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Life history consequences of overexploitation to
population recovery in Northwest Atlantic cod
(Gadus morhua)’

Jeffrey A. Hutchings

Abstract: Changes to life history traits are often concomitant with prolonged periods of exploitation. In the Northwest
Atlantic, 30- to 40-year declines of more than 90% of Atlantic cod (Gadus morhua) have been associated with signifi-
cant reductions in age and length at maturity, changes most parsimoniously explained as genetic responses to fishing.
Increased survival costs of reproduction associated with earlier maturity, resulting in higher natural mortality and
shorter life span, negatively affect population growth rate and rate of recovery. Coupled with lower hatching rate
among first-time spawners and smaller size at maturity, a modest reduction in age from 6 to 4 years can reduce annual
population growth in Atlantic cod by 25%-30%, based on the output of a stochastic, age-structured life history model.
Earlier maturity more than doubles the probability of negative population growth every generation. These results under-
score the potential for fishing-induced changes to life history traits alone to generate slow or negligible recovery in
marine fishes, exacerbating negative impacts on population growth resulting from ecosystem-level alterations to
interspecific competition and predation.

Résumé : Des changements de caractéristiques démographiques accompagnent souvent les longues périodes
d’exploitation. Dans le nord-ouest de 1’ Atlantique, les déclins sur 30 a 40 ans de 1’ordre de plus de 90 % de la morue
franche (Gadus morhua) sont associés a des réductions significatives de 1’age et de la longueur a la maturité, des
changements qui s’expliquent, de la maniére la plus parcimonieuse, comme étant des réactions génétiques a la péche.
Les cofits accrus de la survie a la reproduction associés a la maturité plus précoce, qui entrainent une mortalité natu-
relle plus élevée et une longévité réduite, affectent négativement le taux de croissance de la population et le taux de
récupération. En conjonction avec un taux d’éclosion réduit chez les poissons qui fraient pour la premiere fois et une
taille a la maturité plus faible, une réduction modeste de I’age de 6 a 4 ans peut abaisser la croissance annuelle de la
population de morues franches de 25-30 %, d’apres les résultats d’'un modele démographique stochastique avec struc-
ture d’age. Une maturité précoce plus que double la probabilité d’une croissance de population négative a chaque géné-

ration. Ces résultats soulignent que les changements de caractéristiques démographiques induits par la péche peuvent
produire une récupération faible ou négligeable chez les poissons marins, exacerbant ainsi les impacts négatifs sur la
croissance de population qui résultent des modifications qui se font dans la compétition interspécifique et la prédation

a I’échelle de 1’écosysteme.

[Traduit par la Rédaction]

Introduction

Exploitation affects life history. Changes to age and size
at maturity, longevity, and quite possibly fecundity and egg
size are the product of phenotypic and genetic responses to
fishing (e.g., Rochet 1998; Law 2000; Hutchings 2002). Per-
haps the most common phenotypic response is a reduction in
age at maturity effected by faster rates of growth associated
with reductions in population density (Policansky 1993).
Hypothesized genetic responses to exploitation have also in-
cluded changes to age and size at maturity, growth rate, and
fecundity per unit body mass (Rijnsdorp 1993; Conover and

Munch 2002; Grift et al. 2003). Phenotypic responses by a
life history trait are a product of phenotypic plasticity, the
precise nature of the response being reflected by an individ-
ual’s (genotype’s) norm of reaction for that trait, which
describes how a phenotype responds to environmental
change (Hutchings 2004). Genetic responses are the product
of fishing activities that render some individuals, because of
phenotypic differences in heritable traits such as body size
and growth rate, more vulnerable to exploitation than others.
The higher the rate of fishing mortality and the greater the
number of generations over which a population has been
fished, the greater the likelihood that genetic responses to

Received 31 January 2004. Accepted 17 December 2004. Published on the NRC Research Press Web site at http://cjfas.nrc.ca on

11 May 2005.
J17978

J.A. Hutchings. Department of Biology, Dalhousie University, Halifax, NS B3H 4J1, Canada (e-mail: Jeff.Hutchings@Dal.ca).

IThis article was part of a special symposium entitled Building on Beverton’s legacy: life history variation and fisheries
management, which took place on 11-14 August 2003 in Québec, Quebec, during the 133rd annual meeting of the American

Fisheries Society.

Can. J. Fish. Aquat. Sci. 62: 824-832 (2005)

doi: 10.1139/F05-081

© 2005 NRC Canada



Hutchings

exploitation have occurred (Law 2000; Hard 2004). At the
population level, one of the challenges in distinguishing
phenotypic and genetic responses to fishing is the complica-
tion that fishing might differentially affect norms of reaction
(Rijnsdorp 1993; Heino et al. 2002; Olsen et al. 2004). In
other words, genetic responses are not restricted solely to
changes in the average values of a trait but can also be re-
flected by changes to the ways in which individuals respond
to environmental change (Haugen 2000; Hutchings 2004).

Phenotypic and genetic changes to life history traits are of
interest to conservation biologists and resource managers
because of the inextricable links that exist between these
fitness-related characters and population growth rate. The
former, manifested ultimately by age-specific schedules of
survival and reproductive investment, are the primary deter-
minants of individual fitness, usually represented either by r
(intrinsic rate of increase) or by A (finite rate of increase)
(Roff 2002). The geometric mean of these individual fitness
measures determines the growth rate of the population, rp,,
and A, parameters positively associated with sustainable
rates of harvesting, persistence, and rate of population recov-
ery (Lande 1993; Myers et al. 1999).

