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Abstract
Weight-at-age of northern cod has been declining since 1979 for ali age—classes, while
the greatest reduction in size—specific growth has been before age 3. To what extent could the

declining weight—at-age 3 be responsible for smaller weights in older age—classes, and to what |

cxtent are size-specific growth rates of the older age-classcs declining? The among year
variability in weight-at-age 3 explained 54% of the variability in weight-at-age of older age-
classes of the same cohorts, and differences in weight-at-age among cohorts suggest that cohorts
that are small early in lifc tend to stay small. According to our simulations, over 50 % of the
decline in weight-at-age of 4 to 8 year—olds can be attributed to a decline in weight-at-age 3.
These results suggest that size in carly years greatly influences future production but also that
weights—at-age are lower than one would cxpect purcly from small sizes at age 3, and therefore
that the environment for growth in the older age—classes has warsened. Because cod are recruited
to the fishery at age 3, it is possibie that somc of the decline in weight-at—age 3 may not be due
to reduced growth rate, but may be a result of size—selective fishing mortality.

Introduction .

Weight-at-age of northemn cod has been declining in 2J3K over the last 15 years (Bishop
et al. 1995); on average a cod of a given age in 1979 weighed about twice as much as a cod of
the same age in 1993 (Fig.1). These small weights~at-age are not unpréccdcntcd, they were also
low through the early and mid 70's. The recent decline in 'wcight—at—ége in 2J3K has been
coincident with declines in temperature and capelin biomass. Water temperature and 'capeli-n
biomass arc correlated to both northern cod condition factor and northern cod size-at—age (Millar
and Myers 1990; Bishop and Baird 1993; de Cardenas 1994; Shelton and Lilly, 1995, Krohn et

al. in press) as well as size-at-age of cod on the Scotian shelf (Campana et al. 1995). During

this same period fishing mortality has been increasing (Baird et al 1992); and so it is possible

that some of the reduction in weight-at-age is not due o reduced growth rates but to the

selective removal of larger fish by the fishery. Even if the size—sclection is strongest on the first .

age—class-that is recruited to the fishing gear, the effects on weight-at-age may be expected to
persist through the later year—classes because smaller fish grow more slowly. To identify which
agc—classcs of northern cod have experienced the biggest dectines in growth we calculatéd size—
specific growth ralés (rather than growth increments) which correct for the cffect of size at the
beginning of a given year on growth rate through the year. The usc of size-specific growth rates
allowced us to identify which age—classes have cxperienced the most dramatic changes in growth

and in which age-classes declining weight-at—age was a result of smaller initial size.
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After identifying that specific-growth rates declined to the greatest extent before age 3

(Fig.2) we

(1) determined the proportion of variance in weight—at-age of older year-classes that can
be explained by weight-at-age 3 of the corresponding cohorts.

(2) cxamined the difference in weight-at-age among cohorts to determine whether
differences in weight-at-age track through the age—classes of a given cohort.

(3) simulated the proportion of the decline in weight-at-age of older age—classes that
can be attributed to weight-at—age 3. '

Methods
Weight—ar-age and size—specific growth

We used mean weights—at-age from the annual autumn groundfish surveys as reported
by Bishop et al. 1995. For the time series (Fig. 1 and 2) we averaged mean weights—at—age and
size—specific growth rates for 2J and 3K. Size-specific growth (G) was estimated using weights-
at-age (W(1) and W(2); kg) in two consecutive years (t(1) and t(2}; days):

(1) G = ([In W(2) - In W(1)] / [#(2) - t(1)]) x 100

We limited our analysis to the period 1979 to 1993 (the period over which the decline in
weight-at-age was observed) and age—classes 3 to 8. We omitted any weights at-age from the
analysis for years in which a mean of 0.05 cod or fewer were caught per tow (see Table 20 and
21 Bishop ct al. 1995). This criterion resulted in the climination of age 7's in 1993 and age 8's
in 1992 and 1993 from the analysis.

