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Summary

Exploited resources might genetically evolve as a consequence of  ex-
ploitation by adapting their l ife history to the imposed mortality re-
gime. Although evolution favors traits for survival and reproduction of  
the fittest,  human-induced evolution might have negative consequences 
for the exploiter. In general ,  a shift towards lower growth rate, earl ier 
maturation and increased reproductive investment might be expected 
from increased (unselective) mortality and these changes might lead to 
generally smaller exploited individuals.  Hence, the evolution might ne-
gatively affect the productivity of  the resource and thus the sustainable 
exploitation and fur thermore, genetic changes might be slow to reverse. 
If  selection forces are high, evolution might occur fast and be observa-
ble within a few decades. Fisheries provide a large scale experiment for 
fisheries-induced evolution (FIE) since fishing mortality rates, typically 
being size-selective, exceed natural mortality rates by a multiple and 
data samples are available for decadal t ime scales. This thesis aims to 
assess the potential importance of  FIE for sustainable exploitation by 
empirical evidence as well as evolutionary modeling, i l lustrated for the 
North Sea f latfish plaice and sole.
In empirical studies the problem of  infer ring on genetic changes from 
phenotypic observations l ies in the disentangling of  the phenotypic 
plasticity caused by environmental variations from the potential gene-
tic change. This is at least par tly achieved by constructing norms of  
reaction that account for this environmental variation. The probabi-
l istic maturation reaction norm for instance disentangles phenotypic 
plasticity in maturation caused by variation in growth. Because growth, 
maturation and reproductive investment are correlated due to tradeoffs 
on the individual level,  a method was developed that fits an energy al -
location model to individual growth trajectories, obtained by the back-
calculation of  otoliths. This method provides size-specific estimates of  
the mechanistic individual l ife history tradeoffs and of  the selection 
differentials imposed by the fishery. Because the correlation of  esti -
mated l ife-history traits is captured, temporal changes could (for the 
first t ime) be analyzed conditionally on the correlation and on potenti -
al environmental effectors, thus disentangling not only environmental 
variabil ity but also effects from changes in another trait .  The results 
suggest that maturation shifted to occur earl ier,  surplus energy and 
reproductive investment increased par tly due to environmental factors, 
but that al l  changes also bear a genetic component, indicative for FIE.



Species-specific individual-based eco-genetic models were developed 
to explore the evolutionary causes of  reverse sexual size dimorphism 
in the case of  f latfish. The hypothesis that males are smaller than fe-
males because of  an energy loss through behavioural reproductive in-
vestments has to be rejected in this evolutionary perspective, since a 
higher demand on reproductive investment is compensated by increased 
energy acquisit ion. In contrast,  the results show that males are smaller 
because increasing reproductive investment pays off  less in males than 
in females. The finding can l ikely be generalized to many cases where 
mating opportunities are l imited in space and time. Since eco-genetic 
models include the inheritance of  traits with frequency-dependent se-
lection, they are therefore a powerful tool to study FIE and the model 
is therefore fitted to the estimated evolution of  plaice and the evolu-
tionary impact of  different management scenarios is assessed. The so 
called maximum sustainable yield MSY and the corresponding maximal 
fishing mortality FMSY evolve along with the population l ife history and 
occur both at lower levels after a while. The currently estimated refe-
rence points are thus not sustainable but sl ipping targets. By a dome-
shaped exploitation pattern being protective for larger fish the evolu-
tionary trends could be reversed and with it the negative evolutionary 
impact. However, the evolutionary impact trades off  against the short 
term loss in yield: by protecting the large fish the evolutionary impact 
is minimized but the instantaneous yield is decreased too – the optimal 
strategy for a given time horizon is somewhere in between. In summary, 
the thesis provides evidence that FIE should be taken into account for 
sustainable management.
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Introduction

DIVERSITY AND EVOLUTION

Since the introduction of  the concept of  natural selection (Darwin 1859), science has been 
based on the assumption that individual traits that define individual biological fitness, i.e. the 
ability to survive and produce offspring, are inherited from parent to offspring. Individuals with 
higher fitness are more likely to survive and produce more offspring, and consequently have 
greater relative representation in a population. The individual fitness depends on the environ-
ment and thus, because the environment is shaped by other organisms inhabiting it, on the dis-
tribution of  other trait variants in the environment, i.e. fitness is frequency-dependent (Metz, et 
al. 1992). The optimal strategy therefore always depends on the environment and its changes in 
space and time. Since the environment is always changing, the trait variants unlikely ever reach 
evolutionary equilibrium. They rather steadily evolve towards always changing evolutionary op-
tima. This is how species adapt to the changing environment and evolve into other species, and 
this mechanism has supposedly generated all biodiversity we observe.
With the discovery of  the DNA (Watson and Crick 1953), the unit of  inheritance of  traits could 
be analyzed more closely. The phylogenetic relatedness or distance between organisms could 
thereafter be defined more precisely by their genetic similarity or dissimilarity respectively ob-
tained from genome sequencing. However, this revealed contradictions with the former classifi-
cation of  species, which was mainly based on morphology, making the classification of  species 
ambiguous and giving raise to various concepts of  taxonomy (e.g. Kullander 1999, Domis, et al. 
2003, Staley 2006). A main insight was that genetic diversity between species is continuous or 
gradual, most visibly revealed by the simpler organisms, and it is on this continuous gene pool 
that natural selection acts and shapes the genetically discrete beings.
The formulation of  evolutionary processes depends on what is considered to be the unit of  
selection and the unit of  evolution. The gene might be the selfish instance operating as if  aim-
ing to reproduce itself  as much as possible, using individuals as vehicles of  transport (Dawkins 
1976). However, the fitness of  the individual determines whether genes survive and to which 
extent they are reproduced along with the individual in the selection process (Dover 2000). For 
the traceability of  the selfish gene view one would therefore need to know the functioning of  
the genes up to their effects on reproduction and survival in individual phenotypes. Because 
this information is usually not available, the individual, being defined as a combination of  cer-
tain traits which are in turn determined by certain genes, is adopted in this thesis as the unit 
of  selection. Since the phenotype determines the fitness of  traits which are inherited by genes, 
the translation from genotype to phenotype becomes irrelevant for the definition of  fitness. 
Evolution thus refers to changes in the prevailing composition of  traits, based on an continuous 
genetic diversity, in locally separated interbreeding groups of  individuals. 
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HUMAN-INDUCED EVOLUTION

Humanity has taken an increasingly important role in the modification of  the environment, 
with a steep increase in the last century due to industrialization. Climate change, changes in hab-
itat and connectivity due to changes in land use, harvest, disease control, are all anthropogenic 
effects that create new niches and affect the survival and reproduction of  organisms, resulting 
in direct or indirect anthropogenic evolution. The problem with this anthropogenic evolution 
is that it is almost never anticipated and might go into undesirable directions. Famous examples 
are the resistance of  pathogens towards antibiotics, the resistance of  agricultural pests towards 
pesticides or the continuous evolution of  the HIV virus to evade the immune system (review in 
Palumbi 2001). These adaptations might be irreversible or hardly reversible, since the selection 
force in one direction, typically forcing organisms to adapt to assure survival until reproduction 
or otherwise being penalized by death, might be stronger than in the opposite direction. 
Only with the knowledge of  the functioning of  these potentially undesired evolutionary effects, 
the management of  resources can be adjusted trying to reduce the rate with which they spread. 
As any change in the environment of  a resource will have an effect on its genetic diversity, the 
general question is not whether anthropogenic evolution occurs but how fast and important 
it is. The higher the rate of  the induced environmental change is, the less time is expected for 
the evolutionary responses to occur. Concerns had been raised that evolution caused by the in-
creased impact on natural systems of  humans through industrialization might be contemporary, 
i.e. may be observable within a human lifetime (review in Reznick and Ghalambor 2001). The 
potential for human-induced contemporary evolution provides the background of  this thesis.

LIFE-HISTORY EVOLUTION

Life history theory addresses the age-specific schedules of  growth, reproduction and survival 
(Stearns 1992, Roff  2002). The genetic basis for life-history traits is poorly understood as it 
seems nowadays obvious that life-history traits are mostly determined by complex interactions 
of  several genes (e.g. Roff  2007). Life-history theory is therefore constrained to focus on the 
phenotypic expression of  life-history traits instead of  focusing on their genetic basis. Fitness 
can be understood as the cumulative reproductive output of  an individual, i.e. the number 
of  offspring produced over its entire life, weighted by the fitness of  this offspring in turn. 
Growth, maintenance, maturation and reproductive investment are key life functions and are 
tightly linked to determine this lifetime reproductive output. Because the energy resources of  
an individual in any particular environment will be finite, these life functions are competing and 
the allocation of  energy resources thus involves several tradeoffs between the life-history traits. 
For instance, the energy spent for growth is not available for reproduction. Because fecundity 
generally increases with body size, individuals also experience a tradeoff  between current and 
future reproduction in case of  indeterminate growth, i.e. if  an organism continues to grow after 
maturation (Heino and Kaitala 1999). Growth and reproduction furthermore trade off  against 
survival. Searching for food often increases the exposure to predators and reproduction is often 
associated with increased mortality risks due to the depletion of  energy resources (Stearns 1992, 
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Roff  2002). The timing of  the onset of  maturation is crucial because it determines the number 
of  reproductive events until death and the size at which energy is no longer used solely for 
growth but also for reproduction after which growth consequently decreases. If  survival prob-
ability is high, investment in growth to a relatively large size before maturation may therefore 
be favored because fecundity relative to size typically increases with size, at the cost of  delayed 
maturation. If  survival probability is on the other side low, it will not pay off  to postpone matu-
ration because it is less likely to survive until future reproductions and therefore using all energy 
for the present reproduction will result in a relatively higher fitness. Consequently, earlier matu-
ration and using relatively more surplus energy for reproductive investment than for growth will 
result in a relatively higher fitness. With earlier maturation and increased reproductive invest-
ment less energy is available for somatic growth and hence a smaller size at age can be expected 
if  survival is low. Varying the allocation of  time and energy between growth, maintenance and 
reproduction has thus interlinked consequences for fitness. The cumulative reproductive output 
depends on cumulative survival and fecundity. These are largely determined by the size of  an 
organisms, the size reflecting the combined effect of  life history “decisions”. Predicting life 
history is often not straight forward because changes in size might have opposite consequences 
for fitness components. If  mortality is size-selective for instance, increasing size might reduce 
survival but increase fecundity and vice versa.

HARVESTING-INDUCED EVOLUTION

Harvesting natural populations means to apply additional mortality and occurs typically in a 
specific manner. In most cases, the additional mortality affects the priciest individuals and as 
consequence has reduced the traits in the population that made these attractive. Trophy hunt 
has reduced body weight and horn size of  bighorn rams Ovis canadensis by 25% over three 
decades (Coltman, et al. 2003). In the Himalayan snow lotus Saussurea laniceps plant height has 
been decreasing the last century in areas where there is intense harvest for use in traditional 
medicine (Law and Salick 2005). The marine environment is an example where anthropogenic 
influence has dramatically increased over the last century: The mortality due to fishing may 
exceed the natural mortality typically by about fourfold (Mertz and Myers 1998).

FISHERIES-INDUCED EVOLUTION (FIE) OF LIFE HISTORY

Fisheries provide a large-scale experimental framework to study life-history evolution (Rijns-
dorp 1993). Fishing pressures have substantially increased with industrialization in the last cen-
tury, the landings from the world’s capture fisheries increased fivefold between 1950 and 2000 
(FAO 2008). Furthermore, fishing is almost always size-selective, most commonly used gears 
are selective for large size (trawl nets, seine nets), a  few might be selective for intermediate size 
(e.g. gillnets). As size determines survival and reproduction, the exploited resource will there-
fore respond by adjusting its life history to the increase in mortality. In the natural unexploited 
situation, the larger individuals have a higher survival probability because predation decreases 
with size and a higher fecundity, since the efficiency of  allocating energy for reproduction 
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increases with size (Fig. 1). Under exploitation however, the selection of  natural mortality is 
reversed (Conover 2007): the survival probability of  the large fish might decrease below the one 
of  the smaller fish, starting to reproduce at a large size might not pay off  because the probabil-
ity to reach this size is low, and since survival between the events of  reproduction is low, it might 
not pay off  to save energy for future reproductive events (Fig. 1). A shift towards decreased 
growth, earlier maturation at consequently smaller size and increased reproductive investment 
might therefore be expected from evolution due to increased fishing mortality (Law and Grey 
1989, Stokes, et al. 1993, Heino 1998, Law 2000).

Figure 1: Illustration of  the opposite selection gradients for size from natural and fishing mortality. With courtesy from 

Conover (2007).

 The rate of  evolutionary change will be affected by the strength of  selection, i.e. by the level 
of  the fishing mortality rate, and by the selectivity of  the fishery. A mortality for instance that 
only targets mature individuals would affect also the older and larger fish as in the typical size-
selective fishery, but in this case they could not escape the mortality by maturing earlier. Because 
of  the positive relationship between size and reproductive output, evolution will in this situation 
favor later maturation. 
Fisheries-induced evolution (FIE) might have negative long-term effects on the productivity of  
stocks and thus on their sustainable exploitation and furthermore, evolutionary changes might 
be hard to reverse or might even be irreversible (see below). Scientists have therefore warned 
of  FIE and its potential negative effects for sustainable exploitation for decades (Borisov 1978, 
Ricker 1981, Edley and Law 1988, Law and Grey 1989). In 1991 a symposium was dedicated 
to FIE (Stokes, et al. 1993) but without attracting the deserved attention. Only 10 years later 
the subject was taken up again in various studies. Two European networks, “FishACE” http://
www.iiasa.ac.at/Research/EEP/FishACE/ and “FinE” http://www.iiasa.ac.at/Research/
EEP/FinE/ starting in 2005 and 2007 respectively, aim to provide evidence for FIE, to under-
stand its functioning through modeling and to provide advice for sustainable exploitation. The 
research of  this thesis was conducted under these two projects.
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CONSEQUENCES OF FISHING POLICIES AIM TO CONSIDER

Landings from the world’s capture fisheries increased fivefold between 1950 and 2000 but have 
now leveled off  (Fig. 2, FAO 2008). The proportions of  overexploited, depleted and recover-
ing stocks have remained relatively stable in the last 10–15 years, after the noticeable increasing 
trends observed in the 1970s and 1980s with the expansion of  fishing effort. In 2007, about 28 
% of  stocks were either overexploited (19 %), depleted (8 %) or recovering from depletion (1 
%) and thus yielding less than their maximum potential owing to excess fishing pressure. A fur-
ther 52 % of  stocks were fully exploited and, therefore, producing catches that were at or close 
to their maximum sustainable limits with no room for further expansion. Most of  the stocks of  
the top ten species, which together account for about 30 % of  world marine capture fisheries 
production in terms of  quantity, are fully exploited or overexploited (FAO 2008).

Figure 2: Worldwide capture and aquaculture production (in 106 tonnes) from 1950 to the early 2000s, with courtesy from 

FAO (2008). Of  this total, aquaculture accounted for 47%. Outside china, per capita supply has shown a modest growth 

rate of  0.5% yr-1 since 1992, following a decline from 1987.

 The catch per unit effort therefore has reduced significantly (Myers and Worm 2003). Remov-
ing species changes and simplifies marine food webs and in conjunction with the truncation of  
age-classes that commonly results from harvest it couples the abundance of  fish stocks more 
tightly to fluctuations in the environment (Pauly, et al. 2002). Large, long-lived predatory fish 
are driven to collapse (Hutchings 2000, Myers and Worm 2003) and are replaced by fish fur-
ther down the food chain (Pauly, et al. 1998). The stocks driven to collapse have been slow to 
recover or have not recovered at all (Hutchings 2000). Reduced predation has lead to increasing 
invertebrates, phytoplankton, and macroalgae, as well as higher turnover in the microbial loops 
(Jackson, et al. 2001). 
The productivity of  a stock is difficult to predict because the food availability might increase 
or decrease due to fishing the predator and/or prey communities. If  there is no change in 
the prey and predator community of  a certain stock, an increased food availability might be 
expected because after the removal of  a part of  the population there will be less intraspecific 
competition for resources and thus per capita more food available. Furthermore fishing affects 
the habitat, especially by demersal trawling, which might banish a species by destruction of  its 
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habitat (Worm, et al. 2006) but might also increase its food availability. By regular disturbance 
of  the seabed, long-lived species will disappear and be replaced by short-lived species with high 
turnover loops. This might increase the productivity of  the smaller benthic pray organisms thus 
also the food availability for species that feed on them (Hutchings 2000, Hiddink, et al. 2008).
There were furthermore important environmental changes occurring in the last century that 
are not directly related to the activity of  fishing. Industrialization had impacts on the climate 
and caused pollution. The life history of  exploited resources might have been affected or, if  the 
perturbations were persistent, even have adapted to such changes. Global surface temperatures 
have increased in the past century by 0.74 ± 0.18 °C and climate model projections indicate 
that the global surface temperature will probably rise a further 1.1 to 6.4 °C during the coming 
century (Solomon, et al. 2007). Land temperatures increase about twice as fast as ocean tem-
peratures (0.25 °C per decade against 0.13 °C per decade) because of  the larger effective heat 
capacity of  the oceans and more evaporation (Sutton, et al. 2007), but might still be sufficient 
to have an impact on fish life history. Growth in fish is strongly affected by temperature (Pepin 
1991, Brown, et al. 2004) and there might be also direct growth-independent effects of  tem-
perature on maturation and reproductive investment (Kurita, et al. 2003, Dhillon and Fox 2004). 
Pollution in the sea increased due to atmospheric pollution, river discharges and spills. The 
marine ecosystem might become more or less productive if  pollution is organic and discharges 
limiting factors such as nitrate or phosphate, or if  pollution is toxic. Endocrine disrupting 
agents might furthermore interact in the reproductive cycle of  fish and mainly affect maturation 
and fecundity (Oberdörster and Cheek 2001, Den Hond, et al. 2002).
The productivity of  a stock will thus not only be affected by the level of  exploitation of  a stock 
but also by indirect effects of  fishing, fishing of  other stocks, habitat impacts of  fishing and abi-
otic changes in the environment. For decades stocks were however assessed independently of  
each other by their mere estimated abundance without taking account of  species-environment 
interactions. Because fishing and environmental impacts are tightly interlinked, the management 
started to aim in recent years for an action plan in which all potential impacts of  a fishing activ-
ity together with other environmental changes are considered on the ecosystem level. There is 
however not yet a formal framework to do so.

CONSEQUENCES OF FISHING POLICIES NEGLECT

Policy makers and fisheries managers have thus many reasons to worry about the effects of  
fishing and FIE is another component that a policy encompassing all potential impacts on the 
ecosystem might need to consider. So far, FIE is not considered in fisheries management, partly 
because the concern that life histories might adapt and that they might adapt quickly is rather 
young, and partly because in the view of  the public, observed changes are rather attributable 
to environmental changes to which the fish respond with phenotypic plasticity without affect-
ing the genetic diversity. The non-evolutionary impacts of  fishing on the ecosystem to which 
species react with phenotypic plasticity would not affect the underlying genetic diversity in life 
history. These changes might be dramatic but have raised little concern because there is a long 
tradition for the belief  that altering the abundance of  a species represents a mere numeric 
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change and is readily reversed (Myers, et al. 1995). On the ecosystem level one might assume too 
that by reversing the environmental conditions that had changed a system, i.e. by the deregula-
tion of  fishing, the ecosystem would accordingly reverse to its initial state (Worm, et al. 2006). 
The recovery potential  depends on the resilience of  the system which in turn depends on its 
biodiversity (Worm, et al. 2006), i.e. its genetic diversity. But there might also be the case where 
a recovery to the initial state is not possible because by changing the relative abundances of  its 
communities a system might switch to an alternative stable state (Scheffer, et al. 2001).
There is however an important difference in evolutionary and non-evolutionary impacts. First, 
the FIE due to the traditional exploitation of  marine resources tends to move in an unde-
sired direction because it likely negatively affects the productivity of  the stock and hence the 
long-term sustainable yield (Law and Grey 1989, Heino 1998, Conover and Munch 2002). If  
mortality is selective for larger sizes, a shift in maturation towards earlier age and size, an in-
creased reproductive investment and a decreased growth rate is expected (see above). Under a 
constant realized fishing mortality rate (being defined in terms of  numbers and not biomass) 
the yield will be smaller if  the size distribution of  the population moves towards lower size at 
age. Due to the shift towards earlier maturation, the proportion of  matures might increase and 
thus positively affect recruitment and yield. However, because the evolving mature individuals 
are smaller, the spawning stock biomass and the stock fecundity might be disproportionally 
smaller. It seems therefore unlikely that FIE will lead to an increased recruitment. If  there is a 
severe negative effect of  the smaller sizes and lower fecundities on recruitment, stocks might 
even collapse due to these evolutionary effects (Williot, et al. 1997, Hutchings and Reynolds 
2004, Olsen, et al. 2004). Second, if  populations undergo genetic changes, the recovery of  
populations and ecosystems might be affected (Heino 1998), as the evolutionary force of  fish-
ing in one direction might be much stronger than the evolutionary force without fishing in the 
opposite direction. Evolution in direction to adapt to high fishing pressures is fast because the 
lack of  adaptation is penalized by death and the genotypes of  the initial populations therefore 
quickly disappear. The evolution towards earlier maturation, increased reproductive investment 
and smaller size at age consequently may occur within a few decades. The reversal of  these 
evolutionary changes by releasing fishing mortality might however occur much slower (Law and 
Grey 1989, Law 2000, De Roos, et al. 2006, Jørgensen, et al. 2007). Adaptation to the evolution-
ary optimum without fishing is rewarded with the benefit of  increased size at age but lack of  
adaptation is not penalized with death. With increased size at age the fecundity and hence the 
reproductive fitness increases and there might be a benefit to survive predation mortality. But 
this natural mortality favoring larger size is typically small relative to fishing mortality favoring 
smaller size (Mertz and Myers 1998). Modeling work therefore suggests that the selection force 
to reverse a fisheries-induced change is likely less important and adaptation might take longer 
(Law and Grey 1989, De Roos, et al. 2006, Enberg, et al. 2009). A controlled experiment on a 
captive wild population, which was formerly used to demonstrate that life-history evolution can 
occur within a few generations (Conover and Munch 2002), suggests that evolutionary changes 
are reversible but that recovery would take at least 2-3 times longer (Conover, et al. 2009). 
However, because the biological fitness is frequency-dependent (Metz, et al. 1992) it might 
also occur that the evolutionary optimum without fishing is no longer represented by the initial 
population (Law and Grey 1989, Law 2000, Scheffer, et al. 2005, De Roos, et al. 2006) and that 
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a recovery might consequently no longer be possible. The failure of  some fish stocks to recover 
after a collapse might be due to FIE (Hutchings 2000, Hutchings and Reynolds 2004, Walsh, et 
al. 2006). Marked changes in key life-history traits such as the maturation schedule occurred for 
instance in the northern cod off  Newfoundland and Labrador before its collapse (Olsen, et al. 
2004). Around the same time, other cod stocks in the region showed changes in growth that are 
interpreted as being indicative of  evolution (Swain, et al. 2007).

