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Evolutionary response to size-selective mortality

in an exploited fish population
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Many collapsed fish populations have failed to recover after a decade or more with little fishing. This may
reflect evolutionary change in response to the highly selective mortality imposed by fisheries. Recent
experimental work has demonstrated a rapid genetic change in growth rate in response to size-selective
harvesting of laboratory fish populations. Here, we use a 30-year time-series of back-calculated lengths-
at-age to test for a genetic response to size-selective mortality in the wild in a heavily exploited population
of Atlantic cod (Gadus morhua). Controlling for the effects of density- and temperature-dependent growth,
the change in mean length of 4-year-old cod between offspring and their parental cohorts was positively
correlated with the estimated selection differential experienced by the parental cohorts between this
age and spawning. This result supports the hypothesis that there have been genetic changes in growth
in this population in response to size-selective fishing. Such changes may account for the continued
small size-at-age in this population despite good conditions for growth and little fishing for over a decade.
This study highlights the need for management regimes that take into account the evolutionary
consequences of fishing.
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1. INTRODUCTION

Fisheries have been described as large-scale uncontrolled
experiments in evolution (Rijnsdorp 1993; Stokes & Law
2000). The mortality imposed by many fisheries is high,
often two or three times the level of natural mortality, and
strongly selective, typically targeting larger individuals.
Yet, the possibility of genetic change in exploited fish
populations in response to the strong selection generated
by fishing is ignored in fisheries management. This may
reflect the traditional view that evolution is a slow process
not discernable over the short ecological time-scales
relevant to resource managers (Reznick & Ghalambor
2005). However, recent work has demonstrated that
evolution can be rapid, with significant change occurring
within years or decades rather than centuries (Reznick
et al. 1997; Thompson 1998; Koskinen et al. 2002;
Stockwell ez al. 2003).

Many collapsed fish populations have failed to recover
even when fishing mortality has been reduced after their
collapse (Hutchings 2000; Hutchings & Reynolds 2004).
This may reflect fisheries-induced genetic changes in traits
related to population productivity (Hutchings & Reynolds
2004; Hutchings 2005; Walsh ez al. 2006). Decline in age
and size at maturity, the predicted evolutionary response
to the increased mortality imposed by fisheries, has been
demonstrated in a growing number of cases and appears to
reflect genetic change (e.g. Grift ez al. 2003; Olsen et al.
2004; Barot et al. 2004; but see Morita & Fukuwaka
2006). Evolutionary decline in growth rate has also
been predicted as a response to the selective removal of
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fast-growing individuals by fisheries (Law 2000; Stokes &
Law 2000; Conover & Munch 2002). Rapid genetic
changes in growth rate and correlated life-history traits in
response to size-selective harvesting have been demon-
strated in laboratory populations of the Atlantic silverside,
Menidia menidia (Conover & Munch 2002; Walsh ez al.
2006). Here, we present results consistent with a genetic
response to size-selective mortality in the wild in a heavily
exploited fish population: Atlantic cod (Gadus morhua) in
the southern Gulf of St Lawrence.

Cod have been fished in the Gulf of St Lawrence since
the sixteenth century. Fishery removals from the southern
Gulf population increased sharply in the 1950s, and the
population declined throughout the 1960s and early 1970s
(figure 1). The stock recovered quickly in the late 1970s
and early 1980s despite continued fishing. However, the
stock collapsed again in the late 1980s and has not yet
recovered, even though there has been little fishing since
1993. This difference in recovery rates between the 1970s
and 1990s reflects a change in the productivity of this
population. Productivity has the following three com-
ponents in terms of the rate of change in spawning stock
biomass: the rate of recruitment of juveniles to the
spawning stock; body growth rate; and the natural
mortality rate of adults. Changes in all the three
components contributed to the low productivity of this
population in the 1990s (Shelton er al. 2006). Here, we
focus on the changes in body growth rate. Length-at-age in
this population decreased sharply in the late 1970s and
early 1980s (figure 1). This reflected a density-dependent
decline in growth rate combined with a change in the
direction of size-selective fishing mortality (Sinclair ez al.
2002b6). The fishery selectively removed slow-growing
individuals in the early to mid-1970s and fast-growing
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Figure 1. Abundance of cod aged 4 years and older in the southern Gulf of St Lawrence and mean length at age 6 years.
Estimates of abundance and mean length are taken from Chouinard ez al. (2005). Abundance estimates were obtained by the

calibration of an age-structured population model.

individuals from the early 1980s until the closure of
directed fishing in 1993 (Hanson & Chouinard 1992;
Sinclair ez al. 2002a).

