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Influence of growth and survival costs of
reproduction on Atlantic cod, Gadus morhua,
population growth rate

Jeffrey A. Hutchings

Abstract: A stochastic, age-structured life history model was used to examine how age at ma&yrgyef &) and
postreproductive4,,) mortality, and postreproductive growth rate can affect maximum reproductive rates of fish at
low population size. Simulations suggest that annupkb(d per-generationR) metrics of population growth for
Newfoundland’s northern Grand Bank Atlantic cd@adus morhuaare primarily influenced by changes to mortality
prior to and following reproduction. At observed weights at age Zgg = 0.2, r ranged between 0.135 and 0.164 for
cod maturing at between 4 and 7 years. Incremental increases in Bjfheor Z,, of 0.1 were associated with 0.03—
0.05 reductions im. To effect similar reductions, individual growth rate would have to decline by approximately one
half. At observed weights at age, increaseZjp, from 0.20 to 0.45 increased the probability of negative per-
generation growth from 3 to 26% for cod maturing at 4 years and from 6 to 46% for cod maturing at 7 years. Thus,
even in the absence of fishing mortality, little or no population growth by Atlantic cod may not be unexpected in the
presence of environmental stochasticity, particularly when accompanied by increases in mortality and declining
individual growth.

Résumé: Un modele stochastique du cycle vital selon I'age a été utilisé pour étudier de quelle maniere I'age a la
maturité @), la mortalité avant la reproductiorzi(,,) et apres la reproductiorZ(,,,), et le taux de croissance apres la
reproduction peuvent influer sur le taux maximal de reproduction des poissons d’'une population peu abondante. Selon
les simulations, les mesures annuellgsef les mesures par génératidi,) de la croissance de la population de la

morue Gadus morhupde la partie nord du Grand Banc de Terre-Neuve sont surtout influencées par des modifications
de la mortalité avant et apres la reproduction. Pour les poids selon I'age observés et une valgyr=de,2, r était

compris entre 0,135 et 0,164 dans le cas de la morue qui atteint la maturité entre 4 et 7 ans. Les augmentations par
échelon de 0,1 d&,,,, ou deZ,, étaient associées a des baisses du fact@amprises entre 0,03 et 0,05. Pour

obtenir des baisses similaires, le taux de croissance individuel devrait chuter d’environ la moitié. Pour des valeurs
observées de poids selon I'age, des hausseg,gevariant de 0,20 & 0,45 augmentaient la probabilité d’'une croissance
par génération négativeed3 a 26 %chez la morue qui atteint la maturité a I'dge de 4 ans,eeb6dh 46 %,chez celle

qui atteint la maturité a I'age de 7 ans. En conséquence, méme en I'absence de mortalité due a la péche, une
croissance faible, voire nulle, de la population de morue en présence de la stochasticité environnementale n’est pas a
exclure, en particulier lorsqu’elle est accompagnée d’'une augmentation de la mortalité et d’'une baisse de la croissance
individuelle.

[Traduit par la Rédaction]

Introduction be best reflected by that population’s rate of increase (Lande
Th ¢ . . lation d . 1993). This point is of particular importance to commer
e parameter of greatest import in population ynamlcscially harvested populations for which spatial and temporal

.evolutlona_% e;:_?logy, a]:nd evoI;Jtlone}ry b'OIOQ% IS r%tef. of variation in natural mortality is compounded by spatial and
Incréase. 1he Tness ol a genotype, Tor example, IS de InePemporal variation in mortality due to harvesting.

as the rate at which it transmits its genes to future genera F i i tifvi te of i

tions relative to that of other genotypes in the same popula_ " oM & conrs]erva lon f?fspe‘i 'Vf' quljan ITying rall et' © 'rr:

tion (Stearns 1992). From an evolutionary perspective, Belf'€aS€ 1S Pernaps most important when a popuiation has
een reduced to a small fraction of the size at which it was

(1997) has argued that rate of self-replication is the onl q ble. F allv h d fish |
attribute that can be selected directly. And the ability of aP'eSumed stable. For commercially harvested fish pepula

population to persist in the face of demographic and envitions, the ability of a stock to “recover,” i.e., return to some

P ; ; sually arbitrary level of abundance after population-col
ronmental stochasticity in survival and fecundity appears t(rapse yand the )t/ime required for such recovgrypto oceur are

both functions of that stock’s rate of increase at low abun
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units of the former parameter are “individuals per individ random fluctuations in population growth rate on expecta
ual per unit time” (usually per year), while those of the lat tions of population size and probabilities of extinction.