MITIGATION

Because of  the decreased productivity and the slow or impossible recovery, policy makers and 
managers should be alerted by the findings of  studies on FIE. As to prevent overfishing or un-
desired effects on the ecosystem, reducing the fishing mortality would also help to mitigate the 
evolutionary effects. Fishing less in the present might thus guarantee better yields in the future 
due to less severe evolutionary effects. While non-evolutionary effects might be more prone to 
stochastic processes resulting in a natural random variation of  an ecosystem response, the FIE 
response is always directional and rather easily predictable. Because of  the predictability, the 
advice for the mitigation of  FIE might prove to be quite straight forward compared to advice 
for the mitigation of  other effects of  fishing. An alternative to reducing fishing mortality might 
be to change the selectivity of  the fishery to potentially reverse the evolutionary effects that 
reduce the stocks productivity. This might involve to protect the larger fish and the short-term 
yield might therefore decrease to the benefit of  the long-term yield.
Scientifically at least, the suggestion that fisheries can produce genetic change should not cause 
too much bother. However, some people have conflicting views, due to a conservative personal-
ity and reluctance towards new developments or maybe due to religious beliefs, as they might 
neglect or not believe that evolution is the mechanism that created and creates the biodiversity 
we observe. The first step in the mitigation of  FIE therefore involves to convince people about 
its credibility and potential importance. Since we assume evolution to be the mechanism to cre-
ate biodiversity throughout this thesis (as there is no scientific reason to assume anything else), 
there is little basis for a religious argument. But although some people might not believe that 
evolution suffices to explain speciation, they might believe that genetic shifts within a species 
towards different characteristics of  that same species might occur. This belief  already would 
suffice to provide a basis for the mitigation of  FIE. (Of  course new species might evolve due 
to the high selective force of  the fishery, but the problems of  FIE will likely emerge much 
before that). 
On a scientific basis the theoretical expectation of  FIE is undoubted. The scientific debate 
on FIE extends to the empirical level on whether the observed phenotypic changes reflect a 
genetic change (Browman, et al. 2008, Kuparinen and Merilä 2008), on whether FIE could be 
as fast as suggested in experimental and empirical studies (Andersen and Brander 2009) and 
furthermore whether FIE is as important compared to other effects of  fishing to deserve to 
be considered in management. Experimental evidence quite unambiguously confirms that FIE 
can occur within a few generations if  the selective pressure is relatively high (Reznick, et al. 
1997, Conover and Munch 2002, see below). These findings lead to the question how FIE oc-
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curs in natural populations. Since the genetic basis of  life history is not well known and genetic 
data is not readily available, usually phenotypic data has to be used to infer on genetic changes. 
The difficulty therein is that genetic changes and phenotypic plasticity are confounded in the 
phenotypic traits. Life history is in fish particularly plastic, and a change in the phenotype might 
therefore just be the consequence of  a change in the environment (see below), and in the wild 
the environmental effects can not easily be statistically accounted for. If  genetic and plastic 
changes trend in opposite directions and the plastic effects overshadows the genetic change, a 
genetic change might therefore not be recognized, or, if  genetic and plastic changes trend in 
the same direction the change might be overestimated or falsely diagnosed. The challenge in 
providing empirical evidence for FIE lies therefore in disentangling genetic from phenotypic 
changes (Rijnsdorp 1993). Further evidence for FIE might be provided by evolutionary models, 
in which the outcome of  the optimal life history strategy is not a consequence of  convenient 
assumptions but of  the species fundamental biology. If  all the elementary processes leading to 
certain phenotypes could be simulated, FIE could be perfectly predicted and its importance 
evaluated quantitatively.
 

EXPERIMENTAL EVIDENCE

Experiments confirmed that changes in the mortality regime might induce contemporary evolu-
tion in life history. Guppies (Poecilia reticulate) that are relocated in an environment with higher 
predation evolved towards earlier maturation and lower asymptotic size within a few genera-
tions and in the opposite direction if  predation in the new environment was lower (Reznick, et 
al. 1990). The observed rates of  evolution and the heritabilities were similar to those obtained 
in artificial breeding experiments (Reznick, et al. 1997). In an experiment with Atlantic silverside 
(Menidia menidia) changes in size at age, growth rate and fecundity were obtained within only 
4 generations by implementing strong size-selective mortality, i.e. by harvesting 90% of  the 
largest or of  the smallest fish (Conover and Munch 2002). In both examples heritabilities were 
around 0.2 which is within the expected range in natural populations and artificial breeding 
(Law 2000, Roff  2002).

EMPIRICAL EVIDENCE: 

DISENTANGLING GENETIC FROM ENVIRONMENTAL EFFECTS

Based on experimental evidence we can expect life-history evolution to occur within decades if  
fishing mortality rates clearly exceed natural mortality rates. It is however not obvious that the 
phenotypic change in the wild would be similar to the one observed in the controlled experi-
ments because in the wild many other factors could affect the observed traits. Variation in the 
environment (e.g. temperature, food resources, natural mortality) also affect life history and 
since fish life history is highly plastic, life history variation due to environmental variation might 
overshadow the life history variation due to genetic effects. For instance we might expect a 
genetic shift towards earlier maturation due to exploitation but also increased temperatures, in-
creased growth or increased predation mortality might lead to earlier maturation. Since popula-
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tion numbers decrease due to fishing the intraspecific competition for food resources decreases 
and therefore per capita growth might increase, leading to an earlier maturation independently of  
the potential genetic response. It is therefore necessary to disentangle the phenotypic plasticity 
from the genetic response in the observed phenotypic variation by controlling for the plasticity 
caused by environmental variation. The timing of  maturation for instance likely depends mainly 
on the combination of  age and size (Stearns and Koella 1986, Bernardo 1993). If  we assume that 
environmental variability mainly affects growth, the variation in the growth curve is representa-
tive for different environments. The onset of  maturation might therefore be defined by a matu-
ration reaction norm – a line defining the transition from juvenile to adult (Fig. 3) - in the age-size 
plane across different environments given by different growth curves (Stearns and Koella 1986). 

 

Figure 3: Concept of  the probabilistic maturation reaction norm (PMRN) with courtesy from Heino and Dieckmann 

(2003). Depending on the environment (food availability, competition for resources, temperature), individuals grow 

at a different pace and become mature at different ages and sizes (dots), and thereafter decrease growth rate due to 

energy expenditures for reproduction. The faster growing type in the more favorable environment likely becomes 

mature earlier. The connecting line between the onset of  maturation between individuals across all environments re-

flected by different growth types, defines the maturation reaction norm. Since the onset of  maturation is understood 

stochastically, there is not a deterministic point of  this onset but a probability that increases with age and with size. 

The gray shading indicates how this probability of  maturing might increase with age and sizes and thus defines the 

PMRN. To illustrate an estimated PMRN, often a line representing a certain probability of  maturing (e.g. 50%) is given.

To disentangle the plastic variation in maturation due to changes in growth from the underlying 
genetic maturation, one has therefore to evaluate the maturation reaction norm by accounting 
for the different maturation-determining environments, supposedly represented by the different 
growth curves (Reznick 1993, Rijnsdorp 1993). A probabilistic formulation of  the maturation 
reaction norm (PMRN, Heino, et al. 2002) has been applied to several fish stocks to evaluate 
the hypothesis of  FIE (Fig. 3). Most of  these studies  found that the maturation shifted towards 
younger ages and smaller sizes (review in Jørgensen, et al. 2007, Kuparinen and Merilä 2007, 
Allendorf  and Hard 2009). If  fishing mortalities substantially increased and no environmental 
factor can sufficiently explain the variation in the PMRN, a shift in the PMRN towards younger 
ages and smaller sizes is by the principle of  exclusion suggestive for an evolutionary change. 
Reproductive investment might be mainly affected by the energy acquisition and accordingly 
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a reproductive investment reaction norm could disentangle the plasticity in reproductive in-
vestment due to variable energy acquisition (Rijnsdorp, et al. 2005). Measuring reproductive 
investment and energy acquisition is however more complicated than maturity and size and age. 
Fecundity provides the most direct estimate, but is restricted to females of  species in which the 
fecundity is determined at the start of  the spawning season (determinate spawners). Alterna-
tively, reproductive investment is often estimated by the gonad weight. However, it is difficult 
to get an accurate estimate since the gonad weight changes substantially in the weeks before 
the spawning season due to the continuous growth of  the ripening oocytes (Rijnsdorp 1991, 
Kennedy, et al. 2007). More importantly, gonad weight might not be a reliable estimator of  
reproductive investment because energy continues to be re-allocated from the soma to ripening 
oocytes during spawning, and because reproductive investment also includes a behavioural cost 
of  activities related to spawning (Rijnsdorp, 1990; Kjesbu et al., 1991). Therefore, estimates of  
reproductive investment are usually highly variable, consistent estimates over longer time series 
are rather scarce and with it conclusions about potential temporal changes. Furthermore, energy 
acquisition can not be directly measured without following a fish and measuring its ingestion. 
Reaction norms for reproductive investments (reproductive investment as function of  energy 
acquisition) were therefore not yet formally established so far. 
Growth might be considered as a representative for energy acquisition, all other life history 
characteristics being constant. Age and size are usually determined in sampling programs and 
estimates of  growth rates are thus available by population estimates of  size at age. If  annual 
body growth is marked in hard structures of  a fish such as otoliths or scales and the rela-
tion between body growth and growth of  the hard structure is known, even individual growth 
curves may be obtained. From the distribution of  the individual size at age and the change in 
this distribution along the cohort, estimates of  the selection differentials of  size at age due to 
the size-selective mortality can be obtained (Sinclair, et al. 2002, Sinclair, et al. 2002). The cor-
relation of  the selection differentials with the change in mean size at age in Atlantic cod (Gadus 
morhua) confirms the FIE hypothesis and indeed reveals that a mortality selective for large sizes 
selects for a smaller size at age (Swain, et al. 2007). Controlling for environmental effects af-
fecting growth and reproduction in Windermere pike (Esox lucius) also revealed a correlation of  
lower size at age and increased reproductive investment with increased size-selective mortality 
(Edeline, et al. 2007), which is also suggestive for FIE in growth. Furthermore, there might be 
a selection for growth rate which is independent of  size, because the fast growing fish are more 
exposed to the fishing gear through their feeding behaviour (Biro and Post 2008). However, 
several life-history traits are confounded in the growth rate or size at age. An individual acquires 
energy and can spend it either on somatic growth, maintenance or reproductive investment 
(Von Bertalanffy and Pirozynski 1952, West, et al. 2001, Banavar, et al. 2002). Growth therefore 
depends on the energy acquisition but also on the allocation of  energy to reproduction and is 
thus also affected by the onset of  maturation. 
In summary, an impressive number of  studies over the past 10 years analyzed changes in life his-
tory and most of  them corroborate the hypothesis that evolution can occur over contemporary 
time scales if  the recent human-induced selection force of  fishing mortality is high compared 
to the natural selection forces (review in Jørgensen, et al. 2007, Kuparinen and Merilä 2007, Al-
lendorf  and Hard 2009). So far studies on FIE focused on the analysis of  single traits such as 
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onset of  maturation, reproductive investment and growth separately. However, because these 
are intrinsically linked as they trade off  against each other in the individual energy balance they 
are correlated and can not be considered independently. A fish investing a lot in reproduction 
will have less energy available to invest into somatic growth. Earlier maturation will have the 
same effect. And the other way around, if  a fish acquires less energy there will be less energy 
available to invest in somatic growth and/or reproduction. A selection on one trait therefore 
also has consequences for another trait and it would therefore be desirable to assess all correlat-
ed traits at once. Since the tradeoffs apply over the individual energy balance, precise individual 
information would be necessary.

MODELING

Evolutionary modeling can be used to understand the intricate mechanisms causing life history 
variation to corroborate the empirical evidence of  FIE and to predict human activities on natu-
ral populations. Common theoretical tools are optimization models, quantitative genetics mod-
els and adaptive dynamics models. However, optimization models, optimizing a certain measure 
of  fitness, can predict only evolutionary endpoints under frequency dependent selection and 
include no genetic detail (e.g. Smith 1978). Quantitative genetics models include genetic detail 
but are not apt to predict over longer time-scales due to the inevitable evolution of  genetic vari-
ances (e.g. Gomulkiewicz and Kirkpatrick 1992). Adaptive dynamics sacrifice genetic in favor of  
ecological detail by modeling evolution as the successful invasion of  a variant type in a resident 
population (Dieckmann and Law 1996, Geritz, et al. 1998). Selection thereby becomes a den-
sity- and frequency-dependent process taking into account the changes of  the fitness landscape 
in the course of  evolution. This seems most accurate if  individual fitness is a function of  the 
phenotype and the environment, since the latter will be affected by the other phenotypes in a 
population (Metz, et al. 1992). However, by loosing the detail of  the genetic variance, adaptive 
dynamics are not useful to predict evolution in real time. A sound model to simulate FIE would 
include both, frequency-dependent selection and genetic variance, and additionally a realistic 
model would also include density-dependent growth and phenotypic plasticity in a variable sto-
chastic environment. These properties can be combined in the recently developed individual-
based eco-genetic models (Fig. 4, Dunlop, et al. 2009). Since the life-history traits trade off  at 
the individual level, the individual is considered as entity of  selection. Individuals inherit quan-
titative trait values from parent to offspring that determine their life history (genetic part) and 
the structure of  the model allows to account for population dynamics, phenotypic plasticity, 
environmental stochasticity and ecological feedback (ecological part). The modeling framework 
is rather flexible, individual somatic and gonadic growth may be expressed by energy allocation 
(West, et al. 2001, Lester, et al. 2004, and as a function of  the environment, e.g. population den-
sity), maturation by a probabilistic maturation reaction norm (PMRN, Heino, et al. 2002) and 
the reproductive fitness determining the relative contribution to the offspring as a function of  
reproductive effort and output, depending on the modeled species in question. Offspring traits 
are sampled from a distribution defined by the parental traits with a genetic variance that might 
itself  evolve. Since the model is age and size structured, phenotypic traits can plastically respond 
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to a stochastic environment and mortalities can be modeled in dependence of  age and/or 
size. In summary, eco-genetic models (Fig. 4) allow the simultaneous analysis of  density-
dependent and frequency dependent ecological feedback, predictions of  evolutionary rates, 
transients and endpoints and genetic detail such as the model of  inheritance, genetic variance 
and phenotypic plasticity, and provide therefore a powerful tool to study FIE.

Figure 4: Concept of  an eco-genetic model, with courtesy from Dunlop, et al. (2009). The model consists of  individuals 

carrying quantitative life-history traits and grow, mature, reproduce and inherit their traits and die. These processes are 

shaped by the environment they experience.

 As the genetic trait distributions are determined by the eco-genetic dynamics, as trait values 
promoting survival and reproductive success are demographically favored, eco-genetic mod-
els do not assume any fitness function a priori (like many traditional life-history models) but 
allow fitness to emerge naturally as a consequence of  the underlying population dynamics. 
Hence, if  the modeled mechanisms of   eco-genetic dynamics that determine the life history 
variation are derived from empirical evidence of  these mechanisms and if  the model is able 
to reproduce the observed life-history, the prediction of  the model might even be considered 
as an independent source of  evidence. The problem therein is of  course that there is hardly 
quantitative evidence for all mechanisms to be included (e.g. growth-survival trade-off, re-
production-survival trade-off, density-dependence of  growth). But optimizing the unknown 
parameters by fitting the model prediction to empirical data might in this case provide unique 
solutions.

THE NORTH SEA FLATFISH FISHERY

The North Sea flatfish fishery offers a great opportunity to study FIE. The dutch fleet catches 
about 75% of  the total international landings (ICES 2008) in a mixed demersal fishery with 
a minimum mesh size of  80 mm. The catches are dominated by plaice but the fishery targets 
the more valuable sole (Fig. 5, Gillis, et al. 2008, Quirijns, et al. 2008). Whereas plaice mor-
tality rates were already high in the late 19th century (Rijnsdorp and Millner 1996), fishing 
mortality rates for sole did not increase before the 1960s, when the fishery switched from 
the otter trawl to the more efficient beam trawl (Fig. 5, Rijnsdorp, et al. 2008). Since 1957 the 
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commercial catches were sampled extensively on a monthly basis and since 1970 surveys dedi-
cated to sample the younger age classes which would not show up in the commercial samples 
were conducted. For plaice also some historical records of  the early 20th century are available 
(Heincke 1908, Masterman 1911, Wallace 1914). The distribution of  the Lusitanian sole ranges 
from the Mediterranean and north-west coast of  Africa to the south coast of  Norway, whereas 
the Boreal plaice ranges between the Bay of  Biscay in the south to Iceland and the Barents Sea 
in the north (Gibson 2005). In the North Sea, sole has a more southern distribution than plaice 
but the juvenile stages co-occur in shallow coastal waters (Rijnsdorp and Van Beek 1991). 
Plaice are larger than sole, become nowadays mature on average at age 4 and grow to a maximal 
age of  25cm and an average asymptotic size of  about 50cm, whereas sole become on average 
mature at age 3 and grow to a maximal age of  40 years and an average asymptotic size of  about 
40cm (see chapter 1 and 2 of  this thesis). Plaice and sole differ in the minimum size caught in 
the commercial fisheries: about 22cm (age 2-3) in sole and 18cm (age 2) in plaice. Hence, the 
difference between the minimum size or age at capture and the size or age at maturation is larger 
in plaice (>12cm, >2 years) than in sole (<4cm, <1year). Because fishing pressure substantially 
increased in the last century, FIE can be expected in both species.
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Figure 5: Landings (gray bars in kt) and estimated fishing mortality rates F (black lines) in plaice and sole over the past 

century (notice the different scales). The fishing mortality is estimated for each age from the observed difference in abun-

dance and an assumed natural mortality by virtual population analysis (VPA) and then averaged over some ages, typically 

ages 2-6. Estimates based on the catch per unit effort F(cpue) might differ from estimates obtained from the landed catch 

(VPA) but cover the time series back to the early 1900s in plaice. Furthermore, in plaice also the number of  fish that are 

discarded at sea because they are smaller than the minimal allowed landing size, is estimated. Together with the landings the 

total number of  fish that die due to fishing can thus be given, resulting in more accurate and obviously higher estimates of  

F. For sole only the VPA estimates from the landed catch was available. 
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OVERVIEW

This thesis comprises four parts. Part I deals with the empirical evidence of  FIE for single traits, 
part II introduces a new method to analyze multiple traits simultaneously accounting for their 
correlation, part III deals with the development and the application of  an eco-genetic model to 
simulate the observed life history and the corresponding FIE, and part IV utilizes the model to 
address the implications of  FIE for management. It has been previously shown that maturation 
in plaice had shifted towards younger ages and smaller sizes since the 1960s (Grift, et al. 2003). 
Chapter 1 analyses the potential FIE in maturation of  sole. Since exploitation rates for sole 
substantially increased in the 1960s, a major evolutionary change might be expected thereafter. 
In plaice exploitation rates were already relatively high in the late 19th century (Rijnsdorp and 
Millner 1996). Chapter 2 extends the maturation analysis of  plaice from the present to the start 
of  the century and includes also males, whereas before only females were considered. Chapter 
2 furthermore estimates reproductive investment in males and females as a function of  size and 
interprets the results in combination with the temporal changes in the patterns of  the average 
growth curve. Like many others, these are studies considering the traits separately estimated on 
the population level and therefore fail to estimate the individual tradeoffs between these traits, 
i.e. the correlation between them. Aiming to estimate the individual trait correlations, a method 
has been developed to estimate multiple size-specific traits simultaneously on the individual 
level, which is presented in chapter 3. To estimate the individual traits, an energy allocation 
model – a model defining growth as a function of  energy acquisition and energy expenditure 
for maintenance and reproductive investment – is fitted to individual growth trajectories that 
were obtained from the back-calculation of  otoliths. Since the estimated traits are size-specific, 
they provide the best estimates for individual life history “decisions”. The method is applicable 
to any other kind of  data where individual growth can be obtained. It is applied to time series 
of  plaice and sole otoliths in chapter 4, to compare the life history of  the two species, to 
analyze temporal trends in their respective life history in the light of  FIE, to estimate tradeoffs 
and selection differentials and to offer new possibilities for disentangling phenotypic plasticity 
from genetic effects. Since the correlation of  traits can be captured, this study for the fist time 
disentangles not only environmental effects but also effects due to life-history correlation in 
temporal phenotypic changes.
To understand the species’ life history and the mechanisms of  FIE, individual-based eco-genet-
ic models (see above) are developed. The here considered species plaice and sole are sexually 
size dimorphic, the females being larger, maturing later and investing more in reproduction 
than males. The causes of  this sexual size dimorphism (SSD) are however unclear and also, 
whether it might matter for the fisheries-induced evolution observed in the recent decades. 
Since the SSD itself  represents an evolutionary optimal strategy, possible causes taking account 
of  the difference in reproductive behaviour between the sexes are explored in an eco-genetic 
model (see above) presented in chapter 5. The model uses the same energy allocation rule as 
is assumed in the empirical estimations in chapter 3 and 4 and defines maturation probabilisti-
cally with an age and size dependent reaction norm as is assumed in the empirical estimation 
in chapter 1 and 2. The reproductive fitness in females is given by the gonad size whereas in 



25

males this relationship is different and depends also on behavioural traits (spawning duration, 
time for growth, mortality experienced due to spawning activity, efficiency of  reproductive 
investment). The traits that are inherited, i.e. the evolving traits, are the size-specific energy 
acquisition rate, the size-specific reproductive investment rate – in males proportional to the 
behavioural investment rate – and the maturation reaction norm level. Comparing the emergent 
evolutionary optima of  life history for different mechanisms between males and females, chap-
ter 5 aims to give an evolutionary explanation of  SSD. The model is fitted to North Sea plaice, 
because for plaice the most detailed life history estimates are available, but could be used also 
for any other species with a similar biology of  reproduction (e.g. sole). This model furthermore 
provides a powerful tool to analyze FIE. In chapter 6 the model is fitted to the empirically 
estimated life-history evolution of  plaice in respect to size at age, maturation and reproductive 
investment, simulating the historical exploitation over the past century. Within 100 years, the 
modeled population evolves from an unexploited state to the current population, still evolving 
in its life-history traits. The pace of  evolution is adjusted by optimization of  the additive genetic 
variance (of  which little is known in reality) and for simplicity the results are shown only for 
females. According to the model, the evolutionary endpoint has not yet been reached and the 
next question thus is what the implications for management are, i.e. what the consequences 
of  FIE for the long-term sustainable exploitation are and how its undesired effects could be 
mitigated. Although FIE might have many other undesired effects, “sustainable exploitation” 
in management mainly refers to the stability of  the yield. Chapter 7 therefore evaluates the 
consequences of  different management scenarios, implemented at the current population, on 
the short-term and long-term yield. The management options are to vary 1) the realized fishing 
mortality rate, 2) the mesh size or 3) the exploitation pattern (size-selectivity of  mortality). The 
size-selectivity of  fishing mortality is typically sigmoidal but might also be dome-shaped, i.e. 
exerting maximal mortality rates for intermediate sized fish. In the North Sea flatfish fishery 
a dome-shaped exploitation pattern is realistic because the spatial distribution of  fish depends 
on their age and size and the intensity of  exploiting a certain age or size class thus depends on 
the space to which fishing effort is directed. The loss in yield which is due to FIE is determined 
by comparing the yield of  an evolving population to the yield of  a hypothetic population with 
a presumably constant life history. This comparison defines the impact of  FIE  on the yield 
and might be called evolutionary impact assessment or EvoIA (see Jørgensen, et al. 2007). The 
maximal yields are no longer sustainable if  life history evolves and are therefore called maximal 
yields (MY) instead of  maximal sustainable yields (MSY). Only after 1000 years of  life-history 
evolution the traits stabilize and could thus be called sustainable at this time horizon.
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INTRODUCTION

Changes in life history traits such as age and size at
first maturation have been reported in several com-
mercially exploited fish stocks (Jørgensen 1990, Rijns-
dorp 1993a). These changes may be due to either
(1) phenotypic plasticity in response to environmental
change or (2) fisheries-induced evolutionary change
(Stokes et al. 1993). If mortality increases, earlier mat-
uration and higher reproductive investment will result
in a higher fitness (Law 2000). These predictions have
been confirmed experimentally (D. A. Reznick et al.
1990, Conover & Munch 2002); the challenge is to
examine how these processes occur in exploited wild
populations.

Evolutionary changes, however, may be overshad-
owed by phenotypic plasticity (Stokes et al. 1993). For
instance, changes in age and size at first maturity can
be caused by changes in growth rate (Reznick 1993,

Rijnsdorp 1993b). Since fishing typically is accompa-
nied by a decrease in stock biomass, it may weaken
density-dependent effects and cause a change in the
onset of maturity simply through its effect on growth
rate (Law 2000). For sole, there is evidence for density-
mediated compensatory growth, although other factors
such as temperature and changes in food availability
might also play a role (Rijnsdorp & Van Beek 1991).

The effect of phenotypic plasticity can be disentan-
gled from genetic effects by the reaction norm
approach. By definition, a reaction norm describes
which phenotypes will be expressed by a genotype
under a certain range of environmental conditions
(Stearns & Koella 1986). The probabilistic maturation
reaction norm (PMRN) has been developed recently to
estimate the reaction norm for the onset of maturity
conditional on age and size (Heino et al. 2002, Barot et
al. 2004). Environmental variability is assumed to be
reflected in differences in somatic growth, so that any
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environmental factor that has its effect through growth
can be disentangled. This growth conditional PMRN
has been applied to several stocks supporting a fish-
eries-induced evolutionary change in the onset of
maturity (reviewed in Dieckmann & Heino 2007).
Although the method has been criticized, as it does not
disentangle genetic effects from environmental factors
affecting maturation other than through size at age
(Kraak 2007, Marshall & McAdam 2007), it can easily
be extended to incorporate other variables as a third
or higher dimension (Grift et al. 2007).

In this paper we investigate the extent to which the
change in maturation in North Sea sole can be attrib-
uted to (1) phenotypic plasticity in response to the
observed variations in growth, or (2) fisheries-induced
evolutionary change using the PMRN approach.
As environmental variation may affect maturation
through more than variations in somatic growth, we
explore the possible influence of condition by includ-
ing it as a third dimension in the reaction norm
approach, and analyse the influence of temperature
and population density.

