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ABSTRACT 

Hočevar, Sara 
In the light of life histories, bet-hedging, and fisheries-induced change: case 
Atlantic cod (Gadus morhua) 
Jyväskylä: University of Jyväskylä, 2023, 62 p. + original papers 
(JYU Dissertations 
ISSN 2489-9003; 658) 
ISBN 978-952-39-9640-6 (PDF) 
Diss. 

Nature is full of complex phenomena, non-linearity, random chances, and less 
random changes. These conditions promote diversity among and within species, 
in their life histories and ecological roles. In this thesis, I untangled some of the 
evolutionary and ecological advantages that the life history diversity of the iconic 
Atlantic cod, Gadus morhua, generates and maintains at different levels of 
biological organisation. I explored the eco-evolutionary dynamics by applying 
the mechanistic models to empirical systems; one parameterized for Atlantic cod, 
and another for a newly built Skagerrak food web. Analyses of fitness 
components revealed that multiple-batch spawning is a risk-spreading strategy 
of cod, an adaptation to hedge its evolutionary bets when the environmental 
conditions impacting the survival of egg batches are uncertain and destructive. 
Because multiple-batch spawning is a size-related trait, the size-selective fishing 
was found to cause a lingering eco-evolutionary change, not only by selective 
removal of bigger and older individuals, but also by an unforeseen removal of 
individuals with the greatest risk-spreading potential. These findings reveal that 
the risk-spreading benefits multiple-batch spawning provides, are not 
advantageous under size-selective fishing, considering it does not protect the 
fitness nor demographic structure of Atlantic cod. I have tackled the role of the 
co-existing Fjord cod and North Sea cod ecotypes for the food web topology and 
functioning in a coastal pelagic food web of Skagerrak and found that the 
intraspecific differences in life-history traits and ontogenetic dietary shifts 
between the ecotypes led to counterintuitive opposing impact on the fish 
community. Skagerrak food web proved less robust to the loss of a smaller 
stationary Fjord cod ecotype, of which absence induced a decline in the biomass 
of several economically valuable harvested species. Diversity was a silver lining 
of the four papers, all cautioning about the causes and consequences of fisheries-
induced changes that reduce such diversity at any of the three levels: individual, 
populational, food web. 
 
Keywords: Atlantic cod; bet-hedging; eco-evolutionary dynamics; fisheries-
induced evolution; fitness; food web; life histories. 
 
Sara Hočevar, University of Jyväskylä, Department of Biological and Environmental 
Science, P.O. Box 35, FI-40014 University of Jyväskylä, Finland 



TIIVISTELMÄ 

Hočevar, Sara 
Elinkiertonäkökulma riskin hajauttamiseen ja kalastuksen aiheuttamiin 
muutoksiin: tutkimuslajina Atlantin turska 
Jyväskylä: Jyväskylän yliopisto, 2023, 62 s. + alkuperäiset julkaisut 
(JYU Dissertations 
ISSN 2489-9003; 658) 
ISBN 978-952-39-9640-6 (PDF) 
Diss. 

Luonto on täynnä monimutkaisia ilmiöitä, epälineaarisuutta ja enemmän tai 
vähemmän satunnaisia muutoksia. Nämä olosuhteet ylläpitävät vaihtelua lajien 
välillä ja lajien sisällä elinkierto-ominaisuuksissa sekä yksilöiden ekologisissa 
rooleissa. Tässä väitöskirjassa tutkin biologisen systeemin eri tasoilla 
evolutiivisia ja ekologisia hyötyjä, jotka liittyvät Atlantin turskalla (Gadus 
morhua) havaittuun vaihteluun elinkierto-ominaisuuksissa. Tutkin eko-
evolutiivista dynamiikkaa hyödyntäen empiirisille systeemeille kehitettyjä 
mekanistisia malleja Atlantin turskalle sekä Skagerrakin ravintoverkolle. 
Kelpoisuuden analysointi osoitti, että turskan kudun jakaminen useisiin 
kutukertoihin on riskin hajauttamisstrategia eli adaptaatio, joka tukee munien 
selviytymistä vaihtelevassa ja epävakaassa ympäristössä. Kyky kutea useassa 
osassa riippuu kalan ruumiin koosta. Siksi valikoiva kalastus ei ainoastaan 
vähennä suurien, vanhojen kutukalojen osuutta populaatiossa vaan myös 
poistaa ne yksilöt, joilla on paras kyky riskin hajauttamiseen. Valikoiva kalastus 
syö riskin hajauttamisen kelpoisuushyödyt, koska kalastus ei suojele Atlantin 
turskan evolutiivista kelpoisuutta eikä populaation demografista rakennetta. 
Tutkin myös kahden turskaekotyypin, rannikko- ja pohjanmerenturskan, rooleja 
Skagerrakin pelagisen ravintoverkon rakenteessa ja toiminnassa. Turskan 
ekotyyppien välisillä eroilla elinkierto-ominaisuuksissa ja ravinnon käytössä on 
yllättäviä vaikutuksia koko kalayhteisöön: Skagerrakin ravintoverkko on 
herkempi pienemmän rannikkoekotyypin vähenemiselle, ja ekotyypin 
häviäminen johti monen muun kaupallisesti kalastetun kalalajin biomassojen 
vähenemiseen. Väitöskirjan neljän tutkimusartikkelin yhteinen nimittäjä on 
vaihtelu, ja kaikki artikkelit varoittavat seurauksista, joita voi aiheutua, jos 
kalastus vähentää vaihtelua yksilöiden välillä tai populaatio- ja 
ekosysteemitasolla.  
 
Avainsanat: Atlantin turska; eko-evolutiivinen dynamiikka; elinkierto-
ominaisuudet; kalastuksen aiheuttama evoluutio; kelpoisuus; ravintoverkko; 
riskin hajauttaminen. 
 
Sara Hočevar, Jyväskylän yliopisto, Bio- ja ympäristötieteiden laitos PL 35, 40014 
Jyväskylän yliopisto 
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1 INTRODUCTION 

1.1 What’s in the sea? Today’s stocks and major threats 

Almost two centuries have passed since Charles Darwin boarded the second 
voyage of His Majesty's ship Beagle to explore new lands of South America. As 
he ventured around the world between December 1831 and October 1836, he kept 
a colourful journal on the variety of species he encountered and the ideas he 
grasped. From varying amounts of ink released by cuttlefish to a peculiar defence 
behaviour of a porcupinefish, from various arts of fishing to a breakfast served 
with fish and coffee one April morning at Campos Novos in Brazil; Darwin 
described fish to be diverse and plentiful, supporting an astonishing amount of 
marine and terrestrial life, including birds and near-shore communities (Darwin 
1996). It was only five decades later at the International Fisheries Exhibition in 
London, when fishermen shared their worries on witnessed declining catches 
with one of Darwin’s most vocal advocates, Thomas H. Huxley. At that time 
Huxley found the multitude of most important sea fisheries to be so abundant 
and considered fishing mortality so minor compared to natural mortality that he 
dismissed the fishermen’s fears by stating:  

“…the cod fishery, the herring fishery, the pilchard fishery, the mackerel fishery, and 
probably all the great sea fisheries, are inexhaustible: that is to say, that nothing we do 
seriously affects the number of the fish.”(Huxley 1883). 

After another century, during which the fisheries underwent a technological and 
digital revolution, Jeffrey A. Hutchings and his mentor Ransom A. Myers 
uncovered that one of the commercially most important stocks, the northern cod 
stock Gadus morhua L.  of Newfoundland, has been declining in size and reported 
catches. They demonstrated that the decline was not due to the environmental 
reasons of colder temperatures, as claimed by Canadian governmental officials, 
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but due to the eco-evolutionary consequences of overfishing (Hutchings and 
Myers 1994). Since then, a long history of high exploitation rates beyond 
maximum sustainable yield has been identified among multiple other fish stocks 
around the globe and has led to the collapse of many (Pinsky et al. 2011). 
Consequentially, a steep increasing trend in global landings or catches of marine 
fishes, plateaued in the 1990s (Fig. 1a) and the annual return rate turned out to 
be negative more frequently (Fig. 1b). As the global human population continues 
to grow (Fig. 1c), the demand for sustainable protein also increases, especially in 
the United States and the European Union (Pauly 2019). Fisheries provide at least 
15 % of the global animal protein consumption and sustain other food sectors, 
including aquaculture, poultry, and livestock (Béné et al. 2015). And yet, despite 
being a valuable natural resource, the necessity to improve and apply 
management practices to fish sustainably continues to persist. The latest report 
of the FAO still shows an increasing trend in the percentage of overfished 
reported marine stocks, with less than 10 % being considered underfished since 
2015 (FAO 2022). Interestingly, it is the Atlantic cod, Atlantic herring (Clupea 
harengus), and European pilchard (Sardina pilchardus) fisheries, previously 
pointed out by Huxley, which today not only still belong to the ten fisheries with 
the greatest landings, but whose stocks are also overfished beyond the global 
average. Some sort of absurdity. While in 1968 the cod fisheries reported the 
highest landings, 3.9 million tons, which accounted for 6.5 % of the total global 
landings that year, the productivity of the cod stocks and the efficiency of cod 
fisheries declined tremendously thereafter, accounting for 0.8 % in 2008 (Fig. 1d). 
As comparison, already the sum of the three countries that have the highest 
reported average annual cod landings, Russia, Norway, and Iceland, exceeded 
the cod global catch of 2008 (Fig. 2).  

Therefore, while the consequences of climate change such as ocean 
acidification, rising temperature and increased upper stratification threaten 
marine ecosystems, it appears that unsustainable fishing itself might be the 
central threat to the health of the oceans and the fisheries economy (Halpern et 
al. 2007). Whether by harming the habitat with destructive fishing practices such 
as heavy trawling or by polluting the habitats with microplastic and spreading 
of a harmful species through ghost fishing. In addition to critically reducing 
stocks through overfishing, overlooked bycatch, unreported and unregulated 
illegal fishing, or over-reported catches that disguise the real state of a stock, 
fishing can lead to irreversible ecological and evolutionary change; also referred 
to as fisheries-induced evolution (Law 2000).  
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FIGURE 1 Historic time series illustrating the status of global fisheries (a,b), human 
population (c), and cod fisheries (d). Fisheries datasets have been obtained 
from the FishStatJ software version v4.02.08 curated by the Food and 
Agriculture Organization of the United Nations (FAO 2022) and from the 
world population dataset (Worldometer 2023). Fisheries landings do not 
include bycatch. 
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1.2 Fishing, fisheries, and fisheries-induced evolution 

Fishing can act as a selective agent by increasing the mortality rate and 
decreasing the chance for reproduction of a targeted resource. But in particular, 
it is fisheries exploitation that exerts long-term mortality on a wider scale and thus 
has the potential to alter the phenotypic and genotypic landscape of fished 
populations. If the fishing strategy favours a certain heritable trait and non-
randomly changes the course of natural mortality in a fished stock, the directional 
selection can cause a change in gene frequencies and genetic variation and thus, 
lead to evolution by means of fisheries selection (Law and Grey 1989, Law 2000, 
Kuparinen and Merilä 2007, Law 2007, Hutchings and Fraser 2008). Therefore, 
the key mechanism of fisheries-induced evolution is the heritability of the 
selected trait (h2) and the intensity of a non-random selection (S), for which the 
outcome is paradoxically often the opposite of what fisheries long for, i.e., large 
fish.  

While unequivocal direct empirical evidence for fisheries-induced 
evolution in wild populations is arguably still lacking (Pinsky et al. 2021), the 
observations of genotypic frequencies (Jakobsdóttir et al. 2011) and phenotypic 
changes in historic time-series of exploited stocks (Olsen et al. 2009) are 
suggestive of fisheries-induced genetic change. Theoretical and experimental 
comparative common-garden studies clearly linked fisheries-induced genetic 
change to phenotypic changes (Conover and Munch 2002, Audzijonyte et al. 2013, 
Uusi-Heikkilä et al. 2015). The reason lies in the controlled settings these studies 
offer for manipulating the rate and direction of selection, creating a less complex 
environment to tease apart the evolutionary change that is caused by fishing 
selection per se from the changes which are the aftermath of phenotypical 
plasticity and demographic processes (reviewed in Jørgensen et al. 2007, Heino et 
al. 2015). Different fishing strategies have been observed to generate different 
evolutionary changes. For example, the type of fishing gear has been linked to 
changes in behavioural traits. While passive fishing methods, such as gill nets, 
angling or traps, select for bolder individuals, active gear, such as trawling or 
seine, may select for more shy individuals (Arlinghaus et al. 2017, Díaz Pauli and 
Sih 2017). Mesh size is also an essential character in size-selective fishing and has 
been linked to changes in maturation schedule (Sharpe and Hendry 2009) and 
subsequent change in associated traits (Jørgensen et al. 2009). 

Yet, fisheries do not act in a controlled manner. Along with fisheries-driven 
selectivity, depleted stocks simultaneously face a full-blown force of reduced 
population size, altered density-dependent dynamics, and unrelenting natural 
and sexual selectivity that can all fundamentally affect the life histories of 
exploited populations (Hutchings and Kuparinen 2021). 
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FIGURE 2 World map illustrating average reported annual landings of cod fisheries by 
country. Average annual landings have been estimated from FishStatJ 
database (FAO 2022). 

1.3 Life histories 

Life histories are a unique set of inherited evolutionary constraints and have 
undergone development within the environment that vary throughout an 
individual’s life. Understanding the vast diversity of life histories is to 
understand the coadapted evolution and interactions of life-history traits with 
the surrounding biotic and abiotic environment, which is one of the greatest 
puzzles in natural science (Fisher 1930, Stearns 1976). Life-history traits are the 
features of species that can shape their reproductive potential while being shaped 
by natural selection (Cole 1954, Charnov and Schaffer 1973).  

Variations among life history traits pertain to the age and size of 
maturation, mating frequency, maternal costs, size and the number of offspring, 
or lifespan and emerge among and within species (Hutchings 2021). While a 
female humpback whale (Megaptera novaeangliae) gives birth to one offspring 
every 2 to 3 years (Clapham 1996), Atlantic cod can spawn more than 14 million 
eggs in a single spawning season (Thorsen et al. 2010). A range of fecundity 
potential can also be observed within different stocks of Atlantic cod as they have 
adapted to their local environmental conditions. Cod in the Irish sea can mature 
at 1.6 years and 36 cm body length, while cod in the Barents Sea mature much 
later and at a bigger size, 7.2 years and 78 cm, respectively (Thorsen et al. 2010). 
Earlier maturation can be an adaptation to high mortality in later life, as the 
probability to be fished increases with fish size and age (Olsen and Moland 2011), 
or it can be a consequence of a faster growth rate in warmer regions (Nash et al. 
2010). If other life-history traits like the reproductive lifespan or maternal costs 
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are being ignored, and if potential fecundity is based solely on the stock-specific 
length–weight relationship and a constant average oocyte diameter, a 90 cm cod 
from the Irish sea cod could spawn 80 % more eggs than a 90 cm cod from the 
Barents Sea (Thorsen et al. 2010). However, life history traits tend to covary, 
making the estimates on the actual number of eggs an individual from each stock 
successfully produces more complex. This complex optimization is the core of 
life history theory; the allocation of energy reserves among life-history traits that 
augment the chances to survive and reproduce (Roff 1992). The measure that is 
being maximized and can encompass the optimality of the life-history trait 
combination, conditioned by the constraints and trade-offs, is fitness.  

1.4  Fitness 

The origin of the fitness concept dates back to Darwin’s term on the origin of 
species by means of natural selection or the preservation of favoured races in the struggle 
for life (Darwin 1859), which led sociologist Herbert Spencer to conceive the term 
survival of the fittest (Spencer 1864). Darwin later adopted the term on Wallace’s 
suggestion that Natural Selection might be a too metaphorical expression, and 
fitness has been placed into the centre of the evolutionary paradigm. Yet, the 
concept lacks a universal definition whilst causing plenty of confusion (Dawkins 
1982), a perplexity that Stearns depicted by describing fitness as something 
everyone understands but no one can define precisely (Stearns 1976). 

Fitness and its measures are context-dependent approximations. From an 
individual’s potential to survive and reproduce, to a genotype’s reproductive 
contribution or frequency relative to another genotype with a different 
combination of alleles located at the same locus, what defines fitness is a 
question-specific challenge. While genotypic fitness usually follows the fitness of 
a single locus, fitness in life history studies tends to portray the average 
contribution of multiple loci, and thus rather follows a phenotypic fitness or fitness 
of a trait, that evolution maximises over a longer time span (Fisher 1930). In 
ecology, fitness is frequently used as the lifetime reproductive success, a realized 
number of immediate offspring an individual produces over its life. Another 
common theoretical version is Darwinian fitness, which accounts for the 
immediate offspring and genes passed to the next generation, and for their 
success to produce offspring of their own, which is also describing fitness as the 
average fitness of all individuals sharing the same genotype. Hamilton went a 
step further by rising the importance of following the proportional individual’s 
contribution to the reproductive success of its relatives, the indirect fitness, in 
addition to the individual’s own reproductive success, direct fitness (Hamilton 
1964). To counter a challenge of traceability in Hamilton’s inclusive fitness 
approach, Orlove swapped the perspective into personal fitness which instead of 
following the contribution of an individual to the fitness of its relatives, it follows 
the contribution of relatives to the fitness of an individual (Orlove 1979).  
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Along with multiple conceptualizations of fitness, the methods to quantify 
fitness have developed too. Fisher applied the continuous population growth 
model (Lotka 1907) to the life-history evolution (Fisher 1930) and derived r which 
he named the Malthusian parameter of population increase. The parameter r, also 
called the rate of natural increase per head (Lotka 1907) or an intrinsic rate of increase 
(Cole 1954) describes the difference between the per capita birth and death rates 
in a continuous time. It stems from a density-independent population with non-
overlapping generations, inhabiting a constant stable environment, where time 
is discrete, and the life-history evolution is expected to maximize the 
proportional rate of change in population size from one time step to the next. 
However, populations in nature generally do not grow indefinitely, are density-
dependent, compete for limiting resources, are often exposed to variation in 
temporal and spatial environmental conditions, and are age-structured, with 
intrinsic demographic stochasticity, which can, for instance, arise from variation 
in age-scheduled reproduction. Therefore, the most suited quantitative life-
history model to calculate fitness as the product of life-history optimization in 
life-history research depends upon the question and the set of biological 
assumptions pertaining to the populational dynamics of the species, phenotype 
or genotype in its explicit environment (Metz et al. 1992, Benton and Grant 2000, 
Roff 2008), with a typical focus on the observed life-history trait or a strategy 
(Stearns 2000).  

1.5 Bet-hedging 

Change is the essence of natural environments. When the magnitude of abrupt 
changes exceeds the organism’s ability to survive and reproduce, changes can 
lead to a decline in the population or even its extinction (Kaiho 2022). Some 
species have adjusted to the changing multi-dimensional environmental 
conditions with the adaptive strategies known as risk-averse and risk-spreading 
strategies. As their name suggest, these adaptations either increase the chance of 
survival and reproduction by actively avoiding the risk of low success to increase 
the average success, or by spreading the risk on the evolutionary time scale by 
reducing the variance in success (Meyers and Bull 2002).  

Bet hedging is a strategy, where genotypes hedge their bets against 
environmental uncertainty  and reduce the reliance of genotypic success on the 
outcome of a single environmental condition (Slatkin 1974). In a temporally 
fluctuating environment, a bet-hedging strategy trades the average reproductive 
success or the arithmetic mean fitness for the reduced variance in the reproductive 
success to maximize the long-run reproductive success or the geometric-mean 
fitness (Gillespie 1974). The geometric-mean principle can signify what evolution 
maximizes in a temporally variable environment, as it is sensitive to the variance 
in reproductive success over the generation (Sæther and Engen 2015). 

Bet hedging traits and strategies can reduce the variance in the long-term 
reproductive success of a genotype at the individual or at the population level 
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(Seger and Brockmann 1987). At the individual level, the strategy maximizes the 
geometric mean fitness of an individual by reducing the reproductive success 
following the proverb “bird in the hand is worth two in the bush”, where 
contributing a lower number of offspring at no or lower risk is advantageous over 
an uncertain chance of producing more with a high risk of producing none. This 
type of bet-hedging tends to select for an optimal trait value and is typically 
referred to as conservative bet-hedging (Seger and Philippi 1989) or perhaps a 
more suitable description, one extreme end on a continuum (Starrfelt and Kokko 
2012). On the other end of the continuum is diversified bet-hedging. This strategy 
involves phenotypic variance among individuals within or among generations. 
By increasing the variation within a generation, this strategy lowers the 
arithmetic mean fitness within generations, but reduces the variation in 
arithmetic mean fitness among-generations, leading to long-term success. 
Therefore, diversifying bet-hedging optimizes the geometric mean fitness of a 
genotype following the phrase “don’t put all your eggs in one basket”( Frank and 
Slatkin 1990).  

Many species may benefit from bet-hedging. Some of these potentially 
include spore-producing bacteria (Veening et al. 2008), polymorphic insects 
(Witek et al. 2006), or desert plants producing seeds with varying dormancy 
periods and delayed germination (Evans et al. 2007, Philippi 1993) to increase the 
chance that at least some seeds germinate at favourable conditions, i.e. rainfall. 
However, only a few empirical examples have been able to provide sufficient 
quantitative evidence of bet-hedging (Simons 2011).  