ter are “individuals per individual per generation.” Thus,

is an annual rate of increase, expressed as a percentage Nyaterials and methods

(exp) — 1)100, whileR, is a per-generation rate of -in

crease. Age-specific rates of survival and fecundity can be used te esti

: : : ,[nate rates of population increase in an age-structured population.
Since their collapse in the early 1990s, most of Canadaghese data are expressedlgsthe probability of surviving from

Atlan_tlc Cod,G_-ad_us morhuafisheries remain closed to cem birth until the beginning of the breeding season at agandm,,
mercial exploitation because of low realized rates of populaihe number of eggs produced by a female breeding atagée
tion increase. Among the stocks, northern cod, extendinghtrinsic rate of population increase is calculated from the discrete-
from southern Labrador to the northern half of the Grandtime version of the Euler-Lotka equation:

Bank (i.e., Northwest Atlantic Fishery Organization (NAFO) -

Divisions 2J, 3K, and 3L), once supported Canada’s IargeS(tl) | =5 .m.e™

cod fishery. Based on their analysis of the relationship be ); XX

tween spawner biomass and recruitment of the 1962-1989

cohorts, Myers et al. (19%J estimated to be 0.26 (correc ~ Where 6 represents age at maturity andepresents age at death
tion made by R.A. Myers to the 0.17 estimate provided by_(T = 21 years in the present analysis). The net reproductive Rgte,
Myers et al. 1993), corresponding to a maximum annual IS 9iven by

rate of increase for northern cod of 30%. The observation x=T

that this stock in the late 1990s appears not to have growf?) Ry = z ly My

significantly since a commercial fishing moratorium was im x=0

posed in 1992 may reflect a le_mk of Sens't'V'ty.Of res.ear.dbrobability distributions of the intrinsic rate of increase cannot be
surveys to detect low rates of increase for a widely distrib yegcribed by a stochastic model of population growth because of
uted stock at low abundance. A second possibility is thathe analytical constraint thatcan only be calculated by iteration.
Myers et al’s (199d@) maximum growth estimate rate of However, the intrinsic rate of natural increase can be approximated
r = 0.26 may have been overestimated or may no longer bey the natural logarithm of the net reproductive rate discounted by
representative of a population whose age structure has begganeration timeG, as

severely truncated. A third possibility, and one that | wish to _

explore further here, is that the observed rate of change iF13) r=In(R)/G

abundance of northern cod, and potentially other Northwesihere

Atlantic cod stocks, since 1992 may not be unexpected

given natural, stochastic variation in the life history vari- (4) G :(z |xmxX)/(Z Ixmx)

ables that directly influence the stock’s rate of increase.

| use an age-structured life history model to estimate rateErobability distributions for all estimates 8 presented here were
g . . -<rgenerated from 2000 randomizations. The highly positive skew of
of populatlon Increase and their a$S°C'at‘?d frequency d'Strehese distributions necessitated the calculation éfom median
butions for a population of Atlantic cod in the Northwest oqimates oR,.
Atlantic. The stochastic version of this model incorporates

observed or estimated variation in the following) ége- Age-specific fecundity

specific increases in weightj) survival from birth to age 3 Fecundity was calculated from the relationship between gilled-
years, (i) annual prereproductive survival probabilities, and-gutted weight and number of eggs per female reported by May
(iv) annual survival costs of reproduction, amjlgnnual growth  (1967) for Atlantic cod collected from several locations off nerth
costs of reproduction. The costs of reproduction represented astern Newfoundland, including the Grand Bank. Gilled-and-
the fourth and fifth parameters reflect the observation that, fogutted weightw,, was estimated from round weight, using a
indeterminately growing organisms, reproduction at agesu relationship derived from samples of prespawning female cod cap
ally results in reduced survival to, and slower rates of growth atturéd between March and May in NAFO Division 3L between

subsequent ages (Roff 1992; Stearns 1992; Hutchings 1993). li:?;]ifi‘gg ;gggloiéi\gn:s 1;%,\.’%5:»?'26736(7&gi.Lygﬁr?sngm:{]éoéx1

Based on fecundity and growth data available for cod in canada, personal communication). Substituting this equation into
habltlng the northern half of Newfoundland’s Grand Bank,May’s (1967) relationship, age-specific fecunditieg, were calcu
the region containing most of the research survey biomasiated as
for northern cod in the 1990s (Lilly et al. 1998), my objec
tives were to i) use a stochastic, age-structured life history(5)
model to estimate maximum population growth rateargd N
R,) for Atlantic cod, {i) quantify the effects of age at matu Age-specific growth rate ,
rity, pre- and post-reproductive mortality, and growth costs_ Individual growth rates were approximated by expected changes
of reproduction on population growth rate, ariii)(evaluate to size at age throughout an individual’s lifetime. The resultant