Relative weights—at—age

To allow us to include weight-at-age of age 3 to age 8 cod in the same analyses we
corrected for agc.- Relative weights-at-age were calculated by dividing weight-at—age for a given
age—class in a given year by the mean weight-at-age of the given age class over the period 1979
to 1993. For example if the weight—at-age for age 3 cod in 1979 was 0.65 kg, and the mean
weight of 3 year old cod over the period 1979 to 1993 was .5 kg, the rclative weight of age three
cod in 1979 would be 1.3. Each age—class therefore had an overall mean weight-at—age equal
to 1.

Detrended weight-at-age

It was necessary to detrend the weights—at-age to remove cnvironmental effects that could
be confounded with cohort effects. One can divide the influences on the growth into two
categories, one cegery that includes envitonental inlluences that vary annually (such as lood
supply or temperature) and act on all age—classcs in a given year, and the sccond being cohort
effects, most importantly the size of the fish at the beginning of the year. Size-selective fishing

could be considered a cohort effect; if the largest fish are removed from a given age—class, then

the smaller individuals of that cohort arc left to grow in the following ycar. If we wish to trace

the effects of cohorts through time it is important to tTemove annual effects. For example, the
decline in weight-at—age could be due to in part to the annual and in part to cohort cffects, the
annual effects being deteriorating environmental conditions for growth, and the cohort cffects
causing a decline in weight—at-age through the age—classes that resulted either from the removal
of the largest fish.by the fishery or from changing environmental conditions at a young age, in
cither case small weight-at-age may have been established at a young age and persisted through

to the older year—classes.
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To detrend the data we took the mean of the relative weight—at-age of all age—classes in
a given year, and then divided cach relative weight-at-age by the mean for the year. For
example if the mean relative weight of all age—classes in 1979 was 1.4 kg then we would divide
the weight-at—age for each age—class in 1979 by 1.4,

Differences in weights—at—age among cohorts
To determine whether differences in weights—at—age persist through cohorts we compared

relative weights—at—age among cohorts using a bootstrapping or resampling program (Krohn and

Boisclair 1994).

Proportion of the decline weight-at-age due o the decline in weight-at-age three

We ran simulations to determine the proportion of the decline in weight-at-age of older
year—classes that could be due simply to smaller weights—at—-age 3. For all pairs of years in
which there was a reduction in weight-at-age for a given age—class, we simulated the growth,
using the same size—specific growth rate of the two cohorts starting at their observed weights—at-
agce three. We used size—specific growth rates from the appropriate division, 21 or 3K (Fig.3).
We then divided the difference in the two modelled weights—at-age (for age 4 1o age 8) by the
difference in the two observed weights—at-age to get a proportion of the observed reduction in
weights—at-age that, given equal growth rates, could have been due 1o solely to smaller initial

weights.

Relationship between size—specific growth and weight
To simulate appropriate growth rates for cod in the 2J 3K area, we modelled specific
growth (G) as an function of weight (W(2)):

@ G = aW(@)

We used modelled growth as a function of weight at the end of the growth interval (W(2))
rather than at the beginning (W(1)) to avoid creating a spurious negative correlation between
specific growth ([In W(2) - In W(1}] / [((2) - t(1)]) x 100) and initial weight (W1), because
specific growth decrcases with weight. We included age 3 through age 12 cod to extend the

weight range.

Results and Discussion
Size -specific growth rates

Size-specific growth rates declined significantly (p<0.01) only for the 3 year olds, the first
year that cod are acoited o the fishery {Fig.2). Growth rates we calealated from changes i
weight between consccutive years, so the decline in growth rate for the 3 year—olds represents
a decrease in the difference in weight-at-age of 2 and 3 year-olds through time, or more
specifically reflects a decrease in the weight-at-age 3 relative to a more stable weight-at-age
2. It is possible, however, that weight-at-age 2 has also decreased but that the sampling gear
only catches the largest 2 year olds. The interpretation therefore should be limited to a decline

in specific growth rate somewhere before age 3, not necessarily between age 2 and 3.