1.6 Multiple-batch spawning 

Reproductive biology encompasses multiple life-history variables, some of which 
may resemble bet-hedging; potentially a widespread and frequent response to 
environmental uncertainty (Crean and Marshall 2009). Diversity in the timing of 
oocyte development, countless maturity schedules, various mating modes, a 
range of fecundity characteristics including the size, number and buoyancy of 
eggs, diverse degrees of reproductive effort and paternal care, or the variety in 
the onset and location of spawning; these are all just some of the variables that 
reflect the eco-evolutionary adaptations of teleost species to a large variation in 
the mortality that offspring and adults encounter in the aquatic environment 
(Rowe and Hutchings 2003, Smith and Wootton 2016). One of the variables is also 
spawning frequency.  

Spawning frequency describes the number of spawning events within a 
spawning season (Lowerre-Barbieri et al. 2011) and different strategies can be 
divided into two main patterns: semelparity and iteroparity (Young 1981, Roff 
1992, Stearns 1992). While semelparous species, such as Pacific salmon 
(Oncorhynchus nerka), spawn only once in their life and subsequently die (Crespi 
and Teo 2002), iteroparous species, such as Atlantic cod, survive spawning and 
can repeat it several times during the span of their life (Kjesbu et al. 1996). 
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Spawning success and the rate of adult mortality plays an important role in 
which of the spawning patterns is more likely to evolve. If the variation in the 
spawning success of species is high and egg mortality is higher relative to adult 
mortality, a long reproductive span with multiple reproductive events is 
advantageous (Murphy 1968). Iteroparous spawning patterns can be further split 
into total spawning and multiple batch spawning strategies. Total spawners 
spawn all their eggs in one single event within one spawning season, while 
multiple-batch spawners spawn several batches within one spawning season. 
Among multiple-batch spawners, there can be further variation in fecundity, 
which is determinate or indeterminate. If the fecundity is determinate, a batch-
spawning female has all the eggs that will be spawned during the upcoming 
season already in her ovaries as oocytes before spawning starts. On the other 
hand, if the fecundity is indeterminate, the batch-spawning female does not 
necessarily have all the eggs present as oocytes before the onset of spawning and 
can develop more eggs later during the spawning season (Wootton and Smith 
2014). While the latter strategy may be considered as an adaptive phenotypic 
plasticity, given the female’s influence on the number of spawned batches in 
response to stored energy or favorable environmental conditions, determinate 
multiple batch spawning can be viewed as non-plastic. A protracted spawning 
season with a pre-determined number of spawning events is common in several 
taxonomic groups, especially in fish species occupying the boreal and temperate 
waters (Ganias et al. 2015), including Atlantic cod (Hutchings and Rangeley 
2011). Size of body cavity limits the number of eggs fish can spawn per/at a 
spawning event (Sadovy 1996). Therefore, the prolonged spawning that 
facilitates higher fecundity may have evolved to overcome the somatic 
constraints, an adaptation favored in conditions with a high environmental 
unpredictability newly released eggs experience in the ocean.  

But while, in theory, a prolonged spawning period with several batches that 
each may experience different environmental conditions and thus, different 
probabilities of surviving seems beneficial, empirical evidence on whether this 
reproductive strategy is indeed bet-hedging is difficult to obtain (Simons 2011). 
An example of bet hedging, illustrated in Fig. 3, depicts two Atlantic cod 
genotypes: one has a multiple-batch spawning strategy and the other (a 
hypothetical opposite) has a single-batch spawning strategy.  

Ceteris paribus, and the distribution of eggs is the only difference between 
the two genotypes, then in order to explore that multiple-batch spawning is a bet-
hedging strategy (Fig. 3), at least three premises should be fulfilled. First, there 
should be some variability in the environment, creating more and less favourable 
conditions (blue and red, respectively) for batches to hatch. Second, the multiple 
batch spawning strategy needs to have associated costs to the arithmetic mean 
fitness, where the arithmetic mean fitness of a multiple-batch spawner is lower 
than it is in the absence of this costly strategy, here single-batch spawners. Third, 
the strategy should minimize the among-generational variance in arithmetic 
mean fitness, leading to a higher geometric mean fitness of multiple-batch 
spawners compared to the geometric mean fitness of single-batch spawners. This 
would allow the multiple-batch spawning genotype to evolutionarily 
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outperform the single-batch spawning genotype. In such conditions, multiple-
batch spawning could be a bet-hedging strategy, rendering the genotype more 
robust to environmental uncertainty.  

 

 

FIGURE 3 Illustration of a snip into geometric-mean fitness advantage of a bet hedging 
strategy with the example following the multiple-batch spawner (in red) and 
single-batch spawner (in pink) in a fluctuating environment with more (blue) 
or less (salmon pink) favourable conditions over four spawning seasons. The 
visualization is adapted based on Simons (2011). 

1.7 From life histories to food webs 

Many life-history traits and strategies of fish, including multiple-batch spawning 
(Kjesbu et al. 1996), correlate to the individual body mass and size, which 
ultimately influence the quantity and quality of the progeny or the reproductive 
output (Trippel and Neil 2004, Barneche et al. 2018). At the populational level, 
this relation translates to the relationship between the number of spawners and 
the number of recruits, a link central to fisheries management (Hilborn and 
Walters 1992). Given the overexploitation of fisheries does not only change the 
abundance of stocks, but also changes the demographic distribution in age and 
size, the fisheries-induced ecological and evolutionary changes can substantially 
alter the productivity potential of the stock. Changes in the demographic 
distribution of a stock feedback to reproductive and recruitment potential, 
because the contribution to populational growth depends on the age and size 
class the individuals belong to (Marshall et al. 1998, Morgan and Brattey 2005, 
Rideout and Morgan 2010, Ohlberger et al. 2020). In addition to life history traits, 
ecological traits such as home range, trophic status, diet niche or secondary 
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production (Woodward and Hildrew 2002) tend to also scale allometrically with 
the body mass of an individual. Therefore, any profound eco-evolutionary 
change leading to alteration in the populational dynamics of a single species can 
instigate further change in the structure of the surrounding community or in the 
functioning of its ecosystem (Rochet and Benoît 2012, Kuparinen et al. 2016a). 
However, how evident this change might be, depends also on the topology of the 
food web, and its density of interactions or connectedness (O’Gorman et al. 2010). 

The functional role of species additionally affects the extent of the impact a 
species may have on the stability of the ecosystem. Keystone species and 
ecosystem engineers, forming strong direct interactions or supporting a large 
number of weak indirect connections, can already at a small populational size 
induce disproportionally large effects or shifts within an ecosystem (Paine 1966), 
potentially resulting in trophic cascades (Coleman and Williams 2002). A decline 
in the biomass of top predators can also induce changes in the mean biomass or 
the biomass variance at other trophic levels (Uusi-Heikkilä et al. 2022) that 
transcends beyond the direct link to lower trophic species. For example, the 
overfishing of Atlantic cod, one of the dominant predators in the northwest 
Atlantic shelf ecosystem of Nova Scotia in the 1980s, resulted in a restructured 
ecosystem (Frank et al. 2005). Once the abundance of Atlantic cod declined, the 
abundance of small pelagic fishes and benthic macroinvertebrates increased, 
causing higher predatory pressure on herbivorous zooplankton, which in turn 
led to an increase in phytoplankton abundance and ultimately, resulted in altered 
nutrient cycling of the ecosystem. In some cases, top–down control even exceeds 
climate control when the prey biomass links more closely to the changes in the 
biomass of their predators than the changing environmental conditions (Worm 
and Myers 2003). Therefore, besides the functional role a species has in the 
ecosystem, the magnitude of a top–down control varies also depending on the 
strength of each direct predator–prey relationship. This has been observed in a 
biomass time series of Atlantic cod and northern shrimp (Pandalus borealis), which 
showed that geographic differences, local climate or the extent of anthropogenic 
perturbations uniquely influence the strength of the relationship by reducing or 
increasing the biomass of predators or their prey (Worm and Myers 2003).  

In addition to changes in the population dynamics of a single species, 
ecosystems can also show sensitivity to changes in the life-history and functional 
diversity that occur at the intraspecific level (Raffard et al. 2021). Mesocosm 
studies, monitoring different taxonomic groups from plants (Crutsinger et al. 
2006) to fish (Harmon et al. 2009, Palkovacs and Post 2009), revealed that unique 
ecological effects can emerge from distinctive genotypical and phenotypical trait 
variation among individuals within a population. Another example are the 
ecotypes of Atlantic cod. Generally, a larger migratory cod ecotype that forages 
in deep waters and a smaller coastal cod ecotype that forages in shallower waters 
occur on both sides of the Atlantic (Hemmer-Hansen et al. 2013). Ecotypes, 
described as individuals within a population capable of interbreeding but with 
distinctive genotypes, are an outcome of intraspecific adaptation to local 
environmental conditions (Hufford and Mazer 2003) that can coexist on a small 
geographical scale (Knutsen et al. 2018). Therefore, a problem arises, when the 
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nursery, foraging or spawning habitats of these unique ecotypes overlap and are 
subject to the same conservation actions or exploitation measurements. 
Overlooking intraspecific differences exposes the ecotypes with different growth 
rates and maturation schedules (Olsen et al. 2004) to the same truncation in the 
size structure, but different selective pressure on the age classes, which may 
make one ecotype more sensitive to exploitation than the other and therefore 
unevenly impair the recovery potential of each (Hutchings 2005). Because 
ecotypes differ in their life-history traits, foraging traits, and diet niches, 
disentangling their role in the ecosystem might be as vital to our understanding 
of ecosystem functioning as is revealing the role of species.  

1.8 Thesis aim and objectives 

Evolutionary and ecological consequences of life history diversity shape 
individual survival, growth and reproduction, and can also induce a broader 
impact within populations or even the surrounding community, the connected 
food web, or the entire ecosystem. Following the interplay between the evolution 
and ecology in nature is mesmerising, but disentangling the influence of the 
multiple selective pressures and trade-offs among the underlying life history 
traits and strategies can be notoriously challenging. In this thesis, I aim to 
untangle some of the evolutionary and ecological advantages that the life history 
diversity of the iconic Atlantic cod, Gadus morhua, generates and maintains at 
different levels of biological organisation. By addressing four specific research 
objectives (Fig. 4), I explore how body size-related life-history traits and 
strategies impact the reproductive potential of an individual, the across-
generational fitness of a population, and the functioning of a marine food web. I 
apply two mechanistically motivated modelling approaches to reason the 
complex interactions that arise in varying environmental settings. 

In paper I, I study whether the reproductive strategy of multiple-batch 
spawning in Atlantic cod constitutes a bet-hedging. To do so, I use an eco-
evolutionary individual-based model and simulate two distinct populations of 
Atlantic cod in stochastically fluctuating environmental scenarios. One 
population includes a genotype with a multiple-batch spawning strategy, that is 
typical for cod, and labels the individuals as multiple-batch spawners, whilst the 
other population presents a hypothetical opposite, and includes a genotype with 
a single-batch spawning strategy, and individuals labelled as single-batch 
spawners. While all being equal apart from the costly diversification of eggs 
among multiple spawned batches or uncostly diversification of eggs into one 
single spawned batch, I delineate the fitness consequences of the multiple-batch 
spawning strategy under different levels of environmental stochasticity. By 
following the fitness components of arithmetic mean fitness, variance in 
arithmetic mean fitness and geometric mean fitness, I determine whether the 
strategy is a bet-hedging. 
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In II, I explore the sensitivity of multiple-batch spawning to size-selective 
fishing. Because the number of batches that can be spawned per spawning season 
increases with maternal body size in cod, I investigate how a fisheries-induced 
change in the population size structure affects the geometric mean fitness. By 
adding fishing mortality into the eco-evolutionary individual-based model (I), 
and by exposing multiple-batch spawning and single-batch spawning cod 
populations to different intensities of size-selective fishing mortality, I illuminate 
the eco-evolutionary advantages and disadvantages that the multiple-batch 
spawning strategy contributes to the populational dynamics of Atlantic cod. 

In III, I intertwine evolution and ecology into intraspecific diversity and 
explore the consequences of their interplay within the food web. I use an 
Allometric Trophic Network (ATN) model to incorporate the two Atlantic cod 
ecotypes: the North Sea cod ecotype and the Fjord cod ecotype, that grow at 
different rates and follow different trajectories in asymptotic size. I link the two 
cod ecotypes to semi-overlapping ontogenetic dietary niches within the ATN 
model, which I parameterised for the coastal pelagic food web in Skagerrak. By 
systematically observing changes in food web functioning that reflect changed 
food web topology, I illuminate the scale and direction of change that is sustained 
by intraspecific diversity of the two co-existing ecotypes at different trophic 
levels of the food web, and which can be compromised when any or both 
ecotypes are lost from the ecosystem. 

In IV, I review and interlink studies exploring ecological and evolutionary 
consequences of altered genotypic or phenotypic variance of teleost species in 
marine ecosystems. The objective was to investigate potential pathways through 
which a fisheries-induced change in evolutionary or ecological dynamics and 
diversity of overfished fish stocks can lead to wide-ranging food web 
consequences. This allowed me to grasp the magnitude and multitude of 
potential direct and indirect mechanisms through which an eco-evolutionary 
change can resonate and to reason why such changes may be hard to distinguish, 
detect or may remain obscure.   

FIGURE 4 Graphical representation of the four main research objectives explored in this 
doctoral thesis. 



2 METHODS 

2.1 Atlantic cod 

Atlantic cod is used as the study species in I, II, and III. There are two main 
reasons for this choice: the historic exploitation of Atlantic cod stocks, and the 
intriguing, yet fairly well researched, life history diversity of Atlantic cod. This 
species is a native fish to the continental shelves of the North Atlantic. High 
fecundity, adaptability, and a wide dietary niche equipped Atlantic cod to 
become a widespread and abundant species, dominating continental shelves 
from Greenland and the Barents Sea in the north, to Cape cod and the Celtic Sea 
in the south (Rose 2019). The latitudinal distribution range of some stocks in the 
southernmost regions has shifted towards the north in the last decades, a 
consequence of the warming average annual temperature in the ocean 
(Drinkwater 2005), pushing the species towards new territories with a recent 
northernmost location of Atlantic cod being observed in the Svalbard fjords 
(Spotowitz et al. 2022). To account for the diversity in life histories among Atlantic 
cod populations inhabiting different habitats, the fisheries manage cod through 
26 main stocks or management units (Rose 2019) and collect information on stock 
size, biological characteristics, and populational structure. Most of these 
management units are further divided into divisions and subdivisions (Fig. 5). 

Atlantic cod displays a distinctive spawning behaviour. At the onset of the 
spawning season, cod aggregates to cold spawning grounds, where spawning 
males establish a hierarchy with dominance behaviour, often linked to body size 
and expressed through a temporal occupation of small territories, forming a 
spawning lek (Windle and Rose 2007). Spawning males then court a spawning 
female, by drumming, which communicates their readiness to spawn, and by 
circling her (Rowe and Hutchings 2004). Such mating behaviour allows the 
female to assess the physical characteristics of a spawning male and choose the 
one that may secure the highest fertilization rate for her eggs (Hutchings et al. 
1999). Once the female is ready to spawn a batch of eggs, she swims with the male 
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of her choice beneath her, grasped into a ‘ventral mount’. Vicinity of the 
urogenital openings and close release of eggs and sperm increases the 
fertilization success of the selected male and limits the opportunity of satellite 
males to fertilize more eggs and thus enhance the genetic variation of the recently 
spawned eggs (Rowe and Hutchings 2003). Spawning occurs early in the year, 
between February and April, near the first spring phytoplankton bloom. During 
this time a female can spawn hundreds of thousands or several millions of up to 
3 mm sized eggs protracted over 20 batches (Kjesbu et al. 1996). The eggs are 
surrounded by extracellular reproductive ovarian fluid, which may prolong their 
viability, increase the fertilization window, and thereby influence postmating 
sexual selection (recent evidence from zebrafish by Pinzoni et al. 2023). The 
timing of the spawning season provides a suitable opportunity window for the 
pelagic fertilised eggs, which hatch within three weeks into drifting yolk-sac 
larva and undergo ontogenetic development in the absence of parental care. They 
metamorphose into feeding larvae and free-swimming juveniles at the peak time 
of secondary production, heterotrophic biomass or  zooplankton prey (Cushing 
1990).  
 

FIGURE 5 Graphical representation of the geographical distribution, migratory routes, 
management units and subdivisions of Atlantic cod. 

2.2 Skagerrak 

Skagerrak, a strait connecting the North Sea and the Kattegat (Fig. 6), is used as 
the study site in III. Skagerrak food web was parameterized for the ATN model 
for the first time, using information on the composition and biological 
characteristics of marine species observed in this strait. The moderately 
productive mesotrophic shelf ecosystem of Skagerrak (Karageorgis et al. 2003) is 
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characterized by an inflow of water masses from the North Sea through the 
warmer Atlantic Current and the colder Jutland Coastal Current, and the outflow 
of less saline water from the Baltic Sea and local freshwater river discharge 
(Kristiansen and Aas 2015). This counterclockwise gyre of water currents 
influences the seasonal dynamics in plankton communities (Gran-Stadniczeñko 
et al. 2019) and the transport of pelagic eggs and larval drift from the North Sea 
to Skagerrak (André et al. 2016). As a result, the oceanographic processes can 
influence the connectivity of populations and potentially contribute to their 
differentiations. Such example is the population structure of Atlantic cod that 
resides in the coastal Norwegian Skagerrak.  

The population structure consists of the coastal Fjord cod ecotype and 
offshore North Sea cod ecotype (Knutsen et al. 2018). The Fjord cod ecotype 
shows spawning-site fidelity by spawning in sheltered coastal fjords (e.g. Risør 
fjord in Fig. 6), while the North Sea cod ecotype may migrate to spawn in the 
North Sea, indicating a natal homing behavior, and have the eggs and larvae 
carried with ocean currents back to Skagerrak (Stenseth et al. 2006). Differences 
in spawning dynamics may contribute to reproductive isolation and lead to 
differentiations between the North Sea and Fjord cod ecotypes, which has been 
observed in genetic (Barth et al. 2017), phenotypic (Olsen et al. 2004, Kuparinen et 
al. 2016b, Knutsen et al. 2018) and ecological (Kristensen et al. 2021) traits, and 
which is maintained despite the spatial and temporal overlaps. The life-history 
(Kuparinen et al. 2016b) and dietary differences (Hop et al. 1992, Floeter & 
Temming 2003, Kristensen et al. 2021) between the ecotypes were accounted for 
in the ATN to observe the influence of their  phenotypic and ecological 
divergence on the coastal pelagic food web in Skagerrak. 

The information on the remaining species of the fish community in 
Skagerrak was obtained for parameterization of the ATN from one of the longest 
ongoing monitoring programs, the beach seine survey led by the Institute of 
Marine Research at Flødevigen research station in Norway. Alf Dannevig, whose 
father founded the marine research station in Flødevigen, started the sampling 
in 1919 and since then fine-meshed seine hauls have been deployed every 
September along the Norwegian Skagerrak coast (Dannevig 1949, Olsen et al. 
2009, Barceló et al. 2016). Each of the 21 fish species that has been consistently 
occurring in the beach seine survey data or in stomach content analyses of harbor 
seals from Norwegian Skagerrak, was divided into 5 age classes and linked to its 
prey and predators based on the literature.  
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The species composition of zooplankton and phytoplankton community in 
the Skagerrak ATN was estimated from a 3-year data series also collected and 
systematically curated by the Institute of Marine Research at Flødevigen research 
station. Samples were taken twice a month between August and November at 
Arendal Station 2 (58° 23′ N 08° 49′ E), positioned 1 nautical mile off the 
Norwegian Skagerrak coast at 75 m depth (Falkenhaug et al. 2022).  

 FIGURE 6 Study area of paper III, demonstrating the location of the research station 
Arendal and the habitat location of the North Sea cod ecotype (in blue) and the 
Fjord cod ecotype (in red) as observed in Risør fjord. The locations and 
asymptotic length (𝐿𝐿∞) trajectories of both ecotypes are adapted based on 
Kuparinen et al. 2016b. 

2.3 Individual-based model 

The individual-based mechanistic cod model was initially developed in 2012 
(Kuparinen et al. 2012) to explore how the survival costs related to reproductive 
investment and behavior influence stock productivity through other life-history 
traits. Since then, the model has been applied to a variety of questions to find 
answers and learn about problems that may be difficult to uncover otherwise, 
e.g., in situ. These include questions pertaining to the ecological and evolutionary 
dynamics of cod: to illuminate the consequences of fisheries-induced evolution 
in life histories for population growth rate (Kuparinen and Hutchings 2012), net 
reproductive rate (Kuparinen et al. 2014a), effective population size (Kuparinen 
et al. 2016c), and eco-evolutionary rescue (Kuparinen and Uusi-Heikkilä 2020), to 
explore how the Allee effect impedes populational recovery (Kuparinen and 
Hutchings 2014, Kuparinen et al. 2014b), and to investigate the impact of 
environmental recruitment variability on stock productivity and recovery 
(Kuparinen et al. 2014c). The model has been also applied to other fish species, 
e.g. Atlantic salmon, to disentangle the role of single-locus vs. multi-loci genetic 
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architecture of life history traits that are under fisheries selection (Kuparinen and 
Hutchings 2017, 2019, Oomen et al. 2020), or in European hake to compare the 
eco-evolutionary consequences of different fishing practices (Jusufovski and 
Kuparinen 2014) and combined size-selective fishing and predation mortality 
(Jusufovski and Kuparinen 2020). 