- o . . . weights at each age were calculated by initially multiplying the
how per-generation probabilities of population doubling, "e"average weight at age 4 years by the expected age-specific increase

Pr(R, > 2), and of population decline, i.e., R{(< 1), vary iy pody size between ages 4 and 5 years, we/w,, to obtain an
with reproductive costs. This use of a stochastic modekstimate of weight at age 5 years, then multiplying this estimate of
builds upon work pioneered by Lewontin and Cohen (1969)eight at age 5 years by /ws to obtain an estimate of weight at
and extended by Roff (1974), who modelled the effects ofage 6 years, and so on until the age of 20 years. Empirical esti

m, = (0.48(f, + 0.37)/1.45) + 0.12) x 10
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Fig. 1. Observed and modelled weights at age for Atlantic cod maturing at (A) 4 years and (B) 7 years. Triangles represent weights
measured for 4- to 12-year-old cod captured on northern Grand Bank (NAFO Division 3L) by research surveys between 1981 and
1996 and for 13- to 20-year-old northern cod (NAFO Divisions 2J, 3K, and 3L) captured by commercial vessels between 1981 and
1992. The solid lines represent modelled relationships based on observed mean annual changes in weighi.at, age/w,. The

broken lines describe changes in weight at age at 50% of the observed growth rates. See text for more details.

30 W A
27
24 A
21 A
18 A
15 A
12
9 -

Weight (kg)

6
3 .
0

Age (years)

30 1 B
27
24 A
21 A
18 A

Weight (kg)
o

4 6 8 10 12 14 16 18 20
Age (years)

mates ofw,,,/w, were calculated in part from weights at age for the more northerly Divisions 2J and 3K, these do not seem {o un
cod aged 4-12 years measured during research surveys betweauly affect the estimated growth rates for cod older than 12 years
1981 and 1996 in NAFO Division 3L (Lilly 1997; and excluding used in the present model (Fig. 1). Any bias in estimated individ
weights at age based on sample sizes of less than 5). The cemparal growth rates for 3L cod introduced by the inclusion of cod
tively few fish older than age 12 years sampled by the surveys nefrom 2J and 3K is unlikely to be large, given the comparatively
cessitated the use of commercial catch statistics, combined fasmall influence of individual growth rate on population growth
NAFO Divisions 2J, 3K, and 3L (1981-1992), to estimate growthrate, documented later in this paper, and given the wide range in
rates for cod aged 13-20 years (Murphy et al. 1997). Although thgrowth costs of reproduction considered in the present model (i.e.,
latter data included weights of the slower-growing cod inhabitingfrom observed to 50% reductions in annual changes to weight at
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Table 1. Age(x)-specific rates of weightw) increase, weight of 7-year-old cod measured during the research surveys be
i.e., W,,,/w,, for Atlantic cod aged 4-20 years. tween 1981 and 1996, i.e., 2.44 kg.
Age-class Mean growth Growth cost of reproduction
(years) rate (Wy.1/W) SD The diversion of energy from somatic tissue production to the
4-5 1.62 0.20 production of gonadal tissue effects a reduction in growth rate of
5-6 1.43 0.17 reproductive individuals when compared with that of non
6—7 1.30 0.16 reproducti_ve individuals (Bell ;L980.; Wootton 1990). The magni
7_8 1.28 0.23 tude of thls_cost can range quite widely among populations of the
same species. For example, in two populations of brook trout,
8-9 1.26 0.19 Salvelinus fontinalison Cape Race, Newfoundland, the percentage
9-10 1.21 0.50 reduction in annual growth rate experienced by maturing females
10-11 1.10 0.51 was approximately equal to their gonadosomatic index (GSI) (gonad
11-12 1.26 0.44 weight/total body weight) of roughly 10-15% (Hutchings 1993).
12-13 1.21 0.11 At the other extreme, within another trout population on Cape
13-14 1.21 0.14 Race (Freshwater River), for which individually marked fish were
14-15 1.25 0.16 monitored for 4 years, annual increases in growth rate of reproductive
15-16 111 0.13 individuals were 85% less than t_hose of nonr_eproductlve individu
16-17 1.30 0.35 als of the same age (J.A. Hutchings, unpublished data).
' ’ There are comparatively few data on GSI for Atlantic cod. -Esti
p y
17-18 1.24 0.39 mates of average GSI for spawning female cod in the Northwest
18-19 0.94 0.13 Atlantic in the early 1990s range from 0.08 in the southern Gulf of
19-20 1.08 0.28 St. Lawrence (Schwalme and Chouinard 1999) to 0.19 in the north
Note: Data are means + SD based on weights at age for ern Gulf (Lambert and Dutil 1997), giving a midrange GSI of 0.14.
cod aged 4-12 years measured during research surveys If the reduction in growth rate concomitant with maturation in cod
between 1981 and 1996 in NAFO Division 3L (minimum can be approximated by the percentage of body tissue allocated to