MATERIALS AND METHODS

Distribution and exploitation. The common sole
Solea solea is distributed from the northwest African
coast and the Mediterranean to the Irish Sea through
the English Channel and the North Sea up to Skager-
rak and Kattegat (Rijnsdorp et al. 1992). Spawning of
North Sea sole occurs in the southern North Sea, with
local concentrations in the German Bight, along the
Belgian Coast and in the Thames estuary and the Wash
(Fig. 1). Young sole are distributed in coastal waters
and migrate to deeper offshore waters when they grow
older but return every year in spring for spawning.
North Sea sole is mainly caught
by the Dutch fleet, which takes
about 75% of the total inter-
national landings (ICES 2006) in
a mixed demersal fishery with a
minimum mesh size of 80 mm.
The exploitation of sole has in-
creased substantially since the
1960s following the introduction
of the beam trawl (De Veen 1976).

Data. Fish samples have been
collected monthly since 1957 from
commercial landings covering the
distribution area of sole in the
North Sea and from autumn sur-
veys since 1970. Market samples
of individual fish are stratified into
5 market size categories and

record date, position, length (mm), weight (g), sex,
gonad weight (g), maturity stage and age (yr). Age is
determined from the pattern of growth rings in the
otolith taking 1 January as birth date. Only females
from samples collected in the southeastern North Sea
(Areas 1 to 5; Fig. 1) were selected, and the analysis
was restricted to Ages 1 to 6 of the Cohorts 1960 to
2002. In total, 21 969 observations were used for the
analysis in the first seasonal sampling window, and
12 808 in the second (see below, Table 1).

Maturation. Maturity is determined by macroscopic
inspection,  and 8 maturity stages are distinguished
that represent the seasonal development of the imma-
ture and mature gonad (Table 2; De Veen 1970): the
immature gonad is classified as Stages I to II; develop-
ing ovaries as Stages III to IV representing the vitel-
logenic phase; the spawning stage when hyaline eggs
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Fig. 1. Distribution of North Sea sole in sampling Areas 1 to 7.
Spawning areas, indicated as the main centres of egg pro-
duction, the limits of spawning activity and the nursery areas 

are based on Rijnsdorp et al. (1992)

Age 1 Age 2 Age 3 Age 4 Age 5 Age 6 Total

Moving time window
Total number 139 1226 7079 6490 4117 2918 21 969
Areas 3 & 4 131 1004 5195 4560 2885 2094 15 869
Areas 1 & 2 8 222 1884 1930 1232 814 6100
Average number per cohort 3 29 165 151 96 68
Average percentage mature 3 10 78 97 98 99

Fixed time window
Total number 299 3870 3783 2531 1629 696 12 808
Areas 3–5 280 2908 2711 1788 1072 466 9225
Areas 1 & 2 19 962 1072 743 557 230 3583
Average number per cohort 0 7 90 88 59 38
Average percentage mature 0 14 66 92 96 94

Table 1. Sampling information for the data sets of female sole used a moving time
window around the peak of spawning (2 mo before and 1 mo after the estimated 

maximum relative GSI) and a fixed time window (Nov, Dec and Jan)
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are visible as Stages V to VI; and spent fish as stages
VII to VIII. The start of vitellogenesis (VTG) ranges in
North Sea sole from July to December (Fig. 2), vary-
ing between years, areas and also among individuals
(Ramsay & Witthames 1996). Some fish might undergo
abortive maturation, meaning that VTG has started
but ovaries are not developed further than Stages III
or IV (De Veen 1970, Ramsay & Witthames 1996).

Moving observation window. The
ovary of a spent female (Stages VII
to VIII) may look quite similar to
the immature ovary (Stages I to II).
Hence, the distinction between imma-
ture and mature females is more
accurate in the time period when all
mature females have started VTG or
are in spawning stage (Stages III to
VI), while none of them is spent. Con-
sequently, the proportion of mature
females is most reliably estimated in
the period of peak spawning (Fig. 2;
De Veen 1976, Ramsay & Witthames
1996). For an unbiased estimate of the
proportion of mature fish, a moving
time window around the peak of
spawning was used to select data
(Table 1). Because the timing of the
spawning season varies annually in
response to ambient water tempera-
ture (Van der Land 1991), peak
spawning was determined as the date
of the maximum ovary weight and
was estimated for each year using
the model

log(o) = β0 + β1log(l) + β2d + β3d2 + β4d3 + ε (1)

where o is the ovary weight, l is fish length and d is the
day in the year on which the individual fish was
caught. β represents the regression parameters and ε a
normal error term (applies to all following equations).

Fixed observation window. The effects of weight
and condition (i.e. relative weight: weight × length–3.18)
on maturation should ideally be analysed at the start
of VTG (Wright 2007) because fish improve their
condition as a consequence of readying to spawn in
the subsequent season (Rijnsdorp 1990). However,
because of the ambiguity in detecting maturation
macroscopically at the start of VTG, a fixed window
comprising the months November, December and
January was used as a compromise between the
moment where VTG starts and the moment where
detection of maturity becomes reliable (Table 1,
Fig. 2).

Probabilistic maturation reaction norm. The
PMRN is defined as the probability that an immature
individual becomes mature at a particular age and
size (Heino et al. 2002) and thereby overcomes the
confounding effects of growth and mortality. For
sole, first time and repeat spawners cannot be dis-
tinguished, therefore the probability of becoming
mature (p) was estimated by a refinement of the
PMRN method (Barot et al. 2004) and is estimated on
a yearly basis as:
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Fig. 2. Seasonal development of the average proportion of
mature females by age-group in market samples between 

July in one year and June in the following year

Stage Interpretation Observation

I Juvenile (–) Transparent and homogenous ovary, tight walls
and small lumen, eggs indistinguishable

II Resting (–) Reddish translucent ovary, tight walls, eggs are
distinguishable, lumen is filled with liquid

III Vitellogenic (+) Reddish gray to dark orange mostly opaque
ovary, bigger and less tight than in II, rich in
blood vessels, vitello-genesis (VTG) has started
and some eggs contain yolk, lumen is big

IV Vitellogenic (+) Orange to reddish white, completely opaque
and stiff ovary at half of its definite size, eggs
are polygonal and all contain yolk

V Ripe (+) Orange to reddish white opaque ovary in its
definite size, lumen is squeezed, eggs are
round

VI Spawning (+) Mostly grayish-red translucent hyaline but
partly still opaque ovary, resilient when pressed
together, lumen contains spawn

VII Half spent (+) Gray to dark red completely translucent
hyaline ovary, walls are very slack and bloody,
lumen is big and filled with spawn and liquid

VIII Spent (+) Dark red translucent ovary, walls are very
slack, lumen is very big mostly filled with
liquid, very similar to II or in a transition
towards II

Table 2. Macroscopic maturity stages of female sole. Stages I and II are inter-
preted as juvenile stages (–). Stages III to VIII are considered adult stages (+).
After spawning is completed, the adult sole cycles from maturity Stage VIII to

maturity Stage II into the growing phase of the following season
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(2)

where m is the probability of being mature, a is age, s
is size, x is any other additional factor possibly affect-
ing maturation (e.g. condition, see Grift et al. 2007), Δs
is the age specific growth increment (in length or
weight) and Δx is the age specific change in x. Eq. (2)
relies on the simplifying assumption that the growth
and mortality rates are the same for immature and
mature individuals. Although this is not expected to
apply accurately, Barot et al. (2004) confirmed that the
method is robust to the relaxation of this assumption.
The probability of being mature m(a,s,x) was estimated
from individual data by logistic regression. Model
selection was done by forward selection of variables
based on the Akaike information criterion (AIC) allow-
ing for all possible 1- and 2-way interactions. Two-way
interactions were considered when both components
of the interaction had been selected: 

logit(m) = β0 + βcc + βaa + βll + βcac × a + βclc × l + βala ×
l + ε (3)

logit(m) = β0 + βcc + βaa + βww + βcac × a + βcwc × w +
βawa × w + ε (4)

logit(m) = β0 + βcc + βaa + βll + βkk + βcac × a + βclc × l +
βala × l + βlkl × k + ε (5)

where m is the probability of being mature, c is cohort
as a categorical variable, a is age, l is length, w is
weight and k is condition. Because of differences in the
interpretation of the timing of effects of length, weight
and condition on maturation (see ‘Moving observa-
tion window’ and ‘Fixed observation window’ above)
Model 3 (Eq. 3) was applied to the moving window,
and Models 4 (Eq. 4) and 5 (Eq. 5) to the fixed window
data set (Table 1).

Growth increments. Annual length increments
were estimated by fitting Von Bertalanffy growth
curves per cohort. Curves were fitted to mean length
at age data, after accounting for length stratification
of market samples (Age > 3), survey and backcalcu-
lation data (Age ≤ 3). For age groups up to Age 3,
the mean length from market samples will be biased
because small individuals may escape through the
mesh or may be discarded if below minimum mar-
ketable size. Therefore, pre-recruit survey data and
back-calculation data of Millner & Whiting (1996)
were used (see Fig. 3a). The mean growth incre-
ments did not differ substantially between the Ger-
man Bight and the Dutch-Belgian Coast spawning
stocks (r = 0.98, R2 = 0.96).

Weight and condition increments per cohort were
estimated as follows. First, the length–weight relation-
ship was modeled assuming a fixed seasonal pattern:

log(w) = β0 + β1log(l) + β2yr + β3d + β4d2 + β5d3 + ε
(6)

where d is the day in year and year (yr) is a factor. The
length–weight scaling factor was β1 = 3.18 and has
been used throughout the analysis to define the condi-
tion factor as k = 100 w l–3.18. The mean weight at age
per cohort was then calculated from the mean length
and corrected for the bias introduced when estimating
mean weight from mean length. Given the observed
coefficient of variation in length at age, a correction
factor was estimated from an empirically derived rela-
tionship between the bias and the coefficient of varia-
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tion assuming a normal distribution. Because growth
increments depend on size rather than age, the annual
increments in length, Δl, and weight, Δw, (see Δs in
Eq. 2) realized when reaching age a, were estimated
separately for each cohort as

Δla = la– la– 1 = β0 + β1 la + ε (7)

Δwa = wa– wa– 1 = β0 + β1wa + β2wa
2/3.18 + ε (8)

The so-modeled increments are in line with the theo-
retical expectation given Von Bertalanffy growth and
the length–weight scaling used here.

Diagnostics. To visualize the reaction norm and its
change over time we use the reaction norm midpoints
in length (Lp50) and weight (Wp50) at which the prob-
ability of becoming mature is 0.5. Reaction norm
midpoints were obtained by linear interpolation. In
the case of the 3-dimensional reaction norm, the mid-
points were estimated for a fixed level of the third
dimension (condition). Because the reaction norm mid-
points are obtained after various steps of calculation, it
is not possible to obtain confidence intervals directly
and, therefore, they were bootstrapped by resampling
the individuals in the original data set with replace-
ment 1000 times, for each cohort. To test for a trend in
the Lp50 and Wp50 at a given age, the reaction norm
midpoints were regressed to cohort as a variable,
weighted by the inverse of the bootstrap variance of
each midpoint. Confidence intervals were estimated
from the 95% percentile in the bootstrap replicates.
Because the onset of maturation might differ between
subpopulations, the analysis was run separately for the
spawning subpopulation of the German Bight (sam-
pling Areas 1 and 2; Fig. 1) and the Dutch and Belgian
coast (Areas 3, 4 and 5; Fig. 1) as well as for the pooled
data of the 2 stocks. Because the results of the subpop-
ulations were similar, only results for the pooled data
set representing the whole southern North Sea are
presented here. Because 95% of the sole matured at
Ages 2, 3 and 4 (see Table 1) we only consider these
ages for diagnostics.

Alternative factors. To evaluate alternative variables,
which could not be incorporated on the individual level
PMRN methodology, the Lp50 and Wp50 estimates
were regressed against annual estimates of condition,
temperature and competitive biomass (Fig. 3). Condi-
tion was estimated as the average condition in the third
and fourth quarters. Temperature was measured at a
coastal station at 53° N, 5° E and averaged from June to
October (Van Aken 2003). Competitive biomass, i.e. the
biomass with which an individual fish has to compete
for resources, was estimated per age group from virtual
population analysis stock numbers and weights (ICES
2006) and indices of mean crowding following Rijns-
dorp & Van Beek (1991). 

Combinations of alternative factors were regressed
for age class (a) to explain the estimated reaction norm
midpoints over cohorts, weighted by the inverse of the
corresponding bootstrap variances:

Sp50c,a ~ cohort + ΣΔTc + a – Δ + ΣΔKc,a – Δ + ΣΔBc,a – Δ + εc,a

(9)

where Sp50 is either Lp50 or Wp50, cohort is cohort as
a variable, Tc + a – Δ is the average temperature in year
c + a – Δ, Kc,a – Δ is the average condition in cohort c at
age a – Δ, and Bc,a – Δ is the estimated competitive bio-
mass in cohort c at age a – Δ. ΣΔ denotes the time
lagged variables with a lag Δ being an element of
{1,2,…,a}. Model selection was based on the smallest
prediction error and the number of parameters was
increased forwards-wise. For a given number of para-
meters, the combination of time lagged variables
giving the lowest predicted mean squared error (MSE)
in a leave-one-out cross-validation is considered to
be the most meaningful model.

RESULTS

Model properties

Cohort, age and size (length or weight), as well as all
the 2-way interactions, significantly affected the prob-
ability of being mature (Table 3). The length-based
Model 3, using a moving time window, gave a better fit
and prediction than the weight- and condition-based
models (Models 4 & 5) that used a fixed time window.
Model 3 explained about 14% more of the null
deviance than the fixed window models (Table 3).
Considering length and condition as explanatory vari-
ables (Model 5) instead of weight (Model 4) results in a
lower AIC (Table 3). All models had similarly high
classification performance. The sensitivity, i.e. the
proportion of correctly classified individuals among
matures, was high, but specificity, i.e. the proportion of
correctly classified individuals among immatures, was
relatively low (Table 3).

Length- and weight-based reaction norms

The estimated reaction norms are close to linear
and tend to have negative slopes, suggesting that the
size at which sole attains a certain probability to
mature decreases with age. This age effect is weaker
in the weight reaction norm, such that the probability
of becoming mature is determined by weight rather
than age. The width of the reaction norm is narrower
for length than for weight. The distance between
Lp10 and Lp90 is on average 23% of the Lp50

193



I /  Chapter 138

Mar Ecol Prog Ser 351: 189–199, 2007

(Model 3), whereas the distance between Wp10 and
Wp90 is on average 65% of the Wp50 (Model 4).
Over time, the reaction norms shifted towards
younger ages and smaller sizes, with the largest
change occurring in the 1980s (Figs. 4 & 5). The inter-
section of average growth with the reaction norm
shows that the age and length at which 50% of the
females became mature shifted from about 3.1 yr and
27.3 cm in the 1960s to about 2.5 yr and 24.1 cm
in the 1990s (Fig. 4). The Lp50 and Wp50, reflecting
the intercepts of the reaction norm, have typically
decreased significantly over time at all ages (Fig. 5).
The decrease in the Lp50 and Wp50, weighted by the
inverse bootstrap variances, is significant for all ages
(p < 10–4 for all ages in Fig. 5). Inter-annual variation
was too large to detect a significant trend in the
reaction norm slopes (data not shown). Since most
individuals become mature at Age 3 (Table 1), the
method is most precise for this age group. For 3 yr
old females, the weighted regressions predict that the
size at which 50% become mature decreased from
28.6 cm (251 g) in the 1960 cohort to 24.6 cm (128 g)
in the 2002 cohort (p < 10–5). This trend corresponds
to a change of −0.10 cm yr–1 in the Lp50 and −3 g yr–1

in the Wp50. For the Lp50 values, the minimal mar-
ketable size of 24 cm seems to operate as an attractor:
the decline of the midpoints ends with an Lp50 of
about 24 cm at all ages.

Three-dimensional reaction norm

Condition in the 3-dimensional reaction norm
(Model 5) is positively associated with the probability
of becoming mature. The Lp50 of the reaction norms,
estimated for all values within the 95% CI of observed
condition (0.408 to 0.604), indicated that a change of

10% in condition results in a change of about 1 cm in
the Lp50. The decrease in Lp50 over time for any given
value of condition factor, and, thus, the changes in con-
dition observed in the study period, could not explain
the observed decrease in the 2-dimensional Lp50s. The
weighted regression on midpoints of the 3-dimensional
reaction norm, bootstrapped for the median condition
of k = 0.5, predicts a decrease in Lp50 from 28.9 cm in
1960 to 23.2 cm in 2002. The decline of −0.14 cm yr–1 is
stronger than in the 2-dimensional reaction norm. The
reaction norm width (21% of the midpoints for condi-
tion of k = 0.5, Model 5) is similar to the width in the
length reaction norm (23% of the midpoints, Model 3)
and much smaller than the width in the weight reac-
tion norm (65% of the midpoints, Model 4).

Alternative factors

The alternative factors analysed for their effect on
the maturation all showed significant trends over the
study period (Fig. 3). Growth rates have decreased
significantly (Age 2: −0.045 cm yr–2; Age 3: −0.032 cm
yr–2; Age 4: −0.022 cm yr–2; all p < 10–7) as does con-
dition (Age 2: −0.13 g cm–3.18 yr–1; Ages 3 & 4:
–0.04 g cm–3.18 yr–1; all p < 10–2). Temperature in-
creased significantly (0.03°C yr–1, p < 10–3), while
competitive biomass showed a peak in the early
1960s, and also around 1990 and 2000. Table 4 pre-
sents the variables for the time series in Model 9
(Eq. 9) that give the lowest predicted MSE in a
leave-one-out cross-validation for Age 3. The general
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Moving window Fixed window
Model 3 Model 4 Model 5

AIC 8425 7086 7015
Explained deviance 0.54 0.40 0.41
Correct classification 0.92 0.89 0.89
Sensitivity 0.98 0.97 0.97
Specificity 0.59 0.49 0.51

Table 3. Model properties: Akaike information criterion
(AIC), proportion of null deviance explained by the model,
proportion of correctly classified observations, sensitivity
(proportion of correctly classified positives, i.e. matures) and
specificity (proportion of correctly classified negatives, i.e.
immatures) of Models 3, 4 and 5. Model 3 was built on data
from the moving window data selection, Models 4 and 5 were
built on data from the fixed window data selection. AIC
should not be compared between models obtained from 

different data sets
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Fig. 4. Reaction norms for Cohorts 1960 to 1973 (—), 1974 to
1988 (---) and 1989 to 2002 (···) estimated as the average Lp50.
Thin lines without symbols show mean length at age (cm) of 

the corresponding cohorts
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pattern of variable selection is consis-
tent for Lp50 and Wp50 for all ages
and for all time lags Δ: cohort is
always selected as the first variable,
while the variables to be selected
next are temperature in the year of
birth, if this year is included in the
analysis, competitive biomass other-
wise (Table 4). The MSE only weakly
improves by further introduction of
variables after cohort, and would
increase again by introducing more
variables than those displayed in
Table 4 (results not shown).

DISCUSSION

Evidence for evolutionary change

This study shows that the PMRN in
North Sea sole shifted downwards
since the 1960 cohort, which is in
agreement with the expectation of a
fisheries-induced evolutionary change.
In an evolutionary fitness optimization
framework, the reaction norm inter-
cept is predicted to decrease and the
slope is predicted to increase slightly
if exposed to size-selective harvesting
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Impact period Number Selected variables Signs of MSE
of variables in model parameters

Lp50 at Age 3
– 0 5.278

Age 0, Δ = 3 1 Cohort* – 2.320
2 Cohort*+Tage 0* – – 2.172

Age 1, Δ = 2 1 Cohort* – 2.320

Age 2, Δ = 1 1 Cohort* – 2.320

All ages, 1 Cohort* – 2.320
Δ = {1,2,3} 2 Cohort*+Tage 0* – – 2.172

Wp50 at Age 3
– 0 2818

Age 0, Δ = 3 1 Cohort* – 1816

Age 1, Δ = 2 1 Cohort* – 1816
2 Cohort*+ Bage1* – – 1719
3 Cohort*+ Bage1*+ Kage1 – – + 1452

Age 2, Δ = 1 1 Cohort* – 1816
2 Cohort*+ Bage2* – – 1709

All ages, 1 Cohort* – 1816
Δ = {1,2,3} 2 Cohort*+ Bage2* – – 1709

3 Cohort*+ Bage2*+ Kage1 – – + 1448
4 Cohort*+ Bage1*+ Kage1 + Kage2 – – + – 1430

Table 4. Selected models to explain the variation in the Lp50 and Wp50 of Age 3,
alternative variables based on the lowest predicted mean square error (MSE) in
a leave-one-out cross-validation by allowing the effectors to act on a particular
age (Δ fixed) or on all ages together before maturation (Δ element of {1,2,3}). Best
models were determined by comparing the MSEs from all possible combinations
of variables for a given number of variables. Only models for which the cross-
validated MSE is lower than it would be if a further variable was introduced are 

displayed. *: significant at α = 0.05. T, B, K: See Eq. 9
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(Ernande et al. 2004). The changes in the reaction
norm intercepts found here are consistent with this
theoretical expectation (see Fig. 5), but noise in our
data was too high to detect a trend in the slopes. Based
on the assumption that environmental variation affect-
ing maturation is reflected in variations in the growth
rate (Heino et al. 2002), a genetic change in maturation
can thus be disentangled from the phenotypic plastic-
ity in maturation. The length-based reaction norm is
more reliably estimated than the weight-based reac-
tion norm because of the ambiguity in data selection
and corresponding interpretation for the weights
(see below) resulting in a smaller data set and higher
uncertainty in the reaction norm estimates. However,
other factors in addition to size, such as body condition
(Kjesbu et al. 1991, Trippel & Neil 2004) or temperature
(Dhillon & Fox 2004, Kraak 2007), may affect the
probability of becoming mature.

Including condition in the analysis as a third dimen-
sion revealed that a higher condition is associated with
lower Lp50 values, thus fish in good condition have a
higher probability of becoming mature than fish of the
same age and length in poor condition. The same
effect has been suggested in numerous other species
(Kjesbu et al. 1991, Trippel & Neil 2004) and is likely to
be (partly) related to the storage of energy during
the feeding period that can be metabolized later for
reproduction (Rijnsdorp 1990). Although condition
contributed significantly to variation in maturation, it
could not explain the trends in the midpoints of the 2-
dimensional maturation reaction norm over time: the
decrease in Lp50 at any given value of condition (see
Fig. 6) indicates that the earlier maturation is not due
to a time trend in the condition factor. Given the posi-
tive association between condition and the probability
to become mature, the pattern of observed conditions
(Fig. 3c) suggests that by not taking condition into
account, the midpoints of the 2-dimensional reaction
norm might have been underestimated in the first
decades, when condition was high, and overestimated
in the last decades when condition was low. Indeed,
the estimated shift of the midpoints in the 3-dimen-
sional reaction norm (−0.14 cm yr–1, Fig. 6) is stronger
than in the 2-dimensional reaction norm not account-
ing for condition (−0.10 cm yr–1, Fig 5). The effect of
condition in sole seems to be very weakly age-depen-
dent, but it is changing as the maturation reaction
norm shifts downwards. Hence, for an early maturing
fish, it is getting more important to be in good condi-
tion. However, the interpretation of the results in terms
of the role of condition in the maturation process is not
straightforward (Wright 2007). The role of condition
was tested in winter when all maturing females have
started VTG, several months after the maturation
‘decision’ was made. Although we used a fixed win-

dow as close as possible to the start of VTG, the posi-
tive effect of weight and condition on the probability to
become mature is not necessarily affecting the ‘deci-
sion’ to become mature, but is more likely a conse-
quence of it, because fish seem to improve their con-
dition as a consequence of the ‘decision’ to become
mature in the subsequent season (Rijnsdorp 1990). In
addition to the different proportions of maturity at age
between the 2 data sets, this may also explain the bet-
ter fit and performance of Model 3 in comparison to
Models 4 and 5 (Table 3). Also, the higher uncertainty
of the Wp50 estimates might be at least partly due to
inter-annual differences in the seasonal ovary devel-
opment. Unfortunately, this ambiguity has no practical
solution.