The model used in I and II, is parameterized for Atlantic cod and describes 
the annual demographic processes of somatic growth, reproduction and 
mortality of each individual female and male in a density-dependent population. 
The fundamental evolving traits are the asymptotic length 𝐿𝐿∞ and the intrinsic 
growth rate k, which are uniquely inherited from the individual’s parents via the 
classical Mendelian principle. 𝐿𝐿∞ and k are the von Bertalanffy parameters (von 
Bertalanffy 1938) that relate to other life history and fitness traits, such as 
maturation age, maturation size, and the number of spawned eggs.  

FIGURE 7 Schematic illustration of the core mechanisms considered in the individual-
based model developed by Kuparinen et al. (2012) in blue with the added 
extensions that were developed for the purpose of paper I (in yellow) and II (in 
orange). The right-hand side illustrates the multifactorial approach of paper I 
(in yellow) and II (in orange) that was applied to the multiple-batch spawning 
(MBS) cod population (in black) and single-batch spawning (SBS) population 
(in gray). 

In paper I, the original individual-based model (Kuparinen et al. 2012) was 
expanded by adding a batch spawning strategy and environmental stochasticity, 
which defines whether a spawned batch survives or is destroyed (Fig. 7). The 
batch spawning strategy of multiple and single-batch spawning individuals were 
portrayed, as both scenarios were needed to delineate the benefits of multiple-
batch spawning in cod. While in both strategists the total potential number of 
spawned eggs depended on the female’s body mass at the beginning of the 
spawning season, the difference between the two was in egg distribution and 
batch-spawning costs. Single-batch spawning females spawned all the eggs at 
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once, which led to all eggs experiencing the same environmental stochasticity 
that determined whether the batch survived or was completely destroyed. On 
the other hand, multiple-batch spawning females spawned eggs in several 
batches, the number of which depended on body mass. This caused each 
spawned batch to experience different environmental stochasticity and each 
subsequent batch a decrease in survival probability due to spawning costs. Cod 
populations with and without the multiple-batch spawning strategy were 
simulated separately and exposed to 20 different scenarios with varying 
environmental stochasticity. Environmental stochasticity was portrayed through 
a combination of environmental pressure and environmental fluctuations in 
batch mortality rate. 

In II, multiple and single-batch spawning populations were exposed to size-
selective fishing. Fishing selection reflected the common S-shaped selectivity 
curve of bottom trawling cod fisheries and the applied instantaneous fishing 
mortality rates of 0.1, 0.2, and 0.3, described low, intermediate, and high fishing 
exploitation of cod. The simulation design included 50 replicas of 36 scenarios, 
testing multiple and single-batch spawning cod in a multi-factorial approach 
under six different conditions of environmental pressure that reflect external 
factors, which drive mortality change in batch survival (in II referred to as the 
environmental forcing) and 3 different fishing mortality rates acting on 
individuals with a size of at least 45 cm. 

Further details of the simulation design, that was performed in R (R Core 
Team 2021), and the empirically based mechanisms of the eco-evolutionary 
model, including newly added extensions, are specified in paper I and II.  

2.4 Allometric trophic network 

The allometric trophic network (ATN) model is a mathematical model that links 
allometrically scaled bioenergetic models describing the dynamics of 
populations (Yodzis and Innes 1992) with structural models describing the 
complexity of food webs (Williams and Martinez 2004). Synthesized for the first 
time in 2006 (Brose et al. 2006), the ATN addressed one of the classic challenges 
in ecology, i.e. the complex-stability theory (May 1974), and highlighted the body 
mass ratio in predator–prey interactions as one of the essential properties of 
empirical food webs that may stabilize natural ecosystems. The ATN has been 
actively developed to embrace and integrate mechanistic observations from 
different research areas at different biological organizations, e.g. the metabolic 
theory (Brown et al. 2004), modified functional response (Williams and Martinez 
2004), nutrient cycling (Boit et al. 2012), life-histories (Kuparinen et al. 2016a), 
evolution (Perälä and Kuparinen 2020) and was parameterized for an alpine lake 
food web in Lake Constance (Boit et al. 2012). 

The core of the ATN is the collection of ordinary differential equations that 
describe biomass dynamics between each pair of trophic species or a node that 
interacts within the food web (Fig. 8). Biomass changes in each node depend on 
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its estimated carbon concentrations, and mass or size-scaled processes. In 
phytoplankton nodes, these involve the intrinsic growth rates of producers that 
are limited by the carrying capacity of the environment and the deduction of 
biomass lost to consumers. In consumer nodes, the metabolic rate scales with the 
body mass and influences the gain from each resource or prey and the biomass 
losses that arise from the maintenance of basic physiological functions and from 
consumer or predation pressure. The extent of the gained and lost biomass due 
to species interactions is also influenced by the consumer’s preference for its prey 
and resources, and by the consumer’s susceptibility to predation or consumption. 
This relationship is described by the intermediate Holling type II–III functional 
response (Williams and Martinez 2004). 

FIGURE 8 Schematic illustration of the core mechanisms considered in the allometric 
trophic network (ATN) model version developed in Kuparinen et al. (2016). 
The ATN describes the rate of change in the biomass of detritus (yellow), 
producers (teal), and consumers (blue). The right-hand side illustrates the four 
simulated food web scenarios of paper III, that explored the impact of the 
North Sea cod ecotype (blue) and the Fjord cod ecotype (red) on the food web 
topology and functioning in Skagerrak. 

In III, Skagerrak food web structure was applied to the ATN framework (version 
from Kuparinen et al. 2016a) to simulate the annual dynamics of phytoplankton 
production and consumer consumption. Four food web scenarios were tested to 
observe the impact of Atlantic cod ecotypes on the food web topology and 
functioning: 1) with both cod ecotypes present, 2) with the North Sea ecotype 
missing, 3) with the Fjord cod ecotype missing, and 4) with both cod ecotypes 
missing. The food web outputs were compared by evaluating 18 food web 
metrics. The food web metrics included non-weighted metrics of connectance, 
generality, vulnerability, trophic level, omnivory, modularity, assortativity and 
robustness. The biomass-weighted metrics of connectance, generality, 
vulnerability, and trophic position were also estimated to account for the biomass 
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changes within the food web. Simulations were run in MATLAB (MATLAB 2018) 
for 100 simulated years that each consisted of a 90-days growth season. 

A full description of the model parameterization including the applied 
ordinary differential equations, simulation design and analyzed food web 
properties are provided in III.   



3 RESULTS AND DISCUSSION 

3.1 Role of a diversifying strategy under a varying environment 
(I) 

Determinate multiple-batch spawning has been referred to as a bet-hedging 
strategy of Atlantic cod (e.g. Rowe et al. 2008), but evidence in support of this 
speculation has been missing. By integrating theoretical and empirical aspects of 
the multiple-batch spawning reproductive strategy (I) in an eco-evolutionary cod 
model (Kuparinen et al. 2012), fitness dynamics under different environmentally 
stochastic scenarios directly affecting the batch survival could be explored. 
Analyses of simulation results provided support for the previous hypothesis, 
offered novel insights into the fitness consequences of a costly multiple-batch 
spawning strategy and demonstrated the environmental conditions under which 
multiple-batch spawning constitutes a bet-hedging (I).  

Spawning several batches proved to be an advantageous spawning strategy 
under spatially and temporally fluctuating environmental conditions. It 
increased batch survival by providing a number of reproductive opportunities, 
which boosted the chances that at least some batches encounter favorable 
environmental conditions and endure the early threats impacting survival (I). 
The higher survival rates at the early egg stage led to higher hatching success and 
greater chances of producing at least one successfully surviving offspring that 
reached the age of maturity. The lower chance of complete spawning failure at 
the individual level was reflected in more even reproductive outputs among 
multiple-batch spawning females at the populational level, and in a reduced 
within-generation variance in reproductive output (I). This led to a reduced 
variance in the average reproductive output among generations at the genotypic 
level, also referred to as the across-generational variance in arithmetic mean 
fitness (Fig. 3 in I). Because the geometric mean is sensitive to variance in the 
arithmetic mean (Gillespie 1974, Slatkin 1974, Seger and Brockmann 1987, Seger 
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and Philippi 1989), the across-generational geometric mean in fitness increased 
with environmental fluctuations (I). 

A life-history mechanism that has supported the spawning tactics and also 
led to the lower variance in reproductive output at the individual level was the 
increased evolutionary pressure for a bigger average asymptotic length, 
maturation at a bigger size, and a lower variance in asymptotic length under 
fluctuating environmental conditions (I). The observation is consistent with the 
life-history theory that predicts the evolutionary advantage of delayed 
maturation and more reproductive events if mortality in earlier life stages is high 
or variable (Murphy 1968). Since multiple-batch spawning is a size-related trait 
(Fig. 2 in I), the number of shed batches per spawning season increased with 
female body size, providing greater distribution of eggs in a variable 
environment that mitigated batch mortality rate (I). Investment into somatic 
growth became thus advantageous with higher environmental stochasticity, 
especially under high environmental pressure and environmental fluctuations. 

A particularly interesting finding was that, under the least stochastic 
environmental scenario, where no unpredictable environmental fluctuations 
were applied to environmental pressure, the evolutionary pressure to invest into 
somatic growth was comparatively lower in the presence of the multiple-batch 
spawning strategy (I, II). The main reason for this observation seems to be the 
allocation of costs between somatic growth, the evolving life history trait, and 
reproduction, the batch spawning strategy. An allocation into bigger size proved 
to not be as necessary in the absence of environmental fluctuations, suggesting 
that the multiple-batch spawning strategy offsets for the benefits that bigger 
body size may provide (II). So, the dilemma of multiple-batch spawners is to 
what optimal size to grow in order to shed the optimal number of batches and 
optimally increase the chances of encountering the optimal conditions, while still 
optimally managing the optimal extent of associated spawning costs, realized in 
the lower average reproductive output. Unfortunately, the answer is not 
straightforward; the optimum trade-off between costs and benefits depends on 
the life history of the multiple-batch spawner in question and on the 
characteristics of selection pressures driven by the environmental setting, 
including the anthropogenic effects (II). 

The reproductive effort allocated into the spawning of multiple batches 
traded off the investment into the egg survival potential (see below) and as such 
made multiple-batch spawning a costly strategy. This led to a decline in average 
arithmetic mean fitness under unpredictable environmental fluctuations and the 
highest environmental pressure scenarios (I). A synchronous decrease in 
variance in the arithmetic mean fitness across generations generated an increase 
in geometric mean fitness across generations, indicating the environmental 
conditions when multiple-batch spawning acts as a bet-hedging trait (I). The 
survival potential of each spawned egg batch in model (I) depended on the egg 
volume, diameter and dry weight which have been observed to decrease 
throughout the spawning season in cod (Bleil and Oeberst 1998). But while the 
egg quality (Roney et al. 2018) and quantity of spawned eggs per batch (Kjesbu et 
al. 1996) followed a dome-shaped curve in captivity, the eco-evolutionary cod 
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model considered the spawning costs to increase linearly throughout the 
spawning period (I). Therefore, although the eggs spawned in the first batches 
tend to be smaller compared to the eggs spawned in the middle of the spawning 
season (Kjesbu et al. 1996, Roney et al. 2018), plausibly reflecting yet another risk-
spreading or even a bet-hedging trait, a diversifying bet-hedging through the 
variable offspring size (Marshall et al. 2008), the larvae hatched from the first 
batches may experience a lower density-dependent intraspecific competition for 
zooplankton prey and thus have higher chances to feed and prevent or shorten 
starvation periods. On the other hand, the eggs spawned at the end of the 
spawning season, have a smaller egg volume, therefore lower chances to survive 
during longer starvation periods. Moreover, a later onset of ontogenetic 
development likely makes later spawned eggs weaker rivals in intraspecific 
interactions, as well as more susceptible to cannibalism (Puvanendran et al. 2008). 
To depict these multifold intraspecific interacting possibilities, the model used a 
linear decrease in batch survival probability (I) as opposed to the empirically 
observed dome-shaped. 

Besides the size-related batch spawning strategy, the model purposefully 
did not account for any other size or age-dependent maternal traits that may 
increase the survival chances of eggs and the newly hatched larvae. For example, 
larvae of older females have been observed to grow faster and survive longer 
starvation periods (Berkeley et al. 2004). Therefore, while the results of the model 
indicated selection towards females of larger size that spawn more batches and 
altogether more eggs as the environmental fluctuations in batch mortality 
increase (I), the selection may be even stronger and occur at lower environmental 
stochasticity if additional empirically observed size and age-related benefits 
related to larval survival would be included to the model. Hence, after the 
exploration of fitness benefits that arise exclusively from the distribution of egg 
batches (I), the influence of selective fishing could be perused only by focusing 
on the environmental scenarios with different environmentally induced increase 
in batch mortality rate, referred to as environmental pressure rates in paper I or 
environmental forcing in II.  

3.2 Role of a diversifying strategy under size-selective fishing (II) 

Fishing tends to be non-random. The fisheries target, intensity, method, location 
and time can be highly selective and eventually lead to a phenotypic change in 
life-history traits of harvested stocks (Hutchings and Baum 2005, Sharpe and 
Hendry 2009). These changes can reflect a plastic response to altered density-
dependent growth (Eikeset et al. 2016) as well as signal a rapid or a contemporary 
evolution in life-history traits that occurs only over few generations (Jakobsdóttir 
et al. 2011). Given that the rate of anthropogenically-induced change can be more 
than twice stronger (Darimont et al. 2015), faster (Jørgensen et al. 2007, Devine et 
al. 2012) and act in the opposite direction of natural selection (Monk et al. 2021), 
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strategies adapted to cope with high natural mortalities may turn out suboptimal 
under fishing mortality.  

It seems likely that multiple-batch spawning is one of such strategies. 
During the simulated period of size-selective fishing, the fitness of cod 
populations dropped when the adults suffered fishing mortality (Fig. 3 in II). The 
removal of larger and older cod with greater reproductive potential (Barneche et 
al. 2018) reduced the spawners’ contribution to recruitment. Consequently, this 
resulted in up to 75 % fitness losses (II). Decline in fitness of multiple-batch 
spawners under lowest environmental forcing was comparable to a population 
consisting of individuals without the risk-spreading strategy, the single-batch 
spawners. Still, the distribution of eggs across several batches provided some 
gains in fitness. Fitness value, calculated as a geometric mean in realized 
reproductive output across generations, remained unaffected by increasing 
environmental forcing in egg batch mortality rate or the early life stage of cod 
(II). However, the nature of fitness gains provided by risk-spreading under 
increasing environmental forcing depended on the intensity of fishing. When the 
fishing intensity was low (F = 0.1) multiple-batch spawners had a higher fitness 
than single-batch spawners. But interestingly, the advantage of multiple-batch 
spawning disappeared during the moderate fishing intensity (F = 0.2) and 
became a disadvantage under the highest fishing intensity (F = 0.3). The same 
trend in fitness dynamics persisted even after a more than 300 years long 
moratorium, when fishing completely ceased. These findings imply that 
multiple-batch spawning can quickly turn into a maladaptive strategy (relative 
to single-batch spawning) under size-selective fishing.  

Fisheries-induced life history changes were visible in the average 
asymptotic length of fished populations (Fig. 2 in II). Fishing led to a smaller 
asymptotic length, favouring individuals that grow faster and mature at an 
earlier age. The trend replicates the observations from wild overharvested 
populations, where the proportion of older and larger individuals declines 
(Olsen and Moland 2011). Although fishing in the model ceased as soon as the 
population dropped to 15 % of its pre-fishing biomass, and the populational 
biomass had bounced with some lag to the carrying capacity of the environment, 
the asymptotic length did not fully recover. Slow recovery, despite a moratorium 
of several centuries, signifies that the decline in average body size was not only 
a plastic response to low populational density, but an evolutionary downsizing 
of genetic variation.  

The spawning strategy additionally influenced the extent of the decline in 
size and speed of recovery. Despite that multiple-batch spawning populations 
sustained the fishing longer under low fishing intensity (F = 0.1), the advantage 
diminished with higher fishing rates. Thus, while the evolution of asymptotic 
length in multiple-batch spawning populations was not sensitive to changing 
environmental forcing rates, not during and not after fishing, single-batch 
spawning populations were. In the absence of multiple-batch spawning, the 
evolution toward bigger size in order to spawn more eggs became more 
advantageous as environmental mortality was higher. The aftermath of this were 
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smaller dips in body size during fishing, and quicker recovery, assisted by 
natural selection.  

Identifying the shifts in fitness-related traits and strategies that are a 
consequence of harvest selection can offer some explanation or pinpoint on the 
reasons for slow recovery of overexploited stocks (Hutchings 2005). The findings 
of II show that fish with a multiple-batch spawning strategy are more sensitive 
to large-size-selective fishing and that the strategy can additionally impede 
recovery. A decline in asymptotic length under different environmental scenarios 
likely generates stronger lingering fitness consequences in multiple-batch 
spawning cod-like species, because the strategy is adapted to uncertain mortality 
at an earlier age, but not to selective mortality in later adult life. 

3.3 Role of a diverse demographic structure for stock 
productivity (I, II) 

Low survival of the earliest life stages influences recruitment and can be a source 
of variability in population dynamics. Cod undergoes a high egg mortality with 
strong interannual variation. For example, the instantaneous egg mortality rate 
of cod can be twice higher and three times more variable between years, 
compared to the mortality of haddock (Melanogrammus aeglefinus) eggs, another 
batch-spawner (Langangen et al. 2014). But the life-history differences between 
these two gadoids, including the longer spawning period of cod, may dampen 
the variability in early egg mortality and contribute to the lower recruitment 
variability that is usually observed in cod stocks (Fogarty et al. 2001, Johannesen 
et al. 2022). A diverse demographic structure can better balance interannual 
variations in mortality rate at earlier life stages through compensatory density-
dependent mortality. Lower mortality of larvae at lower population density may 
prevent variation at the recruitment level or sustain them less pronounced in the 
population dynamics (Ohlberger and Langangen 2015). Given the spawning 
stock biomass does not plainly reflect changes in the distribution of year classes, 
preserving a diverse size and age structure is of the critical importance as are 
more accurate measurements of reproductive potential (Fitzhugh et al. 2012).  

Differences in the potential of various reproductive traits are size and age-
specific, generally positively related to both (Wright and Trippel 2009, Lowerre-
Barbieri et al. 2011). This makes especially late-maturing species sensitive to high 
age-truncation, which can generate faster growth rates and lead to population 
instability (Anderson et al. 2008). Fisheries truncation in demographic structure 
may also reduce the benefit of risk spreading strategies. The observed cushioning 
effect of the multiple-batch spawning strategy does not seem to shield the 
demographic age and size structures from fisheries downsizing (Fig. 4 in II). 
While the distribution of eggs mitigated the environmental forcing rates and 
preserved the shape of demographic structure in multiple-batch spawning 
population, the diversity in demographic structure declined with increased 



 

 

35 

fishing intensity. Truncated populations were younger under fishing 
exploitation, had a smaller average size and a decreased influx of recruits. 
Consequently, lower reproductive output of overfished stocks as well as higher 
interannual variance generated a lower across-generational fitness in truncated 
demographic structure.  

The role of a prolonged spawning strategy for the stock productivity may 
differ among different cod stocks. These differences may not be only due to life-
history variations among stocks adapted to different geographic areas, but also 
due to differences of surrounding intraspecific and interspecific interactions, 
given these rapidly change in time. This can cause the benefit of risk-spreading 
traits and strategies, such as multiple-batch spawning, to be less detectible in 
certain populations. For instance, although the age and size structure of the 
Barents Sea cod stock influenced the abundance and distribution of eggs, the 
spatial egg distribution itself was not observed to be a strong link to recruitment 
(Stige et al. 2017). Likewise, the findings of the eco-evolutionary cod model show 
that the impact of multiple-batch spawning and thus, a temporally prolonged 
spawning period, does not generate a notable impact on the populational 
dynamics when the environmental conditions are rather stable or only slightly 
variable (II). However, when looking across different rates of environmental 
conditions, the results of the model indeed resonate the buffering power of the 
multiple-batch spawning strategy against higher environmental fluctuations (I), 
and the strategy’s influence on the individual reproductive output and stock’s 
productivity (II).  

3.4 Role of intraspecific diversity for food web functioning (III) 

Besides reproductive strategies (I), numerous other traits and physiological 
processes relate closely to body size of an individual, in particular among species 
in aquatic ecosystems. Individual size is one of the key life-history characteristics, 
that confines the individual’s ecological possibilities, such as resource acquisition 
(Andersen et al. 2016). From food web perspective, individuals shape the 
structure and functioning of marine food webs through predator–prey 
interactions and these generally depend on the body size (Brose et al. 2006, 
Trebilco et al. 2013). So, if the differences in life histories among species have the 
potential to scale up and impact the food web dynamics through foraging 
characteristics and occupied niches (Raffard et al. 2021), so can the differences in 
life histories that occur within species (Palkovacs and Post 2009, Des Roches et al. 
2013). The ATN model can capture the complex interactions among and within 
species and offers possibility to explore what impact size-related life-history 
differences have for the biomass flow in a food web (Boit et al. 2012, Bland et al. 
2019, Vesterinen et al. 2021).  

