".NOT TO BE CITED WITHOUT PRICR
REFERENCE TO THE AUTHOR(S)

Northwest Atlantic Fisheries Organization

Serial No. N2715 ' NAFO SCR Doc. 96/40
SCIENTIFIC COUNCIL MEETING - JUNE 1996

The Populstion Growth Rate of Atlantic Cod {Gadus Morhua) at Low Abundance
by
R. A. Myers and G. Mertz

Science Branch, Department of Fisheries and Oceans
P. O. Box 5667, St. John's, Newfoundland, Canada A1C 5X1

and
P. S. Fowlow

Seaborne Ltd., P. Q. Box 2035, Station C, 200 White Hills Road
St. John's, Newfoundland, Canada A1C SR8

Abstra_ct

We examine the population to population variability of intrinsic rate of nat-
ural increase, r,,, of Atlantic cod {Gadus morhua). The intrinsic rate of
increase is positively related to temperature, contrary to the expectation
that r,, might increase as the high and low temperature limits of habitabil-
ity for cod are approached. For the parameter regime considered, r,, has a
simple dependence on age at maturity and the number of replacements each
spawner can produce at low population densities (&). It is shown that & is
not femperature dependent, and thus the covariation of r,, and temperature
arises from the influence of temperature on age at maturity. We demonstrate
that our estimates of r, are robust and thus may be of use in cstimating the
recovery time of depleted stocks. '
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Introduction

Perhaps the most fundamental of all ecological parameters is the intrin-
sic rate of natural increase, rn,, (Cole 1954). High r,, will be selected for
in populations which experience frequent excursions to low density (e.g.,
Charlesworth 1980). Populations subjected to strong environmental vari-
ability should evolve toward high r,, (MacArthur and Wilson 1967), which
will impart resilience to the population. However, cross species, allometric,
comparisons (Fenchel 1974, Hennemann 1983, Charnov 1993) suggest that
rm chiefiy depends on metabolic rate or somatic growth rate. Perhaps, the
influence of environmental variability on r,, can be more readily discerned in
cross population comparisons for a single species. In this paper we will carry
out such an examination for 20 stocks of Atlantic cod (Gadus morhua).
Atlantic cod lends itself to a study of this nature since in that there
is & wealth of good quality biological data collected for stock management
purposes. Moreover, these cod stocks occupy a bread span of latitudes,
including regions which are thought to represent the northern and southern
limits of habitability for cad, and there is evidence that population variability
increases as these extremes are approached {Myers 1991}, The increase in
population variability at the limits of the range of northern cod could impose




constraints on r,,, that would mask the simple dependence of 7, on metabolic
rate or somatic growth rate apparent in cross species comparisons. Infact, we
will show, in what we believe is an unanticipated result, that even for a within
species comparison, there is strong coupling between r,, and metabolic rate
or somatic growth rate (as represented by age at maturity or temperature).
Qur results have implications fer the recovery rates of a number of recently
collapsed Atlantic cod stocks (Hutchings and Myers 1994).

Methods and data

For fish populations reproduction is generally expressed as recruitment, the
number of juvenile fish reaching, in a given year, the age of vulnerability
to fishing gear. Thus, the reproduction curve (Royama 1923} for fish is
displayed as a spawner-recruitment curve (Ricker 1954), and 7, must be
derived from the slope of this curve near the origin (low population). This
will be presented immediately following a brief discussion of the standard
stock-recruitment curves.

Juvenile fish become vulnerable to fishing gear, that is, they recruit, at
an age designated as j. We consider the Ricker spawner-recruitment model
which describes the number of recruits at age j in year t+j, Ny, 4, resulting
from a spawning stock biomass (SSB) of 5;. We follow the usual convention
in fisheries of assuming the number of eggs produced is proportional to the
biomass of spawners. The Ricker model has the form

E(NH.JI'_-;) = aste_'gSla (1)

where « is the slope at the origin (measured perhaps in recruits per kilogram
of spawners). Density-dependent mortality is assumed to be the product of
3 times the recruitment. The parameters were fit using maximum likelihood
estimation assuming lognormal variability (Hilborn and Walters 1992, Myers
et al. 1§95).

The standardized initial slope, &, is obtained by scaling the initial slope
a by SPRpoy, ie.

