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Abstract

The determination of stock status and estimation of biological reference points for
management of commercially important species often relies on a spawning stock-recruit function
which typically assumes that spawners of all ages contribute equally to recruitment. Recent
studies of cod (Gadus morhua), however, indicate that the viability of eggs spawned by large
and old fish is greater than that of small and young fish. The current stock-recruit relationship
for the Georges Bank Atlantic cod stock is based on recruitment of age 1 fish and spawning stock
biomass (SSB) derived from virtual population analysis for 1978-2000. The stock-recruit
relationship was re-examined by three component stages: egg production as a function of SSB,
larval production as a function of egg production, and recruitment as a function of larval
production. A statistically significant relationship (P <0.05) was detected for the eggs-SSB
(1978-98) component but not for the eggs-larvae and larvae-recruits components although
positive trends were observed during the time series (1978—-86). Stepwise multiple regression
suggests that the age diversity of repeat spawners, spatial distribution of spawned eggs, and
bottom temperature contribute significantly to the estimation of variance in egg survivorship for
the years 1979-98 (r* = 0.54). The results of the eggs-SSB analysis support conclusions of
other studies that repeat spawners have better survival of eggs and early larvae. In addition,
these results emphasize that not only the total weight of SSB but also the age diversity of SSB
contributes to enhanced recruitment.

Key words: Cod, eggs, Gadus morhua, Georges Bank, larvae, regression, spawning stock
biomass, stock-recruitment.
Introduction stock and SSB together account for more of the

Recruitment of most New England groundfish,
including Georges Bank Atlantic cod (Gadus morhua),
has been shown to be influenced by density-dependent
processes; however the functional form of the stock-
recruitment relationship is undetermined (Brodziak et
al., 2001). The stock-recruit function for Georges Bank
cod is currently described by the customary
relationship between spawning stock biomass (SSB)
and recruitment at age (Fig. 1). In several other cod
stocks, alternative measures of reproductive potential
have been used to explain recruitment variability. For
the Icelandic cod stock, age diversity of the spawning

variation in recruitment than SSB alone (Marteinsdottir
and Thorarinsson, 1998). A bioenergetic index, based
on liver condition indices, has been used as an
alternative measure of reproductive potential in
Northeast Arctic cod (Marshall ef al., 2000).

The typical stock-recruit relationship (Fig. 1) can
be modeled alternatively as the product of spawning
stock biomass and survival rates of successive life
stages that generate recruitment. Hypothetical
examples of egg, larval, and recruit survival are
presented in Fig. 2. All life stages are measured with
considerable sampling error and many sources of
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Spawning stock biomass (kt) and recruitment at
age 1 (millions of fish) of Georges Bank Atlantic
cod during 1978-2000 (circle = cold years, star =
warm years).

mortality can intervene between the egg stage and
recruitment to the exploitable stock. Taken together
these factors make it difficult to discern the relationship
between spawning stock and the number of recruits.
In this contribution, we look at the stock-recruit
relationship at a dis-aggregated level, utilizing a long
history of stock abundance estimates and somewhat
shorter time series of life stage specific abundance
estimates.

Our objective is to investigate the role of several
putative influences on the survival of juvenile cod life
stages. We first use life stage information to estimate
the underlying survival rates. We then relate these
survival rates to one or more biological and oceano-
graphic variables and explicitly test several mechanisms
posited in the literature.

Methods

Biological data used in this analysis of the Georges
Bank Atlantic cod stock included spawning stock
biomass (mt), recruitment at age 1 (millions of fish),
age diversity of spawning stock biomass (SSB) during
1978-2000, egg spawning (number/10 m?) and egg
hatch abundance (number x 10'?) during 1978-98, and

mean larval hatch density (number x 10%) and larval
abundance (3—5 mm, 6—8 mm, 9—11 mm, 12—15 mm)
during 1977-87. Environmental data consisted of spring
bottom temperature anomalies as deduced from bot-
tom temperature (°C) data obtained during Northeast
Fisheries Science Center (NEFSC) spring surveys,
1977-2000.

