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Introduction

Natural mortality is one of the key parameters responsible
for shaping life histories through natural and human-
induced selection (Roff 2002). From an ecological per-
spective, natural mortality plays a fundamental role in the
year-to-year dynamics of a population and its long-term
renewal capability. Natural mortality also strongly affects
the harvest pressure that a population can sustain, and
natural mortality rate estimates strongly affect harvest rate
recommendations (Hilborn and Walters 1992), such that
understanding the components of natural mortality and
quantifying them has become increasingly important for
the management of depleted populations (Swain 2011).
This is particularly pronounced in the context of fisheries:
Overfishing is a globally acknowledged problem (FAO
2010), and accurate estimation of natural mortality is
essential for sustainable fisheries management (Hilborn

and Walters 1992).
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Abstract

Arguably the most fundamental of trade-offs in life-history evolution is the
increase in natural mortality resulting from sexual maturity and reproduction.
Despite its central importance, this increase in mortality, a survival cost, gar-
ners surprisingly little attention in fish and fisheries modeling studies. We
undertook an exploratory analysis to evaluate the consequences of this omis-
sion for life-history projections. To this end, we developed a simulation
approach that integrates quantitative genetics into the ecological dynamics of a
fish population and parameterized the model for Atlantic cod (Gadus morhua,
L.). When compared to simulations in which the mortality of immature and
mature individuals is equal, the inclusion of a survival cost results in larger
asymptotic body size, older age at maturity, and larger size at maturity. We
also find that measures of population productivity (spawning stock biomass,
recruits-per-spawner) are overestimated if the survival cost is excluded. This
sensitivity of key metrics of population growth rate and reproductive capacity
to the magnitude of the survival cost of reproduction underscores the need to
explicitly account for this trade-off in projections of fish population responses
to natural and anthropogenic environmental change, including fisheries.

To this end, understanding the components and corre-
lates of natural mortality in fish, as well as how different
mortality regimes can affect population status, is neces-
sary from both a conservation and a management per-
spective. Although numerous studies have linked the rate
of natural mortality to fish life-history traits such as body
size, growth rate, and asymptotic body size (e.g., Charnov
1993; Quinn and Deriso 1999; Hutchings 2002; Gislason
et al. 2010), one component of natural mortality that has
garnered little attention in the fisheries context is the sur-
vival cost of reproduction, that is, the increase in the nat-
ural mortality owing to an individual being sexually
mature and reproducing (Fisher 1930; Cole 1954;
Charlesworth 1980). The exclusion of this component of
mortality is surprising given that across taxa it has con-
siderable influence on life-history evolution (Bell 1980;
Roff 1984; Reznick 1985), the size and quality of the
mature population (e.g., Silvertown and Dodd 1999;
Proaktor et al. 2008), and its overall effect on longevity
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(Hutchings 2005; Jorgensen and Fiksen 2010; Swain
2011).

Generally, the survival cost of reproduction arises
jointly from the energetic investment to reproduction and
increased mortality associated with reproductive behavior
(Bell 1980). For example, a reproductive individual might
not forage for food as efficiently as a nonreproductive
individual, thus lowering energy intake, in addition to
which reproduction consumes energy reserves owing to
gonad development and egg production (e.g., Adams and
Huntingford 1997; Hutchings 2002; Vinyard and Winzeler
2002; Hendry and Beall 2004, Scarnecchia et al. 2007).
On the other hand, increased energetic demands of repro-
duction can also increase the need for foraging, poten-
tially increasing the risk of predation (Metcalfe et al.
1999). In males, aggressive behavior related to competi-
tion for space, mates, and parental care is also often asso-
ciated with reproduction, leading to elevated mortality
and energy loss (e.g., Dufresne et al. 1990). Survival costs
associated with reproduction can also be highly species
specific. For example, in migratory fishes, such as Atlantic
salmon (Salmo salar), individuals can undertake migra-
tions of thousands of kilometers from feeding to spawn-
ing grounds (Fleming 1996), which substantially decreases
their survival owing to high energetic requirements and
elevated risk of predation (Schaffer and Elson 1975; Jons-
son et al. 1991; Berg et al. 2001).