& =a-SPRrg (2)
where SPRpog is the spawning biomass resulting from each recruit in the
limit of no fishing mortality (F = 0). This quantity & may be interpreted
as follows: at low population density each spawner will produce & spawners
@ years later, where g is the age at maturity. If the annual survival fraction
for spawners {p,) was zero, the population of spawners, &, would obey the
following equaticn:

Nepa = 6Ny (3)

Equation (3) has the solution Ny = @"Ny where N, is the number of
spawners at t = (. It follows that the natural growth rate, per annum, of the
population is

= (1/a)loga , (4)

for the limit of small p,. The analogous result for the case of overlapping
generations is derived below. -

Overlapping generations "

The overlapping generations case is conveniently treated by solving for r, in
the FEuler-Lotka equation, )

Z lme™ =1, ' (5)
- :

where [, s the fraction of animals surviving to age t and m, is the number
of offspring per animal produced at age . We now specify that m, = mq
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for fish of age a and older, and also, for t > a, {; = Lpl®, where Ij is the
fraction of juveniles that survive from age zero to age ¢, and, again, p, is the
annual survival fraction of spawners. It follows from (3} that

t=co

z'mo‘gp;a RLUSEY (6)

t=a

A littie manipulation, and the summing of 2 geometric series, allows (6) to
be written as

ljrnoe“'”“‘
1 — pge~

Since my is the number of age zero fish produced by each spawner, and since

=1. Y

is the fraction age zero fish surviving through the juvenile stage to ma.turlty,.

it foilows that mel; = &, and thus (7) can be expressed as
(&™) — p, (e —a= 0. (8)

We have bracketed the ¢’ term to emphasize that (8) is 2 simple algebraic
equation for y = e'™. Note that in the limit p, = 0, we recover (4) from (8).
Equation (8} is very similar to equation (1) of Goodman (1984), amounting
to a transiation into parameters available for fish populations. Equation (8)
may also be obtained as the low density limit of the simplified age structured
model of Clark {1976), as modified by Mertz and Myers (1995}.

It is clear for a moderately large slope at the origin (&) that the age of
maturity (e) is the most important factor in determining ry, (Fig. 1): The
survival after reproduction {p,) has only a minor effect on r except when &
_is elose Lo one, and over much of the range of &, equation {1} (which is valid
for p, = ) provides a good approximation to the true r. The ry values
used will be (_d.lC‘L]la.t(‘d from (8) using the fisheries daLa. described in the next
subsection.

Data sources and treatment

The data we used are estimates obtained from assessments compiled by My-
ers et al. {1995). Population numbers and fishing mortality were estimated
using sequential population analysis (SPA) of commercial catch at age data
for most marine stocks. SPA techniques include virtual population analy-
sis (VPA; Gulland 1963), cohort analysis (Pope 1972}; and related methods
which reconstruct population size from catch at age data (Hilborn and Wal-
ters (1992). See Hilborn and Walters (1992, chapters 10 and 11} for a de-
scription of the methods used to reconstruct the population history. Briefly,
the commercial catch at age is combined with estimates from research sur-
veys and commercial catch rates to estimate the numbers at age in the final

year, and to reconstruct previous numbers at age under the assumption that
commercial caleh at age is known without error and that natural mortality
al age is known and constant.

The stock boundaries in the North Atlantic generally follow those of the
Northwest Atlantic Tisheries Organization - NAFQO, or the International

Fig. 1 near here

Council for the Exploration.of the Sea - ICES (Fig. 2). Many popula- Fig. 2 near here

tions cover more Lhan one NAFO or [CES unil area, e.g. the cod stock

off Labrador and Northeast Newfoundland known as “Northern” cod, in-
habits three NAFQ divisions: 2], 3K and 3L, and is designated as 2J3KL
cod. There are three minor stocks that are not included in the comparative
analysis: Flemish Cap, Gulf of Maine, and the English Channel, There are
no reliable catch data for the Flemish Cap stock (NAFO 3M]) or the En-
glish Channel stock (ICES Vild) and the time series of data for the Gulf of

Maine (NAFO 5Y) is not included in the comparative analysis because the

time-series is too short (less thar 10 years) (Myers et al 1993).

The Ricker model was fit using a transformation recommended by Hilborn

and Walters (1992): log( Ny, ;/S.) = logé — S5, + ¢, where € is normally
distributed with mean zero and vana.nct, a?. The estimate of & from the abave
equation is exp(log & + 02)

s 50 &% is a bias correction term term that occurs
because the nonlinear Lla.nsformat]on that was used after estimation (Cox
and Hinkley 1974). Another source of bias is caused by the non-independence




of spawners and recruitment, le., large recruitment usually leads to large
spawner zbundance (Walters 1985); however, this bias is relatively small in
the estimates for cod stocks (Myers and Barrowman 1995).