Estimates of SSB and recruitment at age 1 for
Georges Bank Atlantic cod were obtained from virtual
population analysis (VPA) from 1978-2000 (O'Brien and
Munroe, 2001). Stock numbers of fish-at-age estimated
by VPA were multiplied by mean weight-at-age and the
proportion of fish mature-at-age to obtain SSB. A sim-
ple linear regression model was fit to the SSB and
recruitment data to determine how much variation in
recruitment could be explained by SSB alone. In addi-
tion, a Beverton-Holt model (Hilborn and Walters, 1992)
was fit to the same data using non-linear regression.
Both regressions indicated that about 37% of the vari-
ation in recruitment was explained by SSB. The similar
regression results and visual examination of the data
suggest density dependence in recruitment is not ap-
parent in this stock for the range of data observed
(Fig. 1). Linear regression models were, therefore, em-
ployed in the remainder of the analyses.

The proportion of fish mature at age was obtained
from maturity ogives derived by logistic regression of
numbers of mature and immature fish observed (Burnett
et al.,1989) during NEFSC spring research surveys,
pooled by either 3 or 4 year time blocks (O'Brien and
Munroe, 2001). The data were pooled because of the
generally low sample size obtained each year. The pro-
portion of first-time spawners for each age within a
cohort was estimated as:

Plx;=PM;—PM, ;|
where:

i s age,
j  is the cohort,
PM is the proportion mature, and

P1x is the proportion of first-time spawners.

The proportion of fish that had spawned 2 or more
times (PZxU) for each age and cohort was estimated as:
P2xU = PM, —PIxU.. The total biomass of repeat
spawners was estimated by applying P2x, to the total
stock biomass estimated by VPA and discounted for
total mortality to the time of spring spawning (O'Brien
and Munroe, 2001).
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Fig.2. Alternative stock-recruit relationships for hypothetical data of three
successive life-stages: (A) spawning stock biomass vs eggs, (B) eggs vs
larvae, and (C) larvae vs recruits.

An age diversity index of spawning stock biomass was H = (blogh— ifi log £)/b
derived for both repeat spawners (2x+) and all i1

spawners using the Shannon Diversity Index
(Shannon, 1948; Marteinsdottir and Thorarinsson, ) ) )
1998) for mature individuals during 1978-2000. The  © is the biomass of mature fish in all age-groups, and

indices were calculated as: /; is the biomass of mature fish in each age group

k is the number of age-groups
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Marteinsdottir and Thorarinsson (1998) estimated
a similar age diversity index of spawning stock for the
number of mature fish at age. Biomass of mature fish
was used in this study because biomass is more closely
linked with fecundity than is abundance. The age di-
versity of SSB is more informative than the mean age
at spawning, for example, because both the age struc-
ture of the spawning stock as well as the number of
ages in the spawning stock are taken into account.

Egg and larval data were obtained from
ichthyoplankton surveys conducted on Georges Bank
during winter and spring months from 1977 to 1998
under three different programs. Marine Resource Moni-
toring Assessment and Prediction (MARMAP) surveys
occurred from 1977 to 1987, Larval Herring (Clupea
harengus) surveys occurred from 1988 to 1994 and Glo-
bal Ocean Ecosystems Dynamics (GLOBEC) surveys
occurred from 1995 to 1999. Plankton collection tech-
niques using 60-cm Bongo nets were similar across all
surveys, differing substantially only with regard to the
mesh size employed. During MARMAP and Larval
Herring surveys the mesh size was 0.505 mm and dur-
ing GLOBEC it was 0.335 mm; however, towing meth-
ods, sample preservation protocols and treatment of
the data remained the same. Smooth-oblique tows were
made at approximately 1.5 kt to within 5 m of bottom, or
to a maximum of 200 m, and plankton samples were
preserved in 5% formalin. Flowmeters suspended in
the mouths of Bongo nets were used to estimate vol-
ume filtered, and maximum tow depth was measured
with either a bathykymograph (MARMAP and Larval
Herring surveys) or with a CTD attached next to the
Bongo net yolk. Further details on the methods, tim-
ing, and areal coverage are given elsewhere (Sibunka
and Silverman, 1984, 1989; Smith and Morse,1993;
Berrien and Sibunka, 1999).