Rate of evolutionary response

Because of the difficulty of measuring selection dif-
ferentials (Sinclair et al. 2002) and heritabilities, espe-
cially in the wild, the rate of evolution is not well
understood. Experiments have shown that a change in
the pattern and rate of size-selective mortality caused
major evolution of life history characteristics in 18 gen-
erations of guppies Poecilia reticulate (D. A. Reznick et
al. 1990) and the growth rate of Atlantic silverside
Menidia menidia evolved within just 4 generations
(Conover & Munch 2002). Genetic analyses of rapid
life history changes following introduction to novel
environments are also well established in several
species in the wild (D. N. Reznick et al. 1997, Quinn
et al. 2001), and hence, the hypothesis of a rapid
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fisheries-induced evolution in sole is feasible. The rate
of change in the length maturation reaction norm
(Model 3) does not seem to be linear, as stepwise
change in its reaction norm midpoints seems to occur
in the 1980s (Fig. 5). Possible reasons are that: (1) the
pattern is due to a change in condition; (2) there was
still a considerable proportion of old individuals in the
population that contributed to the next generations,
reducing the evolutionary response; (3) the selection
differential increased after the 1970s; or (4) gene flow
between subpopulations affected the changes in reac-
tion norms. Explanation (1) is plausible since the trend
in midpoints of reaction norms including weight or
condition does not show the same stepwise pattern
(Figs. 5 & 6). Explanation (2) is likely since larger fish
have a relatively higher fecundity and may contribute
disproportionately to reproductive success (Trippel &
Neil 2004). Explanation (3) is likely since fishing mor-
tality has increased over time. Since the increase in
fishing mortality is not synchronized between sub-
populations (ICES 2006), a delay in the evolutionary
response due to gene flow (Explanation [4]) may also
have played a role (see Conover et al. 2005). The
downward trend in the reaction norm is expected to
stop, once it falls below the size threshold where selec-
tion no longer has any effect (Ernande et al. 2004), e.g.
below the minimum size of capture that is close to the
minimum landing size of 24 cm. In recent years, the
Lp50 in all age groups came close to this threshold and
therefore the trend might weaken in the following
years.

Alternative factors

It is known that the onset of maturation may be
affected by condition (Kjesbu et al. 1991, Trippel &
Neil 2004) or other factors such as temperature
(Dhillon & Fox 2004, Kraak 2007), in the juvenile
period 1 or more years prior to first maturity. The influ-
ences of average temperature, condition and competi-
tive biomass were analysed on the population level in
the years before maturation. The results show clearly
that none of these possible factors could explain the
variance in the midpoints better than the trend vari-
able cohort (Table 4). Hence, the evolutionary inter-
pretation is the most plausible explanation of the
observed shifts in the maturation reaction norm. On
top of this trend, temperature in the year of birth and
competitive biomass contribute to further reduce the
prediction error. Condition, having a considerable
effect if introduced as a third dimension in the reaction
norm, does not seem to play an important role in the
population level, because condition might be much
more affected by individual behavior than, for exam-

ple, either temperature or experienced competitive
biomass.

Temperature is known to affect early life history
stages, as it may affect age at maturity through its effect
on juvenile growth rates (Charnov & Gillooly 2004).
However, growth-independent effects of temperature
on maturation have also recently been suggested
(Dhillon & Fox 2004). Temperature can accelerate de-
velopmental rates other than growth (Baynes & Howell
1996, Fuiman et al. 1998) and, therefore, the onset of
maturation might be affected by temperature in early
life. Since the temperature in the year of birth acting on
the larval stage, metamorphosis and early juvenile
stages explains most of the variance in addition to the
intrinsic trend for the Lp50 (Table 4), our results support
such an early life history stage effect.

Similarly, competitive biomass likely has its main
effect on maturation through density-dependent
growth. However, the significance of competitive bio-
mass in explaining variance in the weight reaction
norm midpoints in addition to the intrinsic trend sug-
gest that it may also have a growth-independent effect,
driving the fish to accept an earlier maturation at a
smaller size if population densities are high (sign of
parameter is negative, Table 4). Maturation may be
influenced by social factors, e.g. the probability to
encounter conspecifics, as shown in the coral-dwelling
fish Gobiodon erythrospilus (Hobbs et al. 2004). This
mechanism might explain a negative correlation of
competitive biomass with the reaction norm midpoints
(Table 4). By contrast, the presence of dominant adults
might suppress maturation of subordinate juveniles as
shown in males of the freshwater platyfish genus
Xiphophorus (Borowsky 1978), hermaphrodites of the
coral reef anemone fish genus Amphiprion (Fricke &
Fricke 1977) and females of the temperate wrasse
Pseudolabrus celidotus (Jones & Thompson 1980).
This would result in a positive correlation of competi-
tive biomass with the reaction norm midpoints. 

Another possible cause for changes in the repro-
ductive cycle is that fish might accumulate increased
levels of vitellogenin in their tissue due to endocrine
disrupting agents present in sewage effluents (Ober-
dörster & Cheek 2001). Estrogenic pollution (oestradiol
or analogues) was found to be associated with elevated
concentrations of vitellogenin in flatfish species in the
Dutch Wadden Sea (Janssen et al. 1997) and also in
samples taken offshore at the Dogger Bank in the
North Sea, leading to intersex (Stentiford & Feist 2005).
However, since the reproductive effects of increased
vitellogenin concentrations in fish are often associated
with reproductive impairment and reduced fecundity
(Oberdörster & Cheek 2001), it is not clear if increased
vitellogenin would accelerate or delay maturation or
how these effects would become manifest on the pop-
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ulation level. Nevertheless, increased levels of vitel-
logenin in female Solea solea could lead to misclassifi-
cation of immatures as matures in the macroscopic
maturity staging. Therefore, exposure to high concen-
trations of contaminants during the early juvenile
phase in coastal nursery grounds may have influenced
the results presented here.

Sources of error

Our results may be influenced by the assumption
made to estimate reaction norms: that mature and
immature fish have similar growth and mortality rates.
However, a sensitivity analysis has shown that the
PMRN methodology is robust with respect to differ-
ences in growth rate (Barot et al. 2004) and further-
more, these biases would apply to all cohorts equally
and thus would not qualitatively change the trends
over time. Macroscopic staging of maturity could be
erroneous by misclassifying spent or unripe females as
juveniles. However, by selecting data around the peak
spawning period and applying a moving time window,
this error will be negligible. Abortive maturation, in
the sense that fish develop until maturity Stage III but
not further (De Veen 1970, Ramsay & Witthames 1996),
could have biased the PMRN. However, considering
maturity Stages I, II and III as juveniles instead of only
Stages I and II changed neither our results (not shown)
nor our conclusions.

Implications for management

The evidence for fisheries-induced evolution is
strong and persistent. Fisheries-induced evolution is
likely to decrease maximum sustainable yield (Law &
Grey 1989, Heino 1998) and finding practical strate-
gies to reverse the decreasing trend in age and size at
maturation will be increasingly difficult. Recovery
from a genetic change will be much slower than could
be expected from just lower abundance, since selec-
tion pressure toward the original genotype in the
absence of fishing may be much weaker than selection
caused by intensive fishing (Law 2000). If directional
selection is strong, the original genotype may have
been lost, and surviving genotypes might have a lower
fitness in an environment with a lower exploitation rate
(Conover et al. 2005). Advanced maturation will result
in a reduced size at age of mature fish and thus in a
lower biomass per age group (Heino 1998). Whether
the reduced growth rates observed in North Sea sole
(Fig. 3a) are a direct consequence of the observed shift
in the onset of maturation or due to a general deterio-
ration of the growing conditions needs to be analysed

in more detail. A direct selection on growth rates, how-
ever, seems less likely because in iteroparous species
with indeterminate growth, the improved survival
through slower growth is unlikely to offset the loss in
fecundity (Heino & Kaitala 1999). Even if earlier matu-
ration will positively affect the spawning stock bio-
mass, this may not necessarily translate to an increase
in recruitment, since fecundity and egg viability are
positively correlated with maternal size (Trippel &
Neil 2004), and therefore earlier maturing, smaller
individuals will contribute less to reproduction.
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Changes in the onset of sexual maturation, reproductive investment and growth of North Sea plaice are
studied between three periods: 1900s, 1980s and 2000s. Probabilistic maturation reaction norms of both
males and females, describing the probability of becoming mature conditional on age and size, shifted
towards smaller sizes and younger ages, indicating a fisheries-induced evolutionary change. A higher rate of
change was observed during the past 20 years, which may be related to higher temperature conditions.
Reproductive investment was estimated from the decrease in lipid, protein, dry weight content and condition
factor of the whole body between pre- and post-spawning adults. Reproductive investment expressed as the
energy loss over the spawning period increased with body size from 19% at 20 cm to 30% at 40 cm in males
and from 35% at 30 cm to 48% at 50 cm in females. No change in reproductive investment could be detected
between the 1980s and the 2000s. Von Bertalanffy (VB) growth parameters showed a decrease in L∞ the
asymptotic size and an increase in K, the velocity to reach L∞, in both males and females. The changes in VB
growth are consistent with an increase in energy acquisition and reproductive investment. The observed
changes in maturation, reproductive investment and growth are consistent with fisheries-induced evolution,
but the changes in reproductive investment and growth need further investigation to disentangle the role of
phenotypic plasticity.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Since fishing mortality is often several times higher than natural
mortality and size-selective due to minimum mesh size or minimum
landing size regulations, evolutionary changes in the life history traits,
such as a decrease in the size and/or age of first maturity, an increase
in reproductive investment and a change in growth rate, may be
expected (Heino, 1998; Law, 2000; Ernande et al., 2004). Depending
on the specific selection pattern, growth rate may evolve towards
slower growth, e.g. to remain smaller than the size at first capture as
long as possible, or towards faster growth, to reach the size of maturity
and start reproducing as quick as possible and thereby ‘outpace’
cumulative (fishing) mortality by higher reproductive fitness (Dunlop
et al., in press).

Evidence for fisheries-induced evolution (FIE) has been reported
in a number of different species (see reviews in Jørgensen et al., 2007;
Kuparinen and Merila, 2007). The main problem in the study of FIE is
to disentangle genetic changes from the phenotypic plasticity in traits
values (Rijnsdorp,1993a; Law, 2000; Heino et al., 2002a). Most studies

of FIE have focused on changes in sexual maturation, applying the
probabilistic maturation reaction norm (PMRN)method of Heino et al.
(2002a). This method studies the probability to become mature as a
function of the size and age. Assuming that all environmental
variability affects maturation indirectly via variation in growth, a
downward shift of the reaction norm in the size — age plane provides
support for FIE. Most of the studies reported a downward shift in the
reaction norm supporting the hypothesis of FIE (reviews in Dieck-
mann and Heino, 2007; Jørgensen et al., 2007).

Studies of FIE in reproductive investment in natural populations
are scarce since the estimation of reproductive investment is
complicated. Fecundity provides the most direct estimate, but is
restricted to females of species inwhich the fecundity is determined at
the start of the spawning season (determinate spawners). Alterna-
tively, reproductive investment is often estimated by the gonad
weight. However, it is difficult to get an accurate estimate since the
gonad weight changes substantially in the weeks before the spawning
season due to the continuous growth of the ripening oocytes
(Rijnsdorp, 1991; Kennedy et al., 2007). More importantly, gonad
weight might not be a reliable estimator of reproductive investment
because energy continues to be re-allocated from the soma to ripening
oocytes during spawning, and because reproductive investment also
includes behavioural cost of activities related to spawning (Rijnsdorp,
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1990; Kjesbu et al., 1991; Tyler and Sumpter, 1996). Gonad weight
consequently underestimates the total reproductive investment. In
capital spawning fish, where the energy reserves for reproduction are
stored in the body, reproductive investment can therefore be
estimated more reliably from the energy loss over the spawning
period (Rijnsdorp and Ibelings,1989; Rijnsdorp et al., 2005). But also if
an accurate estimate of reproductive investment can be made, it will
remain difficult to disentangle the effect of environmental conditions
such as food or temperature from a potential genetic effect on changes
in reproductive investment (Rijnsdorp et al., 2005; Kjesbu and
Witthames, 2007). A few studies, which attempted to disentangle
phenotypic plasticity in reproductive investment, have provided
support for a FIE increase in reproductive investment (Yoneda and
Wright, 2004;Wright, 2005; Edeline et al., 2007; Thomas et al., 2009).

Fisheries may select for a change in growth rate by a direct
selection on intrinsic growth rates (Ricker, 1981; Sinclair et al., 2002a,
b), or indirectly by selection on maturation or reproductive invest-
ment, whichmay typically result in a decrease in growth rate of adults
as fish mature earlier and invest more into reproduction under size-
selective fishing (Law, 2000; Dunlop et al., in press). Evidence for a FIE
change in intrinsic growth rate is reported for a number of natural
populations (Edeline et al., 2007; Biro and Post, 2008; Swain et al.,
2007), although the interpretation remains controversial (Heino et al.,
2008; Dutil et al., 2008).

In this paper we analyse FIE in North Sea plaice. This flatfish species
has already been exploited intensively since the mid 19th century
(Rijnsdorp and Millner, 1996) and has been studied intensively since
the birth of fisheries science in the late 19th century (Wimpenny,
1953; Rijnsdorp,1993a). FIE inmaturation of plaice is suggested by the
downward shift in the reaction norm of female cohorts since 1960
(Grift et al., 2003, 2007), but the evidence for a FIE increase in female
reproductive investment is equivocal (Rijnsdorp et al., 2005), while
the observed changes in growth have been interpreted in relation to
changes in the environment (Rijnsdorp and Van Leeuwen, 1996; Bolle
et al., 2004). These earlier studies are extended to include males and
include data collected in the first decade of the 1900s. Specific
objectives are to estimate changes in (i) PMRNs, (ii) reproductive
investment and (iii) Von Bertalanffy (VB) growth parameters in males
and females between three time periods: I — 1900s (female
maturation and male and female growth), II — 1980s and III —

2000s. Results are discussed against the background of differences in
environmental condition (temperature, eutrophication, population
density) between the time periods.

2. Methods

2.1. Maturation

2.1.1. Data selection
Maturity data for period I were taken from Wallace (1914), where

length distributions of immature and mature females were tabulated
by age group as recorded from samples taken on the commercial
fishing grounds during the spawning season (January–March). For
period II and III, we used samples of the commercial landings from the
south-eastern North Sea collected between December and February
and providing information on the fish length (cm), body weight (g),
age (assuming the 1st of January as birthday), sex and maturity stage.
Maturity stage was determined by macroscopic inspection of the
gonads (Rijnsdorp, 1989). Market samples cannot be used to study the
maturation in males because most males mature already below the
minimum landing size of 27 cm. Therefore, results of a dedicated
maturity survey (Rijnsdorp, 1989) carried out in 1985 and 1986
(period II), and samples collected during the discard monitoring
programme on board of commercial fishing vessels and research
vessel surveys between September and November in the south-
eastern North Sea in 2007 and 2008 (period III) were used. Maturity

data of males as reported byWallace (1914) could not be used because
these were collected on the spawning grounds where mature males
are known to predominate (Rijnsdorp, 1989). Sampling levels are
shown in Table 1.

2.1.2. Probabilistic maturation reaction norms (PMRNs)
The changes in maturation were analysed by comparing the

probabilistic reaction norm (PMRN) estimated for the three time
periods. PMRNs were estimated according to the method of Heino
et al. (2002a) and Barot et al. (2004), which describes the probability
to become mature as a function of size and age. The method assumes
that environmental variability is reflected in differences in somatic
growth, so that any change in an environmental factor that has its
effect on maturation through changes in growth can be disentangled
(Dieckmann and Heino, 2007). However, changes in the PMRN can not
completely control for phenotypic plasticity in maturation, as it does
not disentangle genetic effects from environmental factors affecting
maturation other than through size and age (Dieckmann and Heino,
2007; Kraak, 2007; Marshall and Browman, 2007). Nevertheless, by
incorporating other variables as a third or higher dimension, the role
of other environmental variables can be tested, potentially strength-
ening the interpretation of FIE (Grift et al., 2007; Mollet et al., 2007;
Vainikka et al., 2009).

The estimation is based on individual data to yield a PMRN
estimate on the population level. Since the aim is to compare three
periods, fish from the different periods are treated as distinct
populations. For each period, the probability of being mature m(a,l)
was estimated from individual data by logistic regression by

logit mð Þ = β0 + βaa + βll + βala × l + e ð1Þ

wherem is the proportion of mature fish per age and length class, a is
age in decimal years, l is length (cm), the β's are the regression
parameters and ε is a normally distributed error term. As the data was
aggregated by age and 1 cm length classes, the regression was
weighted by the number of observations. As first time spawners in
plaice can not be distinguished from repeat spawners, the probability
of becoming mature p was calculated from the probability of being
mature at a certain age a and length l, conditional on the probability of
being immature in the previous year by taking account of the length
increment (Δl) grown in the course of this year of age group a (Barot
et al., 2004):

p a; lð Þ = m a; lð Þ− m a − 1; l − Δlð Þ
1− m a − 1; l − Δlð Þ ð2Þ

This approach relies on the simplifying assumption that the
growth rate and mortality rate at a certain size and age are the
same for immature and mature individuals. Although this may not be
true in reality, Barot et al. (2004) confirmed that the method is robust
to the relaxation of this assumption. Lp50 is used to denote the length

Table 1
Number of observations (N) and percentages of matures (mat) that were used in the
maturation analysis per sex, period and age.

Age 1 Age 2 Age 3 Age 4 Age 5 Age 6

♀ 1900s N 0 263 1199 1831 1125 378
mat n.a. 2% 9% 17% 38% 75%

1980s N 0 3 555 605 628 439
mat n.a 1% 8% 45% 93% n.a.

2000s N 8 44 410 764 915 644
mat 0% 25% 82% 97% 100% 100%

♂ 1980s N n.a. n.a. n.a. n.a. n.a. n.a.
mat 1% 50% 74% 95% 100% 100%

2000s N 44 155 76 14 11 1
mat 0% 78% 92% 100% 100% 100%.

For males in the 1980s only the ogives per age and size class were available.
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at a given age at which the probability of becoming mature is 50%.
Estimation of length increments was based on the Von Bertalanffy fit
to the mean length at age (see Section 2.3.2).

2.1.3. Randomization tests
We used a randomization approach to test for statistical differ-

ences of Lp50s at age between the three periods. For this purpose the
data from all three periods were merged and the three periods were
permutated randomly to generate a new randomly created data set.
From such a randomly created data set the PMRNs and differences
between Lp50s at age were calculated for each period and this process
was repeated 105 times. To indicate how likely the observed
differences between sex and period might have arisen randomly, the
p-value of the test was calculated as the proportion of sampled
permutations for which the difference in Lp50s at age was greater
than or equal to the observed differences.

2.2. Reproductive investment

2.2.1. Data selection
Energy content was determined by chemical analysis of the body

constituents (%dry weight, %lipid, %ash, %protein). A total of 28
grouped samples of pre-spawning fish (n=193 individual fish),
collected between 5 and 20 December 2007, and 26 grouped samples
of post-spawning fish (n=113 individual fish), collected between 11
and 29 February 2008, were analysed. Samples were collected by
commercial vessel and RV Tridens in the south-eastern North Sea.
Maturity stages were classified according to Rijnsdorp (1989). Pre-
spawning fish comprised ripening (stage 2) or early spawning (stage 3
or 4) males (n=98) and ripening (stage 2) females (n=95). The
post-spawning fish comprised of spent (stage 6 or 7) males (n=58)
and females (n=55). In order to study the relationships of
reproductive investment with body size, between 3 and 19 fish were
pooled in 3–4 size groups representing the full size range. Fish were
selected to minimize the size variation within a group. The standard
deviation of the groups ranged from 0.41 cm to 3.69 cm.

2.2.2. Sample processing
Fishwere stored on ice immediately after being caught, except for the

February samples of RV Tridens, which were frozen in sealed polythene.
At the laboratory, samples were sorted by sex, maturity stage and length.
The frozen samples were thawed slowly at 4 °C before processing. Food,
sand or shell particleswere removed from the gut to prevent bias in body
energy content. The grouped sampleswere thenminced in a commercial
meat grinder, thoroughly mixed and a subsample of 300 g was stored in
sealed polythene bags for later analysis at −20 °C.

The fraction of dry weight was determined by weighing the
samples before and after freeze drying, and by drying samples in an
oven for 3 h at 105 °C. The ash content was obtained by heating the
samples in a muffle furnace at 550 °C for 22 h. Lipid content was
determined using the method of Bligh and Dyer (1959). As the
amount of carbohydrates in fish is generally very small (b0.14%; Craig,
1977; Dawson and Grimm, 1980) it was assumed zero. The fraction of
proteinwas notmeasured but estimated as the difference between the
dry weight and the sum of the ash and lipid content.

2.2.3. Estimation of the reproductive investment
Reproductive investment R was estimated from the decrease in

energy content of the whole body from pre-spawning E1 to post-
spawning E2 fish,

R = E1 − E2 ð3Þ

The energy density (E, kJ/cm3) can be estimated as

E = δ u α ð4Þ

where δ is the dry weight percentage, φ is the energy density per
gram dry weight, and α is Fulton's condition factor α=w/l3. The
energy density per gram dry weight (φ) is estimated from the %lipid
and %protein per gram dry weight and the energy values 39.5 kJ/g for
lipids and 23.6 kJ/g for protein. The Fulton's condition factor was
estimated for the pre-spawning and post-spawning stages fromDutch
market samples from December and January–February, respectively.

The size-dependence of the reproductive investment was studied
by estimating the size-dependence of the parameters δ, φ, α and body
constituents using a GLM:

Z = β0 + βll + βSS + βPP + βSlS × l + βPlP × l + βPSP × S
+ βPSlP × S × l + e

ð5Þ

where Z stands for the dependent variables (δ, φ, α, %lipid, %ash, %
protein, %dry weight) and l is body length (cm) in the pooled samples
or individual fish, S is sex and P is spawning stage (pre-spawning,
post-spawning). Starting from this model with all interactions, we
evaluated all other possible models consisting of combinations of
these parameters and selected then the model with lowest AIC and
significant parameter estimates (pb0.05). For illustration of the
selected model, the dependent variable was predicted as a function
of body size for males and females in the pre-spawning and post-
spawning stage. The selected model was therefore transformed in a
simple linear regression with an intercept incorporating the effect of
sex and spawning stage and a slope giving the size-dependence. If the
size variable was not selected to explain variation in the dependent
variable, the slope is 0 and the expectation is given by the intercept.

For the period II, estimates of reproductive investment were
available from pooled samples of the commercial fisheries (Rijnsdorp
and Ibelings, 1989). Because the sizes of the fish in the pooled samples
were not available, the reproductive investment between the period II
and period III was compared for the average size of adult fish in the
market samples in period II (males: 31.6 cm; females: 41.2 cm).

2.3. Growth

2.3.1. Data selection
For period I, themean length at age reported byHerwig (1908)was

used for the ages 1–4. For the older age groups, mean length at age
were reported by Masterman (1911) and Wallace (1914). Averages
were weighted by the number of observations per area and 0.5 was
added to the age to account for sampling throughout the year.

For period II and III, the survey data of ages ≤6 and commercial
data of ages ≥6 were merged because the commercial data is biased
towards larger sizes due to the minimal mesh and landing size
regulations. To account for the length stratification of the sampling,
observations were weighted by their relative frequency in the
population.

2.3.2. Analysis
To analyze the changes in growth over time, Von Bertalanffy (VB)

growth curves were fitted for each period separately:

lt = L∞ − L∞ − L0ð Þe−Kt ð6Þ

where lt is length at age t, L∞ is the asymptotic length, K the velocity to
reach this asymptotic length and L0 the length at t=0. For the
interpretation of changes in growth, the function was fitted to all age
groups and forced to go through the origin (L0=0). Since for the
maturation estimation only ages 1–6 are relevant, the function was
fitted to the survey data of only these ages and the annual length
increments Δl used in the PMRN estimation (see Section 2.1.2.) were
derived directly from this fit.
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3. Results

3.1. Maturation

The PMRN shifted over the three periods to a smaller size and
younger age in both male and female plaice (Fig. 1). The change in
female PMRN over the last 20 years was about as important as the
change in the 80 years before. The Lp50 of 4 year old females
decreased from 41.6 cm in the 1900s, to 33.3 cm in the 1980s and
22.9 cm in the 2000s. The negative slope of the female reaction norm
reflects that the probability of becoming mature at a given length
increases with the age of the fish. The male PMRN, which was well
below the female PMRN, decreased from 1980s to 2000s: the Lp50 of
2 year olds decreased from 19.5 cm to 16.0 cm.

The randomization tests indicate that the observed differences are
mostly significant at the age where most of the plaice become mature
(Table 2). The differences between the female Lp50s of the 1900s and
the 1980s were significant for all ages (pb0.01), while the differences
between the 1980s and the 2000s were only significant for the
maturation relevant ages 3 and 4, i.e. the ages at which the population
growth trajectory hits the PMRN midpoints (Fig. 1). For the males,
differences in the Lp50s between the 1980s and the 2000s were only
significant for age 2 when most males mature. The large difference in
male PMRNs at age 3 is not significant and can be considered an
artefact due to the very low number of males maturing at this age.

