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Two- and three-dimensional maturation reaction norms
for the eastern Baltic cod, Gadus morhua
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Industrial fisheries have caused decreases in the size and age at maturation in several stocks of cod (Gadus morhua). Although earlier
maturation can be a phenotypic response to improved growth conditions, estimation of probabilistic maturation reaction norms
(PMRNs) can remove most impacts of growth and demography from maturation schedules and has often revealed a residual, poten-
tially genetic, trend. In this study, size- and condition-based PMRNs were estimated for eastern Baltic cod cohorts from 1987 to 2003.
The PMRNs suggested that both length and condition at 50% probability of maturing (Lpso and Cpso) had decreased by 15-20%,
more notably in females. Simultaneously with changes in maturation schedules, the length-at-age of mature fish decreased for
most combinations of age and sex. Decrease in growth may be partly explained by advanced maturation, but temporal fluctuations
in PMRNs suggest also a residual environmental impact on both growth and maturation. The results may indicate a genetic change in

the eastern Baltic cod stock, adding pressure to reduce fishing mortality on it.
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Introduction

Exploitation may threaten genetic structures in fish and game
populations both directly and by favouring alterations that
enhance adaptation to changed mortality patterns (Law, 2000;
Coltman et al., 2003; Hutchinson et al., 2003). Increased mortality
caused by harvesting decreases the chances for survival and repro-
duction later in life and therefore favours early age at maturation
that ensures reproduction before being captured (Law and Grey,
1989). In addition, size- or state-selective fishing may favour
decreased growth rate, increased reproductive effort, and altered
feeding and mating behaviour (Conover et al., 2005; Reznick
and Ghalambor, 2005; Walsh et al., 2006). Aquaculture studies
demonstrate that age-at-maturity and growth rate provide additive
genetic variance that converts to a high heritability under con-
trolled conditions (Kolstad et al., 2006). Therefore, strong selective
pressures imposed by fisheries potentially affect these traits also in
exploited populations.

As a plastic response to harvesting, individual growth rates may
increase, so age-at-maturity might decrease through an earlier
attainment of maturation size (Trippel, 1995). However, when
selection continues for decades, size-at-maturity may also
decrease, and there may be an underlying genetic change in matu-
ration schedules (Olsen et al., 2004; Grift et al., 2007; selectively
reviewed by Jergensen et al, 2007). A major concern is that
genetic changes towards earlier maturity or slower growth rate
can reduce yields through reduced adult body size (Law and
Grey, 1989; Conover and Munch, 2002), and possibly hamper
recruitment through an increase in the proportion of small

spawners (Marshall et al., 2006). Fishing-induced evolutionary
change might even affect population viability (Walsh et al.,
2006) and eventual recovery from a collapse (Hutchings, 2005).

The probabilistic maturation reaction norm (PMRN) offers a
statistical concept that can help to disentangle genetic effects
from environmentally driven phenotypic variation in maturation
schedules (Heino et al., 2002). A PMRN describes the population-
level probability of an average individual maturing as a function of
age and predominantly environmentally driven variables, such as
length and condition. The ability of PMRNS to reflect a genetic
property depends on the validity of the variables included
(reviewed by Dieckmann and Heino, 2007). Most often, PMRNs
are constructed using information on age and length at the time
of or before spawning. However, body energy reserves may con-
tribute extensively to the maturation of cod (Marshall and
McAdam, 2007), suggesting that some measure of body condition,
e.g. relative body mass index or relative liver weight, should be
used in the estimation of PMRNs for cod. In contrast, not all
studies agree that condition is key in the maturation of cod
(Morgan and Lilly, 2006). However, body condition index has
been included in the estimation of PMRNs for North Sea plaice
(Pleuronectes platessa; Grift et al., 2007) and sole (Solea solea;
Mollet et al., 2007), and in those cases its inclusion only strength-
ened the results obtained using age- and size-based PMRN:S. In this
study, relative body condition index (the condition factor) is
included in the analysis to compare the results obtained
using age- and size-based, and age-, size-, and condition-based
PMRNE.
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The Baltic Sea supports western and eastern stocks of Atlantic
cod (Gadus morhua) that spawn at discrete locations and times,
and which have genetically diverged from other North Atlantic
stocks of cod (Nielsen et al., 2001). Age groups 2—5 are currently
the most important for fisheries (ICES, 2006a). However, as a
consequence of access to sufficient data of suitable quality, our
focus is solely on the eastern stock (from now on called Baltic
cod), which spawns mainly in the Bornholm basin (Kraus et al.,
2002) and is distributed in ICES Subdivisions 25-28. Through
years of increases in cod abundance, fishing effort increased
which then, together with years of poor recruitment, led to
massive depletion of the stock by the 1990s (Koster et al., 2005).
Despite the present low level of the stock, fishing for cod in the
Baltic Sea has remained at an unsustainably high level (ICES,
2006a).

Cod in the Baltic Sea mature unusually young, generally
between ages 2 and 4 years, males a year earlier than females
(Rutkowicz, 1963). In accordance with life-history theory,
Andersen et al. (2007) predicted that intense fishing of cod in
the Baltic Sea would lead to an evolutionary response towards
maturation at smaller size. Indeed, the proportions of cod that
mature very young have increased during the past two decades
simultaneously with decreasing masses-at-age and population
size (Cardinale and Modin, 1999; ICES, 2006a). Assuming that
slow growth rate relates to delayed maturation (Grover, 2005),
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the decrease in mean age-at-maturity, despite the declining
growth rates and condition, suggests that the change must
include a genetic component (Trippel, 1995; Dieckmann and
Heino, 2007). In this study, age- and length-based and age-,
length-, and condition-based PMRNs are estimated for the
eastern Baltic cod stock to examine whether the changes in matu-
ration patterns could have taken place independently of mortality
and growth, whether such changes differed between sexes, and
whether the inclusion of condition factor could change the
results of age- and size-based PMRNs.