All fish eggs and larvae were removed from sam-
ples, identified to the lowest taxon possible and then
separated into developmental stages (eggs) or meas-
ured to the nearest 0.1 mm (larvae). Initially, eggs were
separated into six stages which were then combined
into three general stages: from fertilization to blast-
opore almost closed, blastopore closed to embryo en-
circling 3/4 of the egg circumference, and greater than
3/4 around until hatching.

Cod and haddock (Melanogrammus aeglefinus)
eggs are indistinguishable at developmental stages
prior to tail twisting and flexing, and both are confused
with witch flounder eggs (Glyptocephalus cynoglossus)
before blastopore closure (Fahay, 1983). The develop-
ment rates of cod and haddock eggs are similar enough

to be considered equal (Page and Frank, 1989); there-
fore, numbers of eggs within these earlier stages were
apportioned according to the ratio of older and identi-
fiable stages at the same or adjacent stations.

Larvae were separated into 3 length classes: 3-5
mm, 6—8 mm, and 9—11 mm. The mean age and duration
of the length classes were determined from the age-
length relationships provided by Bolz and Lough
(1988). The mean age and duration of egg and larval
stages were based on average incubation period and
growth rates and assumed to be constant for all years
(Bolz and Lough, 1988; Thompson and Riley, 1981).
Larval abundance estimates were adjusted to reflect
day, night, and twilight differences in capture vulner-
ability using correction factors derived by Morse
(1989). Bias in the abundance estimate introduced by
the extrusion of smaller larvae and escapement of larger
larvae is limited by using a truncated length distribu-
tion (Morse, 1989) in analyses of hatching densities
from larvae. All catches were standardized to number
per 10 m? sea-surface area. Mean density of each stage,
derived using a delta-distribution (Pennington and
Berrien, 1984), was multiplied by the study area and
number of survey days to develop a seasonal abun-
dance estimate.

Methods for Calculating Egg mortality, and for
Estimating Egg Production and Hatching Numbers

For this paper's purposes of summarizing egg den-
sities, estimating egg mortality and subsequently back-
calculating numbers spawned and forecasting numbers
hatching, egg numbers were grouped into two catego-
ries: from just fertilized to the embryo encircling <% of
the egg circumference and a second category of >%
around to hatching. At the typical incubation tempera-
ture of 5°C, these groupings encompass 59% and 41%
of total development time, respectively (Thompson and
Riley, 1981). The null dates for start and end of spawn-
ing and hatching on Georges Bank were derived from
NEFSC historical ichthyoplankton collection data in
conjunction with the above-noted incubation rates.

Numbers of staged eggs collected in Bongo-net
tows were standardized to number/10 m? of sea sur-
face area. Stage duration and stage endpoints were
calculated for each collection using the mean integrated
water-column temperature as the incubation
temperature (Berrien, 1983). Integrated mean water tem-
peratures were used because egg distributions are
generally distributed throughout the water column
(Lough et al., 1996) and the ichthyoplankton were col-
lected in vertically integrated smooth-oblique tows.
These values (number/10 m? and stage endpoints) were
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averaged for each survey (delta-mean number/10 m?
and weighted-arithmetic-mean stage endpoints). The
numbers of days represented by each survey were cal-
culated, weighted by station densities of the egg stage
in question and centered on the weighted mean date
for each survey. Season-long mean density and stage
endpoint values were calculated and weighted by sta-
tion densities and the number of survey days (Berrien
etal., 1981).

An average egg mortality rate (Z) was calculated
based on the decline in mean stage density over time
(stage median age). The rate was estimated by the fit-
ted exponential rate of decline such that:

X, =Xpe”

where: X is egg density (number per 10 m*) at age 0 (at
spawning),
X, is egg density at age ¢ (days),' and .
Z 1is instantaneous rate of decline (mortality
coefficient).

