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Goal 
To develop a multi-trait individual-based eco-genetic model for studying fisheries-
induced evolution in North Sea plaice as documented by empirical data over the last 
century, with particular consideration of sex-specific mortality regimes and life-
history responses. 

Background and motivation 
Fisheries-induced life history evolution 
Selective exploitation of fish stocks is increasingly recognized as driving the evolu-
tion of life history traits (Stokes et al., 1993). Higher mortality in general, and posi-
tively size-selective mortality in particular, cause an organism’s current reproduction 
to become relatively more important than its future reproduction (Heino and Kaitala, 
1999). This may result in slower growth rates, maturation at younger ages and smaller 
sizes, and a higher relative reproductive investment (Roff, 1983). Accordingly, size-
selective harvesting has been shown to be associated with changes in growth and 
maturation (Sinclair et al., 2002; Grift et al., 2003; Conover et al., 2005; Olsen et al., 
2005). However, measuring life history trait combinations of individual animals in the 
field is notoriously difficult, as one would ideally have to follow individuals through-
out their life, and also since changes in life history traits are often confounded by phe-
notypic plasticity due to environmental variation. 
Since life history changes due to size-selective fishing typically go along with a re-
duction of sustainable yield (Law and Grey, 1989; Heino and Godø, 2002), it is of in-
terest to adopt management strategies to let fish stocks with evolved life history traits 
recover, or at least to prevent further life history changes. Individual-based eco-
genetic models provide a powerful tool for understanding and analyzing the evolution 
of life-history traits, their correlation structure, and the effects of different harvesting 
strategies. 

North Sea plaice 
Plaice are sexually dimorphic: females grow faster, become mature at larger sizes and 
older ages, and allocate more energy to reproduction than males (Rijnsdorp and Ibel-
ings, 1989). Growth rates are expected to be dependent on population density (Bever-
ton, 1964), and changes in the productivity of the ecosystem might also play a role 
(Rijnsdorp and Van Beek, 1991). From the early 1900s to the mid-1980s female 
length and age at maturation had decreased by 10–16% and 30–35%, respectively, 
whereas male length and age at maturation had decreased by 35% and 50–60%, re-
spectively (Rijnsdorp, 1989). Although changes in fecundity might partly reflect 
changes in the trade-off between egg size and egg number, the hypothesis of a fisher-
ies-induced increase in reproductive investment in adult females (smaller than 50cm) 
seems empirically supported (Rijnsdorp, 1991). 
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North Sea plaice has been exploited substantially already since the late 19th century 
(Rijnsdorp and Millner, 1996). Landing statistics collected by ICES since 1906 show 
that annual plaice landings varied around 50,000t annually until the mid-1950s, after 
which landings peaked at 150,000t in the 1980s and since then decreased to the pre-
sent 55,000t (ICES, 2006). Commercial landings have been extensively sampled since 
1957. While mortality rates for males and females are similar during the growing sea-
son from April to December, they almost quadruple for males, but just about double 
for females, during the spawning season from January to March (Rijnsdorp, 1993). 
This is in accordance with the finding that males spend much more time on the heav-
ily exploited spawning grounds than females (Rijnsdorp, 1989). 

Hypotheses on sexual dimorphism 
Female fish usually have a high advantage of increased body size, since egg viability 
and total fecundity typically increase with maternal size (Trippel and Neil, 2004). Se-
lection on male size is also driven by female preference, by male-male competition 
for females, or by sperm competition for eggs (Parker, 1993; Ball and Parker, 1996). 
If male-male competition and sperm competition are very weak, small or even dwarf 
males are predicted to arise evolutionarily (Parker, 1992). Selection then also favors 
early maturation to increase the reproductive lifespan. 

If males are small, it seems at first sight paradoxical that their surplus energy re-
sulting from a smaller cost of reproduction as compared to females is not invested into 
somatic growth. This apparent paradox might be resolved by stipulating a lower 
growth efficiency in males (Henderson et al., 2003) or by assuming male investment 
into a behavioral trait related to reproduction. Since male North Sea plaice stay longer 
on the spawning ground than females (Rijnsdorp, 1989), we might assume that for 
North Sea plaice this behavioral trait is described by the duration of staying on the 
spawning grounds. This duration is most likely positively correlated with the number 
of reproductive events and with the amount of sperm produced. Since male plaice are 
clearly smaller than females, the general theory No empirical evidence suggests that 
male-male competition is rather weak. But sperm competition might be important, 
since more sperm production associated with a longer stay on the spawning grounds 
will cause more fertilizations. 

However, any sexual size dimorphism (SSD) is also affected by the ratios between 
sex-specific growth rates and mortalities (Parker, 1992). Since mortality in male 
plaice is highest during the spawning period (Rijnsdorp, 1993), it seems likely that the 
considered behavioral trait is associated with higher mortality rates due to a higher 
exposure to fishing gear and predators. The selection imposed by sperm competition, 
favoring larger size, is therefore counterbalanced by the selection imposed by higher 
mortality, favoring smaller size. We assume that this trade-off acting on the male re-
productive behavior mainly determines the observed SSD of plaice. 
If positively size-selective mortality in a size-dimorphic population increases, one 
would expect larger evolutionary responses in the larger sex. Apparently, in the case 
of North Sea plaice, the opposite has happened: changes in the onset of maturation are 
dramatically larger in males than in females (Rijnsdorp, 1989). This might be ex-
plained by the fact that male plaice experience a steeper increase of mortality rates on 
the spawning grounds, and are thus more affected by fishing mortality. 