Material and methods

Data

Cod were collected in the first quarter of the year between 1989
and 2007 in ICES Subdivisions 25-28 (n = 7204, 1113, 1626,
1833 per subdivision, respectively, Figure 1) as part of the Baltic
International Bottom Trawl Survey by the Swedish RV “Argos”.
The known problems in age determination of Baltic cod
between countries (ICES, 2006b) prevented consistent analyses
of the international dataset despite country-specific exclusion of
data (results not shown). For consistency, therefore, exclusively
Swedish data that, in terms of trends in weight-at-age and other
parameters, are comparable with international data (ICES,
2006a) were used. Part of this dataset was used in the analysis of
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Figure 1. Map of the study area with ICES Subdivisions (SDs).
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age- and length-based maturity ogives by Cardinale and Modin
(1999).

The analysis focused on ages 2—4 years, because Baltic cod have
matured in this age range for at least 50 years (Rutkowicz, 1963;
ICES, 2005). Data from the cohorts spawned in the years 1987—
2003 were used for the analyses of two- and three-dimensional
PMRNSs (age-, length-, and condition-based PMRNSs, respect-
ively), length (precision 1cm), mass (precision 1-5g), and
Fulton’s condition factor derived from sex-specific mass/length
regressions at age (n = 5228 males and 6112 females, on average
348 fish per cohort per sex). The final age-specific sample sizes
fulfil the minimum recommended sample size (100) derived
from simulation analysis by Barot et al. (2004). Juvenile fish
were well represented in the samples (43.7% of all cod 2-4
years old).

Before 2001, trawls were conducted systematically in space, but
they have since been random, though relatively constant by subdi-
vision during the whole period. The subsampling of trawled fish
for determination of age, length, mass, and maturity was size stra-
tified (in 1-cm classes), targeting five fish for every location and
size class sampled. The maturity status (4—8 classes of gonad
states, reclassified to mature/immature) was determined by
macroscopic examination (Tomkiewicz et al., 2003), and age was
determined from otoliths by experienced personnel according to
standardized methods. Skipped spawning was observed, but was
extremely rare (frequency 0.6%). All cod exhibiting skipped
spawning were classified as mature.

Estimation of PMRNs

Because the first-time spawners could not be separated from
repeat-spawners, the PMRNs were estimated using the demo-
graphic estimation method of Barot et al. (2004). All mature
2-year-old cod were assumed to be mature for the first time (in
the data, there was one mature 1-year-old fish out of 1191 fish).
The most important requirement of the estimation method is
that the proportions of mature fish within each age and length
are unbiased (Barot ef al., 2004). This assumption is likely met
when sampling has been size stratified. However, potential
spatial changes in fishing pressure could not be controlled for
and could have altered the proportions of mature and immature
fish even within size classes over time.

Maturation reaction norms

The age- and length-based (two-dimensional) [Equation (1)] and
age-, length-, and condition-based (three-dimensional) [Equation
(2)] maturation reaction norms were constructed for sexes and
cohorts separately according to Barot et al. (2004) as

_o(a,s) —o(a—1,5— As)
mia, s) = 1—o(a—1,s—As)

(1)

o(a,s,c) —o(a—1,s— As,c — Ac)
l—o(a—1,s—As,c—Ac)

@

m(a, s, c) =

where maturation ogives o(a, s) and o(a, s,c) are defined as a func-
tion of age (a), size (length; s), and condition (c). As refers to the
annual increase in the length, and Ac to the annual change in con-
dition of the fish. The term o(a— 1, s— As, c— Ac) becomes zero for
2-year-old fish.

A. Vainikka et al.

The probabilities of being mature as a function of age and size,
i.e. the maturity ogives, were estimated using the following simple
logistic regression model, chosen based on biological relevance
and because it had good explanatory power for the probability
of being mature:

Logit[o(a, s)] ~ ap + aqa + as, (3)

where a refers to age, s to length, and the various values of o are the
estimated parameters. This model restricts the contours of the
PMRN to be linear, and its width to be independent of age
(Heino et al., 2002). For three-dimensional PMRNSs, a logistic
regression with a stepwise backward model-selection procedure
based on log-likelihood ratio tests between two alternative
models, starting from a model including all main effects and
second-order interactions, was used to examine which statistical
model could best predict the probability of being mature as a func-
tion of age, length, and condition. However, the final sex-specific
models were further customized to obtain just one model for both
sexes (see the “Results” for the details of model selection).

As individual-based growth estimates were not available, and
the length-at-age data were not random but came from length-
stratified samples, lengths-at-age were estimated by fitting von
Bertalanffy’s growth curve on individual age-at-length data, then
reversing the function to output the mean lengths-at-age using
the following pair of functions:

1 Lo —s
t(s) = _%IOg(—Lw — Lo) @)
s(t) = Lo — (Lo — Lo) exp(—kt)),

where #(s) refers to age-at-length, s(¢) to length-at-age, k the
growth rate, Lo, the asymptotic length, and L, the length at hatch-
ing. The annual length increments [Equations (1) and (2)] were
then derived from the growth model. To examine the sensitivity
of PMRNs on estimated population-level length increments, the
two-dimensional PMRNs were calculated using lengths-at-age
derived using data from all cod, or from juvenile cod only
(Dieckmann and Heino, 2007).

