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Life-history evolution and elevated natural mortality
in a population of Atlantic cod (Gadus morhua)
Douglas P. Swain

Fisheries and Oceans Canada, Gulf Fisheries Centre, Moncton, NB, Canada

Introduction

Evidence is accumulating that there can be rapid evolu-

tionary responses in fish populations to the selection

pressures imposed by fishing. Laboratory experiments

have demonstrated rapid genetic changes in growth rate

and a suite of correlated life-history traits in fish popula-

tions subjected to size-selective harvesting (Conover and

Munch 2002; Walsh et al. 2006). Likewise, a growing

number of studies on wild fish populations have revealed

phenotypic changes consistent with an evolutionary

response to fishing (e.g. Handford et al. 1977; Ricker

1981; Haugen and Vøllestad 2001; Grift et al. 2003; Olsen

et al. 2004, 2005; Edeline et al. 2007; Swain et al. 2007;

Biro and Post 2008; Nusslé et al. 2009). The phenotypic

changes attributed to fisheries-induced evolution are most

commonly in life-history traits such as growth rate and

age and size at maturation. These traits are closely linked

to population productivity and fishery yield. The pheno-

typic changes observed in response to exploitation result

in reduced population productivity in the unfished state

(e.g. Hutchings 2005; Walsh et al. 2006) and may contrib-

ute to the slow recovery observed for many collapsed fish

stocks (Hutchings and Reynolds 2004; Walsh et al. 2006).

Many of the populations of Atlantic cod (Gadus mor-

hua) occurring in the Northwest Atlantic collapsed in the

early 1990s due to overfishing. These populations have

failed to recover despite severe restrictions on fishery

removals over the past 15 years. The main factor delaying

the recovery of these populations has been a decline in

their productivity, in particular an increase in the natural

mortality of adult cod (Shelton et al. 2006). This decline

in productivity has been particularly dire for the cod pop-

ulation in the southern Gulf of St. Lawrence (SGSL). Nat-

ural mortality has risen to such a high level in this

population that it no longer appears to be viable (Swain

and Chouinard 2008). Causes of the increases in natural

mortality in these populations are uncertain. Survival

costs to reproduction are expected to increase as age and

size at maturity decline. This led Hutchings (2005) to
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Abstract

Fisheries-induced evolution has been hypothesized to delay the recovery of col-

lapsed fish stocks through effects on their productivity. The cod stock in the

southern Gulf of St. Lawrence (SGSL) collapsed in the early 1990s and has

shown no recovery since then, due mainly to high natural mortality of adult

cod. Age and size at maturation of SGSL cod decreased sharply over time in

cohorts produced in the 1950s and 1960s, likely reflecting an evolutionary

response to intensified fishing, and have remained low since then, despite

severe reductions in fishing mortality over the past 15 years. A predicted conse-

quence of early maturation is increased natural mortality due to higher costs to

reproduction. Early maturation may be a cause of increases in natural mortality

of SGSL cod in the 1970s but does not appear to be related to the much larger

increases since then. Instead, the current high natural mortality of SGSL cod

appears to be primarily a cause, rather than a consequence, of the continued

early maturation in this population, now replacing fishing mortality as the

agent of selection favouring early maturity. This striking example of the failure

to reverse fisheries-induced evolution by relaxing fishing pressure emphasizes

the need for management strategies that minimize the chances of harvest-

induced genetic change.
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suggest that the recent increases in natural mortality in

these cod stocks may be partly due to fisheries-induced

declines in age and size at maturation.

Fisheries scientists have traditionally described variation

in maturation using maturity ogives, which specify the

proportion of individuals that are mature at a given age

and/or size. Maturity ogives are affected by rates of sur-

vival and growth before and after maturation. In an

attempt to disentangle effects of changes in survival and

growth from evolutionary changes in maturation, a sec-

ond approach to describing maturation schedules, proba-

bilistic maturation reaction norms (PMRNs), has recently

been developed (Heino et al. 2002a,b; Barot et al. 2004).

PMRNs describe the probability that an immature indi-

vidual will become mature, conditional on having reached

a certain age and size. Because PMRNs are intended to

exclude the effects of phenotypic plasticity associated with

variation in the average somatic growth rate, a change in

PMRN provides much stronger support for the hypothe-

sis of an evolutionary change in the maturation process

than does a change in maturity ogives. However, the pos-

sibility that unaccounted plastic effects contribute to

changes in PMRNs cannot be excluded (e.g. Morita and

Fukuwaka 2006; Marshall and McAdam 2007).