3.2. Reproductive investment

Parameter estimates of the linear regressions of the energy density
and body constituents with body size are given in Table 3 and the
corresponding regressions (Eq. (5)) are plotted in Figs. 2 and 3. The
energy density (kJ/cm3) of pre-spawning plaice showed a significant
positive relationship with body size. In post-spawning plaice, no
relation with fish size was observed. Pre-spawning females had a

slightly higher energy density than males, whereas in the post-
spawning stage, they had a lower energy density (Fig. 2a). The
decrease in the energy density between the pre- and post-spawning
stage reflects the reproductive investment. Reproductive investment
increases with body size in both sexes. Females lose more energy than
males, also relative to their larger body size (Fig. 2b).

Comparison of the reproductive investment in period II and period
III, estimated for the mean size of adult plaice in the commercial
samples in period II, revealed similar results: period II: 27% and 44%
(Rijnsdorp and Ibelings, 1989); period III: 26% and 43% in males and
females, respectively.

The difference in reproductive investment between males and
females is reflected in the body constituents — size relationships
(Fig. 3). Lipid content increased with size. Pre-spawning males had a
higher lipid content than pre-spawning females, but in the post-
spawning stage no difference was apparent (Fig. 3a). Relative protein

Fig. 1. Probabilistic maturation reaction norms (PMRNs, thick lines) for (a) males and
(b) females showing the length (cm) at which the probability of becoming mature is
50% (Lp50) in relation to age (years) for three study periods: period I (♦), period II (□)
and period III (Δ) and the average growth curves (thin lines): period I (dashed), period
II (dotted) and period III (solid).

Table 2
Significance of the differences (cm) in the probabilistic reaction norm midpoints Lp50s
by age between the periods for females and for males based on 105 permutations.

Age 1 Age 2 Age 3 Age 4 Age 5 Age 6

♀ I — 1900s n.a. n.a. 12.4⁎⁎ 8.3⁎⁎ 7.9⁎⁎ 8.4⁎
II — 1980s p=0.003 p=0.003 p=0.007 p=0.017
II — 1980s n.a. 24.7 15.1⁎⁎ 10.4⁎⁎ 8.3 7.7
III — 2000s p=0.056 p=0.001 p=0.003 p=0.145 p=0.291

♂ II — 1980s 0.9 3.5⁎ 15.2 n.a. n.a. n.a.
III — 2000s p=0.335 p=0.048 p=0.596

For some ages the Lp50s could not be obtained (n.a.). Level of significance: ⁎pb0.05;
⁎⁎pb0.01; ⁎⁎⁎pb0.001.

Table 3
Relationships with body length l (cm) of the energy density (kJ/cm3), lipids (% dry
weight), protein (% dry weight), ash (% dry weight), dry weight (%), and condition
factor from the selected models from Eq. (5) with the proportion of deviance explained
(r2) and the p-value.

Sex (S) Spawning stage (P) Intercept SE Slope SE n

Energy density=β0+βll+βSS+βPP+βSlS× l+βPlP× l+βPSP×S (r2=0.837; pb0.001)
♀ 1 3.322 0.290 0.065 0.009 12
♀ 2 3.404 0.103 0.000 – 9
♂ 1 3.872 0.429 0.036 0.015 12
♂ 2 3.696 0.101 0.000 – 9

%lipid=β0+βll+βSS+βPP+βPSP×S (r2=0.824; pb0.001)
♀ 1 8.140 1.680 0.314 0.047 12
♂ 1 11.176 1.451 0.314 0.047 12
♀+♂ 2 0.815 1.527 0.314 0.047 18

%ash=β0+βll+βPP+βPlP× l (r2=0.764; pb0.001)
♀+♂ 1 17.543 0.984 −0.181 0.032 24
♀+♂ 2 16.844 0.385 0.000 – 18

%protein=β0+βll+βSS+βPP (r2=0.667; pb0.001)
♀ 1 75.690 1.552 −0.171 0.044 12
♀ 2 76.812 1.658 −0.171 0.044 9
♂ 1 72.217 1.335 −0.171 0.044 12
♂ 2 79.198 1.321 −0.171 0.044 9

%dry weight=β0+βll+βPP (r2=0.521; pb0.001)
♀+♂ 1 20.899 0.803 0.056 0.025 24
♀+♂ 2 18.363 0.822 0.056 0.025 18

Condition factor=β0+βll+βSS+βPP+βSlS× l+βPlP× l+βPSP×S (r2=0.655; pb0.001)
♀ 1 0.858 0.035 0.005 0.001 394
♀ 2 0.810 0.002 0.000 – 824
♂ 1 0.942 0.006 0.000 – 111
♂ 2 0.965 0.054 −0.004 0.002 154

To simplify the illustration of the size-dependence, the selected model was transformed
for each combination of sex (S) and spawning stage (P=pre-spawning stage 1 and
post-spawning stage 2) in a simple linear model consisting only of an intercept and the
body size-effect (slope). If the size-effect was not selected in Eq. (5), the slope is
consequently 0. n denotes the number of grouped samples, except for condition factor
where it refers to the number of individual fish.
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content increased during the spawning season, in particular in males,
and showed a negative relationship with body size (Fig. 3b). No
difference in ash content occurred between the sexes. The ash content
decreased with body size in pre-spawning fish, whereas in post-
spawning fish, the ash content was higher and showed no relationship
with fish size (Fig. 3c). The percentage dry weight did not differ
between the sexes, but showed a positive relationship with body size
and decreased over the spawning period (Fig. 3d). Fulton's condition
factor differed between males and females. In males, pre-spawning
conditionwas lower than in females and showed no relationship with
body size. In post-spawning males, the condition was higher than in
females and showed a slight decrease with body size. Pre-spawning
condition factor in females increased with body size, whereas the
post-spawning condition factor did not (Table 3).

3.3. Growth

The growth curves of both male and female plaice showed a
gradual decrease in the L∞ since the 1900s, whereas the slope of the
curves in the origin or K, the velocity to reach L∞, increased between
period I and period II (Fig. 4). For females, the estimated L∞ decreased
from 90 cm in period I to 53 cm in period II to 48 cm in period III,
whereas K increased from 0.087 to 0.200 and 0.232 (Table 4). For the
males, the L∞ decreased from 51.3 to 41.2 cm and 32.6 cm, whereas K
increased from 0.155 to 0.281 and 0.393 in period I, period II and
period III, respectively.

4. Discussion

4.1. Maturation

Estimating PMRNs for males is difficult because almost all males
are currently mature at age 2 (Table 1), making the estimation
procedure rather sensitive for the incorrect classification of older
males as immature. This may have influenced the estimated relation
for the 1980s, in particular the lift in the Lp50 at age 3, as these data
were collected during the spawning period when some of the spent
males are not easily distinguished from immature males (Rijnsdorp,
1989) and confident intervals incorporating these uncertainties
would be rather large. The randomization test revealed that the
difference in the male PMRNs is not significant at age 3. Because in
period III samples were collected prior to the spawning period, the
results for this period are less affected by the problem of
misclassification and therefore more reliable although consisting
of much less data. Sampling the male plaice population prior to the
spawning season may be advisable to study the maturation process
as it may also overcome the differences in spatial distribution of
immature and mature fish during the spawning period (Rijnsdorp,
1989) as well as differences in catchability (Rijnsdorp, 1993b,
Solmundsson et al., 2003). The difference in spatial distribution
between immature and mature plaice during the spawning season
rendered the data on males of Wallace (1914) unsuitable to estimate
the PMRNs for period I. Nevertheless, the current maturation
characteristics of males are quite different from the mean length
or age at which Wallace (1914) estimated 50% to be mature: 30–
37 cm and 5–6 years of age (Rijnsdorp, 1989). This suggests that also
the male PMRN has shifted downwards substantially between
period I and II.

As the PMRN disentangles the phenotypic plasticity in maturation
caused by variability in growth from an evolutionary genetic effect
(Heino et al., 2002a,b), the observed shift in the PMRNs of male and
female plaice is indicative for FIE. The decrease in the female PMRN
since period II suggests that the decline in the PMRN as observed by
Grift et al. (2003) is still continuing (Fig. 5). It is possible, however,
that the PMRN may be influenced by other factors that have not been
taken into consideration (Kraak, 2007; Marshall and Browman, 2007;
Mollet et al., 2007). It has been suggested that the PMRN may shift
downward due to increasing temperatures (Grift et al., 2003; Kraak,
2007). The relative large shift over the recent two decades coincided
with an increase in sea water temperature on the coastal nursery
ground (van Aken, 2008). The average surface temperature during the
season when the maturation process occurs (2nd and 3rd quarter,
Rijnsdorp, 1989) increased from 13.6 °C in period I, to 14.3 °C (period
II) to 15.5 °C (period III). Kraak (2007) showed that the Lp50 of 4 year
old females decreased by 1.0–1.4 cm for an increase in temperature of
1 °C. Hence, the increase in temperature of 1.2 °C between period II
and III may explain only a small part (1.2–1.7 cm) of the observed
decrease in the Lp50 of 10.4 cm at age 4 (Table 2). The same conclusion
can be drawn about the observed decrease in Lp50 between period I
and II. These results support the conclusion that the observed shifts in
the maturation reaction norm are most likely due to FIE and
corroborate the conclusions of earlier studies (Rijnsdorp, 1993a;
Grift et al., 2003, 2007; Kraak, 2007).

Our results imply that the market sampling database becomes less
suitable to monitor the changes in maturation of plaice as an
increasing proportion of plaice matures at lengths below the
minimum landing size of 27 cm. The problem can be solved for
females when discards will be included in the monitoring program.
For male plaice, however, this may not be sufficient as the maturation
already occurs around the minimum size in the catch (~17 cm).
Therefore, a maturation sampling program, for instance during the
ongoing flatfish surveys in September and October, is needed to
monitor further changes in maturation characteristics.

Fig. 2. The energy density (kJ/cm3)— body size relationship in pre-spawning and post-
spawning male and female plaice (a), and the corresponding reproductive investment
expressed as the loss of energy density during the spawning period (b). In panel (a),
symbols represent estimates of pre-spawning males (closed triangles), pre-spawning
females (closed squares), post-spawning males (open triangles) and post-spawning
females (open squares). Lines represent significant linear regressions for pre-spawning
males (grey), pre-spawning females (black), post-spawning males (grey dashed grey)
and post-spawning female (black dashed). In panel (b), the black line represents
females and the grey line males.
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4.2. Reproductive investment

Our study showed that the reproductive investment increased
with body size in both males and females. These estimates include
both spawning products and activity costs. The increase in reproduc-
tive investment with fish size correlates with a longer spawning
duration of older fish (Rijnsdorp, 1989; Bromley, 2000), and may
reflect the change in the trade-off between current and future
reproduction.

Adult male and female plaice, differ in the percentage of lipids and
protein. Pre-spawning males have a higher lipid content and lower
protein content than females, whereas post-spawning males have a
higher protein content than females. This reflects the differences in
the chemical demands imposed by the spawning activities ofmale and
female fish. Females require substantial amounts of both protein and
lipids to produce eggs, while males will require relatively more lipids
for spawning behaviour (Dawson and Grimm, 1980; Rijnsdorp and
Ibelings, 1989).

Although the best solution currently available, the approach of
estimating reproductive investment from the decrease in the energy
density during the spawning period is still crude as it relies on a
number of simplifying assumptions: First, it is assumed that during

Fig. 3. Relationships of (a) lipid (%dry); (b) protein (%dry); (c) ash (%dry); (d) dry weight (%wet weight) with body size (cm) in male and female plaice. Symbols represent estimates
of pre-spawning males (closed triangles), pre-spawning females (closed squares), post-spawning males (open triangles), post-spawning females (open squares). Lines represent
significant linear regressions for pre-spawning males (grey), post-spawning males (grey dashed grey), pre-spawning females (black), post-spawning female (black dashed), pre-
spawning males and females (long-dashed lines) and post-spawning males and females (dot-dashed).

Fig. 4. Von Bertalanffy growth curves (smooth lines) fitted through the observed mean
length at age for period I (+), period II (Δ) and period III (o) for males (a) and females
(b), assuming that the size at l(t=0)=0.

Table 4
Von Bertalanffy parameters estimates of male and female plaice for three periods
assuming that the size at l(t=0)=0.

Period I (1900s) Period II (1980s) Period III (2000s)

K L∞ K.L∞ K L∞ K.L∞ K L∞ K.L∞

♀ 0.087 90.1 7.8 0.2 53.1 10.6 0.232 48.1 11.2
♂ 0.155 51.3 8.0 0.281 41.2 11.6 0.393 32.6 12.8

K is a proxy for reproductive investment whereas the product KL∞ is a proxy of the rate
of energy acquisition (see Discussion).
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the spawning period fish do neither feed or grow in body length.
Tagging experiments have shown that body growth stops during the
spawning period in winter (Dawson and Grimm, 1980; Rijnsdorp,
1990). Second, it is well established that plaice that are in spawning
condition hardly feed. Less than 10% of the spawning males and about
2% of the spawning females were recorded with food remains in their
guts in themiddle of the spawning period (Rijnsdorp,1989). Third, the
assumption that the fish sampled in February had just ceased
spawning, may not be true since the February samples may comprise
fish from the eastern English Channel spawning ground that spawned
a few weeks earlier than in our study area (Harding et al., 1978). As
plaice from this spawning groundmigrate through the southern North
Sea on their return migration to the northern feeding grounds
(Metcalfe and Arnold, 1997; Hunter et al., 2003), it is likely that the
spent females caught in the southern North Sea and that were already
feeding in January (Rijnsdorp, 1989) originated from this spawning
ground. Although fish with food remains in their gut were excluded
from our samples we cannot exclude the possibility that some of the
fish in our sample may have resumed feeding.

No change in reproductive investment between period II and
period III could be detected. Because sampling in the 1980s did not
take account of the effect of body size on reproductive investment and
the sizes of the sampled fish in period II were not available, the results
should be interpreted with caution. Nevertheless, the results are in
agreement with a recent study which was unable to detect a change in
female gonad weights since 1980 (Rijnsdorp et al., 2005). The lack of
support for a change in reproductive investment contrasts the change
in the VB growth parameters that suggest an increase in reproductive
investment (see below). Further evidence for an increase in
reproductive investment in North Sea plaice stems from the increase
in potential fecundity between the late 1940s and the 1977–1984 of
females up to about 40 cm (Rijnsdorp, 1991; Rijnsdorp et al., 2005).
That the evidence for FIE in reproductive investment is sparse (Yoneda
andWright, 2004; Edeline et al., 2007) is partly due to the few studies
that have addressed this issue (Jørgensen et al., 2007), but may also be
due to the difficulty in disentangling a genetic change from the
phenotypic plasticity (Rijnsdorp et al., 2005; Kjesbu and Witthames,
2007).

4.3. Growth

Age reading errors may have affected the accuracy of the growth
estimated for the three periods. For period I and II, whole otoliths were
analysed, whereas in period III, otolith sections were analysed. The
first method may be relatively more prone to the underestimation of
the age of older fish, because growth increments become smaller with
age. Masterman (1911) discussed that this underestimation occurred

in male otoliths with more than seven rings. The estimated L∞ of the
period I and II may therefore be overestimated. The estimated L∞ of
90 cm for period I was high compared with the maximum size
observed in the catch for females of 73 cm, but the L∞ of 51 cm in
males was close to the maximum size of 49 cm observed in the catch
(Masterman, 1911; Wallace, 1914). Nevertheless, it is unlikely that age
reading errors can fully explain the large change in L∞ observed and
we conclude that K has increased and L∞ has decreased in both male
and females plaice.

In order to interpret the observed changes in the VB growth
parameters K and L∞, we explore how a change in reproductive
investment, or a change in the rate of energy acquisitionmay affect the
asymptotic size L∞ and the growth velocity K. The VB growth model
assumes that somatic growth is the result of the rate of energy
acquisition and the rate of energy expenditure (Von Bertalanffy and
Pirozynski, 1952). Since the VB growth model does not include
maturation, a change in the onset of maturation will not affect the VB
growth parameters. Integration of the energy allocation model shows
that VB parameter K is related to the energy expenditure, L∞ is related
to the ratio of energy acquisition over energy expenditure and the
product KL∞ is related to energy acquisition (Charnov et al., 2001;
West et al., 2001; Lester et al., 2004). Assuming that energy
expenditure will be mainly determined by reproductive investment,
the observed change in K in males and females may suggest that
reproductive investment has increased throughout the 20th century.
Further, the increase in the rate of energy acquisition (KL∞) was
insufficient to balance the increase in energy expenditure (K)
resulting in a decrease in L∞.

The changes in energy acquisition and energy expenditure may be
due to changes in environmental conditions as well evolutionary
changes. Earlier studies have shown that density-dependent reduc-
tions in growth are restricted to the juvenile phase when plaice are
concentrated in restricted coastal nursery grounds. Juvenile growth
increased in the 1960s and 1970s coinciding with an increase in
eutrophication and bottom trawling, which may have improved the
food availability (Rijnsdorp and Van Leeuwen, 1996). Since the mid
1980s, annual growth increments of plaice and sole have decreased,
which was interpreted as a decrease in the available food (Rijnsdorp
et al., 2004; Philippart et al., 2007). This decrease contrasts with the
increase in the indicator of energy acquisition rate KL∞ between the
1980s (period II) and the 2000s (period III) observed in this study.
This suggests that part of the increase in energy acquisition KL∞ may
not be related to the phenotypic plastic response to the environment
and may be due to a fisheries-induced evolutionary response to cope
with the increasing reproductive investment. A comparison of size
specific fecundity revealed an increase since the 1940s, consistent
with the change expected from FIE (Rijnsdorp, 1991; Rijnsdorp et al.,
2005).

In order to address the changes in growth in more detail, a careful
study of changes in growth rate of cohorts in relation to changes in
size-selective harvesting, temperature and food availability employing
the available otolith collections may help to test the hypothesis of FIE
(Sinclair et al., 2002a,b). Swain et al. (2007) adopted this approach
and concluded that the mean size at age 4 in Gulf of St Lawrence cod
decreased due to FIE, although their conclusionwas challenged (Heino
et al., 2008; Dutil et al., 2008).

4.4. Conclusion

Our analysis provided support for FIE changes in maturation in
males and females over the past century. The higher rate of change
observed in the recent two decades might be due to synergistic effects
with increasing temperature. The evidence for a FIE increase in
reproductive investment is inconclusive. An increase in reproductive
investment is suggested by the changes in the VB growth parameters,
but the evidence for FIE from the direct measurement of reproductive

Fig. 5. PMRN midpoints (cm) at which the probability of 4-year old females to become
mature is 10% (+ Lp10), 50% (□ Lp50) and 90% (× Lp90) in period I (1900s), period II
(1980s) and period III (2000s) as compared to the results of individual cohort (Lp50 —

black line; Lp10 and Lp90 — grey lines) from Grift et al. (2003).
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investment is inconclusive as no change in the size-conditional
reproductive energy loss could be detected between period II and
period III. Literature data suggests that reproductive investment
increased between period I and period II in females up to 40 cm, but
not in larger sized females. The observed changes in maturation,
reproductive investment and growth are consistent with FIE, but the
changes in reproductive investment and growth need further
investigation to disentangle the role of phenotypic plasticity.
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Multiple growth-correlated life history traits estimated
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We present a new methodology to estimate rates of energy acquisition, maintenance, reproductive investment and the
onset of maturation (four-trait estimation) by fitting an energy allocation model to individual growth trajectories. The
accuracy and precision of the method is evaluated on simulated growth trajectories. In the deterministic case, all life
history parameters are well estimated with negligible bias over realistic parameter ranges. Adding environmental
variability reduces precision, causes the maintenance and reproductive investment to be confounded with a negative error
correlation, and tends, if strong, to result in an underestimation of the energy acquisition and maintenance and an
overestimation of the age and size at the onset of maturation. Assuming a priori incorrect allometric scaling exponents
also leads to a general but fairly predictable bias. To avoid confounding in applications we propose to assume a constant
maintenance (three-trait estimation), which can be obtained by fitting reproductive investment simultaneously to size at
age on population data. The results become qualitatively more robust but the improvement of the estimate of the onset of
maturation is not significant. When applied to growth curves back-calculated from otoliths of female North Sea plaice
Pleuronectes platessa, the four-trait and three-trait estimation produced estimates for the onset of maturation very similar
to those obtained by direct observation. The correlations between life-history traits match expectations. We discuss the
potential of the methodology in studies of the ecology and evolution of life history parameters in wild populations.

The schedule according to which energy is allocated to
either somatic growth or reproduction is a cornerstone of
life history theory (Kooijman 1986, Roff 1992, Stearns
1992, Kozlowski 1996, Charnov et al. 2001). Energy
allocation schedules differ among species as they reflect
adaptation to both the environment and internal constraints
resulting from sharing a common currency between
different functions. Individuals indeed face an energy
tradeoff between somatic growth and reproduction (Roff
1992, Stearns 1992, Heino and Kaitala 1999). In case of
indeterminate growth, individuals also experience a tradeoff
between current and future reproduction since fecundity
generally increases with body size. Various energy allocation
schedules have been proposed in the literature (Von
Bertalanffy and Pirozynski 1952, Day and Taylor 1997,
Kooijman 2000, West et al. 2001). They differ mostly in
terms of priorities of energy flows to the different functions.
Allocation schedules typically comprise four traits, namely
energy acquisition, maintenance, onset of maturation, and
thereafter reproductive investment, whereas somatic growth
arises as a by-product: the energy that remains after
accounting for the primary energy flows to maintenance
and reproductive investment is available for somatic growth.

The study of energy allocation schedules in individual
organisms is difficult because of a lack of data at the
individual level as this would require monitoring separate
individual organisms throughout their life time. Studies
therefore have focused on the population level as well as on
single traits (Stevenson and Woods Jr. 2006). Studying the
four traits together (acquisition, maintenance, onset of
maturation and reproductive investment) at the individual
level would offer several advantages over the widely used
single trait estimation at the population level: (1) pheno-
typic correlations between traits could be estimated; (2)
changes in one trait could be interpreted conditionally on
changes in other traits, precisely because of the previous
correlations; (3) it would be more consistent with the fact
that physiological tradeoffs apply at the individual and not
at the population level.

Organisms in which the individual growth history is
recorded in hard structures offer a unique opportunity to
study energy allocation schedules at the individual level.
Fish for instance show indeterminate growth and the
growth history of individuals can be reconstructed from
the width of the seasonal structures imprinted in hard
structures such as otoliths or scales (Runnström 1936,
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Rijnsdorp et al. 1990, Francis and Horn 1997). Earlier
studies have attempted to estimate the onset of maturation
using growth history reconstructed from otoliths or scales
(Rijnsdorp and Storbeck 1995, Engelhard et al. 2003,
Baulier and Heino 2008), but no study has yet attempted to
simultaneously estimate several life history traits related to
life time patterns of energy allocation at the individual level.

In this study, we estimate simultaneously parameter
values at the individual level for energy acquisition,
maintenance, onset of reproduction, and reproductive
investment by fitting an energy allocation model to
individual growth trajectories. The energy allocation model
assumes that the onset of maturation is reflected in a
discontinuity in the slope of the growth trajectory, while the
energy acquisition discounted by maintenance is assessed by
the slope of the growth trajectory before maturation, and
reproductive investment is translated in the amplitude of
the change in the slope of growth trajectory at the
discontinuity. The performance of the method and its
sensitivity to both model uncertainty and inter-annual
environmental variability are explored using simulated
data. The method is applied to an empirical data set of
individual growth curves back-calculated from otoliths of
female North Sea plaice Pleuronectes platessa. Maturity
status deduced from the age and size at the onset of
maturation estimated by our model is compared to direct
evaluation of maturity status by visual inspection of the
gonads in market sampling (Grift et al. 2003).