By considering a male behavioral trait measuring the duration males spend on the 
spawning grounds, we will try to capture two trade-offs: longer stays on the spawning 
grounds imply a time cost (resulting in higher mortality), as well as an energy cost 
(resulting in diminished surplus energy, and thus potentially in reduced growth). 
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Table 1: Summary of observations related to SSD in the North Sea plaice fishery, of causes that may 
underlie these observations, and of approaches to how the latter could be accounted for in a model. 

Observation Presumed causes Modeling approach 
Males experience higher 
natural and fishing mor-
tality 

Males are more exposed to predators 
and fishing gear due to their spawning 
activity 

Natural and fishing mortality 
in the model will differ be-
tween the sexes 

Males stay longer on the 
spawning grounds 

Selection for more time spent on the 
spawning grounds, since reproductive 
success is positively correlated with this 
duration 

Male reproductive investment 
in the model will include in-
vestment into gonads and 
male reproductive behavior 

Males are smaller at age Stronger selection for early maturation, 
and thus indirectly for reduced growth, 
due to higher mortality and lower ener-
getic costs of reproduction; direct selec-
tion for reduced growth because of 
higher mortality and larger investment 
into spawning activity 

Model will incorporate selec-
tion for early maturation and 
for lower growth rate due to 
higher mortality associated 
with male reproductive be-
havior; energy lost on male 
reproductive behavior will 
slow down growth 

Males mature earlier Stronger selection for early maturation 
due to higher mortality and lower ener-
getic costs of reproduction 

Model will incorporate selec-
tion for early maturation, 
smaller gonads, and smaller 
body size based on assuming 
time and energy costs associ-
ated with male reproductive 
behavior 

Males show a stronger 
response to size-
selective harvesting 

Steeper increase of male mortality rates 
on the spawning grounds due to their 
spawning activity 

Model will incorporate sepa-
rate mortalities for males and 
females on feeding and 
spawning grounds 

 
In addition, also the trade-offs between gonadic investment and growth and between 
growth and survival will be considered. On this basis, we will attempt to test the fol-
lowing two hypotheses: 
(1) Selection on male reproductive behavior – involving two trade-offs, between fe-

cundity on the one hand and mortality and growth on the other – can explain the 
observed SSD in North Sea plaice. 

(2) The higher exposure of males to fishing morality on the spawning grounds can 
explain their larger life history response to exploitation. 

This test will be based on reconstructing the observations in the fishery with the help 
of an eco-genetic model for North Sea plaice. Table 1 summarizes the most striking 
observations concerning the SSD in North Sea plaice and suggests how these could be 
reflected in the model. 

Research questions 

Questions for devising an eco-genetic model for female plaice 
• How do we set up an eco-genetic model to recover the observed life history of fe-

male plaice? 
• Which adaptive traits should be considered? 
• Can we recover the observed changes in female life history and the pace of evolu-

tion induced by size-selective harvesting? 
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Figure 1: Possible patterns for the seasonal allocation of surplus energy to somatic growth and repro-
duction. Spawning occurs at the end of the shown time intervals. Surplus energy is assumed to be con-
stant throughout the year. For females, only options (a) and (b) are considered, since reproductive in-
vestment in females solely consists of building gonadic tissue. For males, the reproductive investment 
in (a) and (b) has to be interpreted as the sum of energy used, in parallel, for gonadic tissue and male 
reproductive behavior. In (c) and (d), energy allocation to gonadic tissue and male reproductive behav-
ior instead is sequential, and hence the behavioral reproductive investment can be disentangled from 
investment into gonadic tissue by allowing for a flexible date for the onset of this behavioral reproduc-
tive investment. 

Questions for extending this model to capture the SSD 
• How do we have to define, separately for each sex, adaptive traits, life-history pa-

rameters, and trade-offs, in order to recover the sexual size dimorphism? 
• Can the trade-offs involved in male reproductive behavior, as described above, 

explain the observed SSD? 
• Can we recover the observed changes in male life history and the pace of evolu-

tion induced by sex-specific and size-selective harvesting? 
• Can we recover, in particular, the observed stronger effect of size-selective har-

vesting on males? 
• What is the relative evolutionary importance of the time costs and the energy costs 

associated with male reproductive behavior? 
• Can selection on one sex affect evolution in the other sex? 
• Are fisheries-induced evolutionary responses in this population amplified by the 

SSD? 
• Which management measures could be adopted to mitigate fisheries-induced evo-

lution in sexually size-dimorphic populations such as North Sea plaice? 
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Methods and work plan 
Eco-genetic model 
To study the effect of size-selective harvesting in a sex-structured population, we will 
devise an individual-based eco-genetic model (Dunlop et al., 2007) for North Sea 
plaice. This model will include phenotypic plasticity in age and size at maturation and 
will allow somatic growth to be density-dependent. As described above, we will also 
include the trade-offs involved in the evolution of male reproductive behavior and 
thereby go beyond previous models of mortality-induced evolution (Roff, 1983; Mar-
tinez-Garmendia, 1998). 