In this study, I describe long-term variation in age and

size at maturation in the SGSL cod population. Both the

age and size at which 50% of individuals were mature

declined sharply in this population in the 1960s and early

1970s (Beacham 1983a). I show here that these changes

reflect equally rapid and dramatic changes in PMRNs. I

also extend the maturation time series to 2008, revealing

that there has been no recovery in age and size at matura-

tion in this stock in the 30 years since their decline,

despite very low fishing mortality over the past 15 years.

Finally, I compare the time trends in age and size at

maturity with the estimated trend in natural mortality. I

conclude that the decline in age and size at maturation

may be a cause of increases in natural mortality in the

1970s, but that early maturation does not appear to be

the cause of the much greater increases in natural mortal-

ity since then. I instead suggest that age at maturation

has failed to recover in this population despite very low

fishing mortality because high natural mortality has now

replaced fishing mortality as an agent of selection favour-

ing early maturation.

Materials and methods

Study population

The SGSL cod population has been commercially

exploited since at least the 16th century, but landings

increased substantially following the introduction of otter

trawling in the late 1940s. The exploitation rate on the

stock increased steadily from the early 1950s to the mid-

1970s (Fig. 1A). For the younger age classes exploited by

the fishery, exploitation rate in the mid-1970s had

reached a level nearly seven times that experienced in the

early 1950s. Population biomass declined during this per-

iod in response to this increase in fishing intensity, but

then recovered quickly to historical highs in the 1980s

(Fig. 1B). The population collapsed a second time in the

late 1980s and early 1990s, and has not yet shown any

sign of recovery despite 15 years with little fishing (Swain

et al. 2009).

Southern Gulf of St. Lawrence cod overwinter in warm

deep waters along the southern slope of the Laurentian

Channel in the Cabot Strait area (Fig. S1). In spring (late

April to early May), the population migrates onto the

Magdallen Shallows, where spawning and feeding occur

prior to the migration back to the overwintering grounds

in late fall. Gonad maturation begins in late November

during the migration back to the overwintering grounds

(Schwalme and Chouinard 1999). Gonad growth is largely

complete by January for males, but maximum gonad

development is not attained by females until late April or

early May (Schwalme and Chouinard 1999). Powles

(1958) reported that the spawning period of cod in the
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Figure 1 Exploitation rate on southern Gulf of St. Lawrence cod

aged 5–6 or 7+ years (A) and stock biomass (B, ages 3 years and

older). Data from Swain et al. (2009).
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southern Gulf lasted from May to September, with peak

spawning in late June. Other studies suggest that peak

spawning occurs somewhat earlier, in late May (Jean

1963; Lett 1980). Schwalme and Chouinard (1999)

reported that reductions in gonadosomatic indices associ-

ated with spawning occurred in June and July.

Data

A stratified-random bottom trawl survey of the southern

Gulf has been conducted each September since 1971.

During this survey, subsamples of cod catches are

obtained for age determination and maturity measure-

ments [see Hurlbut and Clay (1990) for details]. Addi-

tional fixed-station surveys were conducted in fall (mainly

September) from 1959 to 1970 (though data could not be

retrieved for the surveys in 1960, 1963 and 1964). Data

were also available from spring and early summer surveys

(mainly April–July) in 1960–1962, 1968 and 1990–1995,

January surveys in 1960, 1961, 1964 and 1994–1996, and

from a fish condition monitoring programme (April–July)

in 1998–2001 and 2005–2007. These data sets are summa-

rized in Table S2.

The original work by Beacham (1983a,b) was criticized

because it included samples from outside the spawning

season when it may be difficult to distinguish between

immature fish and resting mature fish (Halliday 1987; but

see Beacham 1987). I evaluated this potential problem by

comparing maturity ogives based on data collected during

the spawning season (spring and early summer) with

ogives based on September data. After adjusting for

growth between spring and fall, no bias was evident

between results from the two seasons in the 1960s data

but a consistent bias was evident in the 1990s data

(Data S3). In the 1990s data, lengths and ages at 50%

maturity were estimated to be lower using the September

data than using data from spring and early summer, sug-

gesting a tendency to misclassify immature fish as resting

or recovering mature fish in the September data. Time-

series analyses were conducted to identify when a change

in the quality of the September data occurred (Data S4).

These analyses indicated a change in the data in 1983.

This coincided with a change in the group conducting

the September surveys and a change in the description of

maturity stages for cod (Hurlbut and Clay 1990). I con-

cluded that the September maturity data were unreliable

after 1982, and excluded these data from the analyses pre-

sented here. Inclusion of these data would result in even

stronger time trends in age and size at maturation than

those reported here (see Data S3 for time trends in the

1983–2008 September data).

