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Introduction 

The objective of this analysis is to provide estimates of population sustainability for 
Atlantic cod, Garlus morlima, in NAFO Divisions 3N and 30. A population that is 
sustainable is one in which each individual's lifetime survivorship and fecundity allow that 
individual to replace itself. In theory, sustainable populations are at equilibrium and, as such, 
do not change in abundance through time. The goal of this analysis is to determine those 
years from 1959 to 1993 (and forecasts for 1994) when the age-specific values of survival 
and fecundity for 3NO cod were sufficiently high to permit the stock to replace itself through 
Cane. 

Methods 

The instantaneous rate of change of the 3NO cod stock was estimated as r, the 
intrinsic rate of natural increase, as given by the discrete-time version of the Euler-Lotka 
equation 

(I) 	 I -r I I, tn, e 

where /, represents survival from the zygote to the beginning of the breeding season at age x 
and nt, is the number of female zygotes produced by a femtdc breeding at age x (Cole 1954; 
Schaffer 1974). The intrinsic rate of natural increase is frequently used as a measure of 
genotypic fitness (Charlesworth 1980; Stearns 1992; Hutchings 1993). As a measure of the 
rate of change in population abundance, population size at time t+I can be estimated from 
population size at time t from the equation 	= N, e' (Caughley 1977). Thus, i=0 for a 
population that is neither increasing nor decreasing, i.e., able to sustain itself through time. 

Age-specific rates of survival, I, and fecundity, nix , for 3NO cod from 1959 to 1994 
were estimated from data provided in assessment documents for this stock (or forecasted in 
the case of 1994) and summarized in Tables I and 2. Fishing mortality estimates for ages 3-
13 yr are available in Davis et al. (1993). Natural mortality per annum for all ages was 
assumed to he 18% (i.e., M=0.2; Davis et al. 1993). Age-specific fecondities were estimated 
from the fecundity vs. weight regressions calculated by May ( . 1967). Weight-at-age data from 
the commercial fishery arc available in Davis et al. (1993) fur ages 3-12 yr and from the 
yearly assessment documents for this stock for ages 13-20 yr. Data for cod aged 3-12 yr 
from 1959 to 1971 were approximated by the average weight-at-age from 1972 to 1992. Data 
for cod aged 13-20 yr from 1959 to 1982 were estimated to be the average weight-al-age 
from 1983 to 1992. Based on empirical data available in NAFO (1993), it was assumed that 
4% of females reproduce at age 4 yr, 22% at age 5, 64% at age 6, 94% at age 7, 99% at age 
8, and 100% at all subsequent ages until death following reproduction at age 15. 

To estimate survival from birth to age 3 yr (ages for which survival data are not 
available), it was assumed that female cod replace themselves in the absence of fishing, i.e., 
the population is at equilibrium, and that females live on average to an age of 20 yr. Thus, 



the product of age-specific rates of survival and fecundity from ages 5 through 20 yr were 
constrained to equal 2. the expected lifetime number of of1Xpring produced by a sexual 
organism that replaces itself (Charlesworth 1980). Survival from birth to age 3 yr, s o„, was 
estimated to be 2.6)(10'. To allow for 50% under-estimation error in this parameter, two 
values of s„ : , were used to estimate r. These were 2.6x10 -7  and 52x I V'. Although an 
implicit assumption of this analysis is that survival to age 3 yr is density-independent, these 
two survival estimates should encompass a sufficiently large range of values concordant with 
the assumption that juvenile survival is negatively associated with population abundance. 

Results 

Temporal changes ln the estimates of r were in broad agreement with observed 
changes in harvestable abUndance, i.e., numbers of cod aged 3 yr and older (as determined 
from Virtual Population Analysis) (Fig. I). 	 • 

Values of r estimated•using s„,.=5.2x10 7  (middle panel of Fig. 1) provided a close fit 
to the harvestable abundance data from 1959 to 1978,The increase in population size from 
the late 1950s to the mid 1960s was generally associated with values of r equal to or greater 
than zero (i.e., indicative of annual increases in population size). The large decline in stock 
size from 1967 to the mid 1970s was associated with negative values of r (indicative of 
annual declines in population size). The small rise in population size from 1976 to 1978 was 
associated with values of :  r greater than zero. 

From 1978, changes in harvestable abundance closely approximated changes in r 
estimated from the lower survival probability from birth to age 3 yr, i.e., s o_32.6810 -7  (upper 
panel of Fig. 1). The intrinsic rate of natural increase was slightly greater than or slightly less 
than zero from 1978 to 1985. This corresponds to a period during which the population 
changed : little in size. The decline in harvestable abundance from 1985 to 1992 was 
associated with a continuous decline in r (with the exception of 1991) from -0.04 to -0.35. 

Discussion 

Age-specific survival probabilities, and corresponding age-specific fccundities, 
experienced by 3NO cod since 1959 may have been sufficiently high for cod to sustain 
themseNes (i.el, r>0) during the late 1950s and early 19605 and from the late 1970s to the 
mid 1980s (Fig. I). However, since 1988, r has declined to values similar to Those 
experienced (hiring the marked decline of 3N0 cod from the mid 1960's to the mid 1970's 
(Fig. I). The time-dependent associations between r and harvestable abundance suggest that 
survival from birth to agei3 yr was significantly lower throughout the I980s than it was 
during the two previous decades. Importantly, the 1992 estimates of r (-0.26 and -0.35, 
depending on x5:3 ) are among the lowest for this stock. Given these extremely low values of 
r, and given the historically low size of the harvestable component of the stock (as estimated 
from VPA and research siirveys since 1971; data in Davis et al. 1993), fishing mortality on 
cod in Divisions 3N and 30 should be reduced significantly. Estimates of r based on the 
conservative and more reliable (see above) estimate of survival from birth to age.3 indicate 
that 3NO cod would not be able to sustain themselves at the Total Allowable Catch 
forecasted for 1994 (i.e., 6,000 H. 
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Temporal Changes in Population Sustainability (r) for 3NO Cod 
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Figure I. Temporal variation in r, the intrinsic rale of natural increase (as indicated on the 
left ordinate) and harvestable abundance (cod aged 3 yr and older) from 1959 to 1994. At 
r=0, the population replaces itself through time. When r is greater or less than 0, the 
population increases of decreases, respectively, at the annual rates of change indicated on the 
right ordinate. A. Survival from birth to age 3 yr estimated to be 2.6x10 1 . B. Survival from 
birth to age 3 yr estimated to he 5.2x10 -7 . C. Temporal change in harvestable abundance as 
estimated by VPA (1959-1992 data in Davis et al. 1993; 1993-1994 data are unpublished). 
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