Material and methods

Parameter estimation

Energy allocation model
When an animal becomes mature, a proportion of the
available energy is channeled towards reproduction and is
no longer available for somatic growth (Ware 1982).
Hence, a decrease in growth rate can be expected after
maturation. We use a general energy allocation model (Von
Bertalanffy and Pirozynski 1952, Charnov et al. 2001, West
et al. 2001, Banavar et al. 2002) according to which the
growth rate of juveniles and adults is given by

@w

@t
� awa�bwb if tB tmat

awa�bwb�cwg if t] tmat

�
(1)

where w is body weight, t is time, tmat is time at the onset of
maturation, awa is the rate of energy acquisition, bwb is the
rate with which energy is spent for maintenance and cwg is
the rate of reproductive investment with which energy is
spent for reproductive activity (e.g. gamete production,
reproductive behavior). For simplicity we will refer to energy
acquisition a, maintenance b and reproductive investment c,
although a, b and c describe the size-specific rates for the
corresponding processes. There is disagreement about the
scaling exponents a, b, and g involved in the allometries
between energy rates and body weight. Metabolic theory of
ecology (MTE) suggests that metabolism scales with a
quarter power law of body weight (West et al. 1999, Gillooly
et al. 2001, Savage et al. 2004). This hypothesis builds on the
fractal-like branching pattern of distribution networks
involved in energy transport (West et al. 1997) but the

generality of this allometric scaling law is contested (Banavar
et al. 2002, Darveau et al. 2002, Clarke 2004, Kozlowski and
Konarzewski 2004). Nevertheless, we assumed a scaling
exponent of energy acquisition a�3/4 (West et al. 1997) as
this is close to empirical estimates of a (Gillooly et al. 2001,
Brown et al. 2004) including our model species North Sea
plaice (Fonds et al. 1992). For the scaling exponent of
maintenance b, it is required that b�a in order to obtain (1)
bounded asymptotic growth, i.e. to reach an asymptotic
maximum body weight in the absence of maturation and (2)
an energetic reproductive-somatic index (RSI), defined as the
ratio of reproductive investment over body weight in terms of
energy (in other terms an energetic analogue to the gonado-
somatic index), that increases with age and size as commonly
observed in empirical data (not shown). MTE suggests b�1
since with increasing size, the energy demand becomes
relatively more important than its supply (West et al. 1997,
2001) and thus fulfills the required conditions. For the
scaling exponent of reproductive investment g, we assume
g�1 for the sake of simplicity. This is in line with the
assumption that total brood mass is a constant fraction of
maternal body weight (Blueweiss et al. 1978, Charnov et al.
2001), although reproductive investment might be related to
a body weight allometry with an exponent higher than 1
(Roff 1991).

By integration of Eq. 1 assuming a�3/4 and b�g�1,
the somatic weight w can be expressed as a function of time t.
To switch from juvenile (tBtmat) to adult (t]tmat) growth in
Eq. 1, a continuous logistic switch function S(t) with an
inflection point located at the time of the onset of maturation
tmat is used (Supplementary material Appendix 1). It results
that the lifespan somatic growth curve is obtained as a
continuous function of time though a discontinuity in its
parameters due to the onset of maturation being introduced
by the switch function S(t):

w1�a(t)�(1�S(t))

�
a

b
�

�
a

b
�w1�a

0

�
e�bt(1�a)

�
�

S(t)

�
a

b� c
�

�
a

b� c
�w1�a

mat

�
e�(b�c)(t�tmat)(1�a)

�
(3:0)

where w0 is body weight at t�0 and wmat is body weight at
t�tmat given by

w1�a
mat �

a

b
�

�
a

b
�w1�a

0

�
e�btmat(1�a) (3:1)

The growth curve levels off at the asymptotic weight w�,

w1�a
� �a=(b�c) (3:2)

Total reproductive investment R (including gonadic and
behavioral costs) is obtained by integrating the rate of energy
conversion to reproduction from t to t�Dt:

R(t�Dt)� g
t�Dt

t

cw(t)dt (4)

where Dt describes the reproductive cycle over which the
reproductive products are built up, fertilized and cared until
the offspring is autonomous. An analytical expression of
R(t�Dt) as a function of w(t) and w(t�Dt) can be obtained
(Supplementary material Appendix 1). Reproduction
generally occurs at certain periods during lifespan. Fish for
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instance are often annual spawners (including North Sea
plaice) and hence reproductive investment is given over
annual time steps (Dt � 1). Energy for reproduction is first
stored in various body tissues during the feeding period and
then re-allocated to the gonad and released during the
spawning period. Since the currency of the model is energy,
different energy densities of different tissues have to be
accounted for when fitting the model to real data.

Fitting procedure
The energy allocation model was fitted using a general-
purpose optimization procedure (R 2.6, optim) by restricting
all parameters to be positive using box-constraints specifica-
tion (Byrd et al. 1995). Life history parameters a, b, c and tmat

were estimated by using this procedure to minimize the sum
of squared residuals of weight at age data versus predicted
weight at age. Q�Q-plots indicated that the distribution of
residuals is close to normal. The algorithmwas given a grid of
possible combinations of a, b, c and tmat as starting values and
the best solution was selected based on the lowest AIC. A
genetic algorithm (/<www.burns-stat.com/�) yielded similar
results as those presented in this paper (not shown). The
estimates of the time at the onset of maturation tmat and the
asymptotic weight w

1=4
� �a=(b�c) were constrained to a

species-specific range (e.g. North Sea plaice 0.5 year5tmat5
8.5 year, 400 g5w�54000 g).

Confounding
Preliminary analyses of the plaice data set has shown that
the estimation of the four life history parameters a, b, c and
tmat (four-trait estimation) yields an unimodal distribution
for energy acquisition a but a bimodal distribution for
maintenance b and reproductive investment c (Fig. 1). The
mode in the distribution of b is likely an underestimation at
0, which is related to an overestimation of c reflected in the
2nd mode of its distribution. Selection of observations
belonging to the 2nd mode of the b distribution thanks to a
Gaussian mixture model (R 2.6, MClust; Fraley and
Raftery 2006) also removes the 2nd mode in the c
distribution (dotted line, Fig. 1). To remove the confound-
ing between b and c several options were considered: 1) use
only observations belonging to the 2nd b-mode � the
correlation structure in these observations was considered to
be the most representative (Table 3) and was used for

simulations � or 2) assume parameter b to be fixed at the
population level (three-trait estimation). The rationale for
this choice is that maintenance costs are generally acknowl-
edged to be species- rather than individual-specific (Kooij-
man 2000) and our main interest is in variation in
reproductive investment. The population level value of b
was estimated by fitting a mean growth trajectory (Eq. 1) to
the whole somatic weight-at-age dataset. Confounding
between b and c on this level was avoided by fitting
concomitantly reproductive investment R(t�Dt) to an
independent dataset of reproductive investment-at-age
(see application to real data). The partitioning of b in the
sum b�c could thereby be estimated accurately. The
population mean growth trajectory and reproductive
investment were fitted simultaneously by minimizing the
sum of weighted squared residuals of somatic weight-at-age
data and reproductive investment-at-age data versus their
predictions.

Performance analysis

Performance
To test its performance, the method was applied to 2000
growth trajectories simulated with known life history
parameters. The life history parameters a, b, c and tmat

were drawn from a multivariate normal distribution with
the co-variance matrix taken from the results of the
application to North Sea plaice data, after having selected
only observations belonging to the representative b-mode in
the distribution of parameter estimates (Table 3). To
simulate weight-at-age data, w(t�Dt) was expressed as a
function of w(t) by using a function similar to Eq. 3 but in
which w1�a(t) was replaced with w1�a(t�Dt), and w1�a

0

(for t5tmat) and w1�a
mat (for t�tmat) with w1�a(t). To

evaluate the estimation bias on the population level and
assess its dependency on life-history strategy and environ-
mental variability, the mean relative bias over all life history
parameters (the average absolute difference between esti-
mated and true values relative to true values) was used for
each individual i as a measure of accuracy:

ei�
1

4

�jaest � atruej
atrue

�
jbest � btruej

btrue
�

jcest � ctruej
ctrue

�
jtmat;est � tmat;truej

tmat;true

�
(5)

To test performance in the deterministic case, i.e. without
environmental variability, the bias ei was analyzed in
dependence of a combination of two of the following

Figure 1. Density distributions of the four estimated parameters on real data. The first mode in the density distribution of maintenance
(b) (solid line) is likely an artifact due to confounding and corresponds to the second mode in the distribution of reproductive investment
(c). By selecting only observations belonging to the second mode fitted by a Gaussian mixture over parameter b, the first mode in the
distribution of b’s and the bump to the right in the distribution of c’s are removed (dotted thick line).
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factors (1) the relative reproductive investment q�c/(b�c),
(2) the relative onset of maturation t�tmat(b�c), (3) the
relative initial size v0�w0(a/(b�c))�4, (4) age t and (5)
the number of observations in the mature stage ymat.
Variation in the three dimentionless parameters q, t and
v0 accounts for any variation in the parameters they are
comprised of, i.e. a, b, c, tmat and w0, which allows
investigating the whole parameter space at a smaller cost.

Effects of temporal variability in environmental conditions
Individual growth trajectories will be affected by environ-
mental variability. To test whether the parameters cor-
responding to energy acquisition a, maintenance b,
reproductive investment c and time at the onset of
maturation tmat can be estimated reliably, annual stochas-
ticity was introduced the individuals’ life-history traits
drawn from the multivariate normal distribution (see
deterministic case). As environmental variability is likely
to be auto-correlated, for simplicity a first order autore-
gressive process AR(1) was used to simulate the lifespan
series of the energy acquisition parameter a (constrained to
be positive):

at�E(a)�u(at�1�E(a))�ot ot�N(0;s2
a (1�u2))

(6)

where E(a) denotes the expected value of a, u is the
autoregressive parameter and ot is a normally distributed
noise term with mean 0 and variance s2

a (1�u2) where s2
a is

the variance of at. The corresponding series of bt and ct were
simulated by sampling bt and ct from the normal distribu-
tions that yielded correlations with the autoregressive at
series which were the same as those observed among the
individual estimations. The rationale here is that we assume
that observed correlations between energy acquisition and
other life history traits across individuals are mainly due to
plastic physiological processes (vs genetic correlations) that
therefore can also apply within individuals through time in
case of temporal variation in energy acquisition. More
precisely, bt and ct were sampled from the normal distribu-
tions N(b0�b1at,s) that yielded linear regressions of
parameters b and c on a that were consistent with observed
means, variances and correlations, that is with intercept b0,
slope b1 and residual variance s2 defined as:

b0� x̄� āb1 b1�
r(a; x)sx

sa

s2�s2
x�b2

1s2
a (7)

where x stands for b or c and the means x̄ and ā; variances
s2

x and s2
a ; and correlations r(a,x) were taken from the

empirical results of the application to North Sea plaice
r(a,x) (Table 3). Body weight was constrained to be
monotonously increasing while prioritizing reproduction
over growth. Available surplus energy aw3/4�bw was first
allocated to reproduction and the remaining energy there-
after aw3/4�(b�c)w was allocated to growth. If surplus
energy happened to be negative aw3/4�bwB0 acquisition
a and maintenance b were resampled until obtaining a
positive amount. If the remaining energy was negative
aw3/4�(b�c)wB0, reproductive investment c was ad-
justed such that all available surplus energy was used
for reproduction and none for somatic growth by setting
c�aw�1/4�b. The initial conditions of the simulation

were chosen such that the realized ua of the initial at-series
was within [0,1], and that the realized CV’s in a, b
and c where within [0,0.5]. In addition to the relative
reproductive investment q, timing of onset of maturation
t and initial weight n0, the effect of the expected value
E(x) of the parameters (x standing for a, b or c), the
realized coefficients of variation of the parameters CVx,
the realized degree of auto-correlation ux, and the realized
correlation rsim(x,x?) between the simulated series of a, b
and c, the age t and the number of observations in the
mature stage ymat on the mean of bias percentages (Eq. 5)
was analyzed by a linear model:

e�b0�b1q�b2t�b3n0�b4t�b5ymat�b6CVx

�b7ux�b8r(x; x?)�o (8)

where the b’s are the statistical parameters and o is a
normal error term (also in all subsequent statistical
models).

Model uncertainty
The effect of uncertainty about the scaling exponent a of
energy acquisition rate with body weight was explored by
fitting an energy allocation model to the generated
deterministic data set (i.e. without environmental noise)
postulating a scaling exponent lower (a�2/3) or higher
(a�4/5) than the one used to generate the data (a�3/4). A
wrong assumption on a would lead to a different popula-
tion level estimate of the fixed b and the effect of
uncertainty about a in this approach was explored along
the same line as above.

Application to data

Data
The method developed was applied to an empirical dataset
of individual growth trajectories back-calculated from
otoliths of 1779 female North Sea plaice from cohorts
from the 1920s to the 1990s, aged at least six years
(Rijnsdorp and Van Leeuwen 1992, 1996). This age
threshold was chosen as these females then have 90%
probability of being sexually mature for at least one year
(Grift et al. 2003). Because the otolith samples were length
stratified, the observations of each length class were
weighted according to its relative frequency in the popula-
tion to obtain population level estimates.

Length�weight relationship
The back-calculated growth trajectories, which are in body
length units (l in cm), were converted into body weight (w
in g). We used the relationship between body weight w
and length l of post spawning fish, estimated from market
sampling data by a linear model. The rationale was that
spent fish have a low condition, i.e. there are no energy
reserves for reproduction in the post-spawning state:

log(w)�b0�b1d
1�b2d

2�b3d
3�b3log(l)�o (9)

where d is the day in the year accounting for the high
condition early in the year before spawning, the condition
low after spawning and the building up of resources
thereafter. The body weight at w0�w(t�0) was assumed
to be constant across individuals and equal to 2.5 mg
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corresponding to the weight of fish as large as the
circumference of an egg with a radius of 2 mm (Rijnsdorp
1991).

Maintenance
To avoid confounding between parameters, maintenance b
was assumed to be fixed across individuals at its population
level estimate (see section confounding above). To obtain
this estimate, the population mean growth trajectory and an
independent estimate of reproductive investment were
fitted simultaneously by minimizing the sum of weighted
squared residuals of somatic weight-at-age data and repro-
ductive investment-at-age data versus their predictions. The
population level estimates assuming the scaling exponent
a�3/4 were a�4.84 g1/4 year�1, b�0.47 year�1, c�
0.40 year�1, tmat�4.00 year (Fig. 2). The population
ba�3/4�0.47 year�1 (Results) was used as a constant in
the three-trait estimation.

Reproductive investment
Reproductive investment data included the cost of building
gonads as well as the cost of migration between the feeding
and spawning grounds. Reproductive investment Rsomatic,
expressed in units of energy-equivalent somatic weight, was
thus obtained as

Rsomatic�padult(gk�Mresp=dÞ (10)

where padult is the probability of being mature, g is the
gonad weight, k is the conversion factor to account for
different energy densities between gonad and soma, M is
the energy spent for migration and d is the energy density of
soma. Gonad weight g and the probability of being mature
padlt were estimated as functions of size or age and size,

respectively, using linear models fitted to market samples of
pre-spawning females:

log(g)�b0�b1log(1)�o (11)

Gonad weight was set to zero for females for which the
probability of being mature padlt was less than 50%, given
age and size:

logit(padult)�b0�b1t�b2l�b3t�1�o (12)

The factor used to convert gonad weight g to energy-
equivalent somatic weight was k�1.75, corresponding to
the ratio between energy densities in pre-spawning gonad
and in post-spawning soma (Dawson and Grimm 1980).
Migration cost was estimated assuming a cruising speed V
of 1 body length per second (Videler and Nolet 1990). The
migration distance D is positively related to body size
(Rijnsdorp and Pastoors 1995) with an average of about
140 nautical miles for a body length of 40 cm in plaice
(Bolle et al. 2005). The energetic cost of swimming is then
given by:

Mresp�(100:3318V(77:9T�843:3)w3=4)D=V (13)

where Mresp is the respiration rate in J per month (Priede
and Holliday 1980), D/V is the duration of active
migration (in months) and T is temperature in 8C, set to
108C. The energy spent for respiration Mresp was converted
into energy-equivalent somatic weight assuming an energy
density in post-spawning condition of d�4.666 kJ g�1

(Dawson and Grimm 1980).
The resulting size-dependent energy-based reproductive

investment relative to the somatic weight, i.e. the repro-
ductive-somatic index RSI, increased with length l, and the
resulting gonadic investment relative to the reproductive
investment, i.e. the gonado-reproductive index GRI, was
minimal for intermediate size classes (Fig. 3). Using this
model, an average plaice of 40 cm length had a reproductive
investment, expressed as a percentage of the post-spawning
body weight, of about 38.0%, of which about 86% is used
for gonads and 14% for migration.

Validation
To validate the approach, the estimates of the time at the
onset of maturation tmat were compared to independent
estimates. Since tmat is estimated in continuous time but
reproduction occurs only at the start of the year, the age at
first spawning Amat was estimated by rounding up tmat to
the next integer, assuming a minimal time interval of four
months between the onset of maturation and the actual
spawning season (Amat�tmat]1/3 year). These four
months correspond to the minimal period of time during
which gonads are built up in typical annual spawners
(Rijnsdorp 1990, Oskarsson et al. 2002). From the
estimated Amat, the probabilities of becoming mature at
given ages and sizes were estimated and compared to
estimates obtained from independent population samples
(Grift et al. 2003). Since the individuals’ age at first
spawning Amat was known, the probability of becoming
mature was estimated directly by logistic regression of the
ratio between the number of first time spawners and the
number of juveniles plus first time spawners (in population
samples, first time and repeat spawners can usually not be
distinguished and the fraction of first spawners has to be

Figure 2. Population fit of life-history on somatic size at age (solid
lines) and estimated reproductive investment (dashed lines, see
text). Error bars show 5% and 95% confidence intervals for the
observations. For the gonads the averages of only mature fish are
given whereas the fitted curve represents average population
gonadic growth. The estimated life history parameters are
a�4.84 g1/4 year�1, b�0.47 year�1, c�0.40 year�1, tmat�
4.00 year.
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estimated separately). The probability of becoming mature
was modeled as in Grift et al. (2003) using logistic
regression:

logit(pmat)�b0�bYCYC�btt�bll�bYCtYC�t

�bYClYC� l�btlt� l�o (14)

i.e. the probability of becoming mature pmat depended on
the individuals’ year class YC (cohort), age t and length l.
Year class was treated as a factor while age and length were
treated as continuous variables. The probability of becom-
ing mature pmat is also referred to as the probabilistic
maturation reaction norm (PMRN, Heino et al. 2002) and
is usually visualized using the 50% probability isoline in the
age�length plane (also referred to as the PMRN midpoint
or LP50).

Results

Performance analysis

Parameter estimation in the deterministic case
When data are simulated deterministically, i.e. without
environmental noise, the bias in the life history parameter
estimation is negligible over the observed (estimated) range
of values for both, the four-trait and the three-trait
estimation (Fig. 4). The errors in the b-estimate are
positively correlated to errors in the estimates of a and
tmat and negatively correlated to errors in the estimate of c
(Table 1), but this might not be very meaningful since the
averages of biases are about 0. In the three-trait estimation,
maintenance b was assumed to be constant to avoid
confounding with reproductive investment c. For the
four-trait estimation, biases might arise if there are too
few observations ymat of the mature status, if the relative
onset of maturation t is early and if the relative reproductive
investment q is small (Fig. 4). The trends in the three-trait
estimation are similar but relative biases are lower and the
relative influence of q on the bias is much less important
(Fig. 4).

Parameter estimation in the stochastic case
The suspected confounding between maintenance b and
reproductive investment c was confirmed by the results on
simulated data with environmental variability: 1) although
the co-variance structure used to simulate data was taken

from selected modes in the trait distribution estimated
from real data, the trait estimates obtained from these
simulated data resulted in multimodal distributions
(Fig. 5) very similar to those found in the estimates from
real data (Fig. 1, 2). The estimation errors of b and c were
negatively correlated (re(b,c)��0.67, Table 1, Fig. 5),
whereas the bias in the sum of b�c was much lower than
in its separate compounds b and c (18% vs �32 and 23%
average deviation, Table 1, Fig. 5). Hence, the sum b�c is
relatively well estimated but its partitioning between b and
c is prone to error since an underestimation of main-
tenance b is compensated by an overestimation of
reproductive investment c and vice versa. This correlation
between estimation errors of b and c thus results in artifact
modes in their trait distributions. If b�c is overestimated,
acquisition a has to be overestimated to fit a similar
asymptotic weight, therefore the high positive correlation
between biases in a and b�c (re(a, b�c)�0.93, Table 1,
Fig. 5). Overestimation in tmat might compensate for
overestimation in a or b�c in the same way (not shown).
The confounding could not be removed by simply
constraining the b-estimates above a certain positive
threshold: the parameter distribution turned out to be
bimodal too, with the first mode around the threshold
instead of being around 0 (not shown). The unimodal
distributions in the deterministic case (not shown) indicate
that confounding mainly arises due to the interannual
environmental stochasticity in the parameters along the
growth trajectory.

Effects of environmental variability on parameter
estimation
Environmental noise increases the overall bias (Eq. 5). For
four-trait estimation, bias most dramatically increases with
variation in the energy acquisition CVa as shown by the
regression against potentially explanatory variables (Eq. 8,
Table 2). Furthermore, estimations are more reliable, if
relative reproductive investment q, the number of observa-
tions (age t), and the correlation between a and b, r(a,b) are
high but also if relative onset of maturation t and the
number of mature observations ymat are low (Table 2). In
the three-trait estimation, the signs of the effects of age t
and relative onset of maturation t are inversed, relative
reproductive investment q and the number of reproductive
events do not explain variation in bias but additional

Figure 3. Relationships of reproductive investment relative to size (RSI) and gonadic and migratory investment relative to total
reproductive investment (GRI and MRI) as a function of size in the estimation of size-dependent reproductive investment. Because the
probability of being mature depends also on age, the RSI slightly changes with age (see gray scale, the darker the older). The GRI has
minimal contribution of 86% at a length of about 30 cm and increases thereafter. The cost of migration or MRI is accordingly maximal
(14%) at this size.
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variation is explained by CVc, the auto-correlations ua and
uc and the correlation r(a,c) instead of r(a,b).

Figure 6 shows the bias in the estimates of the life history
parameters against the average realized CV’s. As expected,
the variance and bias in the estimates typically increase
with the overall CV (Fig. 4) and the bias is on average
higher in the four-trait estimation than in the three-trait
estimation. Generally, the variability in parameters results
in an underestimation of a and b and a slight overestimation
in tmat relative to their mean (Fig. 6). Reproductive
investment c is generally overestimated relative to its
geometric mean in the four-trait estimation but slightly
underestimated in the three-trait estimation. Recall that the
bias is defined relative to the realized geometric mean of the
parameter time series, and part of it may therefore not really
represent estimation inaccuracy since no real true value can
be defined in this case (what is estimated does not
necessarily correspond to the geometric mean of the time
series). Only the bias in tmat is strictly defined here.

The age at onset of maturation tmat or age at first
maturity Amat are generally overestimated for the early
maturing individuals (Table 4). This overestimation is
smaller in the three-trait estimation but on the other hand,
many individuals are assigned to mature at the earliest
possible age in this approach. A very early maturation
might be the best solution in the energy allocation model

fitting if no breakpoint can be detected in the growth
curve. The confounding of parameters a, b and c does not
seem to influence the accuracy of tmat-estimates signifi-
cantly, since the similarity between confounded estimates
of tmat or Amat and estimates where the confounding has
been removed is very high (Table 4).

Effect of model uncertainty on parameter estimation.
Figure 7 shows the true against the estimated values of the
life history parameters in the deterministic case when the
scaling exponent a of energy acquisition rate with body
weight was assumed to be lower (a�2/3) or higher (a�4/5)
in the model fitted to the data than in the one used to
simulate the data (a�3/4). For different scaling exponents,
different population level estimates of the parameters are
obtained so that the value of fixed maintenance in the three-
trait estimation differs: ba�2/3�0.33 year�1, ba�3/4�
0.47 year�1, ba�4/5�0.88 year�1. Asymptotic body
weight w

1=4
� �a=(b�c) is always estimated accurately (not

shown). If a is assumed too low (a�2/3), acquisition a
and time at the onset of maturation tmat are generally
overestimated, whereas maintenance b and reproductive
investment c are generally underestimated and vice versa if
a is assumed too high (a�4/5). The effect of an erroneous
assumption on the fixed value of maintenance b in the
three-trait estimation was also evaluated. It had a negligible
effect, resulting in a very small and constant bias in

Figure 4. Overall relative bias (Eq. 5) as a function of the true relative reproductive investment q, the true relative onset of maturation t,
the true relative initial size v0 and the number of years after the first spawning event ymat (rounded up (Amax � tmat)) in the deterministic
case of the four-trait and the three-trait estimation. The simulation was based on all possible combinations for the observed ranges of the
parameters: a {4,7} g1/4 year�1, b {0.4,0.9} year�1, c {0.05,0.55} year�1 and tmat {1.25,5.25} year. Contours were obtained by fitting a
non-parametric loess regression to the bias with span�0.25 for the two explanatory variables to be displayed. Bias becomes considerable
if there are few observations ymat of the mature status, if the relative onset of maturation t is very early and if the relative reproductive
investment q is small. Similar trends are found in the three-trait estimation but with lower relative biases and q seems to have no more
influence on the bias.
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Table 1. Average of percentage bias m%, coefficient of variation CV and correlations re(x,x?) between biases e(x) and e(x?) in the estimates of
the life history parameters a, b, c and tmat resulting from the four-trait estimation procedure applied to simulated data with (stochastic) and
without (deterministic) environmental noise.