Because data were limiting in some time periods, I com-

bined data collected in all seasons for this analysis. Length

was adjusted to length in the fall (September–October) for

surveys conducted in other seasons, as follows:

L0i;a ¼ Li;a þ �LF;a � �LS;a; ð1Þ

where L¢i,a and Li,a are the adjusted and observed lengths

for fish i of age a collected in season S, respectively, and
�LF;aand �LS;aare the mean lengths at age a in fall and sea-

son S, respectively. Fall was chosen as the reference season

because data were available from this season in all years

except 1960, 1963 and 1964. Means were calculated over

blocks of years over which length-at-age varied little to

obtain substantial sample sizes at each age. For example,

spring data were compared to fall data for the following

groups of years: 1959–1962, 1968, 1990–1995, 1998–2001

and 2005–2007. Sexes were combined for these adjust-

ments because differences between the sexes in length-at-

age were small compared to seasonal differences. Analyses

were restricted to ages 2–12 years.

Because gonad growth was completed (males) or well

underway (females) in January (Schwalme and Chouinard

1999), maturity status in January was considered repre-

sentative of the status at spawning in the following spring

and early summer rather than at spawning in the previ-

ous year. Thus, a January 1 ‘birthday’ was used here; i.e.

age was incremented by 1 year in the January data.

Maturity ogives

Ogives for age or length at maturity were fit separately

for males and females using the following logistic regres-

sion model:

logitðoÞ ¼ b0 þ b1;C þ b2X þ b3;CX; ð2Þ

where o is the probability of being mature, X is age or

length, and C indexes cohort group starting at 2 (cohort

group 1 was the reference cohort). Neighbouring cohorts

were grouped together where necessary to obtain sufficient

sample sizes (a minimum of about 50 individuals for most

age groups). Maturity schedules were summarized by the

predicted age or length where 50% of individuals were

mature (A50 or L50), given by )b0/b2 for cohort group 1

or )(b0 + b1,C)/(b2 + b3,C) for other cohort groups. Con-

fidence intervals around A50 and L50 were obtained by

bootstrapping with 1000 replicates. Bootstrap replicates

were obtained by randomly sampling with replacement

within age/cohort group cells. For each replicate, the

model specified by equation (2) was fit and the parameter

estimates were used to calculate A50 or L50 for each cohort

group. Confidence intervals were given by the 2.5th and

97.5th percentiles of the resulting estimates of A50 or L50

for each cohort group. Time trends in A50 and L50 were

summarized using generalized additive models (GAMs),

based on smoothing splines with 4 degrees of freedom.
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Maturation reaction norms

Because first-time and repeat spawners could not be dis-

tinguished, PMRNs were estimated using the method

developed by Barot et al. (2004). The probability of

maturing at age a and length l, m(a,l), was estimated

based on the maturity ogive with respect to age and

length, o(a,l), and the mean growth increment from age

a)1 to a, Dl(a):

mða; lÞ ¼ ½oða; lÞ � oða� 1; l� DlðaÞÞ�=
½1� oða� 1; l� DlðaÞÞ�

ð3Þ

Equation (3) estimates the frequency of fish maturing for

the first time at age a and length l relative to the fre-

quency of fish of this age and length that were not

mature the previous year. This equation assumes that

immature and mature fish of a given age and length class

have the same growth and survival rates, but Barot et al.

(2004) demonstrated that their method is relatively

robust to violations of this assumption. Likewise, Pérez-

Rodrı́guez et al. (2009) found that this method and a

direct method not requiring these assumptions (because

first-time spawners could be identified) produced compa-

rable results for Flemish Cap cod.

Separate analyses were conducted for males and

females. A coarser grouping of cohorts was used to obtain

a minimum sample size of 100 for most cohort/age cells.

Barot et al. (2004) showed that this sample size was

required to obtain robust estimates with the model used

here. Maturity ogives were fit using the following model:

logitðoÞ ¼ b0 þ b1;C þ b2aþ b3;Caþ b4lþ b5;Cl

þ b6al þ b7;Cal;
ð4Þ

where a is age and l is length. This model was the best

model for both males and females based on AIC. Follow-

ing Barot et al. (2004), Dl(a) was estimated as the differ-

ence in mean length between ages a and a)1 within

cohort groups. Mean growth increments calculated in this

way will be biased if there is size-selective mortality

between ages a)1 and a. Size-selective mortality has been

demonstrated in SGSL cod (Sinclair et al. 2002a). How-

ever, biases in growth increments due to size-selective

mortality had a negligible effect on estimates of PMRN

midpoints (Data S5). PMRN midpoints were estimated

by fitting the following logistic regression model to the

values of m obtained using equations (3) and (4):