The present study represents an exploratory analysis of
the consequences of fishing-induced changes in life history
to population growth in Atlantic cod (Gadus morhua), a spe-
cies that has experienced precipitous declines throughout its
geographical range. Since the early 1970s, North Sea cod
have declined almost 90% (International Council for the Ex-
ploration of the Sea 2004); among stocks in the Northwest
Atlantic, five have experienced even greater reductions, with
declines over three-generation time intervals (roughly
30 years) as high as 99% (COSEWIC 2003) (Table 1). The
reductions in population density concomitant with such de-
clines are almost certainly sufficient to produce phenotypic
change to life history traits. However, if fishing mortality
during these declines was not random with respect to herita-
ble phenotypic traits, one would expect some changes to life
history to represent genetic responses to fishing. From a re-
covery perspective, empirical data across a broad spectrum
of marine fishes have revealed that recovery by demersal
species is significantly impaired by reductions in excess of
90% (Hutchings 2000).

I begin by describing changes to age and size at maturity
concomitant with population decline for two of the most se-
verely affected Northwest Atlantic cod stocks: Newfound-
land and Labrador’s northern cod and eastern Scotian Shelf
cod. By examining prereproductive growth during periods of
life history change, I am then able to evaluate the degree to
which these changes can be explained solely as phenotypic
responses to reductions in density. The influence of earlier
maturity and smaller size at maturity on Atlantic cod popu-
lation growth, and thus rate of recovery, is then assessed by
a stochastic, age-structured life history model that allows
survival costs of reproduction to increase with declining age
at maturity (Beverton et al. 1994) and incorporates reduced
hatching success among first-time spawners (Trippel 1998).
This use of a stochastic model builds upon work pioneered
by Lewontin and Cohen (1969), and extended by Roft (1974),
who modelled the effects of random fluctuations in popula-
tion growth rate on expectations of population size and prob-
abilities of extinction.
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Methods

Population growth rate

I used a stochastic, age-structured life history model pre-
viously developed by Hutchings (1999) to study the influ-
ence of changes to age and size at maturity on annual () and
per-generation (Rj) rates of increase. Age-specific rates of
survival and fecundity are used to estimate rates of popula-
tion growth. These data are expressed as [, the probability
of surviving from birth until the beginning of the breeding
season at age x, and m,, the number of eggs produced by a
female breeding at age x. The intrinsic rate of population in-
crease, r, can be calculated from the discrete-time version of
the Euler-Lotka equation:

X=T

(1) 1= Zmex exp(—rx)

X=00

where o represents age at maturity and T represents age at
death (T = 21 years in the present analysis). Net reproductive
rate, R, is given by

X=T
(2 Ry= Y Lm,
X=0l

Although probability distributions of the intrinsic rate of in-
crease cannot be described by a stochastic model (because
of the analytical constraint that » can only be calculated by
iteration), r can be approximated by the natural logarithm of
the net reproductive rate discounted by generation time (G)
as r = In(Ry)/G, where G = Xl ,mx)/(Zl,m,). Probability dis-
tributions of R, were generated from 2000 randomizations
per estimate using Microsoft® Excel. The highly positive
skew of these distributions necessitated the calculation of r
from median estimates of R,. The population consequences
of different life histories was summarized in terms of two
model outputs: (i) an estimate of r (based on the median
value of R, as determined from the simulations) and (ii) the
expected probability of negative population growth (i.e.,
Pr(R, < 1)).

The model contains both stochastic and deterministic ele-
ments, as described in more detail in the sections following.
When estimating /., survival is partitioned into survival from
birth to the beginning of age 3 (/5), prereproductive survival
(I3_), and postreproductive survival (/,_.). Each of these is
stochastic in the model. Age-specific fecundity (m,) is a
function of body weight, the proportional increase in body
weight from one year to the next, and the relationship be-
tween body weight and fecundity. Weight at age and propor-
tional increases in weight are stochastic; the relationship
between body weight and fecundity was incorporated into
the model without error. The only deterministic elements to
the model are age at maturity, age at death, the parameter
that specifies the survival cost of reproduction, and weights
at maturity for individuals maturing at 4 and 6 years.

Age-specific survival, [, and survival costs of reproduction

The basic model incorporated observed or estimated vari-
ation in survival from birth to age 3, I; (the age at which
most Northwest Atlantic cod are first recruited to commer-
cial fishing gear), instantaneous rate of prereproductive mor-
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Table 1. Estimated changes in the abundance of mature individuals for Atlantic cod (Gadus
morhua) stocks partially or entirely under Canadian management.

NAFO Population

Stock division(s) Data source decline (%) Years

Northern cod 2J3KL VPA-survey 99 1968-2001
Southern Grand Bank 3NO VPA 98 1968-2001
Cabot Strait 4Vn VPA 95 1981-2000
Northern Gulf 3Pn4RS VPA 93 1975-2002
Eastern Scotian Shelf 4VsW Survey 92 1975-2002
Western Scotian Shelf 4X VPA 78 1979-2002
Georges Bank 5Zj,m VPA 70 1979-2002
St. Pierre Bank 3Ps VPA 46 1968-2001
Southern Gulf 4T VPA 23 1973-2002

Note: Stocks are delineated by Northwest Atlantic Fisheries Organization (NAFO) divisional boundaries. De-
cline estimates are those reported for the three-generation periods corresponding to each stock by COSEWIC
(2003). Abundance estimates were based on either fisheries-independent surveys or virtual population analysis

(VPA).

tality, M;,,, and mortality of mature, postreproductive
individuals, M. Distinguishing mortality prior to and fol-
lowing maturity acknowledges, and allows for the inclusion
of, a survival cost of reproduction (Beverton et al. 1994;
Roff 2002). Survival from birth to age 3 was quantified from
abundance estimates of northern cod (Lilly et al. 2001) and
from age-specific fecundities, as described below, such that
survival from birth to age 3 in year ¢, /3, was assumed to be
a function of the number, n, of 7- to 11-year-olds in year ¢t —
3 multiplied by the average fecundity of those individuals
such that

x=11

(3) L3y =n3/ Zn.x(t73)mx(tf3)
x=7

Survival from birth to age 3 estimated in this manner for the
1962 through the 1988 year-classes of northern cod was
weakly density dependent (see Myers et al. 1995) and aver-
aged 1.13 x 10© + 1.11 x 107 (+SD). I assumed that varia-
tion in annual mortality attributable to factors unrelated to
reproduction (e.g., predation) was best reflected by a beta
distribution given as