Although a life-history trade-off between current and
future reproduction must exist (Bell 1980; Roff 1984,
2002; Stearns 1989), the magnitude of the survival cost
can vary considerably among environments, individuals,
populations, and years. Individual quality matters insofar
as those that have accumulated the largest energy reserves
and that are large in body size tend to experience lower
survival costs of reproduction (e.g., Hutchings 1993,
1994; Bertschy and Fox 1999). At high food availability
and, more generally, at good growth conditions, survival
costs are likely to be lower than in poor growth condi-
tions (Bell and Koufopanou 1986). Therefore, annual
fluctuations in prey abundance or temperature can induce
temporal variations in the magnitude of this trade-off. If
coupled with parallel changes in overall natural mortality
(as would be expected in association with fluctuations in
prey abundance; e.g., Stige et al. 2010), the risk for a
rapid population decline might then rapidly increase.

From an evolutionary perspective, the survival cost of
reproduction affects the fitness of alternative life histories
and thereby their adaptive optima (Bell 1980; Stearns
1989; Roff 2002). If the survival cost of reproduction is
high, an individual is not likely to reproduce many times
before its death. In such cases, selection may favor indi-
viduals that mature at an older age, but at a larger body

size, to maximize lifetime reproductive success. In
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contrast, if the survival cost is relatively minor, it may be
beneficial to start reproducing early in life, even though
body size at subsequent ages would then be smaller (Bell
1980; Stearns 1989). However, the final fitness optimum
depends not only on the survival cost but also on the
overall level of natural mortality. If mortality of immature
individuals is high, the optimal strategy may be to repro-
duce as early as possible to ensure at least some offspring
production before death (Bell 1980). Variations in natural
mortality and the survival cost of reproduction can
thereby jointly give rise to differing local adaptations and
lead to population-specific differences in the age and size
at maturation as well as in correlated life-history traits
(e.g., Hutchings 1993, 1994; Bertschy and Fox 1999).

Most populations of Atlantic cod (Gadus morhua, L.)
provide well-known examples of the consequences of
overfishing (Walters and Maguire 1996; Hutchings and
Reynolds 2004). Despite fishery closures and dramatic
reductions in fishing mortality, most Northwest Atlantic
populations have exhibited few signs of recovery (Hutch-
ings and Rangeley 2011). Among the hypothesized causes
of the slow recovery is reduced reproductive rate caused
by life-history change (Hutchings and Reynolds 2004;
Hutchings 2005; Walsh et al. 2006). Namely, owing to a
life-history shift toward earlier maturation at smaller size
(Olsen et al. 2004; Swain et al. 2007), the juvenile pro-
duction of current spawners is predicted to be lower than
what it was formerly (Hutchings 2005; Walsh et al. 2006).
Earlier maturation, independently of the cause of this life-
history change, is also predicted to increase overall natu-
ral mortality owing to the survival cost of maturation
(Hutchings 2005; Jorgensen and Fiksen 2010; Swain
2011). Given its prominence in studies of overfishing, fish
stock collapse and recovery (Hutchings and Reynolds
2004), as well as in studies of fisheries-induced evolution
(e.g., Olsen et al. 2004; Kuparinen and Merild 2007; Law
2007; Swain et al. 2007), Atlantic cod provides an appro-
priate model species for the investigation of phenotypic
and population level consequences of the survival cost of
reproduction. To this end, we develop a simulation
approach that integrates quantitative genetics into ecolog-
ical dynamics of a fish population and investigate the role
of the survival cost of reproduction in cod life histories
and population reproductive capacity, with particular
focus on population and life-history metrics of direct
interest in the fisheries context.

Materials and methods

Simulation approach

We developed a mechanistic, individual-based, quantita-
tive genetic life-history model to explore how fish life his-
tories adapt to different scenarios for the survival cost of
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reproduction and how these adaptations feed back to the
reproductive capacity of the population. In this model,
fish in a population were traced at annual time steps, and
at every time step, the processes of mortality, growth, and
reproduction were simulated at an individual basis.