By definition, the relative body condition index (here defined as
the adjusted Fulton’s condition factor, K) is independent of length
(Pearson’s correlation between the sex-specific K and length, p >
0.05, and for the common K, R = —0.026, p = 0.005). Therefore,
for three-dimensional PMRNS, the population-level sex-specific
mean condition factors at age were used to derive annual
changes in condition. The adjusted Fulton’s condition factor, K,
was calculated for each cod using the equation, K= 100 g~ ' cm”
W (g) x (L (cm))~?, where W is the total body mass, L; the
total body length, and b the slope of a regression of In(W) on
In(L;) of the population (Jones et al, 1999). In the reaction
norm analyses and Figures, b = 3.156 for males and b = 3.131
for females. The exponent 3.141 was used in other analyses to
allow comparison between sexes. PMRN midpoints (i.e. length
at 50% probability of maturation, Lps,) for the three-dimensional
reaction norms were calculated at fixed condition 0.6, and the Cps,
(condition at 50% probability of maturing) correspondingly at a
fixed length of 35 cm, because these values represented the con-
dition and length when maturation generally occurred. If variation
in condition reflects feeding conditions, the annual changes in
condition factor should capture the growth variation lost by
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forcing the interannual growth to follow the von Bertalanfty
growth curve. The age and size combinations yielding the expected
probability of maturing, and the probabilities of maturing at fixed
length or at mean lengths and condition were calculated for each
age from Equations (1) and (2).

Estimation of error

As it is beyond realistic options to derive analytical estimates of the
error in maturation reaction norms (Barot et al., 2004), the whole
estimation procedure including growth estimations was repeated
1000 times by bootstrapping (with replacement) the original
data using the original sample size and stratification for age.
Values for the 95% confidence intervals were derived using the
first percentile technique, i.e. picking the 25th and 975th values
from the sorted dataset of 1000 values. If the bootstrap sample
was unsuitable for determining the maturity ogive (i.e. the logistic
regression procedure failed), the bootstrap sample was discarded
and a sample number <1000 was used to estimate the reaction
norm midpoint and its variation. The average success rate,
however, was >95%. The squared inverse value of the standard
deviation of individual bootstrapped Lpsgs was used to weight
the least squares in linear regressions for the trend over cohorts.

Statistics

All fitting of von Bertalanffy growth models, estimation of
maturation reaction norms and length-at-age calculations were
performed with customized procedures included in AV Bio-
Statistics 4.8 software (freely available from the first author).
SPSS (SPSS 14.0.1, SPSS Inc., USA) was used for stepwise model
selection for logistic regressions, and for weighted linear
regressions to study trends in estimated cohort-wise condition
factors, lengths-at-age, Lps, and Cpso values, and age-specific
maturation probabilities. Pearson’s correlation analysis was used
to study the correlation between age, length, and condition
factor. Fully factorial (including all possible main effects and
their interactions) ANCOVA, performed in SPSS, was used to
examine factors (cohort, subdivision, age, sex, maturity) affecting
the variation in condition. Condition factor was log-transformed
before ANCOVA analysis to meet the assumptions of the test.
Otherwise, no transformations were carried out before analysis.

Results

Variation in condition factor

The condition factor decreased over time between the 1987 and
2003 cohorts, for both sexes (Table 1, Figure 2). Cohort explained
more of the variation in condition than age (which corresponds to
catch year, because cohort = catch year — age; Table 1), suggesting
the existence of a long-term trend. In addition, 1% of the total
variation was explained by variation between subdivisions
(Figure 1), the difference being that fish in the southwestern
Baltic Sea (Subdivision 25) were in slightly but statistically signifi-
cantly worse condition than fish in the other subdivisions (pair-
wise Bonferroni comparisons against Subdivision 25; p < 0.001).
The difference between the sexes was marginal, but males were
on average in better condition than females (Table 1, Figure 2).
However, mature fish were in better condition than immature
fish (Table 1; 0.60 vs. 0.58). The mean estimated condition in
juvenile males was 0.582, in juvenile females 0.584, in mature
males 0.603, and in mature females 0.598.

Maturity ogive models

The best single explanatory variable to correctly assign fish to
maturity class was body mass (Table 2) which, however, includes
gonad mass and is therefore an apparent indicator of maturity,
but not an appropriate predictor of maturation. For the two-
dimensional (age- and length-based) analysis of PMRNs, a matur-
ity ogive model including a constant and the main effects of age
and length was chosen (Table 2). In that model, the odds ratios
for age (years) and length (cm) were, respectively, 1.20 and 1.28
for males, and 2.32 and 1.35 for females, indicating that length
was a more important determinant of being mature than age.
All model variables except the effect of age in males (cohort as a
factor, p = 0.059) were statistically significant (p < 0.001).

The statistically optimal three-dimensional (age, length, con-
dition) maturity ogive models appeared to be different for males
than for females (Table 2). In males, only the main effect of
length was included, but all the second-order interaction terms
appeared statistically significant. In females, a more complex
model including the main effects of age, length, and condition,
and the interaction terms between age and length, and condition
factor and length, proved best in terms of explanatory power.
In that model, however, length was not statistically significant
(p=0.071). To be able to compare the results between sexes,

Table 1. Factors explaining the variation in condition factor between cohorts 1987 and 2003 according to a fully factorial ANCOVA.