(x/5) D[ — (x/5)] B
4 =
@ eremep

where T'(B) is the gamma function. The scale parameter, s,
establishes the upper bound of the distribution at 1.0, and the
mean of the distribution 6/ + B)) is set to annual survival
probabilities (e.g., exp(—M,,,) of 0.91), which correspond to
M = 0.10. As a consequence, survival was approximated
by a negatively skewed distribution. The rationale for select-
ing a beta distribution to model survival data is based on its
simplicity, smoothness, and flexibility, making it an ideal
choice for distributions that have restricted support (i.e.,
whose range is limited), in this case between 0 and 1 (John-
son et al. 1994).

Postreproductive mortality, M,,,,, was assumed to differ
with age at maturity. There is considerable evidence to sug-
gest that earlier maturing individuals suffer higher survival
costs of reproduction than later maturing individuals (e.g.,
Beverton et al. 1994; Hutchings 1994; Schultz and Conover
1999). This seems to be particularly true when early matu-

rity is accompanied by smaller body size (e.g., Festa-Bianchet
et al. 1998). Disproportionately higher survival costs experi-
enced by smaller individuals can be attributed to energetic
constraints imposed by metabolic allometry. Smaller indi-
viduals utilize proportionately more energy to maintain basal
metabolic rate than larger individuals (Schmidt-Nielsen
1984). In addition, for a given expenditure of energy, larger
individuals can be expected to bear lower costs because of
their higher lipid reserves (e.g., Brett et al. 1969; Elliott
1976; Schultz and Conover 1999).

Among fishes, evidence that M, declines as age at matu-
rity increases has been documented for several species, in-
cluding brook trout (Salvelinus fontinalis) (Hutchings 1994),
Atlantic silverside (Menidia menidia) (Schultz and Conover
1999), sand goby (Pomatoschistus minutus) (Lindstrom
1998), and threespine stickleback (Gasterosteus aculeatus)
(Dufresne et al. 1990). There are also empirical data to sug-
gest that M, is negatively related to age at maturity in At-
lantic cod. Based on their exhaustive examination of
Northeast Arctic cod otoliths collected from the 1930s,
1940s, and 1950s, Beverton et al. (1994) concluded that M
declines as age at maturity increases. Specifically, they re-
ported that M was equal to 0.25, 0.17, and 0.15 for individu-
als maturing at ages 6, 7, and 8 years, respectively.

I used Beverton et al.’s (1994) estimates to incorporate a
higher postreproductive mortality for early-maturing individ-
uals, given the absence of such estimates for Northwest At-
lantic cod. I first converted their estimates of instantaneous
rates of mortality for individuals maturing at age x to mortal-
ity probabilities (i.€., 1 — exp(~M 0=y €qualled 0.22, 0.16,
and 0.14 for o = 6, 7, and 8 years, respectively). Prior to
their collapse in the early 1990s, the natural mortality rate,
M, of Northwest Atlantic cod was assumed to be 0.20
(Pinhorn 1975). Based on this estimate, it seemed reasonable
to let My, o=6) = 0.20 in the simulations, which corresponds
to an annual mortality rate of 18%. I then estimated post-
reproductive mortality for individuals maturing at age 4 in
two ways. Using the ratios of mortality rates estimated by
Beverton et al. (1994) (i.e., 0.22/0.14 and 0.22/0.16) and
multiplying these by 0.18, I let the instantaneous rates of
natural mortality for cod maturing at age 4 (M, g=4)) be
0.34 and 0.30, respectively. To be consistent with Beverton
et al.’s (1994) results, individuals maturing at age 4 experi-
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enced these elevated rates of natural mortality each year un-
til death.

Age-specific fecundity, m,

Age-specific fecundity is a function of growth rate, re-
flected by changes to body weight with age, and to a first
approximation by the number of eggs produced per unit
body weight. Weights at age subsequent to maturity were
calculated by multiplying the average weight at maturity, w,
by the expected age-specific increase in body size between
ages oc and o + 1 year (i.e., wy,/w,) to obtain an estimate of
weight at age a0 + 1 year and then multiplying this estimate
of weight at age o0 + 1 year by wg,»/Ww,,; to obtain an esti-
mate of weight at age o + 2 years and so on until the simu-
lated age at death, 21 years. Estimates of wg,,/w, were
calculated from data provided by Lilly (1997) and Murphy
et al. (1997). As described by Hutchings (1999), empirical
estimates of annual changes in body size among fish older
than 6 years are assumed to include the reductions in growth
concomitant with maturation. To account for these growth
costs of maturation prior to age 6, I assumed the percent re-
duction in annual growth rate to be equal to the proportional
allocation of body tissue to gonads, as determined from esti-
mates provided by Mclntyre and Hutchings (2003). Based
on these data, weights at maturity for cod maturing at ages 4
and 6 were 1.12 and 2.06 kg, respectively. The natural vari-
ability associated with individual increases in weight, €,
was assumed to be normally distributed with the standard
deviation of each age-specific error distribution set equal to
the standard deviation of the observed annual mean increases
in weight at age (w,,/w,).

Within some populations of Atlantic cod, reductions in
size at maturity have been substantive. As discussed in more
detail below, length at maturity among eastern Scotian Shelf
cod has declined from approximately 42 cm in the late
1970s to 32 cm in the early 2000s (Fanning et al. 2003).
These length reductions correspond roughly to a decline in
weight from 700 to 500 g (Fanning et al. 2003). To examine
how a reduction in size at maturity, independent of a decline
in age at maturity, might affect population growth, I reduced
weight at maturity (w,) in the simulations by 200 g relative
to those observed. Given the small lengths of the cod (32—
42 cm) used to derive this empirically based reduction, such
a decline in size at maturity can be considered conservative,
given that the reduction in weight corresponding to a similar
absolute decline in length for larger fish would be propor-
tionately greater.