Individual fish life histories were characterized through
von Bertalanffy (1938) growth trajectories

(t) = Loo — (Loo — Lo) e ™ (1)

where () is length at age ¢, L.. is the asymptotic length,
k is the intrinsic growth rate (rate at which L. is
reached), and L, is the length at birth (at time point
t = 0). In our model, we considered the growth trajecto-
ries to be heritable, so that at birth, each individual is
assigned its own k and L.. parameters. L, was not relevant
in the present study and was thus set constant to every
individual. Maturation was assumed to occur when an
individual had reached 66% of its L.., a threshold (Fig. 1)
that has been found to provide a good proxy of the tim-
ing and the size at maturation (Jensen 1997). As von Ber-
talanffy curve parameters k and L.. are known to be
strongly and negatively correlated (Charnov 1993), inheri-
tance of the parameters was done by first assigning an
individual a value of L., based on its genotype and then
generating the value of k using a statistical regression for
k with L.. as an explanatory variable, and by adding

Length at maturity

Length

Annual growth increment at low population density

Annual growth increment at high population density

tt+1 Age

Figure 1 A schematic illustration of the use of von Bertalanffy (VB)
growth curves in the simulation model. Individuals were assumed to
mature at a body size that was 66% of L... At optimal growth condi-
tions (i.e., low population density), an individual’s progress along its
VB curve according to its age increase from t to t + 1, whereas at
high population density, resources allocated to growth were limited
and progress along the VB curve was reduced from that at the opti-
mal conditions.

© 2011 Blackwell Publishing Ltd 5 (2012) 245-255
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random variation to the value of k predicted by the
model. Random variation was generated from a normal
distribution with mean 0 and standard deviation match-
ing that of the residuals in the regression model (see
below for details of the model parameterization).

Given that quantitative traits are influenced by a large
number of loci each with small effect (Roff 2002), we
described the genotypes of the individuals through 10
diploid loci with two alleles in each. (This number of loci
was sufficient in describing the trait distribution
smoothly, and adding further loci did not affect the simu-
lations.) The alleles were coded with 0 and 1, and the
impacts of the loci were assumed to be equal and addi-
tive. Inheritance of the alleles followed classical Mendelian
heritance, such that at each locus, an offspring received
one randomly sampled allele from its mother and one
from its father. A genetic trait value was derived by sum-
ming the allelic values (ranging from 0 to 20). To allow
for some phenotypic variation around the genetic trait
value, a normally distributed random number was added
to the genetic trait value which then yielded the final phe-
notypic trait value that coded the value of L... To avoid
unrealistic growth parameter values, the phenotypic trait
values were bounded to *5 from the extremes of the
genotypic trait value.

Instantaneous mortality rate of an individual depended
on its maturity status, so that an immature individual
experienced the overall mortality M, and the survival cost
of reproduction (SC) was added to M if the individual
was mature. The final instantaneous mortality rate was
then transformed to proportion scale (by 1 — e, where ¢
is the instantaneous mortality rate), and a Bernoulli trial
was used to decide whether an individual dies. The
growth of an individual was derived from its von Berta-
lanffy growth curve, but to account for the effect of pop-
ulation density on growth, the time available for growth
within 1 year was set to range between 0 and 1 (Fig. 1).
If the population was far from its carrying capacity, the
time spent on growth within 1 year was very close to 1.
However, if the population was very close to or above its
carrying capacity, we assumed that the time available for
growth was reduced according to a logistic equation
growth time = e ~ 77X (1 + " 717X 97 where ¢
is the ratio of the population’s biomass and its carrying
capacity, e.g., At = 0.5 if the population is at 85% of its
carrying capacity. While the choice of this equation is
somewhat arbitrary, its purpose is to ensure that the pop-
ulation biomass is bounded by the carrying capacity by
constraining growth at high population densities. As den-
sity and intraspecific competition increase, they will lower
the available energy per capita for somatic growth. While
the choice of the parameters in the logistic growth time
equation was arbitrary, the ability of our growth model
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to describe cod life histories was evaluated by comparison
of the observed and predicted growth histories (see Model
parameterization and Results).

At every reproductive episode, each mature female was
randomly assigned to a mature male, and the number of
juveniles produced depended on the female’s body size
and the density of the population such that half of the
juvenile production was density-independent and
the other half depended on the population density
through the same logistic equation as the density-depen-
dent growth. Predicted number of juveniles was then
rounded to the closest integer. Inheritance of genetic
traits was modeled as described above, and the sex of
each individual was drawn randomly from a Bernoulli
trial with the probability of 0.5.