The changes in size selection observed in this population
are thought to reflect the strongly dome-shaped relation-
ship between fishing mortality of southern Gulf cod and
their length, with the highest fishing mortality at inter-
mediate lengths (Sinclair er al. 2002a). This creates
potential fitness benefits associated with both fast and
slow growth. Slow-growing fish have the advantage that
they delay their vulnerability to the fishery. Fast-growing
fish have the advantage that they grow more quickly
through the window of lengths vulnerable to the fishery.
The balance of selection will depend on the average growth
rates in the population relative to the window of lengths
vulnerable to the fishery. In the late 1970s and early 1980s,
mesh size in the fishery increased (shifting the window of
vulnerability to larger lengths) and growth rate decreased.
These changes coincided with shifts in the balance of size
selection of southern Gulf cod, from a period when the
survival was lowest for slow-growing fish, through a period
of disruptive selection when survival was lowest for fish
with intermediate growth rates, to a period beginning in
the early 1980s when the survival was lowest for fast-
growing fish (Sinclair er al. 2002a).

Length-at-age of southern Gulf cod remained low
throughout the 1990s and early 2000s, even though
conditions for growth were good (low cod abundance,
high prey abundance and warm ambient temperatures
during the feeding season) and size-selective fishery
removals were low. A possible explanation is that there
has been a genetic response to the selective removal of fast-
growing fish throughout the 1980s and early 1990s
(Sinclair et al. 2002a). Here, we test this hypothesis
using a quantitative genetics model applied to data on
length-at-age back-calculated from otoliths.

2. MATERIAL AND METHODS

Data are from stratified random bottom-trawl surveys
conducted in the southern Gulf of St Lawrence each
September since 1971. Otoliths were extracted from
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length-stratified subsamples of the cod captured in each
tow. Otoliths were sectioned and ages were determined by
counting the number of hyaline zones on the otolith cross-
section. The distance from the nucleus of the otolith to
the outside edge of each hyaline zone was measured along
the longest axis of the cross-section. This edge, termed the
annulus, corresponds with the end of the winter period of
slow growth, which occurs in April in this population.
Lengths-at-age were back-calculated using the biological
intercept method (Campana 1990),

l; =lc +(0; = Oc)ic— 1))X(Oc — Op) ", 2.1
where /; is the estimated fish length at age 7; /¢ is the fish length
at capture; O; is the otolith radius at annulus 7; O¢ is the total
otolith radius and /, and O, are the fish length and otolith
radius at the biological intercept, respectively, defined as the
point at which fish and otolith growth become proportional.
Further details are given by Sinclair er al. (2002a). Back-
calculations were available for the period 1971-2001.
Analyses presented here are restricted to cohorts produced
in 1977-1997 and the parents that produced these cohorts
(a cohort refers to the group of fish born in a particular year).

The trait examined in this study was the back-calculated
length at the fourth annulus, corresponding to an age of
4 years. This age was chosen as a compromise between an age
well recruited to the survey and one poorly recruited to the
fishery. At this age, cohorts are fully recruited to the research
survey so that size composition is representatively sampled
(Sinclair ez al. 2002b). However, at an age of 4 years, cohorts
have experienced little fishing mortality and thus little fishery-
induced phenotypic selection, at least for cohorts produced
since 1977 (Chouinard ez al. 2005).

Let L, ; be the mean back-calculated length at the fourth
annulus in the cohort produced in year j (referred to here as
cohort ;) for fish observed at age 7 in the September survey.
We calculated L,; weighting observations based on the
stratified sampling scheme, as described by Sinclair et al.
(2002a). The dependent variable in this analysis was AL, j,
the L, ; for offspring cohort j minus that for the spawning
stock that produced it,

a max

ALy ;=Ly;— Z Dij—iLla i

1=0amin

(2.2)
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where ay,;, and @y, are the minimum and maximum ages
used for the spawning stock, respectively, and p; ;_; is the
proportion of the spawning stock biomass in year j comprising
parental cohort j— 1. Back-calculations were available for fish
up to an age of 11 years, so the portion of the spawning stock
older than this age was excluded from the analysis. The
excluded ages averaged less than 4% of the spawner biomass
in the 1977-1997 period. The small portion (1%) of the
spawning stock biomass comprising 3-year-olds was also
excluded from this calculation (because the trait examined
here is not expressed at this age). No estimate was available
for L4 1966, sO calculations for 1977 excluded 11-year-old
spawners (the 1966 cohort, comprising 4% of the spawner
biomass in that year). The relative contribution of each age-
class to spawner biomass was based on the September survey
data. Spawning in southern Gulf cod occurs mainly between
late May and mid-July; prior to the closure of directed fishing
in 1993, the proportion of the annual fishing mortality that
occurred between spawning and September was low (Sinclair
et al. 1994).