Source of variation Type 1l sum of squares

Significance n

11333.0

Values of n? indicate effects, i.e. the variation explained by the focal variable.
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Figure 2. Changes in (a and b) the condition factor and (c and d) the length-at-age of eastern Baltic cod over cohorts 1987-2003
in 2—4-year-old (a and c) males and (b and d) females. For details of significance levels, refer to Table 1.

Table 2. Comparison of the factors explaining the probability of being mature (ogive models) for 2 —4-year-old cod of the cohorts 1987

and 2003.
Model (cohort and constant +) Males Females

Nagelkerke’s R* % Correct Nagelkerke’s R” % Correct
Only cohort (as factor) 0.07 63.9 0.06 57.1

Length, age x length, age x condition 0.59

The last model was chosen for the three-dimensional PMRN analysis for both sexes. All logistic regression models included cohort as a factor and a constant
in addition to the listed variables. Capital letters refer to terms: A, Age; L, Length; C, Condition.

one model was customized for both. The final model, including
the effects of length, age x length, and age x condition, had
very good predictive capacity compared with other possible
ogive models (Table 2), all terms were statistically highly signifi-
cant for both sexes (p < 0.001), and the odds ratios for non-
constant continuous variables (age in years, length in centimetres,
condition without an unit) in males were 1.37, 0.97, and 12.33,
and in females, 1.42, 0.99, 7.81, respectively. That model
also assigned slightly more fish to the correct maturity class
than the two-dimensional model (Table 2), and the average rea-
lized classification performance in the cohort-wise analyses was
86.8%.

Trends in growth and PMRNs based on age and length
Linear regression analysis indicated that lengths-at-age modelled
using an inverse von Bertalanffy growth equation showed a
decreasing trend over cohorts 1987 and 2003 in males at ages 3
and 4 years, and in females at ages 2 and 3 years (Table 3,
Figure 2). The growth rate of juvenile fish did not show any
linear trends over time (Table 3).

Females had a probabilistic tendency to mature on average
1 year later and ~5cm longer than males (Table 3, see also
Figure 3). The cohort of 1987 was excluded from the analyses of
temporal trends because it had anomalously high values of Lps,
(Figure 3). Values of Lps, decreased statistically significantly in
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Table 3. Variation in lengths-at-age and midpoints of the two-dimensional maturation reaction norm analysis (Lpso) over the cohorts 1988

and 2003.
Age Sex Growth  Length-at-age (cm) Two-dimensional reaction norm midpoint (Lpso)

1988 2003 Percentage change Significance 1988 2003  Percentage change Significance  Rate’
2 Males All 24.2 227 —58 0.252 289 30.0 3.7 0.694 ns.

3
3

4 Females

Juveniles

All estimates of change are based on linear regressions on bootstrapped means using the inverse of standard deviation of bootstrapped means as weighting
for the least squares (n = 16 cohorts). The column headed “Growth” indicates whether the growth estimates were based on all fish or on just juvenile fish.

n.s, not significant.

“The evolutionary rate for statistically significant trends is in kdarwins (for calculation, see Jorgensen et al., 2007).

(a)
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Figure 3. Lps, estimates at fixed condition 0.6 for males (a) 2, (b) 3, and (c) 4 years old, and for females (d) 2, (e) 3, and (f) 4 years old for the
1987-2003 cohorts. The error bars represent bootstrapped (n < 1000) 95% confidence intervals (Cls), and the lines statistically significant
linear regression lines for cohorts 1988 -2003. For details of significance levels, refer to Table 4.
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Table 4. Probabilities of cod maturing at a fixed length of 35 cm
over the cohorts 1988 and 2003, according to the two-dimensional
PMRN analysis.

Age  Sex Growth 1988 2003 % Change Significance

N

0.77

ESN

Females Juveniles 0.16 1.05 552

All estimates of change are based on linear regressions on bootstrapped
means using the inverse of standard deviation of bootstrapped means as
weight for the least squares (n = 16 cohorts). The column headed “Growth”
indicates whether the growth estimates were based on all fish or just
juvenile fish.

males at age 4 years and in females at ages 3 and 4 years, indepen-
dently of the maturity status of the cod used for length-at-age esti-
mation (Table 3). If the growth increments were estimated only
from juvenile cod, the decrease was also significant in females at
age 2 years (Table 3). The proportional decreases in values of
Lpsy were in general larger than those in lengths-at-age
(Table 3), demonstrating that decreased size at maturation
(attributable to slower growth) could not fully explain the shifts
in reaction norms, but that maturation also shifted towards
earlier age (the level of Lps, values scales with the growth rate).

The probability of maturing at age and at fixed length (35 cm)
followed a slightly different pattern, because the probability of
maturing at 35 cm increased statistically significantly only in
females at ages 3 and 4 years (Table 4). The mismatch between
the values of Lps, and the probabilities of maturing at fixed size
depended on the non-linear form of the reaction norm with
respect to size and the growth increment. Therefore, the age-
specific values of Lpsy provide the best measures of change in
maturation schedules.

PMRNs based on age, size, and condition

The inclusion of condition factor in the PMRN analysis strength-
ened the conclusion on sex-differentiated temporal trends. Values
of Lps at a fixed condition of 0.6 decreased in females at all ages,
but not in males (Table 5, Figure 3). The condition at 50% prob-
ability of maturing (Cps) at a fixed length of 35 cm decreased in
both males and females at ages 3 and 4 years (Table 5).