This season-long mortality rate was derived using
data from all surveys within a given spawning season.
It was assumed that any bias caused by assessing
mortality during times of increasing or decreasing
spawning rates was effectively countered by using data
from all portions of the spawning season and then av-
eraging the results.

The estimated mortality rate was used to back-
calculate spawned egg densities at each station where
earlier-stage eggs were collected. Densities spawned
at each station were normalized to daily spawning rates
and averaged (delta-mean) across all tows in each sur-
vey. A weighted mean spawning date was calculated
for each survey, and the time interval (days repre-
sented) was calculated extending halfway back and
forward to adjacent surveys. Survey spawning rates
were expanded by the number of survey days and then
summed over the entire season to produce a season-
long estimate of eggs spawned. Similarly, hatching rates
were calculated for each later-stage occurrence, aver-
aged for each survey, expanded over the number of
survey days and summed over the season (Berrien et
al., 1981; Berrien, 1983).

Methods for Estimating Hatching Densities from
Larvae

Larvae were measured to the nearest 0.1 mm and
ages estimated by the methods used in Bolz and Lough
(1988). The data were aggregated into 1-mm intervals
for all collection densities of larvae between 5 and

15 mm in length in a given spawning season. Plots of
these summed densities at age typically described a
decline in density over time. Fitting an exponential
decline to these points yielded an instantaneous
mortality coefficient which was then applied to indi-
vidual collection densities to estimate corresponding
hatching densities for each tow. Similar to egg meth-
ods described above, survey mean hatching densities
were calculated (delta-mean) from station values of
summed hatching densities, then expanded over the
entire season by multiplying normalized (per-day) den-
sities by the numbers of days represented for each
survey and then summing the survey estimates over
the season.

Temperature Data

Bottom temperature anomalies (Table 1) were esti-
mated from bottom temperature (°C) data obtained on
spring and autumn NEFSC bottom trawl surveys con-
ducted during 1970-2000 (Holzwarth and Mountain,
1990; Holzwarth-Davis and Taylor, 1992, 1993, 1994;
Taylor and Almgren, 1996a, 1996b; Taylor and Kiladis,
1997; Taylor and Bascunan, 1998, 1999, 2000, 2001).
The temperature anomaly series is a more robust meas-
ure for examining inter-annual variability in a region
than the actual temperature series because differences
in the timing of the observations within a survey, and
between years has been taken into account. The
anomaly represents the difference between the ob-
served temperature and the reference temperature for
that location and day of the year the sample was col-
lected (Holzwarth and Mountain, 1990). The reference
temperature is based on the annual cycle of tempera-
ture at standard station locations derived from
hydrographic observations collected during 1977-87
(Mountain, 1989). The reference temperature at each
observed survey station was calculated as a weighted
average of the reference temperature from the nearest
standard stations with the weighting proportional to
the 1/R?, where R is the separation distance (Holzwarth
and Mountain, 1990). The regional average spring tem-
perature anomaly (°C) for Georges Bank was then de-
rived by areal weighting of the anomalies at each of
the observed survey stations (Holzwarth and Moun-
tain, 1990). The regional average temperature was also
derived by areal weighting (Table 1).

The temperature anomaly is presented in the Fig-
ures as a binomial variable by coding each anomaly as
'warm' or 'cold'. Warm years represent those years when
the temperature anomaly was 0 or positive and cold
years represent those years when the anomaly was
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TABLE 1.  Spawning stock biomass (tons), recruitment (millions of age 1 fish), /n (egg survival), spatial distribution

of'eggs, and age diversity of repeat spawners for Georges Bank cod and Georges Bank spring research

survey areal average temperature (°C) and temperature anomaly (°C) during 1977-2000.