Our model is intended to describe the evolution of
alternative life-history types. For example, low L.. charac-
terizes a life-history type where individual growth is ini-
tially fast (high value of k) but, after early maturation at
a small size, the rate of growth levels off. In contrast,
individuals with high L., have lower initial growth rates
and mature late at a large body size (Fig. 1). These pat-
terns are consistent with those incorporated in general
life-history models in fishes (e.g., Roff 1984): After matu-
ration, energy available for somatic growth reduces, lead-
ing to slower growth after maturation, such that the L.,
of small maturing individuals remains lower than the L..
of large maturing individuals. Therefore, our model is not
based on genetic correlations among the life-history traits
but rather the realized phenotypic correlations between
L.. and k, and between L.. and the size at maturity. The
fact that L., is the trait directly coded by the phenotypic
trait value (and that other parameters are derived based
on it) is a convenient technical solution but does not
reflect true causal effect of this parameter on the others.
However, in practice, it was convenient to construct the
model in this way, as data on L., and k are most abun-
dantly available and the 66% threshold provides a way to
further link size and age at maturity to the von Berta-
lanffy growth parameters.

Model parameterization

To parameterize the model, we utilized individual-based
data on Atlantic cod that inhabit meromictic Ogac Lake
on Baffin Island in the Canadian Arctic (Hardie and
Hutchings 2011). A key advantage to using data from a
near-pristine, negligibly exploited population is that the
variability in individual growth trajectories reflects natural
phenotypic variability in growth, rather than being
affected by fishing (see Hardie and Hutchings 2011 for
additional details). Length-at-age trajectories of the indi-
viduals were measured from otoliths (N = 258), and von
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Bertalanffy growth curves (eqn 1) were fitted to the tra-
jectories through nonlinear least-squared regression. We
restricted the data to those growth trajectories for which
L.. was <130 cm, as some individuals were caught at such
a young age that their growth had not yet started to level
off, which then resulted in unrealistically high values of
L... Log transformation of k (for sake of normality) was
modeled through linear regression with L., and its square
as explanatory variables, and the model was then reduced
in a stepwise manner. The final model was
log(k) = —0.609 — 0.013 X L.., and the standard deviation
of the residuals was 0.305. Pearson’s correlation coeffi-
cient between log(k) and L. was 0.688 (t= 15.2,
df = 256, P < 0.01). In the simulations, L.. values were
linearly calculated from the phenotypic trait values on the
range from 30 to 130 cm and k predicted using the statis-
tical model, and the value of L.; L, was set to be 4 cm
for every growth curve.

The juvenile production was described by directly
modeling the number of juveniles surviving up to 3 years
of age. To do this, we combined a model for egg produc-
tion with the life tables for larvae survival given by
Hutchings (2005), so that the number of juveniles surviv-
ing up to 3 years of age was predicted to be 0.37 X female
weight + 0.27. The weight-length relationship was
obtained by fitting a power-law function to measured
weight (in kg) at length (in cm) data through nonlinear
least-squared  regression, with the relations being
described  through  weight = 3.52 x 107° x (length)>"’.
Standard deviation of the phenotypic variation around
the genetic trait value was calibrated, so that the resulting
heritabilities were realistic (0.2-0.3; Mousseau and Roff
1987; Law 2007), and was thereby set to 3.5. Maximum
lifetime was set to 25 years in this analysis.

Simulation design

The above-mentioned model was utilized to investigate
how cod life histories adapt to alternative mortality
regimes, given our interest in investigating how survival
costs of reproduction affect the adaptation of life histories
and vital fitness-related life-history traits. To this end, we
ran the model in a full-factorial design with two scenarios
for M (0.1 and 0.12) and three scenarios for SC (0.05,
0.1, and 0.15), in accordance with the parameter estimates
used by Hutchings (2005). By having M vary in this man-
ner, we are following the recommendation by Roff (1984)
that preferred life-history models are those for which
there is a clear separation between life-history parameters
before and after maturity. The values of M were chosen
close to each other intentionally, as otherwise adaptive
differences in life histories would be obscured by large
differences in population abundance (as affected through

© 2011 Blackwell Publishing Ltd 5 (2012) 245-255
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density-dependent growth), thus making a comparison
between the scenarios difficult. Overall rates of natural
mortality (M + SC; see Table 1) were also kept reasonably
low, as a population would not sustain high mortality for
many subsequent generations, and, in such cases, there
would be little sense to investigate the adaptation of life
histories as direct ecological consequences of mortality
would be overwhelming. Each parameter combination
was run for over 1500 simulation steps (years) to ensure
that populations became fully adapted to their conditions,
as reflected in our simulations by temporal stability in
life-history trait values. In these runs, the overall rate of
mortality was recorded, and each run was then repeated
with SC being 0 and M equal to the average overall mor-
tality rate over the last 100 years (fully adapted popula-
tion at its equilibrium). In this way, each simulation run
with the survival cost of reproduction produced a coun-
terpart run that had the same overall mortality but no
difference in mortality between mature and immature
individuals.