Newly build Skagerrak ATN portrayed the coastal pelagic food web in 
Skagerrak through five North Sea cod ecotype guilds, five Fjord cod ecotype 
guilds, 109 fish guilds, and 13 phytoplankton, 12 flagellate and 14 zooplankton 
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aggregated functional guilds (III). The food web consisted of 8.5 % realized 
feeding links, which is half lower compared to the food webs from nearby 
regions, constructed for the benthic community in German Bright in the North 
Sea (Olivier et al. 2019) and the pelagic Gulf of Riga in the Baltic Sea (Kortsch et 
al. 2021). A greater number of nodes partitioned into life-histories to account for 
ontogenetic dietary shifts was one of the main reasons for this low food web 
parameter in Skagerrak.  

Removal of one or both cod ecotypes from the food web led to a reduced 
food web generality with a lower average number of prey per consumer and to 
an increased vulnerability with a higher average number of predators per prey. 
Simultaneously, the robustness of the food web to a random removal of guilds 
decreased too and led to earlier occurrence of secondary extinctions (III). 
Contribution to food web generality indicates that the ecotypes are well 
connected and thus, the number of their ecological interactions reduce the 
competition and pressure on a specific prey, which may otherwise become rare 
or get extinct. This means that the ecotypes could contribute to food web 
diversity and its stability by supporting prey coexistence. The contribution could 
also depend on the eco-evolutionary characteristics of the ecotype, since the 
Skagerrak food web became less robust and had a lower generality and higher 
vulnerability in the absence of the smaller Fjord cod ecotype (III). Likewise, 16 
other food web metrics showed different sensitivity to ecotype-specific removal, 
supporting the observations from other systems that the re-wiring of food web 
topology is sensitive to intraspecific diversity (Palkovacs and Post 2009, Raffard 
et al. 2019, Mougi 2020, Raffard et al. 2021).   

Further, the findings provide evidence that intraspecific variability can give 
rise to a unique functioning of the food web and impact its biomass flow (III). 
Differences in life histories and ontogenetic dietary shifts between the co-existing 
cod ecotypes had a distinctive regulatory influence on the food web functioning 
that could be observed at upper trophic levels but dampened towards lower 
trophic levels (Fig. 2 in III). A removal of the Fjord cod ecotype had a negative 
impact on the entire fish community in Skagerrak, leading to a more than 2 % 
decline in their biomass, relative to a food web with both ecotypes. Contrary, the 
removal of the North Sea ecotype generated a more than a 3 % increase in the 
biomass of the fish community. These results suggest that the Fjord ecotype 
controls the intensity of the predatory pressure of North Sea cod on the fish 
community in Skagerrak via an allometrically coupled effect of size-related traits 
and dietary niche. The biomass changes were particularly evident in the older 
age classes of whiting (Merlangius merlangus), pollock (Pollachius pollachius), 
herring, mackerel (Scomber scombrus) and group of flatfish, all being valuable 
economically harvested species. The fish community showed the strongest 
sensitivity in relative biomass change probably because these were the directly 
or closest linked prey and predators of the older cod ecotypes. On the other end, 
the density-dependent regulation, predator diversity and life-history omnivory 
may have contributed to dampening of the biomass change among zooplankton 
and phytoplankton guilds (Kratina et al. 2012, Heath et al. 2014).  
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The intraspecific overlap in dietary niche at the earliest life-stages resulted 
in a high competition between the ecotypes as cod larvae exploited the same 
zooplankton prey, copepods (III). As the ecotypes age, differences in size become 
greater (Kuparinen et al. 2016b) and the ontogenetic dietary shifts tend to diverge 
due to different dietary preferences (Knutsen et al. 2018). Consequently, the faster 
and bigger growing North Sea cod ecotype overtook the Fjord ecotype at age 2, 
which led to a reduced overlap in life-stage-depended dietary niche. This 
lowered direct competition between the same age classes and contributed to a 
different overall ecological impact of the ecotypes. Concurrently, while at smaller 
sizes the interspecific predatory pressure from whiting, herring, mackerel, 
pollock, haddock and saithe (Pollachius virens) was allocated rather evenly 
between the larvae of the two ecotypes, the differences in growth trajectories 
eventually led to different vulnerabilities to predation. For example, owing to a 
faster growth, the North Sea larvae escaped the predation from older age classes 
of haddock and mackerel, while the 3-year-olds escaped the predation from the 
oldest saithe age class (III). Differences in ecological role among or within species 
are one of the mechanisms that prevents conflict, permits coexistence, and 
maintains diversity (Bolnick et al. 2011). 

That being said, the ATN version used to explore Skagerrak does not 
integrate the food web within its abiotic environment. Biomass of producers in 
the ATN is not controlled by abiotic conditions, such as light or temperature, that 
would link the food web structure within the ecosystem. Although producers 
cannot grow indefinite, as all phytoplankton guilds share the same carrying 
capacity and compete for limited resources, the model considers carrying 
capacity to be fixed throughout the growth season. A recent integration of 
seasonality to the ATN showed that seasonal changes in abiotic factors, 
influencing the amount of available resources in the system, impact primary 
producers and lower trophic levels (Eloranta et al. 2023). While the seasonality 
version of the ATN was not necessary in the quest of the research question in III, 
it would be a reasonable enhancement of the biological realism in the model. 
Nevertheless, although the ATN has its own inherent limitations, it has several 
strengths. In particular, the inclusion of life-history stages that account for 
empirical growth relationships and developmental differences in energy 
allocations between growth and reproduction in fish is one of them. This makes 
the linking to ontogenetic dietary shifts and predator switching in the food web 
more realistic (Bland et al. 2019). Different modelling approaches have been 
developed to explore how size scaling from individuals’ characteristics reflects 
at higher levels of biological organizations (Blanchard et al. 2017). Then again, 
exploring the role of intraspecific diversity at a finer eco-evolutionary scale, 
where smaller differences in size-based feeding, growth and reproduction differ 
across life-history stages, may be challenging with modelling approaches that do 
not integrate this structural realism.  
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3.5 Diversity and fisheries-induced eco-evolutionary change (I, 
II, III, IV) 

Genome-wide data analysis in the northern cod from Newfoundland and the 
northeast Arctic cod from the Lofoten archipelago did not detect any strong 
change in allele frequency in otolith and scale samples collected before and after 
a decades long period of intense fishing (Pinsky et al. 2021). Yet, experimental 
studies on guppies (van Wijk et al. 2013) and zebrafish ( Uusi-Heikkilä et al. 2015, 
Uusi-Heikkilä et al. 2017) have detected genetic change after only few generations 
of size-selective fishing. While the possibility of a delicate undetectable smaller 
genetic change occurring across multiple loci could explain why genetic signals 
of selection remained hidden (Yeaman 2015), genetic change may as well not be 
that significant in the wild. Lack of evidence for fisheries-induced evolution from 
genome-wide data (Pinsky et al. 2021) suggests it is the ecological change induced 
by fisheries which is steering the course of wild populations beyond the 
evolutionary (Hutchings and Kuparinen 2021). 

Disparity between wild and laboratory observations is likely due to 
complex interactions that resolve in nature. These include but are not limited to 
gene flow between stocks (Breistein et al. 2022), population size, a diffused fishing 
selectivity, and the phenotypic plastic response to lightened density-dependent 
mechanisms (Conover & Baumann 2009). Whether with genetic basis or through 
persistent ecological drivers, fisheries alter the expression of life history traits in 
overharvested populations by disrupting their demography. The density-
dependent response of faster growth rate and consequential earlier maturation 
coupled with phenotypic change in size have not been only observed in a wide 
range of stocks (e.g. Hunter et al. 2015, reviewed in IV) but their rate of change 
has shown to be corelated to fishing intensity (Sharpe and Hendry 2009). This 
can prove especially damaging when population size becomes too small and falls 
under the Allee effect, zone of impaired recovery (Perälä et al. 2022), where even 
in the absence of fishing the natural mortality can be enough to cause a 
depensatory density-dependent dynamics (Kuparinen and Hutchings 2014). In 
that sense truncation of phenotypic diversity can be as dangerous as genetic, with 
one positive detail: the loss of big old fat fecund fish (Hixon et al. 2014) is not 
necessary irreversible on a contemporary scale. Therefore, rebuilding depleted 
abundances and restoring a diversity in populational age and size structure is 
essential in sustaining the potential of the iconic Atlantic cod.  

Individuals, populations, and food webs are connected in the oceans 
through direct and indirect interactions (III, IV). Any adequate change that 
occurs at the individual level and has a potential to scale to population fitness (I) 
and size structure (II) can potentially resonate through the food web (III). In the 
same sense, the impact of fishing removal of individuals sharing precise set of 
features can transcend beyond the target of fishing (IV). The intensity and 
selectivity of fisheries, leading to changes in population size and in life history 
traits has been observed to disturb the ecological interactions within the food web 
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by altering the overall behavior of populations, their competition for resources 
and vulnerability to predators (Rochet and Benoît 2012, Audzijonyte et al. 2014, 
Uusi-Heikkilä et al. 2015, Kuparinen et al. 2016a, Díaz Pauli and Sih 2017).  

In addition to fisheries-induced ecological change, other modelling 
approaches looked closer into the role of adaptive trait change along with a 
demographic effect: the fisheries-induced eco-evolutionary change within food 
webs. For example, a model following the evolution of a competition-defense 
tradeoff within a food web consisting of four discrete trophic levels showed that 
fisheries-induced eco-evolutionary change in top-predators has the potential to 
induce harvest-mediated evolution at lower trophic levels and that the eco-
evolutionary change can feedback to harvested species (Wood et al. 2018). Similar 
effects have been observed in a case study in Lake Constance. The 
implementation of an evolutionary component into the ATN model, the 
evolution of asymptotic length and reproductive investment, displayed a 
distinctive eco-evolutionary life-history effect cascading from large and small-
harvested fishes downwards to primary producers (Perälä and Kuparinen 2020). 

Loss of intraspecific diversity can also reflect in food web dynamics (III). 
However, III has not involved any fishing selectivity nor implemented 
evolutionary change and has only studied food web sensitivity to an absolute 
loss of genotypic and functional richness in both or only one of the cod ecotypes. 
Average trophic position of size-selectively harvested Atlantic cod has been 
observed to decline considerably more when maturation age and size are treated 
as adaptive traits, which additionally affects the demographic structure 
(Kindsvater and Palkovacs 2017). Integrating the Skagerrak food web into the 
ATNE (Perälä and Kuparinen 2020) and imposing size-selective fishing selection 
on cod ecotypes may be an instructive follow up to thesis (I, II, III, IV). Simulating 
size-selective fishing in North Sea and Fjord cod ecotypes may then elucidate the 
relevance of considering the intraspecific diversity in life histories for food web 
functioning when managing evolving stocks. Differences in the instantaneous 
fishing mortality, disproportional selective pressure on demographic structure, 
lessened bet-hedging strategy (I), timing of when a trait becomes maladaptive (II) 
and the impact scale on the food web (III, IV) could prove counterintuitive.  
  



4 CONCLUDING REMARKS 

I write my thesis in a city where one of the greatest architects took his first 
drawing lessons. Once he stated: 

“Nothing is as dangerous in architecture as dealing with separated problems. If we split 
life into separated problems, we split the possibilities to make good building art. “ 
Alvar Aalto  

In the thesis, I come to a similar conclusion. Nature is full of complex phenomena, 
chaos, non-linearity, and random chances, which make predictions uncertain and 
conclusions relative. Studies embracing this complexity and piercing through 
multiple levels of biological organisation are intimidating as well as insightful 
and can offer a comprehensive perspective. If the reader permits a slightly over-
reaching claim: by applying mechanistic modelling tools to empirical systems, I 
fulfilled the initial aim of the thesis, the pursuit of eco-evolutionary benefits 
arising from diversity in Atlantic cod. 

Diversity was the silver lining of the 4 papers; benefits of diversifying the 
chances of offspring survival, the value of a diverse size structure in a population, 
the influence of the eco-evolutionary diversity within species on the food web, 
and the consequence of fisheries selection that reduce such diversity at any of the 
three levels: individual, populational, food web. I have learned that multiple-
batch spawning is a risk-spreading strategy of cod, an adaptation to overcome 
the somatic constraints and hedge its evolutionary bets when the environmental 
conditions impacting the survival of egg batches are uncertain and destructive. I 
discovered that size-selective fishing causes lingering eco-evolutionary change, 
not only by selective removal of bigger and older individuals, but also by an 
unforeseen removal of individuals with the greatest risk-spreading potential, 
resulting in a lower across-generational fitness, truncated demographic 
structure, while the high intensity of size-selective fishing shifted the multiple-
batch spawning into a maladaptive strategy. I disclosed that the risk-spreading 
benefits multiple-batch spawning provides, are not advantageous under size-
selective fishing, considering it does not protect the fitness nor demographic 
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structure of Atlantic cod. I have tackled the role of cod ecotypes for the food web 
topology and functioning and found that while the effect of the different ecotypes 
on the food web was somewhat anticipated, owing to the intraspecific differences 
in life-history traits and ontogenetic dietary shifts, their opposing impact on the 
fish community was counterintuitive. This raises a rather applicative question, 
on whether scientific advice and fisheries managing units should account for 
distinct eco-evolutionary features of North Sea cod and Fjord cod ecotypes. The 
latest scientific advice from the International Council for the Exploration of the 
Sea for Atlantic cod in the North Sea, eastern English Channel and Skagerrak 
warned about the existence of reproductively isolated populations within stocks, 
however, it is not clear how or if these were implemented into the advice (ICES 
2022). European Union Delegation and Norwegian Delegation followed the 
advice for total available catches for Atlantic cod and set provisional catches in 
Skagerrak to 3095 tonnes with 2995 tonnes allocated to all European Union 
members, and 100 tonnes to Norwegian vessels (Anon. 2023). Besides Skagerrak, 
overlapping offshore and inshore cod have been identified in several stocks along 
the coast of both sides of the Atlantic. Therefore, if feasible, this intraspecific 
diversity should be managed cautiously.  

As in nature, the human social system is coupled with trade-offs. Trade-offs 
balance the system, but the point of balance is subject to adjustment, depending 
on unfolding changes in what is invested and what is gained. Along with a 
profuse number of trade-offs with trade-offs within trade-offs, governing seems 
a daunting task. Especially as human systems can be more chaotic and random 
than nature itself. Still, yet another recent report (IPCC 2023) is warning us how 
staggering our role can be. So, we need to find optimal socio-ecological trade-
offs. One of these is being more involved in adjusting our exploitation rates and 
targets in order to limit the human-induced pressure on mechanisms that 
maintain the high diversity and productivity of the oceans. So that in exchange 
we can harvest healthier fish and secure fish protein for those who rely on it the 
most. Sharing science-based evidence in a sincere and understandable manner to 
decision-makers is a scientist’s reward to the public in return for the taxpayers 
investment in science (Hutchings 2022). The scientist’s part in a trade-off for a 
blue future. 
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POVZETEK (RÉSUMÉ IN SLOVENE) 

O življenjskem krogu, strategijah zavarovanja pred tveganjem, ter o ribiško-
povzročenih spremembah: primer atlantske trske (Gadus morhua) 

Narava je polna kompleksnih pojavov, nepredvidljivosti, naključnjih dejanj in 
manj naključnjih sprememb. Ti pogoji poganjajo in vzdržujejo evolucijske in 
ekološke procese, ki vodijo v biotsko raznolikost med vrstami in znotraj njih. Do 
sedaj je bilo opisanih več kot 35 000 vrst rib, katerih znotrajvrstna raznolikost 
presega samo število vrst. Vsaka populacija se naravnim okoljskim razmeram 
prilagaja prek evolucije z edinstvenimi življenjskimi strategijami, ki jim 
zagotavljajo najboljšo možno razporeditev energije med preživetjem in 
razmnoževanjem. Končni cilj teh prilagoditev je zagotoviti potomce za naslednjo 
generacijo, z dednimi lastnostmi, ki nudijo najboljšo predispozicijo za njihovo 
preživetje do spolne zrelosti in uspešno razmnoževanje v danem okolju. Na ta 
način ugodne prilagoditve zagotovijo ne samo visok razmnoževalni doprinos 
posameznika, ampak predvsem visok razmnoževalni uspeh osebkov 
specifičnega genotipa v populaciji ali dolgoročni fitnes. Življenjski krog in 
strategije tako odražajo odvijajoče se dolgotrajno izoblikovanje genetske 
raznolikosti populacije, njenih genotipskih prilagoditev in plastičnih fenotipskih 
odrazov na okolje, ki se je izoblikovalo prek večgeneracijske izpostavljenosti 
neusmerjenim mehanizmom evolucije kot so naključne mutacije, genetski zdrs in 
pretok genov, ter prek večgeneracijske izpostavljenosti usmerjenim 
mehanizmom evolucije, kot je naravna selekcija. S tem se poraja pomembno 
vprašanje današnjega časa, in sicer, kako te evolucijsko najuspešnejše strategije 
naravnih populacij delujejo pod usmerjeno nenaravno smrtnostjo, umetno 
selekcijio moderne dobe, ki jo usmerja človek?  

Ribištvo je prešlo tehnološko in digitalno revolucijo in spremenilo plovila v 
tovarniške ladje, ki lahko natančno izsledijo lokacijo visoke gostote rib, povečajo 
ulov ter ga procesirajo in zamrznejo nemudoma na krovu. S tem se podaljša 
razpoložljiv čas zadrževanja plovil na morju in čas namenjen ribolovu, kar 
posledično vodi v večji izlov. Ker ribolov ni naključen, ampak poveča verjetnost 
smrtnosti pri osebkih s specifičnimi lastnostmi bolj kot pri tistih, ki le-teh nimajo, 
prekomeren ribolov pozroča usmerjeno selekcijo in s tem vpliva na evolucijske 
in ekološke spremembe v populaciji, ki  se lahko posledično opazijo tudi širše v 
samem ekosistemu. Najpogostejše odbirno merilo ribolova je telesna velikost 
ribe. S tem, ko izlovijo osebke večje rasti iz populacije, se poveča pogostost 
osebkov z genotipom manjše rasti, ki imajo običajno počasnejšo telesno rast, 
postanejo zreli pri zgodnejši starosti in manjši telestni velikosti, ter izležejo 
manjše število iker v svoji razmnoževalni življenjski dobi. V primeru, da 
fenotipska velikost odraža genetsko zasnovo, lahko le-ta vodi v nepovraten 
evolucijski odklon povprečne telesne velikosti v populaciji. V nasprotnem 
primeru, torej če genetska podlaga ostane nespremenjena in fenotipska 
sprememba v povprečni velikosti rib odraža plastičen odziv na ekološke 
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spremembe, ki so povezane z manjšo številčnostjo populacije in manjšo 
populacijsko gostoto, je sprememba v odklonu telesne velikosti lahko obnovljiva.  

V doktorskem delu sem obelodanila nekatere evolucijske in ekološke 
prednosti, ki jih raznolikost v življenjskem krogu ikonične ribje vrste, atlantske 
trske (Gadus morhua L.), ustvarja in ohranja na več ravneh biološke organizacije. 
V okviru štirih raziskovalnih ciljev sem odkrivala kako prilagojene življenjske 
lastnosti in strategije, tesno povezane z velikostjo telesa ribe, vplivajo na 
razmnoževalni potencial posamezne ribje samice ali ikrnice, na uspešnost 
populacije in na delovanje prehranjevalnega spleta. Odgovore na raziskovalna 
vprašanja sem iskala z dvema mehanicistično motiviranima modeloma, ki sta 
zaobjela kompleksnost biotskih in abiotskih interakcij ter s primerjavo različnih 
okoljskih scenarijev privedla do novih spoznanj.  

V prvem objavljenem delu ugotavljam ali je razmnoževanje z večkratnim 
drstenjem znotraj ene sezone prilagoditvena strategija atlantske trske, katere 
namen je zavarovanje pred tveganjem izgube potomstva. Z eko-evolucijskim 
modelom, ki sledi celotnemu življenju vsake posamezne ribe v populaciji in 
združuje teoretične in empirične izsledke večjega števila študij o dedovanju, 
razvoju, rasti, razmnoževanju in smrtnosti posameznega osebka, sem primerjala 
evolucijski uspeh ribje populacije, ki vključuje strategijo večkratnega drstenja 
znotraj vsake sezone, z evolucijskim uspehom ribje populacije, ki te strategije 
nima in odlaga vse ikre enkrat znotraj vsake sezone. Torej, zakaj in pod kakšnimi 
pogoji je večkratno drstenje zmagovalna strategija, ki zagotavlja boljši dolgoročni 
uspeh populacije ali njen fitnes? Analize fitnesa so pokazale, da je večkratno 
drstenje evolucijsko prilagojena strategija, ki zmanjša visoko zgodnjo smrtnost 
iker. Z drstenjem v več intervalih znotraj sezone trska poveča verjetnost, da se 
vsaj nekatere ikre izležejo v ugodnih okoljskih pogojih. Večja kot je ikrnica, več 
iker lahko drsti, prek več intervalov jih razporedi in tudi zagotovi boljši 
razmnoževalni uspeh. Ta strategija je prednostna pod naravno selekcijo na dolgi 
rok, saj zmanjša varianco v razmnoževalnem uspehu med posamezniki znotraj 
generacije kot tudi med generacijami in s tem zagotavlja višji dolgoročni uspeh 
ali fitness genotipa. Ta strategija se izplača predvsem, ko je okolje, ki vpliva na 
preživetje ikrnic, nepredvidljivo, spremenljivo in nevarno. 