Discussion

The analysis of length- and age-based PMRNs suggested that the
length-at-50%-probability of maturing decreased between
cohorts 1988 and 2003 in females at ages 2 and 4 years, and in
males at age 4 years, so confirming the theoretical predictions of
fishing-induced evolution in the Baltic cod (Andersen et al.,
2007). The inclusion of condition factor in the analysis strength-
ened the results obtained using two-dimensional maturation reac-
tion norms in females, but explained the variation in maturity

A. Vainikka et al.

Table 5. Results of the three-dimensional PMRN analysis over
cohorts 1988 and 2003.

Age  Sex 1988 2003 Significance Rate’

Cpso at length 35 cm

% Change

4 Females 403 306 —24.0 0.031 18.4

All estimates are based on linear regressions on bootstrapped means (n =
16 cohorts). The inverse value of bootstrap variance was used to weight the
least squares in the regression analysis. n.s.,, not significant.

“The evolutionary rate for statistically significant trends is in kdarwins.

ogives in males so that no trends remained in condition-controlled
values of male Lps,. However, the values of Cps, decreased not
only in females (at ages 3 and 4 years) but also in males at ages
3 and 4 years, indicating increased probability of maturing at
low condition. These results are in line with previously documen-
ted changes in age- and length-based maturation ogives for the
Baltic cod (Cardinale and Modin, 1999), but they suggest that
demographic effects or changes in growth or mortality alone
cannot explain the observed shift in the timing of the maturation.
The rate of evolution of PMRN midpoints observed in this study
(9.6—25.6 kdarwins; Tables 3 and 5) lies within the range of earlier
observations on different cod stocks, but it is faster than in flatfish
species such as plaice and sole (Jorgensen et al., 2007).

Variation in growth and its implications
for the PMRN analysis

The mean length-at-age of all cod decreased simultaneously with
the decrease in values of Lps, in almost all age groups, as has
been observed in northwestern Atlantic cod by Olsen et al.
(2005). This opposes the expectation that fishing should relax
the density-dependence in growth usually prevalent in fish popu-
lations, and increase phenotypic growth rates (Lorenzen and
Enberg, 2002). However, there were no temporal trends among
juvenile cod, so the decrease in growth rate was likely caused by
advanced maturation via an individual-level trade-off between
growth and reproduction (Lester et al., 2004). In addition to the
energetic costs induced by advanced maturation, there could be
several potential explanations for the decreased growth rate of
Baltic cod during this relatively short period. Gislason (1999),
for example, used single and multispecies VPA to examine the
development of mass-at-age over time in Baltic cod and showed
an increase between years (not cohorts) from 1977 to the late
1980s. Thereafter, however (for ages and catch years correspond-
ing to cod of the 1989 cohort), mass-at-age levelled off or
even decreased (Gislason, 1999). Although only extending until
catch year 1996, this corresponds to our results on decreasing
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length- and condition-at-age. In combination, Gislason’s (1999)
and our results could indicate that the current decrease in
growth may represent natural periodic variation in growth of
Baltic cod and be related to shifts in the relative abundances of clu-
peids and cod (Koster et al., 2005; Osterblom et al., 2006; ICES,
2007). Still, direct effects of fisheries selection on the frequency
of (especially old and therefore also mature) fish exhibiting high
growth rates (Kristiansen and Svasand, 1998) cannot be excluded,
because they have been documented as significant for other cod
stocks (Law and Rowell, 1993; Sinclair et al., 2002; Swain et al.,
2007). However, because the growth rate of juvenile cod remained
constant, the decreased growth rate among mature cod was most
likely caused by earlier maturation and/or was an artefact of size-
selective removal of the largest cod in the cohort.

Although the demographic estimation method of PMRNSs has
been claimed to be robust to variation in length increments
(Barot et al., 2004), the violation of equal growth rates between
mature and immature cod did make a difference, because the esti-
mated trends differed depending on the subset of individuals
(immature vs. all) used to estimate growth increments.
Optimally, PMRN estimations should be based on juvenile
growth rates (Dieckmann and Heino, 2007), because diversion
of resources to reproduction is not likely to affect them.
However, using growth data from juvenile fish and fitting the
maturity ogive to a mixture of mature and immature fish leads
to a mismatch of the sizes-at-age used for the maturity ogive
and the PMRN [Equation (1); Barot et al., 2004]. Our results
show that the observed trends in values of Lps, did not depend
qualitatively on the type of growth data used, but that the exclu-
sion of mature fish from length-at-age estimations strengthened
the significance levels of observed trends in the values of Lpsp.

Three- vs. two-dimensional PMRNs

Additional environmental variation can be captured in PMRNs by
including the effect of condition (Heino et al., 2002; Grift et al.,
2007; Mollet et al., 2007). Fulton’s morphometric condition
factor correlates well with energy reserves in the liver and muscle
tissues in cod during the seasonal cycle (Lambert and Dutil,
1997), and condition factor can predict the post-spawning survival
of cod (Dutil and Lambert, 2000). However, condition measured
just before spawning, i.e. here in the first quarter of the year,
may not be a good predictor of maturation, because a decision
to mature takes place much earlier (Wright, 2007), and gonad
mass may contribute to condition. However, assuming that rela-
tive differences in condition among the cod remain more or less
constant within a year, measures obtained at the time of sampling
should reflect the condition that affected the decision to mature
(cf. Lambert and Dutil, 2000). As a conclusion, this study supports
the earlier findings that variation in condition cannot fully account
for trends in two-dimensional PMRN midpoints and therefore
suggests that the estimation of traditional age- and size-based
PMRNS is satisfactory usually (Grift et al., 2007; Mollet et al.,
2007).