We used the following model to test for a genetic change in
L, ; in response to size selection:

where AL, ;is the difference between offspring cohort j and its
parental cohorts in mean back-calculated length at age 4 years
in fish observed as 4-year-olds; AG, represents the contri-
bution of genetic change to this difference; and AE; is the
contribution of phenotypic plasticity (i.e. environmental
effects). AG; is the effect of genetic change in the parental
cohorts between age 4 years (when their L, ;_; is measured)
and their production of offspring cohort ;. This genetic change
is the evolutionary response to the size selection experienced
by parents between age 4 years and spawning. Following
Falconer (1981), the response to selection is given by
AG; = 1*S;, (2.4)
where /2 is the heritability of length at age 4 years and S ; is the
average selection differential for this length in the spawning
stock that produced offspring cohort j. S;;_;, the selection
differential for parental cohort j—: (aged ¢ in the spawning
stock in yearj ), is the change in the mean length at the fourth
annulus between the fish observed at age 4 years and those
observed at age 1,

S,' =L - L4,j—1" (25)

i i,j—i

The average selection differential for the parents of offspring
cohort is given by

11

S = pij-iSij-i (2.6)
i=3

Note that S, ;4 is by definition 0. S5 ;3 was also set to 0.

AE is the effect of differences between offspring and their
parents in the environmental conditions experienced up to
age 4 years. The following two factors were considered in the
AE term: the differences in density experienced by parents
and offspring (Ad) and the differences in temperature
conditions experienced up to age 4 years (Az).

Ad was included in the analysis to account for the effects of
density-dependent growth. Density-dependent growth
reflects intraspecific competition, which is expected to be
the strongest between individuals of similar sizes (and thus
similar diets; see Hanson & Chouinard (2002) for
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information on length-specific diets of southern Gulf cod).
Because length overlaps broadly between adjacent age classes
in this population, the density index constructed for cohort j
was based on the abundance of that cohort and the
abundances of the preceding and following cohorts:

4= Ny

J=1

2.7)

where Ny is the year-class strength for cohort ¥, defined as the
abundance of 3-year-old cod in year ¥+3. Estimates of
abundance were from the sequential population analysis
reported by Chouinard ez al. (2005). The difference in density
between offspring cohort j and its parent cohorts, Ad;, was
calculated as

11
Adj =d;—> pij—i dij. (2.8
i=3

An index of the ambient temperature of cod during the
feeding season was constructed to test for the effects of
temperature-dependent growth. This index was based on
tow-by-tow bottom temperatures during the September
surveys weighted by cod catch. These surveys provide
synoptic estimates of the distribution of cod with respect to
temperature during the feeding season, a time of year when
southern Gulf cod are non-migratory (Clay 1991). For cod of
age 7 in year y, ambient temperature was estimated as the
stratified mean cod-weighted bottom temperature

n
T = Ys,i,y
iy = s,y % Ts.y
s=1

iy

(2.9)

where v, , is the weighting factor associated with tow s in year
¥ Y, is the number of cod of age ¢ caught in tow s in year y;
Y,»’ , is the stratified mean catch of age 7 cod per tow in year y
(calculated using the weights v, ,); 7., is the bottom
temperature during tow s in year y; and # is the number of
tows in year y. The weighting factor v;, ,, was the proportion of
the survey area covered by the stratum fished by tow s divided
by the number of sites fished in that stratum in year y. For
cohort j, the temperature index was the average ambient
temperature for ages 1-3 years,

(N T oy +T5545)
The difference in ambient temperature between offspring
cohort j and its parental cohorts, Az, was calculated as

(2.10)

11
AL =6— pijiti—i- (2.11)
i=3

Data on ambient temperature of cod are available since 1971.
Thus, estimates of at least one of the ambient temperatures
for ages 1-3 years were not available for the oldest ages in the
spawning stocks in 1977-1980 (e.g. ambient temperature at
ages 1-3 years for the 1966 cohort aged 11 years in 1977,
ambient temperature at age 1 year for the 1969 cohort aged
11 years in 1980). The average ambient temperature at age
was used in these cases (3% of the values needed to calculate
the time-series of Ar).