The disadvantage of using the Ricker model, or anv other stock recruit-
ment model, is that the slope at the origin is influenced by observations far
from the origin. We investigated an alternative approach: we regressed re-
cruitment versus spawner biomass using only the 6 observations with the
lowest spawner biomass, forcing the regression line through the origin. This
simple procedure shouId be reasonable because all the stocks have been re-
duced to very low levels,

Bottom temperature was estimated by Brander {1994) for all the stocks
except the Baltic stocks. We used data in Dickson et al. (1992) to make
estimates for the Baltic stocks. We estimated independent temperatures for
the Northwest Atlantic from deYoung et al. (1994). These changes were
small (less than 2°C) and did not have an important effect on our findings.

Results

The Ricker model estimates of the slope at the origin and the population
growth rate was estimated for the 20 spawner recruit data sets (Table 1, Fig.
3). The slope at the origin, &, did not vary enormously ameng populations
(Fig. 4). There is one stock, Irish Sea, for which the & is much larger; we
believe that this large & is not real and is caused by errors in the data.

It is evident from Fig. 5 and Table 2 that r,, strongly covaries with
temperature. It is clear from Fig. § and Table 2 that this behavior does not
arise from any dependence of & on temperature, since & is not correlated
with temperature. Table 2 and Flg 6 reveal a strong dependence of r,, on
age.at maturity; there is no corresponding significant relationship between
& and age at maturity. Consistency demands that there be a relationship
between age at maturity and temperature, and indeed, Tabie 2 and Fig.
7 show that there is a significant cosrelation between these two variables.
Since equation (4} (which is an adequate approximation) specifies an inverse
relationship between r,, and e, it is reasonable to assert that the temperature
dependence of ¢ drives the temperature dependence of r,,.

We repeated the above analysis using & calculated at the median slope
of the § observations with the lowest spawner abundance. The estimates
calculated using this robust procedure were generaliy comparable with those
estimated from the Ricker model, though the Ricker values were generally
higher (Fig. 8). The larger discrepancies in the two methods occurred for the

Table 1 near here

Fig. 3 near here

Fig. 4 near here
Table 2 near here
Fig. 5 near here

Fig. 8 near here

Fig. 7 near here _)

Fig. & near hers

populations in which there were low estimates of recruitment at the largest -

stock sizes; e.g., Irish Sea cod (Fig. 3). These points, although they are

farthest from the origin, resulted in a higher estimate of the slope at the -

origin because the Ricker model assumes a linear relationship between egg
to recruit mortality and SSB. .

We repeated the regression analysis of rate of population growth and slope
al the origin {&) at minimum population size versus botlom temperature
using the robust estimate of the slope, and found similar results to those
using the Ricker model {Table 2, Fig. 9). We conclude that cur results are
robust to the method used to estimate &.

Discussion

Perhaps remarkably, our study has revealed that the allometric {cross species)
approximate inverse proportionality between r, and age at maturity hoids
within the species Atlantic cod. Despite the much narrower range of r,, for
the single species comparison, the relation between ry, and age at maturity
prevails over other influences. The expectation that cod stocks at the north-
ern and southern extremes of their range should show higher resilience (r,, ),

Fig. ¢ near here
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because of greater susceptibility to environmental change (Myers 1991), is
not realized. In a similar vein, Roff {1984) suggested that early maturity in
fish species may arise through r-selection (in response to extreme environ-
mental variability}; our findings show that age at maturity appears to be
chiefly determined by ambient, temperature.

Although we have found a clear relationship between v, and temperature,
this was not necessarily expected a priori because mortalily is also strongly
influenced by temperature (Pauly 1930). That temperature dependent (egg
to adult) mortality can offset the effect of temperature dependent growth is
cmphasized by the temperature independence of & Morce specifically, & de-
pends on both fecundity and mortality. Fecundity, being growth dependent
{Roff 1984), increases with temperature; however, mortality also increases
with temperature and counteracts the influence of temperature dependent
growth, leaving & temperature independent. (Note that many empirical stud-
ies of life-histories of fish have found thatl growth rate and survival covary;

. e.g., Beverton and Holt 1959, Pauly 1980, Myers and Doyle 1983, Hutchings
1993.) ‘

The relation between ,, and temperature is presumably a metabolic ef-
fect, in that fish growth is strongly influenced by temperature (Pauly 1980,
Taylor 1958), implying that a fish in a warm environment will reach the re-
quired size for maturity at an early age, which tends to increase rn,. Although
Birch (1948) has noted, for insect populations, that higher r,, values do not
necessatily correspond to higher temperatures, investigators such as Henne-
mann (1983) and McNab (1980) have suggested that rr, should be closely
related to metabolic rate, establishing a link with temperature, Certainly our
presentalion corroborates this proposed parallel between metabolisim and ro,.