At the beginning of each simulation run, the popula-
tion size was set at 2000 individuals (~ 1700-2100 kg)
and the carrying capacity to 5000 kg. Initial genetic trait
values (sum of allelic values) were generated from discrete
uniform distributions to allow large genotypic diversity,
and matching sets of allele values were then generated
using Bernoulli trials. Ranges of the uniform distributions
for each simulation scenario were set based on initial sim-
ulation runs, so that the adaptation time would not
become overly long.

At each simulation step, the following variables were
recorded: number of individuals in the population, num-
ber of mature individuals, population’s biomass, spawn-
ing stock biomass, average L.., average k, age at maturity,
length at maturity, phenotypic and genetic trait values,
and trait heritabilities (variance of the genetic trait value
divided with the variance of the phenotypic trait value).

Feedbacks of the survival cost of reproduction

All the simulations and analyses were conducted with R
2.10.0 (R Development Core Team 2009).

Results

At the beginning of the simulation runs, the population
size increased until it reached an equilibrium, which took
a few decades. Evolutionary adaptation of growth strate-
gies to the mortality conditions was much slower, but
within 1400 years (roughly 125 cod generations; Hutch-
ings 2005), the life histories had stabilized (Fig. 2; each
simulation run was checked separately), although year-
to-year stochastic fluctuations still existed owing to
demographic stochasticity in the model. Comparison of
the length-at-age trajectories in the adapted populations
(recorded at eight time points) and the empirical lengths-
at-age measured from otoliths showed that the simula-
tions appeared to mimic cod life histories very realistically
(Fig. 3). Closest matches with the otolith data were pro-
vided by the parameter combinations of M = 0.12 and
SC =0.15 M=0.12 and SC=0.1, and M = 0.1 and
SC = 0.15, suggesting that these mortality conditions
might be closest to those typically experienced by the
study population. The values at which the traits stabilized,
such as L.., k, age at maturity, and length at maturity, are
characteristic of many cod populations, particularly at
northern latitudes (e.g., Northeast Arctic cod, northern
cod; Myers et al. 1997; COSEWIC 2010).

To explore the role of the survival cost of reproduc-
tion, we compared simulation runs that incorporated a
survival cost with those having the same overall rate of
natural mortality but no survival cost (Table 1). To this
end, we calculated the difference between the runs with
and without the survival cost of reproduction in the aver-
age L.., k, age at maturity, length at maturity, spawning
stock biomass (SSB), and the recruit-per-spawner ratio
(recruits/SSB) in the adapted population (over the last

Table 1. Simulation scenarios as well as the average life-history traits in the adapted populations. Values for the simulations without a survival

cost* are given inside brackets.

Age at Length at
Scenariot L.. (cm)i ki maturity (year) maturity (cm)
M=0.1, SC=0.05(M=0.122) 88.4 (83.9) 0.178 (0.191) 9.7 (9.0) 57.9 (55.0)
M=0.1,5C=0.1(M=0.132) 92.5 (83.5) 0.168 (0.192) 9.2 (8.4) 61.0 (54.9)
M=0.1,SC=0.15 (M = 0.143) 94.8 (84.1) 0.161 (0.191) 8.6 (7.9) 62.9 (55.4)
M =0.12, SC=0.05 (M =0.141) 86.7 (84.0) 0.182 (0.191) 8.3 (7.9) 57.2 (55.4)
M=0.12, SC=0.1 (M= 0.154) 89.6 (83.7) 0.175 (0.191) 7.7 (7.4) 59.5 (55.3)
M=0.12, SC=0.15 (M = 0.169) 92.3 (81.8) 0.168 (19.6) 7.2 (6.7) 61.5 (54.3)

*Simulations without the survival cost have the same overall rate of mortality but without the survival cost of reproduction; i.e., mortality among

mature and immature individuals is the same.