Numbers of eggs per female in Atlantic cod, as with most
fishes, depend primarily on body weight (e.g., McIntyre and
Hutchings 2003). Fecundity estimates were based on May’s
(1967) fecundity—weight relationship for cod collected from
several locations off northeastern Newfoundland and modi-
fied, as described by Hutchings (1999), to yield the follow-
ing association between age-specific fecundity, m,, and age-
specific weight:

(5)  m, ={0.48[(w, + 0.37)/1.45]+ 0.12} x 10°

Age and size at maturity

The simulations presented here are used to evaluate the
consequences to population growth rate of reductions in age
at maturity from 6 to 4 years and reductions in weight at ma-
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turity of 200 g. To assess the degree to which these changes
reflect those observed in the wild, I present data for two cod
stocks in the Northwest Atlantic: northern cod, whose geo-
graphical range extends from Labrador southeast to the
northern half of Grand Bank, and eastern Scotian Shelf cod,
which inhabit the waters from Halifax north to Cape Breton.
Age at 50% maturity for northern cod has been estimated by
Canadian Department of Fisheries and Oceans scientists
(Lilly et al. 2001, 2003). The most reliable of these data are
those for the years extending back to the late 1970s — early
1980s; these data were obtained from random samples col-
lected by fisheries-independent surveys. Age at maturity es-
timates for previous years were calculated from various
combinations of surveys (G.R. Lilly, Department of Fish-
eries and Oceans, P.O. Box 5667, St. John’s, NL A1C 5X1,
Canada, personal communication). As a consequence, these
earlier data should be treated with some caution because it is
not known whether they represent truly random samples.
Having said that, the similarity in age at maturity estimates
immediately prior to and following the initiation of the
fisheries-independent surveys throughout the range of north-
ern cod in 1981 (Fig. la) suggests that the earlier estimates
may not be unduly misleading (with the possible exception
of data based on the 1973 samples). Age and length at matu-
rity for eastern Scotian Shelf cod were estimated by Fanning
et al. (2003). Estimates of prereproductive growth rate pre-
sented here for each of the stocks were calculated from
length at age data compiled by Lilly et al. (2001) and
Fanning et al. (2003) for northern cod and eastern Scotian
Shelf cod, respectively.

Parity-dependent fertilization success

There is experimental evidence to suggest that spawning
success in Atlantic cod depends on parity (i.e., the number
of times an individual has produced offspring), such that in-
dividuals reproducing for the first time produce considerably
fewer offspring per reproductive bout than individuals that
have spawned at least once in their lives. Based on a com-
parison of hatching success in the laboratory, Trippel (1998)
reported that hatching rates of first-time spawners were 20%
of those of females that had previously spawned. To account
for the possibility that spawning success is lower at maturity
than at later ages, I varied egg survivalg ime spawners/€88

survival,pers from 0.2 to 1.0.

Results

Changes to life history traits in Atlantic cod

Reductions in abundance of 99% and 92% have been as-
sociated with significant changes in life history among
northern cod and eastern Scotian Shelf cod, respectively
(Figs. 1 and 2). Within the former stock, age at 50% matu-
rity among females has declined approximately 1 year since
the late 1970s and early 1980s (Fig. 1a). Comparing maturity
estimates on northern cod sampled in the early 1960s with
those in recent years, age at maturity may have declined by as
much as 2 years. Growth rate during prereproductive ages
for northern cod is represented by the proportional increase
in length between 3 and 4 years of age. From 1978 to 1999,
the observed reduction in age at maturity was not accompa-
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Fig. 1. Temporal changes in (a) age at maturity and (b) pre-
reproductive growth for northern cod (Gadus morhua). The former
represent data on age at 50% maturity for females presented by
Lilly et al. (2003); the latter represent changes in the proportional
increase in length between ages 3 and 4 years, as calculated from
data provided by Lilly et al. (2001). Prereproductive growth rate
data are presented separately for North Atlantic Fisheries Organi-
zation (NAFO) divisions 2J (A), 3K (@), and 3L (A).
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nied by a discernable trend in prereproductive growth
(Fig. 1b).

Eastern Scotian Shelf cod also experienced a decline in
age at maturity of approximately 1 year from the late 1970s
to the late 1990s — early 2000s (Fig. 2a). However, given the
younger reproductive ages among these cod, this 1-year re-
duction represents a greater proportional decline than that
experienced by northern cod. Eastern Scotian Shelf cod have
also experienced considerable reductions in length at matu-
rity (Fig. 2b). In the eastern portion of the stock’s range
(Northwest Atlantic Fisheries Organization division 4Vs),
length at maturity has declined from 42 to 36 cm since 1979.
In the western portion of the stock’s range (division 4W),
the reduction from 40 to 32 cm is even greater. As with
northern cod, these changes in life history were not associ-
ated with an obvious temporal trend in prereproductive growth,
represented for eastern Scotian Shelf cod as the proportional
increase in length between ages 2 and 3 years (Fig. 2c¢).