logit(m) ¼ b0 þ b1;C þ b2aþ b3;Caþ b4l þ b5;Cl

þ b6alþ b7;Cal:
ð5Þ

Probabilistic maturation reaction norm midpoints were

calculated using the parameters estimated for equation

(5). For the reference cohort group, the length at 50%

maturation probability at age a is given by )(b0 + b2a)/

(b4 + b6a). For other cohort groups the PMRN mid-

points are given by )[b0 + b1,C + (b2 + b3,C)a]/

[b4 + b5,C + (b6 + b7,C)a]. Confidence intervals around

the PMRN midpoints were based on bootstrapping. Boot-

strap replicates were obtained by sampling with replace-

ment within age/cohort group cells. The steps described

above [i.e. estimating Dl(a), fitting o(a,l) using equation

4, estimating m(a,l) using equation 3, and fitting the

resulting estimates of m using equation 5] were repeated

for each of 1000 bootstrap replicates.

Rates of change

Rates of phenotypic change were expressed in darwins,

the proportional change per million years, calculated as:

d ¼ lnðZ1=Z0Þ
Dt � 10�6

; ð6Þ

where Z0 and Z1 are the phenotypic values at the begin-

ning and end, respectively, of a period Dt years in dura-

tion. Rates were calculated for the whole study period,

and separately for each half of the period. Following

Sharpe and Hendry (2009), I used the predicted values

from the GAMs fit to the time series of A50 and L50 as

estimates of Z0 and Z1 to account for year-to-year fluctu-

ations in these time series.

Natural mortality

The status of the SGSL cod stock is assessed using

sequential population analysis (SPA) calibrated using

abundance indices from the annual research vessel survey

and a number of fishing-industry surveys (e.g. Swain

et al. 2009). Calibration involves finding the parameter

estimates that produce the best match between the abun-

dance indices and the SPA estimates of population size.

Parameters typically include terminal abundance (i.e.

abundance at age in the most recent year) and catchabili-

ty coefficients for the surveys. Using a simulation study,

Chouinard et al. (2005) demonstrated that SPA can also

be used to estimate trends in the instantaneous rate of

natural mortality (M). Following this work, and an earlier

study by Sinclair (2001) who demonstrated that M was at

a high level in the SGSL cod stock during the fishing

moratorium in the mid-1990s, recent assessments of this

stock have estimated M for various blocks of years. These

estimates are for all ages (2 years and older) aggregated

together.

While SPA can correctly identify the trends in M in

simulated populations, it sometimes has difficulty identi-

fying the correct level for these trends (Chouinard et al.

Swain Life-history evolution and mortality of cod
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2005). Thus, the level of M should be fixed or ‘anchored’

in some period using ancillary information. In recent

assessments of this stock, M has been fixed at 0.2 in

1971–1979 and at 0.4 in 1994–1997 and estimated for the

remainder of the time series in several blocks of years

(e.g. Swain et al. 2009). The value for 1971–1979 was

based on independent analyses using data from the 1970s

and earlier. These studies estimated that M was near 0.1–

0.2 (see references in Sinclair 2001). The value for 1994–

1997, when there was a moratorium on directed fishing

for cod, was based on estimates of total mortality which

indicated that M was 0.4 or higher (0.4–0.6; Sinclair

2001; Swain et al. 2009).

For this study, I adopted the SPA model used to pro-

vide the most recent management advice for this stock

(Model 1, Swain et al. 2009). I modified this model

slightly, fixing M at either 0.1 or 0.2 in 1971–1975, and

estimating M in the following blocks of years: 1976–1980,

1981–1986, 1987–1993, 1994–2000 and 2001–2008. This

modification allowed finer resolution in estimating the

onset of increases in M, and allowed an estimate of M

that was >0.4 in 1994–1997 (as suggested by the estimate

of total mortality for this period). Calculations were con-

ducted using the adapt software package (Gavaris 1988).

To compare the time trend in M with the temporal

changes in maturation, annual L50s (Fig. S2, omitting the

1983–2008 September data) were summarized using

GAMs as described above.

I also summarized trends in total mortality by estimat-

ing survival from age 3 to 8 years, as follows:

Sj ¼
Y7

i¼3

expð�Fi;jþi �MjþiÞ; ð7Þ

where i and j index age and cohort, respectively, j + i

indexes year, and F is the instantaneous rate of fishing

mortality. Estimates of F and M for 1971–2008 are from

the SPA model described above (with M for 1971–1975

set at 0.2). The time series is extended to earlier years

(1950–1970) using the model described by Maguire et al.

(1983), which assumed that M was 0.2 in this earlier

period.