+Natural mortality is denoted with M and the survival cost of reproduction with SC.

tvon Bertalanffy growth parameters [see eqgn (1) in the methods section].
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Figure 2 lllustration of simulation runs and the effect of the survival cost of reproduction on the adaptation of two cod populations. In the first
scenario (gray line; survival cost), the overall natural mortality is split into two components: natural mortality experiences by all individuals (M) and
the survival cost of reproduction (SC) both of which were set to 0.1. In the second scenario with no survival cost of reproduction (black line), M is
set to the average of the overall mortality over the last 100 years in the first simulation scenario, so that M = 0.132. Therefore, the overall (instan-
taneous) rate of natural mortality is equal in both the simulation scenarios, but in the first scenario, immature fish experience mortality lower than
the average, and mature fish experience higher mortality than the average. In contrast, in the second scenario, mortality experience by all the fish
is the same. The panels show the average von Bertalanffy parameters (A) L., (B) k, (C) average age, (D) length at maturity, (E) heritability of the
growth strategy (see Methods for further details), and (F) the biomass to carrying-capacity ratio.

100 simulation steps). For spawning stock biomass and
the recruit-per-spawner ratio, we only estimated relative
differences, given that the absolute values depend on the
arbitrarily chosen carrying capacity of the population.

In general, a survival cost of reproduction increased L..
and both the age and length at maturity. Because of the
negative correlation between L., and k, the increase in L.,
was accompanied with a decrease in k (Fig. 4A-D). The
increase in L., attributable to the survival cost was on the
scale of 5-10 cm, while age at maturity increased about
0.4-0.8 years and the length at maturity from 2 to 8 cm.
In the presence of the survival cost of reproduction,
mature individuals experienced higher mortality than in
the absence of this cost. This was reflected in the spawn-
ing stock biomass and the recruit-per-spawner ratio, such
that both were considerably lower in the presence of the
survival cost (Fig. 4E,F). Reductions in the spawning
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stock biomass were on the order of 4-14%, whereas the
recruit-per-spawner ratio was reduced by 25-35%.

Discussion

Our study illustrates how elevated mortality among
mature individuals can significantly affect projections of
population productivity and life histories. When the sur-
vival cost of reproduction is accounted for, life histories
evolved toward older age and larger size at maturation
and larger maximum body sizes (Figs 3 and 4, Table 1).
In contrast, both spawning stock biomass and recruits-
per-spawner were lower when a survival cost of repro-
duction was incorporated, compared to the unrealistic
life-history scenario for which mortality among mature
and immature individuals is assumed equal (Fig. 4).
These findings highlight the importance of considering

© 2011 Blackwell Publishing Ltd 5 (2012) 245-255
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Figure 3 Average length-at-age measured from cod otoliths (black
solid line with bullets) and average length-at-age predicted by the
simulation model. In simulations, the averages are calculated over
eight recording points at 10-year intervals in the adapted population
(last 100 years of simulated 1500 years). Natural mortality (M) and
survival cost of reproduction (SC) scenarios are given in the legend.
Dashed lines show predictions for the simulation scenarios, where the
overall rates of mortality are the same as in the scenarios indicated in
the legend but with no survival cost of reproduction, so that mortality
does not differ between immature and mature individuals.

dissimilarities in natural mortality between juveniles and
reproducing adults to realistically predict juvenile produc-
tion and recovery potential (Hutchings and Reynolds
2004; Hutchings 2005), to forecast how changes in age
and size composition affect overall natural mortality
(Jorgensen and Fiksen 2010; Swain 2011), and to gener-
ally understand the causal factors underlying phenotypic
variation in fish life histories (Bell 1980; Stearns 1989).
Estimation of the survival cost of reproduction can be
inherently difficult, as it can be masked by variation in
local resources (Bell and Koufopanou 1986), such that a
full quantification of the cost requires replicated experi-
ments across a range of species’ natural environments
(Stearns 1989). In fish, empirical studies of the costs asso-
ciated with reproduction have largely focused on growth
and energy reserves (e.g., Adams and Huntingford 1997;
Scarnecchia et al. 2007); attempts to estimate the survival
cost of reproduction in fishes are rare. In brook trout
(Salvelinus fontinalis, Mitchill), the survival cost has been
estimated in three populations in Newfoundland, using a
mark-recapture experiment. In this study, overwinter
mortality was found to be increased by 17-89% among
reproducing individuals compared to nonreproductive
ones (Hutchings 1994). This survival cost of reproduction
was also further affected by phenotypic traits, such that it

