Sea. With regard to


geographic trends, we found two possibly related


trends; that is, both L
50


and length at age tend to


decrease with increasing latitude on the eastern Bering


Sea shelf. These results are consistent with higher


growth rates (Lynde et al. 1986) and the larger length at


age of young walleye pollock in the southern Bering


Sea shelf (Shuck 2000). Samples from the Aleutian


Basin were similar to those on the shelf north of the


Pribilof Islands with respect to size at maturity (Table


2), possibly because walleye pollock from these areas


are composed of the same predominant year-classes.


For instance, the 1996 year-class was strong both in the


Aleutian Basin (Ianelli et al. 2003) and on the


TABLE 4.—Fork lengths at 50% maturity (L
50


) for walleye


pollock in the eastern Bering Sea by National Marine Fisheries


Service winter echo integration–trawl survey year and area


(see Figure 2).


Survey year L
50


(cm)


South of Pribilof Islands
1989 34.10
1991 38.42
1992 43.58
1993 38.13
1995 34.69
2000 43.27
2001 42.53
2002 40.79


Aleutian basin


1991 40.50
1993 41.31
2001 46.18
2002 42.20


TABLE 5.—Number (millions) of eastern Bering Sea walleye pollock at age estimated from the stock assessment model using a


combination of bottom trawl survey, echo integration–trawl (EIT) survey, and fishery data (Ianelli et al. 2003). Length at age was


examined for the possible effects of strong year-classes on the lengths at 50% maturity estimated from the EIT data. Bold italics


indicate ages accounting for more than 25% of the abundance estimate for an EIT survey year.


Year


Age


3 4 5 6 7 8 9 10þ Total


1989 2,005 2,458 4,585 1,111 2,966 536 598 894 15,153
1990 1,199 1,444 1,684 3,002 698 1,775 322 906 11,030
1991 2,522 857 975 1,022 1,734 375 980 684 9,149
1992 14,429 1,797 574 581 577 907 202 893 19,960
1993 6,978 10,088 1,147 308 289 256 418 514 19,998
1994 5,607 5,083 6,587 634 142 144 136 531 18,864
1995 14,181 4,103 3,438 3,954 334 79 84 411 26,584
1996 3,862 10,409 2,837 2,171 2,259 199 49 319 22,105
1997 3,010 2,826 7,405 1,935 1,313 1,241 113 219 18,062
1998 7,062 2,204 2,015 5,071 1,182 732 711 197 19,174
1999 11,120 5,178 1,577 1,390 3,157 678 430 541 24,071
2000 4,967 8,137 3,647 1,056 886 1,920 410 618 21,641
2001 5,305 3,628 5,688 2,403 657 523 1,127 641 19,972
2002 7,433 3,869 2,520 3,700 1,469 379 299 1,074 20,743
2003 8,022 5,414 2,687 1,625 2,206 840 214 832 21,840
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northwest shelf in 2002 and 2003 (T. W. Buckley,


NMFS, personal communication). Moreover, the


growth rates in the Aleutian Basin appear to be similar


to those on the northern shelf and slope (Lynde et al.


1986).


It is somewhat ironic that some fish were harvested


off the continental shelf, seemingly from the central


Bering Sea (or Aleutian Basin) stock, during the


fishery on the eastern Bering Sea shelf in 2002 and


2003 (e.g., Figure 4). Despite the separate stock


assessments for the eastern Bering Sea shelf, Aleutian


shelf, and central Bering Sea, it appears that these


fisheries are not geographically well defined. Interac-


tions among ‘‘stocks’’ have been recognized in annual


stock assessments (Barbeaux et al. 2005; Ianelli et al.


2005). For example, a clear distinction between


Aleutian Islands walleye pollock and those further east


was not tenable in stock assessments conducted in the


late 1990s because of a continuous distribution of


catches and a preponderance of catch at the eastern


boundary of the region. Moreover, in some years


significant harvests from the Aleutian Islands were


taken from deep waters; perhaps these fish would be


best assigned to the central Bering Sea stock. The 2003


stock assessment confirmed such an offshore distribu-


tion of walleye pollock in the Aleutian region


(Barbeaux et al. 2005). Such fuzzy boundaries between


fishery management units make it particularly impor-


tant to conduct spatially explicit analyses of biological


variables, such as in our study.


In-season temporal patterns in maturity were equiv-


ocal in 2002 and 2003 because of spatial shifts in the


fishery from the southeastern Bering Sea at the


beginning of the A season to the northwest as the


season progressed (Figure 4). Significant differences in


maturity schedules between early- and late-season


samples from 2003 and 2002–2003 combined resulted


from the general movement of the fishery from the


south, near Unimak Island, to north of the Pribilof


Islands along the 100-m contour. Thus, the larger


values of L
50


early in the season are most likely


explained by the existence of a southeast–northwest


cline in size of maturity. Changes in the in-season


spatial distribution of the fishery were less pronounced


in 2002; correspondingly, there was no significant


difference in L
50


values that year.


On the other hand, the interannual variability of the


maturity curves is clearly apparent during 1989–2002


(Figure 5) and may be the result of annual changes in


growth rates with a fixed maturity-at-age schedule and


(or) age at 50% maturity (A
50


) with a fixed length-at-


age schedule. Temporal variation in percent maturity at


age occurs in haddock Melanogrammus aeglefinus,


another gadid species (Overholtz 1987). Unfortunately,


the walleye pollock age data collected during the


NMFS surveys were insufficient to estimate the


interannual variation in A
50.


However, we found


evidence that the interannual variation in L
50


was


caused by both differential growth rates by year-class


and the variable contribution of each year-class to the


annual abundance estimates (Tables 3, 4). For example,


TABLE 6.—Average length at age (mm) of female walleye


pollock from the eastern Bering Sea estimated from National


Marine Fisheries Service bottom trawl surveys, 1983–2003.


For selected year-classes, the length at age for a particular age


and year was compared with the average length at age and


considered below (�) or above (þ) the average if it differed


from the average by more than 5%, average (0) if it differed by


5% or less.


Year Age 3 Age 4 Age 5


1983 336 389 436
1984 352 391 436
1985 352 412 439
1986 314 396 421
1987 348 386 417
1988 361 390 429
1989 298 400 424(0)
1990 308 394 434
1991 291(�) 408 429
1992 361(þ) 400 447
1993 375(þ) 422(þ) 438
1994 334 429 460
1995 293(�) 395 432
1996 290 387 438
1997 302 353 414
1998 295 383 431
1999 330 388 414
2000 336 397(0) 425
2001 309(�) 396 442(0)
2002 348(þ) 402 445
2003 383 417 458
1983–2003 329 397 434


FIGURE 6.—Relationship between annual estimates of the


length at which 50% of eastern Bering Sea walleye pollock


were mature (L
50


; estimated from fish collected during


National Marine Fisheries Service [NMFS] winter echo


integration–trawl surveys [Table 4]) and age-1þ fish biomass


(estimated from NMFS bottom trawl surveys; Ianelli et al.


2003); the relationship is significant (P ¼ 0.013).
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the average and above-average lengths at age for the


large year-classes of 1989 and 1996 may explain the


comparatively large L
50


and similar maturity curves


south of the Pribilof Islands for NMFS surveys in


1992, 2000, and 2001 (Figure 5). The 2001 maturity


curve had a large L
50


in spite of the below-average


length at age 3 for the 1998 year-class, which appears


to shift the curve left at small lengths. Likewise, an


above-average length at age also occurred for the 1999


year-class and may explain the large predicted


proportion mature in the same area for 2002.


Conversely, the below-average length at age of the


1988 and 1992 year-classes may explain the compar-


atively small L
50


and similar maturity curves estimated


for 1991 and 1995. However, the small L
50


value for


1993 cannot be explained by the length at age of its


predominant year-classes. Interannual variation in


length at age was also observed in Aleutian Basin fish


(Nishimura et al. 2001), and we found interannual


variability in L
50


in the basin with the limited data


available to us.


We found both indirect and direct evidence that


spatial and interannual variability in maturity results


from density-dependent mechanisms. Indirectly, the


increase in the number of age-3þ walleye pollock and


the corresponding decrease in L
50


from south to north


of the Pribilof Islands in both 2002 and 2003 are


consistent with density-dependent effects. A significant


inverse relationship between annual estimates of the


biomass of age-1þ fish and L
50


for the EIT survey


years provides direct evidence for density-dependent


effects (Figure 6). The lack of a significant relationship


between the abundance and biomass of age-3þ fish and


L
50


may mean that density dependence is strongest at


ages 1 or 2 when cohort abundance is greatest. The fact


that trajectories for early (small) or late (large) maturity


are generally established when fish are less than 30 cm


long (Figures 3, 5) is consistent with this interpretation.


Also, fish less than 30 cm do not participate in seasonal


spawning and feeding migrations (Kotwicki et al.


2005), so perhaps their relatively small movements


make them more prone to prey depletion. The


consequences of increased density may be increased


competition for prey, a commensurate reduction in


growth, and delay in maturation.


Density-dependent effects on growth and maturity


are consistent with the results of studies of related


species and other walleye pollock stocks. Interannual


variation in percent mature at age in haddock and age


at maturity in Atlantic cod Gadus morhua were both


related to variation in abundance; a decrease in


abundance resulted in an increase in the percent mature


at age 2 in haddock (Overholtz 1987) and a decrease in


age at maturity in Atlantic cod (Junquera and Saborido-


Rey 1996). Interannual variation in the size at maturity


in Gulf of Alaska walleye pollock (Megrey 1988) and


the length at age of those in the Aleutian Basin


(Nishimura et al. 2001) was related to the variation in


stock abundance; the relationships between density and


maturity and length at age both suggest that density-


dependent growth occurred (Megrey 1988; Nishimura


et al. 2001). For instance, the lower densities of


walleye pollock in the Gulf of Alaska than in the


eastern Bering Sea (Dorn et al. 2002; Ianelli et al.


2005) may reduce the competition for food, leading to


greater growth (Megrey 1988) and the larger L
50


(41.5


cm) among Gulf of Alaska (Dorn et al. 2002) fish than


indicated by our L
50


estimates (37.4 cm) for the eastern


Bering Sea fish.


The potential for sampling bias should be considered


in any field study. Bias can occur for a number of


reasons, including selective behavior of the fishery,


gear selectivity, and spatial segregation of different


components of the fish stock. Because it behooves the


commercial walleye pollock fishery during the A


season to maximize their catches of prespawning


schools with high-quality roe, immature fish might


not be well represented in our fishery samples,


especially if there is spatial segregation in the


distribution of mature and immature fish. Although


this source of bias cannot be fully discounted, a number


of factors lead us to conclude that it is probably not a


major concern in our study. First, our fishery samples


were collected over a very broad geographic range


(spanning the continental shelf over a period of several


months), and this should minimize the likelihood of


missing spatially or temporally separated aggregations


of fish of a particular ovarian maturity status (e.g.,


immature, spent, and hydrated). Second, there are


differences in the vertical distribution of walleye


pollock of different ages; young fish tend to have


more of an off-bottom distribution than do adults,


which at age 6 fully recruit to the bottom trawl survey


(Ianelli et al. 2005). Thus, the young fish, including


those more likely to be immature, are distributed in the


water column fished by this midwater trawl fishery.


Indeed, gear selectivity (probably due to mesh size) is


apparent because the fishery catches few age-1 and


age-2 fish (Ianelli et al. 2005), the vast majority of


which are immature; therefore, their underrepresenta-


tion in our samples should have minimal effects on the


estimated maturity curves. Third, concerns about


maturity-selective fishery behavior would not seem to


apply to the summer hydroacoustic survey data, which


were also included in our analysis. Yet, the descending


limb of the maturity curves for the fishery samples for


2002 and 2003 (Figure 3) were better defined than


some maturity curves derived from the EIT survey
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(Figure 5) because of the larger sample sizes in the


fishery-derived samples. Finally, in 2002 and 2003, the


L
50


was estimated to be about age 4. In these same


years, the fishery caught larger proportions of age-4


fish than were estimated to be in the population by the


age-structured assessment (Ianelli et al. 2005), along


with proportions of age-3 fish comparable to those


estimated to be in the population.


Our findings lead us to offer some advice for further


research as well as fishery management. Size at


maturity should be estimated with the GSI-based


model. If GSI values are not available, the D ¼ I
model should be used for management because it


results in more precautionary estimates of spawning


biomass. Using this model, size of maturity may be


overestimated if some immature or developing walleye


pollock actually spawn later in the season. Our


histological results and the schedule of development


in Funka Bay, Japan (Y. Sakurai, Hokkaido University,


personal communication), suggest that developing fish


spawn in the same year as data collection, but the time


from development (stage 2) to spawning is unknown in


the eastern Bering Sea. Consequently, resolving the


schedule of ovarian development for walleye pollock in


the eastern Bering Sea is a pressing need.


Spatial and interannual variability in size at maturity


should be incorporated into management of the eastern


Bering Sea stock. Use of maturity data collected only


in the southeastern Bering Sea would tend to


overestimate L
50


and underestimate the proportion of


mature fish to the northwest. Use of a fixed maturity


schedule would overestimate or underestimate L
50


,


depending on the year. For instance, our results for


2002–2003 combined show a statistically significant


difference in size at maturity since 1976, when our


PCC-collected data are trimmed to exclude areas not


sampled in 1976 by Bakkala and Smith (1978). The


estimated values of parameters a and L
50


in equation


(2) were 0.27 and 35.15 cm for 1976, versus 0.26 and


37.46 cm for 2002–2003. To approximate the impli-


cations of these differences for stock assessment, we


first used mean size at age to convert the proportion


mature at length to the proportion mature at age. Then


we multiplied the proportion mature at age by the


number at age and weight at age to estimate the


spawning stock biomass. This calculation indicated that


use of the 1976 maturity resulted in a 1.8%
underestimate of spawning biomass in 2002 and a


9.7% underestimate in 2003. However, we caution


against relying too heavily on this result because these


biomass estimates do not consider the effects of


variations in length at age.


Although it may not be practical or advisable to


adjust maturity schedules to account for random year-


to-year variability, significant trends toward smaller or


larger values of L
50


in response to interrelated changes


in climate and fish density and distribution may lead to


systematic bias in the estimation of spawning biomass


for annual catch specifications. Thus, it is advisable to


reevaluate critical stock assessment variables, such as


size at maturity, more often than is currently being


done. Ideally, NMFS annual winter sampling should be


performed both north and south of the Pribilof Islands


at fixed locations each year to collect otolith, length,


and maturity information so that interannual changes in


population variables and maturity can be detected and


included in annual stock assessments, as appropriate.


Significant latitudinal differences in walleye pollock


size at maturity lead us to recommend consideration of


a spatially explicit management plan for the eastern


Bering Sea shelf stock that might separate walleye


pollock north of the Pribilof Islands from those in the


south near Unimak Island. Without such spatially


explicit accounting of harvests, north–south shifts in


the fishery due to climate change or other factors could


result in significant changes in realized harvest rates of


spawning biomass, as influenced by differences in size


at maturity between areas. We do not advocate splitting


the eastern Bering Sea shelf stock into two stocks.


Instead, because the northern and southern areas


occupied by this stock have differing levels of


productivity as indexed by growth (Lynde et al.


1986; Shuck 2000) and size at maturity, we recom-


mend adopting area-specific harvest rates. More


research should be conducted to determine the location


of the dividing line between these two potential


management areas because we found that the central


area was sometimes significantly different from the


areas north and south of the Pribilof Islands (Table 3).
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ORIGINAL ARTICLE


Contrasting the maturation, growth, spatial distribution and
vulnerability to environmental warming of Hippoglossoides robustus


(Bering flounder) with H. elassodon (flathead sole) in the eastern
Bering Sea


JAMES W. STARK*


Resource Assessment and Conservation Engineering Division, Alaska Fisheries Science Center, National Marine Fisheries


Service, National Oceanic and Atmospheric Administration, WA, Seattle, USA


Abstract
Two similar appearing congeners, Hippoglossoides robustus (Bering flounder) and H. elassodon (flathead sole), inhabit the
Bering Sea and are harvested together during the commercial fishery. In order to establish more precise overfishing limits,
the annual spawning biomass must be estimated. Spawning biomass is modelled using the best estimate of the age and
length at which 50% of the stock is expected to reach maturity (A50, L50). The major objective of this study was to
establish the first maturity estimates for Bering flounder. Females matured at a similar age for Bering flounder (A50, 9
years) and flathead sole (A50, 10 years). However, the body length at which females matured was significantly smaller for
Bering flounder (L50, 238 mm) compared to flathead sole (L50, 320 mm). The difference in the length-at-maturity was
probably caused by growth differences, which significantly differed between species. The distribution and spawning
locations of both species in the eastern Bering Sea survey area was related to the prevailing seawater temperatures and
Bering flounder occurred in significantly colder water than flathead sole. The association between cold and the
distribution of Bering flounder suggests that this species may be particularly vulnerable to periods of extended sea
warming.


Key words: Co-occurrence, distribution, growth, maturity, spawning


Introduction


Bering flounder, Hippoglossoides robustus (Gill &


Townsend, 1897) are distributed in the northern


half of the Bering Sea, the Sea of Okhotsk, and the


Chukchi Sea (Pertseva-Ostroumova 1961; Hart


1973; Minami 1995). Bering flounder also occur in


the Beaufort Sea, based on unpublished results from


the first demersal trawl survey conducted in this area


by the Alaska Fisheries Science Center (AFSC) in


2008. The similar flathead sole, H. elassodon (Jordan


& Gilbert, 1880) is distributed from the Sea of


Okhotsk in the east through the southern half of the


Bering Sea (generally south of Saint Matthew


Island), across the Gulf of Alaska, and down the


west coast of North America to California. The


distribution of Bering flounder overlaps with the


distribution of flathead sole only in the eastern


Bering Sea (Grigorev & Fadeev 1995). There has


been significant movement of Bering flounder and


flathead sole distribution for many years in correla-


tion with changing sea bottom water temperatures


(Spencer 2008). These redistributions can impact


where spawning occurs. During the warm period


from 1980 to 2005, the centre of the eastern Bering


Sea Bering flounder distribution retreated north-


ward an average distance of 76 km, accompanied by


a 57 km northerly advance of the flathead sole


distribution (Mueter & Litzow 2008). Within that
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time period, the northern extent of the area in which


both species occurred (area of co-occurrence) was


approximately 170 km north of St Matthew Island


(628N latitude), based on unpublished AFSC survey


data. However, from 2006 to 2009, the northern


boundary of the area of co-occurrence retreated


approximately 110 km south to St Matthew Island


(618N latitude). This southward movement was


correlated with the prevalence of cooler sea bottom


water temperatures in the central Bering Sea (Stock-


hausen et al. 2009).


The primary objectives of this study were to


establish baseline estimates of female Bering flounder


length- and age-at-maturity, and other spawning-


related parameters, for use in size- or age-structured


stock assessment models. Other stock assessment-


related objectives were to delineate aspects of the


relationship between Bering flounder and its con-


gener flathead sole, including reproductive biology,


spawning, growth, and distribution.


Materials and methods


Sample site selection, collections and classifications


The Bering flounder collections were made during


the annual AFSC eastern Bering Sea groundfish


survey using standardized trawl survey gear at survey


stations located northwest of Saint Matthew Island


(Figure 1). The number of survey stations with


Bering flounder collections was 20 during June and


July 2006 and two during October 2007. This


location was chosen because of the high abundance


of Bering flounder. Specimen samples and data


collected included ovaries, otoliths, measurements


of body length, and seawater temperature profiles.


Oocytes within each ovary were classified into six


histological stages based on criteria used by Hunter


et al. (1992) and Stark (2004). The six stages were


perinucleus, cortical alveoli, early vitellogenesis,


vitellogenesis, hydrated and post-ovulatory follicles.


Individual ovaries were classified according to the


Figure 1. Station locations of the Bering flounder (Hippoglossoides robustus) maturity study by Alaska Fisheries Science Center, during June


and July 2006 (n�20, ") and October 2007 (n�2, '). The station symbols do not total 22 because some symbols are merged together


due to the scale of the map display.
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most advanced stage of oocytes present in the


histological sections. Individuals classified as spaw-


ners were those with ovaries containing either


hydrated oocytes or post-ovulatory follicles. The


methods used for sample collection, histological


sample preparations, and ageing specimens are the


same as those described in Stark (2004). Specimen


collections were obtained during the summer (June


and July, n �156 specimens) and autumn (October,


n �56 specimens). Mature females were those


classified with ovary maturities ranging from early


vitellogenesis through post-ovulatory follicles. To


evaluate the consistency of maturation within the


ovaries, histological sections were made from the


anterior, medial, and posterior areas of ovaries from


13 specimens. The posterior area was regarded as


the standard sample section and was taken from


every specimen collected. Each individual histologi-


cal section received an independent maturity evalua-


tion and classification.