A general index of environmental conditions was also
constructed. This index was based on the average bottom
temperature in the September surveys without weighting by
cod catch. However, AL, ; was unrelated to the differences in
this index between offspring and their parental cohorts, and
results of tests using this index are not presented here.
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Figure 2. Selection differentials for length at age 4 years for the spawning stocks producing the 1977-1997 cohorts.

Regression analyses presented in the report were
conducted using the function /m in S-Plus 2000 (MathSoft,
Inc. 1999). Ad and At were standardized by subtracting their
mean and dividing by their standard deviation prior to their
use as independent variables in the regression analyses.
Hierarchical models including S, Ad and/or Az were
compared using the small sample version of Akaike’s
information criterion (AIC., Burnham & Anderson 2002).
The model with the lowest AIC, is estimated to be the most
parsimonious of the models considered. A;, the AIC. of
model ¢ minus the minimum AIC, of the considered models,
is a measure of the empirical support for model ¢. Values of 0—
2 for A; indicate considerable support, whereas values of 4-7
indicate considerably less support (Burnham & Anderson
2002). The likelihood that a model is the best model, given
the data and the set of models considered, is given by its
Akaike weight, w (Burnham & Anderson 2002, p. 75).

3. RESULTS

Selection differentials for length at age 4 years differed
between the parents of cohorts produced in the late
1970s and those produced between the early 1980s
and the mid-1990s (figures 2 and 3a, table S1 in the
electronic supplementary material). Selection differentials
were positive, indicating greater survival for fast-growing
fish, for the parents of cohorts produced in the earlier
period and negative, indicating greater survival for slow-
growing fish, for the parents of cohorts produced in the
later period.

The two environmental factors were strongly
confounded (figure 3b). Density was greater for offspring
than for their parents for cohorts produced in the late
1970s and early 1980s and the reverse for those produced
from the mid-1980s to the early 1990s. Differences in
ambient temperature between offspring and their parents
showed the opposite pattern, with cohorts produced in the
late 1970s and early 1980s experiencing lower tempera-
tures at ages 1-3 years than their parents and those
produced from the mid-1980s to the early 1990s
experiencing higher temperatures than their parents.
The close correspondence between these two trends
reflects density-dependent temperature associations in
this population, with a greater proportion of the
population occupying relatively cold waters when abun-
dance is high (Swain & Kramer 1995). Density and
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temperature are generally expected to have opposite
effects on growth, with growth depressed by high density
or low temperature. Thus, given their opposing temporal
trends, the effect of each environmental factor is expected
to reinforce the effect of the other on the difference in
growth between parents and offspring.

Models that included terms for both a genetic response
to selection (S) and an effect of differences in density
between offspring and their parents (Ad) were much more
probable given the data than all models that did not
include both these terms (table 1). The model most
strongly supported by the data included both these terms
and a term for the effect of temperature differences
between offspring and their parents (model 1 in table 1).
However, based on AIC., the model that included only
terms for S and Ad (model 2) was almost as probable as
model 1 (table 1). Both the genetic response to selection
and the effect of density were highly significant and in the
expected directions in models 1 and 2 (table 2).

Because the two environmental factors were strongly
confounded, it was difficult to distinguish between the effects
of each. The effect of temperature was highly significant and
in the commonly expected positive direction in model 3,
which included terms for S and Az (table 2). However, there
was considerably less support for this model than for models
1 or 2. In model 1, which also included a term for Ad, the
effect of temperature was neither significant (at the 0.05
level) nor in the expected direction. Owing to this and given
the similar levels of support for models 1 and 2 based on
AIC., our preferred model is model 2. This model
accounted for 60% of the variation in the length difference
at age 4 between offspring and parental cohorts based on a
genetic response to the selection experienced by parents and
density differences between parents and offspring at ages up
to 4 years (figure 3c¢).