© 2011 Blackwell Publishing Ltd 5 (2012) 245-255

Feedbacks of the survival cost of reproduction

was negatively correlated with body size but positively
associated with age (Hutchings 1994). By combining
demographic data and modeling techniques, Bertschy and
Fox (1999) similarly investigated the magnitude of the
survival cost of reproduction and its life history correlates
in pumpkinseed sunfish (Lepomis gibbosus, L.). They
found that in a normally growing population, the survival
costs of reproduction were on the scale of 5-10%, but in
stunted populations, the cost was at least 2.5 times
higher, suggesting that growth rate and age and size at
maturity can strongly affect the magnitude of the cost. In
Atlantic cod, and based on their exhaustive examination
of Northeast Arctic cod otoliths, Beverton et al. (1994)
concluded that the instantaneous rate of natural mortality
(M) declines as age at maturity increases, concluding that
M was equal to 0.25, 0.17, and 0.15 for individuals
maturing at ages 6, 7, and 8 years, respectively. These case
studies of fishes reflect a pattern evident across multiple
taxa and demonstrate that not only the survival cost of
reproduction is expected from the basis of life-history
theory (Bell 1980; Stearns 1989) but that it is also com-
monly detected in natural populations (e.g., Sinervo and
DeNardo 1996; Silvertown and Dodd 1999; Proaktor et al.
2008; for reviews see Bell 1980; Reznick 1985).

In the management of fisheries and fish stocks, reliable
estimation of metrics of population productivity (e.g.,
spawning stock size, recruitment) is vital for determining
the fishing mortality that a population can sustain and
how it should be modified to attain a targeted population
size (e.g., the biomass at which maximum sustainable
yield is realized, or Bysy; Hilborn and Walters 1992).
From this perspective, the role of the survival cost of
reproduction can be crucial as it effectively shapes the age
and size structure of the spawning stock: The greater the
survival cost, the lower the expected number of times a
mature fish spawns before its death. Therefore, a survival
cost of reproduction reduces the abundance of old large
spawners from what would have been predicted in the
absence of the survival cost. The spawning contribution
of larger, older spawners can be disproportionally high
relative to that of younger, smaller individuals (Berkeley
et al. 2004; Birkeland and Dayton 2005) and therefore
directly reflects the spawning stock biomass and recruit-
per-spawner ratio, as we observed in our simulations
(Fig. 4). As a result, the fishing mortality that a popula-
tion can safely sustain can be lower than what would be
predicted if the elevated mortality among spawners was
not accounted for. Another aspect related to fisheries
stock assessment is that any process affecting age-class-
specific maturity ogives (i.e., the proportion of mature
individuals) can also alter the age-class-specific overall
rate of natural mortality. Such drivers can, for example,
be increased temperature (Dhillon and Fox 2004; Portner
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Figure 4 Differences in life-history traits and population characteristics owing to the survival cost of reproduction (SC). These were obtained by
comparing two simulation runs with the same rate of overall mortality but either mortality being equal among immature and mature individuals
(no SC) or increased among mature (due to SC). The differences were calculated by reducing an average value in the simulation run without SC
from the average in the simulation run with SC. Both averages are calculated from the adapted populations, so over the last 100 years of the sim-
ulated 1500 year. Survival costs of reproduction are indicated in the x-axis, while the natural mortality experienced by all individuals (M) is given
in legend. Differences are given for (A) L.., (B) k, (C) average age, and (D) length at maturity. Panels (E) and (F) give relative differences in the
spawning stock biomass (SSB) and the recruits-per-spawner ratio (recruits/SSB), respectively, between the simulations with and without SC. For
example, panel A indicates that at every combination of M (line type) and SC (x-axis), L.. is higher in the presence of SC compared to the simula-

tion without SC (the difference is always >0).

and Peck 2010; Kuparinen et al. 2011), changes in food
abundance (Uusi-Heikkild et al. 2011) or fisheries-
induced evolution toward earlier maturation (e.g., Olsen
et al. 2004). Omitting such environmental drivers can
thus lead to an underestimation of natural mortality and,
thus, overestimation of the reproductive ability of the fish
stock (Jorgensen and Fiksen 2010; Swain 2011). Particu-
larly in the context of fisheries-induced evolution, the
impact of advanced maturation on population productiv-
ity might be underestimated if the increase in natural
mortality owing to the survival cost of reproduction is
excluded (see Andersen and Brander 2009; Kinnison et al.
2009).