V drugem objavljenem delu preučujem ali je strategija razpršitve tveganja, 
večkratno drstenje atlantske trske, učinkovita tudi proti umetni selekciji v obliki 
velikostno-selektivnega ribolova. Ker je število drstitev v drstitveni sezoni 
povezano z velikostjo telesa trske, me je zanimalo kako sprememba v velikostni 
strukturi populacije, ki jo povzroča prekomeren selektivni ribolov, vpliva na 
fitnes genotipa. Razširitev eko-evolucijskega modela z dodano ribiško smrtnostjo 
je pokazala ekološke in evolucijske prednosti ter slabosti drstitvene strategije pod 
različnimi intenzitetami ribolova. Natančneje, velikostno-selektivni ribolov je 
povzročil dolgotrajne spremembe v populacijski strukturi ne samo zaradi 
selektivnega odstranjevanja večjih in starejših osebkov, temveč tudi zaradi 
nepričakovanega odstranjevanja posameznikov z največjim potencialom 
obvladovanja tveganja reprodukcijskega neuspeha. S tem sem razkrila, da so 
prednosti razpršitve tveganja, ki ga večkratno drstenje zagotavlja, neučinkovite 
pri velikostno-selektivnemu ribolovu, saj ne ščiti fitnesa in demografske 
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strukture atlantske trske. Intenziven ribolov je vodil v manjšo povprečno telesno 
velikost populacije in v njeno počasnejše okrevanje. Kljub popolni prepovedi 
ribolova, populacija ni zmogla obnoviti velikostne demografske strukture, kar 
kaže da odklon v povprečni velikosti ni zgolj plastičen odziv na zmanjšano 
populacijsko gostoto, temveč tudi posledica evolucijskega zmanjševanja 
genetske raznolikosti. To dokazuje, da lahko prekomerni ribolov že v roku nekaj 
let spremeni nekatere prvotno uspešne življenjske strategije v neugodne, in s tem 
zmanjša produktivnost ribjih zalog. 

V tretjem delu sem analizirala doprinos medvrstne raznolikosti k strukturi 
in delovanju morskega prehranjevalnega spleta. S pomočjo dolgoročnih študij, ki 
že več desetletij spremljajo sestavo in delovanje fitoplanktona, zooplanktona in 
ribjih združb v norveškem delu morja Skagerrak, sem pripravila alometrični 
trofični model za prehranjevalni splet Skagerraka. Model tako sestavlja 148 
trofičnih skupin, ki se povezujejo z 1864 prehranjevalnimi vezmi. V splet sta 
ključena tudi dva ekotipa atlantske trske in sicer ekotip Severnega morja in ekotip 
fjorda. Ekotipa se kljub temu, da sobivata, razlikujeta v genetskih, fenotipskih in 
ekoloških značilnostih. Medtem, ko ekotip Severnega morja doseže večjo telesno 
velikost in ima hitrejšo rast, je hkrati tudi bolj mobilen in načeloma migrira v 
drstitvenem času v Severno morje ter se kasneje vrača v obalne pelagične vode 
Skagerraka za hranjenje. Za razliko od severnega ekotipa, fjordski ekotip doseže 
manjšo telesno velikost in ima počasnejšo rast, je manj mobilen ter se tako drsti 
kot tudi prehranjuje v Skagerraku. Fjordski ekotip se v fjordih Skagerraka 
običajno prehranjuje v večjih globinah kot ekotip Severnega morja, kar se odraža 
tudi na izotopski sestavi, ki nakazujejo, da ekotip Severnega morja pleni več 
pelagičnega plena, fjordski ekotip pa več bentoškega plena. Vključitev ekotipov 
v prehranjevalni splet in sistematsko opazovanje njunih tako posameznih kot 
skupnih vplivov na strukturo in delovanje prehrambenega spleta, je pokazalo, 
da ima medvrstno razlikovanje med ekotipoma v ontogenetskih spremembah 
prehranjevanja nasproten vpliv na produktivnost ribje združbe. Poleg tega se je 
prehranjevalni splet Skagerraka izkazal kot bolj občutljiv na izgubo fjordskega 
ekotipa atlantske trske, saj se je robustnost prehranjevalnega spleta na 
napredvidljive ekološke katastrofe, ki bi privedle do izgube posamičnih vrst, 
močneje zmanjšala pri odstranistvi fjordskega ekotipa kot pa pri odstranitvi 
ekotipa Svernega morja. Te ugotovitve opozarjajo na kritično potrebo po 
upoštevanju in vključevanju medvrstne raznolikosti v programe, ki se zavzemajo 
za ohranjanje narave, in katerih cilj je zagotovitev trajnostnega ribištva. 

V četrtem objavljenem delu sem pregledala študije, ki raziskujejo ekološke 
in evolucijske posledice spremenjene genotipske in fenotipske variance med 
populacijami morskih rib kostnic. Cilj prispevka je bil predstaviti vidik možnih 
mehanizmov, prek katerih lahko ribiško-povzročene spremembe v evolucijski ali 
ekološki dinamiki prelovljenih ribjih zalog vodijo do obsežnih posledic v 
ekosistemu. V tem doktorskem delku  je bila rdeča nit raznolikost. Izsledki vseh 
štirih del opozarjajo na mehanizme in potencialne posledice do katerih lahko 
privede prekomeren ribolov z visoko nenaravno smrtnostjo in selektivnimi 
metodami ter vpliva na raznolikost na kateri koli od treh ravni biološke 
organizacije: individualni, populacijski in ekosistemski. 
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Natural environmental conditions change continuously across mul-
tiple spatial and temporal scales. While some of the fluctuations 

can be predictable and of low magnitude, others are uncertain, 
occurring with varying degrees of intensity, periodicity and sto-
chasticity. Stochasticity can be integral to the shaping of geno-
types, phenotypes and populations, either concomitantly or not 

| |

Multiple-batch spawning as a bet-hedging strategy in highly 

cod
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Stochastic environments shape life-history traits and can promote selection for risk-
-

pothesized to exist for various species, empirical tests providing firm evidence have 
been rare, mainly due to the challenge in tracking fitness across generations. Here, 
we take a ‘proof of principle’ approach to explore whether the reproductive strategy 

Gadus 
morhua) as the study species and parameterized an eco-evolutionary model, using em-
pirical data on size-related reproductive and survival traits. To evaluate the fitness 

-
tic model separately simulated multiple-batch and single-batch spawning populations 
under temporally varying environments. We followed the arithmetic and geometric 
mean fitness associated with both strategies and quantified the mean changes in fit-
ness under several environmental stochasticity levels. We found that, by spreading the 
environmental risk among batches, multiple-batch spawning increases fitness under 
fluctuating environmental conditions. The multiple-batch spawning trait is, thus, ad-
vantageous and acts as a bet-hedging strategy when the environment is exceptionally 
unpredictable. Our research identifies an analytically flexible, stochastic, life-history 
modelling approach to explore the fitness consequences of a risk-spreading strategy 
and elucidates the importance of evolutionary applications to life-history diversity.

risk-spreading



 |

stochasticity influences the ecological processes of a population, 

-
ing environmental uncertainty, organisms have evolved a diversity 

Bet- hedging is a costly genotypic strategy that maximizes long- 
run or geometric mean fitness across generations by trading off the 

which the diversification of assets, here partitioning of offspring 
among batches, reduces the risk and stabilizes the returns, that is 
geometric mean fitness of a genotype.

Organisms can spread risk among their offspring on a tempo-
ral or spatial scale, in a conservative or diversified way, or even 

Scheiner, 2014). While conservative bet- hedging maximizes fit-
ness by reducing the variance in fitness at the individual level, 
diversifying bet- hedging does so by reducing the correlation in ex-

hedging, categorizing them based on the strength of the empirical 

for a variety of species and hypothesized for even more, from bac-

Thumm, 2002), the strength of the evidence for most has been lim-

-

test the optimality of the trait under a range of conditions of fluctu-

Few studies possess sufficient empirical support to fulfil the 
highest three and most data- demanding categories of evidence 

be attributed to the very considerable challenges of recognizing the 
adaptive significance of a trait that is bet- hedged and the difficulty 
of tracking across- generational fitness in a stochastically fluctuat-
ing environment. In our study, we attempt to overcome these chal-
lenges and aspire to provide support for or against the fifth evidence 
category on bet- hedging significance of multiple- batch spawning 
strategy.

among marine fishes, such as gadoids and flounders, for example 
Melanogrammus aeglefinus Pollachius virens), whit-

Merlangus merlangus Hippoglossus hippoglossus) and dab 
Limanda limanda -

efits of the multiple- batch strategy have not been comprehensively 
explored. To sustain population resilience in a stochastic environ-
ment, bet- hedging could be crucial for multiple- batch spawning fish 

-
lio effect by reducing the risk of complete reproductive failure. The 
production of multiple egg batches within a spawning season, the 

spread the environmental risk among its offspring and mitigate the 

in diversification, the variance in reproductive output of a multiple- 
batch spawner could be lower, boosting the across- generational 
geometric mean fitness, at the expense of producing a lower average 
number of offspring.

To tackle the question of whether multiple- batch spawning 
yields the predicted fitness benefits of a bet- hedging strategy, we 

G. morhua

Hutchings & Rangeley, 2011), but never in fact tested for it. Here, 
we test this hypothesis by expanding an eco- evolutionary model pa-

spawning within a spawning season, under different levels of en-

-
cessful spawning seasons.

|

There can be several risk distribution strategies acting on different 
stages or processes in a species at any given time. This complica-
tion has potential to obscure the fitness consequences of any one 

-
cused solely on the component of multiple- batch spawning.
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|
stochasticity

We examined whether multiple- batch spawning constitutes a bet- 
hedging strategy by exploring its eco- evolutionary impacts on fit-
ness dynamics under varying levels of environmental stochasticity 
affecting batch survival. We did so by implementing an individual- 

which characterizes the eco- evolutionary dynamics and demo-

model is body size, which fits our research design since batch pro-
duction, fecundity and spawning duration are size- related traits. 

we focus on a detailed description of newly implemented batch 
spawning strategies and components of generated environmental 
stochasticity in batch survival.

We simulated the fecundity of every mature female at the start 
of each spawning season through juvenile production and survival. 
The production of eggs was a positively dependent function 

L W) relationship Wt = 3.52 ⋅ 10− 6
⋅ L

3.19
t

. The egg 
number was calculated based on the empirical relationship as 

eggs =
(
0.48 ⋅ (Wt + 0.37)

1.45
+ 0.12

)
⋅ 10− 6

2012). We portrayed the life- history strategy of multiple- batch 
spawning cod in the model as the occurrence of multiple reproduc-
tive events within a single spawning season. To highlight how the 
strategy feeds back on the population dynamics of cod, we com-
pared it to a separately simulated hypothetical population with no 
such risk- spreading strategy, that is single- batch spawners. While 
individuals in a multiple- batch spawning population distribute their 
eggs among several batches, individuals in a single- batch spawning 
population only have one reproductive event within each spawning 
season and, thus, practise the tactic of ‘placing all your eggs in one 

-
ing female produced in one spawning season was distributed evenly 
among batches.

step, the number of batches for each mature female was derived from 
an empirically based nonlinear regression fit between the fork length 
Lfork(t) and batch number Nbatches, where Nbatches =

21.156

1+ exp
(

55.014 − Lfork(t)

10.141

) 

fjord in coastal Skagerrak by Roney et al., 2018; Figure 2). Before 
the nonlinear regression was fitted, the lower value of 0 batches at 

to the experimentally gathered data to account for somatic con-
straints. We based these constraints on data of maximum observed 

and limited the function by setting the maximum available number 
of batches to 21 to prevent the continuous increase of produced 
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To make multiple- batch spawning a costly trait, we introduced 

these costs based on empirical findings, following the spawning 

yolk- sac volume of offspring spawned in an experimental spawning 
-

batches produced smaller larvae at hatch, we added an assumption 
that shedding of the first or single batch had no associated costs, 
while for every consecutive batch, shed within the same season, the 
batch spawning costs increased. Because larvae length tends to cor-
relate with survival probability, we applied the trade- off in costs of 
batch production and risk- spreading potential in a gradually decreas-
ing survival probability of each batch from 1.00 to 0.89 for the first 

single- batch spawners experienced no such batch spawning costs, 
as they could shed only one batch per spawning season, the average 
costs of multiple- batch spawners varied depending on how many 
batches an individual has shed in a spawning season.

We introduced environmental stochasticity to batch survival as 
-

as a change in the mean batch mortality rate that could be driven, 
for example by any combination of ecological, environmental or an-
thropogenic factors. On the other hand, environmental fluctuations 
are defined as a change in the variance of batch mortality rate and 

can be generated by the stochasticity about the ecological, envi-
ronmental or anthropogenic factors. Hence, we separately exposed 
multiple- batch and single- batch spawning populations to each of 20 
simulated environmental scenarios and compared their fitness per-
formances. Higher rates of environmental pressure and fluctuations 
were dismissed upon trial testing, since the stochasticity became 
overwhelming and drove the populations simulated in our study to-
wards extinction. When the added environmental fluctuations were 
preset to zero, the scenario was considered nonstochastic. Under 
these circumstances, we applied a constant environmental pressure 
to a batch or batches as a success probability in a Bernoulli trial to 
determine the survival of an entire batch or group of batches. While 
the environmental pressure under such nonstochastic scenarios 
remained constant, the outcome of successful survival of a batch 
or batches could still vary among seasons and individuals as it was 
newly drawn in every spawning season for every mature female.

By contrast, the stochastic scenario was characterized by the pres-
ence of a variance in the form of continuous environmental fluctua-

environmental stochastic rate applied to batches was preadjusted, 
based on the rate of environmental pressure and environmental fluc-
tuation, using a beta distribution parameterized by the α and β shape 

every spawning season. To derive the final survival outcome of each 
batch, we applied the final environmental stochastic rate as a success 
probability in a Bernoulli trial to each batch separately, meaning that, 

destroyed a whole batch). Subsequently, to determine the final number 

The schematic diagram 
demonstrates the multiple- batch and 
single- batch spawning cod populations 
simulated under a stochastic environment 
with varying rate of environmental 

is illustrating the probability density 
function for the beta distribution where 
mean environmental pressure applied to 
batch survival equals 0.20 and fluctuates 
depending on the environmental 

Correspondingly, the second graph 
is demonstrating the random, beta- 
generated batch mortality rates, drawn 
from each probability density function
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of offspring, we summed the number of eggs from survived batches for 
every multiple- batch spawning female and multiplied the sum with a 

to be 1.13 ⋅ 10− 6 -
cess was adopted for the single- batch spawning population.

Thus, we created a combination of 40 different scenarios, compris-
ing multiple- batch spawning populations under 20 distinct conditions 
of environmental stochasticity and single- batch spawning populations 

|

stages of each individual fish in a population at annual time steps 
and combines genetic and optimization approaches through the 
use of heritable growth trajectories. The trajectories were derived 

-

model L(t) = L∞ −
(
L∞ − L0

)
⋅ e− kt, where L(t) is the length of a fish at 

age t, L∞ is the asymptotic body length, L0 is the length at t = 0 and k 

L∞ -
L∞ 

and k, where log (k) = −0.609 − 0.013 ⋅ L∞

length at maturity Lmat and L∞, where Lmat = 0.66 ⋅ L∞

when 30 cm ≤ L∞ ≤ 120 cm

Each individual carried a genotype of 10 unlinked, diploid loci 

The sum of these 10 loci, that could range from 0 to 20, coded for 
the genotypic value of L∞ and, thus, allowed for evolution of growth 
to occur. Ten loci were sufficient in describing the trait distribu-
tion smoothly; adding additional loci did not affect the simulations. 
Final phenotypic value, generated as an environmental variation 

= -
typic L∞ value that provided a basis for the estimation of other rele-
vant size- based traits. To initiate the external fertilization process, a 
mature male was randomly assigned to a mature female, and the sex 

et al., 2012).
In addition to the demographic processes of reproduction and 

survival described in the batch spawning component of the model, 
density- dependent growth and natural mortality were also simulated 
at each annual time step on the individual level, and the state of the 

L∞ and k) and additionally 
altered by density- dependent population dynamics. Time available 
for growth at each annual step was bounded between 0 and 1. If the 
population reached or exceeded the carrying capacity, the individu-

in accordance with a logistic equation e15− 17.6 ⋅ c
(
1 + e15− 17.6 ⋅ c

)− 1, 
where c is the ratio between the biomass of the population and its 

one year was close to 1, allowing an individual almost a full annual 

Therefore, the population density affected fecundity by regulating 

age when reproduction starts.

mortality rate was additionally increased by 0.10 to account for the 
-

et al., 1994). Using the binomial distribution, the model simulated the 
survival of every individual at each annual step with the maximum 

|

To achieve reproducibility of the code and results, we initialized a 
pseudorandom number generating sequence in a repeatable manner 

Relationship between mature female size, batch 
number and batch survival probability. The empirically gathered 

sigmoid curve given by a solid line was fitted to the data set and 

figure illustrates the batch survival probability assigned to every 
batch according to the order at which female has shed it in the 

the batch survival probability is decreasing with increasing order 
y- axis)
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bet- hedging is predicted to have the greatest benefits in stochastic 

scenario, we initialized the simulations with a preadapted cod popu-
lation to separately simulate a population consisting of only multiple- 
batch spawners and a population consisting of only single- batch 
spawners under each of the environmentally stochastic scenarios 

the time needed for the populations to reach their dynamic eco- 

To investigate the potential underlying feedbacks of the bet- 
hedging strategy on life histories, we looked into the dynamics of the 

-
ulation variables and life- history traits at each annual step. The pri-
mary recorded output data were total number of recruits produced 
in one year, and annual population averages of L∞ and k, abundance, 

per run were then summarized across replicates by recording the 
mean, coefficient of variance and standard deviation of each vari-
able in every year.

the individual fitness of every mature fish and recorded its total 
number of successfully shed batches, batch size and realized re-

-
ductive output of every mature individual was recorded as the sum 

-
time of the original individual. To explore whether multiple- batch 

across- generational fitness elements of multiple- batch spawning 
populations under simulated environmentally stochastic scenarios 

generational fitness elements included the arithmetic mean fit-
ness WAM, variance in arithmetic mean fitness among generations 
or cohorts, and geometric mean fitness WGM. We measured the 
arithmetic mean fitness WAM and its variance across generations 
for each scenario as an average realized lifetime reproductive 
output of a generation and the across- generational geometric 
mean in fitness WGM as the nth root of the product of average re-
alized lifetime reproductive output of every generation following 
WGM =

(
WAM1 ⋅WAM2 ⋅… ⋅WAMn

)1∕n
where n is a number of generations or cohorts.

Fitness outputs were pooled together per run, and the mean, 
variance and coefficient of variation of each variable were 
recorded. Statistical analyses of relationships and trends were done 

t
-

2019), and figures were produced using the package tidyverse 

|

|
strategists

Separately simulated multiple- batch and single- batch spawning cod 
populations exposed to 20 variations of environmentally stochastic 

spawning of multiple batches might be considered a bet- hedging 
-
-

tions of each spawning population), the populations adapted from 
initial conditions to the new specific environments in fewer than 

and pressure on batch survival or batch mortality rate increased. 
Coefficient of variation in population size was greater overall for 

-
creased with increasing environmental pressure on batch survival: 

-
-

under the most pressured environmental scenarios in single- batch 
spawning populations.

Environmental fluctuations had no significant effect on either 

difference between scenarios with and without any applied environ-
mental fluctuations. In particular, population size was more variable 
under scenarios with no environmental fluctuations as it varied from 

-
ronmental fluctuations. However, there was no significant variation 
among scenarios with different environmental fluctuation rates. The 

realized average mortality rate compared to single- batch spawning 

differ among different environmental fluctuating rates in single- 
batch spawning populations, it increased significantly in multiple- 
batch spawning populations when environmental fluctuations were 

|

Under increasing environmental fluctuations, multiple- batch spawn-
ers experienced a significant increasing trend in long- run geometric 
mean fitness WGM, resulting in a higher long- run WGM under most 
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Both strategies had an increasing trend in WGM with increasing envi-

The difference in WGM across all environmentally stochastic scenar-
ios differed significantly between multiple- batch and single- batch 
spawning populations by being lower in the multiple- batch spawning 

WGM values were lower under condi-
tions when the environmental fluctuations were absent or low, and/
or the environmental pressure was weak.

The variance in WAM across- generations was higher overall in 
-

cant decreasing trend with increasing environmental fluctuations 

due to higher variance in WAM among generations under nonsto-
chastic conditions, while the variance among single- batch spawning 
cod generations increased in the presence of environmental fluctu-
ations. In contrast, environmental pressure had no significant effect 
on the variance in WAM among generations of either multiple-  or 
single- batch spawners.