Additional potential explanatory variables

At best, proximate factors such as age, length, and condition cor-
relate tightly with the ultimate processes that determine the timing
of maturation (Marshall and McAdam, 2007; Wright, 2007). Other
environmental factors affecting maturation include the social
environment, the nutrient composition of food, salinity, and
temperature (Sohn, 1977; Kraak, 2007). These factors may

explain some of the remaining variation in the current PMRN
estimates. There are also two potential sources of error. First, a
potential error source relates to the timing of spawning within a
year, because the PMRN can be defined only at annual time-steps.
A shift in the timing of spawning in Baltic cod towards later in
summer (Wieland et al., 2000) has been suggested to explain a
smaller size at maturity (Cardinale and Modin, 1999). On the
other hand, a shift in the timing of spawning itself has been
suggested to be an indication of altered energy allocation patterns
(Bleil and Oeberst, 2005). Second, the basic estimation method
described by Barot et al. (2004) assumes that reproduction does
not impose any mortality cost and that mature and immature
fish are harvested with equal probability. This is an issue to be
solved by future work, because reproduction is physiologically
highly stressful for fish (Dutil and Lambert, 2000). Moreover,
the recent implementation of spawning reserves for Baltic cod
may, at least temporarily, increase the relative proportion of
mature fish in each size class in the population, and consequently
falsely decrease PMRN midpoints estimated from survey data.

Sexual dimorphism in maturation trends

Eastern Baltic cod exhibited clear sexual dimorphism in growth
and maturation pattern; males grew more slowly and matured
about a year earlier and ~5 cm smaller than females (see also
Cardinale and Modin, 1999). A similar sex difference in growth
and maturity ogives has been reported for many other cod
stocks, including those around Labrador and Newfoundland,
and in the Barents Sea (Ajiad et al., 1999; Olsen et al., 2005;
Marshall et al., 2006). Further, the trends in maturation reaction
norms differed between the sexes: only females showed a temporal
trend towards maturing at earlier ages and sizes, whereas both
sexes started to mature at lower condition. Additional to being
an issue related to an ability to detect evolutionary trends in a
short time-series, this may indicate that female cod are more vul-
nerable to the selection pressures imposed by current fishing prac-
tices in the Baltic Sea. If immature female cod were exposed to
fishing more often than immature males, owing to their faster
growth and later maturation, this would make them more vulner-
able to evolutionary change than males (Heino, 1998). In com-
parison, Olsen et al. (2005) did not report a notable difference
in response between the sexes. Therefore, further comparative ana-
lyses of the prevalence and importance of sex-differentiated selec-
tion pressures from fishing and sex-specific adaptive responses to
fishing need to be conducted.

Conclusions

As the Baltic cod has matured between ages 2 and 4 years for at least
five decades (Rutkowicz, 1963), the absolute age window for matu-
ration has not changed. However, more fish mature currently at
early age, at lower condition, and at smaller size than in the past.
The changes in PMRNs might depend on some residual phenoty-
pic components driven by large-scale environmental change in
the Baltic Sea, as well as on genetic components driven by envi-
ronmental changes rather than fishing. Nevertheless, because
depressed maturation sizes and ages potentially decrease the
recruitment capacity of a stock (Hutchings, 2005), rapid manage-
ment action needs to be taken to stop or reverse the trends in the
maturation schedules of Baltic cod.

202 1idy g U0 1s9nB Aq 0¥9v6G/812/Z/99/9101He/SWISe01/Woo"dno-ojwapese//:sdny Wwoly papeojumoq



256

Acknowledgements

This research was supported by the European Marie Curie
Research  Training Network FishACE  (Fisheries-induced
Adaptive Changes in Exploited Stocks), funded through the
European Community’s Sixth Framework Programme (Contract
MRTN-CT-2004-005578). For helpful discussions during the
manuscript preparation, we thank especially M. Heino,
J. Modin, and L. Baulier, and for comments on improving the
manuscript, M. Heino, K. Raab, K. Enberg, H. Pardoe,
R. Whitlock, and the anonymous referees.

References

Ajiad, A. M., Jakobsen, T., and Nakken, O. 1999. Sexual difference in
maturation of northeast Arctic cod. Journal of Northwestern
Atlantic Fisheries Science, 25: 1-15.

Andersen, K. H., Farnsworth, K. D., Thygesen, U. H., and Beyer, J. E.
2007. The evolutionary pressure from fishing on size at maturation
of Baltic cod. Ecological Modelling, 204: 246-252.

Barot, S., Heino, M., O’Brien, L., and Dieckmann, U. 2004. Estimating
reaction norms for age and size at maturation when age at first
reproduction is unknown. Evolutionary Ecology Research, 6:
659-678.

Bleil, M., and Oeberst, R. 2005. The potential fecundity of cod in the
Baltic Sea from 1993 to 1999. Journal of Applied Ichthyology, 21:
19-27.

Cardinale, M., and Modin, J. 1999. Changes in size-at-maturity of
Baltic cod (Gadus morhua) during a period of large variations in
stock size and environmental conditions. Fisheries Research, 41:
285-295.