As shown here through the simulated evolution of fish
life histories, the survival cost of reproduction affects the
optimality of alternative life-history strategies and can,
therefore, be of primary importance in life-history evolu-

252

tion. Given its influence on per capita population growth
rate (Hutchings 2005; Swain 2011), it can be expected to
influence recovery rates as well. Habitat-specific variation
in survival costs can partly explain local adaptation in fit-
ness-related life-history traits such as age and size at matu-
ration or body size that are commonly seen in salmonids
(e.g., Taylor 1991; Garcia de Leaniz et al. 2007) but also in
many other fish species, such as guppies (Poecilia reticula-
ta) (Reznick et al. 1997), grayling (Thymallus thymallus)
(Haugen 2000), and lemon shark (Negaprion brevirostris)
(DiBattista et al. 2011). Conversely, adaptive differences in
life-history traits among populations can also serve as an
indicator of possible habitat-related differences in the sur-
vival cost of reproduction, although distinguishing this
from other sources of mortality such as predation can be
difficult (Stearns 1989). In the evolutionary responses of
life histories to fishing (e.g., Heino and Gode 2002;
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Kuparinen and Merild 2007; Law 2007; Johnson et al.
2011), the survival cost of reproduction can be an impor-
tant component of natural selection opposing the evolu-
tionary pressures induced by fishing: while high fishing
mortality would favor early maturation at a small body
size, the survival cost of reproduction still increases the fit-
ness of life histories with late maturation at large body
sizes (Figs 2 and 4). It is the relative strengths of fisheries-
induced and natural selection that eventually determine
how fish life histories might evolve (Edeline et al. 2007;
Kuparinen et al. 2009). While the survival cost of repro-
duction is often not included in predictions on evolution-
ary responses to fishing (e.g., Dunlop et al. 2009, Wang
and Hook 2010, but see Hutchings 2009 and Poos et al.
2011), its potentially substantial role as a component of
natural selection suggests that it should be accounted for,
at least at a first approximation, if quantitative estimates
of the survival cost are not available.

As a theoretical simulation approach, our study is sub-
ject to many restrictive assumptions and thereby the
results must be viewed in light of the assumed model. As
models always are (Box 1979), ours constitutes a vast
simplification of reality. Nonetheless, our modeling
approach is directly built on empirically observed growth
histories and their natural phenotypic variability. While
the model clearly omits a great deal of mechanistic details
underlying fish growth and maturation, the growth histo-
ries predicted by the model match well with those
observed empirically, such that the model appears to pro-
vide a transparent and data-supported way of exploring
ecological and evolutionary dynamics. Although the
applied growth history data were collected from a non-
standard environment for cod, this does not affect our
results regarding the role of the survival cost of reproduc-
tion in the evolution of life histories. Importantly, it
allowed us to investigate natural variability in growth for
a very lightly exploited cod population. Nonetheless, one
should bear in mind that differences among populations
are likely to exist and that generalizations to other cod
populations should be done cautiously. One clear simpli-
fication of our model was the assumption that growth
and maturation were considered to be the only coevolving
traits, whereas correlates of reproductive effort are also
expected to evolve as a response to changes in the sur-
vival cost of reproduction (Reznick 1985; Bertschy and
Fox 1999). Mortalities considered in our simulations
(both M and SC) were empirically realistic (e.g., Hutch-
ings 1993, 1994; Bertschy and Fox 1999), with the overall
mortalities corresponding to those estimated for Southern
Gulf of St. Lawrence cod in the 1970s (0.1-0.2; Swain
2011). In other systems, however, M and the survival cost
of reproduction can sometimes be much higher; in fisher-
ies stock assessments, the overall rate of natural mortality
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is often assumed to be 0.2 and estimates of the survival
cost of reproduction can easily be much higher than what
was assumed here. Moreover, as it remained beyond the
scope of this study, we did not consider phenotypic, spa-
tial, or temporal fluctuations in M or SC or trends in
environmental drivers affecting growth and maturation
(e.g., temperature or food). In all, while our study pro-
vides insights into ecological and evolutionary implica-
tions of the survival cost of reproduction in fishes, we
acknowledge the need for further analyses in this respect.

Taken together, through our simulation approach that
incorporated ecological and evolutionary dynamics of a
fish population, we demonstrated the fundamental role of
the survival cost of reproduction both on fitness-related
life-history traits, such as the age and size at maturity, as
well as on the reproductive capacity of the population as
seen in the spawning stock biomass and the recruit-per-
spawner ratio. These results urge careful consideration of
the survival cost of reproduction in predictions of a fish
stock’s reproductive and recovery capacity and in model
forecasts of fish life-history evolution.
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