of five fish per sample; Lilly 1997) and based on weights at gonads, as it can for some populations of brook trout (Hutchings
age for cod aged 13—-20 years measured from the

il catches of cod captured f NAFO Divisi 1993), then the annual growth rates of reproductive cod would be
commercial calcnes of cod captured from visions about 14% less than those of nonreproductive cod at the same age.
2J, 3K, and 3L (Murphy et al. 1997). .

For cod maturing at age 7 years, | assumed that the observed
weights at age from the survey and commercial catch data incorpo-

ated the reduction in growth rate effected by reproduction. For

age). In addition, the range in individual growth rates considere ; A :
here (the solid and broken lines in Fig. 1) encompass most of th(éOd maturing at ages 4, 5, and 6 years, | multiplied their observed

h nual growth ratesw(,,/w,) by 0.86 until they reached age 7
obtsehrvdedt weléghtslat%?e measured f.rotmdthe.t?]u‘rvgy .zéndlc.ommercg’lars to simulate a 14% reduction in individual growth. Although
catch, ﬁtalil( ig. 1). The errgrtasts)oma e ‘ﬂ” d!nt !\é' tu?j m_t:kr]e?hse e observed data include weights at age for both mature and im-
in weight, Ly, was assumed 1o be normally distributed with € o4 \e fish, the incidence of maturity is comparatively low among
standard deviation of each age-specific error distribution set equ

to the standard deviation of the observed annual mean increases il’(-:l) nd S-year- lds (1'5 nd 21.7%, r sP ctiv ly’ between 1981 and
iti i 0, - -
w ight t ag £X+1/ X) (T ble 1)- 96), albeit increasing to 56.7% among 6-year olds (Murphy et

Gi th i iation bet individual h taI. 1997). Thus, the incorporation of a growth cost of reproduction
lven the negative association between individual growtn rate, o applied here may underestimate the growth rate of cod maturing

and age at maturityp, that has been repeatedly demonstrated iNat 4 :
. ; . . ge 6 years between ages 6 and 7 years. To examine how
fish (Roff 1992; Hutchings 1993, 1996, and references therem)t:hanges to this growth cost of reproduction influence population

weights at age can be expected to differ among cod whose age
maturity ranges between 4 and 7 years (Murphy et al. 1997220\’:[8 r:rt]z, ég&duced observed growth rates (Table 1) by 10, 20,

Trippel et al. 1997). However, random samples of weights at age
for cod maturing at ages 4, 5, 6, and 7 years are not available for . . .

northern cod (G.R. Lilly, Department of Fisheries and Oceans, P.oPrereproductive mortality and survival costs of

Box 5667, St. John’s, NF A1C 5X1, Canada, personal communical€production ] ] ] ]
tion). To account for the high probability that cod maturing at ages | Partitioned the survival of cod into three categories: survival
4-6 years will be the largest individuals at those ages (a supposfrom birth to age 3 years (the age at which northern cod are first
tion with empirical support for Georges Bank cod; Trippel et al. .recru[ted to conjmgrplal fishing gear), instantaneous rate of mortal
1995), | calculated weight at maturityg, by incorporating both ity of immature individualsZ;,y, and instantaneous rate of mortal
the observed age-specific incidence of maturity for northern codty of mature individuals Zy, B _
(these data are unavailable for northern Grand Bank cod alone) and Survival from birth to age 3 years was quantified from virtual
the normal distribution of weights at age, as determined from thePopulation analysis estimates of age-specific abundance reported
research surveys (Murphy et al. 1997). Thus, for the present-analyPy Murphy et al. (1997) and from age-specific fecundities as de
sis, weights at maturity for aged= 4, 5, and 6 years (there is a fined above. Survival from birth to age 3 years in y&ah, was
greater than 90% probability that cod aged 7 years are maturé@ssumed to be a function of the numipeof 7- to 11-year-olds in
Murphy et al. 1997) were randomly sampled from the ugpérof yeart — 3 multiplied by the average fecundity of those individuals,
the normal distribution of weights for each age, whp#é equals  such that