Deterministic

e(a) e(b) e(c) e(b�c) e(tmat)

m% 0.00 0.01 �0.02 0.00 0.00
CV 11.91 8.91 5.52 16.84 21.33
re(a,x?) 1
re(b,x?) 0.47 1
re(c,x?) �0.19 �0.40 1
re(b�c,x?) 0.36 0.18 0.53 1
re(tmat,x?) �0.09 0.60 �0.07 0.17 1

Stochastic

e(a) e(b) e(c) e(b�c) e(tmat)

m% �0.15 �0.32 0.23 �0.18 0.30
CV 1.34 2.03 3.85 1.45 2.57
re(a,x?) 1
re(b,x?) 0.83 1
re(c,x?) �0.38 �0.67 1
re(b�c,x?) 0.94 0.76 �0.21 1
re(tmat,x?) �0.07 0.17 �0.27 0.00 1

Figure 5. Density distributions of the four estimated life history parameters and relationships between parameter biases estimated on
simulated data with environmental noise. Very similar parameter distributions as from real data (Fig. 1) are obtained in the simulation
(first row), in which the covariance structure from the selected distribution modes from real data was used. The regressions between
parameter biases (dashed lines) show that the biases of b and c are negatively correlated, whereas the bias of (b�c) is on average smaller
than bias of each of its components. The strong positive correlation between a and (b�c) is a consequence of fitting to an asymptotic size:
the higher a is, the higher (b�c) has to be to reach the same asymptotic size. The same effect translates to b but not to c.
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parameters estimates for an assumption on b deviating by
10% from the true value (not shown).

Application to North Sea plaice

The algorithm converged in 99% of the cases. The average
estimates of life history parameters, after removing the
estimations corresponding to the artifact mode in the
distribution of b estimates, were a�5.31 g1/4 year�1, b�
0.57 year�1, c�0.32 year�1 and tmat�4.45 year (Table 3).
Onset of maturation tmat was negatively correlated with
acquisition a, r(a, tmat)��0.22, and reproductive invest-
ment c, r(c, tmat)��0.63, but positively correlated with
maintenance b, r(b, tmat)�0.30 (Table 3). The correlation
between a and b�c was highly positive, r(a,b�c)�0.93.
When using the three-trait estimation procedure, i.e.
assuming a maintenance fixed at its population level
value b�0.47, the following average parameter estimates
were obtained: a�5.29 g1/4 year�1, c�0.41 year�1, tmat�
3.53 year (Table 3). In this case, the correlation between a
and tmat, r(a, tmat)��0.68, and between a and c, r(a,c)�
0.91, were stronger. The correlation between a and c equals
by definition the correlation between a and b�c under
the four-trait estimation (Table 3).

The four-trait and the three-trait estimation give roughly
the same results for the timing of maturation tmat or Amat

(Table 4). The similarity of the Amat estimate between the
two approaches increases slightly, when only the observa-
tions belonging to the 2nd b-mode are considered. The
elimination of the confounding between maintenance b and
reproductive investment c by estimating only three traits or
by selecting the 2nd b-mode in the four-trait procedure
does not affect the accuracy of the tmat estimate.

The probabilistic maturation reaction norms or PMRNs
were derived only for cohorts YC comprising at least
30 observations and showed a good match with those
obtained by Grift et al. (2003) averaged over the same
cohorts (Fig. 8). For the maturation-relevant ages, i.e. three
and four, they are almost identical. The slope of the

PMRN estimated here is lower than the one in Grift et al.
(2003).

Discussion

Model assumptions

The method developed in this paper is the first to estimate
simultaneously the different life history parameters related
to the energy allocation schedule (energy acquisition,
maintenance, onset of maturation and reproductive invest-
ment) from individual growth trajectories. We restricted
ourselves to a Von Bertalanffy-like model, but, alternatively,
structurally different energy allocation models, such as
net production or net assimilation models (Day and Taylor
1997, Kooijman 2000), could be used. The performance
analysis shows that the method with a Von Bertalanffy-like
model can be expected to give accurate results as long as the
scaling exponents of the allometric relationships between
the underlying energy allocation processes (energy acquisi-
tion, maintenance, reproduction) and body weight applied
in the estimation are correct. Even if they are not, the results
are still expected to be qualitatively sound, and the resulting
biases are predictable.

For the sake of simplicity, the scaling exponents of
maintenance b and reproductive investment g, here
assumed to be 1, were neither estimated nor tested for
their effects on estimation error, because a value different
from 1 would require solving numerically the differential
equations describing energy allocation at each iteration.
Applying equal scaling exponents for energy acquisition and
maintenance, i.e. a�b, as suggested for instance by Day
and Taylor (1997) and Lester et al. (2004), resulted in
unrealistic behavior of the energetic reproductive-somatic
index RSI, suggesting that the scaling exponent of main-
tenance needs to be higher than the exponent of energy
acquisition. Based on theoretical (West et al. 1997) and
empirical case-specific evidence (Fonds et al. 1992), as well
as on realistic asymptotic weight and RSI, we conclude that
applying scaling exponents following the inequalities aBb

Table 2. Results of the regression analysis of the overall bias in life history parameters (Eq. 5) as a function of the potentially explanatory
variables (Eq. 8) from a backward selection. Explanatory variables tested comprised of the coefficients of variation CVa, CVb, CVc, the degree
of autocorrelation ua, ub, uc, and the correlations rsim(a, b), rsim(a, c), rsim(b, c) of the simulated time series at, bt, ct the age t (i.e. the number of
simulated data points), the number of experienced spawning events ymat, the relative reproductive investment q, the relative timing of onset
of maturation t, and the relative initial weight n0.

Selected variables 4-trait estimation 3-trait estimation

coefficient p-value coefficient p-value

Intercept b0 1.031 B10�3 0.475 B10�3

CVa 0.418 B10�3 2.092 B10�3

CVc � � �0.245 B10�3

ua � � 0.032 0.087
uc � � �0.026 0.066
rsim(a, b) �0.066 0.002 � �
rsim(a, c) � � �0.085 0.001
age t �0.033 B10�3 0.014 B10�3

ymat 0.044 B10�3 � �
q �0.754 B10�3 � �
t 0.047 B10�3 �0.119 B10�3

n0 � � �30540 0.017
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and aBg are a good starting point for the estimation of
individual life history parameters.

Performance analysis

For practical applications, the method should be applied
to data on individuals for which two or more observations
of the mature state are available. In this case the estimation
error is negligible in a deterministic setting over the range
of realistic (observed) parameter combinations. Environ-
ment variability in life history parameters leads to a slight
underestimation of the average parameters for energy
acquisition at and maintenance bt and an overestimation

of reproductive investment ct (not in the three-trait
estimation) but the onset of maturation tmat is on average
correctly estimated. With increasing environmental noise
the average biases increase (except for the maintenance b)
and estimation precision decreases (Fig. 4). Variability in
at has the largest impact on bias and the relative
reproductive investment q might have to stay above a
certain level to minimize the bias (Table 2). The negative
effect on the bias of age is balanced by a positive effect
of relative onset of maturation t and of the number
of adult observations ymat and the interpretation of the
deterministic case, where ymat had a negative effect on the
bias, therefore not necessarily falsified. However, these biases
should be interpreted with caution because they were

Figure 6. Relative biases in a, b, c and tmat in the four-trait estimation and a, c and tmat in the three-trait estimation, resulting from
environmental variation, shown as a function of the CV in the simulated time series of a, b and c (four-trait estimation) or a and c (three-
trait estimation). The estimated parameters are given relative to the geometric mean of the time series of a, b and c. The CV is given by
the geometric mean of the realized CV’s in series of a, b and c. Black lines show a quantile regression through these biases for the 50%
(dashed line) and the 5% and 95% quantiles (dotted lines). Notice that the biases are strictly evaluated only for tmat, since the true
reference values of the varying a, b and c is not really known. Furthermore the simulated CV’s might be higher than those applying in
nature.
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computed relative to the geometric mean of the simulated
parameter time series, which does not correspond to a ‘true’
value as in the deterministic case. In other terms, there is no
natural ‘true’ value to be compared with estimates in the
stochastic case, except for tmat.

Life�history correlation

(Co-)variation in (between) life history parameters at the
phenotypic level, i.e. as observed across individuals, results
from a genetic and an environmental (plastic) source of
(co-)variation (Lynch and Walsh 1998). From life history

theory (Roff 1992, Stearns 1992) we expect that 1.1)
juvenile growth rate 1wjuv/1t and age at maturation tmat are
negatively correlated r(1wjuv/1t, tmat)50 � the higher the
juvenile growth rate is, the earlier the individual will hit a
presumably fixed genetically determined PMRN and
mature � and 1.2) size-specific reproductive investment
RSI and age at maturation tmat are negatively correlated
r(RSI,tmat)50. From the assumptions of our bioenergetic
model it is given that 2.1) juvenile growth rate 1wjuv/1t
increases with size-specific energy acquisition rate a, result-
ing in a positive correlation r(1wjuv/1t, a)]0; 2.2) juvenile
growth rate 1wjuv/1t decreases with size-specific mainte-
nance rate b, resulting in a negative correlation r(1wjuv/

Figure 7. Sensitivity of the parameters estimates a, b, c and tmat to an incorrect assumption about the allometric scaling exponent a
(asim�3/4 whereas afit�2/3 or afit�4/5) in the four- and the three-trait estimation. It was accounted for that different allometric scaling
exponents would result in different assumptions about the constant maintenance by fitting the energy allocation model to the population
growth curve (ba�2/3�0.175 year�1, ba�3/4�0.459 year�1, ba�4/5�0.864 year�1, leading to different solutions of Eq. 4). The
estimated against the true parameters are shown, black dots representing the estimates assuming the correct allometric scaling exponent
(a�3/4), typically on the 458-line, light gray ‘�’ and dark gray ‘�’ represent the estimates by assuming falsely a too low (a�2/3) or too
high (a�4/5) scaling exponent respectively, whereas the light grey and dark gray dotted lines represent the regression through these
estimated and true data points assuming wrong scaling.

20



II /  Chapter 368

1t,b)50; and 2.3) size-specific reproductive investment RSI
increases with size-specific reproductive investment rate c,
resulting in a positive correlation r(RSI,c)]0. Life history
theory and our model assumptions together thus lead to the
following expectations: 3.1) size-specific energy allocation
rate a is negatively correlated with age at maturation
tmat, r(a,tmat)50; 3.2) size-specific maintenance rate b is
positively correlated with age at maturation tmat, r(b,tmat)
]0; and 3.3) size-specific reproductive investment rate
c is negatively correlated with age at maturation tmat,
r(c,tmat)50. The correlations between a, b and c cannot be
easily interpreted in terms of life history theory but can be
in the light of our model: since the asymptotic size w

1=4
� �

a=(b�c) is roughly constant within a species, increases in
size-specific energy acquisition a or in speed of growth
(b�c) are reciprocally compensated to stabilize w�.
The construction of the model therefore imposes
r(b,c)50 and r(a,b�c)]0, the only degrees of freedom
being r(a,c) and r(a,b).

In terms of environmental variation, energy acquisition a
might be externally influenced by variable food availability,
maintenance b, interpreted here as the resting metabolic
rate (i.e. the increase in maintenance due to higher
consumption is accounted for by a), might be externally
influenced by variability in temperature only and repro-
ductive investment c might vary with the annually stored
energy resources. From the environmental co-variation, the
correlations r(a,c) and r(a,b) might be expected across
individuals and within the lifespan of an individual: the
positive effect of temperature on both food availability due
to increased productivity of the system, and hence a, and
metabolic rates, hence b may lead to a positive correlation
r(a,b)]0; the energy resources available for reproductive
investment (gonadic tissue, spawning migration) is deter-
mined by the energy which is physiologically made available
and hence likely mainly by a, causing a positive correlation

r(a,c)]0 on the phenotypic level according to the rule ‘the
more resources are available, the more can be spent’.

The signs of the correlations between life history
parameters obtained for plaice (Table 3) matched the
previous theoretical expectations. Most importantly, we
find r(a,tmat)50, r(b,tmat)]0 and r(c,tmat)50. These
correlations also might be to some degree due to the
correlation between estimation errors (Table 1) but not
entirely, since the correlations between the traits are higher
than between the errors (and the absolute traits are larger
than the errors). The correlations r(b,c) and r(a,b�c) are
indeed found to be due to the correlations between
estimation errors (Table 1) and thereby contribute, by
construction of the model, to stabilize the asymptotic
weight w�. The r(a,b) might also be partly due to the
error correlation. However, r(a,c) is not, since the errors in a
and c are negatively correlated, whereas the found r(a,c) is
about 0. This indicates that the true r(a,c) might in fact be
positive. In the three-trait estimation, r(a,c)�0.91 is indeed
highly positive, suggesting that the r(a,c) found in the four-
trait estimation might be due to the confounding with
maintenance rate b. By assuming a constant b in the three-
trait estimation, the co-variances between the three traits a,
c and tmat are inflated. The correlation r(a,c) in the three-
trait estimation becomes equal to the correlation r(a,b�c)
in the four-trait estimation, due to the classical relationship
of covariances cov(a,b�c)�cov(a,b)�cov(a,c). In the
three-trait estimation cov(a,c) is inflated by artificially
fixing b and thereby forcing the covariance cov(a,b)�0
to nullity so that cov(a,b�c)�cov(a,c).

Application to real data

The method validation was based on the comparison
between estimates of the timing of the onset of maturation
tmat obtained from back-calculated growth trajectories and

Table 3. Energy allocation parameters estimated for the1779 individual North Sea plaice growth trajectories using the four-trait and the three-
trait model. The table gives the average m and coefficient of variation CV, as well as the correlation coefficient r(x,x?) between the (four life-
history) parameters: energy acquisition a, maintenance b, reproductive investment c, onset of maturation tmat. For the four-trait estimation the
results are displayed for only those estimations that belong to the second mode in the distribution of b’s.

Four-trait estimation: 2nd b-mode

a b c (b�c) tmat

m 5.31 0.57 0.32 0.90 4.45
CV 0.23 0.62 0.74 0.28 0.37
r(a,x?) 1
r(b,x?) 0.69 1
r(c,x?) �0.06 �0.71 1
r(b�c,x?) 0.93 0.74 �0.06 1
r(tmat,x?) �0.22 0.30 �0.63 �0.18 1

Three-trait estimation: fixed b

a b c (b�c) tmat

m 5.29 0.47 0.41 0.89 3.53
CV 0.20 � 0.52 0.24 0.49
r(a,x?) 1
r(b,x?) � �
r(c,x?) 0.91 � 1
r(b�c,x?) 0.91 � 1 1
r(tmat,x?) �0.68 � �0.64 �0.64 1
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independent estimates obtained from biological samples
from the spawning population. Both estimation procedures
are subject to error but similar patterns should nevertheless
indicate the likelihood of both. For the ages at which
maturation mainly occurs (around age 4), the PMRN based
on our estimates is very similar to the PMRNs based on
biological samples from the population (Grift et al. 2003).
The relatively higher and lower maturation probability for
younger and older ages respectively is likely due to
extrapolation to ages at which only few fish become mature
and the estimation becomes less reliable. If the interval
between the start of energy allocation to reproduction tmat

and the subsequent age at first spawning Amat was assumed
to be less or more than four months, the resulting reaction
norm would be lower or higher respectively in the age-size
plane. However, for plaice four months correspond to the
time interval between the onset of vitellogenesis (August,
September) and the midpoint of the spawning season
(Rijnsdorp 1990, Oskarsson et al. 2002). The good
correspondence between the two estimation methods of
the PMRN suggests that environmental variability is
unlikely to have been so high as to result in biases as high
as in the simulation analysis (see biases of tmat in Fig. 4).

Reproductive investment

Reproductive investment was modeled including a size-
dependent gonadic investment and a size-dependent cost of
migration. The modeled energetic reproductive-somatic
index RSI (energy-based reproductive investment relative
to somatic weight) is increasing with somatic weight as is
the modeled gonado-reproductive index GRI (gonadic
relative to reproductive investment) and consequently the
resulting gonado-somatic index GSI (gonadic weight
relative to somatic weight). This is in line with the
expectation since data show that GSI increases with size
(Rijnsdorp 1991). In contrast, the modeled migration cost
relative to reproductive investment (1�GSI) decreases with
size. Since migration distance increases with fish size
(Rijnsdorp and Pastoors 1995, Bolle et al. 2005), the
advantage of feeding offshore must be relatively more
important than the migration cost.

Possible extensions

The method proposed here can be applied to a variety of
organisms in which the annual pattern in somatic growth
is reflected in hard structures: scales or otoliths in fish
(Rijnsdorp et al. 1990, Panfili and Tomas 2001, Colloca
et al. 2003), shells in bivalves (Witbaard et al. 1997,
1999), endoskeleton in echinoderms (Pearse and Pearse
1975, Ebert 1986, Gage 1992), teeth in mammals
(Laws 1952, Godfrey et al. 2001, Smith 2004) or skeleton
in amphibians (Misawa and Matsui 1999, Kumbar and
Pancharatna 2001) and reptiles (Zug et al. 2002, Snover
and Hohn 2004). If a back-calculation method from the
hard structures can be validated, the analysis of individual
growth trajectories with the method developed in this paper
offers the opportunity to study a variety of life history

Table 4. Estimated against true age at first maturity Amat in the four-
and three-trait estimation. The number of estimations falling in a true
Amat class is given as a percentage of the total number of estimations
in that true Amat class. The upper panel performances for age at
maturation estimation by showing true against estimated Amat in the
four-trait (data set in which a, b and c vary stochastically), and the
three-trait estimation (data set in which a and c vary stochastically).
Performance is slightly better for the three-trait estimation. Notice
that the biases might not be representative for the real situation,
since the simulated CV’s might be higher than those applying in
nature. The lower panel presents results of the application to real
data by comparing the estimation of Amat between the four-trait and
the three-trait estimation (on the real data) for the entire data set and
only the observations belonging to the 2nd b-mode (Fig. 2).
Agreement between the tmat estimates in the four- and three-trait
estimation is very high and does not significantly change between
the entire data set and the selected observations belonging to the
2nd b-mode. This indicates that the estimation of tmat or Amat is not
affected by confounding.

1) Performance analysis

Four-trait simulated True Amat

2 3 4 5 6 7

Estimated Amat

2 04 03 2 1 1 0
3 15 16 8 7 2 1
4 17 19 31 19 7 1
5 17 19 21 32 22 5
6 19 15 12 16 37 14
7 13 12 11 11 15 22

Three-trait
simulated

True Amat

2 3 4 5 6 7

Estimated Amat

2 30 28 15 10 8 5
3 18 23 3 1 1 0
4 21 29 55 9 2 1
5 15 10 17 59 19 4
6 8 4 4 13 54 15
7 5 2 3 4 14 59

2) Application to real data

2nd b-mode
observations

Three-trait Amat

2 3 4 5 6 7

Four-trait Amat

2 30 6 0 0 0 0
3 21 68 7 0 0 1
4 8 13 63 8 0 0
5 0 1 22 64 13 1
6 24 3 4 23 67 12
7 8 1 1 3 17 71

All real data
observations

3-trait Amat

2 3 4 5 6 7

Four-trait Amat

2 39 8 0 0 0 0
3 19 76 13 0 0 1
4 7 8 67 12 0 0
5 0 0 15 65 16 2
6 21 2 3 19 65 14
7 7 0 1 3 16 69
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tradeoffs without the need to follow individuals throughout
their lifetime using experiments in controlled conditions or
methods such as mark�recapture. The method holds for any
other frequency of age and size observations and for any
other frequency of spawning than the here illustrated
annual observations and annual spawning intervals. Under
the assumption that energy is allocated to reproduction
continuously between spawning events by storing energy
reserves which are then made available later for spawning,
the method even applies if spawning intervals are irregular.

Adaptation

Our method could be particularly useful to study changes in
life history parameters over time or differences among
populations. Concerns had been raised that life history traits
of exploited species, may evolve in response to harvesting
(Rijnsdorp 1993, Stokes et al. 1993, Heino 1998, Law
2000). Studies on life history evolution in the wild have
largely focused on changes in the onset of maturation,
although evolutionary changes were also suggested in
growth rate and reproductive investment (reviewed by
Jørgensen et al. 2007). The analysis of harvesting-induced
evolution in the wild has proved to be difficult (Rijnsdorp
1993, Law 2000, Sinclair et al. 2002, Conover et al. 2005).
One reason is that growth, maturation and reproductive
investment are intricately linked in the energy allocation
schedule, another that disentangling phenotypic plasticity
from genetic effects in the observed phenotypic response is
not evident.

Disentangling plasticity

By estimating the co-variance structure between the life
history parameters, our method may prove useful to
disentangle phenotypic plasticity from genetic change.
Assuming that environmental variability mostly affects the
primary energy flow of energy acquisition and that the
subsequent energy allocations (maintenance, reproductive
investment) are partly determined by this primary energy
flow, plastic variation in the other traits due to this process
could be accounted for by expressing them conditional on
energy acquisition. It is for instance likely that reproductive
investment may be affected by feeding conditions during
the previous growing season (Rijnsdorp 1990, Stearns 1992,
Kjesbu et al. 1998, Marshall et al. 1999). Studies in other
taxa than fish (Ernande et al. 2004) have shown that the
energy allocation strategy between maintenance, growth,
and reproductive investment may vary according to food
availability. Expressing reproductive investment conditional
on energy acquisition would therefore represent a reaction
norm for reproductive investment (Rijnsdorp et al. 2005).
Changes in this reaction norm would then reveal genetic
change under the assumption that most environmental
influence on reproductive investment is accounted for via
variation in energy acquisition. It has also been shown here
that the PMRN can be estimated directly from the back-
calculated ages and sizes and the obtained estimate for the
age at first maturity, whereas in other data sources the
individual first maturity is typically not known (Barot et al.
2004). By disentangling the plasticity in maturation caused
by variation in growth and removing the effect of survival
on observed maturation events, the PMRN can also be used
to assess genetic changes under the assumption that most
environmental influence on maturation is accounted for via
growth variation.

Different approaches

In an earlier study, Rijnsdorp and Storbeck (1995)
estimated the timing of the onset of maturation in plaice
by piecewise linear regression of growth increments on
body weight to locate the discontinuity in growth rates
expected at maturation. This method might be accurate
only for particular combinations of the energy allocation
scaling exponents that lead to a linear relationship between
growth increments and body weight (not shown). Baulier
and Heino (2008) applied an improved version of this
method to Norwegian spring spawning herring and
obtained relatively accurate estimates (91 year) of the
timing of the onset of maturation. However, this method
does not provide estimates of the other life history
parameters and it is unlikely that the particular combina-
tion of energy allocation scaling exponents leading to the
discontinuous linear relationship between growth incre-
ments and body weight can be expected to apply in the
general case.

The three-trait estimation procedure in the method
presented in this paper removes the confounding between
parameters by fixing maintenance to its population level
average. However, in reality maintenance may be variable
since it is affected for instance by temperature and, in

Figure 8. Comparison of reaction norms derived from the three-
trait estimation of individual life history in this study (gray lines)
with reaction norm estimated by from Grift et al. (2003) averaged
over the past five decades by only using cohorts for which more
than 30 observations were available. Dotted lines represent the
25%- and 75% probabilities of maturation, the dashed line
represents the average length at age. The reaction norm from
individual life history estimation is shown for an interpretation
of the first spawning event Amat given by tmat plus a minimal
period of preparation for spawning of four months, rounded up to
the next year.
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addition, assuming a fixed value inflates co-variances
between other parameters. A more elegant way to circum-
vent this problem may be to use generalized linear mixed
modeling to estimate the four parameters. Under this
approach, the parameters, shown here to be approximately
normally distributed after removal of the confounded
estimates (Fig. 1), follow a multivariate normal distribution
and estimation can thus only lead to unimodal distribu-
tions, therefore potentially reducing the confounding
between parameters (Brunel et al. unpubl.).

The four-trait method presented in this paper is not
practical, since the first mode in the distribution of b
estimates would always have to be removed a posteriori.
The three-trait estimation gives more stable results (Fig. 4,
5, 6) but a correction for changing temperatures would be
needed and due to the inflation of co-variances, results
should be considered on a relative scale. If the main interest
is on the onset of maturation tmat, then both four-trait and
three-trait estimation work similarly well, since the bias in
tmat is unlikely due to confounding in the parameters a, b
and c (Table 4, Fig. 4).