SSB Recruitment In (egg Spatial egg SSB age Temp (°C) Temp (°C)
Year (tons) (age 1) survival) distribution  diversity areal mean anomaly
1977 - - - - - 6.0 0.4
1978 80.4 23.5 - - 0.738 4.6 -0.9
1979 89.2 20.1 -3.66 0.17 0.704 5.5 -0.2
1980 96.6 41.4 -0.58 0.22 0.757 6.5 0.7
1981 86.4 17.5 -2.91 0.24 0.810 5.7 -0.2
1982 89.6 9.6 -4.60 0.12 0.831 5.0 -0.3
1983 78.2 217.4 -1.69 0.13 0.834 6.0 0.7
1984 67.1 8.7 -0.41 0.17 0.823 6.0 1.0
1985 553 42.8 -0.77 0.21 0.829 5.2 0.4
1986 57.4 16.4 -2.38 0.11 0.817 6.4 1.4
1987 68.3 23.4 -2.61 0.13 0.806 6.4 0.6
1988 73.6 15.7 -3.26 0.22 0.733 4.5 -0.4
1989 72.0 9.2 -2.65 0.22 0.706 5.0 0.0
1990 68.2 17.9 -1.39 0.39 0.732 5.4 0.6
1991 52.5 6.6 -1.56 0.43 0.731 5.5 0.4
1992 39.3 8.4 0.24 0.36 0.817 4.2 -0.6
1993 29.4 6.3 -0.66 0.35 0.805 4.8 -0.6
1994 19.2 4.3 -1.63 0.29 0.749 5.8 0.6
1995 18.1 7.6 -2.85 0.23 0.675 6.3 1.1
1996 20.5 10.3 -2.59 0.30 0.617 5.4 -0.2
1997 22.9 3.2 -4.52 0.25 0.652 5.0 -0.1
1998 252 7.3 -1.98 0.38 0.754 5.3 0.4
1999 27.4 4.9 - - 0.722 5.7 0.7
2000 29.0 1.7 - - 0.748 7.1 1.8

negative. The actual bottom temperature anomaly was
used in all of the statistical analyses.

Derived Variables

The following derived variables, based on the es-
timation of data described above were also used in the
analysis: egg survival = egg hatch abundance/egg
spawning abundance, 3—5 mm larval survival = 3—5 mm
larval abundance/egg spawning abundance, 6—8 mm
larval survival = 6-8 mm larval abundance/3—5 mm lar-
val abundance, 9—11 mm larval survival = 9—11 mm
larval abundance/6—8 mm larval abundance, and re-
cruit survival = recruits/SSB. An indicator of the spa-
tial distribution of eggs was derived using the ratio of
positive tows where eggs were collected to the total
number of tows deployed. This proportion represents
a measure of the extent of the spatial distribution of
eggs over the entire area surveyed.

Statistics

Data were initially displayed in scatter plot matri-
ces fitted with a bi-square smoother and visually exam-
ined to detect possible relationships among variables.

Exploratory simple linear regressions were performed
for variables that indicated potential relationships with
the dependent variables of egg survival, larval sur-
vival and recruit survival. Stepwise multiple regres-
sions were then performed with all variables that influ-
enced the SSB-egg, larval-egg and recruitment-larval
relationships to determine which variables significantly
(P <0.05) contributed to the variance in the estimation
of survival of eggs, larvae, or recruitment.

Results

Spawning stock biomass (tons), recruitment (mil-
lions of age 1 fish), /n egg survival, spatial distribution
of eggs, age diversity of repeat spawning biomass for
Georges Bank cod and Georges Bank spring bottom
temperature anomaly data used in the analyses are pre-
sented in Table 1.

Preliminary examination of scatter plots of vari-
ables related to SSB and egg abundance during 1979-
98 indicated a significant positive relationship between
egg spawning abundance and SSB. The natural loga-
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rithm (/r) of egg survival was positively correlated with
age diversity indices of SSB for all spawners (1x+) and
repeat spawners (2x+), spring bottom temperature
anomalies, and spatial distribution of eggs (Fig. 3) but
the relationships were not statistically significant.

