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ABSTKACT. The paradigm relat~ng early life history growth rate to survival rate and/or year-class 
strength has remained largely untested among marine fishes. Using Atlantic cod Gadus morhua on 
Georges Bank (NW Atlantic) as a test species, I reconstructed the larval and juvenile g]-owth sequences 
of 5 successive year-classes of cod and related them to 2 independent indices of year-class strength. 
Larval and juvenile growth sequences reconstructed from the otolith microstructure of young-of-the- 
year juveniles differed significantly among year-classes. Temperature was a significant, but not neces- 
sarily a primary, source of the w~thin-year and between-year variations in growth Neither the larval 
growth sequence nor the hatch date distribution was correlated with year-class strength. However, 
otolith size at age and body size at age at the pelagic juvenile stage were both highly correlated with 
year-class strength. Differences in growth rates and associated exposure t ~ m e s  to high larval mortality 
rates were sufficient to account for much of the 4-fold difference in adult abundance among the year- 
classes. 
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INTRODUCTION 

Interannual fluctuations in the year-class strength of 
marine fish populations are often evident by the end of 
the first year of life, suggesting that the key determi- 
nants of interannual survival variability occur during 
the early life history (Houde 1987). Covariation in the 
growth and survival rates of the young is often 
assumed to be a source of the variability in year-class 
strength, but direct evidence of the effect is lacking. 
According to the hypothesis linking growth and mor- 
tality rates in young fish (Shepherd & Cushing 1981, 
Houde 1987, 1989, Miller et al. 1988, Rice et al. 1993, 
Cushing & Horwood 1994), a survival advantage goes 
to fish growing quickly through a 'mortality window', a 
period of several months during which as much as 
99.99% of a cohort may die. A rapid growth rate 
through the larval and juvenile stages is thought to 
increase the probability of survival due to an enhanced 
ability to feed and avoid predators (Rice et al. 1993, 
Cushing & Horwood 1994). While widely accepted, 

field evidence supporting this hypothesis for marine 
fishes has been elusive. 

Cod spawn on Georges Bank (NW Atlantic) in late 
winter of each year, producing buoyant eggs and 
larvae which metamorphose into pelagic juveniles of 
about 17 mm length after 1 to 3 mo (Campana & Hur- 
ley 1989). The pelagic juveniles feed in the water col- 
umn until they reach a size of 30 to 40 mm, at which 
point they begin a protracted settlement to the ocean 
bottom (Lough & Potter 1993). Uslng the otolith 
microstructure of juvenile Atlantic cod Gadus morhua 
from Georges Bank, I reconstructed the daily growth 
historles of the 1984-1988 year-classes and related 
them to 2 independent indices of survival through to 
the adult stage. Differences in growth trajectories 
among year-classes were subsequently used to calcu- 
late expected differences in exposure time to high lar- 
val mortality rates, and the associated impact on cohort 
abundance. These cohort abundance predictions were 
then compared with the differences in year-class 
strength which were actually observed. The objective 
of the study was to test the hypothesis that growth and 
survival rates in young marine fish are directly related. 
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Table 1 Cadus rnorhua. Summary of sampling information for young-of-the- each estimate of otolith size was back- 
year cod. FL: fish length (mm) calculated using the b~ological inter- 

Year Date Latitude Longitude Mean FL Mean age n 
(NI (W) -t SE + SE 

1984 12 June 41"45' 66"58' 34.1 e 0.4 80.3 r 1.3 43 
1985 24-26June 41°45' 66"40' 43 .7e1 .1  9 8 . 0 t 1 . 1  69 
1986 20 June 41" 30' 66"50' 33.7 + 0.5 95.4 * 1.0 47 
1987 31 July 42O0.5' 66"30a 60.1 + 1.2 133.8 i 1.2 32 
1988 20-27 June 41"-42" 66- 69" 34.6 + 0.8 96.9 t 2.4 49 

cept equation (Campana 1990) Hatch 
date distributions were not corrected 
for mortality effects, since all samples 
were collected in the low-mortality 
juvenile stage (Campana & Jones 
1992). 