Coltman, D. W., O’Donoghue, P., Jorgenson, J. T., Hogg, J. T.,
Strobeck, C., and Festa-Bianchet, M. 2003. Undesirable evolution-
ary consequences of trophy hunting. Nature, 426: 655—658.

Conover, D. O., Arnott, S. A., Walsh, M. R., and Munch, S. B. 2005.
Darwinian fishery science: lessons from the Atlantic silverside
(Menidia menidia). Canadian Journal of Fisheries and Aquatic
Sciences, 62: 730—737.

Conover, D. O., and Munch, S. B. 2002. Sustaining fisheries yields over
evolutionary time scales. Science, 297: 94—96.

Dieckmann, U., and Heino, M. 2007. Probabilistic maturation reac-
tion norms: their history, strengths, and limitations. Marine
Ecology Progress Series, 335: 253—269.

Dutil, J. D., and Lambert, Y. 2000. Natural mortality from poor con-
dition in Atlantic cod (Gadus morhua). Canadian Journal of
Fisheries and Aquatic Sciences, 57: 826—836.

Gislason, H. 1999. Single and multispecies reference points for Baltic
fish stocks. ICES Journal of Marine Science, 56: 571—583.

Grift, R. E., Heino, M., Rijnsdorp, A. D., Kraak, S. B. M., and
Dieckmann, U. 2007. Three-dimensional maturation reaction
norms for North Sea plaice. Marine Ecology Progress Series, 334:
213-224.

Grover, M. C. 2005. Changes in size and age at maturity in a popu-
lation of kokanee Oncorhynchus nerka during a period of declining
growth conditions. Journal of Fish Biology, 66: 122—134.

Heino, M. 1998. Management of evolving fish stocks. Canadian
Journal of Fisheries and Aquatic Sciences, 55: 1971-1982.

Heino, M., Dieckmann, U., and Godg, O. R. 2002. Measuring prob-
abilistic reaction norms for age and size at maturation.
Evolution, 56: 669—678.

Hutchings, J. A. 2005. Life history consequences of overexploitation to
population recovery in Northwest Atlantic cod (Gadus morhua).
Canadian Journal of Fisheries and Aquatic Sciences, 62: 824—832.

Hutchinson, W. F., van Oosterhout, C., Rogers, S. L., and Carvalho, G.
R. 2003. Temporal analysis of archived samples indicates marked
genetic changes in declining North Sea cod (Gadus morhua).

A. Vainikka et al.

Proceedings of the Royal Society of London, Series B, 270:
2125-2132.

ICES. 2005. Report of the Baltic Fisheries Assessment Working Group.
ICES Document CM 2005/ACFM: 19. 589 pp.

ICES. 2006a. Report of the Baltic Fisheries Assessment Working
Group. ICES Document CM 2006/ACFM: 24. 640 pp.

ICES. 2006b. Report of the Study Group on Ageing Issues of Baltic
Cod. ICES Document CM 2006/BCC: 08. 45 pp.

ICES. 2007. Report of the ICES/HELCOM Working Group on
Integrated Assessments of the Baltic Sea. ICES Document CM
2007/BCC: 04. 71 pp.

Jones, R. E., Petrell, R. J., and Pauly, D. 1999. Using modified length—
weight relationships to assess the condition of fish. Aquaculture
Engineering, 20: 261-276.

Jorgensen, C., Enberg, K., Dunlop, E. S., Arlinghaus, R., Boukal, D. S.,
Brander, K., Ernande, B., et al. 2007. Managing the world’s evolving
fish stocks. Science, 318: 1247—-1248.

Kolstad, K., Thorland, I., Refstie, T., and Gjerde, B. 2006. Body weight,
sexual maturity, and spinal deformity in strains and families of
Atlantic cod (Gadus morhua) at two years of age at different
locations along the Norwegian coast. ICES Journal of Marine
Science, 63: 246—252.

Kraak, S. B. M. 2007. Does the probabilistic maturation reaction norm
approach disentangle phenotypic plasticity from genetic change?
Marine Ecology Progress Series, 335: 295-300.

Kraus, G., Tomkiewicz, J., and Késter, F. W. 2002. Egg production of
Baltic cod (Gadus morhua) in relation to variable sex ratio, matur-
ity, and fecundity. Canadian Journal of Fisheries and Aquatic
Sciences, 59: 1908 -1920.

Kristiansen, T. S., and Svasand, T. 1998. Effect of size-selective mor-
tality on growth of coastal cod illustrated by tagging data and an
individual-based growth and mortality model. Journal of Fish
Biology, 52: 688—705.

Koster, F. W., Méllmann, C., Hinrichsen, H-H., Tomkiewicz, J., Kraus,
K., Voss, R., Makarchouk, A., et al. 2005. Baltic cod recruitment—
the impact of climate variability on key processes. ICES Journal of
Marine Science, 62: 1408—-1425.

Lambert, Y., and Dutil, D. 1997. Can simple condition indices be used
to monitor and quantify seasonal changes in the energy reserves of
Atlantic cod (Gadus morhua)? Canadian Journal of Fisheries and
Aquatic Sciences, 54: 104—112.

Lambert, Y., and Dutil, D. 2000. Energetic consequences of reproduc-
tion in Atlantic cod (Gadus morhua) in relation to spawning level
of somatic energy reserves. Canadian Journal of Fisheries and
Aquatic Sciences, 57: 815—-825.