Results

Maturation

For both males and females, age and length at 50%

maturity steadily declined over time in cohorts pro-

duced in the 1950s and 1960s (Fig. 2). A50 was

substantially greater in females than in males in the

mid-1950s cohorts but had declined to similar levels in

both sexes in cohorts produced in the early 1970s

(Fig. 2A,B). A50 declined by about 40% in females,

from 6.7 years in the mid-1950s to 4.0 years in the

early 1970s, and by about 30% in males, from 5.6 to

3.8 years. A50 differed little between cohorts produced

in the early to mid-1970s and those produced after the

(A)

(C) (D)

(B)

Figure 2 Age and length at 50% maturity for female and male cod in the southern Gulf of St. Lawrence. Vertical lines are 95% confidence

intervals. Horizontal lines indicate the range of cohorts grouped together for an estimate. Time trends are summarized by a smoothing spline

(heavy line) ± 2 SE (dotted lines). Lengths have been adjusted to September values.
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mid-1980s, with values in the latter period averaging

only marginally (about 5%) higher than those in the

earlier period.

Patterns in L50 were similar to those observed in A50

(Fig. 2C,D). Declines in L50 between cohorts produced in

the mid-1950s and those produced in the early to mid-

1970s were substantial, 31% (19 cm) for females and 21%

(11 cm) for males. L50 continued to decline between

cohorts produced in the early to mid-1970s and those

produced after the mid-1980s, but these declines were

small compared to those in the 1950s and 1960s, about

3.5 cm for both sexes.

Maturation reaction norms changed rapidly in the

1950s and 1960s, with cohorts produced late in this per-

iod maturing at a much smaller length than those pro-

duced early in this period (Fig. 3). For females aged 4

and 5 years, the probability of maturing reached 50% by

a length of 41–45 cm for cohorts produced in the late

1960s and early 1970s but not until a length over 70 cm

for those produced in the mid-1950s. A similar pattern

was evident for males, though males matured at slightly

shorter lengths than females in early cohorts. In contrast

to the 1950s and 1960s, differences in maturation reaction

norms between cohorts produced in the early to mid-

1970s and those produced since the mid-1980s were rela-

tively minor; PMRN midpoints were on average <4 cm

lower in recent cohorts than in those from the early to

mid-1970s.

Maturation reaction norms are shown for three

cohort groups (the early 1950s, the mid-1970s and the

early 1990s) in Fig. 4. Slopes of these reaction norms

are generally very shallow, indicating that maturation

depends mostly on attaining a particular size rather

than a particular age, at least up to 5 years of age. A

dramatic difference in reaction norms is evident

between cohorts produced in the early 1950s and those

produced in the mid-1970s. In contrast, the difference

in reaction norms between cohorts produced in the

mid-1970s and those produced in the early 1990s is

minor.

Rates of change in these life-history traits were very rapid

between the mid-1950s and the mid-1970s, ranging from

)14 410 to )23 770 darwins (average )19 778 darwins;

Table 1). Rates of change averaged about an order of

magnitude slower in the second half of the study period.

Mortality

Both revised SPA models fit the data slightly better than

the assessment model (MSE 0.242–0.243 vs 0.257)

and were better models based on AICC (Burnham and

Anderson 2002). Estimated M increased steadily from the

late 1970s to the present (Fig. 5). The large decline in

length and age at maturity in the 1960s and early 1970s

was associated with an increase of 0.05–0.1 in estimated

M, depending on whether the value chosen for the period

prior to 1976 was high or low in the range of estimates

for this period by earlier studies. Estimated M increased

by 0.4 from the late 1970s to the present, a period over

which size at maturity changed little.

(A)

(C) (D)

(B)

Figure 3 Temporal trends in maturation reaction norm midpoints for southern Gulf of St. Lawrence cod at ages 4 and 5 years. Vertical lines are

95% confidence intervals. Horizontal lines indicate the range of cohorts grouped together for an estimate.
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Estimated survival from 3 to 8 years of age declined

over the time period (Fig. 6). Survival was over 25% for

the earliest cohort observed and under 5% for recent

cohorts. Survival declined more or less steadily over time,

though there was some improvement in survival for

cohorts produced in the 1970s. This reflected a decline in

fishing mortality in the early- to mid-1980s (Fig. 1A).

However, even for these cohorts, survival was only about

half that observed at the beginning of the time series.

These calculations assume an M of 0.2 for the period

prior to 1976, a value near the upper limit of plausible

values for this period (about 0.1–0.2). Even greater

declines in survival would be estimated assuming a lower

plausible M for this period.