The daily temperature record of the 
water to which the young fish were 
exposed was reconstructed from tem- 
perature measurements taken on the 

MATERIALS AND METHODS northeastern cap of Georges Bank at depths between 
30 and 50 m. Since temperatures were not ava~lable for 

Georges Bank was selected as the study site in light every day of the year, a cubic regression was fit to the 
of the relative abundance of young cod in the area and,  available data between 1 January and the date corre- 
in particular, the availability of 2 independent indices sponding to that of fish collection for each year. All 
of cod survival through to the adult stage. Cohort sur- regressions were based on more than 100 temperature 
viva1 is often difficult to measure, and Lhis explains measurements per year, and all produced highly slg- 
much of the reason for the relative absence of marine nificant results with no obvious patterns in the residu- 
field studies on the growth-survival interaction. In a l ~ .  The daily temperature records reported in this 
this study, measures of year-class strength were taken paper represent the predicted temperatures from each 
from published estimates of abundance at age from year's regression model. 
research vessel (RV) surveys and virtual population Growth trajectories by age  and/or day-of-year 
analysis (VPA). U.S. RV surveys of age  1 and  2 cod con- (DOY) were produced for each individual fish based 
ducted in the spring and fall of each year showed on the width of each daily increment in the growth 
highly correlated abundance trends for each cohort sequence. While growth data were acquired over a 
(Hunt & Buzeta 1995). Therefore, a single RV index broad range of ages and dates for certain years, statis- 
was produced by taking the first principal component tical analyses were restricted to the age range 30 to 
of the 4 survey time series. A second index of year- 93 d and DOY 110 to 162 to insure comparable cover- 
class strength was the abundance at age  1 from a con- age across years. All conclusions presented in this 
verged VPA (Hunt & Buzeta 1995), lagged to the year paper were based on repeated-measures analysis of 
of hatch. Since the VPA and RV indices were hlghly variance (RM-ANOVA) of the individual growth 
correlated through the study period (r = 0.95), the VPA sequences, since repeated-measures analyses prop- 
results have been used as representative of year-class erly take into account the longitudinal nature of 
strength throughout this paper Estimates of spawning growth within a n  individual (Chambers & Miller 
stock biomass were based on beginning-of-year VPA 1995). Univariate statistics are not appropriate for 
biomass, adjusted with age-maturity schedules (Hunt such analyses since the sequential growth increments 
& Buzeta 1995). of an  individual are, by their very nature, autocorre- 

To reconstruct the growth history of the cod sur- lated and non-independent. However, for the pur- 
vivors from each of the 5 cohorts, random samples poses of presentation, mean growth trajectories within 
were taken of young-of-the-year (YOY) cod 25 to each year have been included. 
75 m m  in length in pelagic and bottom trawl surveys of 
northeastern Georges Bank in late June or July of each 
year (Table 1).  Fish size at  capture was comparable in RESULTS AND DISCUSSION 
all years except 1987, in which the later survey date 
resulted in the collection of significantly (p i 0.05) As independent indices of cohort survival, both the 
larger fish (Table 1). Since growth increments in the RV index and cohort analysis demonstrated the same 
otoliths of young cod are known to form on a daily interannual variability in adult abundance (a 4-fold 
basis (Geffen 1995), counts and measurements of daily difference among the 5 years) characteristic of many 
growth increments in the lapillar otoliths were used to cod stocks. Both indices were highly correlated 
provide accurate estimates of age,  hatch date, daily through the study period (r = 0.95), and both showed 
otolith growth rate, otolith size at  age,  and otolith size very similar patterns across the 5 years (Fig. 1). There- 
a t  date for a n  average of 50 individuals per year-class fore, there is no reason to doubt the validity of these 
(Campana 1989, 1992). Fish length corresponding to measures of cohort survival. 
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The age-structured RV surveys demonstrated that 
year-class strength could sometimes be detected as 
early as the fall of the flrst year of life. However, year- 
class strength was not evident at the egg stage: using 
spawning stock biomass as a proxy for egg production, 
no correlation between egg production and the abun- 
dance of the year-class was evident (Fig 1).  Thus the 
relative abundance of the cohort was modified some- 
time between the time of egg  production and the end 
of the first year of life. 