Determination of length- and age-at-maturity


Statistical analyses were made using S-Plus software


(vers. 2000 Professional release 3, MathSoft Inc.,


Cambridge, MA). Maturity was estimated as a


function of total body length, L (mm), by fitting a


logistic function to binary maturity data using


generalized linear modelling (Venables 1997). The


model was evaluated at 50% maturity, algebraically


solving for length (L50) for each month and all


months combined. The variance of L50 was esti-


mated using bootstrapping (Efron & Tibshirani


1993) based on 200 resamplings, with replacement,


of the maturity and length data. Differences in the


L50 by month, area, and species were tested with a Z-


test (Sokal 1969). The same procedures were used to


describe maturity as a function of age. The June,


July, and October collections provided the means to


test whether smaller and younger females matured


later in the year than larger, older females using the


statistical methods described. The June�July and


October specimens were estimated to represent the


same local stock of Bering flounder, based on the


similar locations of specimen collections and similar


maturity at age and length results. Based on these


results the maturity data were pooled and reanalysed


to obtain the most representative estimates of female


Bering flounder age- and length-at-maturity. Differ-


ences in the estimated age and length at spawning


between species were tested with a Z-test. Length


and age were compared as predictors of maturity


using generalized linear modeling of both total body


length and age and modeling again without each


component. The difference between models was


tested using the Chi-square test. Differences in the


estimated mean instantaneous growth coefficient, k,


between sexes, areas, and species were tested with a


Z-test. The flathead sole maturity and spawning data


used in the comparisons with Bering flounder came


from the Stark (2004) flathead sole maturity study.


Growth sampling methods and analysis


To investigate the basis for differences in maturity as


a function of body length and age, the following


procedures were used: Growth parameters were


determined for Bering flounder and flathead sole


using length- and geographic area-stratified otolith


collections from the combined 2006, 2007, and


2008 annual AFSC area-wide groundfish assessment


surveys of the eastern Bering Sea. Length-at-age was


described by the von Bertalanffy growth function,


using a nonlinear least-squares fit to length and age


data (Venables 1997) with S-Plus software. Be-


tween-sex, between-area, and between-species dif-


ferences in growth were tested by first fitting the von


Bertalanffy model with a term distinguishing sex,


area, and species, and repeating the procedures for


combined sexes, areas, and species. The likelihood


ratio of the two models was then determined for each


category (Kimura 1980). Significance of the like-


lihood ratio was compared to determine if growth


differed by sex, area, or species. To determine if


differences in growth could be a factor in growth the


energy acquisition was determined as k�L� (van


Walraven et al. 2010).


Growth study location


The geographic areas referenced in the analysis are


located within the eastern Bering Sea and include
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Figure 2. The proportion of mature female Bering flounder


(Hippoglossoides robustus) by age, based on Alaska Fisheries


Science Center maturity collections made during June and July


2006 (n �151) and October 2007 (n �56). The mean age at


50% maturity �8.72 years; 95% confidence intervals are denoted


by the parallel dotted lines. n: number.
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the area of co-occurrence, and an area of exclusive


distribution, for each species based on the 2006,


2007 and 2008 annual AFSC groundfish surveys.


The area of co-occurrence was that portion of the


annual AFSC eastern Bering Sea survey area in


which both Bering flounder and flathead sole


occurred in the catch, which was in the vicinity of


St Matthew Island. The exclusive Bering flounder


area was located north of the area of co-occurrence.


The area of exclusive flathead sole distribution was


located south of the area of co-occurrence and west


of Nunivak Island.


Seawater temperature assessment


Seawater temperatures were collected using cali-


brated, trawl-mounted microbathythermographs


during the annual 2006 through 2009 AFSC eastern


Bering Sea groundfish surveys. We tested for differ-


ences in the mean bottom water temperatures


between years, areas, species, and species spawning


periods using a Z-test. The flathead sole spawning


results have not been presented before from the


Stark (2004) study.


Results


Maturity relative to age and length


Ovaries from the 13 specimens examined in detail


for consistency of maturation revealed that all


sections (anterior, medial, and posterior) had the


same maturity development as all other sections


from the same ovary. Therefore, the standard sec-


tions from the posterior region provide samples that


are representative of a female’s maturity. The rate of


maturation differed by body length, with larger


Bering flounder females maturing earlier in the


year than smaller females. During June and July,


many of the larger females had completed spawning


for that year and appeared immature, meaning that


their ovaries most advanced oocytes were in the


cortical alveoli maturity stage with no post-ovulatory


follicles present. And during June and July the


smallest mature females were 190 mm in length. In


contrast, by October the smallest mature females


were 240 mm in length. Consequently, the length at


which 50% of females reached maturity (L50)


significantly differed between the two periods. Dur-


ing June and July females reached L50 at 222 mm,


significantly (PB0.001) smaller than the October


collection which had an L50 of 277 mm. However


the age at which females reached 50% maturity (A50)


did not significantly differ (P�0.17) between June


and July (9.4 years) and October (8.4 years).


Consequently, the Bering flounder data collected in


June and July (length data n �156, age data


n �151) and in October (length and age data


n �56) were combined to obtain an estimate of


L50 and A50 with the lowest variance. Based on the


combined data, Bering flounder females were ex-


pected to reach A50 at 8.7 years (Figure 2, Table I)


and L50 at 238 mm (Figure 3, Table II). As a


predictor of female maturity age was slightly more


significant (P�0.02) than total body length


(P�0.04).


Growth, spawning and associated sea water temperatures


The models of length at age significantly (P�0)


differed between Bering flounder and flathead sole


both within the area of co-occurrence and in areas


not shared between the two species (Figures 4 and 5,


Table III). Compared to flathead sole, the model of


Bering flounder growth had a significantly


(P B0.001) lower slope (k) in every area for both


Table I. Female Bering flounder (Hippoglossoides robustus) age-at-


maturity estimates based on ovary histology samples collected


from the eastern Bering Sea during June and July 2006 and


October 2007 (combined). The parameters of the logistic


equation fit to the data are: B (slope of the line) and A (Y-


intercept), while A
50


is the age (years) at which 50% of females


were expected to reach sexual maturity.


Sampling statistics
n 207


B 0.48731


A �4.25063


Variance (B) 0.00220


Variance (A) 0.97962


Covariance (B, A) �0.00076


A
50


8.72272


Variance (A
50
) 0.16928


n: number.


100 200 300 400 500


0.0


0.2


0.4


0.6


0.8


1.0


Pr
op


or
tio


n 
of


 m
at


ur
e 


fe
m


al
es


 


Length (mm) 


Figure 3. The proportion of mature female Bering flounder


(Hippoglossoides robustus) by length, based on Alaska Fisheries


Science Center maturity collections made during June and July


2006 (n �156) and October 2007 (n �56). The mean length at


50% maturity �238.09 mm; 95% confidence intervals are


denoted by the parallel dotted lines. n: number.
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males and females, including the area in which both


species co-occurred. The length at maximum age


(L�) did not differ significantly (P�0.20) between


areas for males or females of either species. Females


of both species reached a larger length at maximum


age than males. The energy acquisition (k* L�)


results explain much of the differences in the growth


models. Bering flounder energy acquisition was


significantly (P B0.001) lower than flathead sole.


Bering flounder energy acquisition ranged from


approximately 2.7 for males to a maximum of 4.5


for females. Flathead sole energy acquisition was 7.0


for females and up to 10.0 for males.


Slower energy acquisition may be related to


differences in ambient seawater temperatures. The


sea water temperatures associated with the area of


co-occurrence ranged from �1.5 to 28C, while


temperatures in the areas of exclusive distribution


ranged from �1.7 to 2.38C for Bering flounder


(n�4172) and �1.5 to 7.28C for flathead sole


(n�27,276).


Seawater temperature did not have a significant


(P �0.12) relationship with Bering flounder spawn-


ing. During this study Bering flounder females


spawned during June and July in bottom water


temperatures ranging from �1.70 to 0.508C, aver-


aging �0.858C with surface temperatures that


averaged 6.58C. Temperatures were similar during


October. Bering flounder spawned actively during


June and July, with spawners representing 40% of all


females collected and occurring at over 90% of all


stations where collections occurred. The female


Table II. Female Bering flounder (Hippoglossoides robustus) length-


at-maturity results based on ovary histology samples collected


from the eastern Bering Sea during June and July 2006 and


October 2007 (combined). The parameters of the logistic


equation fit to the data are: B (slope of the line) and A (y-


intercept), while L
50


is the length (mm) at which 50% of females


were expected to reach sexual maturity.


Sampling statistics
n 212


B 0.02487


A �5.92212


Variance (B) 0.000003


Variance (A) 0.98461


Covariance (B, A) 0.00011


L
50


238.08999


Variance (L
50
) 55.33744


n: number.
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Figure 4. Total length-at-age of Bering flounder (Hippoglossoides


robustus) females, and males within the area of co-occurrence with


flathead sole (H. elassodon; ---, u) and within the area of exclusive


distribution (*, '), based on annual Alaska Fisheries Science


Center groundfish assessment surveys conducted in the eastern


Bering Sea during 2006�2008.
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Figure 5. Total length-at-age of flathead sole (Hippoglossoides


elassodon) females, and males within the area of co-occurrence


with Bering flounder (H. robustus; ---, u) and within the area of


exclusive distribution (*,
'), based on annual Alaska Fisheries


Science Center groundfish assessment surveys conducted in the


eastern Bering Sea during 2006�2008.


782 J. W. Stark


D
ow


nl
oa


de
d 


by
 [


N
O


A
A


 S
ea


ttl
e 


/ N
W


FS
C


] 
at


 1
0:


55
 2


7 
A


ug
us


t 2
01


3 







Bering flounder spawners ranged in age from 7 years


up to the oldest female collected (29 years). How-


ever, results from the October collection maturity


classifications indicated that the annual spawning


cycle had concluded months earlier and females


were developing oocyte stocks for the following year.


During October over 60% of the females were


classified in the vitellogenesis (yolk sequestering)


stage of ovary development and the remaining


females were less mature (38% cortical alveoli


staged, and 2% perinucleus staged). Flathead sole


spawners had a similar (P �0.33) age range.


Discussion


Contrasting maturation and growth


Bering flounder females reached maturity at an L50


of 238 mm, which was significantly (PB0.001)


smaller than the 320 mm L50 reported for flathead


sole females (Stark 2004). However, the average


age at maturity (A50) did not differ significantly


(P�0.084) between Bering flounder (8.7 years)


and flathead sole (9.7 years). The difference in


length-at-maturity between Bering flounder and


flathead sole is attributable to the difference in


their rate of growth. Compared to flathead sole,


Bering flounder had significantly slower growth in


every area, including the area in which both


species co-occurred. Stockhausen et al. (2009)


also found that Bering flounder grew slower than


flathead sole. However, Bering flounder growth did


not decline with age as much as flathead sole.


Consequently, Bering flounder and flathead sole of


both sexes reached a similar length at maximum


age. The difference in growth between species was


probably due to the differences in energy acquisi-


tion, which was substantially less for Bering


flounder. It is not known what was responsible


for the lower rate of energy acquisition. It may be


due to differences in habitat and diet or sea water


temperatures. It is well known that fish grow


slower in colder temperatures.


Table III. Bering flounder (Hippoglossoides robustus, BF) and flathead sole (H. elassodon, FHS) length-at-age described by the von


Bertalanffy growth equation for females and males residing within the shared area in the central eastern Bering Sea (area of co-occurrence),


and in the eastern Bering Sea areas not shared by the two species (area of exclusive distribution). Sample size (n) and parameters L�, k, and


t0 are given. Results are based on the combined 2006, 2007, and 2008 annual Alaska Fisheries Science Center groundfish assessment


surveys.


Location


EBS area of co-occurrence EBS area of exclusive distribution


Sex BF Females FHS Females BF Females FHS Females


n 221 71 252 848


L� 445.7620 456.5638 487.3980 470.3836


var (L�) 255.7720 222.2080 794.5896 33.0114


k 0.1005 0.1614 0.0712 0.1495


var (k) 0.0001 0.0006 0.0001 0.0001


t0 �0.0496 0.9157 �0.3327 0.0043


var (t0) 0.1626 0.2834 0.2489 0.0210


cov (L�, k) �0.1558 �0.3076 �0.2665 �0.0349


cov (L�, t0) �4.3472 �5.2041 �11.0289 �0.5370


cov (k, t0) 0.0036 0.0112 0.0044 0.0009


k*L� 44.7991 73.6894 34.7027 70.3223


BF Males FHS Males BF Males FHS Males


n 138 43 152 672


L� 413.1132 381.8928 382.3160 384.56


var (L�) 2565.6342 100.9958 1299.7964 13.3310


k 0.0639 0.2690 0.0710 0.2018


var (k) 0.0004 0.0013 0.0003 0.0001


t0 �3.4409 1.7820 �1.7929 0.0353


var (t0) 1.9088 0.1301 0.9339 0.0178


cov (L�, k) �0.9478 �0.2692 �0.5920 �0.0255


cov (L�, t0) �58.8650 �1.6172 �29.1032 0.2625


cov (k, t0) 0.0247 0.0112 0.0152 0.0011


k*L� 26.3979 102.7292 27.1444 77.6042


L: length; k: mean instantaneous growth coefficient; var: variance; cov: covariance; t0: theoretical age when length is 0; k*L� is a proxy of


the rate of energy acquisition.
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Spawning


Within this area of co-occurrence, this study found


primarily medium- and smaller-sized female Bering


flounder spawning at a high rate during June (50%)


and July (40%) 2006. Many of the large females


from that collection were classified as immature and


suggests that they had probably completed spawning


for the year during April or May. Similarly, off the


Kamchatka Peninsula Bering flounder spawned


during May and June (Pertseva-Ostroumova 1961).


Flathead sole had a similar spawning season in the


eastern Bering Sea and Gulf of Alaska (Stark 2004).


Because of similar spawning seasons, there is the


potential for interspecies competition for available


spawning grounds. Approximately 90% of Bering


flounder catches contained some spawners during


June and July. Therefore, spawning was probably


occurring throughout the area, ranging to the Saint


Lawrence Island area spawning grounds (Grigorev &


Fadeev 1995), west to the Gulf of Anadyr in the


western Bering Sea (Pertseva-Ostroumova 1961)


and around the Kamchatka Peninsula to the Sea of


Okhotsk. The Chukchi Sea may not be a significant


spawning area for Bering flounder (Barber et al.


1997). This study found that the age of spawning


female Bering flounder ranged from 7 years of age to


29 years (the oldest fish collected), and was similar


to the range found for flathead sole. Consequently,


the two species’ potential reproductive life span is


probably similar.


Distribution relative to seawater temperature


Bering flounder spawning occurred in waters that


were highly stratified, as indicated by a seawater


temperature profile gradient that averaged 6.58C at


the surface and �1.398C at depth during June and


July. No spawning was observed within the area


during October, although seawater temperatures


did not significantly differ from June and July,


averaging 0.58C at depth, and 5.98C on the surface.


Consequently, seawater temperature probably does


not regulate the timing of spawning for Bering


flounder. Bering flounder were not found in areas


with bottom temperatures warmer than 2.38C and


averaged 0.98C. Conversely, flathead sole occurred


in eastern Bering Sea waters where temperatures


averaged 2.28C and ranged from �1.5 to 7.28C
during the same period. The difference in mean


ambient temperatures associated with Bering floun-


der and flathead sole probably contributed to the


significant difference in growth between the two


species.


Potential response to environmental change


The correlation of Bering Sea bottom water tem-


peratures with the extent of Bering flounder and


flathead sole geographic distributions suggests that


local abundance of these species would be directly


impacted by changing environmental conditions.


Future periods of extended warming will likely lead


to a retreat of Bering flounder from some, but not


all, established spawning grounds. The likelihood of


flathead sole spawning on recently vacated Bering


flounder spawning grounds is probably low because


flathead sole spawn in significantly (PB0.001)


warmer water (1.73 to 6.108C, average 4.638C)


than Bering flounder (�1.70 to 0.508C, average


�0.858C). However, if all Bering Sea bottom waters


were to exceed 38C for an extended period, Bering


flounder would likely emigrate to cooler, more


northerly waters and flathead sole would occupy


the area. Such a retreat might substantially reduce


the overall extent of Bering flounder feeding and


spawning habitat because suitable habitat maybe


limited in these waters, potentially leading to a


substantial decline in overall abundance.
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Female maturity, reproductive potential, relative distribution, and growth compared


between arrowtooth flounder (Atheresthes stomias) and Kamchatka flounder


(A. evermanni) indicating concerns for management


By J. W. Stark


Resource Assessment and Conservation Engineering Division, Alaska Fisheries Science Center, National Marine Fisheries Service,
National Oceanic and Atmospheric Administration, Seattle, WA, USA


Summary


Arrowtooth flounder (Atheresthes stomias) and Kamchatka


flounder (A. evermanni), major piscivorous predators in the
eastern Bering Sea and Aleutian Islands, are morphologically
similar. Consequently the two species have been managed


together as a species complex using the length- and age-at-
maturity derived from Gulf of Alaska arrowtooth flounder,
which had been the only available maturity estimates. How-
ever, there could be serious management consequences if the


two species matured at significantly different ages and fork
lengths. Therefore, this study was conducted during 2007 and
2008 to determine if there were significant differences in


maturation between the two species. Significant differences in
size and age of female maturation and growth were found. The
age and length of 50% maturity (A50, L50, respectively) for


arrowtooth flounder females is 7.6 years of age and 480 mm in
body length. In comparison, A50, L50 of Kamchatka flounder
females is 10.1 years of age and 550 mm, meaning that
Kamchatka flounder has a significantly lower reproductive


potential than arrowtooth flounder. The large difference in
reproductive potential indicates that managing the two species
together as a species complex using the reproductive charac-


teristics of arrowtooth flounder, was not conservative for
Kamchatka flounder. This study also determined that arrow-
tooth flounder maturation was consistent between the Gulf of


Alaska and eastern Bering Sea populations.


Introduction


Arrowtooth flounder (Atheresthes stomias) and Kamchatka
flounder (A. evermanni) are major predators of fish and
invertebrates in the eastern Bering Sea. There had been no


directed fishery for either species until a fishery developed for
Kamchatka flounder in 2009. Both species are taken as
bycatch in other fisheries. The congeners are morphologically


very similar but differ in the placement of the upper eye and
the number of gill rakers. The left eye of the arrowtooth
flounder is located on the upper margin of the head and is


visible from the ventral or blind side of the body; the left eye of
the Kamchatka flounder is located nearer to the right eye and
is not visible from the blind side of the body. Arrowtooth
flounder and Kamchatka flounder also differed in the abun-


dance of males relative to females. Arrowtooth flounder males
represent <40% of the estimated total arrowtooth flounder
biomass, which has been attributed to males having a higher


natural mortality than females (Wilderbuer and Turnock,


2009; Wilderbuer et al., 2010a). By comparison Kamchatka


flounder males and females are approximately equal in
abundance (Rooper and Wilkins, 2008; Hoff and Britt,
2009). This suggests that Kamchatka flounder males have a
lower natural mortality than arrowtooth flounder males,


however no male Kamchatka flounder age data are currently
available for comparison. Distribution of arrowtooth flounder
and Kamchatka flounder overlap in the Bering Sea, Aleutian


Islands, Sea of Okhotsk, and the Kamchatka Peninsula
(Mukhametov and Orlov, 2002; Rooper and Wilkins, 2008;
Wilderbuer et al., 2010b). Highest abundance of arrowtooth


flounder occurs in the Gulf of Alaska (Stark, 2008), which has
no Kamchatka flounder. Distribution of the two species
complex in the eastern Bering Sea is more strongly related to


the spatial extent of cold bottom temperatures than to species
abundance (Spencer, 2008); bottom temperatures <2�C are
avoided. A pool of cold water <2�C has bisected the eastern
Bering Sea since 2006 (Spencer, 2008; Lauth, 2010; Wilderbuer


et al., 2010a), restricting the distribution of these species to the
outer strata of the continental shelf and the upper continental
slope. The Gulf of Alaska does not have a cold pool, thus


allowing the wide distribution of arrowtooth flounder.
This study was conducted by the Alaska Fisheries Science


Center (AFSC) to provide the age- and length-at-maturity


estimates needed to establish sustainable and reasonable
management regulations for the eastern Bering Sea arrowtooth
and Kamchatka flounders.


Materials and methods


All collections were made by the AFSC aboard the NOAA


ship Miller Freeman in the eastern Bering Sea, using bottom-
trawling gear with a cod end mesh opening of 8.9 mm. The
Kamchatka flounder collections were made from 5 through 7


October 2007 (n = 112), and the arrowtooth flounder collec-
tions from 19 through 26 February 2008 (n = 175, Fig. 1).
The collections consisted of whole ovaries, each pair of sagittal


otoliths, and fork length measurements from three to seven
females within each 10 mm interval of total body length larger
than 180 mm. Each 10 mm length category extends over a
range of +5 to )5 mm, on the fork length measurement scale.


The sampling protocol, histological processes, ovary maturity
classifications, and ageing methods followed those described in
Stark (2007). Females designated as mature were those


classified into ovary maturity stages: cortical alveoli, vitello-
genesis, advanced yolk, hydrated, and postovulatory follicles.
The maturity collections provide representative samples of
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each species state of maturation, and there is a low probability


that spent females were misclassified as immature because of
the low incidence of arrowtooth flounder spawning and lack of
Kamchatka flounder spawning. All age determinations were


made by the AFSC�s Age and Growth Program (Kimura et al.,
2007). The methods include sectioning each otolith through the
nucleus, and heating the otolith to increase the contrast
between the growth (transparent) and opaque layers. The


growth layers are considered to be the annuli, and are
delineated using a dissecting microscope.
The procedures utilized S--PLUSLUS software (version 2000


Professional release 3, MathSoft Inc., Cambridge, MA).
Maturity was estimated as a function of length and age by
fitting a logistic function to the maturity data with generalized


linear modeling (Venables, 1997). Variance of age (A50) and
total body length (L50) at 50% maturity were estimated for the
Kamchatka flounder and arrowtooth flounder maturity col-


lections using bootstrapping (Efron and Tibshirani, 1993)
based on 200 resamplings with replacement of the maturity,
age, and length data. Differences between the Kamchatka
flounder and arrowtooth flounder A50 and L50 were tested with


a Z-test (Sokal, 1969). The same procedures were used to
determine if arrowtooth flounder A50 and L50 differed between
the eastern Bering Sea and previously reported results (Stark,


2008) for the Gulf of Alaska, from a 2002 and 2003 maturity
study. A Z-test was used to determine if there were significant
differences between species in their preferred distribution by


depth or by seawater temperature, which could lead to
differences in sexual maturation. The comparison utilized
AFSC survey data from the eastern Bering Sea shelf collected
annually from 2004 through 2009, the Bering Sea slope from


2004, 2006 and 2008 and the Aleutian Islands from 2004 and
2006 (n = 32707 fish).
Length at age was described by the von Bertalanffy growth


function, which used non-linear least-squares fitted to LT and
age data (Venables, 1997). Between-sex and between-area
differences in growth were tested by first fitting the von


Bertalanffy model with a term distinguishing each category,
and again for the categories combined. The likelihood ratio of
the two models was then determined for each category


(Kimura, 1980). Significance of the likelihood ratio was tested
to determine if growth differed by species or between arrow-
tooth flounder in the eastern Bering Sea and Gulf of Alaska.