Discussion

Life-history traits are expected to evolve in response to

changes in mortality schedules. An increase in the mortal-

ity of older individuals is predicted to favour an earlier

age at maturation (e.g. Law 1979). This prediction is

Table 1. Rates of change in life-history traits of southern Gulf of St.

Lawrence cod.

Trait Sex Time period

Time

(years)

Rate

(103 darwins)

A50 F 1953–2001.5 48.5 )9.25

A50 F 1953–1976 23.0 )22.83

A50 F 1976–2001.5 25.5 3.00

A50 M 1955.5–2001.5 46.0 )8.49

A50 M 1955.5–1976 20.5 )19.91

A50 M 1976–2001.5 25.5 0.69

L50 F 1953–2001.5 48.5 )9.86

L50 F 1953–1976 23.0 )17.65

L50 F 1976–2001.5 25.5 )2.83

L50 M 1955.5–2001.5 46.0 )8.19

L50 M 1955.5–1976 20.5 )14.41

L50 M 1976–2001.5 25.5 )3.19

PMRN F 1954.2–1998.5 44.3 )11.98

PMRN F 1954.2–1975 20.8 )23.77

PMRN F 1975–1998.5 23.5 )1.55

PMRN M 1954.2–1998.5 44.3 )10.14

PMRN M 1954.2–1975 20.8 )20.10

PMRN M 1975–1998.5 23.5 )1.32

The PMRN trait is the length at 50% maturation probability for 4-

year-old cod. Time period is denoted by the midpoints of the cohort

groups at the start and the end of the period.
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Figure 5 Instantaneous rate of natural mortality (M) of cod in the

southern Gulf of St. Lawrence. Heavy horizontal line is an assumed

value; circles are estimates for the periods delimited by light horizontal

lines. Vertical lines are ±2 SE. Grey lines show the trend in length at

50% maturity for females (solid line) and males (dashed line). M fixed

at 0.1 (A) or 0.2 (B) in 1971–1975.
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supported by extensive studies of life-history variation in

wild populations of the guppy, Poecilia reticulata (Reznick

and Ghalambor 2005; and references therein). These stud-

ies compare life-history traits between populations occur-

ring at high- and low-predation sites. The predators

characteristic of high-predation sites have been reported

to prey predominantly on the reproductive size classes of

guppies (Reznick and Endler 1982), and the estimated

increase in mortality at high-predation sites is proportion-

ally greater at these larger sizes (Reznick and Ghalambor

2005). As predicted by theory, guppies from high-preda-

tion sites mature at an earlier age and a smaller size than

those from low-predation sites. These differences in life

history have a genetic basis (Reznick and Ghalambor

2005), and transplant experiments between high- and

low-predation sites have demonstrated that the evolution-

ary response in life-history traits to changes in mortality

schedules can be rapid (Reznick et al. 1997).

Like selective predators, fisheries can profoundly alter

the mortality schedules of exploited populations. Fisheries

typically target the larger adult size classes. A decline in

age and size at maturation is the expected evolutionary

response to the increase in mortality at larger sizes

imposed by fishing (Law and Grey 1989; Law 2000). (An

exception occurs when fisheries are confined to the

spawning grounds, targeting spawners and thus generat-

ing an advantage to delayed maturation.) Length and age

at 50% maturity of SGSL cod declined dramatically in the

1960s and early 1970s, following large increases in fishing

mortality. These changes are in the direction expected for

evolutionary responses to fishing. However, fishing may

also generate non-genetic changes in life history due

to phenotypic plasticity in growth and maturation (e.g.

Kuparinen and Merilä 2007). Reduced competition for

resources in populations depleted by fishing may result in

an increase in the growth rate of individuals and thus

lead to early maturation. Beacham (1983b) reported

declines in length and age at maturity of cod in the

neighbouring Scotian Shelf population, similar to those

observed in SGSL cod (Beacham 1983a), and noted that

it was not clear whether these declines reflected fishing-

induced genetic changes or phenotypic responses to

increases in growth rate as cod biomass decreased. Subse-

quent to the studies by Beacham (1983a,b), there was a

decrease in the growth rate of SGSL cod as the popula-

tion recovered in the late 1970s and early 1980s (Sinclair

et al. 2002b; Swain et al. 2003). There was no return to

an older age and greater length at maturity as growth rate

declined, suggesting that the changes in maturation

schedules were genetic in origin. Moreover, analyses pre-

sented here demonstrate that changes in PMRNs underly

the changes in maturity of SGSL cod. Because PMRNs

control for effects of variation in average growth rates,

this result further strengthens support for the hypothesis

that the trend in maturation schedules of SGSL cod

reflects fisheries-induced evolution.