Law, R. 2000. Fishing, selection, and phenotypic evolution. ICES
Journal of Marine Science, 57: 659—668.

Law, R., and Grey, D. R. 1989. Evolution of yields from populations
with age-specific cropping. Evolutionary Ecology, 3: 343—-359.
Law, R., and Rowell, C. A. 1993. Cohort-structured populations, selec-
tion responses, and exploitation of the North Sea cod. In The
Exploitation of Evolving Resources, pp. 155-173. Ed. by T. K.

Stokes, J. M. McGlade, and R. Law. Springer, Berlin.

Lester, N. P., Shuter, B. J., and Abrams, P. A. 2004. Interpreting the von
Bertalanffy model of somatic growth in fishes: the cost of reproduc-
tion. Proceedings of the Royal Society of London, Series B, 271:
1625-1631.

Lorenzen, K., and Enberg, K. 2002. Density-dependent growth as a key
mechanism in the regulation of fish populations: evidence from
among-populations comparisons. Proceedings of the Royal
Society of London, Series B, 269: 49—54.

Marshall, C. T., and McAdam, B. J. 2007. Integrated perspectives on
genetic and environmental effects on maturation can reduce poten-
tial errors of inference. Marine Ecology Progress Series, 335:
301-310.

Marshall, C. T., Needle, C. L., Thorsen, A., Kjesbu, O. S., and Yaragina,
N. A. 2006. Systematic bias in estimates of reproductive potential of

202 1idy g U0 1s9nB Aq 0¥9v6G/812/Z/99/9101He/SWISe01/Woo"dno-ojwapese//:sdny Wwoly papeojumoq



Two- and three-dimensional maturation reaction norms for eastern Baltic cod 257

an Atlantic cod (Gadus morhua) stock: implications for stock—
recruit theory and management. Canadian Journal of Fisheries
and Aquatic Sciences, 63: 980—994.

Mollet, F. M., Kraak, S. B. M., and Rijnsdorp, A. D. 2007.
Fisheries-induced evolutionary changes in maturation reaction
norms in North Sea sole Solea solea. Marine Ecology Progress
Series, 351: 189—-199.

Morgan, M. J., and Lilly, G. R. 2006. The impact of condition on
reproduction in Flemish Cap cod. Journal of Northwest Atlantic
Fisheries Science, 37: 81—-86.

Nielsen, E. E., Hansen, M. M., Schmidt, C., Meldrup, D., and
Gronkjeer, P. 2001. Population of origin of Atlantic cod. Nature,
413: 272.

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

Olsen, E. M., Lilly, G. R., Heino, M., Morgan, M. J., Brattey, J., and
Dieckmann, U. 2005. Assessing changes in age and size at matu-
ration in collapsing populations of Atlantic cod (Gadus morhua).
Canadian Journal of Fisheries and Aquatic Sciences, 62: 811—823.

Osterblom, H., Casini, M., Olsson, O., and Bignert, A. 2006. Fish, sea-
birds and trophic cascades in the Baltic Sea. Marine Ecology
Progress Series, 323: 233—238.

Reznick, D. N., and Ghalambor, C. K. 2005. Can commercial fishing
cause evolution? Answers from guppies (Poecilia reticulata).
Canadian Journal of Fisheries and Aquatic Sciences, 62: 791-801.

Rutkowicz, S. 1963. Wynike Badan nad stadem dorsza (Gadus callarias
L.) Poludniowo—wschodniego Baltyku w latach 1946—1960 (dyna-
mika stad ana tle biologii i ekologii gatunku), pp. 165—211. Reports

of the Sea Fisheries Institute in Gdynia. A. Oceanographic and
Ichthyological, 12/A. Sea Fisheries Institute, Gdynia.

Sinclair, A. F, Swain, D. P., and Hanson, J. M. 2002. Measuring
changes in the direction and magnitude of size-selective mortality
in a commercial fish population. Canadian Journal of Fisheries and
Aquatic Sciences, 59: 361-371.

Sohn, J. J. 1977. Socially induced inhibition of genetically determined
maturation in the platyfish, Xiphophorus maculatus. Science, 195:
199-201.

Swain, D. P, Sinclair, A. E, and Hanson, J. M. 2007. Evolutionary
response to size-selective mortality in an exploited fish population.
Proceedings of the Royal Society of London, Series B, 274:
1015-1022.

Tomkiewicz, J., Tybjerg, L., and Jespersen, A 2003. Micro- and macro-
scopic characteristics to stage gonadal maturation of female Baltic
cod. Journal of Fish Biology, 62: 253—-275.

Trippel, E. A. 1995. Age at maturity as a stress indicator in fisheries.
BioScience, 45: 759-771.

Walsh, M. R., Munch, S. B., Chiba, S., and Conover, D. O. 2006.
Maladaptive changes in multiple traits caused by fishing: impedi-
ments to population recovery. Ecology Letters, 9: 142—148.

Wieland, K., Jarre-Teichmann, A., and Horbowa, K. 2000. Changes in
the timing of spawning of Baltic cod: possible causes and impli-
cations for recruitment. ICES Journal of Marine Science, 57:
452-464.

Wright, P. J. 2007. Understanding the maturation process for field
investigations of fisheries-induced evolution. Marine Ecology
Progress Series, 335: 279—-283.

d0i:10.1093 /icesjms/fsn199

202 1idy g U0 1s9nB Aq 0¥9v6G/812/Z/99/9101He/SWISe01/Woo"dno-ojwapese//:sdny Wwoly papeojumoq