The Gulf of Alaska comparison utilized unpublished data


from an AFSC 2002 and 2003 maturity study (Stark, 2008).
Age composition of specimens was compared between the two
species using a Chi-squared test.


Results


The specimen age composition of this study was similar


(P = 0.35) for both species. However, there were significant
differences between species in sexual maturation. Female
arrowtooth flounder reached 50% maturity at 7.6 years of


age (Table 1, Fig. 2). In contrast, Kamchatka flounder
matured at a significantly (P < 0.001) older age, reaching
50% maturity (A50) at 10.1 years of age. Similarly, the physical


size at which each species matured differed significantly
(P < 0.001). The fork length at which 50% of the females
reached maturity (L50) was 480 mm for arrowtooth flounder,


compared to 550 mm for Kamchatka flounder (Table 2,
Fig. 3). The significant differences in maturation between the
arrowtooth flounder and Kamchatka flounder were probably
not related to differences in the species distributions by depth


Fig. 1. Station locations for Alaska
Fisheries Science Center maturity
study collections of arrowtooth floun-
der and Kamchatka flounder. Arrow-
tooth flounder collections from Gulf of
Alaska study, 2002 and 2003 (¤).
Present study collections from Bering
Sea, February 2008, of arrowtooth
flounder (s), and October 2007 for
Kamchatka flounder (m)


Table 1
Female arrowtooth flounder (Atheresthes stomias) and Kamchatka
flounder (A. evermanni) age-at-maturity results based on ovary histol-
ogy samples (n), eastern Bering Sea, by date of collection. Parameters
of logistic equation used to fit data: B (slope of the line) and A (Y
intercept), variance (square of standard deviation of B and A),
covariance (product of standard deviations of B and A and covariance
between them), age (years) at which 50% of females were expected to
reach sexual maturity (A50), and variance of A50


Species and date of collection


Arrowtooth flounder
February 2008


Kamchatka flounder
October 2007


n 165 111
B 1.03 0.73
A )7.86 )7.32
r2 (B) 0.00 0.00
r2 (A) 1.70 2.24
Cov (B, A) 0.00 0.00
A50 7.64 10.10
r2 (A50) 0.07 0.40
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(P = 0.60) or sea water temperature (P = 0.65), based on


unpublished data from AFSC eastern Bering Sea groundfish
surveys. Based on that data, this study found that each species


avoided bottom temperatures <2�C. The arrowtooth flounder
maturity results from this study were compared with those
from the Gulf of Alaska (Stark, 2008) to determine the
consistency of maturation between areas. Arrowtooth flounder


in the eastern Bering Sea matured at a similar age (P = 0.75)
A50 of 7.6 years and similar (P = 0.08) L50 of 460 mm as they
did in the Gulf of Alaska.


Spawning arrowtooth flounder females represented only 1%
of all specimens and were the largest females collected, 610 and
690 mm in body length, and both with hydrated oocytes.


These results suggested that February represented the initial
month of the annual arrowtooth flounder spawning cycle in
the eastern Bering Sea, and that the season was initiated by the


population�s largest individuals with the other females spawn-
ing at a later date. None of the Kamchatka flounders collected
were in spawning or post-spawning condition, indicating that
October represented a prespawning period in the species�
annual spawning cycle.


Arrowtooth flounder matured at a similar length in the Gulf
of Alaska and eastern Bering Sea, and also grew at a similar


(P = 0.93) rate (0.11 k, Fig. 4). Arrowtooth flounder grew
significantly (P = 0.02) faster (Table 3, Fig. 5) than Kam-
chatka flounder (0.07 k).
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Fig. 2. Maturity estimated as a function of age for arrowtooth
flounder (Atheresthes stomias) and Kamchatka flounder (A. everman-
ni) by fitting a logistic function to the maturity data based on the
arrowtooth flounder February 2008 (n = 165) and Kamchatka
flounder October 2007 (n = 111) maturity collections. Mean age at
50% maturity (solid vertical lines) = 7.6 years for arrowtooth and
10.1 years for Kamchatka flounders. Dotted vertical lines = 95%
confidence limits


Table 2
Female arrowtooth flounder (Atheresthes stomias) and Kamchatka
flounder (A. evermanni) length-at-maturity results based on ovary
histology samples (n), eastern Bering Sea, by date of collection.
Parameters of logistic equation used to fit data: B (slope of the line)
and A (Y intercept), variance (square of standard deviation of B and
A), covariance (product of standard deviations of B and A and
coefficient of correlation between them), fork length (mm) at which
50% of females were expected to reach sexual maturity (L50), and
variance of A50


Species and date of collection


Arrowtooth flounder
February 2008


Kamchatka flounder
October 2007


n 175 112
B 0.03 0.02
A )14.34 )12.40
r2 (B) 4.75 2.71
r2 (A) 9.38 26.41
Cov (B, A) )0.00 )0.00
L50 475.75 550.25
r2 (L50) 54.92 258.27
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Fig. 3. Maturity estimated as function of fork length for arrowtooth
flounder (Atheresthes stomias) and Kamchatka flounder (A. evermanni)
by fitting a logistic function to maturity data based on arrowtooth
flounder February 2008 (n = 175), and Kamchatka flounder October
2007 (n = 112) maturity collections. Mean length at 50% maturity
(solid vertical lines) was 475.8 mm for arrowtooth and 550.1 mm for
Kamchatka flounders. Dotted vertical lines = 95% confidence limits
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Discussion


Arrowtooth flounder maturity did not differ significantly
between the eastern Bering Sea and the Gulf of Alaska, based


on the results of this study and a previous study (Stark, 2008).
In contrast, Kamchatka flounder females matured at a
significantly older age and larger body length and grew


significantly more slowly than arrowtooth flounder. The
differences are inherent and not related to the distribution of
the two species. As a result of the differences in the rate of
maturation and growth found by this study, the Kamchatka


flounder population would be much more vulnerable to fishing
mortality than the arrowtooth flounder population. Kam-
chatka flounder are also more vulnerable due to their


substantially lower overall abundance (129000 t; Wilderbuer
et al., 2010b) compared to arrowtooth flounder (406000 t).
However, the allowable biological catch and overfishing limit


had been set to the combined estimated biomass, which is
dominated by arrowtooth flounder. Since 2010, after a fishery
developed for Kamchatka flounder, the two species have been


managed separately (Wilderbuer et al., 2010b). The maturity
results from this study provide for improved management by
allowing managers to estimate arrowtooth and Kamchatka
flounder spawning biomasses which are essential in stock


management models to provide more accurate estimates of the
allowable biological catch and overfishing limits. The result
would move the two species into management tier 4 that will


allow for more precise catch allocations within established
overfishing limits.
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of Stock Management
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Abstract
The primary purpose of this study was to provide commercial


fishery managers with the age- and length-at-maturity information
about northern rock sole Lepidopsetta polyxystra needed for them
to set a sustainable overfishing limit and evaluate the precision
of the two predictors of maturity. The estimated length at which
50% of eastern Bering Sea female northern rock sole matured
(L50) was 309 mm, which was significantly smaller than that for
Gulf of Alaska females. We determined that the differences in
L50 between populations were probably the result of differences
in the rate of female growth. Growth was significantly faster in
the Gulf of Alaska than in the eastern Bering Sea during 1996
and 1999. However, by 2007 the growth rates were similar between
these areas. The variability in growth was correlated with seawater
temperature. There were also differences in the age at which 50%
of the females matured (A50) between the populations in the eastern
Bering Sea (9 years) and the Gulf of Alaska (7 years). In contrast,
within the eastern Bering Sea, females maintained a similar A50


over several years, which indicates that age is the most reliable
predictor of maturity for northern rock sole.


The northern rock sole Lepidopsetta polyxystra is the third
most numerous groundfish species in the eastern Bering Sea,
the current population and biomass being over 10 × 109 indi-
viduals and over 2 × 106 metric tons (mt; Acuna and Lauth
2008). Northern rock sole distribution overlaps widely with its
congener, rock sole L. bilineata, in the eastern Aleutian Islands
and southern portion of the eastern Bering Sea, the Gulf of
Alaska, and down the west coast of North America to Puget
Sound (Stark and Somerton 2002). Northern rock sole is pre-
dominant in the southern Bering Sea and Aleutian Islands, and
rock sole predominates in the Gulf of Alaska. Northern rock sole
also overlaps with the ricecake sole (also known as the dusky


*E-mail: jim.stark@noaa.gov
Received April 8, 2011; accepted August 11, 2011
Published online February 29, 2012


sole) L. mochigarei in the western extent of its distribution off
the Kuril Islands of the western North Pacific. Northern rock
soles are most abundant in the southeastern Bering Sea (Fadeev
1965) where it is widely distributed in depths to 200 m but con-
centrated off the Pribilof Islands and in Bristol Bay (Acuna and
Lauth 2008). In contrast, 80% of all the Gulf of Alaska northern
rock soles is found in depths less than 100 m in the western and
central areas (von Szalay et al. 2010).


Northern rock sole has high commercial value, primarily
from the roe and fillet products (Wilderbuer and Nichol 2007).
Sustainable management of northern rock sole is dependent
upon having realistic estimates of the female reproductive
potential for each stock. Typically the most reliable correlates of
female maturity are age and body length. Previously, manage-
ment of eastern Bering Sea northern rock soles relied on age at
maturity estimates that were based on macroscopic anatomical
maturity classifications collected by fishery observers during
the 1993 and 1994 eastern Bering Sea rock sole roe fishery.
To improve the precision of the maturity estimates, this study
was initiated as part of the Bering Sea northern rock sole
stock assessment conducted by the National Marine Fisheries
Service’s Alaska Fisheries Science Center (AFSC) Resource
Assessment and Conservation Engineering Division. The
maturity estimates are used with the AFSC survey estimates of
population recruitment to estimate the spawning biomass and
spawner–recruit relationship, which are used to calculate the
population’s maximum sustainable yield (MSY), the fishery
mortality rate that would give MSY (FMSY), and the overfishing
limit (Wilderbuer and Nichol 2007). This study employed his-
tological maturity classification methods to determine female
maturity, which are known to be less biased than the anatomical
maturity classification methods (Hunter et al. 1992) previously
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used for eastern Bering Sea northern rock soles. Histological
maturity assessments were previously used by Stark and
Somerton (2002) to define the maturity of the Gulf of Alaska
northern rock sole population and its congener the rock sole.


METHODS
Sample collection.—Observers of the AFSC Fisheries Mon-


itoring and Analysis Division collected 209 northern rock soles
taken in the eastern Bering Sea and delivered by commercial bot-
tom trawl vessels to seafood processing plants in Dutch Harbor,
Alaska, during February and March 2006. The observers were
specifically trained in the taxonomic identification of rock soles.
The species were differentiated using blind side coloration and
gill raker and supraorbital pore counts (Orr and Matarese 2000).
All specimens were measured for total length (cm) and selected
using length-stratified samples of three to seven females from
each centimeter category. The specimen measurement scale was
designed so that each 10 cm unit of measure spans the range from
−5 to + 5 mm total body length (L; note L was measured in cen-
timeters and converted to millimeters for purposes of analysis).


Ovary tissue was excised from each specimen, placed in a
labeled histology cassette, which was submerged in a bottle
containing a solution of 10% formalin. The maturity collec-
tion included specimens as small as 21 cm. This length range
was considered fully representative, based on a 1999 Gulf of
Alaska northern rock sole maturity collection (Stark and Somer-
ton 2002), which included specimens as small as 19 cm but
found no mature females smaller than 30 cm in length.


Northern rock sole growth determinations were made from
unpublished AFSC bottom trawl survey age data, stratified by
length and area, taken from the eastern Bering Sea and Gulf of
Alaska bottoms trawl surveys of 1996, 1999, and 2007. These
survey collections were designed to provide the most represen-
tative growth data available and allow for valid comparisons
between years and areas. The AFSC surveys used standardized
fishing methods, including standardized station patterns to as-
sess the condition of groundfish stocks across the eastern Bering
Sea. The full bottom depth distribution of northern rock soles
was trawl-sampled, and for each North Pacific Fishery Man-
agement Council statistical area, specimens were selected using


random stratified sampling of two to six specimens from each
1-cm category of total body length distributed. These collec-
tions included northern rock sole specimens with body lengths
as small as 5 cm, as effected by a standard 0.89-cm-mesh cod
end liner in the survey trawl.


Maturity assessment.—In the laboratory the cassette of ovary
tissues were then removed from the 10% formalin preservative,
dehydrated through graded ethanol, cleared, and embedded in
Paraplast blocks. The embedded ovaries were cut into sections
0.003–0.005 mm thick, mounted on a glass slide with a cover
slip, stained with hemotoxin, and counterstained with eosin.
The cover slip was then sealed onto the slide. The stains were
used to unambiguously delineate important structures within
the oocytes and ovary. Eosin was used to give a bright pink col-
oration to all yolk residing within all oocytes contained within
the ovary tissue. The eosin also stained fully developed outer
cell membranes (chorion) found in all oocytes; maturity stages
ranged from cortical alveioi to hydrated. The hemotoxin stain
gave a distinct violet coloration to noneosinophylic structures of
the cell to make them clearly discernable. All specimens were
assessed according to a five-stage scale of ovary maturity based
on cell structure criteria (Table 1). Females were classified ac-
cording to the most advanced stage of histological development
that occurred in the ovary. Mature females included those in-
dividuals that had any of the yolk-filled oocyte development
stages (i.e., vitellogenesis, advanced yolk, and hydrated). Ma-
ture females also included those with postovulatory follicles.
All the mature females were those expected to spawn that year.
Spawning females were those with maturity stage classifications
of either hydrated or postovulatory follicle.


Statistical methods.—All analysis utilized S-Plus software
(version 2000 Professional release3, MathSoft Inc., Cambridge,
Massachusetts). Maturity was estimated as a function of L by
fitting a logistic function to the binary maturity data with gen-
eralized linear modeling (Venables 1997). The between-month
and between-area differences were tested by fitting the model
of maturity as a function of L, with and without terms distin-
guishing month and area, and then judging the significance of
the terms via analysis of deviance (Venables 1997). Length at
50% maturity (L50) was estimated for each month and area by
evaluating the fitted model of maturity at 50% maturity and


TABLE 1. Ovary development stages and maturity categories assigned to individual northern rock sole females based on histological assessment of the most
advanced cellular structures in the ovary.


Development stage Maturity category Cellular structures


Perinucleus Immature Oocyte with multiple nucleoli bordering the nucleus; chorion absent.
Cortical alveoli Immature Oocyte with cortical alveoli adjacent to developing chorion.
Vitellogenesis Mature Oocyte predominantly contains yolk spheres.
Advanced yolk Mature Oocyte filled with fused yolk; no individual yolk spheres.
Hydrated Mature and spawning Oocyte expanded by hydration, located in lumen of ovary.
Postovulatory follicles Mature and spawning Postovulatory follicles present.
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algebraically solving for length. The variance of L50 was esti-
mated using bootstrapping (Efron and Tibshirani 1993) based on
1,000 resamplings, with replacement, of the maturity and length
data. Differences in the L50 by month and area were tested with
a Z-test (Sokal 1969). The same procedures were used to com-
pare maturity as a function of age and to compare length results
from this study with northern data from a Gulf of Alaska study
by Stark and Somerton (2002). Based on their study, February
was assumed to be the most representative period for sampling
because all females that were expected to spawn that year would
unambiguously appear to be mature and few would have com-
pleted spawning. The March collection provided the means to
test whether smaller and younger females matured later in the
year than larger females.


Length at age was described by the von Bertalanffy growth
function, fitted using nonlinear least squares (Venables 1997).
To evaluate differences in northern rock sole growth between
areas and years the von Bertalanffy model of growth was fitted
to the length-at-age data with terms distinguishing area and year
and retested for the combined areas and years. The goodness of
fit to the data was tested comparing the separate-category and
combined-category models via the likelihood ratio test (Kimura
1980). Otoliths were aged by personnel of the AFSC Age and
Growth Program with standard validated methods (Fargo and
Chilton 1987; Kimura and Anderl 2005; Kimura et al. 2007),
which includes sectioning transversely through the otolith nu-
cleus and heating the otolith to increase the contrast between
the growth (transparent) and opaque layers. The growth layers


are considered to be the annuli, which are enumerated via a
dissecting microscope.


RESULTS


Age and Length at Maturity
The collection included females ranging in length from 210


mm to 490 mm; ages ranged from 4 to 23 years. We found no
differences between the February and March collections for
maturity at age (P = 0.89) and length (P = 0.73); consequently
the data were pooled to increase sample size to 162 for age and
209 for length. Fifty percent of female northern rock soles in the
eastern Bering Sea reached maturity at the age (A50) of approx-
imately 9 years (Figure 1; Table 2), which was significantly (P
< 0.001) older than for Gulf of Alaska females (A50 = 7 years;
Stark and Somerton 2002). The youngest mature eastern Bering
Sea female collected was also the smallest mature female, at
240 mm and age 6. Half the eastern Bering Sea females matured
(L50) at 309 mm in the eastern Bering Sea (Figure 2; Table 3),
which was significantly (P = 0.003) smaller than Gulf of Alaska
females (328 mm; Stark and Somerton 2002). The proportion
of mature eastern Bering Sea female northern rock soles was
similar during February and March 2006, although the rate of
spawning increased from less than 5% in February to approx-
imately 30% in March (Figure 3). This result suggests that the
spawning season of eastern Bering Sea northern rock soles began
just before the February collection period and peaked during the
spring.
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FIGURE 1. Maturity estimated as a function of age for female northern rock soles collected in February and March 2006 (n = 162) in the eastern Bering Sea, as
depicted by fitting a logistic function to the maturity data. The mean age at 50% maturity (8.9 years) is indicated by solid vertical line; the 95% confidence interval
is represented by the dotted lines.
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TABLE 2. Female northern rock sole age-at-maturity results based on ovary
histology samples collected from the eastern Bering Sea by the Alaska Fisheries
Science Center during February and March 2006. The parameters of the logistic
equation fit to the data are n (sample size), B (slope of the line) and its variance,
A (y intercept) and its variance, the covariance of A and B (the product of the
SDs of B and A and the coefficient of correlation between them), and A50 (the
age at which 50% of females were expected to reach sexual maturity) and its
variance.


Sampling variable Sampling statistic


n 162
B 0.74466
A −6.63200
Variance of B 0.00107
Variance of A 5.48510
Covariance of B, A −0.00385
A50 (years) 8.90603
Variance of A50 0.19481


Growth
The precision of rock sole age determinations was tested by


AFSC Age and Growth Program personnel (Kimura and An-
derl 2005). The average reader and tester agreement for these
years averaged 70% (CV = 3). To determine if area differences
in length at maturity were consistent with growth, I made the
first growth comparison between regions for northern rock sole
(Figure 4; Table 4). The results indicate that female growth rates
were significantly (P < 0.001) faster in the Gulf of Alaska than
in the eastern Bering Seas during 1996 and 1999. However,
by 2007 the rate of female growth had increased in the east-
ern Bering Sea to a rate similar to that of the Gulf of Alaska
population (P = 0.69).


TABLE 3. Female northern rock sole length-at-maturity results based on
ovary histology samples collected from eastern Bering Sea trawl samples (1996,
1999, 2007) by the Alaska Fisheries Science Center by date of collection. See
Table 2 for additional details.


Sampling variable Sampling statistic


n 209
B 0.08130
A −25.09109
Variance of B 6.17796
Variance of A 100.89386
Covariance of B, A 0.00020
L50 (mm) 308.62537
Variance of L50 33.12513


DISCUSSION


Length at Maturity and Growth
My study is the first to determine both the age and length


at maturity of female northern rock soles in eastern Bering
Sea, and the histological maturity classification methods used
improved accuracy of the estimates. The results from the
February collection were corroborated by the results from the
March collection and suggested that by February all females
that would mature for the annual maturation cycle had matured.