4. DISCUSSION

We have related changes in length-at-age between parental
cohorts and their offspring to an index expected to be
positively correlated with genetic changes in growth
(i.e. the selection differential), as well as indices for the
non-genetic factors previously demonstrated to affect
growth in this population (i.e. density and temperature).
Controlling for the effects of density- and temperature-
dependent growth, the mean length of 4-year-old cod in
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Figure 3. Interannual variation in AL, ; and potential explanatory variables. (a) S, the average selection differential for length at
age 4 years in the spawning stocks producing the 1977-1997 cohorts. (b) Differences in density (Ad) and temperature conditions
experienced up to age 4 years (Az) between offspring and parental cohorts, standardized to a mean of 0 and a standard deviation
of 1. (¢) Observed variation in AL, ; (circles) and that predicted by model 2 in table 1 (line). R? is the proportion of the variation

in AL, ; explained by model 2.

offspring cohorts minus that in their parental cohorts was
positively correlated with the estimated selection differ-
ential experienced by parental cohorts between this age
and spawning. This result supports the hypothesis that
there have been genetic changes in growth in this
population in response to size-selective fishing. However,
as in any observational study of natural populations, we
cannot rule out the possibility that the effects attributed to
factors included in our models instead reflect the effects of
confounded but untested factors. Other factors that may
affect the growth of southern Gulf cod include variation in
the duration of the feeding season (Comeau er al. 2002)
and variation in prey abundance or quality. Indices that
would permit the inclusion of these factors in our models
do not exist at this time.

The effects of environmental factors on the growth
differences between offspring and parental cohorts
observed in this study are consistent with other analyses
of the factors affecting growth in this population. Similar
to the results of this study, Sinclair ez al. (2002b) observed
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Table 1. Support for models predicting AL, ; from S, Ad
and/or Atz. (AL, ;is the change between offspring cohort j and
its parental cohorts in mean back-calculated length at age 4
years in fish observed as 4-year-olds; S is the selection
differential experienced by the parental cohorts between age 4
years and spawning; Ad and At are the differences in density
and temperature conditions between offspring and parental
cohorts; A; is the AIC, of model 7 minus the minimum AIC,
of the considered models; and w; is the Akaike weight for
model i.)

model R? A; w;

1: ALy = B,S+B,0d+ B5Ar 0.66 0.0  0.5570
2: ALy j=$,S+6,Ad 0.60 0.7 0.3945
3: ALy ;= 6,S+ B5Ar 0.47 6.4  0.0222
4: AL, j=B,0d+BAt 0.37 10.1  0.0036
5: ALy, j=B,Ad 0.37 73 0.0142
6: AL, ;= (5Ar 0.34 8.4 0.0083
7: ALy ;=6,S 0.07 15.6  0.0002
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Table 2. Effects of a genetic response to selection (S) and
environmental differences between offspring and parents (Ad,
density differences; Az, temperature differences) on AL, j the
change between offspring cohort j and its parental cohorts in
mean back-calculated length at age 4 years in fish observed as
4-year-olds, for selected models. (8 is the parameter estimate
for an effect and s.e. its standard error. Significance levels (p)
are from two-sided tests using type III sums of squares.)

model effect B8 s.e. t p

1 S 0.758 0.191 3.96 0.0009
Ad —4.176 1.299 —3.22 0.0048
At —2.360 1.253 —1.88 0.076

2 S 0.587 0.179 3.27 0.0040
Ad —1.817 0.364 —4.99 0.0001

3 S 0.434 0.198 2.19 0.042
At 1.528 0.403 3.80 0.0012

a strong negative effect of density and a weak positive effect
of temperature on lengths at ages 5-11 years in this
population. However, in their study, the strongest effect on
length at these older ages was the phenotypic response to
size-selective mortality. Sinclair er al. (2002b) did not test
for effects on length at age 4 years, but did include L, ; as
an explanatory variable in their models in order to account
for variability in growth at early ages. Phenotypic
responses to size-selective fishing are not expected to be
an important source of variation in length at age 4 years in
this population, because cohorts have experienced little
fishing mortality at this age. However, the results
presented here indicate that genetic changes in growth in
response to the selection differentials acting on parental
cohorts appear to be a component of changes in length at
early ages in southern Gulf cod.