The date of hatch played no obvious role in the prob- 
ability of survival of the cohort. Hatch date distribu- 
tions were remarkably similar among cohorts, with no 
significant differences in mean hatch dates (15 to 
18 March) for the years 1985-88 inclusive (ANOVA, 
p > 0.60) (Fig 2).  Cod in 1984 were hatched signifi- 
cantly later than in the other years (ANOVA, p < 0.05), 
on a mean date of 24 h4arch Overall, however, hatch 
dates were not correlated with either YOY growth 
rates or year-class strength 

The daily growth rate of the otolith increased from 
about 1.5 pm d-' in 30 d old larvae to about 4 pm d-I in 
93 d old juveniles, reflecting a general increase in 
growth rate with age. The individual growth rate tra- 
jectories differed relatively little within any given year, 
suggesting that individuals shared some common 
arowth history (Fiq. 3).  However, there were signifi- 
cant and substantial differences among cohorts (RM- 
ANOVA, p < 0.01), with age,  year and the age  X year 
interaction all significant as factors. Thus the daily 

cohort abundance, th; VPA numbers a tage  1 (X 103 fish) and 30 
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Fig. 1 Gadus morhua. Trends in cohort abundance and 
spawning stock biomass (SSB, in t) for Georges Bank cod 
throuclh the 5 yr study period. As independent measures of 
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Fig. 2. Gadus morhua. Hatch date distributions (day of the 
year) for 5 cohorts of Georges Bank cod based on the otolith 

microstructure of YOY juveniles 
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AGE (DAYS) 

Fig. 3. Gadus morhua. Mean (i95?0 CI) daily growth rate of 
otoliths from the 1985 cohort of Georges Bank cod over an age 
range common to all 5 cohorts. The variances around the 
mean trajectories of the remaining cohorts were of similar 

magnitude to that shown here 

AGE (DAYS) 

Flg. 4 .  G'adus morhua. Mean otolith growth rate trajectories 
for each of 5 cohorts of Georges Bank cod. All trajectories 
except those of 1986 and 1988 differed significantly from one 
another (RM-ANOVA, p < 0.05). Increment widths for ages 

>86 d in the 1984 cohort were based on 10 or fewer fish 

growth rate trajectories differed across years, with the 
ranking among cohorts differing depending upon the 
age (Fig. 4).  The median annual growth rate trajecto- 
ries were not correlated with year-class strength. How- 
ever, the daily temperature history differed substan- 
tially among years (Fig. 5), indicating very different 
temperature exposure histories for each cohort of cod. 
Indeed, when introduced as a covariate into the 

DOY 

Fig. 5. Dailv temperature ("C) time series for waters of 30 to 
50 nl depth un the northeast cap of Georges Bank for the 
years 1984 to 1988, reconstructed from non-daily measure- 

ments (see text) 

repeated measures ANOVA model, temperature had a 
significant effect on otolith growth rate, both on a day- 
to-day basis and across years (p  < 0.05). Nevertheless, 
temperature explained no more than 30 % of the inter- 
annual difference in daily otolith growth rate, and thus 
cou1.d not be implicated as the sole, or even the pri- 
mary, source of interannual difference in growth tra- 
jectory. Since a significant year effect persisted in the 
repeated measures model that included temperature, 
temperature must have operated in conjunction with 
other factors to produce the observed interannual dif- 
ferences in growth. 

When integrated across ages, the trajectories of 
otolith size at age (Fig. 6) also differed significantly 
among cohorts (RM-ANOVA, p < 0.01). From an age of 
about 55 d onward (corresponding to a fish size of 13 to 
18 mm), the relative size of the otolith of a cohort com- 
pared to that of other cohorts was fixed, with the 
exception of the 1984 cohort, whose interpretation was 
complicated by reduced numbers of older fish. Trajec- 
tories of fish size at age, derived from otolith back- 
calculation, showed very similar patterns. Thus, inter- 
annual differences in growth trajectories appeared to 
be largely fixed in the late larval or early juvenile stage 
of life. 