-
metic mean in fitness WAM compared to single- batch spawners 

pressure had no significant effect on WAM for either strategy, the 
presence of environmental fluctuations significantly decreased the 
WAM

lower WAM for multiple- batch spawners when exposed to the high-
est environmental pressure and environmental fluctuations, hence, 
experiencing elevated environmental uncertainty and mortality 

The environmental scenarios where the three fitness compo-
WGM -

tic mean in fitness WAM

WAM overlap illustrate that multiple- batch spawning is a bet- hedging 

|
generations

within- generational reproductive output than single- batch spawn-

environmental stochasticity— the environmental fluctuations and 
environmental pressure applied to batch mortality— had a sig-
nificant effect on the variance in within- generational reproduc-

WGM), across- generational average 
WAM WAM) 

x- axis), and grouped by increasing environmental pressure applied to batch 

shaded area indicates the environmental conditions under which a costly multiple- batch spawning evolutionary outperforms the single- 
batch spawning strategy
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 |

significant only due to the increased variance under the most 

generational variance of reproductive output.

|

The proportion of successful spawning seasons in a population, 
when an individual produced at least one successfully surviving 

catchable by fishing), per season, differed between populations of 

frequency of such occasions was significantly higher and more con-
sistent in multiple- batch spawning populations when environmental 

to single- batch spawning populations which exhibited higher spawn-
-

ability of mature fish was on average higher and more predictable 

|

It has been hypothesized that multiple- batch spawning in fishes 
might comprise a bet- hedging strategy and yield high fitness returns 

empirically explore the hypothesis by evaluating the fitness conse-
quences of such a risk- spreading trait.

The most interesting finding to emerge from the simulations 
of our empirically parameterized eco- evolutionary model is that 
the costly multiple- batch spawning strategy can constitute a bet- 
hedging trait under sufficiently uncertain natural environments. The 
multiple- batch spawning strategy of individuals exposed to fluctuat-
ing environmental conditions served to reduce the variance in arith-
metic mean fitness across generations, reflecting the decreasing 
variance in offspring output within generations.

The fitness of spawners under stochastic environments is 
governed by the geometric mean in their reproductive success 

-

We followed the across- generational fitness and found that the 
multiple- batch spawning strategy maximizes geometric mean fit-
ness by lowering the across- generational variance in arithmetic 

WGM), across- generational average 
WAM WAM) 

x- axis), and grouped by increasing environmental fluctuations applied to batch 

shaded area indicates the environmental conditions under which multiple- batch spawning strategy constitutes a bet- hedging, as the WGM 
increases at the cost of reduced WAM
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of a bet- hedging strategy. Once the arithmetic mean fitness de-
creases due to the appended costs of the strategy, and when the 
decrease in arithmetic mean is synchronous with the increase 
in across- generational geometric mean fitness, multiple- batch 

outperforms the costless single- batch spawning strategists 

rather than quantitative, output. Firstly, we are primarily interested 
in the directions in which multiple- batch spawning confers advan-
tages, such as reduced long- term variance in fitness or increased 
probability of non- zero reproductive spawning years, rather than 
numerical differences between multiple- batch spawners and single- 
batch spawners. Secondly, although one might be tempted to con-
clude that our statistically significant quantitative differences are of 
little biological consequence, we would caution against such a con-
clusion. Seemingly small phenotypic differences at the species or 
population level can have considerably greater consequences within 

among multiple batches, thereby spreading the risk on both spatial 
and temporal scales. This results, on average, in increased survival 
probabilities for each egg and, as identified in the present study, 
a decreased realized populational mortality rate, highlighting 

Concomitantly, the high spawning success and lower reproductive 
variance associated with multiple- batch strategy under highly un-
predictable and intense environmental perturbations presented 
the underlying reason for the increased fitness that was maxi-
mized across generations.

On the other hand, under scenarios in which temporal and 
spatial fluctuations were absent and all batches endured equal en-
vironmental pressure, each time that a fish spawned, the average 
output of successfully surviving offspring varied considerably within 
and across generations, resulting in a higher arithmetic and lower 
geometric mean fitness compared to the single- batch spawning 
strategy. This suggests that, apart from bypassing the physiological 
constraints imposed by egg shedding, solely from the isolated per-
spective of egg batch effects on fitness dynamics, the costs of the 
multiple- batch spawning strategy are too high and fitness benefits 
too low to pay off under fairly stable environmental circumstances 

is plausibly selected for to endure greater natural stochasticity. The 
outcome could be common among batch spawning fish species that 
are exposed to similar selective pressures and that share similar 

2002).
Several studies have demonstrated why, in a purely spatially 

temporal variation and a trade- off in fitness to be advantageous and 
adaptive. Environmental settings where individuals face different 
environmental variability only on a spatial scale within generations 
gain fitness additively as reflected by the arithmetic mean fitness, 
whereas environmental variability on an exclusively temporal scale 

The effect of multiple- batch spawning strategy 
on spawning success under the components of increasing 
environmental stochasticity. The two boxplots show the difference 
in the proportion of successful spawners in a population of 

to batch survival. The proportions were calculated as the total 
number of all successful events of all mature individuals in the last 

successful spawning seasons of mature individuals, being right- 
skewed and more concentrated in the presence of a multiple- batch 
spawning strategy
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across generations gain fitness multiplicatively as reflected by the 

The externally applied environmental stochasticity in our model 
might have, to some degree, generated such a fine- grained environ-
mental setting as it was newly drawn for each batch of every female 
within each generation. However, there are at least three reasons 
why our simulations also accounted for temporal fluctuations, thus 
steering the environments towards coarser graininess. Firstly, the 

drawn for every spawning season, adding the temporal aspect of 
changes from one year to the next and, as such, generated conditions 
where a bet- hedging strategy could unfold. Secondly, the presence 
of temporal variability was additionally endorsed by our calculations 
of arithmetic and geometric fitness, for which the values were never 
equal, indicating that the environments were not constant but rather 
fluctuating through time because of external stochasticity simulat-

-
verse but discrete environmental scenarios enabled us to obtain a 
broad glimpse into a coarse- grained setting. Notwithstanding these 
points, the modelling of a more detailed year- to- year interchange-
able environmental pressure on spawning dynamics might reveal 
further effects of the multiple- batch spawning strategy on fitness 
components of cod populations.

The mechanistic model that we used is, as any other model, a 
simplification of a natural system, one that includes simplifying as-
sumptions; these need to be considered for model interpretation. 
For instance, one of the assumptions was a uniform distribution 
of egg sizes and abundance within and among egg batches. This 
simplification could reduce the effect of the selective pressure on 

-
ple, found that abundance and mean weight of eggs of Norwegian 
coastal cod varied among batches and spawning seasons. While the 
egg abundance follows a dome- shaped curve, which can be right or 
left- skewed, the mean size of offspring decreases towards the end 

addition, it is known that natural selection can favour variability in 

Our primary reason for omitting these relationships was to isolate 
the multiple- batch production trait and to focus solely on its unique 
diversifying influence on fitness.

that multiple- batch spawning contributes to the long- term per-
sistence of cod genotypes under stochastic environmental condi-
tions, where the cost– benefit ratio is low, and reduces the probability 

all eggs at once in every spawning season would increase the sur-
vival uncertainty of the batches, resulting in a game with two out-
comes: success or complete reproductive failure. Here, we found 
that the within-  and across- generational reproductive variance as-
sociated with such a single- batch spawning strategy would be higher 
and result in lower fitness when faced with strong environmental 
stochasticity, as it is more sensitive to the number of complete re-
productive failures.

The novelty of our work lies in the direct comparison of across- 
generational geometric mean fitness between risk- spreading and 
nonrisk- spreading cod populations. Our modelling approach pro-
vided empirically anchored support for the hypothesis that multiple- 
batch spawning is advantageous and adaptive in stochastically 

falls at least into the second highest strength of evidence category 

favoured under relevant varying environments. We manipulated the 
magnitude of selection through the degree of environmental sto-
chasticity and found that the presence of the trait significantly sta-
bilized fitness of cod under most fluctuating environmental settings.

Extensive theoretical work has been developed on the maximiza-

stressed the need to re- consider or upgrade the approach of the 
maximized geometric mean fitness in the search of a bet- hedging 
trait. In the present study, we derived the mean geometric fitness 

to be flexible; whenever the rate of egg batch mortality equalled or 

and became extinct. This makes ecological sense, given that several 
mortality rates were combined in our model during the lifespan of 
an individual to simulate natural environmental conditions, includ-

more detailed exploration of extinction probabilities was beyond the 
scope of our study, and we did not pursue the differences between 
the two genotype populations in their resilience to extinction.

diversification bet- hedging should not be treated only as two dis-
cretely separate categories. Their point was that the benefit of bet- 
hedging can also derive from their combination; reduced variance on 
the individual fitness level can represent a conservative part of the 
trait, and reduced fitness correlations among individuals can pres-

the two strategies be considered as endpoints along a continuous 
scale. Recent theoretical research illustrated how they might coex-

-
ent study seems to encompass elements of both conservative and 

size- based trait that reduces individual- level variance in fitness and, 

reflect the diversifying characteristics of bet- hedging: the stock 
stock 

complex).
The benefits of a multiple- batch spawning might be integrated 

across multiple levels of biological organization. For instance, 
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Therefore, the eradication of one cohort due to a natural catastro-

could reduce the diversity in size- structure of a population and con-
sequently increase the fitness correlation among individuals or, in 
another words, repress the diversifying bet- hedging fitness bene-
fits that the multiple- batch spawning of unfished populations might 
offer.

inshore and offshore cod populations in the Norwegian Skagerrak 
have revealed an alternating connectivity among coexisting sub-

ensures higher diversity of life histories in a subpopulation and 
minimizes the correlation in spawning potential of stock. In con-

areas through perished adult links or decreased recruit inflow, 
which can have a far- reaching effect in maintaining gene flow to 
locally depleted stocks or in mitigating poor spawning seasons 

several batches could, hypothetically, arise from both individual-  
and population- level considerations. However, to test our specu-
lations, we would need to further explore the fitness correlations 
among individuals of each strategists.

Our results highlight that producing several egg batches per 
spawning period increases spawning success of batch spawners. 
This might be related to prolonged spawning seasons expanding 
the time window for optimal abiotic conditions to occur and in-
fluence the variation in survival probability within an egg batch. 
Early- stage survival of fish is known to be a highly stochastic pro-

successful recruitment and fitness, from favourable abiotic condi-
-

-
ability of egg and larval transport to suitable habitats can be 
strongly influenced by the timing of release coinciding with the fa-

it is conceivable that the multiple- batch spawning strategy would 
increase the probability of these coincidentally occurring events. 

temporal ‘match’/‘mismatch’ between the peak abundance of lar-
vae and their prey, such that variability in offspring production is 

spatial and temporal overlap between fish larvae and their prey 
increased. The duration of overlap during the spawning period was 
more beneficial to recruitment than the co- occurrence of peak 
prey and larvae abundance, which further underscores the risk- 
spreading benefits of prolonged spawning among batch spawners.

In summary, we show that the risk- spreading mechanism of 
producing multiple batches facilitates cod to endure greater envi-
ronmental stochasticity. The number of batches, which increases 
with maternal body size, contributes significantly to across- 
generational fitness of populations experiencing highly unpre-
dictable environmental perturbation. This relation invokes new 
rather applicative questions such as could a size- selective fishing 
pressure have a magnified impact on the effective size- structure 
of a cod population and cod- like species because of a size- related 
spawning trait? Could the fishing of larger individuals abduct the 
population of the security mechanism that the bet- hedging en-
sure and consequently diminish its portfolio effect? Since sev-
eral stocks of batch spawning fish species have been subjected 

-
duce susceptibility to environmental variation may be vital to spe-
cies recovery and success. Bet- hedging strategies such as batch 
spawning can yield high fitness returns and should therefore be 
integrated in proactive stock management, including the setting 
of reference points. Spawning type influences the reproductive 
dynamics of stocks, which is the underlying reference for man-
agement implications. We suggest that recognizing stress- coping 
mechanisms of species and understanding their dynamics under 
naturally and anthropogenically induced stressful conditions is a 
critical issue that needs to be tackled to fill the knowledge gaps on 
fitness dynamics of harvested stocks and to achieve sustainable 
use of natural resources.
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Can the advantage of risk-managing life-history strategies become a disad-
vantage under human-induced evolution? Organisms have adapted to the
variability and uncertainty of environmental conditions with a vast diversity
of life-history strategies. One such evolved strategy is multiple-batch spawn-
ing, a spawning strategy common to long-lived fishes that ‘hedge their bets’
by distributing the risk to their offspring on a temporal and spatial scale.
The fitness benefits of this spawning strategy increase with female body
size, the very trait that size-selective fishing targets. By applying an empiri-
cally and theoretically motivated eco-evolutionary mechanistic model
that was parameterized for Atlantic cod (Gadus morhua), we explored how
fishing intensity may alter the life-history traits and fitness of fishes that are
multiple-batch spawners. Our main findings are twofold; first, the risk-
spreading strategy of multiple-batch spawning is not effective against fish-
eries selection, because the fisheries selection favours smaller fish with a
lower risk-spreading effect; and second, the ecological recovery in population
size does not secure evolutionary recovery in the population size structure.
The beneficial risk-spreadingmechanismof the batch spawning strategy high-
lights the importance of recovery in the size structure of overfished stocks,
from which a full recovery in the population size can follow.

1. Introduction
More than 34 000 species of fish have been described so far [1]. The diversity of
life histories among them is vast and even exceeds the number of species [2].
Each species developed a unique strategy to allocate its energy budget
among the selected life-history traits, each one with the ultimate goal: to maxi-
mize the number of next-generation spawners, fitness, before being vanquished
by natural mortality [3,4].

Some species have adapted to minimize the high natural mortality rates and
increase the survival of the earliest life stages with reproductive strategies in
spawning patterns [5]. Some teleosts optimize their reproductive success and
reduce the risk of offspring mortality with spawning location and are demersal
spawners—spawning their eggs on different kinds of a substrate (e.g. capelin
Mallotus villosus [6]), while some are pelagic spawners—spawning their eggs
into a water column (e.g. European pilchard Sardina pilchardus [7]). Extensive
variability also exists in spawning regularity and the number of spawning epi-
sodes. Species may be semelparous spawners, spawning all the eggs only once
in their life (e.g. Chinook salmon Oncorhynchus tshawytscha [8]), or iteroparous
spawners, spawning eggs for multiple years. The former can be parted into
total spawners, which spawn a batch of eggs once within a season (e.g. Atlantic
herring Clupea harengus) or multiple-batch spawners (MBS), which spawn

© 2022 The Authors. Published by the Royal Society under the terms of the Creative Commons Attribution
License http://creativecommons.org/licenses/by/4.0/, which permits unrestricted use, provided the original
author and source are credited.



several batches of eggs within a season (e.g. haddock Melano-
grammus aeglefinus). Some batch spawning fish may even skip
spawning in years when environmental cues favour invest-
ment into somatic growth instead of reproduction [9]. Batch
spawners can be further classified as determinant batch
spawners (e.g. European sea bass Dicentrarchus labrax and
plaice Pleuronectes platessa) or indeterminate batch spawners
(e.g. European anchovy Engraulis encrasicolus and sole Solea
solea), depending on whether the number of vitellogenic
oocytes is determined before the start of the spawning
season or whether it is formed continuously throughout the
spawning season [10,11].

Spawning strategies of teleosts, characterized by the
spawning frequency and fecundity have been fine-tuned
over hundreds of millions of years of evolution to the optimal
trade-off among survival, growth and reproductive traits to
challenge natural mortality. But how do these evolutionary
winning strategies perform when exposed to the non-natural
mortality of the modern epoch? Could the advantage of
risk-mitigating spawning strategies become a disadvantage
under human-induced mortality?

Reconstructions from historical records have demon-
strated that some of today’s commercially fished stocks
represent merely a remnant of once highly abundant popu-
lations [12,13]. For example, cod fisheries date back to the
pre-Mesolithic Stone Age [14], but intense fishing practices
have depleted most stocks only in recent decades, with
some stocks collapsing to less than 5% of their pre-industrial
fishing values [13]. As a consequence, some stocks may have
passed their tipping point of recovery as reflected by the
Allee effects [15,16]. Regardless of stricter fisheries regu-
lations, moratoriums and the decades passed, stocks such
as Canadian stocks, have yet to recover their biomasses
from their critical zones [13].

In the present study, we explore the extent of the impact
that size-selective fishing has on the risk-spreading strategy
of MBS. Our focal species is the iconic Atlantic cod (Gadus
morhua), a determinant demersal spawner with a wide geo-
graphic range and a long history of fishing exploitation
[17]. Life-history characteristics set cod among the most
fecund species with a long reproductive lifespan, late matu-
ration, increasing maternal investment with age and
repetitive broadcast spawning. Some of these reproductive
traits, including the duration of the spawning period and
the frequency of spawning events, tend to correlate positively
with body size in cod [18,19]. The spawning dynamics of cod,
in which fish shed eggs in multiple batches within every
spawning season [18], grant a spatial and temporal risk-
spreading effect [20]. This diverse distribution of egg batches
contributes to higher across-generational fitness and can act
as a bet-hedging strategy under environmental conditions
when odds of survival are low and hard to predict [21].

We apply an individual-based eco-evolutionary model
[22] to investigate the performance of batch spawning
strategy under human-induced mortality, in form of size-
selective fishing. To encompass the wide spectrum of risk
that this risk-spreading strategy provides, from risk-averse,
where eggs are shed across as many batches as the female’s
body size can support, to risk-prone, where all the eggs are
shed at once, we compare multiple-batch spawning cod to
its hypothetical opposite: a single-batch spawning cod.
With this approach, we disentangle the far-reaching effects
that the batch spawning strategy as such promotes. In

particular, we look into the influence of spawning strategy
on (i) fisheries-induced evolution of fish body size,
(ii) changes in fitness dynamics and survival of recruits that
join the adult population, and (iii) alteration of population
age structure. Overall, we highlight the eco-evolutionary
role of a multiple-batch spawning strategy under size-
selective fishing and show that this risk-spreading strategy
is not resilient to fishing selection.

2. Methods
(a) Extended mechanistic cod model
The individual-based mechanistic model, developed and
thoroughly described by Kuparinen et al. [22], follows each indi-
vidual cod within a population at each annual time step from the
start to the end of its simulated life. In the years between, the
individuals undergo the processes of natural and fishing mor-
tality, growth, and, if mature, reproduction. The fish lengths (L)
follow their von Bertalanffy growth trajectories [23], and the inte-
gral evolving trait of the model is the asymptotic maximum
length L1. This model parameter represents the basis for other
size-related life-history [24] and fitness traits [18,19]. To create
an initial genetic pool of L1 values, the model integrates the
negative correlation between the growth rate k and L1 estimated
from 258 growth trajectories of an unexploited cod population
from a lake in the Canadian Arctic [25].

At the time of birth, each recruit inherits a unique genetic
value of L1 from its parents via classical Mendelian principles.
After accounting for normally distributed environmental noise
(s.d. = 3.5) around the genotypic value (ranging between 0 and
20), the phenotypic value of L1 is set, resulting in a naturally
observed heritability of 0.2–0.3 [26]. The ratio between the popu-
lation’s biomass and carrying capacity in the corresponding year
was used as a measure of density dependence, and it negatively
affected the somatic growth of individuals along their von
Bertalanffy growth curves [22].

(b) Spawning strategy
The spawning season occurs once a year for every individual that
reaches the maturation threshold set to 66% of its individual
asymptotic maximum length L1 [27]. The number of eggs a
mature female produces is positively correlated to its body
weight (table 1), following empirically based age-specific fecund-
ity [28], while the weight is derived from the empirically based
length–weight relationship [22,28].

To identify the impact of size-selective fishing on spawning
dynamics, we simulated populations in the presence and absence
of a multiple-batch spawning strategy. This allowed us to
separately generate and track the populational dynamics of mul-
tiple-batch and single-batch spawning individuals. Each batch
spawning female (i.e. a MBS) imitates the risk-spreading strategy
of Atlantic cod. Such a female spawns its eggs in multiple
batches in several pulses during an extended spawning season.
The number of spawned batches is positively correlated to
female body size [19] and the relation is derived from the fitted
data on the number of batches and female fork length Lfork(t)
(table 1) gathered on cod from coastal Skagerrak (fig. 2 in [21]).
We implemented batch spawning costs to the model because
we consider multiple-batch spawning a bet-hedging trait [21]
which acts with associated costs to mean arithmetic fitness [31–
33]. Spawning mortality costs gradually increase from 0 to 0.11
for every subsequently shed egg batch, to reflect the empirical
observation of Norwegian coastal cod [19] (fig. 2 in [21]),
where larval length and yolk-sac volume declined in the latest
batches. We applied the spawning costs separately as a decreased
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survival probability to each shed egg batch. On the other
hand, the model assumes that every female that is not a
MBS, but a total or single-batch spawner (SBS), releases all eggs
annually in a single spawning event and suffers no associated
spawning costs.

(c) Environmental forcing
We introduced the environmentally induced increase in mortality
rate, hereafter environmental forcing, into the model through a
batch mortality rate. We tested six rates of environmental forcing
(0.05, 0.10, 0.15, 0.20, 0.25 and 0.30). The interval captured the
most sustainably endurable environmental mortality (higher
tested rates resulted in frequent collapses among populations). To
simplify the study design, we considered two contrasting scenarios
where an entire egg batch dies or survives. The outcome is uniquely
drawn randomly each time for each shed batch, imitating the risk-
spreading effect of shedding multiple batches. The environmental
forcing rates are applied to each batch individually along with the
related spawning costs as a success probability in a Bernoulli trial
every time a MBS produces an egg batch. Similarly, the environ-
mental forcing is introduced to SBS in such a way that the
survival of a single produced batch is drawn randomly based on
a Bernoulli trial and determines whether the batch survives or dies.