the observed incidence of maturity by age. The 1981-1996 average x=11

incidences of maturity were 1.5, 21.7, and 56.7%68cer 4, 5, and =

6 years, respectiveK/. Based on this formulation, the median(G) 3 =Nay ;nx(t_3)n1’((t_3)'

weights at maturity of cod reproducing initially at ages 4, 5, and 6

years were 1.12, 1.55, and 2.06 kg, respectively. The weight of co&urvival from birth to age 3 years estimated in this manner for the
maturing at age 7 years was set equal to the observed averad®62-1988 year-classes of northern cod was weakly density de
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Table 2. Survival parameter values used in the age-structured model of Atlantic cod life history.

Instantaneous mortality ~ Annual survival of Annual survival of Instantaneous
of immature females immature females Survival cost of mature females mortality of mature
(Zimm) (exp(-Zimm)) reproduction (1 ) (eXpP(Zimm)Y) females Zna)
0.10 0.91 0.10 0.82 0.20

0.20 0.73 0.32

0.30 0.64 0.45
0.20 0.82 0.10 0.74 0.30

0.20 0.66 0.42

0.30 0.57 0.55
0.30 0.74 0.10 0.67 0.40

0.20 0.59 0.52

0.30 0.52 0.65

pendent (see Myers et al. 1995) and averaged 1.13%#10.11 x  mortality, Zy,, (Fig. 2). The highest estimates offor cod
10°° (SD). maturing at ages 4 and 7 years were 0.164 and 0.135, re
| assumed that variation in annual mOI’tality attributable to fac spectlvely, Correspondlng to maleum rates of |ncrease of
tors unrelated to reproduction, e.g., predation, was best reflectegl_ls and 14% per annum.
by a beta distribution, given as . . . .
Population rates of increase were particularly sensitive to
7 f0) = (x/9C@DA-(x $)FD changes in survival prior to and after maturity (Fig. 2). All
™) () = M@/ (o +p) else being equal, an increase4p,, of 0.1 was associated
with a reduction inr of about 0.03—-0.05. Similarly, 10%-n
wherel (B) is the Gamma function. With the scale paramesges  creases in survival costs of reproduction (reflected by the in
tablishing the upper bound of the distribution at 1.0 and the mearcremental increases ifi,,; on Fig. 2) were associated with
of the distribution @/(a + B)) set to annual survival probabilities, declines inr of about 0.03 to 0.04, independent of age at
i-., eXp(Zimm) 0f 0.91, 0.82, and 0.74 (correspondingZg, of  maturity. Particularly large increases in prereproductive mor-
0.1, 0.2, and 0.3, respectively), survival was approximated by &ty from z,,., = 0.1 to 0.3, especially when coupled with
negatively skewed distribution. The rationale for selecting a beta}ncreases in survival costs of reproduction, often resulted in

distribution to model survival data is based on its simplicity, - : . -
smoothness, and flexibility, making it an ideal choice for distribu-;ﬁg“g"gle or negative population growth (e.g., Figs. 2C, 2E,

tions that have restricted support, i.e., whose range is limited, i o
this case between 0 and 1 (Johnson et al. 1994). By contrast, changes to individual growth rate, as re-
Survival from birth to age, i.e., I, will differ between repro-  flected by increased growth costs of reproduction, had com-
ductive and nonreproductive individuals. The survival costs of reparatively little effect on population rates of increase
production experienced by reproductive cod may be attributable t¢Fig. 2). Linear regressions relatingto reductions in indi-
factors such as the energetic consequences of producing gonadaual growth rate (Table 3) for the values of pre- and post-
tissue (Lambert and Dutil 1997), the repertoire of behaviours in reproductive mortality used here revealed a similarity in

volved in mate competition and possibly mate choice (Brawn i : 0 :
1961; Hutchings et al. 1999), and a cessation of feeding often conSI()pes’ specific to age at maturity, such that a 10% reduction

. : : ; n postreproductive individual growth rate was predicted to
comitant with breeding (Fordham and Trippel 1999). | assume herd
a cost (1 -y) of 0.10, such that survival from ageto agex + 1 for reducer by only 0.006 and 0.003 (the averages of the re

an individual reproducing at ageis gression slopes) for individuals maturing at 4 and 7 years,
respectively. At most, all else being equal, declines in post
() w1 =1k exp (Zimm) V- reproductive growth rate of up to 50% of observed values

. ) , i were associated with reductions mof only about 0.03
The influence of higher survival costs on population growth rate(Fig_ 2).