I estimated that female northern rock soles of the eastern
Bering Sea reached L50 at 309 mm, which was significantly
smaller than the Gulf of Alaska L50 estimate of 328 mm. The
smallest mature females found in the eastern Bering Sea were
240 mm, compared with 300 mm for the Gulf of Alaska col-
lection. The smaller female L50 in the eastern Bering Sea was


100 200 300 400 500


0.0


0.2


0.4


0.6


0.8


1.0


P
ro


po
rt


io
n 


of
 m


at
ur


e 
fe


m
al


es
 


Length (mm) 


FIGURE 2. Maturity estimated as a function of total length for female northern rock soles collected in February and March 2006 (n = 209) in the eastern
Bering Sea, as depicted by fitting a logistic function to the maturity data. The mean length at 50% maturity (309 mm) is indicated by solid vertical lines; the 95%
confidence interval represented by dotted lines.
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FIGURE 3. Proportion of eastern Bering Sea female northern rock soles classified within each ovarian maturity category from collections made during February
(n = 114) and March (n = 95) of 2006. All females that had reached the 240-mm minimum length at maturity were included to investigate the progression of
ovarian maturity.


probably due to significant differences in the rate of growth be-
tween the two populations. The female northern rock sole pop-
ulation in the Gulf of Alaska had approximately twice the rate
of growth as the Bering Sea population, during 1996 and 1999.
However, by 2007 the rate of growth of the eastern Bering Sea
female population had become similar to the growth rate of the
Gulf of Alaska population. In contrast, the Gulf of Alaska female
population maintained a similar rate of growth during 1996,
1999, and 2007. Growth rates of eastern Bering Sea northern
rock sole, and two other flatfish species were directly affected by
summer seawater temperatures on the shelf (Matta et al. 2010).
Summer is the feeding and growing season for these species, and
they have the same feeding grounds every year. The otolith an-


nuli growth correlated chronologically with summertime bottom
temperatures for northern rock sole (R2 = 0.34), yellowfin sole
Limanda aspera (R2 = 0.81), and Alaska plaice Pleuronectes
quadrituburculatus (R2 = 0.61), based on fish aged as old as
23 years.


Extreme average summer sea bottom temperatures occurred
in 1999 (0.83◦C) and 2003 (3.87◦C), which produced narrow
growth annuli within the otoliths of all three flatfish species.
In contrast, broad annuli growth occurred during years that had
average bottom temperatures of 2.3◦C. Colder bottom temper-
atures correlated with slower growth in northern rock sole, and
this was confirmed for northern rock sole reared under lab-
oratory conditions (Hurst and Abookire 2006). The summer


TABLE 4. Female northern rock sole length at age as described by the von Bertalanffy growth equation for females in the Bering Sea and Gulf of Alaska during
1996, 1999, and 2007, based on summer Alaska Fisheries Science Center groundfish surveys. Components include n (the sample size) and equation parameters
L∞ (length at maximum age), k (the estimated growth increment), and t0 (the theoretical age when fish length is 0).


Bering Sea Gulf of Alaska


Sampling variable 1996 1999 2007 1996 1999 2007


n 280 298 263 142 227 261
L∞ (mm) 488.807 571.613 418.235 429.3187 434.9223 472.1492
var(L∞) 193.4323 1022.7257 45.9070 195.5226 430.6108 221.6947
k 0.1096 0.0710 0.1581 0.2360 0.1596 0.1668
var(k) 0.0001 0.0001 0.0001 0.0014 0.0011 0.0004
t0 0.2563 0.0982 0.9135 0.3869 −0.9860 −0.0352
var(t0) 0.0329 0.0873 0.0295 0.1944 0.5160 0.1188
cov(L∞, k) −0.1039 −0.2548 −0.0558 −0.4391 −0.6405 −0.2609
cov(L∞, t0) −1.8848 −7.9425 −0.7017 −3.6262 −12.1423 −3.4234
cov(k, t0) 0.0012 0.0022 0.0014 0.0147 0.0223 0.0059
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FIGURE 4. Total length at age of female northern rock soled from collections
made in the eastern Bering Sea (solid triangles, solid line) and Gulf of Alaska
(open squares, dashed line) during areawide groundfish assessment surveys
conducted by the Alaska Fisheries Science Center. Sample sizes by year—
1996, 1999, and 2007, respectively—were 281, 298, and 263 for the Bering Sea
and 142, 227, and 261 for the Gulf of Alaska.


growing period bottom temperatures and spring plankton bloom
directly correlate with the extent of the annual winter sea ice
sheet formation and the timing and extent of the sea ice melts on
the Bering Sea shelf (Stabeno et al. 2001). Sea ice that extends
into the shelf during March or April indicates stratification of
the water column, which produces an early and intense plank-
ton bloom at the ice edge. This type of plankton bloom can
produce up to 65% of the annual primary productivity over the
shelf (Niebauer et al. 1990). In years that have strong mixing
of the seawater column during March and April, there is no ice
formation, and the plankton bloom is delayed until May or June
and is attenuated. Water temperatures are expected to undergo
more frequent fluctuations and rise an average of 2◦C by the
year 2050 in the eastern Bering Sea (Hollowed et al. 2009). The


change would further affect northern rock sole growth through
changes in food supply and body metabolism and, consequently,
the size at which females mature in the future. In contrast, fe-
males of the Gulf of Alaska northern rock sole population may
continue to have a lower interannual variability in growth and
mean length at maturity than the eastern Bering Sea population
because of a more moderate temperature regime. Compared with
the Bering Sea, the Gulf of Alaska is more insulated from arctic
temperatures because of its lower latitude and greater circula-
tion of seawater (Stabeno et al. 2001). Consequently, the Gulf
of Alaska is not subject to an annual accumulation of sea ice,
which can alter the timing and abundance of primary and sec-
ondary production and, thereby, northern rock sole metabolism
and growth.


Age at Maturity
Although female northern rock soles in the eastern Bering


Sea had very different growth rates over years, the age at which
females matured was similar between years. Based on my study,
the eastern Bering Sea population reached A50 at an estimated
age of 9 years. The A50 estimate was comparable to the pre-
vious age estimate of 9–10 years used by eastern Bering Sea
stock managers (Wilderbuer and Nichol 2007), that was based
on a 1994 collection. Similarities in the estimated female age
at maturity in the eastern Bering Sea between 1994 and 2006
suggests that age is a reliable predictor of maturity for northern
rock soles, at least for the eastern Bering Sea population. As a
consequence of maturing at a significantly older age (2 years
older) than Gulf of Alaska females, the eastern Bering Sea pop-
ulation was more dependent upon older females to sustain the
population. Females of both populations have the same potential
life span (Figure 4). Compared with the younger maturing Gulf
of Alaska females, delayed maturation in the eastern Bering
Sea means that these females would probably have fewer years
available for spawning, potentially decreasing the individual
reproductive production from each female.


The results suggest the spawning season begins before Febru-
ary and peaks during the spring for the eastern Bering Sea popu-
lation, which is consistent with observations by Shubnikov and
Lisovenko (1964) in the southeastern Bering Sea and in the Gulf
of Alaska (Stark and Somerton 2002). The depth and location
of spawning is not well known for the eastern Bering Sea pop-
ulation. In the western Bering Sea northern rock sole spawned
in depths less than 200 m (Pertseva-Ostroumova 1961), and in
the Gulf of Alaska spawning occurred in depths less than 65 m
(Stark and Somerton 2002). The spawning grounds were located
within bays, near shore, and on the inner portions of banks in
areas that had gravel and a hard sandy bottom. This type of sub-
strate is essential for the attachment of the rock sole’s demersal
adhesive eggs.


Results of my study provide fishery managers with the neces-
sary maturity estimates that allow them to refine the overfishing
and allowable catch limits of northern rock sole in the eastern
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Bering Sea. I determined that age-based maturity estimates
would be much more reliable than length-based estimates and
provides managers with a much more accurate estimate of
the age at which females mature. Consequently managers can
now produce more precise estimates of the spawning biomass
and spawner–recruit relationship. As a result, managers will
have more precise estimates of the maximum sustainable yield,
fishery mortality rate, and overfishing limit than was previously
possible using other methods.


ACKNOWLEDGMENTS
The following Alaska Fisheries Science Center personnel


made this study possible: T. Wilderbuer, A. Hollowed, and R.
Nelson. Collections were made by A. Baattista, K. Hardin, and
L. Kerr. Age determinations were made by B. Matta and D.
Anderl. Reviews were made by D. Somerton, G. Duker, J. Lee,
and M. Wilkins. This manuscript was improved by suggestions
from two anonymous reviewers, editor C. Griswold and the
associate editor.


REFERENCES
Acuna, E., and R. R. Lauth. 2008. Results of the 2007 eastern Bering Sea con-


tinental shelf bottom trawl survey of groundfish and invertebrate resources.
NOAA Technical Memorandum NMFS-AFSC-181.


Efron, B., and R. J. Tibshirani. 1993. An introduction to the bootstrap. Chapman
and Hall, New York.


Fadeev, N. S. 1965. Comparative outline of the biology of flatfishes in the south-
eastern part of the Bering Sea and condition of their resources. Soviet fisheries
investigations in the northeast Pacific, part 4. Izvestiya Tikhookeanskogo
Nauchno-Issledovatel’skogo Instituta Rybnogo Khozyaistva i Okeanografii
58:112–120. (Translated from Russian by Isreal Program for Scientific Trans-
lations, Jerusalem, 1968).


Fargo, J., and D. E. Chilton. 1987. Age validation for rock sole in Hecate Strait,
British Columbia. Transactions of the American Fisheries Society 116:776–
778.


Hollowed, A. B., N. A. Bond, T. K. Wilderbuer, W. T. Stockhausen, Z. T. A’mar,
R. J. Beamish, J. E. Overland, and M. K. Schirripa. 2009. A framework
for modelling fish and shellfish responses to future climate change. ICES
(International Council for the Exploration of the Sea) Journal of Marine
Science 66:1584–1594.


Hunter, J. R., B. J. Macewicz, N. C. H. Lo, and C. A. Kimbrell. 1992. Fecundity,
spawning, and maturity of female Dover sole Microstomus pacificus, with an


evaluation of assumptions and precision. U.S. National Marine Fisheries
Service Fishery Bulletin 90:101–128.


Hurst, T. P., and A. A. Abookire. 2006. Temporal and spatial variation in potential
and realized growth rates of age-0 year northern rock sole. Journal of Fish
Biology 68:905–919.


Kimura, D. K. 1980. Likelihood methods for the von Bertalanffy growth curve.
U.S. National Marine Fisheries Service Fishery Bulletin 77:765–776.


Kimura, D. K., and D. M. Anderl. 2005. Quality control of age data at the Alaska
Fisheries Science Center. Marine and Freshwater Research 56:783–789.


Kimura, D. K., D. M. Anderl, and B. J. Goetz. 2007. Seasonal marginal growth
on otoliths of seven Alaska groundfish species support the existence of annual
patterns. Alaska Fisheries Research Bulletin 12:243–251.


Matta, M. E., B. A. Black, and T. K. Wilderbuer. 2010. Climate-driven synchrony
in otolith growth-increment chronologies for three Bering Sea flatfish species.
Marine Ecology Progress Series 413:137–145.


Niebauer, H. J., V. A. Alexander, and S. M. Henrichs. 1990. Physical and
biological oceanographic interaction in the spring bloom at the Bering
Sea marginal ice edge zone. Journal of Geophysical Research 95:22229–
22241.


Orr, J. W., and A. C. Matarese. 2000. Revision of the genus Lepidopsetta
Gill, 1862 (Teleostei: Pleuronectidae) based on larval and adult morphol-
ogy, with a description of a new species from the North Pacific Ocean and
Bering Sea. U.S. National Marine Fisheries Service Fishery Bulletin 98:539–
582.


Pertseva-Ostroumova, T. A. 1961. [The reproduction and development of Far
Eastern flounders.] Academy Nakhimovsky, Institute of Oceanology, Union
of Soviet Socialist Republics. (In Russian.). English translation by Translation
Series, Fisheries Research Board of Canada 856 (1967), Nanaimo, British
Columbia.


Shubnikov, D. A., and L. A. Lisovenko. 1964. Data on the biology of rock
sole of the southeastern Bering Sea. Pages 220–226 in P. A. Moiseev, editor.
Soviet fisheries investigations in the northeast Pacific, part 2. Translated from
Russian 1968: Israel Program for Scientific Translations, Jerusalem.


Sokal, R. R. 1969. Biometry. Freeman, San Francisco.
Stabeno, P. J., N. A. Bond, N. B. Kachel, S. A. Salo, and J. D. Schumacher. 2001.


On the temporal variability of the physical environment over the southeastern
Bering Sea. Fisheries Oceanography 10:81–98.


Stark, J. W., and D. A. Somerton. 2002. Maturation, spawning and growth of
rock soles off Kodiak Island in the Gulf of Alaska. Journal of Fish Biology
61:417–431.


Venables, W. N. 1997. Modern applied statistics with S-Plus. Springer-Verlag,
New York.


von Szalay, P. G., N. W. Raring, F. R. Shaw, M. E. Wilkins, and M. H. Martin.
2010. Data report 2009: Gulf of Alaska bottom trawl survey. NOAA Technical
Memorandum NMFS-AFSC-208.


Wilderbuer, T. K., and D. G. Nichol. 2007. Stock assessment and fishery eval-
uation: Bering Sea and Aleutian Islands northern rock sole. North Pacific
Fishery Management Council, Anchorage, Alaska.


D
ow


nl
oa


de
d 


by
 [


N
O


A
A


 S
ea


ttl
e 


/ N
W


FS
C


] 
at


 1
0:


59
 2


7 
A


ug
us


t 2
01


3 








Changes in Embryonic Development and Hatching in
Chionoecetes opilio (Snow Crab) With Variation in


Incubation Temperature
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Abstract. Water temperature affects the distribution,
movement, and reproductive potential of female snow crab,
Chionoecetes opilio. Ovigerous females of C. opilio from
the eastern Bering Sea were held at five temperatures (�1,
0, 1, 3, and 6 °C) in the laboratory while their embryos
developed from gastrula to hatching. The duration of incu-
bation increased by 105 d (30%) with decreasing tempera-
ture; however, a switch to a 2-year duration of embryo
incubation was not observed. For females held at 6, 3, and
1 °C, their embryos underwent a short period of diapause
late in development; no diapause was observed for embryos
of females held at 0 or �1 °C. Successful extrusion of a
subsequent clutch and hatch timing comparable with that
observed in the eastern Bering Sea indicated that tempera-
tures of 0 to 3 °C may be optimal for multiparous female
reproduction. We demonstrated that a switch from 1-year to
2-year reproduction cannot be triggered by changing the
thermal regime after several months of embryonic develop-
ment. The timing of female movement from colder to
warmer waters may be important for maintaining population
reproductive potential during the recent phase of warming
and contraction of cold-water biomes in the Bering Sea.


Introduction


Chionoecetes opilio (J. C. Fabricius, 1788) (Brachyura:
Oregoniidae), commonly known as snow crab, is found in
cold-water continental shelf environments at high latitudes


throughout much of the northern hemisphere, with commer-
cial fisheries occurring in the Northwest Atlantic, Sea of
Japan, and eastern Bering Sea (EBS). Catch, catch per unit
effort, and value of the eastern Bering Sea fishery peaked
during the early and late 1990s, but declined dramatically in
2000 and have continued at low levels since (Rugolo et al.,
2006). The EBS C. opilio population was listed as “over-
fished” under the Magnuson-Stevens Fisheries Conserva-
tion and Management Act in 1999 (National Marine Fish-
eries Service, 1999).


Warmer-than-average water temperatures have predomi-
nated in the Bering Sea since 1977 when a regime shift from
colder to warmer ocean conditions occurred (Hunt et al.,
2002). Temperatures in the EBS increased as much as 2 °C
in the past decade, with warm temperature anomalies arriv-
ing earlier in the spring and persisting longer into the fall
than in past years (Overland and Stabeno, 2004). Changes in
EBS water temperature and ice cover have altered the
ecosystem structure, biogeographical distribution, and life
histories of organisms in the region (Hunt et al., 2002;
Overland and Stabeno, 2004; Overland et al., 2005). In-
creased water and air temperatures and reductions in sea-
sonal ice cover in the northern Bering Sea have coincided
with decreased benthic productivity (Grebmeier et al.,
2006), and the northward shift and contraction of cold-water
biomes is likely to continue in the near future (Overland et
al., 2005). Warming may also affect the timing of the spring
phytoplankton bloom in the EBS. If sea-ice retreat occurs in
mid-March or later, a cold-water (�0 °C), ice-edge-associ-
ated bloom is likely in early spring. During warmer condi-
tions, sea-ice retreat before mid-March will result in the
primary spring bloom occurring in warmer (�3°), open
water, in May or June (Hunt and Stabeno, 2002).


The movement, physiology, early life history, and repro-
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ductive potential of females of C. opilio are all affected by
temperature. Changes in distribution and abundance of this
species in the EBS have been observed over the last several
decades, when the centers of distribution of both mature
male and female C. opilio shifted from southwest to north-
east in the EBS from the late 1970s to the late 1990s (Zheng
et al., 2001; Orensanz et al., 2004; Ernst et al., 2005). This
shift in distribution may have been associated with the
regime shift in the EBS from colder to warmer conditions
starting in 1976–1977 (Zheng et al., 2001). After a lag time
of 6 years, the northward displacement of the southern
boundary of the EBS cold pool (�2 °C) was followed by a
northward shift in the distribution of mature females (Oren-
sanz et al., 2004). Movements of the mature females may
also be influenced by temperature. Females are hypothe-
sized to follow gradients in near-bottom temperature or
depth from colder to warmer areas, undergoing an offshore
ontogenetic migration oriented from northeast to southwest
(Ernst et al., 2005). Among other factors, the subsequent
southward range expansion of C. opilio may be limited by
the southern extent of the cold pool, patterns of larval
advection, and predation on juveniles by Pacific cod (Gadus
macrocephalus) (Orensanz et al., 2004). Pacific cod prey
heavily on early benthic instars of C. opilio (Livingston,
1989) and are likely to increase in abundance and expand
northward with warmer seawater temperatures in the EBS
(Hunt et al., 2002).


Temperature affects individuals of C. opilio physiologi-
cally throughout their life history. Mature males are ener-
getically confined to waters below 7 °C, with peak activity
occurring at 0 °C (Foyle et al., 1989). Thermal tolerance
also varies with body size. When held at �1 °C, male and
female C. opilio weighing less than 200 g were in energetic
deficit, while larger crab were not (Thompson and Hawry-
luk, 1990). For early benthic instars, temperature rather than
substrate determines distribution, and instars segregate
among discrete temperature strata (Dionne et al., 2003). The
duration of embryonic incubation in C. opilio can be ex-
tended by small changes in temperature. Primiparous and
multiparous females in the Gulf of St. Lawrence, Canada
(GSL), have reproductive cycles of 18 and 12 months,
respectively, in warmer (3 to 5 °C) water and 27 and 24
months at colder (�1 to �1 °C) temperatures (Watson,
1970; Mallet et al., 1993; Sainte-Marie, 1993; Moriyasu and
Lanteigne, 1998; Comeau et al., 1999). Recent field studies
have confirmed the presence of a 2-year cycle of embryonic
development for both primiparous and multiparous C. opilio
in the EBS at temperatures below 1 °C in the northern
portions of their range (Rugolo et al., 2005). The potential
range of temperatures experienced by mature female C.
opilio in the EBS is about 1 to 3 °C (Luchin et al., 1999;
Zheng et al., 2001), with females in the northern portion of
the range more likely to experience colder temperatures for
longer periods of time, because temperature generally in-


creases with decreasing latitude in the EBS (Luchin et al.,
2002).


The presence of a substantial proportion of the mature
female population on a 2-year reproductive cycle instead of
a 1-year cycle could limit the reproductive potential of C.
opilio on variable spatiotemporal scales in both the EBS and
GSL. In the GSL, female C. opilio undergo a terminal molt
to reproductive maturity at 5.5 to 6.5 years of age (Alunno-
Bruscia and Sainte-Marie, 1998) and have a post-terminal
molt survival of 5 to 6 years (Sainte-Marie, 1993), which on
a 2-year cycle may produce only two clutches during a
lifetime. In the EBS, post-terminal molt survival for female
C. opilio has been estimated at 6 to 7 years on the basis of
radiometric and instar analysis (Ernst et al., 2005) and at 2
to 4 years on the basis of lipofuscin accumulation (Bluhm
and Shirley, 2005); as a result, female C. opilio in the EBS
are likely to produce only one to three clutches in a lifetime
on a biennial reproductive cycle.


The effect of temperature on the duration of embryonic
development has been well described for C. opilio from the
northwestern Atlantic (Mallet et al., 1993; Sainte-Marie,
1993; Moriyasu and Lanteigne, 1998; Comeau et al., 1999).
However, little is known about the effects of temperature on
the duration of embryonic incubation, patterns of embryo
development, or hatching of C. opilio from the EBS. Sub-
stantial decreases in the rate of embryo development in
decapod crustaceans, including C. opilio, are due to periods
of diapause, or suspension of growth (Wear, 1974; Mori-
yasu and Lanteigne, 1998). On a 2-year reproductive cycle,
C. opilio has two distinct periods of diapause during em-
bryonic development in the GSL. The first diapause period
occurs at the gastrula stage and lasts for 6 months, and the
second occurs at the stage of eye-pigment formation and
lasts for 3 to 4 months (Moriyasu and Lanteigne, 1998). The
presence or length of diapause periods in the embryo de-
velopment of C. opilio in the EBS is unknown.


Temperature may also affect the survival and growth of
larval C. opilio by altering the timing of larval release in
relation to seasonal primary production. Peak abundance of
stage-one zoeae of the species in the southern Bering Sea
occurs in April (Incze and Armstrong, 1987) during the
ice-edge-associated bloom. During warm years in the Ber-
ing Sea when ice-edge retreat occurs prior to mid-March,
the timing of the spring phytoplankton bloom may be de-
layed by several months, from March to May or June (Hunt
and Stabeno, 2002). Synchronization of larval release with
periods of primary production may affect larval survival for
C. opilio in the EBS (Somerton, 1982). Diapause periods
may prolong embryonic development, delaying larval re-
lease into periods of increased primary production for some
high-latitude cold-water decapods (Shirley et al., 1990, Pe-
tersen and Anger, 1997), but mechanisms other than in-
creased temperature (Mallet et al., 1993) to reduce the
duration of incubation and advance the timing of larval
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release have not been proposed. Variability in the timing of
larval release with incubation temperature has not been
previously determined for C. opilio from the EBS.