Stepwise multiple regression analyses indicated
that most of the variation (54%) in egg survival could
be explained by the age diversity of repeat spawners
(SSB 2x+), bottom temperature anomaly, and the spa-
tial distribution of eggs (Table 2). A similar model with
age diversity of all spawners instead of only repeat
spawners accounted for 44% of the variation in egg
survival. Over the entire range of age diversity of repeat
spawners, egg survival generally appears to be lower
and egg distribution narrower during cold years than
warm years (Fig. 4). The exceptions are the 1992 and
1993 data points which appear to be outliers. Higher
egg survival generally appears to be associated with
higher SSB age diversity and wider egg distribution
during warm years (Fig. 4).

Preliminary examination of scatter plots of vari-
ables related to larvae indicated a positive relationship
between egg survival, /n egg survival, and bottom tem-
perature anomaly and the abundance of 6—8 mm larvae
and 9—11 mm larvae and the survival of 6—8 mm larvae
during 197787 (Fig. Sa, b). However, only one of these

SSB age diversity
06 07 08 09 1.0
T T T

relationships, the abundance of 6—8 mm larvae (Fig.
5a) was significantly related (P = 0.05) to the bottom
temperature anomaly. Given the short time series of
larval data and the lack of significant positive relation-
ships between egg survival and larval survival, no fur-
ther regressions were performed.

Preliminary examination of scatter plots of vari-
ables related to recruitment indicated a weak positive
relationship between 3—5 mm larval survival and both
recruitment (millions of age 1 fish) and recruitment sur-
vival during 1979-87 (Fig. 6). No relationships were
observed between bottom temperature anomaly and
recruitment and recruitment survival during 1978-2000
(Fig. 6). An additional stepwise multiple regression
analysis with larval survival and bottom temperature
anomaly as the independent variables also did not ex-
plain any significant amount of the variability in either
recruitment or recruit survival.

Discussion

Exploratory analysis of the three components of
the stock-recruit relationship indicates that survival
rather than abundance is the most significant factor
contributing to stock-recruitment variability. The
stepwise multiple regression results indicated that egg
survival is influenced by the environment (bottom tem-
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Fig. 3. Scatter plots of egg spawning abundance (10'?) and In (egg survival) vs spawning stock biomass (SSB), age diversity

of all spawners (SSB age diversity), age diversity of repeat spawners (2x+ SSB age diversity), spatial distribution
of eggs, and bottom temperature anomaly during 1978-98. Regression analysis results, 7> and probability (P), are
provided in each panel (circle = cold years, star = warm years).
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TABLE 2. Stepwise multiple regression models for predicting egg survival and /n (egg sur-
vival) with candidate variables: age diversity of spawning stock biomass (SSB) for
all spawnwers (1x+) and for repeat spawners only (2x+), bottom temperature
anomally, and spatial distribution of eggs.
Dependent Selected independent No. of Regression
variable variable cases coefficient P R
Egg survival intercept -0.830 0.19 0.15
age diversity SSB 1x+ 20 1.299 0.11

In (egg survival) intercept -9.999 0.02 0.44
age diversity SSB 1x+ 23 7.243 0.11
bottom temperature anomaly 23 1.086 0.03
spatial distribution 20 7.120 0.02

Egg survival intercept -1.265 0.05 0.27
age diversity SSB 2x+ 23 1.687 0.03
spatial distribution 20 0.764 0.14

In (egg survival) intercept -11.523 0.00 0.54
age diversity SSB 2x+ 23 9.423 0.02
bottom temperature anomaly 23 0.942 0.03
spatial distribution 20 7.752 0.01

perature), spatial distribution of eggs, and both spawn-
ing experience (2x+ spawners) and age diversity of the
SSB. Of the three components, however, only the SSB
and egg data had a sufficiently long (20 years) time
series to allow us to detect any significant patterns.
The larval data time series was too short (11 years) to
detect biologically meaningful trends. The positive
trends between the egg and larval data, although weak,
do suggest that a longer time series may produce sta-
tistically significant relationships.