was examined by reducingfrom 0.9 to 0.8 and to 0.7. The full
range of parameter values for survival used here is given in Ta

ble 2. Probabilities of negative population growth
The frequency distributions oR, produced by the sto
Results chastic population growth model (e.g., Fig. 3) can be used to
estimate the probabilities with which various rates of popu
Influence of age-specific survival and weight on lation growth rate can be achieved under specific combina
maximum population growth rate (r) tions of age at maturity, survival and growth costs of

For the same survival probabilities and growth costs ef re reproduction, and individual postreproductive growth rate.
production, rates of increase of early-maturing Atlantic codThese distributions were used to estimate the probabilities of
(6 = 4 years) were consistently greater than those of latenorthern Grand Bank cod experiencing growth rates that
maturing cod ® = 7 years) (compare Figs. 2A—2C with would allow the population to more than double (i.Bg, >
Figs. 2D-2F). At low prereproductive mortalityZi(,,, = 2) or to decline during a single generation (i.B, < 1).
0.10), the annual rate of increase of cod maturing at age &eneration times, which vary with age-specific survival and
years was about 2-4% higher than that of cod maturing afecundity (see eq. 4), ranged between 5.4 and 11.4 years for
7 years. This difference imr between early- and late- cod maturing at age 4 years and between 8.3 and 12.9 years
maturing cod increased with increases in prereproductivéor cod maturing at age 7 years (Table 4).
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Fig. 2. Changes in maximum Atlantic cod population growth rateyith changes in age at maturity of (A—C) 4 years and (D-F)
7 years, prereproductive mortality;,,), postreproductive mortalityZ(,,) effected by incremental declines in survival probabilities,
and individual postreproductive growth rate.
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Decline in Postreproductive Growth Rate (%)

Although the probability of a per-generation doubling in probabilities for@ = 4 and 7 years; Figs. 4A and 4D). Inere
population size declined with decreases in postreproductivenental increases in prereproductive mortaliB,, from
growth rate and with increases in age at maturity, their influ 0.1 to 0.2 and to 0.3 were associated with incremental de
ence on PR, > 2) was comparatively small when compared clines in PrR, > 2) of 10-20%. Similar incremental reduc
with that of changes in survival (Fig. 4). At observed tions in PrR, > 2) were associated with incremental 10%
weights at age (i.e., 0% decline in observed postreproductivdeclines in postreproductive mortality.
growth rate) and at the survival probabilities assumed to be The probability of negative population growth between
typical for this stock (i.e.,Zyym = 0.1; Z,.« = 0.2, e.g., generations, i.e., AR < 1), was also comparatively uninflu
Pinhorn 1975), the probability of northern Grand Bank codenced either by individual growth rate or by age at maturity
doubling every generation, at population sizes comparativelyFig. 5). At observed weights at age and at presumed typical
uninfluenced by density, was about 0.84 (the average of theortalities ofZ,,, andZ,,,; of 0.1 and 0.2, respectively, the
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Table 3. Linear regressions between Atlantic cod population growth ngtearfd proportional
reduction G) in annual individual growth ratew(,,/w,) between ageg andx + 1 for ages at
maturity @) of 4 and 7 years and for different instantaneous rates of mortality priaZg.X
and following ¢,,,) maturity.

0 Zimm Zmat RZ p
4 0.10 0.20 r = -0.058 + 0.164 0.97 <0.001
0.32 r = —-0.0665 + 0.136 0.95 <0.001
0.45 r = —-0.0655 + 0.094 0.96 <0.001
0.20 0.30 r=-0.07G + 0.134 0.96 <0.001
0.42 r = -0.0665 + 0.097 0.97 <0.001
0.55 r = -0.06@ + 0.057 0.90 0.004
0.30 0.40 r =—-0.061G + 0.091 0.89 0.004
0.52 r = —-0.06& + 0.048 0.96 <0.001
7 0.10 0.20 r =-0.03% + 0.135 0.98 <0.001
0.32 r =-0.03% + 0.108 0.95 <0.001
0.45 r =-0.02%G + 0.078 0.66 0.049
0.20 0.30 r = —-0.043% + 0.082 0.94 0.002
0.42 r =-0.02& + 0.049 0.94 0.001
0.55 r =-0.01G + 0.022 0.43 0.157
0.30 0.40 r =-0.03% + 0.017 0.94 0.002

Fig. 3. Frequency distributions of net reproductive raRg, as determined from 2000 iterations of a stochastic, age-structured model

of population growth for Atlantic cod maturing at ages 4 and 7 years at two instantaneous rates of postreproductive raggtglity (

The black vertical lines correspond to the net reproductive rate at which individuals are replacing themselves between generations, i.e.,
R, = 1. The proportion of the frequency distributions to the right of the black lines (grey lines) represents the probability that the

population will grow between generations. Prereproductive mortality is held constZpi,at 0.1.
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Table 4. Deterministic estimates of maximum population growth rateRg) and generation timeQ) for Atlantic
cod maturing at ages 4 and 7 years at observed and 50% of observed postreproductive growth rates and at different
levels of prereproductive mortalityZ{,,,) and postreproductive mortalityZ,,).