Maintenance�temperature

The estimated energy allocation parameters here represent
average values for the study period. However, assuming a
constant maintenance (three-trait estimation) may be
incorrect as yearly averaged surface temperatures in the
North Sea (Van Aken 2008) suggest that temperature
increased from 9.918C in 1950 to 11.018C in 2005 (pB
0.001). In the interpretation used here, the size-specific
maintenance is influenced only by temperature. The
Arrhenius description based on the Van’t Hoff equation
used in dynamic energy budget modeling (Van der Veer
et al. 2001) to describe the effect of temperature on
physiological rates would predict that an increase from
108C to 118C would correspond to an increase in the
maintenance rate of about 9% (not shown). If a similar
trend occurred in the bottom temperatures, we might
expect a change in the average maintenance cost over the
study period of about 9%. In the three-trait estimation, the
trend in temperature could therefore be accounted for by
estimating a separate average b for each cohort. As this
paper explores average general patterns, we ignored here the
effect of temperature on maintenance by assuming homo-
geneous temperatures in the demersal zone.

Conclusion

This paper is the first one to present a method to estimate
the energy allocation parameters for energy acquisition,
maintenance, reproductive investment and onset of matura-
tion of organisms from individual growth trajectories.
Performance analysis and the application to real data
showed that the method can be successfully applied, at
least on a qualitative level, to estimate the relative
differences in energy allocation parameters between indivi-
duals and to estimate their co-variance structure. Future
studies will apply the concept to back-calculated growth

curves from otoliths of North Sea sole and plaice and scales
of Norwegian spring spawning herring, focusing on the
comparison between species and life-history adaptation over
the last century.
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matt 

 1,xβ 



          
            

  Plaice Sole
  a b c tmat a b c tmat

 5.06 0.58 0.30 4.4 5.38 0.64 0.46 3.22 
CV 0.19 0.43 0.55 0.28 0.18 0.51 0.45 0.19 
r(a,x) 1    1    
r(b,x) 0.65 1   0.72 1   
r(c,x) 0.20 -0.55 1  -0.18 -0.76 1  fo

ur
-tr

ai
t 

r(tmat,x) -0.40 0.19 -0.64 1 -0.37 -0.04 -0.26 1 
 4.88  0.49 0.33 4.10 5.67  0.73 0.42 2.97 
CV 0.15 0.01 0.43 0.28 0.13 0.01 0.35 0.15 
r(a,x) 1    1    
r(b,x) 0.19 1   0.21 1   
r(c,x) 0.86 0.03 1  0.82 0.09 1  th

re
e-

tra
it 

r(tmat,x) -0.68 -0.18 -0.60 1 -0.60 -0.14 -0.62 1 
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R
N  E  T 

1,x
β 

 a  c  matt 

0,x
β                 
 a  c  matt     
 b  ( )b T 

   Σ constant Σ variable Σ variable, )(Tb

  description estimate p-value estimate p-value estimate p-value 

a,0β 5.082 < 10-4 5.106 < 10-4 5.099 < 10-4

c,0β 0.345 < 10-4 0.353 < 10-4 0.354 < 10-4

mat,0 tβ

Averages of a , 

c and  matt
4.010 < 10-4 4.011 < 10-4 3.983 < 10-4

a,1β 0.031 < 10-4 0.033 10-4 0.035 < 10-4

c,1β  0.005 0.500 0.005 < 10-4 0.005 0.003 

mat,1 tβ

Temporal change 

in  a ,  c and  

matt -0.044 < 10-4 -0.045 < 10-4 -0.040 < 10-4

aNR ,β -1.2 10-6 < 10-4 -1.2 10-6 < 10-4 -1.6 10-6 < 10-4

cNR ,β -2.1 10-7 < 10-4 -2.4 10-7 < 10-4 -3.3 10-7 < 10-4

mat,tNR
β

Density effect on  

a , c  and  matt
2.5 10-7 0.138 3.9 10-7 < 10-4 5.6 10-7 < 10-4

aE ,β  0.224 0.052 0.167 0.223 0.160 0.856 

cE ,β 0.0488 < 10-4 0.003 0.032 0.026 0.004 

mat,tEβ

Eutrophication  

effect on  a ,  

c and matt 0.1314 0.677 -0.141 < 10-4 -0.338 < 10-4

aT ,β  -0.009 0.573 -0.031 0.012 0.036 < 10-4

cT ,β -0.017 < 10-4 -0.029 < 10-4 -0.038 < 10-4

PL
A

IC
E 

mat,tTβ

Temperature  

effect on a ,  

c and matt 0.158 0.291 0.008 0.047 0.119 < 10-4

   Σ constant Σ variable Σ variable, )(Tb

  description estimate p-value estimate p-value estimate p-value 

a,0β 5.841 < 10-4 5.957 < 10-4 5.812 < 10-4

c,0β 0.416 < 10-4 0.449 < 10-4 0.408 < 10-4

mat,0 tβ

Averages of a , 

c and  matt
3.046 < 10-4 2.990 < 10-4 3.094 < 10-4

a,1β 0.016 < 10-4 0.056 < 10-4 0.039 < 10-4

c,1β  0.002 0.911 0.008 < 10-4 0.004 < 10-4

mat,1 tβ

Temporal change 

in  a ,  c and  

matt -0.011 < 10-4 -0.021 < 10-4 -0.014 < 10-4

aNR ,β 1.4 10-6 10-4 5.6 10-7 0.665 1.1-10-6 0.043 

cNR ,β  9.1 10-8 0.382 2.0 10-7 < 10-4 2.8 10-7 0.013 

mat,tNR
β

Density effect on  

a , c  and  matt
-8.0 10-7 0.009 2.7 10-7 0.003 -4.2 10-7 0.0008 

aE ,β 0.402 < 10-4 -0.255 0.430 -0.389 0.745 

cE ,β  -0.019 0.152 -0.075 0.027 -0.057 0.005 

mat,tEβ

Eutrophication  

effect on  a ,  

c and matt 0.252 < 10-4 0.523 < 10-4 0.627 < 10-4

aT ,β -0.001 < 10-4 -0.023 0.472 -0.027 10-4

cT ,β  0.006 0.393 0.016 0.837 0.050 < 10-4

SO
LE

 

mat,tTβ

Temperature  

effect on a ,  

c and matt -0.200 < 10-4 -0.074 < 10-4 0.028 < 10-4
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 1,xβ 

 1,xβ 
              

          
 a 
 c 
    

matt  
 
      a      c  


matt 





























 catcht 


j
YC 



  Plaice Sole 

 age 
j,1β p-value

j,1β p-value

1 -0.049 < 10-3 -0.146 < 10-3

2 -0.114 < 10-3 -0.317 < 10-3

3 -0.179 < 10-3 -0.398 < 10-3

4 -0.197 < 10-3 -0.410 < 10-3

5 -0.187 < 10-3 -0.420 < 10-3

6 -0.167 < 10-3 -0.470 < 10-3

7 -0.106 0.034 -0.444 < 10-3

8 -0.070 n.s -0.464 < 10-3

9 -0.010 n.s -0.403 < 10-3

Si
ze

 a
t a

ge

10 0.087 n.s. -0.456 < 10-3

1 - - - - 

2 -0.047 n.s. -1.173 n.s. 

3 0.491 n.s. -1.146 n.s. 

4 0.282 n.s. -3.586 < 10-3

5 -1.513 n.s. -5.091 < 10-3

6 -2.724 0.013 -7.229 < 10-3

7 -3.027 0.023 -8.162 < 10-3

8 -5.301 0.002 -8.812 < 10-3

9 -5.137 0.017 -8.303 < 10-3R
ep

ro
du

ct
iv

e 
in

ve
st

m
en

t a
t a

ge

10 -5.370 0.037 -8.302 < 10-3
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Plaice Sole 

estimate p-value estimate p-value 

a,0β 5.578 < 10-4 6.437 < 10-4

c,0β 0.411 < 10-4 0.481 < 10-4

mat,0 tβ 2.902 < 10-4 2.769 < 10-4

a,1β  -0.052 10-4 -0.066 < 10-4

c,1β  -0.006 < 10-4 -0.007 0.031 

mat,1 tβ 0.126 < 10-4 0.024 < 10-4
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AN EVOLUTIONARY EXPLANATION OF 

SEXUAL SIZE DIMORPHISM: 

PREDICTIONS FROM A QUANTITATIVE 

MODEL CALIBRATED TO 

NORTH SEA PLAICE 
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DATA 

Logistic regression to estimate the probability of being mature as a function of age and size    

εββββ +×+++= ltltm tllt0)(logit (D1) 
Estimated probability of becoming mature as a function of the probability of being mature    
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),(),1(),(mat ltm
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−

−∆++= (D2) 

Estimated scaling the width of the maturation probability  m
at
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n 

)(logit2 matp
d=Ω (D3) 

MODEL 
Change in unit of body weight by unit of time given by the difference between energy acquisition and expenditures, comprising of 
maintenance in juveniles and additionally reproductive costs in adults 
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if adult 
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Body weight as a function of the body weight at a previous time step (here one year) following from the above differential equation 
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Energy in terms of somatic weight that is channeled (stored or expended) into any investment associated to reproduction, following 
from the above differential equation  
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Length-weight relationship 

( ) ( )w t k l t β= (4) 
Population biomass density dependence of individual energy acquisition 

en
er

gy
 a

llo
ca

tio
n 

an
d 

gr
ow

th
 

2)(1 1

g
δδ B

a
a

+
= (5) 

Probability of becoming mature at a certain age and size (analog to PMRN in D1 & D2), with width proportional to PMRN intercept   
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Linear relationship (PMRN intercept and sex-specific slope) of PMRN midpoints with age 
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Annual recruitment as a function of total population fecundity 

( ) 1
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1
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−

=∑+
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rN
γ

(8) 

Female reproductive success given by the individual gonadic investment 

∑ =

=
f

1

,f N

j j

i
i

γ
γν (9) 

Male reproductive success given by the individual gonadic investment and behavioral trait 
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=
m

1 ,sg

,sg
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thf

thf

γ
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ν (10) 

Effect of behavioral trait on fitness 

sg50
sg /1

1)(
tt
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+

= (11) 

Effect of gonadic investment on fitness

γγ
γ

/1
1)(
50+

=f (12) 

Proportionality of reproductive investment rate and behavioral trait in males 

re
pr

od
uc

tio
n 

sgm tc θ= (13) 
Predation mortality rate decreasing with size but increasing with energy acquisition rate (growth survival tradeoff) 

ηωυ wem ag
p = (14) 

Reproduction mortality rate increasing with the energy lost due to reproduction relative to body weight  
(reproduction survival tradeoff) 

)/(
0γ

wemm γχ= (15) 
Starvation mortality rate if energy intake is too small to cover maintenance costs given by the energetic deficit relative to body size 








 −=
w

bwawm
4/3

s ,0max ρ (16) 

Fishing mortality rate determined by fishing effort and the selectivity of the fishing gear 

m
or

ta
lit
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FF (17) 

Composition of male and female annual natural (M) and fishing (F) mortality rates 
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Genetic variance of trait x in the population assuming a constant CV
2

g
2
g ))(()( xCVx µσ = (19) 

Component of phenotypic variance of trait x in the population which is due to environmental variability, following from the 
definition of heritability 
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Combined bias, consisting of relative biases in size at age, PMRN midpoints and relative reproductive investment RSI=γ/w, 
minimized to fit model parameters  
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  Symbol Description Unit 

t Time after birth (age) yr 

w Somatic weight g 

st
ru

ct
ur

e 

l Irreversible body length cm 

a
ga Size-specific phenotypic and genetic (potential) energy acquisition rate g1/4yr-1

b Size-specific (phenotypic) maintenance rate yr-1

c Size-specific (phenotypic) reproductive investment rate yr-1

u Probabilistic maturation reaction norm (PMRN) intercept cm ev
ol

vi
ng

 tr
ai

ts
 

en
er

gy
 a

llo
ca

tio
n 

sgt Spawning duration 

matp Age- and size-specific probability of maturation - 

p50l Age-specific reaction norm midpoint or length at which maturation probability is 50% cm 

m
at

ur
at

io
n 

Ω Scaling of d  for any length l  and probability matp cm 

γ Annual size-specific reproductive investment (energy spent for reproduction) g 

i,fν Female Reproductive success of individual i - 

i,mν Male Reproductive success of individual i   - 

)( if γ Fitness return from reproductive energy investment - re
pr

od
uc

tio
n 

)( ,sg ith Fitness return from reproductive time investment - 

pm Predation mortality rate including baseline predation and predation increasing with 
foraging (growth survival tradeoff) yr-1

γm Mortality rate due to reproduction (reproduction survival tradeoff) yr-1

sm Starvation mortality rate yr-1

mM Annual natural mortality rate in males yr-1

fM Annual natural mortality rate in females yr-1

mF Annual fishing mortality rate in males yr-1

em
er

ge
nt

 tr
ai

ts
 

m
or

ta
lit

y 

fF Annual fishing mortality rate in females yr-1

)(g xµ Population mean of genetic trait value of x see x

)(2
g xσ Genetic variance of trait x in population see x

in
he

rit
an

ce
 

)(2
e xσ Part of phenotypic variance caused by environmental variability of trait x in population see x

B Biomass of individuals (<25cm) competing for resources  g 

fN Number of adult females - 

mN Number of adult males - nu
m

be
rs

 

rN Number of recruits - 

po
pu

la
tio

n 

fit
 

∆ Bias between model prediction and empirical data summed over certain ages i - 
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     ga 
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 Symbol Description Reference Value Unit 

α Weight scaling of energy 
acquisition rate 

(Fonds, et al. 1992) 
(West, et al. 1997) 0.75 - 

b Size-specific maintenance rate (Mollet, et al. 2010) 0.6 yr-1

k
β

Length-weight relation (body 
condition and scaling, Eq. 4) (Rijnsdorp 1990) 0.01 

3.0 
g.cm-β

- 
en

er
gy

 a
llo

ca
tio

n 
1δ
2δ

Density dependence parameters 
(Eq. 5) Optimization 9.6 10-7

10.82 
g-1

- 

Ω Initial interquantile reaction norm 
width (Grift, et al. 2003) 0.11 cm 

m
at

ur
at

io
n 

ms

fs
Male PMRN slope 
Female PMRN slope Data -0.5 

-1.34 cm. yr-1

eggw Egg weight Data 4.2 10-3 g 

1r

2r
Stock-recruitment parameters 
(Eq. 8) (ICES 2006) 8 103

1 106
- 
- 

50t
spawning period resulting in half-
maximal male reproductive 
success 

Optimization 0.11 yr 

50γ
Reproductive investment resulting 
in half-maximal male reproductive 
success  

Optimization 47.0 g 

re
pr

od
uc

tio
n 

θ
Proportionality constant for 
behavioral trait and reproductive 
investment rate 

Optimization 1.45 yr-2

ρ Starvation mortality rate constant 
(Eq. 16) (Schultz and Conover 1999) -5.0 g-1

υ Baseline predation mortality rate 
constant (Eq. 14) Optimization 1.2 10-4 g1/4.yr-1

ω
Acquisition (growth) exposure 
risk (survival) tradeoff constant 
(Eq. 14) 

Optimization 1.28 g-1/4.yr 

η Weight scaling of predation 
mortality rate (Eq. 14) 

(Beverton 1964) 
(Peterson and Wroblewski 1984, 
Brown, et al. 2004, Savage, et al. 
2004) 

-0.25 - 

spϕ Male spawning exposure risk 
(Eqs. 18) (Beverton 1964) 1.41 g1/4.yr-1

0m Baseline mortality rate (Eq. 15) Optimization 0.009 yr-1

χ Reproduction survival tradeoff 
constant (Eq. 15), adjusted Optimization 9.4 - 

na
tu

ra
l m

or
ta

lit
y 

fM
Total natural female mortality rate 
at age 6 (Eqs. 18) constant used to 
adjust other parameters 

(Beverton 1964) 0.1 yr-1

Pmax,F

Hmax,F
Fishing effort adjusted in the 
present (P) and historic (H) 
population state assuming 
evolutionary equilibrium 

Optimization 

Optimization 

0.37 

0.27 

yr-1

yr-1

sgτ
Factor to differentiate male and 
female fishing mortality rate 
during spawning 

(Rijnsdorp 1993) 1.75 - 

π Fishing selectivity constant (Van Beek, et al. 1983) 0.594 cm-1

λ Mesh size selection factor (Van Beek, et al. 1983) 2.2 - 

fis
hi

ng
 m

or
ta

lit
y 

ψ Mesh size (Van Beek, et al. 1983) 8.0  cm 

CV Coefficient of variation of 
evolving traits 

(Grift, et al. 2003, Mollet, et al. 
2010) 0.1 - 

in
he

rit
an

ce

2h Heritability of evolving traits (Roff 1991) 0.24 - 
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pm   m   υ  ω 
0m  χ  θ 

50t 
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1δ  2δ 


          

      mod    
 emp            
 / wγ 
  

          

 pm  m 


       

fM  

 10.1 yrM −= 
      
 g P( / )a a 

      g H( / )a a  
  

pm  m   



pm  m 
          
        p / 1m m =  
       
 p / 0.1m m =  p / 10m m = 


          
 max,PF  ω   pm   χ   m  
 210−  210−  210− 





50t 
50γ  θ 
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unexploited (Fmax = 0.00 yr-1) present (Fmax = 0.37 yr-1) 

ch5_fig.1a ch5_fig.1b 

unexploited (Fmax = 0.00 yr-1) present (Fmax = 0.37 yr-1) 

ch5_fig.1a ch5_fig.1b 
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mc 



   


         



























       max 0.00F =      max 0.37F =    
             





• 




 




mc 

 female H1 H1a H1b H1ab H2

sgt 0.125 0.282 0.242 0.228 0.191 0.125 

a 5.70 5.77 5.78 5.88 5.89 5.50 

c 0.235 0.288 0.267 0.239 0.214 0.231 

U
ne

xp
lo

ite
d 

F m
ax

= 
0.

00
 

u 41.9 50.8 48.6 59.4 58.5 33.6 

sgt 0.125 0.342 0.271 0.314 0.241 0.125 

a 5.88 5.93 5.92 6.00 6.02 2.86 

c 0.421 0.452 0.370 0.411 0.329 0.47 

Ex
pl

oi
te

d 
F m

ax
= 

0.
37

 

u 25.3 28.8 29.8 33.3 33.2 8.12 
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historic (Fmax = 0.27 yr-1) present (Fmax = 0.37 yr-1) 

ch5_fig.2a ch5_fig.2b 
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 a    
      ga 
            

     c    u  
 c 
    sgt       
    / wγ  (Eq. 2 & 3) 





    max,P 0.37F =   max,H 0.27F =  



historic: Fmax = 0.27 present: Fmax = 0.37 

fe
m

al
e 

m
al

e 

historic (Fmax = 0.27 yr-1) present (Fmax = 0.37 yr-1) 

fe
m

al
e 

ch5_fig3a ch5_fig3b 
m

al
e 

ch5_fig3c ch5_fig3d 

yr-1(Eq.22)
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 description symbol sex historic present % change 
in time  

% change 
in SSD 

Time spent for spawning sgt
[yr-1] 

f
m

0.125 
0.208 

0.125 
0.223 

+ 0 
+ 7 + 18 

Genetic energy acquisition rate ga
[g1/4 yr-1] 

f
m

5.83 
5.41 

5.91 
5.31 

+ 1 
- 2 + 43 

Phenotypic energy acquisition 
rate of fish < 25cm 

a
[g1/4 yr-1] 

f
m

4.19 
4.04 

5.72 
5.15 

+ 37 
+ 27 + 280 

reproductive investment rate c
[yr-1] 

f
m

0.37 
0.29 

0.42 
0.32 

+ 14 
+ 10 + 25 Ev

ol
vi

ng
 tr

ai
ts

 

PMRN intercept u
[cm] 

f
m

32.8 
22.6 

25.6 
14.0 

- 22 
- 38 + 13 

Population number N
[1] 

f
m

19320 
19888 

11776 
12114 

- 39 
- 39 - 40 

fraction of adults adlf
[1] 

f
m

0.15 
0.22 

0.22 
0.38 

+ 47 
+ 73 + 128 

Weight (at age 6) 6w
[g] 

f
m

564 
293 

597 
309 

+ 5 
+ 5 +6 

Weight (at age 10) 10w
[g] 

f
m

1045 
641 

900 
616 

- 14 
- 4 - 30 

Length (at age 6) 6l
[cm] 

f
m

37.1 
29.6 

38.2 
30.5 

+ 3 
+ 3 + 3 

Length (at age 10) 10l
[cm] 

f
m

46.0 
38.5 

44.0 
38.6 

- 4 
+ 0 - 28 

Average annual relative growth 
rate (until age 6) 

6)( ww∆
[yr-1] 

f
m

0.64 
0.60 

0.58 
0.58 

- 9 
- 3 -100 

Age at 1st maturity matt
[yr] 

f
m

5.6 
4.4 

4.1 
3.1 

- 27 
- 30 - 17 

Length at 1st maturity matl
[cm] 

f
m

35.2 
24.2 

31.2 
19.9 

- 11 
- 18 + 3 

Weight at 1st maturity matw
[g] 

f
m

530 
173 

352 
91 

- 34 
- 47 - 27 

Relative reproductive investment 
(at age 6) 

6)/( wγ
[g.g-1] 

f
m

0.167 
0.112 

0.182 
0.110 

+ 9 
- 2 + 31 

Em
er

ge
nt

 tr
ai

ts
 

Cumulative juvenile mortality 
jM

[ 1
mat
−t ] 

f
m

0.121 
0.082 

0.108 
0.045 

- 11 
- 45 + 62 
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A RECONSTRUCTION OF THE  

FISHERIES-INDUCED EVOLUTION OF 

NORTH SEA PLAICE  
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 description symbol unexploited historic 
first 10 yrs 

present 
after 100 yrs 

future 
after 200 yrs 

Phenotypic energy 
acquisition rate 

a
[g1/4 yr-1] 5.84 5.69 5.71 5.55 

reproductive 
investment rate 

c
[yr-1] 0.39 0.45 0.53 0.59 

Ev
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ai

ts
 

PMRN intercept u
[cm] 40.9 34.5 25.7 21.2 

Population number N
[1] 

56443 27990 25433 25536 

fraction of adults adlf
[1] 

0.27 0.05 0.04 0.07 

Weight (at age 6) w
[g] 791 735 647 455 

Weight (at age 10) w
[g] 1631 1514 1001 635 

Length (at age 6) l
[cm] 

39.8 38.4 37.1 32.9 

Length (at age 10) l
[cm] 

52.0 50.2 43.6 36.5 

Age at 1st maturity matt
[yr] 

6.8 5.0 3.4 3.6 

Length at 1st maturity matl
[cm] 

48.6 41.0 33.2 29.1 

Weight at 1st maturity matw
[g] 

1153 716 367 248 

Average annual 
relative growth rate 

ww∆
[yr-1] 

0.42 0.55 0.65 0.65 

Relative reproductive 
investment 

w/γ
[gg-1] 

0.156 0.174 0.209 0.236 
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Cumulative juvenile 
mortality 

jM
[ 1

mat
−t ] 

0.094 0.129 0.128 0.114 
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Description year ECTS*

  
Professional skills courses   

Techniques for scientific writing 2006 3.0 
Statistical methods for longitudinal and incomplete data 2006 0.6 
Applied geostatistics 2006 0.6 
Introduction to FLR 2006 0.9 
Evolutionary modeling 2006 0.6 
  
Didactic skills training   

WIAS introduction course - W**

WIAS course on philosophy of science and ethics 2009 1.5 
Organisation of FishACE meetings and workshops 2006 0.9 
Tutorship of MSc students 2008 0.9 
  
Scientific exposure  
  
Conferences  
International Council of Exploration of the Sea (ICES), Maastricht, Netherlands 2006 1.5 
North Atlantic Fisheries Organization (NAFO), Lisbon, Portugal 2007 0.9 
American Fisheries Society Symposium (AFS), Ottawa, Canada 2008 1.5 
7th International Flatfish Symposium (IFS), Sesimbra, Portugal 2008 1.5 
Diversification, Adaptation and Speciation (IGB), Berlin, Germany  2009 0.9 
  
Meetings, seminars and workshops  
FishACE meetings and workshops within Europe 2006-2009 10.3 
Marie-Curie secondments within Europe 2006-2009 6.9 
Study group on fisheries-induced adaptive change (SGFIAC) within Europe 2007-2010 3.3 
Young scientist summer school (YSSP) at IIASA, Laxenburg, Austria 2007 5.7 
FinE meetings and workshops within Europe 2007-2010 6.2 
Oral presentations at international conferences and meetings 2006-2010 19.0 

  
  

Total   66.7 
  
  
  

*   One ECTS credit equals a study load of 28 hours 
** Waiver granted by WIAS due to high international scientific exposure 

Young Scientists Summer Program (YSSP) at IIASA, Laxenburg, Austria
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