The importance of the determination of r,, has long been known (Lewon-
tin 1965); however, it is certainly not always the case where age at maturity
is the dominant factor. For species for which the production of replacement
adults at low population density, &, is relatively low, e.g. many mammals
and birds, then changes in & or adult survival will have large effects on rr
{Fig. 1). However, for cod, and perhaps many fish, & is relatively large, e.g.,
around 15. In this case, the effects of changes in aduit survival or & have a
relatively small effect compared to age at maturity (Fig. 1).

Our study has presented robust estimates (see Fig. 8) of r,, for a variety
of Atlantic cod stocks, thus establishing recovery times for overfished stocks
relieved from fishing pressure. The rapid rebound of Barents Sea cod (circa
two years; Jaksbsen 1994] after a stock collapse is consistent with our results.
For the Labrador/N.E. Newfoundland cod stock, currently protected by a
fishing moratorium, recovery could require a long period, given the doubling
time of about two years and the severe depletion (compared to the Barents
Sea) of the spawning stock (Hutchings and Myers 1994). -
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TABLE 1. Estimates of rate of population growth (ry,), slope at the origin
(&) at minimum population size estimated from the Ricker model, age of
maturity (@), bottom temperature, and NAFO/ICES management units for
20 cod populations in the North Atlantic.

ID  Stock ' NAFO/ICES rm & a temp
1 West Greenland 1 0.44 12 8 1.75
2 Labrador/N.E. Nfid. 2I3KL 0.36 12 7 0.00
3 5. Grand Bank INO 0.49 17 8 1.75
4  N.Gulf of St. Lawrence 3PndRS 039 15 7 1.00
2 St. Pierre Bank 3Ps . 0.53 23 ] 2.50
.6 8. Gulf of St. Lawrence 4TVn 0.33 9 7 1.75
7 E.Scotian Shelf AVSW 0.58 49 6 3.75
8 S.W. Scotian Shelf 4X 0.72 12 3.5 6.75
9 Georges Bank 57 1.24 11 2 8.00
10 S.E. Baltic 22-24 1.20 42 3 7.00
11 Central Baltic 25-32 0.97 16 3 5.00
12 Celtic Sea Vig,f 1.07 26 3 11.00
13 Faroe Plateau Vh 0.78 21 4 7.40
14 Iceland Va 0.43 22 7 5.80
15 Irish Sea VIIb ¢ h-k {52 116 3 10.00
16 Kattegat south 11Ta 0.97 18 3 6.50.
17  Barents Sea | 0.44 33 7.5 4.00 -
18 North Sea v 0.90 45 4 8.60
19  Skagerrak nerth [I1a 1.29 56 3. 6.50
20 West of Scotland Vlia - 1.38 32 2.5 10.00




TABLE 2. For each of the three variables r,, (population growth rate), &
(slope of the stock-recruit curve at the origin) and a (age at maturity), the
estimated slope parameter of the regression on temperature (T') (e.g.,

Tm = a + bT') is presented, labeled b. For ry and & there are two b values
based respectively on the Ricker fit to each stock-recruit data set and the
median of the first six points of each stock-recruit data set. Also shown are
the significance levels of the regressions on temperature and the
corresponding R*. The results are presented for the Northwest, Northeast

" and entire Atlantic. -

Ricker Ricker . Ricker Median Median ~ Median
b P(b 0) . R? b P(b=0) R*
Tm
West  0.07  0.002 0.78 0:67 0.005 0.70
East 0.15 0.003 0.64 0.07 0.05 0.36
All 0.09 ©0.00009 0.58 0.07 0.0000t 0.67
& .
West  1.58 0.5 0.06 -0.82 0.3 0.15
East ~ 4.15 0.2 0.16 0.45 0.7 0.02
All 3.33 0.04 0.21 0.67 0.2 (;..08
a
West -0.62  0.00005 0.92
East -0.45 0.06 0.34
All -0.47 0.00002 0.65
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Fig. 1. Rate of population growth (r,,) as a function of slope at the origin
(&) at minimum population size, age of maturity (a), and adult survival

rates p; = 0 (solid line), p, = 0.4 (dotted line) and p, = 0.8 {dashed
line).
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Iig. 3. Recruitment versus Spawning Stock Biomass (SSB) for the three
representative cod populations. The solid line is the maximum likeli-
hood estimate of the mean for Ricker spawner-recruitment functions
under the assumption that the probability distribution for any SSB is
given by a lognormal distribution. The dashed line is the median slope

at the origin estimated {rom the 6 points with thc lowest SSB. The-
straight dotted line is the replacement line.
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Fig. 4. Estimates-of slope at the origin {&) at minimum populiation size and
approximate 95% confidence limits for 20 cod populations in the North

Atlantic estimated from the Ricker model.

i

120




14
12

1.0

rm (year)

0.8
0.6

0.4

120

100
80

f60
40

20

Slope at the Origin (&)

Temperature (°C)
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