Influence of reduced age and size at maturity on
population growth

Population growth rate declines with age at maturity. At
best, when relative hatching rate is independent of parity, the
reduction in r associated with earlier maturity is compara-
tively small (Fig. 3a). Among cod maturing at 6 years, r =
0.155 (16.8% per annum) as compared with the estimates of
0.146 (15.7%) and 0.136 (14.6%) for cod maturing at age

Can. J. Fish. Aquat. Sci. Vol. 62, 2005

Fig. 2. Temporal changes in (a) age at maturity, (b) length at
maturity, and (c) prereproductive growth for Atlantic cod (Gadus
morhua) on the eastern Scotian Shelf (data are from Fanning et
al. 2003). Data on age and size at maturity are presented sepa-
rately for cod found in North Atlantic Fisheries Organization
(NAFO) divisions 4Vs (@) and 4W (A). Prereproductive growth
represents the proportional increase in length between ages 2 and
3 years.
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4 years and experiencing postreproductive mortality rates,
M. of 0.30 and 0.34, respectively. However, as the hatch-
ing rate of first-time spawners declines relative to that of
later spawners, the reduction in r associated with earlier ma-
turity progressively increases. For example, at the relative
hatching rate of 0.2 reported by Trippel (1998), r declines
from 0.143 (15.4% per annum) at oo = 6 years to 0.130
(13.9%) and 0.111 (11.7%) at o. = 4 years.

Not surprisingly, reductions in size at maturity exacerbate
the reductions in population growth affected by earlier matu-
rity (compare the estimates of » in Figs. 3a and 3b). When
size at maturity is reduced by 200 g for cod maturing at age
4 and 6 years, r declines from 0.145 (15.6% per annum) at
o = 6 years to 0.131 (14.0%) and 0.127 (13.5%) at o =
4 years when hatching rate is independent of parity. How-
ever, at the relative hatching rate of 0.2, earlier maturity has
an even greater impact on population growth, with r declin-
ing from 0.134 (14.3% per annum) at o0 = 6 years to 0.114
(12.1%) and 0.097 (10.2%) at o = 4 years.

The reduction in population growth generated by earlier
age and smaller size at maturity is perhaps more dramati-
cally reflected by changes to the probability of experiencing
negative growth on a per-generation basis, which would re-
sult in declining abundance. Under the most favourable sce-
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Fig. 3. Atlantic cod (Gadus morhua) (a and b) population growth rate, r, and (c and d) the probability of negative per-generation pop-
ulation growth (Pr(R, < 1)) as functions of age at maturity, size at maturity, and parity effects on hatching rate represented by egg
survivals g ime spawners/€8€ SUrvivalyper. For cod maturing at age 4 years, the solid lines in each panel are those for which
postreproductive mortality, M,,,, was 0.30; the broken lines are those for which M,,,, = 0.34. The effects of smaller size at maturity on r

and Pr(R, < 1) are presented in Figs. 3b and 3d.
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nario, when hatching rate was independent of parity, Pr(R, <
1) increased from 5.5% at oo = 6 years to 8.2% and 14.5% at
o = 4 years (Fig. 3c). At a relative hatching rate of 0.2
(Trippel 1998), the probability of negative growth ranged
from 6.6% among cod maturing at 6 years to 17.5% for cod
maturing at 4 years and for which M, = 0.34.

Reductions in size at maturity increased the probability of
negative growth even further. At the relative hatching rates
for first-time spawners documented by Trippel (1998), and
when M, =4y = 0.34, earlier maturity more than trebles the
probability of per-generation declines in abundance (com-
pare the left-most point of the line corresponding to o0 = 6
with the left-most point of the broken line corresponding to
o = 4 in Fig. 3d).

Discussion

Historical declines in the abundance of two Northwest At-
lantic populations of Atlantic cod have been associated with
changes in two life history traits of fundamental importance
to population growth. These declines cannot be parsimoni-
ously explained as phenotypic responses to reductions in
population density. Rather the data are consistent with the
hypothesis that earlier age and smaller size at maturity are
best explained as genetic responses to fishing-induced selec-
tion against late-maturing, and large-maturing, genotypes
(Hutchings 1999; Olsen et al. 2004, 2005). The primary ob-
jective of the present study was then to explore the degree to
which these life history changes, irrespective of the reasons
for them, might affect population growth and, thus, rate of
recovery.

Overexploitation of Northwest Atlantic cod has been asso-
ciated with significant reductions in age and size at maturity
in most stocks (Trippel et al. 1997). Among these, northern
cod have experienced a reduction in age at maturity of at
least 16% (comparing the early 1980s with the early 2000s)
and possibly as much as 22% since the early 1960s. Among
eastern Scotian Shelf cod, age at maturity declined almost
30% between the late 1970s and the early 2000s. Concomi-
tant with the change in age at maturity in this stock was a
20% reduction in length at maturity. Given that these stocks
have sustained fishing mortality for a considerably longer
period of time than that for which life history data are avail-
able, the patterns evident in the past 20—40 years may well
represent declines initiated several decades earlier.

The question of whether these changes are primarily ge-
netic or phenotypic in origin is a fundamentally important
one. Phenotypically plastic responses in life history to changes
in density are readily reversible, comparatively speaking. For
example, if earlier maturity is a response to increased pre-
reproductive individual growth brought about by reduced
competition, then the higher densities associated with popu-
lation recovery will effect a slowing of individual growth
and an older age at first reproduction. By comparison, ge-
netic responses to exploitation are relatively slow to change,
particularly in the absence of strong selective pressures akin
to those produced by fishing (Law 2000).

There is good reason to believe that the reductions in age
and size at maturity documented for some Northwest Atlan-
tic cod stocks can be partly explained as genetic responses to
fishing-induced selection against late-maturing, and larger-
maturing, genotypes (Hutchings 1999; Olsen et al. 2004).
Phenotypic changes to age at maturity are almost always ac-

© 2005 NRC Canada



830

companied by changes to individual growth and (or) condi-
tion, such that faster growth and increased condition lead to
earlier reproduction (Policansky 1993; Roff 2002). There is
no evidence that condition has improved among northern or
eastern Scotian Shelf cod in the past few decades; if any-
thing, the opposite may be true (e.g., Drinkwater 2002). As
the data presented here indicate, there is no evidence that
reductions in either age or size at maturity have been associ-
ated with increased growth during prereproductive ages.
Thus, the most parsimonious explanation for the observed
changes in traits whose heritability has been documented re-
peatedly in fishes (Hutchings 2002; Roff 2002) is that the
changes are primarily genetic in nature.