The purpose of this study was to examine the effect of a
range of environmentally relevant incubation temperatures
on the duration and rate of embryonic development, the
duration and timing of hatching, and the extrusion of a
subsequent clutch after larval release for multiparous female
C. opilio from the EBS.


Materials and Methods


Ovigerous females were collected by bottom trawl on 5
July 2002 south of St. Matthew Island (60°N,172°W) (Fig.
1) in the Eastern Bering Sea (EBS) at a depth of 117 m with
a bottom temperature of 3.02 °C. Crabs were maintained on
board ship in circulating ambient seawater, estimated to be
3–6 °C from average seasonal sea-surface temperatures
(Luchin et al., 1999), and transported by air in coolers lined
with burlap and chilled by ice packs to Juneau, Alaska, on
10 July 2002. On arrival, crabs were maintained in 700-l
flow-through seawater tanks cooled by chillers (Frigid Units
Inc. model D1-33) to a constant temperature of 3 °C. On 14
July 2002, 25 females classified as multiparous, old shell


(Jadamec et al., 1999) were assigned to treatments of �1, 0,
1, 3 and 6 °C in a random stratified design based on
carapace width such that no significant differences in crab
sizes existed among treatments. Seawater temperatures in
each tank were monitored using Stowaway Tidbit temper-
ature loggers at 15-m intervals and when averaged (�1 SD)
daily over the duration of the study for the 6, 3, 1, 0 and �1
°C treatments were 6.32 (�0.36), 3.24 (�0.18), 1.37
(�1.03), 0.12 (�0.94), and �0.89 °C (�0.59 °C), respec-
tively. Females that were classified as primiparous or very
old shell multiparous on the basis of shell condition, had
low scores for clutch fullness, or had two or more missing
or damaged limbs were excluded from the study.


Embryonic incubation and development


Starting on 2 September 2002, at 4-week intervals, about
50 embryos were collected from each of 15 females per tank
and preserved in Bouin’s solution. Embryos were consis-
tently collected from an area near the center of the clutch to
control for potential variation in developmental stage within
the clutch. Within a few days of collection, the develop-
mental stage of 10 preserved embryos per female was
determined using criteria established for the embryonic de-


Figure 1. Locations at which multiparous female Chionoecetes opilio were collected by bottom trawl on 5
July 2002 south of St. Matthew Island in the eastern Bering Sea.
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velopment of Chionoecetes opilio by Moriyasu and
Lanteigne (1998) (Table 1). Embryonic development is a
continuous process, but staging of embryos is based on
static morphology of the embryo when certain physiological
and morphological features are observable through the
course of development (Moriyasu and Lanteigne, 1998).
The developmental stage of the clutch was assigned for each
female at each sampling date, using the mean developmen-
tal stage observed among the 10 embryos. Little variation in
stage was observed among sampled embryos from the same
clutch for a given sampling date. Embryo development data
from females that died prior to larval release were excluded
from analysis.


Hatching


When embryos neared the final developmental stage,
tanks were monitored daily for the presence of larvae by
placing filters on tank outflows. When hatching com-
menced, 7 females from the 15 females monitored for
embryo development with a representative range of cara-
pace widths from each treatment were placed in plastic
boxes (33 � 18 � 10 cm) with sides replaced by 500 �m
(47% open) Nitex mesh to allow adequate seawater circu-
lation while retaining larvae hatched by the female. All
zoeae were removed from the container at 24-h intervals,
and the number of zoeae hatched was estimated on an
order-of-magnitude scale (0–10, 10–100, 100–1000,
1000�). An estimate of the daily minimum larval release
was calculated for each treatment as the mean of the lower
bounds of each order of magnitude category for all females
in the treatment. This value was a consistent index of daily
hatching activity but was not an estimate of hatching suc-
cess because females hatched more than 1000 larvae in a
24-h period. Duration of incubation at each temperature was


calculated as the number of days from collection to first
hatching of 10 or more zoeae in a 24-h period among
females monitored for hatching. Duration of hatching was
measured from the first release of 10 or more zoeae in a
24-h period to the final release of 10 or more zoeae in 24 h.
Females were kept in enclosures until they spawned a new
clutch or for at least 2 weeks after the conclusion of hatch-
ing. Differences in time from collection to hatch, in hatch-
ing duration, and in minimum daily larval release among
temperature treatments were examined using one-way
ANOVA with Tukey-Kramer multiple comparisons tests.
Daily tidal range data from 1 February 2003 to 30 Septem-
ber 2003 were obtained for Juneau tide station (#9452210)
from the NOAA Center for Operational Oceanographic
Products and Services, Silver Spring, Maryland. Only fe-
males that extruded a clutch after hatching or survived 2
weeks post-hatch were included in hatching analyses. All
statistical analyses were conducted using SAS release 8.02
(SAS Institute, Cary, NC). All averages are reported as
mean � SD.


Results


Duration of embryonic incubation


The duration of embryonic incubation from field collec-
tion to initial larval release increased significantly with
decreasing incubation temperature (F4,28 � 167.25, P �
0.0001), except for 0° and 1 °C, which were not signifi-
cantly different from each other (P � 0.05). The mean
incubation time from collection to first hatch (days � SD)
was 248 � 6 d (n � 7) at 6 °C, 275 � 8 d (n � 7) at 3 °C,
314 � 8 d (n � 3) at 1 °C, 331 � 11 d (n � 7) at 0 °C, and
353 � 2 d (n � 3) at �1 °C. Mean incubation time
decreased 105 d (30%) between �1 and 6 °C.


Embryonic development


The rate of embryonic development increased with in-
creasing temperature (Fig. 2). The duration of embryonic
development at 6 °C (6–8 months) was half that of embryos
at �1 °C (13–14 months). Embryos at 6 °C reached the final
stage of development between January and March 2003,
whereas embryos from the 3, 1, 0, and �1 °C treatments
reached the final stage in March, April, May, and August,
respectively. Differences in rates of development were ob-
served as early as 7 weeks after placement in treatments (2
September 2003), when embryos at 6 °C had progressed one
to two egg stages further than those at �1 to 1 °C (Fig. 2).
A 1-month diapause period, noted by a decrease in mean
developmental rate, was evident at stages 12 or 13 in the 6,
3, and 1 °C treatments. A period of decreased developmen-
tal rate was also observed for 2 months in the �1 °C at egg
stage 7. Developmental trajectories were largely linear (Fig.


Table 1


Embryo development stages for Chionoecetes opilio from the Gulf of St.
Lawrence, Canada (Moriyasu and Lanteigne, 1998)


Stage # Morphometric development stage


1 prefuniculus
2 funiculus
3 cleavage and blastula
4 gastrula
5 lateral ectodermal band
6 prenauplius
7 nauplius
8 maxilliped formation
9 metanauplius


10 late metanauplius
11 eye pigment formation
12 chromataphore formation
13 reduced yolk
14 prehatching
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2), with a slope of 0.835 (r2 � 0.99) at 6 °C, 0.90 (r2 �
0.99) at 3 °C, 0.87 (r2 � 0.98) at 1 °C, 0.80 (r2 � 0.98) at
0 °C, and 0.594 (r2 � 0.98) at �1° C. A 28.9% reduction in
developmental rate (slope) with temperature between 6 and
�1° C was observed.


Hatching and spawning


Hatching was first observed at 6, 3, 1, 0, and �1 °C on 8
March, 1 April, 10 May, 1 June, and 26 June, respectively


(Fig. 3). The mean duration of hatching was 11 d for all
females, with a minimum of 7 d and a maximum of 17 d to
complete hatching. Significant differences in the mean du-
ration of hatching (F2,16 � 0.09, P � 0.91) were not
observed among the 6, 3, and 0 °C treatments. The number
of days of larval release per female for each minimum daily
release category, 10–100 (F4,20 � 0.60, P � 0.668), 100–
1000 (F4,20 � 0.60, P � 0.784), and �1000 (F4,20 � 2.60,
P � 0.067) did not vary significantly with incubation tem-


Figure 2. Mean stage of embryonic development by sampling date for multiparous Chionoecetes opilio from
the eastern Bering Sea held at constant temperature from collection to hatch. Stages as in Table 1.


Figure 3. Maximum daily tidal range observed at Juneau, Alaska, and pooled minimum number of zoeae
hatched per day by temperature from multiparous female Chionoecetes opilio held at constant temperature from
collection to hatching.
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perature. Linear regression indicated that pooled minimum
daily larval release was not associated with maximum daily
tidal range (r2 � 0.01, P � 0.1809). Hatching data from the
1 °C and �1 °C treatments were not included in duration of
hatch analyses or minimum larval release analyses due to
asynchronous hatching patterns, low hatching success, and
maternal mortality rates of 57% and 86%, respectively,
during the hatching period.


The number of females that extruded a new clutch sub-
sequent to completion of hatching varied among tempera-
tures. Zero (0%) of seven females that completed larval
release (eclosion) at 6 °C spawned a new clutch within 2
weeks. Six (86%) of seven females at 3 °C and all (100%)
five females that completed larval release at 0 °C spawned
a new clutch. Comparisons with 1° and �1 °C treatments
were limited by high maternal mortality prior to eclosion at
those temperatures.


Discussion


The length of embryonic incubation increased with de-
creasing temperature for Chionoecetes opilio. We found an
increase in embryonic incubation of 17 days per 1 °C for
multiparous females from the Eastern Bering Sea (EBS) at
temperatures of 3, 1, and 0 °C. Our result is similar to an
increase of 21.4 days per 1 °C in the total duration of
incubation for embryos of primiparous C. opilio from the
Gulf of St. Lawrence (GSL) (Moriyasu and Lanteigne,
1998). Differences in these values are likely a result of
longer overall incubation periods for primiparous versus
multiparous females (Sainte-Marie, 1993), but direct com-
parisons were not possible because data on changes in
development time with temperature were not available for
multiparous females from the GSL nor for primiparous
females from the EBS. A further difference confounding
comparison was that females from the GSL were held at
constant temperature for the duration of embryonic devel-
opment in the laboratory (Moriyasu and Lanteigne, 1998),
whereas, judging from the results of Rugolo et al. (2005),
females in our study likely extruded eggs about 2 to 4
months prior to their collection (March to May), and were
exposed to an unknown temperature regime in situ before
their introduction to constant temperature regimes in the
laboratory.


A 2-year cycle of embryonic development was not ob-
served in our study. On the basis of temperature records
from annual summer trawl surveys and the temperature
recorded at collection, the previous thermal history of our
females was probably about 2–3 °C, which is warmer than
the temperature (�1 °C) at which C. opilio both in the EBS
(Rugolo et al., 2005) and the GSL (Moriyasu and Lanteigne,
1998) switch to a 2-year cycle of embryo incubation. Our
results indicate that changing temperature later in develop-
ment (2 to 3 months post-extrusion) does not induce a


2-year incubation period. This result is comparable to ob-
servations of embryonic development for the high-latitude
majid Hyas araneus from the North Sea, in which switching
from an annual to a biennial reproductive cycle occurs
between 6 and 12 °C, but for which a biennial cycle was not
observed in the laboratory for females held at 6 °C from the
gastrula embryo stage onward (Petersen, 1995). Thermal
exposure soon after extrusion, during embryo cleavage, was
postulated to determine whether the reproductive cycle
would be annual or biennial (Petersen, 1995). In our labo-
ratory study, embryos sampled in early September were at
the prenauplius/nauplius stage (stage 6 to 7) at �1 °C and
at the metanauplius stage (stage 9) at 6 °C. According to
Moriyasu and Lanteigne (1998), the clutches of females on
a 2-year reproductive cycle from the GSL would be at the
blastula or gastrula stage (stages 3–4) in the early fall,
having arrested development for 6 months at stage 4. It is
likely that the embryos of our females skipped this first
diapause period as a result of warmer temperatures experi-
enced earlier in development. Patterns of embryonic devel-
opment from extrusion to the first sampling date were
similar to those observed for multiparous females on an
annual cycle from the GSL (Moriyasu and Lanteigne,
1998). Female C. opilio in the EBS follow gradients of
near-bottom temperature from colder (�0 °C but interan-
nually variable, Luchin et al., 1999) to warmer waters
(�2–3 °C) as they migrate offshore in a southwesterly
direction during the year following the primiparous molt
(Ernst et al., 2005). This migration of females from colder
to warmer waters in the EBS before extrusion of the mul-
tiparous clutch could increase the reproductive potential of
the population by increasing the proportion of the popula-
tion on a 1- versus a 2-year reproductive cycle, if females
are in waters warmer than 1 °C during the first several
months post-extrusion.


The presence or absence of diapause, or resting periods,
is the primary cause of variation in the length of the em-
bryonic incubation cycle in crustaceans (Wear, 1974). Two
periods of diapause occurred in the development of C. opilio
embryos from the GSL held at 1.85° C on a 2-year repro-
ductive cycle (Moriyasu and Lanteigne, 1998). The first
diapause period occurred at the gastrula stage (stage 4) and
lasted for 6 months, and the second occurred at the stage of
eye-pigment formation (stage 11) and lasted for 3 to 4
months (Moriyasu and Lanteigne, 1998). We observed a
1-month period of diapause at the reduced yolk stage (stage
13) at 6, 3, and 1° C, but no diapause periods were evident
late in embryo development at 0 or �1 °C. A period of slow
development was also observed at �1 °C during the first
three sampling dates at the nauplius stage (stage 7), but
classification as diapause was limited by a lack of data prior
to the initial sampling date. The extended duration of em-
bryonic development in this study was primarily due to an
overall decrease in developmental rate rather than to periods
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of diapause (Fig. 2). Diapause patterns also varied with
incubation temperature for red king crab, Paralithodes
camtschaticus, from southeast Alaska. A 3-month period of
diapause was observed just prior to hatching at warmer
incubation temperatures (6 to 12 °C), but diapause was not
observed at 0 or 3 °C (Shirley et al., 1990). Wear (1974)
noted that changing temperatures during diapause did not
change the length of resting period, but rather the rate of
development responded to increased temperature after the
diapause period. Our results are comparable to those for P.
camtschaticus and indicate that the presence or absence and
timing of diapause periods late in embryonic development
for multiparous C. opilio from the EBS may be influenced
by the previous thermal history of the clutch during early
development.


Diapause periods may affect larval survival by changing
the timing of larval release in relation to periods of primary
production. Diapause periods in the high-latitude majid
Hyas araneus from the North Sea are hypothesized to time
larval release with periods of primary production, which
vary seasonally at high latitudes (Petersen, 1995; Petersen
and Anger, 1997). Similar patterns of embryonic diapause,
hypothesized to delay larval release into periods of primary
production, occurred at warmer (6 to 12 °C) temperatures
with red king crab, P. camtschaticus (Shirley et al., 1990).
In the EBS, larval survival and recruitment success of C.
opilio may be higher in years with a strong ice-edge-asso-
ciated bloom early in spring (Somerton, 1982). Periods of
diapause observed in our study at 6, 3, and 1 °C, delayed
larval release into March, April, and May, respectively;
which could serve to postpone larval release into periods of
increased primary productivity associated with ice-edge re-
treat. If females experienced incubation temperatures of
�3° throughout development, our results indicate that larval
release would occur near the beginning of April. In warmer
years with early ice-edge retreat, the spring bloom in the
EBS takes place in open water in May or June (Hunt and
Stabeno, 2002). A mismatch between C. opilio larval re-
lease and primary production, resulting in reduced larval
survival, could occur if, during development, embryos ex-
perienced incubation temperatures �3 °C that caused larvae
to be released in March or April, before the primary spring
bloom in May or June.


Field observations indicate that significant hatching of C.
opilio occurs in the EBS by mid-April (Incze et al., 1984)
and C. opilio zoeae are present in the water column into July
(Somerton, 1982). Our study confirms these field observa-
tions, as the clutches of multiparous females from the EBS
held at 6, 3, and 1°C hatched in March, April, and May. In
the GSL, hatching was observed in April for multiparous
females held at 1.85°C for the duration of embryonic de-
velopment (Moriyasu and Lanteigne, 1998).


The timing of larval release in wild populations of C.
opilio and Chionoecetes bairdi, a congener of C. opilio, may


be associated with specific environmental cues (Starr et al.,
1994; Stevens, 2003). Hatching in C. opilio from the GSL
was hypothesized to be linked with the presence of senesc-
ing phytoplankton following the spring bloom (Starr et al.,
1994). Peak larval release in female C. bairdi near Kodiak,
Alaska, occurred during the first hours of darkness on high-
amplitude spring tides in early May (Stevens, 2003). Fe-
males in our study were held in tanks with running seawater
filtered by a sand filter and may have been exposed to
similar tidal or phytoplankton signals; however, extended
laboratory residence times in our study may have con-
founded potential relationships between environmental cues
and hatching. Periods of larval release occurred for multip-
arous female C. opilio during both spring and neap tidal
series at all incubation temperatures in our study (Fig. 3),
but our study design did not include analysis of diel hatch-
ing patterns. With the exception of the 0 and �1 °C treat-
ment, hatching was significantly delayed by decreasing in-
cubation temperature and was consistently observed when
embryos reached competency. Differences in the timing of
larval release with varying incubation temperature were
related to incubation-temperature-induced delay in embryos
reaching competency rather than in response to environ-
mental cues.


Hatching at �1 °C was characterized by sporadic, asyn-
chronous patterns of larval release, lower magnitudes of
daily larval release, and qualitatively low larval survival;
two females with full clutches at the pre-hatching embryo
stage died during monitoring with no hatching observed.
Poor hatching success was likely due to low maternal fitness
rather than to a lack of embryo competency. Thompson and
Hawryluk (1990) found that small (�200 g) mature male
and female C. opilio held at �1 °C were in energetic deficit.
Females in our study had wet weights (mean � SD) of
64.1 � 17.6 g (J. Webb, unpubl. data). Poor physiological
condition of females held at �1 °C may have reduced levels
of active maternal care (e.g., abdominal pumping) or dis-
rupted endogenous or exogenous cues (Saigusa, 1992), de-
creasing hatching success in this treatment.


The duration of hatching observed for high-latitude cold-
water decapods varies among taxa. The mean duration of
hatching of 11 d observed for multiparous female C. opilio
in our study was similar to the 9.4 d (Stevens, 2003) and
12 d (Swiney, NOAA, Kodiak Fisheries Research Center,
Kodiak, AK; unpubl. data) found in laboratory studies for
multiparous C. bairdi from Kodiak Island, Alaska. In con-
trast, the mean durations of hatching for two commercially
important lithodids from the north Pacific, red king crab
(Paralithodes camtschaticus) and blue king crab (P. platy-
pus), were 32 d at an incubation temperature of 7.6 °C
(Stevens and Swiney, 2007) and 29 d at 2, 3.5, and 4 °C
(Stevens, 2006), respectively. For P. platypus (Stevens,
2006), as for C. opilio in our study, no significant differ-
ences were found in the duration of hatching with varying
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incubation temperature. Peak periods of hatching in C.
bairdi were associated with high-amplitude spring tidal
series (Stevens, 2003), but periods of larval release for C.
opilio in this study were not associated with maximum daily
tidal range. The brief durations of hatching potentially as-
sociated with environmental cues (Starr et al., 1994;
Stevens, 2003) observed for C. opilio and C. bairdi contrast
with the durations of nearly 1 month or more observed in
high-latitude cold-water lithodids from the northern and
southern hemispheres (Paul and Paul, 2001; Thatje et al.,
2003; Stevens, 2006). Differences in duration of hatching
among Chionoecetes and lithodid crabs may be due to
phylogenetic constraints or alternate strategies to increase
larval survival in high-latitude environments (Thatje et al.,
2005; Stevens, 2006).


Successful extrusion of a new clutch within 2 weeks of
the completion of larval release differed among temperature
treatments in this study (0% at 6 °C, 86% at 3 °C, 100% at
0 °C, and 14% at �1 °C). Reduced spawning success at 6
°C may be due to differences in ovarian development rates.
After seven (6 °C) to thirteen (�1 °C) months at tempera-
tures near their limits of energetic tolerance (Foyle et al.,
1989; Thompson and Hawryluk, 1990), female C. opilio
may have had fewer resources available for ovarian devel-
opment, which either delayed or prevented development of
the subsequent clutch. Higher extrusion rates were observed
at temperatures (3° and 0 °C) similar to those likely to be
experienced in situ by females in the EBS. These tempera-
tures are likely within the range of energetic tolerance for
female C. opilio, so ovarian maturation and extrusion of a
new clutch occur soon after the completion of larval release.