Postreproductive Age at maturiy = 4 years Age at matusit= 7 years
Zimm Zmat growth rate r Ry G (years) r Ro G (years)
0.10 0.20 Observed 0.204 10.14 11.36 0.174 9.36 12.89
50% decline 0.178 5.34 9.40 0.154 6.01 11.66
0.32 Observed 0.178 4.94 8.95 0.147 5.19 11.19
50% decline 0.154 3.18 7.53 0.130 3.79 10.24
0.45 Observed 0.150 291 7.12 0.122 3.28 9.77
50% decline 0.123 2.17 6.29 0.107 2.66 9.17
0.20 0.30 Observed 0.171 4.88 9.27 0.116 3.74 11.41
50% decline 0.144 3.06 7.76 0.095 2.69 10.42
0.42 Observed 0.144 2.94 7.48 0.088 2.42 10.07
50% decline 0.116 231 6.53 0.069 1.92 9.39
0.55 Observed 0.111 2.01 6.29 0.060 1.73 9.07
50% decline 0.083 1.61 5.74 0.044 1.47 8.66
0.30 0.40 Observed 0.135 2.82 7.69 0.052 1.70 10.23
50% decline 0.105 2.01 6.67 0.030 1.33 9.51
0.52 Observed 0.104 1.97 6.52 0.023 1.24 9.27
50% decline 0.073 1.54 5.89 0.004 1.04 8.81
0.65 Observed 0.069 1.49 5.75 —0.005 0.96 8.59
50% decline 0.042 1.25 5.37 —-0.020 0.85 8.3

probability of northern Grand Bank cod declining during aand less sensitive to changes in age at maturity and post-
single generation was less than 5% (Figs. 5A and 5D). Howreproductive growth rate.
ever, PrR, < 1) increased by about 10-20% for every 0.1 At observed weights at age and at the instantaneous rate
incremental increase id;,,, and for every 0.1 reduction in of natural mortality generally assumed typical for northwest
postreproductive survival probability. Atlantic cod, i.e.,M = 0.2, orZ = 0.2 in the absence of fish-
The stochastic estimates of population growth (e.g.jng, median estimates offor ages at maturity of 4-7 years
Fig. 3) were consistently less than those estimated by the devere estimated here to range between 0.135 and 0.164.
terministic model, in which rates of survival and fecundity These estimates, coupled with that of 0.26 previously esti-
were assumed invariant within age (Table 4). Varying withmated for northern cod (Myers et al. 1397correspond to a
pre- and post-reproductive mortality and with growth costsrange of maximum annual rates of increase of 14-29% and
of reproduction, deterministic estimates iofgenerally ex = may provide a reasonable approximation of the typical range
ceeded their corresponding stochastic estimates by 0.04n r for Atlantic cod inhabiting the waters off northern and
0.06. At assumed typical pre- and post-reproductive mertalieastern Newfoundland.
ties of Z;,, = 0.1 andz,,,,; = 0.2, differences between deter

ministic (0.204 and 0.174 &= 4 and 7 years, respectively) |nfluence of increased mortality on population growth
and stochastic (0.164 and 0.1350at 4 and 7 years, respec rate

tively) estimates of corresponded to a 5% difference inran  The present study suggests that changes in mortality may

nual rate of increase. have a larger effect on population rate of increase than
changes to individual growth rate or age at maturity. Signifi
Discussion cant reductions im were associated with increases in either
pre- or post-reproductive mortality, although the effectron
Maximum rates of population increase for northern generated by changes &,,,, was greater for cod maturing
Atlantic cod at 7 rather than at 4 years of age (Fig. 2). This can be attrib