The PMRNs used here do not account for other poten-

tial plastic effects on maturation, such as effects of varia-

tion in ambient temperature or fish condition (e.g.

Dieckmann and Heino 2007; Marshall and McAdam

2007). However, the alternate hypothesis that the trends

in maturation reflect such unaccounted plastic effects is

not supported by the time trends in the forcing factors

associated with these effects. For example, high fish con-

dition may increase the probability of being mature at a

given age or length (see references in Marshall and

McAdam 2007), leading to the expectation of an inverse

relationship between condition and size or age at matu-

rity. Condition of SGSL cod in September, shortly before

the onset of gonad maturation in late fall, was high in the

mid-1970s, low in the early to mid-1980s, and at an

intermediate level since then (Swain et al. 2009; their fig.

18). Instead of the expected inverse pattern, length at

maturity showed little variation over this period (Fig. 5).

Temperature may also directly affect the probability of

maturing independent of its indirect effects via growth,

with the probability of maturing increasing with tempera-

ture (Grift et al. 2003; Kraak 2007). Consistent with such

an effect, SGSL cod matured at a relatively old age and

large size in the early 1960s when the bottom water layer

in the SGSL was relatively cold (Gilbert and Pettigrew

1997; Galbraith et al. 2008). However, inconsistent with

such an effect, cod matured at an early age and small size

during the cold period in the mid-1970s and during the

coldest period on record, from the late 1980s to the mid-

1990s. Thus, the available evidence suggests that the dra-

matic decline in age and size at maturation of SGSL cod

during the 1960s and early 1970s (in cohorts produced in

the 1950s and 1960s) was in large part an evolutionary

response to increasing fishing mortality.

Fisheries-induced evolution may be slow to reverse

after fishing pressure is relaxed (e.g. Law 2000; Stokes and

Law 2000; Hutchings and Fraser 2008). This may occur

because of an erosion in additive genetic variation in

severely depleted populations, or because the selection

differentials imposed by fishing are likely to be stronger

than those expected in the absence of fishing. For exam-

ple, expected lifetime egg production estimated from a

growth model for North Sea cod indicated strong selec-

tion favouring early maturity at high exploitation rates

but little selection for age at maturation in the absence of

fishing (Rowell 1993). Recent eco-genetic models of fish

populations also predict that recovery of life-history traits

from fisheries-induced evolution may be very slow to

non-existent after fishing has ceased (Dunlop et al. 2009;

Enberg et al. 2009). The slow recovery observed in these
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models resulted from weak natural selection rather than

reduced genetic variance. An alternative modelling

approach suggests that in some situations fisheries-

induced evolutionary changes may become irreversible

due to a shift to an alternative evolutionarily stable state

(de Roos et al. 2006). On the other hand, in laboratory

populations, recovery from evolutionary change can be

moderately rapid after size-selective harvesting ceases,

with recovery occurring at about half the rate of the ori-

ginal change in large-harvested populations (Conover

et al. 2009).

In contrast to the rapid decline in length and age at

maturation observed in cohorts of SGSL cod produced in

the 1950s and 1960s, there has been little change in matu-

ration schedules since then, despite the population recov-

ery in the late 1970s and early 1980s and 15 years with

very low fishing mortality following the second collapse

of this stock. At first glance, this appears consistent with

the hypothesis that reversal of fisheries-induced evolution

may be slow when selection for early maturation is

relaxed by reducing fishing mortality. However, in this

case, it appears that selection in favour of early matura-

tion has not been relaxed. The population recovery in the

late 1970s was due to unusually strong recruitment

(Swain and Sinclair 2000) rather than a reduction in fish-

ery landings. Fishing mortality did decline in the early to

mid-1980s due to the increase in abundance (Fig. 1), but

overall survival remained low compared to that experi-

enced by cohorts produced in the late 1940s (Fig. 6).

Despite very low fishing mortality since 1994, survival has

now decreased to even lower levels due to elevated natu-

ral mortality. Preliminary analyses of the age-dependence

of changes in natural mortality of SGSL cod indicate that

the increased natural mortality in the 1990s and 2000s is

restricted to the older ages classes (5 years and older;

Swain et al. 2009, see their appendix III). Thus, elevated

natural mortality appears to be focussed on the same age

classes that had been targetted by the fishery, with high

natural mortality now replacing fishing mortality as an

agent of selection favouring early maturation.