If growth ra.te confers a survival advantage to young 
fish, it should be evident in a comparison among 
cohorts of widely differing survival rates (year-class 
strength). Both otolith and fish length at age during the 
pelaglc juvenile stage were significantly correlated 
(p  < 0.05) with cohort survival (Fig. 7) ,  supporting the 
hypothesis of enhanced survival in fast-growing fish. 
The correlation was maximal at lengths greater than 
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AGE (DAYS) 

Fig. 6. Gadus morhua. Mean otolith growth trajectories of 5 
cohorts of cod based on reconsti-uction from the daily growth 
sequence in the otolith. All trajectories differ significantly 
(RM-ANOVA, p < 0.05) from one another, and all except that 
of 1984 become fixed relative to other cohorts after the end of 
the larval stage (age -55 d). Reconstruction of ages >86 d in 

the 1984 cohort was based on 10 or fewer fish 

30 mm, near the size of transition from a pelagic to a 
bottom-dwelling habit (Lough & Potter 1993). On the 
other hand, there was no significant correlation during 
the larval stage (ages c 4 0  d ) ,  in keeping with s.ugges- 
tions that early larval stages may not play a significant 
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Fig. 7. Gadus morhua. Fitted regression (r2 = 0.80) between 
the mean otolith radius (pm) at an age of 90 d and cohort 
abundance (X 10' fish) as measured trom VPA. 'l'he regress~on 
supports the hypothesis that a more rapid growth rate 
through to the pelagic juvenile stage results in enhanced 

survival, and hence cohort abundance 

role in the determination of adult cohort abundance 
(Sissenwine 1984, Campana et al. 1989, Pepin 1993). 
lnterannual differences in growth trajectories across 
DOY were relatively small and were uncorrelated with 
year-class strength, indicating that the observed rela- 
tionship between growth and survival was a function 
of age, not of date. Therefore measurements of fish or 
otolith size at some fixed date in each year would not 
be expected to provide a useful index of year-class 
strength, thus explaining why fish length at the end of 
the first year of life (in March) was uncorrelated (p  > 
0.2) with year-class strength. 

The variability in instantaneous growth rates among 
cohorts was small (15%) compared to that of adult 
cohort abundance (400%)) over the same period. To 
determine if the range in growth rates was sufficient 
to account for the observed pattern of survival, I esti- 
mated the difference in cumulative mortality which 
would accrue to each cohort due simply to growth- 
related variations in the time required to reach the 
approximate length of settlement (about 36 mm). Esti- 
mated times differed by only 14 d (with a mean of 93 d)  
among cohorts. Nevertheless, given high mortality 
rates characteristic of the early life stages of cod 
(0.1 d-'; Houde 1987, Campana et al. 1989, Sundby et 
al. 1989), and assuming a constant instantaneous mor- 
tality rate, the effect on the range of cumulative mor- 
talities was nearly 4-fold. Egg production adjusted for 
the cumulative mortality difference among years re- 
flected adult cohort abundance rather closely (Fig. 8),  

COHORT 

Fig. 8. G ~ ~ d u s  rnorhua. Correspondence between observed 
cohort abundance (X 105 fish) from VPA and that predicted 
from spawning stock biomass after adjusting for growth- 
relatecl interannuai aiiierences in cumuiative moridiiiy i l l  iile 
larval and juvenile stages. The correspondence is significant 
(p  < 0 05),  while that with unadjusted spawning stock biomass 

(Fig. 1) is not 
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while unadjusted egg production did not (Fig. 1) 
Minor variations to the assumed mortality rate did not 
alter these conclusions, although the actual mortality 
rate probably varied among years. Thus, for cod, 
Houde's (1987) suggestion that small variations in the 
growth rate of young fish can explain much of the vari- 
ability in survival rate to the adult stage appears to be 
borne out. 

This study suggests that much of the variability in the 
year-class strength of a fast-growing cod population 
may be explicable on the basis of small interannual 
variations in the growth rate of the young fish. In addi- 
t ~ o n  to providing some of the first field evidence in su.p- 
port of the growth-mortality hypothesis, this study indi- 
cates that it may now be possible to predict the relative 
abundance of a cohort of adult cod while it is still in its 
first year of life, through examination of the otolith 
microstructure of newly settled juveniles. 
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