The simulations presented here, based on a stochastic,
age-structured life history model, suggest that earlier age
and smaller size at maturity can have negative consequences
for population growth, and rate of recovery, in Atlantic cod.
These reductions in r increase with the magnitude of the sur-
vival cost of reproduction associated with earlier maturity
and with reductions in the relative hatching rate of virgin
spawners. At the higher of the two survival costs considered
here for o = 4 years, and at the relative hatching rates docu-
mented by Trippel (1998), a reduction in age at maturity
from 6 to 4 years is associated with a 24% reduction in an-
nual population growth; the reduction in population growth
increases to 29% when size at maturity declines as well. The
negative effects on recovery of lower age and size at matu-
rity are further reflected by the increased probability of neg-
ative per-generation growth, reductions in age at maturity
from 6 to 4 years more than doubling the likelihood of popu-
lation decline.

The reduction in r associated with earlier age and smaller
size at maturity raises the question of whether the increased
natural mortality observed among some Northwest Atlantic
cod stocks in recent years (Smedbol et al. 2002) can be
partly attributable to changes in life history. The ubiquity of
reproductive costs (Roff 2002), coupled with the likelihood
that these costs increase as age and size at maturity decline,
suggests that recent increases in M, often attributable to
ecosystem-level changes in the strength of interspecific
interactions (such as predation and competition), might be
partly a function of fishing-induced changes to life history.

The present study differs from previous life history analy-
ses of this species (e.g., Myers and Doyle 1983; Trippel et
al. 1995; Hutchings 1999) in that it allows the survival cost
of reproduction to increase with reductions in age at matu-
rity. The theoretical basis for such a reciprocal relationship,
based on constraints imposed by metabolic allometry, ap-
pears sound (Schmidt-Nielsen 1984). However, notwith-
standing the taxonomic breadth of its empirical basis
(Hutchings 2002), Beverton et al.’s (1994) study of Atlantic
cod is the only one available for this species and, to my
knowledge, the only study of survival costs for a commer-
cially exploited marine fish. The paucity of such work needs
to be remedied, given the intimate association between sur-
vival costs and population growth rate.

In the context of the present study, the survival costs in-
corporated here may well have been underestimated, having
been based on estimates of M for Northeast Arctic cod,
which mature at considerably larger sizes (68—-80 cm;
Beverton et al. 1994) than northern cod (Lilly et al. 2001)
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and eastern Scotian Shelf cod (Fanning et al. 2003). Simi-
larly, the reduction in size at maturity used here (200 g) is
not particularly large, based as it is on the reduction in
weight observed among eastern Scotian Shelf cod, a stock
with a comparatively small size at maturity. As a conse-
quence, the reductions in r documented here for earlier ma-
turity and smaller size at maturity may well have been
underestimated. Further compounding any negative effects
of smaller body size on r is the potential for reduced off-
spring survival owing to the production of smaller eggs
(Murawski et al. 2001) and increased variability in recruit-
ment (Hutchings and Myers 1993).

The weaknesses of any modelling approach ultimately lie
in the empirical bases, or lack thereof, of the model parame-
ters. The parameter values used here were estimated from
data collected from the field. With the exception of the beta
distributions used to model the error in survival, the same
was true for the error distributions applied to each parame-
ter. One limitation inherent in a previous application of this
modelling approach (Hutchings 1999) has been remedied
here. By allowing for a reduction in age-specific fecundity
of virgin spawners relative to previous spawners, the model
incorporates the finding that hatching rate among first-time
spawners may be as low as one fifth that of second-time
spawners (Trippel 1998). As the simulations presented here
suggest, such an effect, if manifested in the field as well as
the laboratory, can have a dramatic influence on population
growth (also see Murawski et al. 2001). Of importance to
the recovery of depleted stocks for which age and size at
maturity have declined is the observation that the reduction
in r associated with reduced hatching rate among virgin
spawners increases as o declines and as M, increases.

One additional simplification of note is the fact that the
model used here did not incorporate any effects of density
on age-specific survival or fecundity. Potentially the most
important density-dependent effect would be on the proba-
bility of survival from birth to age 3 years, /5. However, in-
clusion of such a density-dependent influence would not
alter the main conclusions drawn here that reductions in age
and size at maturity can negatively influence population
growth, although absolute estimates of » would be adjusted
upward. On the other hand, given that demographic
stochasticity and environmental stochasticity on life history
parameters almost certainly increase as population size de-
clines (Lande et al. 2003), stochastically based estimates of r
might, in fact, result in lower rates of population growth
than those estimated here, even if weak density-dependent
effects on offspring survival are included in the model.

Random variation in population growth rate can have seri-
ously destabilizing effects on population dynamics, even
though the expected population size may increase with time
(Lewontin and Cohen 1969; Roff 1974). These destabilizing
effects can be expected to be greater in small populations
than in large ones (Lande et al. 2003). To some degree, the
use of a stochastic, age-structured life history model cap-
tures these effects, perhaps most evidently when estimating
the likelihood that a population will achieve particular rates
of growth (e.g., Pr(R, < 1)).

The present study draws attention to a factor rarely con-
sidered to have a major influence on recovery in severely de-
pleted marine fishes (Hutchings and Reynolds 2004). It would

© 2005 NRC Canada



Hutchings

be instructive to quantify life history changes at the popula-
tion level concomitant with overexploitation for a broad range
of fishes (Hutchings and Baum 2005), to assess the degree
to which these changes represent phenotypic or genetic re-
sponses to fishing, and to evaluate the influence that these
changes may have on population growth rate, independent of
changes to fishing pressure, species interactions, and other
correlates of recovery.