Can life-history evolution provide an explanation for

the high natural mortality of SGSL cod? Individuals

maturing at an earlier age and smaller size are expected

to experience higher survival costs to reproduction (Roff

2002; Hutchings 2005; e.g. Hutchings 1994). The sharp

decline in age and size at maturation in cohorts produced

in the 1950s and 1960s appeared to be associated with an

increase in M by 0.05–0.1 to a level near 0.2–0.25. This is

similar to results reported by Beverton et al. (1994), who

concluded that M of Northeast Arctic cod appeared to

increase from about 0.15 to 0.25 as age at maturation

declined from 8 years or older to 6 years. However, the

much larger increase in M from 0.2–0.25 in the late 1970s

to 0.6–0.65 in recent years is not associated with any sub-

stantial change in age or size at maturity. Costs to repro-

duction may be more evident under stressful

physiological or ecological conditions (Reznick 1985; Roff

2002). Perhaps, the lag of about 15 years between the

main declines in age and size at maturation and the main

increases in M reflects a shift from optimal to stressful

conditions. The condition of cod did decline from the

mid-1970s to the mid-1980s (Swain et al. 2009), consis-

tent with the hypothesis that the further increase in M in

the early to mid-1980s may reflect an interaction between

early maturation and harsh conditions (e.g. low per capita

food resources). However, inconsistent with this hypothe-

sis, cod condition subsequently increased and has been at

average levels since the late 1980s but, instead of declin-

ing, M has increased further. The high estimates for M in

the 1980s, particularly during the intense fishery in the

1987–1993 period, may be partly due to unreported catch,

though this is clearly not the case after 1993 when fishing

effort was very low (Swain et al. 2009). If so, the discrep-

ancy in timing between the change in maturation and the

main increases in M is even greater. Possibly, increased

reproductive investment beyond that associated with ear-

lier maturation (e.g. increased size-specific fecundity)

contributes to the increases in M in the 1980s and 1990s.

However, the limited evidence available does not support

this hypothesis. Reproductive allotment does appear to be

relatively high for SGSL cod, but if there has been a

change over time, the evidence points to a decrease in

size-specific fecundity between the mid-1950s and the late

1990s (McIntyre and Hutchings 2003). Finally, high M is

the main factor contributing to the low productivity

and apparent inviability of this population (Swain and

Chouinard 2008). If early maturation were a major cause

of this high M, there would be very strong selection

favouring a return to later maturation. Thus, the increase

in M of SGSL cod in the 1970s may be related to increased

costs of reproduction associated with early maturation, but

the greater increases in M since then appear to be associ-

ated with some other factor external to the population,

such as increased predation by the expanding grey seal

herd (Chouinard et al. 2005; Benoı̂t and Swain 2008). For

the most part, the current high natural mortality of SGSL

cod appears to be a cause, rather than a consequence, of

the continued early maturation in this population.

Fisheries-induced genetic changes in life history may

contribute to the lack of recovery observed for many col-

lapsed fish populations (Hutchings and Reynolds 2004).

Potential consequences of these changes include reduced

productivity and lower maximum sustainable yields

(Hutchings and Fraser 2008). This study presents a strik-

ing example of the failure to reverse fisheries-induced

evolution by relaxing fishing pressure. The observation
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that these evolutionary changes may not be readily

reversible underlines the need for management strategies

that minimize the chance of inducing these changes by

fishing (Hutchings 2009). Reversal of fisheries-induced

evolution has been predicted to be slow because, com-

pared to the selection imposed by fisheries, natural selec-

tion in the reverse direction is expected to be weak (e.g.

Law 2000; Dunlop et al. 2009). However, in contrast to

this expectation, natural selection in this case appeared to

be strong following the relaxation of fisheries selection,

and now appears to operate in the same direction as

selection by fisheries had operated. The high natural

mortality of adult cod that is the source of this natural

selection is also the main cause of the continued decline

of the SGSL cod stock (Swain and Chouinard 2008).

Increased natural mortality has also been identified as the

most important factor contributing to the lack of recov-

ery of several other collapsed cod stocks in the Northwest

Atlantic (Shelton et al. 2006). Fisheries-induced evolution

of early maturation, which is expected to result in a

higher survival cost to reproduction, has been suggested

as one possible cause of increased natural mortality in

these depleted cod stocks (e.g. Hutchings 2005). How-

ever, in the case of SGSL cod, the current high and

unsustainable level of natural mortality appears to be

mainly due to factors external to the population, such as

changes in predator-prey interactions. These changes may

themselves be another consequence of overexploitation.

For example, hypothesized increases in predation mortal-

ity may be partly a consequence of the sharp decline in

cod abundance; that is, the current high natural mortality

may be a predation-driven Allee effect (Gascoigne and

Lipcius 2004). If so, this again emphasizes the need for

more precautionary management regimes in order to

avoid stock collapses that are not readily reversible by

stopping fishing.
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