Warming and concurrent shifts in the distribution of
organisms and cold-water biomes in the Bering Sea have
persisted since the mid-1970s and are likely to continue in
the near future (Overland et al., 2005; Grebmeier et al.,
2006). The distribution of female C. opilio contracted north-
ward during the same period (Zheng et al., 2001), and
female abundance in the warmer southern EBS decreased
(Orensanz et al., 2004). Displacement of the distribution of
female C. opilio from south to north may interannually
increase the proportion of females on a biennial reproduc-
tive cycle if cold temperatures (�1 °C) persist in the north-
ern EBS. In these circumstances the timing, relative to
embryonic development, of female movement from colder
to warmer water (Ernst et al., 2005) may increase in im-
portance as a factor affecting the proportion of females on
an annual versus biennial reproductive cycle. Our findings
indicate that switching from an annual to a biennial repro-
ductive cycle is likely determined within the first few
months post-extrusion. Improved understanding of the dis-
tribution and movement of ovigerous females in relation to
bottom temperature during the first few months of embry-
onic development could provide fisheries managers with


valuable insight into the effect of temperature on population
reproductive potential.
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Abstract The Alaska skate, Bathyraja parmif-


era, is the most abundant species of skate on the


eastern Bering Sea shelf, accounting for over 90%


of total skate biomass. However, little is known


regarding the life history of this species despite its


common occurrence as bycatch in several Bering


Sea fisheries. This is the first study to focus on the


age and growth of B. parmifera. From 2003 to


2005, more than one thousand specimens were


collected by fisheries observers and on scientific


groundfish surveys. Annual banding patterns in


more than 500 thin sections of vertebral centra


were examined for age determination. Caudal


thorns were tested as a potentially non-lethal


ageing structure. Annual band pair deposition


was verified through edge and marginal increment


analyses. A three-parameter von Bertalanffy


growth function and a Gompertz growth function


were fit to observed length-at-age data. Both


models provided significant fits, although the


Gompertz function best described the overall


pattern of growth in both males and females,


based upon statistical criteria and parameter


estimates. Age and size at 50% maturity were


9 years and 92 cm TL for males and 10 years and


93 cm TL for females. The maximum observed


ages for males and females were 15 years and


17 years, respectively. Estimates of natural mor-


tality (M) ranged from 0.14 to 0.28, and were


based on published relationships between M and


longevity, age at maturity, and the von Berta-


lanffy growth coefficient. Due to these life history


characteristics and a lack of long-term species-


specific stock data, a conservative management


approach would be appropriate for B. parmifera.


Keywords Elasmobranch � Rajidae �
Life history � Natural mortality � Caudal thorns


Introduction


The Alaska skate, Bathyraja parmifera, is a large-


bodied species (111 cm maximum total length


(TL); Ebert 2005) that is widely distributed across


the eastern Bering Sea (EBS) and typically found


at depths from 50 m to 200 m (Stevenson 2004).


While its range extends to the eastern Aleutian


Islands and the Gulf of Alaska, Bathyraja par-


mifera is the dominant skate species across the


EBS shelf, accounting for over 90% of total skate


biomass there (Matta et al. 2006). Despite the


abundance of B. parmifera, little is known regard-


ing its life history. Additionally, no long-term


species-specific catch data are available, since


skate catch in the EBS is officially reported in


aggregate, and fishery observers have only been
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identifying skates to species since 2003 (Matta


et al. 2006).


While there is currently no directed fishery for


B. parmifera in the EBS, the formation of one is


possible due to its large body size and abundance.


Skates already make up a large part of the


observed incidental catch in several EBS ground-


fish fisheries, approximately 30% of which is


retained (Matta et al. 2006). Declines of large-


bodied skate species have been documented in


other parts of the world and have often been


attributed to overfishing (Brander 1981; Walker


and Heessen 1996; Casey and Meyers 1998; Dulvy


et al. 2000). Certain species of skate may have


particularly low resilience to exploitation and


increased vulnerability to extinction due to their


life history characteristics (Walker and Hislop


1998; Dulvy and Reynolds 2002), highlighting the


need for species-specific data when making


management decisions.


Skates belong to the taxonomic group Elasmo-


branchii, which also includes sharks and rays. As


a group, elasmobranchs can be classified as


equilibrium (K-selected) strategists and typically


share the biological characteristics of low fecun-


dity, late maturity, high juvenile survivorship,


slow body growth, and long life span (Hoenig and


Gruber 1990; Winemiller and Rose 1992; Camhi


et al. 1998; King and McFarlane 2003). Equilib-


rium strategists tend to have low reproductive


rates and slow population growth and generally


cannot sustain high levels of fishing pressure


(Holden 1974; Adams 1980; Hoenig and Gruber


1990). King and McFarlane (2003) suggested that


due to their life history characteristics, equilib-


rium strategists should only be harvested at low to


moderate rates.


Life history studies are necessary for stock


assessment, as the resulting parameters are often


incorporated into fishery models. Age at maturity


may be an especially good indicator of a popu-


lation’s resilience to fishing pressure, since it is


negatively correlated with population growth rate


(Cortés 2002). Furthermore, age at maturity, the


von Bertalanffy growth coefficient, and longevity


may be useful predictors of the instantaneous rate


of natural mortality (Hoenig 1983; Jensen 1996).


Such information is essential to understanding the


biology and dynamics of a given population.


Ageing elasmobranchs is a complicated process,


as there are few available calcified structures and


difficulties in validation. However, in recent years


researchers have successfully developed accurate


ageing methods for skates (Cailliet and Goldman


2004). Skates are generally aged by counting


vertebral annuli, although caudal thorns are semi-


calcified structures that have been aged success-


fully in several species (Gallagher and Nolan 1999).


Caudal thorns are external modified spines that are


thought to aid in protection; the benefit of using


caudal thorns as ageing structures is that they can


presumably be obtained non-lethally.


The aims of this study were to: (1) determine


whether vertebral thin sections and caudal thorns


are appropriate ageing structures for B. parmif-


era; (2) describe the pattern of growth for both


sexes; (3) verify age estimates through edge


analysis and marginal increment analysis (MIA);


(4) estimate size and age at maturity; and (5)


estimate the instantaneous rate of natural mor-


tality (M) from empirical longevity, von Berta-


lanffy growth coefficients, and age at maturity


estimates. This study is the first to provide


estimates of age and growth, age at maturity,


and natural mortality for B. parmifera in the


eastern Bering Sea.


Methods


Specimen collection and preparation


Skates were collected from NOAA Fisheries EBS


groundfish trawl surveys during the summers of


2003 and 2004, and throughout 2004 and 2005 by


the North Pacific Groundfish Observer Program


(NPGOP) on flatfish trawlers and Pacific cod


longline vessels. Due to morphological similari-


ties between Bering Sea skates, fishery observers


were specially trained in species identification


prior to sampling. Samples were obtained every


month of the year excluding March, April, and


May. Each skate was sexed, and weighed when


possible, and TL and disc width (DW) measure-


ments were recorded to the nearest centimeter.


Maturity stage was determined at sea using the


modified criteria of Zeiner and Wolf (1993;


Table 1) and later confirmed in the laboratory


through visual inspection of the gonads. A length
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of vertebral column was removed from the


thoracic (mid-dorsal) region of the body and


frozen until further processing was possible.


Caudal thorns were removed from the base of


the tail where it joins the disc and stored frozen.


Three to five vertebrae from each specimen were


individually separated with a sharp blade, rinsed


in tap water, and allowed to soak in 70–95%


ethanol for at least 24 h. After air-drying, verte-


brae were cut through the centrum with a double-


bladed low-speed saw to create sagittal thin


sections approximately 0.3 mm thick, which were


then mounted on glass slides. Caudal thorns were


cleaned by boiling in tap water for 10–20 min, and


excess tissue was thereafter gently wiped away


using a piece of tissue-paper and forceps.


Age estimates and verification


Vertebral band pairs, or annuli, were viewed


against a dark background with reflected light


using a dissecting microscope. Mineral oil was


applied to the thin section surface to clarify the


banding pattern. A band pair consisted of one wide


opaque band of growth that appeared lightly


colored and one narrow translucent band that


appeared darkly colored (Fig. 1). Age estimates


were generated by counting translucent bands.


Each translucent band was considered to represent


one year of growth if it accompanied an opaque


band and if it could be detected across the corpus


calcareum. The birthmark increment, assumed to


correspond to the event of hatching from the egg


case, was evident from a change in the angle of the


corpus calcareum relative to the intermedialia


(Goldman 2004) and was not included in the age


estimate. In some cases, faint checks were present


within the larger bands. These checks were distin-


guished from growth zones by their lack of


continuity throughout the ageing structure, irreg-


ular spacing, and faint appearance.


The annuli in caudal thorns were also viewed


with a dissecting microscope, using reflected light


and a dark background (Fig. 2). As in vertebral


thin sections, each band pair consisted of one


translucent band and one opaque band, together


assumed to represent one year of growth. Age


estimates were generated by counting each trans-


lucent band with reference to a protothorn


(birthmark increment) located at the apex of


each caudal thorn (Gallagher and Nolan 1999).


The protothorn was evident by an angle change


relative to the next fully formed translucent band.


Each translucent band had a ridge-like appear-


ance and was considered to represent one year if


it accompanied an opaque band and extended


around the circumference of the thorn. Age


estimates generated from caudal thorns and


vertebrae were compared by means of a paired-


sample t test and an age-bias plot.


Vertebral thin sections were aged three inde-


pendent times by a primary reader, and a subset of


72 samples was aged three times by a second


reader with experience in ageing skates. Several


Table 1 Criteria used to define maturity stages in male and female B. parmifera, adapted from Zeiner and Wolf (1993)


Stage Male characteristics Female characteristics


1 Juvenile
(Immature)


No coiling of vas deferens
Testes small and undeveloped
Claspers do not extend past posterior
edge of pelvic fin
No alar thorns present


Small undeveloped ovaries and shell glands
No differentiated ova present


2 Adolescent
(Maturing)


Some coiling of vas deferens
Testes enlarging
Claspers extend past pelvic fin edge
but are only somewhat calcified
Alar thorns may be present


Ovaries beginning to enlarge and differentiate
Ova white, distinguishable but smal
Shell glands widening but still gelatinous in appearance


3 Adult
(Mature)


Complete coiling of vas deferens
Large developed testes
Calcified claspers
Prominent alar thorns


Large yellow (yolked) ova, greater than 2.0 cm in diameter
Large, solid, functional shell glands
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measures of precision were used to evaluate the


consistency of inter- and intra-reader age esti-


mates, including average percent error (APE;


Beamish and Fournier 1981), the coefficient of


variation (CV), and percent reader agreement


(PA). Additionally, bias between readers was


visually assessed using an age-bias plot.


Quality, or readability, was recorded by the


primary reader on a scale of one to five, based on


criteria described by the Committee of Age


Reading Experts (CARE 2000). A quality rating


of ‘1’ was considered poor, with considerable


variation expected between readings due to inac-


curate band visualization. A quality of ‘5’ corre-


sponded to a very clear growth pattern, with an


excellent chance of reproducing the same age in


subsequent readings. By recording quality, sam-


ples with vague or ‘checky’ patterns could be


omitted from the analysis if necessary, reducing


the possibility of inaccurate age estimation. Only


samples with APE less than 15% (Sulikowski


et al. 2003) and a quality rating greater than ‘2’


were used to estimate growth parameters.


TL was plotted against vertebral radius (VR)


and against caudal thorn base length (TBL) to


ensure that the growth of each ageing structure


was proportional to the growth of the skate. In


vertebral thin sections, this relationship was used


to generate a back-calculation function:


TLi ¼
VRi


VRc


� �m


TLc


where TLi = total length (cm) at time of formation


of growth increment i, VRi = vertebral radius


(mm) at time of increment formation, TLc = total


Fig. 1 Digital photograph of a vertebral thin section from
a 75 cm TL female skate, viewed with reflected light
against a dark background. The birthmark increment is
indicated by the angle change in the corpus calcareum
relative to the intermedialia. VR is vertebral radius. Inset
shows measurements used for marginal increment analysis


(MIA), where PBW is penultimate band pair width and
MW is margin width. Translucent bands, indicated by solid
black circles, were counted to give an age estimate of
6 years old for this specimen. Photographs were not
digitally enhanced


Fig. 2 Caudal thorn (left)
and vertebral thin section
(right) from a 7 year old,
82 cm TL skate.
Translucent bands are
indicated by solid circles


312 Environ Biol Fish (2007) 80:309–323


123







length at time of capture, VRc = vertebral radius at


time of capture, and m = the slope parameter


derived from the allometric TL–VR relationship


(Francis 1990). The back-calculation function was


used to determine the average length at time of


birthmark increment formation (TLBM). Length at


birth was estimated independently from late-stage


embryos and from the smallest free-swimming


individual observed during this study; the actual


length at birth was assumed to fall within this range


of values. By comparing TLBM with the indepen-


dent estimates of length at birth, it was possible to


verify the accurate identification of the birthmark


when generating age estimates from vertebral thin


sections.


Edge analysis and MIA were performed to


verify the annual nature of band deposition. Edge


type was assessed without knowledge of collec-


tion date by using digital photographs of caudal


thorns and vertebral thin sections from fish of all


age classes. The criteria for determining edge type


were adapted from Yudin and Cailliet (1990) and


Gallagher and Nolan (1999). Edge types were


defined as follows: (1) translucent band (or ridge


in caudal thorns) forming at the marginal edge;


(2) narrow opaque band beginning to form on the


marginal edge; and (3) broad opaque band well-


formed on the marginal edge. ‘Broad’ and ‘nar-


row’ opaque bands were defined based on the


relative width of the previous fully formed


opaque band (Cailliet et al. 2006). MIA was


performed on vertebral thin sections following


the methodology of Conrath et al. (2002). A


digital photograph was taken of each specimen


and all measurements were made using Image-


Pro Plus 5.1 software (Media Cybernetics). Mar-


gin width (MW) was divided by penultimate band


pair width (PBW) to yield the marginal increment


ratio (MIR; Fig. 1). Mean MIR was calculated


from at least four 5–8 year-olds during each


month of collection. Edge type and mean MIR


were both compared against month of collection


to determine the seasons of opaque and translu-


cent growth zone deposition and to confirm the


annual nature of band pair formation. Differences


between months in MIR were assessed using a


non-parametric Kruskal–Wallis analysis of vari-


ance by ranks test and examined post-hoc with


Dunn’s test for multiple comparisons (Zar 1999).


Growth estimates


Two different models were fit to observed length-


at-age data from males, females, and both sexes


combined using the Levenberg–Marquardt rou-


tine for nonlinear least squares parameter esti-


mation in the statistical software SPSS (v. 12.0.1


SPSS, Inc). The first model fitted was a three-


parameter von Bertalanffy growth function in the


form:


Lt ¼ L1 ð1� e�kðt�t0ÞÞ


where Lt = total length at age t, L¥ = theoretical


asymptotic length, k = growth rate coefficient,


and t0 = theoretical age at zero length (Quinn


and Deriso 1999; Haddon 2001). After fitting the


von Bertalanffy model, the theoretical average


length of an age zero fish (L0) was estimated


from the model parameters by the equation:


L0 = L¥ (1 – ekt0), and compared to the inde-


pendent estimates of length at birth to verify the


biological appropriateness of using the von


Bertalanffy model (Cailliet and Goldman 2004;


Cailliet et al. 2006).


A modified form of the Gompertz growth


function was also fit to the data as:


Lt ¼ L0 � eGð1 � e�gtÞ


where G is the instantaneous rate of growth at


time t, g is the rate of decrease of G, and L0 is


defined as above (Goldman 2004; Bishop et al.


2006). Asymptotic length (L¥) was estimated by


the equation: L¥ = L0 eG using the parameters


obtained by fitting the Gompertz model and was


then compared to maximum observed length


(Mollet et al. 2002).


Model goodness-of-fit was assessed by com-


parisons of significance level (P < 0.05), coeffi-


cient of determination (r2), and residual mean


squared error (MSE; Carlson and Baremore 2005;


Neer and Thompson 2005), and by the production


of reasonable biological estimates (Cailliet et al.


2006). Independent estimates of length at birth


and maximum observed length were compared


with the values of L0 and L¥ predicted by each of


the growth functions. Potential differences


between males and females were examined for
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each model through Kimura’s (1980) likelihood


ratio test as described by Haddon (2001).


Maturity


Size at 50% maturity (L50) was estimated for each


sex separately by fitting a logistic model to paired


maturity and length data using a weighted non-


linear least squares parameter estimation routine


in the statistical software R v.2.0.1 (R Dev Core


Team 2004). A logistic model of the form:


P =
1


1þ e�ðaþbxÞ


was fit to the data, where P is the proportion of


mature individuals in each 1 cm size interval, x is


total length (cm), and a and b are parameters.


Following parameter estimation, length at 50%


maturity was calculated by setting P equal to 0.5


and solving for x. Variance and confidence


intervals for length at 50% maturity were calcu-


lated after Ashton (1972). Age at 50% maturity


(T50) was directly estimated for each sex from


paired age and maturity data using the methods


above.


Longevity and natural mortality


Longevity (Tmax) was estimated from the oldest


vertebral age estimates observed during this


study. Three methods were used to indirectly


estimate natural mortality. Hoenig’s method


(1983) is based on the empirical relationship


between mortality and longevity. Hoenig dem-


onstrated that for fishes, the general relationship


between the instantaneous rate of mortality


(Z) and maximum age is: ln(Z) = 1.46–


1.01*ln(Tmax). Because Hoenig’s data came


from unexploited or lightly exploited stocks, Z


approximates M, the instantaneous rate of


natural mortality.


Jensen (1996) demonstrated theoretically that


the von Bertalanffy growth coefficient (k) should


be a good predictor of M. We used the relation-


ship derived from Pauly’s (1980) database


(M = 1.6k) to obtain a second estimate of M,


with approximate confidence intervals for M


estimated after Gunderson et al. (2003).


The theoretical relationship between mortality


and age at maturity was used to obtain a third


estimate of natural mortality with the equation:


M = 1.65/T50 (Jensen 1996), where T50 is age at


50% maturity.


Results


Age estimates and verification


A total of 1356 skates was collected between July


2003 and December 2005. Males ranged in size


from 22 to 118 cm TL, and females ranged from


21 cm to 119 cm TL. Vertebral thin sections from


546 specimens were prepared and aged blindly


three independent times. Of these, 431 thin


sections, or approximately 79%, had low enough


APE (< 15%) and adequate quality (>‘2’) to be


considered suitable for use in growth modeling.


Acceptable vertebral thin section age estimates


came from 200 males, ranging in size from 22 to


114 cm TL, and 231 females ranging in size from


21 to 116 cm TL, during each month of collection


(Fig. 3a, b). Age estimates generated from verte-


bral thin sections and used in growth models


ranged from 0 to 15 years for males and 0 to


17 years for females.


Independent estimates of length at birth were


generated to verify birthmark increment identifi-


cation in vertebral thin sections and to assess the


adequacy of growth models in describing the


early years of growth. The mean size of late-stage


embryos, excluding the embryonic tail filament,


was approximately 19.8 cm TL (SE = 0.20;


n = 39; Hoff1) and the smallest observed free-


swimming individual in this study was 21 cm TL;


therefore the actual length at birth was assumed


to fall within 19.8–21 cm TL.


The relationship between TL and VR was


nearly linear but was best described by a power


function of the form: TL = 27.166VR0.867


(P < 0.0001; r2 = 0.97; n = 311). The relationship


between TL and caudal TBL was also


best described as a power function, of the


1 G. Hoff. 2006. Personal communication, unpublished
data. Alaska Fisheries Science Center, 7600 Sand Point
Way NE, Seattle, WA 98115.
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form: TL = 10.342TBL0.9703 (P < 0.0001; r2 = 0.93;


n = 100). Through back-calculation, the average


TL at vertebral birthmark increment formation


(TLBM) was estimated as 22.14 cm TL (n = 310;


95% CI = 21.87, 22.41), very close to the


independent estimates of size at birth (19.8–


21 cm TL), thus verifying the correct identifica-


tion of the birthmark increment.


In total, 102 caudal thorns were aged blindly


three independent times and were compared


with vertebral thin sections from the same


specimens (Fig. 3c). Precision between thorn


and vertebral age estimates was generally high


(APE = 7.92%, CV = 11.20%), and there was no


detectable bias between estimates from the two


structures (Fig. 4a). A paired t test demonstrated


no significant difference between mean age


estimates from caudal thorns and vertebral thin


sections after samples with poor quality and APE


were excluded (t = -1.372, P > 0.10, n = 70).


Overall precision between the primary reader’s


three age estimates from vertebral thin sections


was generally high (APE = 8.08%, CV = 10.89%,


n = 546). Precision between the second reader’s


estimates was slightly lower (APE = 14.49%,


CV = 19.19%, n = 72), and inter-reader precision


was considered acceptable (APE = 9.99%,


CV = 14.13%, n = 72). Thirty-five percent of the


two readers’ age estimates were in complete


agreement, 76% agreed within 1 year, and


94% of age estimates agreed within 2 years.


Furthermore, an age bias plot demonstrated no
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appreciable bias between vertebral age estimates


from the two readers (Fig. 4b).


The results of edge analysis and MIA of


vertebral thin sections support annual band pair


formation (Fig. 5). Translucent bands at the edge


(Type 1) were present most frequently during the


months of January and February, narrow opaque


bands (Type 2) during the months of June


through October, and broad opaque bands


(Type 3) during November and December, sug-


gesting a seasonal progression in band formation.


A significant difference in MIR between months


was detected with a Kruskal–Wallis test (KW


v2 = 43.783, P < 0.001). The lowest mean MIR


occurred during the month of February (mean


MIR = 0.044, SE = 0.026), after which an


increasing trend was apparent, resulting in the


highest mean MIR during the month of Novem-


ber (mean MIR = 0.662, SE = 0.071). Significant


differences in MIR between the month of Feb-


ruary and the months of August (P < 0.005),


September (P < 0.005), November (P < 0.001),
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and December (P < 0.005), and between the


months of January and November (P < 0.01),


were detected with Dunn’s post hoc test for


multiple comparisons. Thus vertebral translucent


band formation appears to occur during the


winter months, followed by formation of the


opaque band in summer and fall, supporting the


assumption that each band pair represents one


year of growth.