Acknowledgements

Financial support was provided by a Natural Sciences and
Engineering Research Council of Canada Discovery Grant. I
thank Paul Fanning for alerting me to the significant changes
in length at maturity that have been experienced by eastern
Scotian Shelf cod in recent years and George Lilly for dis-
cussion of the estimates of age at maturity for northern cod.
I am also grateful to Adriaan Rijnsdorp and an anonymous
reviewer for their very helpful comments on an earlier ver-
sion of the manuscript.

References

Beverton, R.J.H., Hylen, A., and Ostvedt, O.J. 1994. Growth, mat-
uration, and longevity of maturation cohorts of Northeast Arctic
cod. ICES J. Mar. Sci. Symp. 198: 482-501.

Brett, J.R., Shelbourn, J.E., and Shoop, C.T. 1969. Growth rate and
body composition of fingerling sockeye salmon, Oncorhynchus
nerka, in relation to temperature and ration size. J. Fish. Res.
Board Can. 26: 2363-2394.

Conover, D.O., and Munch, S.B. 2002. Sustaining fisheries yields
over evolutionary time scales. Science (Wash., D.C.), 297: 94-96.

COSEWIC. 2003. COSEWIC assessment and update status report
on the Atlantic cod, Gadus morhua, in Canada. Committee on
the Status of Endangered Wildlife in Canada, Ottawa.

Drinkwater, K.F. 2002. A review of the role of climate variability in
the decline of northern cod. Am. Fish. Soc. Symp. 32: 113-130.

Dufresne, F., FitzGerald, G.J., and Lachance, S. 1990. Age- and
size-related differences in reproductive success and reproductive
costs in threespine stickleback (Gasterosteus aculeatus). Behav.
Ecol. 1: 140-147.

Elliott, J.M. 1976. Body composition of brown trout (Salmo
trutta L.) in relation to temperature and ration size. J. Anim.
Ecol. 45: 273-289.

Fanning, L.P., Mohn, R.K., and MacEachern, W.J. 2003. Assess-
ment of 4VsW cod to 2002. Can. Sci. Advisory Secretariat Res.
Doc. 2003/027.

Festa-Bianchet, M., Gaillard, J.-M., and Jorgenson, J.T. 1998. Mass-
and density-dependent reproductive success and reproductive costs
in a capital breeder. Am. Nat. 152: 367-379.

Grift, R.E., Rijnsdorp, A.D., Barot, S., Heino, M., and Dieckmann,
U. 2003. Fisheries-induced trends in reaction norms for matura-
tion in North Sea plaice. Mar. Ecol. Prog. Ser. 257: 247-257.

Hard, J.J. 2004. Evolution of chinook salmon life history under size-
selective harvest. /n Evolution illuminated: salmon and their rela-
tives. Edited by A.P. Hendry and S.C. Stearns. Oxford University
Press, Oxford, UK. pp. 315-337.

Haugen, T.O. 2000. Growth and survival effects on maturation pat-
tern in populations of grayling with recent common ancestors.
Oikos, 90: 107-118.

Heino, M., Dieckmann, U., and Ggdo, O.R. 2002. Estimating reaction
norms for age and size at maturation with reconstructed immature

831

size distributions: a new technique illustrated by application to
Northeast Arctic cod. ICES J. Mar. Sci. 59: 562-575.

Hutchings, J.A. 1994. Age- and size-specific costs of reproduction
within and among populations of brook trout, Salvelinus fontinalis.
Oikos, 70: 12-20.

Hutchings, J.A. 1999. The influence of growth and survival costs of
reproduction on Atlantic cod, Gadus morhua, population growth
rate. Can. J. Fish. Aquat. Sci. 56: 1612-1623.

Hutchings, J.A. 2000. Collapse and recovery of marine fishes. Na-
ture (Lond.), 406: 882-885.

Hutchings, J.A. 2002. Life histories of fish. /n Handbook of fish
biology and fisheries. Vol. 1. Fish biology. Edited by P.J.B. Hart
and J.D. Reynolds. Blackwell, Oxford, UK. pp. 149-174.

Hutchings, J.A. 2004. Norms of reaction and phenotypic plasticity
in salmonid life histories. /n Evolution illuminated: salmon and
their relatives. Edited by A.P. Hendry and S.C. Stearns. Oxford
University Press, Oxford, UK. pp. 154-174.

Hutchings, J.A., and Baum, J.K. 2005. Measuring marine fish bio-
diversity: temporal changes in abundance, life history, and
demography. Philos. Trans. R. Soc. Lond. B Biol. Sci. 360: 315-
338.

Hutchings, J.A., and Myers, R.A. 1993. The effect of age on the
seasonality of maturation and spawning of Atlantic cod, Gadus
morhua. Can. J. Fish. Aquat. Sci. 50: 2468-2474.

Hutchings, J.A., and Reynolds, J.D. 2004. Marine fish population
collapses: consequences for recovery and extinction risk. Biosci-
ence, 45: 297-309.

International Council for the Exploration of the Sea. 2004. Advisory
committee on fishery management, spring 2004. International
Council for the Exploration of the Sea, Copenhagen, Denmark.

Johnson, N.L., Kotz, S., and Balakrishnan, N. 1994. Continuous
univariate distributions. John Wiley & Sons, New York.

Lande, R. 1993. Risks of population extinction from demographic
and environmental stochasticity and random catastrophes. Am.
Nat. 142: 911-927.

Lande, R., Engen, S., and Se@ther, B.-E. 2003. Stochastic popula-
tion dynamics in ecology and conservation. Oxford University
Press, Oxford, UK.

Law, R. 2000. Fishing, selection, and phenotypic evolution. ICES
J. Mar. Sci. 57: 659-668.

Lewontin, R.C., and Cohen, D. 1969. On population growth in a
randomly varying environment. Proc. Natl. Acad. Sci. U.S.A.
62: 1056-1060.