Relationship between weight-ar-age 3 and weight—at—age in following years.
Is it possible that these changes in weight-at-age 3 lead to the declines in the older
year—classes? If so onc would cxpect that weight-at-age three would explain a significant

proportion of the among year variance in weight-at-age of the older age-classes. Relative
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weight-at-age 3 explained 54 % of the variance in relative weights—at-age of the 4 to 8 year
olds {p < 0.001), although when we used the detrended weights—at-age there was no significant
relationship. Weights—at-age were detrended to remove the effects of annual environmental
conditions, however it may be that detrending the data removed most of the range in the

weights—at-age, and thercfore that the cohort cffects were no longer detectable.

Relationship between weight—at—age of the same cohort in two consecutive years

To quantify the importance of size in one ycar on size of the same fish in the following year,
we regressed relative weights—at—-age in year X against relative weights—at-age of the same
cohort in year X + 1, and found that 70% of the among ycar variability in weight-at-age can
be explained by weight in the previous year, suggesting that once fish are small, they stay small
{Fig. 4). This relationship was weaker, but still held with the detrended relative weights—at-age
(£ = 035, p < 0.001, Fig.5).

Differences in weights—at—age among cohorts

If once fish are small they remain small through their lives, then we would expect to find
significant differences in weights-at-age through the age-classes among cohorts. Relative
weights—at-age did differ significantly among cohorts, the largest cohorts being as much as 84
% bigger than the smallest ones in 2J (p < 0.001; Fig. 6), and 50% bigger in 3K (p < 0.001;
Fig.7) with the earlicr cohorts being bigger than the more recent ones. This decrease in cohort
sizc is not necessarily due to a cohort effect, but may be duc to changing environmental
conditions, as discusscd carlier. After detrending the weights—at-age, the range in relative
weights among cohorts was greatly reduced, but the differences in relative weights among cohorts
were significant (p < 0.004; and p < 0.02 in 2J (Fig. 8) and 3K (Fig.9) respectively). Therefore
even after removing most of the variability in weights—at-age among cohorts, cohort effects were
still detectable in both divisions.

Proportion of the decline weight—at—age due to the decline in weight-ar—age 3.

According to the simulations, the decline in weight-at—age 3 explained, on average across
age—classes, 55 and 59 % of the declines in weight—at—age in the older year—classes, in 2J (Fig.
10) and 3K (Fig.11) respectively. This trend in this proportion declines with age in 3K, and there
is no clear trend in 2J.

A mean of 1 across the age—classes would have suggested that the whole reduction in
weight-at—age of age 4 to 8 year olds could have been explained by reduced weight-at—age 3,
and that after age 3 cod have not experienced reduced growth rates but arc smaller only because
of smaller initial sizes. The mean of 55 to 59% suggests that smaller weight-at-age 3 is not
entircly responsible for the decline in size—at—-age in later age—classes, the specific growth rates
themselves must have also declined, but it does suggest that over half of the decline in weight-
at—age may be a direct result of smaller sizes at or before age 3.

This analysis points to the importance of the decline in size—at-age of young fish, 3
years—old or less. They have cxperienced the greatest decline in growth rate, and this small size
has propagated through the older age~classes, cxplaining over 50% of the reduction in size—age
of the 4-8 year olds. It is also possible that some of the decline in weight-at-age 3 is not due
to reduced growth rate, but is due to the selective removal of the largest 3 year—olds by the
fishery (3 year-olds arc the first age—class recruited to the fishery). To cause a decline in
weight-at—age 3 through time fishing mortality on 3 year-olds would have to have increased
over this period. Fishing morality on 7 to 9 year-olds has increased steadily over this period

(Baird et al 1992) but is not clear whether fishing mortality has also increased on 3 year—olds.
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It is not known whether fishing mortality on 3 ycar-olds has been increasing, or whether
the size-seicction would be strong cnough to explain the observed decreases in size-at-age.
However, if size selective fishing was a key factor in the decline size-at-age of age 3's, the
simulations may underestimate the potential effect of size-selective fishing on weight—at—age in
later years because removing the largest fish may also involve removing the fastest growers. The

remaining fish may not only be smaller but may also have lower size—specific growth rates.
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