It was not possible to perform a full marginal


increment or edge analysis on caudal thorns, as


they were only collected during June and July.


However, it should be noted that the majority of


these thorns (94%) had a narrow opaque band


(Type 2) beginning to form at the edge, suggest-


ing that ridges (translucent bands) are deposited


earlier in the year, consistent with our findings for


vertebral thin sections.


Growth estimates


Overall, both the von Bertalanffy and Gompertz


growth models fit the observed length-at-age data


well (Fig. 6; Table 2). Each model provided highly


significant (P < 0.0001) and reasonable fits with


similar MSE and r2. Independent estimates of


length at birth (19.8–21 cm TL) were very close to


L0 (average length at age zero) predicted by the von


Bertalanffy model (19–20 cm TL) and the Gom-


pertz model (22–23 cm TL), indicating that both


models adequately describe the early years of


growth. However, the Gompertz model had slightly


lower MSE and higher r2 than the von Bertalanffy


model for both sexes (Table 2). Furthermore,


asymptotic length (L¥) estimated from the Gom-


pertz parameters (111 and 121 cm TL for males and


females, respectively) is closest to the observed


maximum length of this species (118 and 119 cm TL


for males and females respectively.)


Significant differences between the sexes in


overall growth were detected with likelihood


ratio tests for both the von Bertalanffy model


(v2 = 11.54, df = 3, P < 0.01) and the Gompertz


model (v2 = 16.48, df = 3, P < 0.01). Using like-


lihood ratio tests on single parameters, significant


differences between the sexes were determined


for the von Bertalanffy model in terms of the L¥
parameter (v2 = 5.78, df = 1, P < 0.05) and k


parameter (v2 = 6.23, df = 1, P < 0.05), and for


the Gompertz model in terms of the g parameter


(v2 = 6.55, df = 1, P < 0.05).


Maturity


The smallest observed mature male and female


were 85 and 87 cm TL, respectively. The largest


immature male and female were 98 and 101 cm


TL, respectively. Length at 50% maturity (L50)


occurred at 91.75 cm TL in males (n = 555; 95%


CI = 90.94, 92.57) and at 93.28 cm TL in females


(n = 642; 95% CI = 92.52, 94.04; Fig. 7a).


Females had a slightly later age at maturity


(T50) than males (Fig. 7b). Males were estimated


to mature at an age of 8.97 years (n = 200; 95%


CI = 8.60, 9.33) and females matured at


9.71 years (n = 231; 95% CI = 9.38, 10.04).
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Longevity and natural mortality


Observed estimates of maximum age (Tmax) were


15 years for males and 17 years for females. Using


Hoenig’s method (1983), estimates of natural


mortality (M) based on Tmax were 0.25 for females


and 0.28 for males. Estimates of M based on the von


Bertalanffy growth coefficients (Jensen 1996; Gun-


derson et al. 2003) were 0.14 for females (approx-


imate 95% CI = 0.11, 0.17) and 0.19 for males


(approximate 95% CI = 0.15, 0.23). Estimates of


natural mortality using Jensen’s method (1996) and
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Table 2 Parameter estimates and measures of goodness-of-fit from von Bertalanffy and Gompertz growth functions, fit to
length-at-age data from males (n = 200), females (n = 231), and both sexes combined (n = 431)


Von Bertalanffy model


L¥ (cm TL) k (year–1) t0 (year) L0 (cm TL) r2 MSE
Males 126.29 0.12 –1.39 19.33 0.916 43.98


[116.92–135.66] [0.098–0.14] [–1.78–(–0.98)]
Females 144.62 0.087 –1.75 20.48 0.928 46.17


[131.31–157.93] [0.070–0.10] [–2.18–(–1.33)]
Both sexes 135.39 0.10 –1.60 20.02 0.921 46.05


[127.44–143.34] [0.088–0.11] [–1.90–(1.30)]


Gompertz model


L0 (cm TL) g (year–1) G L¥ (cm TL) r2 MSE
Males 21.90 0.23 1.63 111.26 0.922 40.56


[19.03–24.76] [0.20–0.26] [1.51–1.74]
Females 22.54 0.19 1.68 120.51 0.935 42.05


[20.09–24.98] [0.17–0.21] [1.59–1.77]
Both sexes 22.50 0.21 1.64 115.99 0.927 42.67


[20.62–24.38] [0.19–0.22] [1.57–1.71]


Numbers in brackets are 95% confidence intervals for parameter estimates, and MSE is mean squared error of the residuals
for each model fit. Predicted average length at age zero (L0) and asymptotic length (L¥) were estimated after fitting the von
Bertalanffy and Gompertz functions, respectively
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age at 50% maturity were similar: M was 0.17 for


females and 0.18 for males.


Discussion


The appropriateness of using both vertebrae and


caudal thorns as ageing structures for the Alaska


skate is supported by the strong relationships


between TL and VR and between TL and TBL.


The average TL back-calculated from the birth-


mark increment in vertebral thin sections was


very close to independent estimates of length at


birth derived from the smallest free-swimming


individuals and from late-stage embryos. Identi-


fication of the birthmark increment thus appeared


to be accurate and consistent across specimens.


Agreement between age estimates generated


from caudal thorns and vertebral thin sections


was high, suggesting that thorns may be a suitable


alternative to vertebrae as an ageing structure for


B. parmifera. Thorns are much easier and faster


to collect at sea, and require little storage space


aboard a vessel and less processing time in the


laboratory. Additionally, their removal likely


causes minimal mortality, although the potential


of thorns as truly non-lethal ageing structures


must be studied in more detail. Caudal thorns


may have application to other skate age and


growth studies, and their usefulness should be


tested on a species-by-species basis.


The measures of precision reported here,


specifically the values of APE and CV, were


consistent with other elasmobranch studies. Cam-


pana (2001) reported that CVs from shark age


studies rarely fall below 10%; thus the precision


of our age estimates was considered acceptable.
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Both readers found interpretation of ageing


structures to be moderately difficult, and a long


training period was required for readers to feel


confident in their age estimates. Nevertheless,


bias between readers was not evident from visual


inspection of the age bias plot.


Edge and marginal increment analyses indi-


rectly validated vertebral age estimates by sup-


porting the assumption of annual band pair


deposition in B. parmifera. The assumption of


predictable and temporally regular band deposi-


tion must be tested in elasmobranch ageing


studies, as at least one species has been shown


to lay down bands inconsistently (Natanson and


Cailliet 1990). Edge and marginal increment


analyses are among the simplest ways to indirectly


validate age estimates, at least for younger fish,


since direct methods such as tagging studies and


captive rearing often require a great deal of time


and funding to obtain results. MIA is generally


more successful when applied to specimens that


are still in a rapid state of growth (Campana


2001). For this study, MIA was performed on


immature specimens from only a few age classes


(5–8 years) due to the difficulty associated with


quantitatively measuring vertebral growth in


mature individuals; however, edge analysis was


possible for all age groups. Since edge analysis


and MIA yielded similar results, it was assumed


that older individuals follow a similar pattern of


growth to younger individuals. However, valida-


tion of absolute age, using methods such as mark-


recapture or captive rearing of fish from hatching,


should remain a goal of future research


(Campana 2001; Cailliet and Goldman 2004).


Approximately half of the skates included in


this analysis were collected through fishery-


dependent sources (longliners). Consequently,


the sample length distribution is biased, likely


due to gear selectivity or to selective retention of


larger, more commercially valuable individuals.


However, age estimates were generated for a


number of very small skates, including young-of-


the-year, and both growth models had intercepts


that passed very close to the known size at


hatching. Thus the skewed length distribution is


not believed to present a problem with regard to


estimates of growth. The maximum length


observed in this study for male and female Alaska


skates (118 and 119 cm TL, respectively) is


greater than the maximum length previously


reported (Ebert 2005). There was little difference


between males and females in terms of maximum


observed length, although there were generally


more large females than males.


The von Bertalanffy and Gompertz models


both provided highly significant and reasonable


fits to the observed length-at-age data. Many


authors have pointed out weaknesses in the von


Bertalanffy function and its application to fish


growth, yet due to its prevalence in the literature,


it still has some utility for comparison with other


studies (Haddon 2001). An increasing number of


elasmobranch studies are using forms of the


Gompertz model to describe growth, especially


for batoids (Cailliet and Goldman 2004; Carlson


and Baremore 2005; Neer and Thompson 2005).


Biologically meaningful parameters can be


derived from both the Gompertz function and


the von Bertalanffy function, including length at


age zero (which approximates length at birth) and


asymptotic length. In the case of the Alaska skate,


both models appear to describe the early years of


growth similarly, passing through the y-axis very


close to the independent estimates of length at


birth. However, the Gompertz model had the best


overall fit to the data, based upon statistical


criteria (r2 and MSE) and reasonable parameter


estimates. For both models, the differences in


parameter estimates between the sexes appear to


be very small based upon visual examination of


the curves and are most likely related to the slight


difference in maximum observed age for males


and females.


Length at 50% maturity (L50) occurred at


approximately 78% of the maximum observed TL


for both males and females. There was no


significant difference between males and females


with respect to size at maturity, as evidenced by


overlapping confidence intervals for L50. Age at


maturity (T50) occurred at approximately 60% of


the observed maximum age for both males and


females, falling within but near the late end of the


continuum for batoids (Zeiner and Wolf 1993;


Walmsley-Hart et al. 1999; Francis et al. 2001;


Neer and Cailliet 2001; Sulikowski et al. 2003,


2005; Neer and Thompson 2005; McFarlane and


King 2006). Maximum observed age also fell
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within the observed range for skates (Cailliet and


Goldman 2004), suggesting that B. parmifera has


moderate longevity when compared with other


species. It is possible that older individuals are


present within the population; however, our


sample included large individuals, including some


larger than the previous maximum reported size.


Thus, we feel it is not likely that maximum age


would increase substantially with additional


sampling.
The methods of Hoenig (1983) and Jensen


(1996) produced estimates of natural mortality


ranging from 0.18 to 0.28 for males, and from


0.14 to 0.25 for females. These estimates are


based on maximum age, von Bertalanffy growth


coefficients, and age at maturity observed in this


study. In this case, M should be interpreted with


caution, as the assumed relationships from


which M has been indirectly derived are based


primarily on teleost fishes. Future studies should


strive to obtain direct estimates of M, possibly


through mark-recapture studies or from catch


curves.
This study is among the first to describe the


biology of Bathyraja parmifera in detail. As our


knowledge of this species continues to improve, it


will be possible to assess demography, stock


structure, and population dynamics. Genetic


studies have been planned to determine whether


multiple populations of B. parmifera exist across


its range (Michael Canino, Alaska Fisheries


Science Center, personal communication) and if


this is indeed the case, examination of potential


differences in life history parameters among


stocks will be necessary.
This species currently experiences relatively


low exploitation rates since it is only caught


incidentally in the EBS, although it could poten-


tially become the target of a directed fishery in


the future, owing to its abundance and large body


size. Relative biomass of this species in the EBS


has averaged around 400,000 metric tons over the


past eight years (Matta et al. 2006). While it is


difficult to determine the actual annual catch rate


of B. parmifera in the EBS, since species compo-


sition of the skate catch must be derived from


fishery observer estimates, it likely does not


exceed 6% of biomass estimates (Matta et al.


2006). Ecosystem model simulations indicate that


fishing pressure is a greater source of mortality for


B. parmifera than predation, as this species has


few natural predators in the EBS (Gaichas et al.


2005). Additionally, the mortality of discarded


skates is unknown and likely varies with


the handling process. Future work may eluci-


date potential ecosystem effects related to


B. parmifera removal, sources of natural and


human-induced mortality, and levels of fishing


mortality required for sustainability.


Charnov (2002) showed that relative age at


maturity (T50 relative to Tmax) is one of the


three critical life history variables differentiating


major vertebrate taxa. Relative age at maturity


clearly distinguishes elasmobranchs from teleo-


sts. Stock assessment and management methods


that have traditionally been used for teleosts


may not be appropriate for elasmobranchs due


to the differences in life history patterns. The


Alaska skate, like most elasmobranchs, appears


to have moderate longevity, late maturity rela-


tive to Tmax, and slow to moderate growth.


These life history characteristics, coupled with


other aspects of the reproductive biology of the


Alaska skate (Matta 2006), suggest that this


species could only support a directed fishery


with limited catch rates, should one develop


(Hoenig and Gruber 1990; Musick et al. 2000;


King and McFarlane 2003).
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Abstract
Recent laboratory research suggests that rockfish larval survival rates 
increase with the age of the spawner, thus potentially necessitating 
more conservative harvest policies that explicitly consider the age 
structure of the spawning stock biomass. In this study, we use simple 
deterministic population dynamic equations to examine the effect of 
reduced survival of larvae from younger females on commonly used 
fishing rate reference points such as Fmsy and Fxx%, the fishing rates cor-
responding to the maximum sustained yield and conservation of xx% of 
the reproductive potential per recruit relative to an unfished population, 
respectively. Reduced survival of larvae from younger females results 
in reduced reproductive potential per recruit for a given level of fishing 
mortality and also increased estimated resiliency, which results from 
the estimated recruitments being associated with a reduced measure 
of reproductive potential. For Bering Sea/Aleutian Islands and Gulf of 
Alaska Pacific ocean perch, these two effects nearly counteract each 
other, producing Fmsy estimates that were relatively insensitive but 
decreased slightly as maternal effects were considered. Estimates of Fxx% 
rates that correspond to Fmsy proxies are more conservative (i.e., cor-
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respond to reduced fishing intensity) when uncertainty in the degree 
to which maternal age affects reproductive potential is considered, as 
compared to analyses using spawning stock biomass as reproductive 
potential. These results indicate that estimated stock resiliency is not 
necessarily independent of the life-history parameters describing pro-
duction of reproductive potential. 


Introduction
Declines in rockfish populations off the U.S. West Coast (California, 
Oregon, and Washington) have occurred during the past two decades, 
resulting in the development of rebuilding plans for several species and 
the declaration of the U.S. West Coast fishery as a “failure” by the U.S. 
Secretary of Commerce (Parker et al. 2000, Dorn 2002). The collapse 
of several West Coast rockfish populations has drawn increased atten-
tion to rockfish fishery management policies, which, historically, were 
based on the principle of conserving 40% of the estimated spawning 
stock biomass per recruit (SPR) obtained from an unfished population. 
The fishing mortality reference point of F40% which conserves this level 
of SPR originated from Clark (1993), who used stochastic simulations 
to show that F40% produces a large fraction of the equilibrium maximum 
sustainable yield (MSY) and reduces the likelihood of low biomass for 
stocks described with a plausible range of stock-recruitment curves and 
levels of recruitment autocorrelation. Based on these results, Alaska 
groundfish are managed by using F35% as limiting harvest rate and proxy 
to Fmsy (the harvest rate associated with MSY) in cases where MSY can-
not be reasonably estimated, and F40% is used as a target harvest rate. 
Criticisms of the F40% policy have primarily focused on two issues: (1) 
stock-recruitment curves typical for rockfish may be less productive 
than the range considered by Clark (1993), suggesting that policies that 
conserve more than 40% of the unfished SPR may be appropriate; and (2) 
harvest policies for rockfish must recognize the reduction of reproduc-
tive potential (defined as the output of the spawning process (e.g., eggs 
or larvae) which provides the basis for stock replacement) associated 
with the truncated age compositions of exploited populations (Leaman 
1991, Berkeley et al. 2004b). 


For West Coast rockfish, analyses of stock-recruitment data suggest 
that fishing mortality rates more conservative than F40% are appropri-
ate. Dorn (2002) conducted a Bayesian meta-analysis of rockfish stock-
recruitment data and found West Coast rockfish stocks to be generally 
less productive than stocks considered by Clark (1993), and suggested 
that a risk-neutral harvest rate policy of F50% is appropriate for these 
stocks. Additionally, Clark (2002) recommended that for stocks with 
low resiliency, SPR rates of F50% or F60% may be required to maintain an 
adequate balance of maximizing yield while preserving stock size. 
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Research on the reproductive biology of rockfish suggests that 
the reproductive potential of the stock may be a function of the age 
structure, in particular the proportion of old fish in the population. 
Leaman (1987, 1991) noted that rockfish are long-lived with little somatic 
growth in older fish, allowing older fish to allocate a large proportion 
of available energy to reproduction. The removal of older females by 
fishing thus disproportionately reduces spawning output such that 
reproductive value (the lifetime expected number of offspring from a 
female of a particular age in a stable age distribution) is highly sensitive 
to increases in fishing mortality. Additionally, Berkeley et al. (2004a) 
found in laboratory studies that older black rockfish (Sebastes melanops) 
produced larvae with increased survival rates; thus, exploitation can 
be expected to disproportionately remove the most effective spawners. 
The implication from these studies is that simply conserving spawning 
biomass is not sufficient, and managers should aim to preserve spawn-
ing biomass with a desirable age structure. 


Given the collapse of several West Coast rockfish species, consid-
erable interest exists in determining whether management policies 
for Alaska rockfish are sufficiently conservative. A panel charged with 
evaluating the F40% policy for Alaska groundfish (Goodman et al. 2002) 
suggested that the currently used F40% policy may not provide sufficient 
conservation for Alaska rockfish. Dorn’s (2002) meta-analysis is the 
only study that simultaneously considered the productivity of both 
West Coast and Alaska rockfish, evaluating eight West Coast stocks, one 
British Columbia Pacific ocean perch (POP) stock, and three Alaska POP 
stocks (at that time, Bering Sea and Aleutian Islands POP were assessed 
as separate stocks). The Alaska POP stocks show greater resiliency 
(increased slope of the stock-recruitment curve at the origin) than the 
West Coast stocks, with MSY occurring at SPR rates of approximately F30%. 
The finding of observed greater resiliency in the Bering Sea/Aleutian 
Islands (BSAI) POP and Gulf of Alaska (GOA) POP has been repeated in 
recent stock-recruitment analyses, which have found that estimated 
Fmsy reference points are greater than the proxies of F40% (i.e., Fmsy > F40%; 
Spencer and Dorn 2003, Hanselman et al. 2004). However, these stud-
ies did not consider how changes in age structure may affect estimates 
of stock productivity and estimation of harvest reference points such 
as Fmsy. For example, the analyses of Clark (1991,1993) evaluate the 
correspondence of Fmsy and Fxx% (the fishing rate corresponding to con-
servation of xx% of the reproductive potential per recruit relative to an 
unfished population) when spawning stock biomass (SSB) is used as a 
measure of stock reproductive potential. How would expressing repro-
ductive potential in units that reflect differential spawning effectiveness 
between age groups change the results of Clark’s (1991,1993) analyses, 
and what would be the effect on the estimate of Fmsy for a particular 
stock? 
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The purpose of this study is to consider the effect of the maternal 
age of spawning on Fmsy and proxies to Fmsy. The analysis consists of 
converting measurements of reproductive potential from spawning 
stock biomass to “viable larvae,” the per-unit production of which is a 
function of spawner age. First, we consider under what conditions this 
redefinition may be expected to affect estimates of fishing reference 
points. Second, we use deterministic population dynamics equations to 
illustrate the effect on estimation of Fmsy, assuming that stock-recruit-
ment parameters are well estimated. Third, we estimate Fmsy for BSAI 
and GOA POP using a variety of measures of reproductive potential, and 
compare these estimates to currently used fishing mortality reference 
points. Finally, we illustrate how common fishing rate proxies to Fmsy 
that aim to conserve a specified proportion of the reproductive potential 
per recruit are affected by maternal effects on larval viability. 


Methods
Standard population dynamics equations were used to estimate yield-
per-recruit and spawning biomass-per-recruit as a function of fishing 
mortality for a population with life history characteristics equivalent 
to those estimated for BSAI POP. These life history parameters describe 
a stock with relatively low natural mortality (M = 0.05), moderate von 
Bertalanffy K parameter (K = 0.17), and age at 50% selection in the fish-
ery less than age at 50% maturity (Fig. 1a), and are viewed as broadly 
representing common life-history characteristics of exploited rockfish in 
the North Pacific. Little information is available regarding fecundity of 
Alaska POP, although studies in other areas indicate that larger females 
attain fecundities of 305,000 (Hart 1973) and 350,000 (Leaman 1991). A 
fecundity-at-age relationship for Alaska POP was obtained from fitting 
an asymptotic curve to Vancouver Island POP data (Dr. Bruce Leaman, 
International Pacific Halibut Commission, pers. comm.).


Viable larvae are introduced as a measure of reproductive potential 
that discounts the output from younger spawners via a larval survival 
curve. Viable larvae were estimated as 


Viable larvae = ∑ s f m p Na a a a
a


( )1


where N is total number of female fish, pa is the proportion at age, ma is 
the proportion mature at age, fa is fecundity at age, and sa is proportion 
of larvae surviving to two weeks.


Two separate larval survival curves were considered: (1) a proxy 
curve adapted from the black rockfish laboratory data of Berkeley et al. 
(2004a); and (2) a knife-edged curve in which no larvae produced from 
a female younger than 20 years would survive. Berkeley et al. (2004a) 
develop an asymptotically increasing relationship between maternal age 
and the time required for 50% mortality of black rockfish larvae, and 
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Figure 1.	 (a) Selectivity, maturity, weight, and fecundity at age used to 
model BSAI POP, all shown on a relative scale. (b) Days to 50% 
survival for black rockfish larvae (dashed line; from Berkeley et 
al. 2004a) as a function of spawner age, and modified curve used 
for POP (solid line); the estimated proportion of POP surviving to 
two weeks (shown for ages 3-25+) is shown in the dotted line. 
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this relationship was modified to model larval mortality rate for POP 
(Fig. 1b). Relative to black rockfish, POP have both a longer generation 
time and older age at maturity. The curve describing time to 50% larval 
mortality for POP thus had a higher x-intercept and lower slope to reflect 
these considerations and was used to calculate the proportion of larvae 
surviving two weeks, a period arbitrarily chosen to provide some con-
trast in the larval survival rates by age. The knife-edged survival curve 
provides a scenario of extreme maternal effects on reproductive poten-
tial, thus creating contrast between measures of reproductive potential 
that consider intermediate and no effects on larval survival, represented 
by the larvae produced with the proxy curve and SSB, respectively.