(d) Recruitment
The final number of individuals that a MBS or a SBS recruits to
the population is determined by applying the juvenile survival
probability, as the probability of survival from egg to recruit,
1.13 × 10−6 [28] in a Bernoulli trial to the sum of all eggs of

every batch for the first 3 years of individual’s life. Once the
offspring reaches 3 years of age, they experience an annual
instantaneous rate of natural mortality (M ) of 0.15, which at
maturity increases by 0.1 due to reproductive costs. The lifespan
maximum of every individual cannot exceed 25 years [22].

(e) Size-selective fishing
During the fishing season, every individual that is longer than
the minimum size threshold of 45 cm can be fished, following
the empirically parameterized sigmoid size-selective model
(table 1). The model imitates the most used fishing gear in cod
fisheries—the bottom trawls—which tend to exert stronger selec-
tion on larger sized individuals (electronic supplementary
material, figure S1). We applied the product of a pre-determined
instantaneous fishing mortality rate, F (year−1), (F = 0.1, 0.2 and
0.3) and an individual-based selectivity as the survival prob-
ability in a Bernoulli trial [30] to determine whether the
individual is captured by the trawl or not. We discontinued
trawling as soon as the population biomass dropped to 15% of
its initial pre-fishing capacity.

( f ) Simulation design and analyses
We investigated the response of spawning dynamics to fishing
pressure by running the model under separate scenarios and
analysing their outputs. As a result, 50 replicates for each of
the 36 scenarios were simulated (figure 1). Each population,
representing one of the two spawning strategies, was exposed
to six environmental forcing rates (0.05, 0.10, 0.15, 0.20, 0.25
and 0.30) and three fishing mortality rates (0.1, 0.2 and 0.3) in

spawning type fishing pressure

0.05

0.10
0.10

50
runs

total:
1800

simulations

0.15

0.20
0.20

0.25

0.30

0.30

environmental
forcing

MBS

SBS

¥ ¥ ¥

Figure 1. Schematic demonstration of the study’s simulation design. Fish populations consisted of individuals with one spawning type: MBS or SBS. While fish with
the former strategy shed their eggs among multiple batches within each spawning season, the fish of the later strategy deployed the same number of eggs in one
spawning event. We performed 50 replica simulations of every population exposed to one of six environmental forcing rates and one of three fishing pressure rates,
linked in a multi-factorial manner.

Table 1. Descriptions of equations and sources underpinning the empirically derived variables of the individual-based mechanistic model.

description equation source

length (L)–weight (W ) relationship Wt ¼ 3:52 � 10�6 � L3:19t Kuparinen et al. [22]

age-specific fecundity (Neggs) Neggs ¼ 0:48 � (Wt þ 0:37)
1:45

þ 0:12

� �
� 10�6 Hutchings [28]

batch number (Nbatches) Nbatches ¼ 21:156
1þ exp(ð55:014� Lfork(t)Þ=10:141)

derived in Hočevar et al. [21] based on

empirical data from Roney et al. [29]

multiple-batch spawning costs (CostsMBS)
CostsMBS ¼

PNbatches
batch¼1

1� 0:00523 � (batch� 1)
derived in Hočevar et al. [21] based on

empirical data from Roney et al. [29]

size-based fishing selectivity (L(t) is the length

of an individual at the time of fishing)
selectivity ¼ exp(�12:5þ 0:25 � L(t))

1þ exp(�12:5þ 0:25 � L(t))
Kuparinen & Hutchings [30]
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a full factorial manner. Instantaneous fishing mortalities greater
than 0.30 resulted in increasingly rapid population depletions,
limiting our resolution of the ongoing populational dynamics
during fishing, and were thus not investigated.

We allowed the populations, of which the initial size was
2000 individuals, to adapt to the simulated environmental for-
cing scenarios for 5000 years before starting the in silico
experiment. Then, each of the pre-adapted 36 scenarios was
simulated for 500 years, wherein the first 100 years, the popu-
lations lived under the corresponding environmental forcing, in
the following 300 years (or until the biomass dropped to 15%
of its initial condition) under environmental forcing and added
fishing pressure, and in the last 100 years (or the remaining
years until year 500) again solely under environmental forcing.
During each simulated time step, we recorded population
biomass and abundance, catch biomass and individuals’ asymp-
totic maximum length L1, maturation age and size. We also
followed the across-generational fitness, derived as the geometric
mean or the nth root of the product of average realized lifetime
reproductive generational output [33].

Simulations and data analyses were conducted in the
open-source statistical programming language R [34]. We used
a collection of R packages ‘tidyverse’ for data visualization [35].

3. Results
(a) Evolution of life-history traits under natural and

fishing selection
The evolution of L1 distinctively differed between the two
spawning strategies (figure 2). In both cases, L1 began declin-
ing immediately after the start of size-selective fishing,
illustrating the selective direction of fishing pressure towards
smaller body sizes. The proportional reduction in L1 differed

between the multiple-batch and single-batch spawning
strategists. A population comprised MBS exhibited more sub-
stantial fisheries-induced selection towards smaller body
sizes, which dropped in general by approximately 3% and
had a steeper negative slope with increasing realized fishing
mortality rate, compared to a population comprised SBS. This
led to MBS being on average 1.36 cm smaller than SBS under
the same fishing mortality rates.

Single-batch spawning populations showed a tendency in
selection for bigger body size as the environmental pertur-
bations increased while L1 of MBS showed no such trend
and remained within a narrow range despite changes in
environmental forcing. Fishing ceased under all simulated
scenarios when populations declined to 15% of the initial bio-
mass. Shortly after the cessation of fishing, the declining
trend in L1 of both spawning strategies ceased and thereafter
began a slow recovery process, which was not fully reached
even after more than 300 years long moratorium or no-fishing
period. Although SBS exhibited stronger recovery potential in
L1 than MBS (figure 2), they also exhibited higher sensitivity
to environmentally induced perturbations, evidenced by a
prolonged lag in its post-fishing recovery in biomass to carry-
ing capacity (electronic supplementary material, figure S2).
The greater the environmental perturbations, the longer the
lag time to rebuild the pre-fishing biomass. The multiple-
batch spawning population showed no such sensitivity to
environmental perturbations.

(b) Fitness shaped by fishing
The type of spawning strategy and exposure to environmental
forcing and fishing pressure influenced the across-
generational fitness (figure 3). The fitness of both strategists
declined by up to 75% during intense harvest and recovered

0.05 0.10 0.15

spawning type MBS SBS

0.20 0.30
0.20

0.10
0.30

0.25
av

er
ag

e 
as

ym
pt

ot
ic

 le
ng

th

100 500 100 500 100 500
years

100 500 100 500 100 500

88

84

80

76

88

84

80

76

88

84

80

76

Figure 2. Selection in asymptotic length (L1) of Atlantic cod under environmental forcing rates and fisheries-induced pressure. The average asymptotic lengths of
the populations with MBS (red coloured line) and SBS (light pink coloured line) strategy are plotted against time. The panels indicate row-wise the fishing effort and
column-wise the environmental forcing, applied to the populations throughout the entire simulation. The vertical dashed line illustrates the onset of fishing that was
ceased as soon as the population dropped to 15% of its initial biomass and horizontal dashed lines depict the value of L1 before the fishing started.
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after fishing was ceased to 53% of the pre-fishing value (for a
closer view of initial fitness: electronic supplementary
material, figure S3A). The recovery rate was the lowest
under the strongest fishing pressure (recovered to 51% of
pre-fishing value).

Multiple-batch spawning populations had higher fitness
than single-batch spawning populations during fishing
when fishing intensity was 0.10 and 0.20, and lower fitness
when fishing intensity was 0.30 (for a closer view: electronic
supplementary material, figure S3B). Differences in fitness
between the two strategies increased with increasing environ-
mental forcing, as multiple-batch spawning populations were
not sensitive to environmental change, while single-batch
spawning populations were. Post-fishing fitness of multiple-
batch spawning populations was higher than that of the
single-batch spawning populations only after recovering
from the least intensive fishing period (0.10), while single-
batch spawning population showed better recovery in fitness
after more intensive fishing periods (0.20, 0.30) (for a closer
view: electronic supplementary material, figure S3C). Overall,
compared to populations comprised SBS, multiple-batch
spawning populations experienced a lower proportion of
failed spawning seasons before, during and after fishing.
The proportion of failed events among MBS increased from
approximately 0.4 before fishing to approximately 0.6
during fishing and did not change with increasing environ-
mental mortality, while fishing mortality had an effect
(electronic supplementary material, figure S4).

We did not observe any consistent trend in the average
realized individual fitness, calculated as the abundance of

recruits divided by the abundance of mature adults, except
that the post-fishing realized individual fitness of MBS was
always lower than before and during fishing (maximum
difference for MBS: 0.026 and for SBS: 0.015) (electronic sup-
plementary material, figure S5). We also found that the
interannual variance in individual fitness increased with fish-
ing intensity during fishing and was lower among MBS
(electronic supplementary material, figure S6).

(c) Length of fishing period and catch biomass
Recovery in recruitment abundance began once population
biomass dropped below 15% of initial biomass and fishing
activities ceased. Under the lowest fishing pressure, the mul-
tiple-batch spawning strategy enabled the population to
endure size-selective fishing for 9 to 46 years longer than
SBS (median length of the fishing period at 0.10 for MBS 51
years and for SBS 35 years). However, under fishing pressure
of 0.20 and 0.30, the resilience of the multiple-batch strategy
to fishing mortality decreased or even vanished, reducing
the difference between MBS and SBS to 2–8 years and 0–4
years, respectively (percentage comparison in the electronic
supplementary material, figure S7).

Multiple-batch spawning strategy kept the biomass of
recruits consistently higher compared to SBS, and the differ-
ence between the two strategies in their recruitment
abundance increased with increased environmental forcing,
from the lowest difference of 8% under the least fatal environ-
ment to the biggest difference of 36% under most fatal
environment (electronic supplementary material, figure S7).
The advantage under most fatal environmental conditions

fi
tn

es
s

75 80 85 75 80 85 75 80 85 75 80

L•

85 75 80 85 75 80 85

4

3

2

1

0

3

2

1

0

4

3

2

1

0

4

0.05 0.10 0.15

observation period: start during or after fiishing

0.20 0.30

0.2
0.1

0.3

0.25
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points represent the mean values of 50 replica simulations for each scenario combination of multiple (MBS) and single (SBS) batch spawning strategists, respectively.
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decreased with greater fishing pressure, to 35% and 32%
under 0.20 and 0.30 of fishing pressure, respectively, and
consequently, fishing had to be terminated sooner.

Catch biomass decreased with increasing environmental
mortality rates, and the decrease was steeper among SBS com-
pared toMBS. By contrast, increasing fishing pressure resulted
in higher annual catch biomass, with its trend steeper and
higher among multiple-batch than single-batch spawning
cod. The total catch biomass of both strategists decreased
with higher fishing intensity (electronic supplementary
material, figure S8).

(d) Age structure
To determinewhether spawning strategy affects the overall age
distribution of cod stocks, we portrayed the pre-fishing, during-
fishing and post-fishing cohort abundance in populational
pyramids of corresponding years (figure 4). In the pre-fishing
period, younger classes dominated both strategies, reflecting a
fast-growing pace of populations. Introduced fishing changed
the distribution of age classes of cod populations considerably
by shifting the shape of the population pyramid fromexpansive
towards constrictive. In particular, under the fishing mortalities
of 0.1 and 0.2, the populational pyramid narrowed at the

bottom, illustrating a decreasing influx of recruits. Younger
classes reclaimed the dominance under the highest fishing
intensity 0.3, but the shape was not as triangular as in the
pre-fishing time. In terms of abundance, the differences
between the two strategies became more pronounced with
increased environmental forcing, as the multiple-batch
spawning strategy showed higher reproductive potential.

During the rebuilding phase, both strategies recovered
their shape of populational age structure to that of the pre-
fishing status, but SBS did not manage to recover to the
pre-fishing abundance. The post-fishing populational pyra-
mids remained slimmer under scenarios of greater
environmental forcing. MBS had an overall higher mean
age compared to SBS (13.44 years and 13.25 years, respect-
ively), but as the fishing intensity increased, the difference
between the two strategies decreased with an advantage
accruing to SBS, who had higher mean age under the greatest
fishing pressure (0.3), showing lower sensitivity to fishing
than MBS as their average age decreased more rapidly and
intensively (MBS: 26% or 14.22–10.66 and SBS 20% or
14.03–11.23). On the other hand, the mean populational age
of MBS remained unaffected with increasing environmental
forcing (decrease in the mean age of 0.08%), while SBS
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showed higher sensitivity and decreased the mean age with
increasing environmental forcing by 3.25%.

Age at maturity decreased with the intensity of size-selec-
tive fishing in both strategies and was not able to fully
recover under the moratorium. The tendency towards later
maturation increased with the environmental mortality rate
only in single-batch spawning populations (figure 4).

4. Discussion
This empirically and theoretically motivated study provides a
compelling perspective on how under a strong fisheries-
induced selection the fitness advantage of a risk-spreading
strategy can counterintuitively turn into a disadvantage. We
find that reproductive strategy, in light of interactions
between environmental variability and fishing mortality,
can influence selection on life-history (figure 2) and fitness
dynamics (figure 3). Our key finding is that while the
multiple-batch spawning strategy increases the across-
generational fitness under the natural selection by reducing
the variance in fitness, the size-selective fisheries diminish
the risk-spreading benefits of the strategy by selecting against
larger sized females, that is, the phenotype that can shed the
highest number of batches and thus provides the greatest
risk-spreading effect. We applied several rates of natural
and fishing-induced selection on simulated Atlantic cod
populations with and without a multiple-batch spawning
strategy. The discrete full factorial approach allowed us to
distinguish the eco-evolutionary benefits of batch spawning
from other life-history traits and to evaluate the extent to
which this risk-spreading strategy contributes to the fitness
of fished populations. Our findings support research high-
lighting the value that life-history diversity provides for
stock productivity [36,37] (reviewed in [38]), while the indi-
vidual-based modelling approach offers a novel perspective
on the consequences of alternative fishing mortalities for
individual fitness and population viability.

The asymptotic maximum body length during fishing
rapidly decreased in our study, as we selectively started
removing cod longer than 45 cm (figure 2). Given that the
asymptotic length correlates with the size of maturation in
our model, the fishing-induced change selected for earlier-
and smaller-maturing individuals whether in the presence
or absence of a multiple-batch spawning strategy. These find-
ings are consistent with the life-history theory which predicts
that size-selective fishing of larger individuals favours
reduced age and size at maturation [39,40]. Life-history
change in response to fishing was evident during and after
fishing, having the effect of slowing subsequent population
growth towards full recovery, which was never fully attained
(additional tests showed no full recovery in the asymptotic
length even after more than 4800 years of moratorium). The
magnitude of the size difference between multiple- and
single-batch spawning populations differed by 2 to 11 cm
(figure 2). Given that weight (and thus fecundity) can be
approximated as L3 [41], these size differences can have a
substantial influence on reproductive output [29]. For
example, based on weight-specific fecundity [28], a cod of
78 cm (average size of MBS before fishing) lays about
100 000 eggs fewer than a cod of 80 cm (average size of SBS
before fishing). Yet, our results suggest that because of the
risk-spreading effect and the distribution of eggs across a

different spatial and temporal scale, ensured by the mul-
tiple-batch spawning strategy, cod do not need to grow in
size as they would in the absence of the multiple-batch strat-
egy to gain the same long-term fitness as an individual
adopting the single-batch strategy. This suggests that the
risk-spreading strategy could offset a smaller body size.

Our results suggest that maximizing the number of
batches over the batch size is a winning reproductive tactic
for cod in a highly variable environment when there is no
size-selective fishing, which is similar to the benefits of max-
imizing the number of eggs over the egg size to ensure higher
reproductive output among some fish spawners [42]. We
observed that the benefit of shedding multiple batches lies
in the allocation of survival probability across the environ-
mental spectrum, which provides stability and allows the
population to persist despite natural environmental pertur-
bations. The strategy can even act as a risk-spreading
strategy that safeguards fitness against environmental fluctu-
ations [43] or a bet-hedging strategy when the uncertainty
and mortality driven by the environment are high and the
across-generational fitness profits from low variation in
reproductive success despite the associated costs of the strat-
egy [21,33]. Diversification of eggs reduces variance in
offspring survival probability [44] and increases survival of
early life stages, by increasing the probability that some off-
spring will experience optimal feeding conditions and
experience larval development in a favourable environmental
setting (e.g. hydrological and climatic).

Yet, we observed that despite the risk-spreading benefits
that batch spawning provides for cod, truncation in the size
structure of harvested batch spawning stocks leads to stronger
losses in fitness when fishing mortality is high. These findings
are consistent with studies that find the selective forces of fish-
eries to be very different if not the opposite of natural and have
the potential to surpass natural selection in some harvested
populations [45,46]. We found that the more intense the size-
selective fishing, the sooner the fish matured and the lower
their populational fitness was after fishing (figure 2). This out-
come could be due to the evolutionary downsizing of body
size. Fishing tends to truncate the size structure in harvested
population, resulting in a higher proportion of adults of smal-
ler size, producing a lower number of batches with a lower
number of eggs [38,47–50].

Nonetheless, it is important to stress that our model
includes several assumptions. Irrefutably these pre-set
assumptions provoke a question on the possibility of vari-
ation in the model outcomes if we modify their premise.
For example, some of such assumptions are the size and
age at maturity, which were not under a direct fishing selec-
tion. Size at maturity was derived from its correlation to the
asymptotic length while age at maturity was additionally a
subject to density-dependent processes. Therefore, the possi-
bility of a change in the direction of the evolutionary regime
shift within the two traits could be challenged. Age-at-length
can be a plastic trait in some fish species [51,52]. A neural net-
work analysis of a long-term dataset showed that changes in
maturation trends in stocks such as Norwegian spring-
spawning herring have varied before, during and after the
stock collapse period, and the reason could have been in
the ecological drivers related to changing stock abundance
[51]. Nevertheless, the life history of a species can affect the
populational response to fishing selection. As opposed to her-
ring, which is a pelagic SBS, demersal stocks such as cod and
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cod-like species, sharing a similar spawning strategy, tend to
display a stronger decline in age and size at maturity [49].

The outcome of our study is consistent with empirical
observations of overfished cod stocks, cautioning that fishing
can be a strong selective agent, especially in populations that
undergo uninterrupted heavy exploitation for several decades
and can lead to a fitness deficit of heavily overfished stocks
[28,46,53]. While some commercially overexploited stocks
such as North Sea cod stock are showing signs of recovery
[54], stocks such are Northern cod stocks struggle to recover
their biomasses [13]. The results presented here warn that
the abundance recovery to pre-fishing condition does not
necessarily mean that the across-generational fitness has recov-
ered as well. In other words, ecological recovery does not
guarantee evolutionary recovery. For example, we found that
neither multiple-batch nor their hypothetic opposite, the
single-batch spawning populations, were able to recover
their long-term fitness to the pre-fishing value that they had
as pristine or unfished populations (figure 3). Unlike Le Bris
et al. [55], who did not observe that batch spawning would
considerably impact the population resilience of cod, our
results suggest that a multiple-batch spawning strategy could
additionally slow the recovery, especially after highly intense
fishing (electronic supplementary material, figure S3C). The
contrasting conclusion between these two modelling studies
may be due to the absence of an evolutionary component in
the age- and size-structured population model [55]. While
the size and time needed to rebuild the biomasses are compar-
able, our results underscore the value of incorporating an
evolving trait within mechanistic models that follow the
post-fishing recovery potential. This can prove especially criti-
cal if selective fishing changes the frequency of a heritable trait
(asymptotic length) that is so closely related to populational
reproductive success [56].

Implications of batch spawning strategy for the manage-
ment of cod stocks could be in the reduced variance of
fitness. The batch spawning strategy reduces the variance in
across-generational fitness, rending cod genotypes less suscep-
tible and more resilient to environmental change, which could
benefit stock predictions and return more stable catches. Our
results show that if fishing mortality is low the biomass of
the multiple-batch spawning population is greater, enabling
fishing to last longer and consequently, return higher and

more stable total catch biomass, regardless of the environ-
mental conditions (electronic supplementary material, figures
S7 and S8). The relationship between the stock spawning bio-
mass and the recruitment is considered the beacon of fisheries
science, but the metric of stock reproductive potential needs a
more objective measure that embraces the nonlinearity and
asymmetry of this relationship [57–59].