To model somatic growth, we will use a simplification of the integrated energy al-
location model by West et al. (2001), in which growth is defined in terms of the rate 
of change in somatic weight w, /dw dt aw cwα γ= − , where t is continuous time (or 
age), a scales the net energy intake, accounting for the costs of maintenance, c scales 
reproductive investment, and α and γ are the corresponding allometric exponents. Pa-
rameters a, c, and α, will be taken from empirical studies (Fonds et al., 1992; Mollet 
et al., in prep.), while γ is assumed to be 1. Reproductive investment for males will be 
interpreted to comprise both the investment into gonadic tissue (as measured by GSI) 
and the investment into reproductive behavior. We will assume a parallel allocation of 
energy into somatic and reproductive investment. Different options for the underlying 
partitioning are illustrated in Figure 1. A constant condition factor θ and shape pa-
rameter λ will be assumed to convert weight w to length l, w = θlλ. 

The transition from the juvenile to the adult part of the life cycle will be deter-
mined by a maturation reaction norm, predicting the phenotypically plastic response 
of age and size at maturation to environmental variation in somatic growth rates 
(Stearns and Koella, 1986; Ernande et al., 2004). A recently developed probabilistic 
extension models the probability to mature as a function of age and size (Heino et al., 
2002; Barot et al., 2004). For the sake of simplicity, we will assume linear reaction 
norms described by their intercept b, slope m, and width e. 

A quantitative genetic approach will be used to implement inheritance and express 
heritability in the evolving traits a, c, b, m, and e. Genetic variance will be represented 
by the distribution of trait values in the population (Van Noordwijk, 1989), whereas 
phenotypic variance resulting from environmental factors has to be assumed such that 
realistic values of heritability are obtained (Mousseau and Roff, 1987). The inheri-
tance of quantitative traits in the offspring will be assumed to be equally determined 
by maternal and paternal trait values. In particular, the traits of each offspring will be 
drawn from a normal distribution with the mid-parental value as the mean. In sex-
structured populations sex-specific traits will be considered. 

Fecundity will be described by an allometric relation with respect to body size, 
while male reproductive success will depend, in addition, on assumptions made about 
the ecological implications of the duration males spend on the spawning grounds. Im-
portantly, mating will not be assumed to be size-dependent, but random. The number 
of new individuals recruiting to the population at age 1 will be determined from a 
Beverton-Holt stock-recruitment function. Population dynamics will be based on an-
nual time steps for growth, maturation, reproduction, and mortality. 
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Work plan 
As a first step, we will try to recover the historical pattern of life history evolution in 
female plaice. The life history in the initial population will be matched to historical 
observations (Wallace, 1914). 

As a second step, we will investigate simplified eco-genetic models for male plaice 
that (i) do not contain females explicitly and that (ii) do not describe male reproduc-
tive behavior through a separate adaptive trait (Figs. 1a and 1b). This implies assum-
ing a constant fractional allocation of reproductive investment to male gonadic tissue 
and male reproductive behavior. 

Time permitting, we might relax, as a third step, assumption (i) by analyzing sex-
structured populations (as it might turn out that male and female life histories cannot 
be modeled independently from each other) and assumption (ii) by introducing a sepa-
rate adaptive trait for male reproductive behavior (Figs. 1c and 1d). 

Traits that might evolve in these models are thus the intrinsic growth rate (a), reac-
tion norm parameters (b, m, and e), reproductive investment (c) and, if time permits, 
male reproductive behavior. Model predictions will be compared to empirical obser-
vations and to the result of previous studies, e.g., changes in a to a study by Rijnsdorp 
and Van Beek (1991), changes in b and m to a study by Grift et al. (2003), and 
changes in c to a study by Rijnsdorp et al. (2005). Empirical evidence for changes in 
male reproductive behavior might be obtained by analyzing changes in male mortal-
ity. In the longer term, also known changes in environmental conditions could be in-
corporated, like the absence of fishing during the world wars, the increasing fishing 
pressure in the early 1960s, or the high eco-system productivity in the 1960s. 

Relevance and link to EEP’s research plan 
This project aims to evaluate the ecological and evolutionary effects of size-selective 
fishing in a sexually size-dimorphic population and is therefore directly linked to 
EEP’s focus on evolutionary fisheries management. If observations on North Sea 
plaice can be reproduced, this could provide further evidence of fisheries-induced 
evolution and offer insights into the evolutionary origins and implications of sexual 
size dimorphisms. Studying fisheries-induced evolution in sex-structured population 
models that account for the trade-offs associated with male reproductive behavior is a 
novel contribution to existing applications of eco-genetic models. 

Expected output and publications 
This work will be included as a chapter in my PhD thesis and is intended for publica-
tion as a co-authored research article. 
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