A Beverton-Holt recruitment curve was used for computation of 
equilibrium yield and was re-parameterized using R0, the expected 
recruitment consistent with the reproductive potential of an unfished 
stock S0, and a parameter that measures the resiliency of the stock, h, 
defined as the proportion of R0 that recruits when the reproductive 
potential of the stock is reduced to 20% of S0 (i.e., the steepness param-
eter of Mace and Doonan 1988). The reparameterized Beverton-Holt 
curve is given by


R =
0.8 R h S


0.2 R (1 h) + (h 0.2)S
,0


0 0ϕ – –
( )2


where S is reproductive potential (either SSB or viable larvae), ϕ is 
either SSB or viable larvae-per-recruit (defined as SPR and LPR, respec-
tively), and 0 0 0S = Rϕ  for an unfished stock. Steepness ranges between 
0.2 (recruits related linearly to reproductive potential) to 1.0 (recruits 
independent of reproductive potential). Equilibrium recruitment and 
yield were obtained for a sequence of harvest rates where LPR and SPR 
is reduced to a fraction p of unfished LPR or SPR (p = 1.00,0.99, . . .,0.01), 
and FMSY was estimated as the instantaneous fishing mortality rate asso-
ciated with the level of p at which equilibrium yield is maximized.


Application to Alaska POP
Estimates of Fmsy for GOA and BSAI POP using larvae (produced with 
either the proxy or knife-edged survival curve) and SSB as measures of 
reproductive potential were made with a Bayesian estimation procedure. 
Time series of numbers at age, including recruits, for each stock were 
obtained from age-structured stock assessments (Spencer et al. 2004, 
Hanselman et al. 2003), and estimates of viable larvae were made from 
Eq. 1 using the appropriate life-history parameters from each region. 
There are three parameters for which priors need to be developed, h, 
R0, and σ2, the variance of expected recruitment. The prior for steep-
ness was modeled by assuming that β, the logit of h, was normally 
distributed (after rescaling h into the interval (0,1), (h 0.2) / 0.8– , and 
simplifying), 
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β β µ ξ=
h 0.2
1 h


,log
–
–


~








N( , ). (3)2


For h in the interval (0.2,1.0) the logit β ranges from –∞ to +∞, allowing 
straightforward specification of a mean and variance. A normal prior 
was used for R0, and a locally uniform prior for σ on a log scale was 
used. The log joint posterior distribution is the sum of the log-likelihood 
and the log prior, and the mode of the joint posterior distribution was 
obtained using the AD Model Builder nonlinear optimization software 
(Otter Research 1996).


The prior for β was based on levels of reproductive success (defined 
as R/S at the origin divided by R0/S0) considered plausible for rockfish. 
Dorn et al. (2003) generated a prior distribution by using a level of 
reproductive success of 8 (β = 0.34) as the midpoint of the distribution 
(corresponding to the middle of the range of stock-recruitment curves 
considered by Clark 1991), and set the prior variance so that repro-
ductive success values of 4 and 16 were located at the 10th and 90th 
percentiles of the distribution. For Alaska POP, the same variance was 
used but the midpoint of the distribution was lowered to reflect a level 
of reproductive success of 4 (β = –0.51), thus reflecting the perceived 
lower productivity of rockfish relative to the values considered by Clark 
(1991). The midpoint of this distribution corresponds to a steepness of 
0.50, closer to the value of 0.39 found for five rockfish stocks in a meta-
analysis by Myers et al. (1999). Prior estimates of R0 were derived from 
estimates of recruits consistent with the stock size in the first year of 
the age-structured stock assessment model, and a relatively large coef-
ficient of variation of 0.22 was assigned.


Estimation of fishing rate proxies to Fmsy


The relationship between equilibrium yield and fishing mortality 
requires knowledge of the stock-recruitment parameters h and R0, and 
for cases where these parameters are unknown Clark (1991, 1993) pro-
posed examining yield curves for a range of potential stock-recruitment 
relationships in which the level of reproductive success ranged from 4 
to 16. The “maximin” criteria, defined as the maximum of the minimum 
equilibrium yield for each level of fishing mortality, was used to iden-
tify the optimal fishing rate, expressed as Fxx%, to be used as a proxy 
to Fmsy. In this study, the same methodology is applied to examine how 
the index of reproductive potential may affect the harvest rate proxies. 
Consistent with Clark (1991,1993), yield curves corresponding to the 
levels of reproductive success of 4 and 16 (corresponding to steepness 
values of 0.5 and 0.8, respectively) were produced for each of the three 
measures of reproductive potential (intermediate levels of reproduc-
tive success did not affect the maximin fishing mortality rate), and the 
optimal fishing rate proxy was then identified explicitly considering 
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uncertainty not only in stock-recruitment relationships, but also the 
degree to which spawner age affects larval viability. 


Results
Spawning stock biomass is commonly used as a proxy for reproduc-
tive potential (i.e., eggs produced) in stock-recruitment analyses, and 
under the assumption of a linear (density-independent) relationship this 
substitution does not affect the stock-recruitment analyses (Rothschild 
and Fogarty 1989). Similarly, recasting reproductive potential from SSB 
to viable larvae will not change the stock-recruitment analysis unless 
there is a nonlinear relationship between these measures, and this can 
be evaluated by examining whether the ratio of viable larvae to SSB 
changes with stock size. Spawning stock biomass can be expressed as 
the sum over all ages of the product of numbers at age, weight at age, 
and maturity at age, and the ratio of viable larvae (Eq. 1) to SSB is 


Larvae
SSB


s f m p


w m p


a
a


a a a


a a a
a


=
∑
∑ ( )4


where wa is the weight at age. Although density-dependent changes in 
fecundity, proportion mature at age, and growth may occur for rockfish 
(Leaman 1991, Gunderson 1997), attention on the production of viable 
larvae has largely focused on the reduction of the age structure associ-
ated with exploited populations (Berkeley et al. 2004b). Thus, the major 
factor expected to affect the per unit production of viable larvae in the 
presence of age-dependent maternal effects is pa, and Eq. 3 provides 
a framework for assessing how several factors may affect the ratio of 
viable larvae to SSB. 


 The relationships between SSB, viable larvae (produced with the 
proxy curve) and mean age for an equilibrium population with con-
stant recruitment are shown in Fig. 2a. As fishing mortality increases 
the mean age decreases, resulting in the production of viable larvae 
decreasing at a greater rate than SSB due to the age-dependant mater-
nal influence on larval survival. Thus, the proportion of viable larvae 
per recruit conserved, relative to an unfished stock, at any given fish-
ing mortality rate is lower than the proportion of SSB conserved. For 
example, a fishing rate of 0.049 would conserve 40% of the SSB but only 
35% of the viable larvae per recruit (proxy survival curve), and 27% of 
the viable larvae per recruit (knife-edged survival curve). 


Conversely, a reduction in mean age combined with defining repro-
ductive potential as viable larvae rather than SSB results in increased 
estimated steepness in the stock-recruitment curve. This occurs because 
although reproductive potential is reduced, the definition of recruits has 
not been altered. Thus, an identical level of recruits would be associated 
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Figure 2.	 (a) The proportion of SSB per recruit (lower solid line) and larvae 
per recruit produced with the proxy (dashed line) and knife-edged 
(dotted line) survival curves, relative to an unfished stock, with 
increasing fishing mortality; the relative mean age is shown with 
the upper solid line. (b) Stock-recruitment curves and replacement 
lines for three measures of reproductive potential, plotted on 
relative scales: SSB (solid lines), larvae from proxy survival curve 
(dashed lines), and larvae from knife-edged survival curve (dotted 
lines). The replacement lines correspond to an F of 0.145. 







522 Spencer et al.—Effect of Maternal Age of Spawning


with diminished reproductive potential, resulting in an interpretation of 
increased steepness h and resiliency. Consider a case where the number 
of recruits is defined as a function of SSB via the Beverton-Holt curve 
with a steepness parameter h of 0.7, and increased fishing results in 
reduced equilibrium SSB and the truncated equilibrium age structure as 
in Fig. 2a. Relating the number of equilibrium recruits derived from this 
curve to equilibrium viable larvae (as produced from the proxy curve) 
results in an estimated steepness of 0.75, whereas relating the same 
recruits to equilibrium viable larvae (as produced from the knife-edged 
curve) results in an estimated steepness of 0.85 (Fig. 2b). 


The effect of using viable larvae as a measure of reproductive 
potential on Fmsy will involve a tradeoff between the greater conser-
vatism implied by the reduced reproductive potential per recruit and 
the greater resiliency implied by an increased steepness in the stock-
recruitment curve. Thus, while the slope of the spawner-recruit curve at 
the origin becomes steeper with maternal effects, the replacement lines 
(the recruits per unit of reproductive output) also become steeper for 
a given level of fishing mortality, and the effect on equilibrium recruit-
ment, yield, and Fmsy depends on the relative relationship of these two 
lines. For example, for the stock-recruitment curve with viable larvae 
(knife-edged curve) the rate of fishing producing equilibrium recruit-
ment of zero (Fcrash) was 0.145, whereas applying the same F to the 
stock-recruitment curves for the other two measures of reproductive 
output produces positive equilibrium recruitment. The estimated Fmsy 
also increases from 0.057 to 0.06 when reproductive potential changes 
from SSB to viable larvae with the knife-edged curve (Fig. 3). 


Application to the BSAI and GOA POP data provided contrasting 
results in which the estimates of Fmsy decreased slightly as mater-
nal effects are considered. Changes in the definition of reproductive 
potential noticeably changes the scatterplot of stock-recruitment data; 
the individual data points are shifted by varying degrees to the left 
as the recruitment data are associated with diminished measures of 
reproductive potential (Fig. 4). The stock-recruitment curves derived 
from these data are shown in Fig. 5, along with the replacement lines 
corresponding to extinction when reproductive potential is measured 
as viable larvae with the knife-edged survival curve. The fishing rate 
associated with this replacement line leads to positive sustained yields 
when reproductive output is measured as viable larvae (proxy survival 
curve) or SSB. For the BSAI POP, the estimates of steepness ranged from 
0.86 (SSB) to 0.91 (larvae with knife-edged survival curve), whereas 
the estimates of F40% decreased from 0.049 (SSB) to 0.033 (larvae with 
knife-edged survival curve) (Table 1, Fig. 5). Estimated Fmsy decreased 
from 0.087 (SSB) to 0.070 (larvae with knife-edged survival curve), and 
Fcrash decreased dramatically from 0.35 (SSB) to 0.17 (larvae with knife-
edged survival curve) (Table 1, Fig. 6). A similar pattern was seen for 
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Figure 3.	 Relative yield as a function of fishing mortality for the stock-
recruitment curves presented in Fig. 2b, with reproductive 
potential defined as SSB (solid line), larvae (proxy survival curve; 
dashed line), and larvae (knife-edged survival curve; dotted 
line). 


the GOA POP, where steepness increased across the three measures of 
reproductive potential from 0.81 to 0.93, F40% decreased from 0.060 to 
0.036, Fmsy decreased slightly from 0.11 to 0.09, and Fcrash decreased 
from 0.37 to 0.20. 


Incorporation of uncertainty in the degree to which spawner age 
affects larval survival resulted in estimated proxy fishing mortality 
reference points being more conservative than those attained from 
consideration of stock-recruitment uncertainty alone. The yield curves 
for each of the three measures of reproductive potential are shown in 
Fig. 7(a-c), and correspond to stock recruitment curves with levels of 
reproductive success of 4 or 16, spanning the range considered by Clark 
(1991). With reproductive potential measured in SSB, the proxy fishing 
mortality rate resulting from the maximin criterion occurs at an Fspr rate 
of F43%, identical to the results of Clark (2002) for Beverton-Holt curves. 
With reproductive potential defined as larvae (either from the proxy or 
knife-edged survival curves), the proxy fishing reference points would 
conserve a similar amount of the reproductive potential, but the fishing 
mortality reference point would decrease from 0.044 (SSB) to 0.032 (lar-
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Figure 4.	 Stock recruitment data for (a) BSAI POP and (b) GOA POP with 
scaled reproductive potential measured as SSB (circles), larvae 
from proxy survival curve (triangles), and larvae from knife-edged 
survival curve (crosses).
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Figure 5.	 Estimated stock-recruitment curves for (a) BSAI POP and (b) GOA 
POP with scaled reproductive potential measured as SSB (solid 
lines), larvae from proxy survival curve (dashed lines), and larvae 
from knife-edged survival curve (dotted lines). The replacement 
lines correspond to F levels of 0.17 and 0.20 for BSAI and GOA 
POP, respectively. 
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vae with the knife-edged curve). The yield curves for all three measures 
of reproductive potential are plotted against F in Fig. 7d, as incorpora-
tion of uncertainty in the degree of maternal effects on larval survival 
in precludes presenting yield curves in terms of relative reproductive 
potential per recruit. Here, the identified proxy fishing mortality is F = 
0.035, more conservative than the value of 0.044 that only considers 
reproductive potential as SSB. 


Discussion
Effective reproductive potential of rockfish may be expected to decline 
at a greater rate than SSB with increased fishing due to a reduced mean 
age and age-dependent spawner effectiveness (Berkeley et al. 2004a). 
However, in order to incorporate this observation in operational man-
agement advice, it becomes necessary to examine its effect on com-
monly used reference points such as Fmsy. It is important to note that 
although the reproductive potential may be diminished, relative to SSB, 
the measure of recruits has not been altered. Ideally, one would obtain 
recruitment estimates from juvenile surveys, although in practice they 
are typically obtained from stock assessment models utilizing age-
composition data from fisheries and surveys. In either case, recruits 
are simply defined as the number of young fish entering the popula-
tion. Thus, relating an identical number of recruits with a diminished 
measure of reproductive potential implies greater estimated resilience, 
and illustrates that our perception of resilience and stock productivity 
are not independent of the life-history parameters governing repro-
ductive potential (Morgan and Brattey 2005). The extent to which this 
estimated increased resilience affects Fmsy depends on the relative 


Table 1.	 Estimates of steepness, F40%, Fmsy, Fcrash, and proportion unfished 
SSB or larvae at Fmsy for BSAI POP and GOA POP with three units 
of reproductive potential. 


Stock Units of reproductive potential Steepness F40%


Proportion 
unfished 


SSB or 
larvae at 


Fmsy Fmsy Fcrash


BSAI POP SSB 0.86 0.049 0.25 0.087 0.35


Larvae (proxy mortality) 0.89 0.042 0.21 0.084 0.29


Larvae (knife-edged mortality) 0.91 0.033 0.17 0.070 0.17


GOA POP SSB 0.81 0.060 0.24 0.111 0.37


Larvae (proxy mortality) 0.85 0.049 0.2 0.101 0.29


  Larvae (knife-edged mortality) 0.93 0.036 0.12 0.095 0.20
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(a) BSAI POP
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Figure 6.	 Relative yield as a function of fishing mortality for (a) BSAI POP 
and (b) GOA POP with reproductive potential defined as SSB (solid 
line), larvae (proxy survival curve; dashed line), and larvae (knife-
edged survival curve; dotted line).
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Figure 7.	 (a-c) Relative yield as a function of either relative spawner per 
recruit or larvae per recruit for three measures of reproductive 
potential with reproductive success of 4 (dashed line) and 16 (solid 
line); the maximin Fspr or F lpr are denoted by the vertical lines. (d) 
Relative yield for all three measures of reproductive potential 
and two levels of reproductive success plotted against F. 
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relationship between the stock-recruitment curve and the replacement 
lines, which are a direct function of the reproductive output per recruit; 
thus, age-dependent maternal effects on spawning effectiveness may 
either increase or decrease Fmsy. For the theoretical example presented 
here, the estimated increased resilience was the dominant effect and 
produced increased Fmsy with maternal effects. However, for Alaska 
POP the two opposing processes nearly compensated each other and 
produced Fmsy estimates that were relatively insensitive but decreased 
slightly with maternal effects, whereas Fcrash decreased sharply. These 
results are similar to those found for Georges Bank Atlantic cod by 
Murawski et al. (2001), who found that Fmed (based on the median level 
of recruits/spawner) decreased slightly from 0.61 to 0.57 as reproduc-
tive potential was converted from SSB to viable larvae, whereas Fcrash 
decreased from 1.4 to 0.88. 


Consideration of uncertainty in stock-recruitment relationships led 
to the development of F35% as a proxy for Fmsy, and additional uncertainty 
regarding the extent to which spawner age structure affects repro-
ductive potential would produce more conservative proxy reference 
points. Similar to the results found by Clark (2002) for Beverton-Holt 
recruitment curves, the results presented here indicate that conserving 
approximately 40% of the reproductive potential per recruit is desirable 
even if the definition of reproductive potential changes from SSB to 
viable larvae (produced with either the proxy or knife-edged mortality 
curves). However, the level of fishing mortality associated with these 
reference points decreases as reproductive potential changes from SSB 
to viable larvae (produced with the knife-edged curve). For example, if 
viable larvae (produced from the knife-edged mortality curve) rather 
than SSB was known to be the appropriate measure of reproductive 
potential, the F rate used as a proxy for Fmsy would decrease substan-
tially in this example from 0.044 to 0.032. In practice, there is likely 
to be uncertainty in the extent to which spawner size/age affects lar-
val viability in addition to the stock-recruitment parameters. Because 
expressing reproductive potential as SSB represents one bound where 
these maternal effects are assumed to not occur, any consideration of 
the maternal effects on reproductive potential were found to produce 
relatively more conservative harvest rate proxies (Fig. 7).


Given the uncertainty in stock-recruitment relationships for Alaska 
POP, perhaps the best use of Fmsy estimates is as a qualitative indicator 
to assess the need for any directional changes in current harvest rate 
proxies. The currently used F40% estimates for BSAI and GOA POP (0.048 
and 0.062, respectively) are more conservative than estimates of Fmsy 
based on any of the three measures of reproductive potential, sug-
gesting that the current harvest policy is not unduly aggressive given 
available data on stock productivity. As with much stock-recruitment 
data, it can be difficult to parse out how much of the recruitment signal 
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is attributable to spawner output and how much is attributable to envi-
ronmental conditions. The estimates of high resiliency for Alaska POP 
derive from a few strong recruitments during favorable environmental 
conditions in the 1980s, and these results may not be repeated in dif-
ferent environmental conditions. Similarly, much of what we perceive 
as the low productivity of rockfish recruitment derives from West Coast 
data collected during a period of unproductive environmental condi-
tions (McGowen et al. 1998), and this interaction between environmen-
tal and stock effects, in part, prompted Dorn (2002) to advise cautious 
interpretation of his meta-analysis results. What is desired is knowledge 
of how species with rockfish life-history characteristics respond to a 
variety of environmental regimes, and development of robust manage-
ment strategies appropriate for this range of environmental variation. 
For example, low-frequency trends in recruitment can affect the mean 
age of the stock and thus the indices of reproductive potential and 
estimation of Fmsy. Additionally, recruitment variability may be related 
to longevity (Longhurst 2002), and stochastic simulations can allow 
examination of the effects of truncated age classes for stocks showing 
episodic recruitment patterns. Management strategy evaluations (Stokes 
et al. 1999) appear to be one promising approach for addressing these 
questions and will be pursued in future research. 


Field and laboratory research aimed at documenting the reproduc-
tive biology of specific rockfish stocks will greatly assist the inter-
pretation of management importance of maternal effects. Even basic 
information such as fecundity is absent for many Alaska rockfish 
stocks, and shows differences between areas for those species where 
data are available. Although one may never expect to obtain complete 
knowledge of the influence of spawner age on larval mortality rates in 
situ, laboratory and field studies that document, for example, the rela-
tionship between larval oil globule volume and spawner age can reduce 
uncertainty for specific stocks and provide a more realistic range of 
potential maternal effects. A realistic range of the potential influence of 
maternal effects on larval viability is desired for fisheries management, 
as this will have a large influence on the harvest rate proxies that will 
be obtained. 


The declines in reproductive potential when maternal age affects 
larvae viability have also been noted by many other researchers (Scott 
et al. 1999, Murawski et al. 2001), prompting Berkeley et al. (2004b) to 
emphasize the importance of older fish in the replenishment of fish 
stocks and concluding that standard management practices generally 
do not adequately conserve older fish. However, a complete evaluation 
of the role of older fish in stock replenishment must not only look at the 
indices of reproductive potential (i.e., the x-axis of the stock-recruitment 
plot), but also estimates of stock productivity and management implica-
tions resulting from these improved estimates of reproductive potential. 
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The results of this study are consistent with those of Morgan and Brattey 
(2005), who found that different measures of reproductive potential 
can markedly affect perceived stock productivity for Atlantic cod, and 
demonstrate how information on maternal effects could be addressed 
within an Fspr framework. For future studies, more refined information 
on rockfish reproductive biology of the type conducted by Berkeley et 
al. (2004a) would greatly refine our estimates of reproductive potential 
and the resulting implications for stock productivity. 
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