Variability in the estimate of SSB may have been
introduced by applying pooled female-only ogives to
total biomass. Throughout the time series, maturity
ogives are generally similar between the sexes with
estimates of annual median maturity-at-age occurring
between ages 2 and 3 for both females and males
(O'Brien, 1999). Although the majority of 2" time
spawners are age 2 and age 3, the consequence of any
introduced variability is most likely small since these
age-groups comprise on average only about 45% of
the mean biomass and less than 30% of SSB (O'Brien
and Munroe, 2001).

Intuitively, the quantity of eggs produced by a
stock should be positively correlated with SSB, as ob-
served in this analysis. More interesting, however, is
that egg survivorship was positively related to the age
diversity of spawners but not to the magnitude of SSB.

Total biomass of Georges Bank cod has declined since
1980 and age structure has become truncated (O'Brien
and Munroe, 2001). Although the dynamic range is not
wide (0.617-0.834), the diversity indices derived from
VPA population biomass estimates do reflect the con-
trasting periods of higher age diversity in the mid-1980s
and early-1990s and the lower age diversity in the late-
1980s and mid-1990s. Although fish age 10 and older
are landed by the commercial fishery, abundance of
these fish is lower in the more recent years compared
to the early-1980s (O'Brien and Munroe, 2001). The
NEFSC research surveys also indicate that the older
larger fish are no longer represented in the population
at the higher abundances observed in the mid-1980s.
Also, median maturity at length declined slightly dur-
ing this time period (O'Brien, 1999). These dynamics in
the population appear to be reflected in a larger SSB in
the early 1980s that generally produced more viable
eggs in higher volume than the smaller SSB in the more
recent years (Fig. 3 and Fig. 7).

The empirical evidence that egg survival of
Georges Bank cod appears to be linked with wider egg
distribution and higher age diversity of repeat
spawners, particularly during warm years, is supported
by other studies. Maternal characteristics, such as age,
length, weight, and condition have been shown to in-
fluence egg size and survival (Kjesbu et al., 1992;
Marshall et al., 1998; Marteinsdottir and Steinarsson,
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Age diversity of repeat spawner biomass, spatial distribution of eggs, natural

logarithm (/n) of egg survival rate, and bottom temperature anomaly during 1979—
98 (circle = cold years, star = warm years).

1998). Laboratory studies of egg hatching success in
Atlantic cod indicate that hatching success of eggs
from second-time spawners is higher (~62%) than that
of first-time spawners (~13%) (Trippel, 1998). Older and
larger repeat spawners have larger and more viable eggs
that contribute to higher egg survival than those from
young, small spawners (Kjesbu et al., 1996; Trippel et
al., 1997). Larger eggs produce larger-size larvae at
hatching and these larvae feed more successfully and
grow faster than larvae from smaller eggs resulting in
higher survival rates (Knutsen and Tilseth, 1985;
Marteinsdottir and Steinarsson, 1998).

Larger repeat spawners of Atlantic cod spawn for
a longer period of time compared to both younger fish
and first-time spawners (Kjesbu et al., 1996; Trippel,
1998). The bathymetric and horizontal distributions of
eggs from repeat-spawner eggs are greater than those

from first- time spawners due to variations in egg buoy-
ancy (Kjesbu et al., 1992). If the spawning stock is
spatially or temporally dis-aggregated by age group
and is also comprised of a number of age-groups, the
distribution of eggs would be expected to be spatially
widely dispersed. Conversely, a spawning stock con-
sisting of only a few age-groups should have a less
dispersed egg distribution. A more dispersed spatial
distribution of eggs should enhance egg survival since
the eggs will have a greater opportunity to encounter
favorable conditions for survival, i.e. optimum tempera-
ture, minimum predation, and retention in the spawn-
ing and hatching areas. For example, in a numerical
simulation model, particles distributed in depths >25 m
had greater retention on Georges Bank than particles

at depths <25 m (Lough ef al., 1994). This suggests
that the more widely-dispersed eggs at greater depth
from repeat spawners may have a better chance of re-
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tention and survival on the Bank than the less-dis-
persed eggs at shallower depth from first-time
spawners.