Lilly, G.R. 1997. Size and condition of cod in Divisions 2J+3KL
during 1978-1996. NAFO SCR Doc. 97/62.

Lilly, G.R., Shelton, P.A., Brattey, J., Cadigan, N., Healey, B.P,
Murphy, E.F., and Stansbury, D.E. 2001. An assessment of the
cod stock in NAFO Divisions 2J+3KL. Can. Stock Assess. Sec-
retariat Res. Doc. 2001/044.

Lilly, G.R., Shelton, P.A., Brattey, J., Cadigan, N.G., Healey, B.P,
Murphy, E.F., Stansbury, D.E., and Chen, N. 2003. An assess-
ment of the cod stock in NAFO Divisions 2J+3KL in February
2003. Can. Sci. Advisory Secretariat Res. Doc 2003/023.

Lindstrom, K. 1998. Energetic constraints in mating performance
in the sand goby. Behav. Ecol. 9: 297-300.

May, A.W. 1967. Fecundity of Atlantic cod. J. Fish. Res. Board
Can. 24: 1531-1551.

Mclntyre, T.M., and Hutchings, J.A. 2003. Small-scale temporal
and spatial variation in Atlantic cod (Gadus morhua) life his-
tory. Can. J. Fish. Aquat. Sci. 60: 1111-1121.

Murawski, S.A., Rago, PJ., and Trippel, E.A. 2001. Impacts of demo-
graphic variation in spawning characteristics on reference points
for fishery management. ICES J. Mar. Sci. 58: 1001-1014.

© 2005 NRC Canada



832

Murphy, E.F., Stansbury, D.E., Shelton, P.A., Brattey, J., and Lilly,
G.R. 1997. A stock status update for NAFO Division 2J+3KL
cod. NAFO SCR Doc. 97/59.

Myers, R.A., and Doyle, R.W. 1983. Predicting natural mortality
rates and reproduction—mortality trade-offs from fish life history
data. Can. J. Fish. Aquat. Sci. 40: 612-620.

Myers, R.A., Barrowman, N.J., Hutchings, J.A., and Rosenberg,
A.A. 1995. Population dynamics of exploited fish stocks at low
population levels. Science (Wash., D.C.), 269: 1106-1108.

Myers, R.A., Bowen, K.G., and Barrowman, N.J. 1999. Maximum
reproductive rate of fish at low population sizes. Can. J. Fish.
Aquat. Sci. 56: 2404-2419.

Olsen, E.M., Heino, M., Lilly, G. R., Morgan, J., Brattey, J., Ernande,
B., and Dieckmann, U. 2004. Maturation trends indicative of rapid
evolution preceded the collapse of northern cod. Nature (Lond.),
428: 932-935.

Olsen, E.M., Lilly, G.R., Heino, M., Morgan, J.M., Brattey, J., and
Dieckmann, U. 2005. Assessing changes in age and size at matu-
ration in collapsing populations of Atlantic cod (Gadus morhua).
Can. J. Fish. Aquat. Sci. 62: 811-823.

Pinhorn, A.T. 1975. Estimates of natural mortality of the cod stock
complex in ICNAF Divisions 2J, 3K and 3L. ICNAF Res. Bull.
11: 31-36.

Policansky, D. 1993. Fishing as a cause of evolution in fishes. In
The exploitation of evolving resources. Edited by T.K. Stokes,
J.M. McGlade, and R. Law. Springer-Verlag, Berlin. pp. 3-18.

Rijnsdorp, A.D. 1993. Fisheries as a large scale experiment on life
history evolution: disentangling phenotypic and genetic effects
in changes in maturation and reproduction of North Sea plaice,
Pleuronectes platessa L. Oecologia, 96: 391-401.

Can. J. Fish. Aquat. Sci. Vol. 62, 2005

Rochet, M.-J. 1998. Short-term effects of fishing on life history
traits of fishes. ICES J. Mar. Sci. 55: 371-391.

Roft, D.A. 1974. The analysis of a population model demonstrat-
ing the importance of dispersal in a heterogeneous environment.
Oecologia, 15: 259-275.

Roff, D.A. 2002. Life history evolution. Sinauer, Sunderland, Mass.

Schmidt-Nielsen, K. 1984. Scaling: why is animal size so impor-
tant? Cambridge University Press, Cambridge, UK.

Schultz, E.T., and Conover, D.O. 1999. The allometry of energy re-
serve depletion: test of a mechanism for size-dependent winter
mortality. Oecologia, 119: 474-483.

Smedbol, R.K., Shelton, P.A., Swain, D.P., Fréchet, A., and
Chouinard, G.A. 2002. Review of population structure, distribu-
tion and abundance of cod (Gadus morhua) in Atlantic Canada
in a species-at-risk context. Can. Sci. Advisory Secretariat Res.
Doc. 2002/082.

Trippel, E.A. 1998. Egg size, viability and seasonal offspring produc-
tion of young Atlantic cod. Trans. Am. Fish. Soc. 127: 339-359.

Trippel, E.A., Buzeta, M.-1., and Hunt, J.J. 1995. Evaluation of the
cost of reproduction in Georges Bank Atlantic cod (Gadus
morhua): utility of otolith back-calculation. /n Recent develop-
ments in fish otolith research. Edited by D.H. Secor, J.M. Dean,
and S.E. Campana. University of South Carolina Press, Colum-
bia, S.C. pp. 599-610.

Trippel, E.A., Morgan, M.J., Fréchet, A., Rollet, C., Sinclair, A.,
Annand, C., Beanlands, D., and Brown, L. 1997. Changes in age
and length at sexual maturity of Northwest Atlantic cod, had-
dock and pollock stocks, 1972-1995. Can. Tech. Rep. Fish.
Aquat. Sci. No. 2157.

© 2005 NRC Canada