Our models are simplifications in many respects. For
example, genotype—environment interactions are not
incorporated in our models, nor are any nonlinearities in
environmental effects. Like most other models used to
examine the factors affecting cod growth (cf. Swain ez al.
2003), our models cannot account for the interactive
effects of temperature and food ration, in which an increase
in temperature will accelerate growth if food is not limiting
but may reduce growth if it is (e.g. Brett er al. 1969). Our
selection differentials and environmental indices also do
not take into account any variation in reproductive success
(i.e. the number of progeny surviving to age 4 years) within
age classes in the spawning stock. For example, if
reproductive success within age classes is positively
correlated with length, then realized selection differentials
will be less negative or more positive than our estimated
differentials. However, in trials in which we calculated
selection differentials assuming that reproductive success
within age classes was proportional to length, conclusions
were similar to those reported here, with models 1 and 2
identified as the best models based on AIC..

The selection differentials used in this study incorpor-
ate any size selection due to natural mortality, as well as
the effects of size-selective fishing. However, fisheries-
induced size selection is clearly a major component of
these selection differentials. The selection differentials
calculated from back-calculated length-at-age were
positive for the spawning stocks in the late 1970s and
negative for those since the early 1980s. Based on

Proc. R. Soc. B (2007)

comparisons between the length distributions at age in
the fishery catch and in the research survey population,
Hanson & Chouinard (1992) demonstrated the same
change in size selection by the fishery.

The slope of the selection-differential term in our
models provides an estimate of the heritability of length at
age 4 years for the southern Gulf cod population. The
estimate based on our preferred model is 0.59 (s.e. 0.18).
Mousseau & Roff (1987) reported a median value of about
0.35 for the heritability of morphological traits like body
size in ectotherms. In a review of the literature on selective
breeding for aquaculture, Law (2000) reported a mean
heritability for length-at-age of 0.30 (s.d. 0.21). Thus,
though within the range of values reported for this type of
trait (Mousseau & Roff 1987), our estimate of heritability
of size-at-age in southern Gulf cod is higher than the
average value reported for this trait. High heritability may
reflect high mutational variability, low residual variances
(e.g. environmental variance) and/or protection from
selection by opposing or fluctuating selection pressures
(Merild & Sheldon 1999). The recent history of selection
for size-at-age in this population has included a change in
the direction of selection as well as an episode of disruptive
selection (Sinclair ez al. 2002a), patterns of selection that
may contribute to the maintenance of genetic variation in
this population (cf. Falconer 1981; Ellner & Hairston
1994). Unlike most of the estimates reported by
Mousseau & Roff (1987), our estimate of heritability is
based on the response to selection and may be biased for a
variety of reasons (Falconer 1981), in particular by any
environmental effects on growth that are confounded with
S but not accounted for in our models.

Our results support the hypothesis that there has been
an evolutionary response in the southern Gulf cod
population to size-selective fishing mortality. The con-
tinued small size-at-age in this population over a decade
after the cessation of heavy fishing despite good conditions
for growth, may thus reflect a genetic decline in growth in
response to the selective removal of fast-growing fish in the
1980s and early 1990s. Such a genetic change may not be
readily reversible by limiting fishing mortality (Law 2000;
Stokes & Law 2000; Conover et al. 2005; Walsh ez al.
2006). Natural agents of selection are not likely to produce
selection differentials in the reverse direction that are as
strong as those that were produced by fishing. Fishing
mortality experienced by this population in the 1980s and
early 1990s considerably exceeded the levels expected for
natural mortality (Chouinard er al. 2005). Furthermore,
because natural selection for growth is moderated by
evolutionary trade-offs (Billerbeck er al. 2001; Lankford
et al. 2001), it may not normally be as strong as the
selection that can be imposed by fisheries.

Rapid evolutionary responses to size-selective harvest-
ing have been demonstrated in laboratory experiments
involving severe selection and a model species with a short
generation time (Conover & Munch 2002; Walsh ez al.
2006). Results presented here suggest that evolutionary
responses to fishing can also be rapid in long-lived species
in the wild, where fishery-induced selection is less precise
and may be opposed by evolutionary trade-offs. This adds
further weight to the case for adopting an evolutionary
perspective in fisheries management (e.g. Law & Grey
1989; Heino 1998; Ernande er al. 2004; Conover et al.
2005). Management regimes that take into account the
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evolutionary consequences of fishing are needed in order
to develop sustainable fisheries.

We thank L. Currie and J. Murphy for many hours of careful
work measuring and ageing otoliths and J. A. Hutchings, C. J.
Foote, G. A. Chouinard, E. M. P. Chadwick and two
anonymous reviewers for their helpful comments on earlier
versions of this manuscript.
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