Temperature can be considered a proxy for other
environmental factors that influence growth and sur-
vival of the early life history stages for cod as well as
other groundfish (Sundby, 2000). Our study revealed
that bottom temperature positively affected cod egg
and larval survival (as noted in other studies: Ellertsen
et al., 1989, Leising and Franks, 1999), but did not af-
fect recruitment or recruitment survival (Fig. 6). The
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positive effect of temperature on larval survival in our
study may be linked indirectly by the availability of
their prey species (Sunby, 2000). The major prey items
of Georges Bank cod larvae are the life stages of the
copepods Calanus and Pseudocalanus sp. (Lough et
al., 1996). Production of Calanus and Pseudo-calanus
sp. on Georges Bank during the late-autumn to early-
spring (Durbin ef al., 1997) coincides with the early life
history of Georges Bank cod.

Georges Bank cod may not be characterized by a
significant relationship between recruitment survival
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Fig. 5a. Scatter plots of larval abundance (numbers x 10%) at 3—5 mm, 68 mm, and 9—11 mm vs egg survival rate, /n (egg
survival) rate, and spring bottom temperature anomaly. Regression analysis results, 7> and probability (P), are
provided in each panel (circle = cold years, star = warm years).
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Fig. 5b. Scatter plots of larval survival rate at 3—5 mm, 6—8 mm, and 9—11 mm vs egg survival rate, /n (egg survival)
rate and spring bottom temperature anomaly. Regression analysis results, 7> and probability (P), are provided
in each panel (circle = cold years, star = warm years).

and temperature because the stock inhabits temperate
waters near the southern range of the species distribu-
tion in the Northwest Atlantic (Collette and Klein-
MacPhee, 2002). Planque and Fredou (1999) demon-
strated that warmer water temperatures negatively af-
fect recruitment of cod stocks inhabiting warm waters,
positively affects recruitment of cod stocks inhabiting
cold waters, and has no significant effect on recruit-
ment of temperate-water cod stocks. The response of
recruitment to temperature is not expected to be linear
except for species at the extreme end of their range
(Shepherd et al., 1984).

Estimates of SSB are more easily obtained than
estimates of egg mortality and for both assessment
and management purposes it may not be practical to
determine the stock-recruit relationship at individual
life stages. However, our study suggests that the cur-
rent stock-recruit relationship could account for more
variation in recruitment by including other variables.
Age diversity of SSB and bottom temperature are
among the candidate variables that could be incorpo-
rated into a reconstructed stock-recruit relationship
for Georges Bank Atlantic cod (Marteinsdottir and
Thorarinsson, 1998; Cardinale and Arrhenius, 2000;
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Marshall et al., 2000; Murawski ef al., 2001; Chen
and Irvine, 2001). The biological reference points
generated from such an alternative model would
more closely measure the stock's capacity to with-
stand exploitation (Marshall ez al., 2000; Murawski
etal.,2001).

In the last decade the Georges Bank cod stock
appears to have been below a SSB minimum (~50 000
tons) in which the stock has not experienced strong
recruitment in spite of higher age diversity earlier in
the decade and warmer temperature in the more recent
years. Although exploitation has decreased, this stock
is still being exploited above the maximum fishing mor-
tality threshold (O'Brien and Munroe, 2001). This lack
of recruitment, however, is similar to other stocks that
have not recovered in spite of lowered exploitation rates
(Myers et al., 1995; Frank and Brickman, 2000). Above
this SSB minimum more successful recruitment does

occur, particularly in warmer years (Fig. 7). Recovery
and sustainability of Georges Bank cod is dependent
not only upon a critical amount of SSB but on a SSB
consisting of diverse age-groups of repeat spawners
(Scott et al., 1999). A more diverse age structure in the
spawning stock is more likely to result in good recruit-
ment during years when environmental conditions are
favorable for producing a strong year-class, as well as
a hedge against environmental perturbations.
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