The present study describes how age at maturity, individuted to the greater number of years experienced by late-
ual growth rate, and pre- and post-reproductive survival camaturing cod prior to initial reproduction. At observed
influence metrics of population increase for Atlantic cod. Itweights at age and at a prereproductive mortalityZgf, =
differs from previous efforts to incorporate reproductive 0.1, increases iZ,, from 0.20 to 0.45 are predicted to-re
costs in life history analyses of this species (e.g., Myers anducer from 0.162 to 0.098 for cod maturing at age 4 years
Doyle 1983; Trippel et al. 1995) by attempting to disentan and from 0.134 to 0.079 for cod maturing at 7 years.
gle the effects of individual age, growth, and mortality on If the M of some Atlantic cod stocks has increased since
maximum population growth rate. Based on an agethe commercial fishery closures in the early 1990s (DFO
structured life history model, and incorporating stochastic1998, 199&), and if an increase iM (effectively Z in the
variation in survival and fecundity (the latter through absence of fishing) from 0.2 to 0.4 is a reasonable approxi
changes in weight at age), annugl énd per-generatiori() mation of the magnitude of this change (Sinclair 1999), the
rates of population increase appeared to be most sensitive teegative consequences to population growth rate may be
changes in pre- and post-reproductive survival probabilitiesubstantial. The present study suggests that an increase in
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Fig. 4. Probability of Atlantic cod more than doubling in population size within a single generatioRy Prg) as a function of age at
maturity of (A—C) 4 years and (D-F) 7 years, prereproductive mortalify,{), postreproductive mortalityZ(,,), and individual
growth rate. Generation times are given in Table 4.
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Z,a: from 0.20 to 0.45, in the absence of changes to weighté\tlantic cod stocks may have decreased during the past
at age and to prereproductive mortality, will reduce the andecade (Murphy et al. 1997; Trippel et al. 1997). Rapid de

nual growth rate of northern Grand Bank cod from betweerclines in age at maturity in fishes are usually associated with
14 and 18% to between 8 and 10% per annum. In terms dhcreasing growth rates prior to first reproduction (Roff

doubling time, i.e., In(2)} such an increase in mortality 1992; Stearns 1992; Hutchings 1993, 1996). Such a negative
would effect increases in doubling time from 4.3 to 7.1 yearsassociation between growth rate and age at maturity has, for
for cod maturing at 4 years and from 5.2 to 8.8 years for cocexample, been documented for Atlantic cod on Georges

maturing at 7 years. Bank (Trippel et al. 1995). However, evidence of such an in
crease in individual growth rate is not apparent from recent
Age at maturity and population growth research survey estimates of weights at age for Northwest

There is evidence to suggest that age at maturity for somAtlantic cod (e.g., Trippel et al. 1997). Increases in body
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Fig. 5. Probability of negative population growth within a single generationRfP«( 1), as a function of age at maturity of
(A-C) 4 years and (D-F) 7 years, prereproductive mortalty,(), postreproductive mortalityZ(,,), and individual growth rate.
Generation times are given in Table 4.
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condition can also effect reduced ages at maturity (Stearnlgrge, late-maturing genotypes in the late 1980s and early
1992). But, again, the apparent declines in age at maturitf990s (Hutchings and Myers 1994; Myers et al. 1994lly
have not been associated with appreciable increases in body al. 1998).
condition (e.g., Lilly 1997). Nonetheless, irrespective of what may have caused-a de
A third explanation for declining age at maturity is differ cline in 6, a decline in age at maturity would appear, all else
ential loss of genotypes from the population. Assuming thabeing equal, to have a positive, although comparatively
age at maturity is heritable in Atlantic cod, as it is in mostsmall, effect on population growth rate (Fig. 2). This result
organisms (Roff 1997), a decline in age at maturity maymay, however, be misleading. The estimates of the pres
have been caused by an increase in the proportional -reprent analyses, incorporating the well-documented effect-of in
sentation of early-maturing genotypes predicated by thelividual growth rate on age at maturity, were based on the
higher fishing mortality experienced by the comparativelyassumption that cod maturing relatively early in life were
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the fastest growers in the population. This resulted in comdition, stochastic models provide probabilities with which
paratively larger weights at age and correspondingly highespecific population rates of increase might be realized. As
age-specific fecundities for early-maturing individuals. If, examples, | selected the probabilities with which a popula
however, early-maturing genotypes share the same agéon will decline and double every generation. Such proba
specific schedule of weight as late-maturing genotypes, theilities may prove useful in risk analyses.

analyses ofr presented here will overestimate the intrinsic  The use of stochastic, age-structured life history models in
rate of increase of early-maturing genotypes. Additional facfish stock assessment and fish conservation biology appears
tors that may reduce the fitness of comparatively smallto have merit. The strengths and weaknesses of such-an ap
early-maturing individuals may include reduced hatchingproach warrant further examination.

success (Trippel 1998), reduced mating success (Hutchings

et al. 1999), and increased recruitment variability (Hutchings
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