The diversity of reproductive strategies is indeed high
[2,10,11], which makes a partition of components that define
the reproductive potential highly complex, species-specific
and unfeasible to generalize. We mechanistically estimated
the eco-evolutionary performance of a batch spawning strat-
egy in light of fisheries-induced evolution and found it to be
yet another mechanism sensitive to highly selective human-
induced mortality. Risk-spreading benefits of batch spawning
strategy underpin that truncating the age and size structure of
stocks such as cod truncates their ability to reduce the variance
in fitness and resist natural environmental change, resulting in
impaired capacity to recover.
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Human exploitation of marine resources dates back to a prehistoric 
era. Excavations from Vanguard and Gorham's coastal caves by 
Gibraltar convey the appetite of our closest relatives, Neanderthals, 
whose diet included marine mammals, seafood and fish (Stringer 
et al., 2008). The exploitation intensity has extensively amplified 
since, and the human population became much reliant on envi-
ronmental, economic and social benefits sustained by marine eco-
systems (Konar et al., 2019). Increased fishing pressure has been 

ensuring livelihood to a quarter of a billion people and has contrib-
uted substantially to the global economy (Teh & Sumaila, 2013). Yet, 
applied fishing methods have not been sustainable. A majority of 
commercially fished stocks are considered overfished (FAO, 2020), 
and effective catch per unit of effort is decreasing despite that the 
size of the fishing fleet has doubled since the 1950s (Rousseau et al., 
2019). The future could still be optimistic as the status of global fish 
stocks is not homogenous but rather considerably varying among 
fisheries and locations, demonstrating the influence of successful 
management strategies (Hilborn et al., 2021). The general trend 
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Fisheries exploitation can cause genetic changes in heritable traits of targeted stocks. 
The direction of selective pressure forced by harvest acts typically in reverse to nat-
ural selection and selects for explicit life histories, usually for younger and smaller 
spawners with deprived spawning potential. While the consequences that such selec-
tion might have on the population dynamics of a single species are well emphasized, 
we are just beginning to perceive the variety and severity of its propagating effects 
within the entire marine food webs and ecosystems. Here, we highlight the poten-
tial pathways in which fisheries-induced evolution, driven by size-selective fishing, 
might resonate through globally connected systems. We look at: (i) how a size trunca-
tion may induce shifts in ecological niches of harvested species, (ii) how a changed 
maturation schedule might affect the spawning potential and biomass flow, (iii) how 
changes in life histories can initiate trophic cascades, (iv) how the role of apex preda-
tors may be shifting and (v) whether fisheries-induced evolution could codrive spe-
cies to depletion and biodiversity loss. Globally increasing effective fishing effort and 
the uncertain reversibility of eco-evolutionary change induced by fisheries necessi-
tate further research, discussion and precautionary action considering the impacts of 
fisheries-induced evolution within marine food webs.

eco-evolutionary change, fisheries-induced evolution, life history, marine food webs, recovery 
potential, size-selective fishing, trophic cascades
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implies that while poorly managed stocks continue to decline, the 
biomass of well- managed stocks is in stabilising or rebuilding state 
(Worm & Branch, 2012). Nevertheless, notwithstanding the inten-
sity of management implementations, some restrictions have still 
proved insufficient by not accounting for the interlinking effects of 
biotic and abiotic environmental conditions, nor for the possibility of 
regime shits (Perälä et al., 2020; Shelton et al., 2006).

Long- term exposure to intense and selective fishing does not 
only alter the species composition and deplete their biomasses but 
can also incite a genetic change in heritable traits (Law, 2007). The 
selective evolution can be attributed to fisheries when heritable 
trait shifts of exploited fish stocks are a consequence of underly-
ing genetic changes induced directly by fishing activity and thus 
not driven by the environmental nor trophic drivers (Kuparinen & 

-
tories towards ‘live fast, die young’, fishing can induce selection on 
different traits, depending on fishing strategy and gear. Phenotypic 

2013) and demographic effects, such as genetic drift (Kuparinen & 
Hutchings, 2017), can also trigger similar trajectories as fisheries- 
induced evolution (FIE), making FIE difficult to recognize (Heino & 

-
chitecture of a trait exposed to fishing mortality can also affect the 
extent of eco- evolutionary changes in harvested species (Kuparinen 
& Hutchings, 2017).

In the last decades, the evidence on FIE has been presented 
and challenged several times (Andersen & Brander, 2009; Browman 

et al., 2021), ever since the seminal study on Arcto- Norwegian cod, 
demonstrating the selective force of age- specific harvest (Law & 
Grey, 1989). Notwithstanding remaining debates and challenges, 
to this day, a mounting body of literature indicates that FIE is sup-
ported not only theoretically but also empirically (Alós et al., 2014; 
Jakobsdóttir et al., 2011; Uusi- Heikkilä et al., 2015; Young et al., 
2020). However, while we are becoming more familiar with the con-
sequences that FIE can have on population dynamics of a single spe-
cies (Dunlop et al., 2015; Enberg et al., 2010; Hollins et al., 2018; 

beginning to grasp the array and intensity of its far- reaching effects 
on the dynamics of the entire marine food webs.

Human- mediated removal of selected individuals within a pop-
ulation can change the structure of a food web (e.g. Daskalov et al., 
2007). The consequence of fishing can be seen as altered preda-
tion regimes which can cascade down the food web and result in 
eco- evolutionary changes at lower, nontargeted species (Perälä & 
Kuparinen, 2020; Wood et al., 2018). Given the FIE has the potential 
to alter biological traits of species or their life- history stages signifi-
cantly, the induced changes could manifest in a modified ecological 
role of species under harvest, their trophic position and interac-

are globally connected (Albouy et al., 2019), the generated eco- 
evolutionary changes in species traits within the food web may have 
the potential to widely propagate across the ecosystems and modify 

their functioning and, ultimately, services and nature's contribution 
to people (Díaz et al., 2018).

In this perspective, we look at the current status of scientific 
knowledge on the influence of FIE within marine food webs (Figure 1). 
Although only a minority of the findings that follow stems explicitly 
from studies that have succeeded to detect FIE, the perceived mech-
anisms are alike and, therefore, instructive to each other (Hutchings 
& Kuparinen, 2021). Fishing impacts that deprive population genetic 
diversity or induce a direct demographic truncation (Kuparinen et al., 
2016) by size- selective biomass removal can be ecologically analo-
gous to evolutionary shifts towards smaller body size. Bearing that 
in mind, we briefly explore five pathways through which FIE, driven 
by size- selective fishing, might influence the intrinsic structure and 
functioning of marine food webs. We highlight (i) how FIE in physio-
logical, behavioural and life- history traits might shift the ecological 
niche of harvested species, (ii) whether altered maturation schedule 
and stock productivity could impact biomass flow, (ii) how modified 
life histories can trigger trophic cascades and (iv) how the declining 
body size of apex predators may modify their functional role. Finally, 
we look at (v) the weakened recovery potential of depleted stocks 
and how it may accelerate biodiversity loss.

|

Nonrandom fishing exploitation can exert a selective pressure and 
induce evolutionary changes in physiological, behavioural and life- 
history traits of fished stocks (Diaz Pauli & Sih, 2017; Jørgensen 
et al., 2007; Kuparinen & Festa- Bianchet, 2017; Olsen et al., 2004; 
Uusi- Heikkilä et al., 2015). The most common driver of FIE is a long- 
term size- selective harvest under which the population endures 
altered rate, probability and timing of fishing mortality. Although 
this fishing type has been predominantly studied, FIE does not 
require fishing to be necessary size selective (Biro & Post, 2008). 
Size- regulated management applications in commercially harvested 
stocks and observed life- history changes that are measurable make 
size- selective driver of FIE simpler to explore. For example, the costs 
of size- selecting harvest are maximized short- term benefits, which 
can be seen in selection for slower or faster growth rates, or trun-
cated age and size distribution (Hsieh et al., 2006; Jørgensen et al., 
2009; Kindsvater & Palkovacs, 2017). Fishing season, location, gear 
limits or minimum landing sizes expose individuals that fall under 
these fishing bounds to fishing mortality, which generally exceeds 
natural mortality and has the opposite trend; the vulnerability to 
fishing increases with the body size of an individual (Hansen et al., 
2011).

Body size is a central biological trait that correlates strongly to 
several life- history and behavioural traits (e.g. Walsh et al., 2006) 
and portrays the underlying characteristics of food webs (Brose 
et al., 2006; Trebilco et al., 2013; Woodward et al., 2005). The size 
continuum, where larger individuals eat smaller ones, is typical of 
marine food webs. The diet portfolio (i.e. number of available prey 
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taxa) of marine species is closely size- related and can become more 
diverse with increasing body size of consumers (Nordström et al., 
2015). As the diet expands, the species becomes more generalist by 
preying upon a broader range of prey species, allowing it to be dis-
proportionally less dependent on a single prey species. While the 
extent of the influence that size has on the diet composition differs 
among fishes (Barbini et al., 2018; Schafer et al., 2002), the general 
trends show a positive correlation between body size and trophic 
niche width. Thus, as the fisheries select against large adult body 
size, the dietary range of harvested species may become narrower 
and its risk- spreading effect less significant. This could reduce the 
resilience of harvested species to prey fluctuations or to increased 
intraspecific competition for resources (Jacobson et al., 2018). 
Simultaneously, fisheries- induced changes in the size distribution 
could reshuffle predator– prey interactions or decrease the number 
of feeding links, and thus narrow the available range for diet switch-
ing among alternative prey species. Loss of feeding links could result 
in an impoverished trophic diversity (measured as the number of 
species or life- history stages at different trophic levels) and ecosys-
tem productivity (Poisot et al., 2013).

A small size truncation can significantly expose harvested species 
to a greater number of potential predators and considerably increase 
its natural mortality rate up to 50 per cent, while in other instances, 
predation rate can decline (Audzijonyte et al., 2013a). The decline 
may be due to smaller individuals being predated upon less or due to 
a behavioural shift in predator avoidance, where in order to escape 
predator pressure, harvested populations with a reduced size struc-
ture relocate to a safer areas or refugia (Audzijonyte, Kuparinen, & 
Fulton, 2013). The process could be reversely compared with on-
togenetic shifts in movements and habitat use (Reis- Filho et al., 

2019) where younger and smaller individuals tend to cluster in less 
exposed areas with milder competition for space and resources, re-
sulting in a lower success rate of predator attacks (Van De Wolfshaar 
et al., 2006).

Shifts in spatial distribution may also occur due to plastic or evo-
lutionary changes in behavioural traits of harvested stocks (Diaz 
Pauli & Sih, 2017). Depending on the type of fisheries and fish-
ing gear (i.e. passive such as longlines or active such as trawling), 
fisheries can promote a certain type of behaviour (i.e. shy or bold) 
(Arlinghaus et al., 2017; Diaz Pauli & Heino, 2014; Diaz Pauli & Sih, 
2017; Kuparinen et al., 2009; Uusi- Heikkilä et al., 2008). Because 
these behavioural traits tend to be at least phenotypically correlated 
with body size, bolder individuals could be inevitably selected 
against more frequently, irrespective of fishing gear (Biro & Post, 
2008). Fast- growing fish that tend to be more active or bolder have 
higher metabolic demands and need to spend more time on foraging, 
which increases their vulnerability to fishing. Some harvested stocks 
with plausible fisheries- induced changes in behavioural patterns can 
be seen to dive deeper (Handegard et al., 2003), to relocate their 
spawning grounds to habitats that are less accessible to fishing gears 
(Opdal & Jørgensen, 2015) or, as fishing gear selectivity experiment 
has shown (Özbilgin & Glass, 2004), to learn how to escape from 
fishing meshes (i.e. developmental plasticity).

Altered behavioural patterns and truncated size structure can 
influence interspecies interactions through which energy and re-
sources are transferred between trophic levels (Trebilco et al., 2013). 
Body size tends to correlate with higher trophic position positively 
and with the abundance negatively, directing the energy flow from 
abundant, smaller body sized nodes (i.e. species or life- history stages 
of species) to less abundant, larger body sized nodes (Jacob et al., 

Fisheries- induced evolution 
resonating through different levels of 
biological organization within the marine 
food web. Starting with changes in body 
size and life- history traits at the individual 
level, moving to altered ecological 
and functional role at species level, to 
trophic cascades and biodiversity loss 
at the community level. The illustration 
is a simplified summary of the main 
mechanisms discussed in this perspective.
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2011; Nordström et al., 2015). These properties form the basis of 
the size spectrum models recently applied to analyse, for example, 
fisheries- induced changes in the ecosystems (Jennings & Blanchard, 
2004). Size hierarchy in predator– prey interactions constitutes the 
food- web topology and improves its stability (Blanchard et al., 2011; 

history, the predator– prey size ratio could be affected by fisheries- 
induced changes in growth rate, determining the time an individual 
spends in each size class.

|

The most typically observed aftermath of overexploiting harvesting 
practices is the tendency to select for earlier maturation age in fish 
(Hutchings, 2005; Olsen et al., 2004; Swain, 2011). Traits related to 
maturation timing can change faster than other life- history traits, 
which may contribute to their susceptibility to FIE (Audzijonyte 
et al., 2013b). Although the trend of maturing at earlier age tends to 
be associated with a decrease in stock abundance and a release of 
density- dependent processes that allow for a faster somatic growth 
rate (Roff, 2002), selection experiments have shown that fishing 
can also be a driving force of phenotypic and genotypic change in 
heavily exploited stocks (reviewed by Diaz Pauli & Heino, 2014). 
Intensive fishing mortality and selective removal of larger and often 
late- maturing individuals can change the allelic frequency of the 
inherited trait in a population. This can consequently increase the 
probability that genetic encoding, favoured by fishing, will be passed 
to the next generation. For example, 37 commercially harvested fish 
stocks mainly inhabiting marine food webs of temperate regions 
showed evolutionary changes in maturation schedule and probabil-
istic maturation reaction norms, both highly correlated with fishing 
intensity (Sharpe & Hendry, 2009).

The maturation schedule is often a proximate determinant of 
individual fitness, including age- related survival probability and re-
productive output (Hutchings, 2005). Individual fitness can translate 
to a stock reproductive potential based on the combined effects of 

Brattey, 2005). Therefore, by selecting for earlier- maturing life his-
tories, size- selective harvest can exert a directional pressure on an 
individual's energy allocation invested into reproductive and somatic 
growth and can, thereby, affect the stock productivity (Ohlberger 
et al., 2020). Paradoxically, a selection for life histories adapted to 
fishing exploitation can lead to depleted reproductive potential. 
Smaller female spawners tend to produce fewer and less viable eggs, 
which decreases an individual's lifetime fecundity, population's total 
egg production and stock's productivity (Birkeland & Dayton, 2005; 
Ohlberger et al., 2020; Walsh et al., 2006), resulting in a reduced 
yield and economic losses (Laugen et al., 2014). We might be under-
estimating the possible aftereffects of FIE on the biomass increase 
and variation within trophic networks (Jennings & Blanchard, 2004), 
given the influx of recruits is often disproportionately larger among 

bigger and older females compared with smaller and younger ones 
(Barneche et al., 2018).

Size diversity of fish life- history stages can notably influence 
the biomass flow and increase food- web stability (Bland et al., 
2019). Indeterminate somatic growth is typical among fish, mean-
ing that age and body size correlate closely (von Bertalanffy, 1938). 
Therefore, the consequences of fisheries- induced changes that se-
lect for earlier maturation at smaller body size have the potential to 
destabilize the food- web functioning by truncating the age or size 
structure of the harvested population (Table 1). Such food webs can 
endure higher vulnerability to environmental changes and intensify 
fishing mortality unless the fishing effort is relaxed (Brose et al., 
2006; Kuparinen et al., 2016). A simulation study of a food- web 
model empirically parameterized for the Lake Constance ecosystem 
showed that by decreasing the body size ratio between the feeding 
links, fishing increases the biomass fluctuation of harvested species 
and co- existing species in the food web (Kuparinen et al., 2016). The 
magnitude of fluctuations became especially severe and displayed 
a longer- lasting effect when evolutionary changes due to selective 
removal of old and large individuals were heritable and considered 
within the food- web architecture. Although the harvested fish spe-
cies have recovered substantially once the simulated fishing was 
ceased, the population's recovery had not reached its prefishing val-
ues when traits were heritable. These model predictions illustrate 
the indispensable impact of a selective harvest, inflicted directly 
on the population dynamics of harvested species (Anderson et al., 
2008; Hsieh et al., 2006) and implicitly on the dynamics of the eco-
system (Kuparinen et al., 2016; Perälä & Kuparinen, 2020).

|

Stocks can be regulated by the availability of resources and the 
consumers’ presence. Both restrains intertie the role of the stock 
within the food web, which makes it susceptible to trophic cascades. 
Intense harvest has a potential to change the strength of the trophic 
cascades on a short scale due to ecologically induced changes aris-

et al., 2006) or on a long scale due to evolutionary- induced life- 
history changes (Audzijonyte, Kuparinen, & Fulton, 2013; De Roos 
et al., 2006; Kuparinen et al., 2016; Perälä & Kuparinen, 2020; Start, 
2018; Wood et al., 2018). By definition, trophic cascades entail the 
changes in abundance or biomass density of a functional group or 
population to propagate beyond one trophic link (Pace et al., 1999; 
Paine, 1966). An example can be the top- down cascades in the food 
web of Scotian Shelf that were induced by overfishing of Atlantic 
cod and other large predators (Scheffer et al., 2005). The absence 
of the top predators influenced the community structure and com-
petitive interactions. Predation and competition release increased 
the abundance of small pelagic fishes and benthic invertebrates, 
which reduced the abundance of larger zooplankton species and 
reduced grazing pressure on phytoplankton, leading to lower levels 
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of nutrients. Similar ecological cascading mechanisms, triggered 
by harvesting, have been reported worldwide, from simpler food 

& Dayton, 2000) and saltmarsh ecosystems (Altieri et al., 2012), to 
complex ecosystems in the open ocean (Frank et al., 2005).

Ecological changes that cascade through the food webs can also 
generate an adaptive response in species that are not directly tar-
geted by fishing. Re- balanced abundance and biomass open path-
way for evolutionary changes arising in traits that are influenced by 
density- dependent processes. For instance, a modelling study track-
ing the evolution of a genotypic- based competition– defence trade- 
off showed that the eco- evolutionary response to fishing could 
cascade downward to nontargeted species (Wood et al., 2018). The 
two underlying mechanisms driving the cascades were feeding avail-
ability and predator vulnerability. The food web constituted of four 
trophic levels. As the harvest of top predators started, the food web 
showed typical top- down cascade: the abundance of top predators 
declined, leading to increase in secondary consumers, decrease in 
primary consumers and increase in producers. Simultaneously, the 
tracking of the competition– defence trade- off showed that the 
impact of FIE and its direction alternated among trophic levels in 
a corresponding manner alike to the ecological top- down cascade. 
This pattern highlights that fishing can generate ecological and evo-
lutionary cascades just through the biomass removal due to changes 
in prey density and predation regime.

FIE in life- history traits of fished species may lead to trophic 
cascades as well. The maturation schedule is a strong contingent of 
reproductive success and population dynamics. This connection es-
sentially provokes the assumption that depleted stocks with altered 
spawning potential and higher recruitment variability may make the 
food web more sensitive to top- down or bottom- up cascades. For 
example, the reduced disparity between the life- history stages of 
harvested species undergoing ontogenetic shifts could increase the 

body size in broadcast spawners is often positively related to the 
duration of spawning season and the number of spawning events 
(Kjesbu et al., 1996), which leads to greater chances of finding fa-
vourable conditions for larval survival (James et al., 2003). Therefore, 
a truncated size diversity of life- history stages may lower the likeli-
hood of newly hatched larvae overlapping in time and space with the 
peak of its prey availability or quality. The consequences could be 
reduced recruitment success and increased temporal fluctuations in 
the abundance of harvested stocks (Hsieh et al., 2006; Siddon et al., 
2013), which could feedback ecological cascades.

To quantify the impact that fisheries- induced changes in life- 
history evolution may have on the aquatic food webs, Perälä and 
Kuparinen (2020) extended the allometric trophic network and al-
lowed two life- history traits of adult fished stocks to evolve with 
time. They simulated small and large size- selective fishing of perch 
in Lake Constance and tracked how the evolutionary changes in 
the asymptotic body size and reproductive costs develop within 
each of the five life- history stages (larvae, juveniles, and 2- year, 
3- year and 4+ year adults). Findings showed that fishing type can 

influence the direction and the extent of evolutionary change in 
body size. Ecological and evolutionary changes driven by the large 
size- selective fishing generated stronger biomass changes within the 
perch life stages and within the food web compared with small size- 
selective fishing. Key mechanisms behind this were changes in met-
abolic rates and maintenance costs of harvested individuals along 
with their body size changes, as well as changes in the maintenance 
costs due to changes in the timing of maturity, that is the survival 
costs of reproduction (Bell, 1980). Therefore, populations exposed 
to large size- selective fishing had more truncated body size, which 
has contributed to the increased feeding rate of younger life stages 
and predatory pressure of their prey (including fish larvae).

Interestingly, the presence of evolution seems to have played an 
especially strong role for the ecological cascades in the food web 
under small size- selective fishing, where the ecological changes in 
biomasses of some functional groups would be hardly observable 
otherwise (Perälä & Kuparinen, 2020). This counterintuitive outcome 
could be an artefact of the model's assumptions and limitations. For 
example, the modelling approach has not fully emulated the mech-
anisms of a food web as perch was the only species susceptible to 
evolutionary changes, and the diet was not evolving along with body 
size, meaning that food- web feedbacks may be quite conservative. 
Findings emphasize that recognising the origin and predicting the 
outcomes of coupled eco- evolutionary cascades can be challenging.

Trophic cascades can emerge from a complex interaction of bi-
ological mechanisms and human- mediated drivers that can have 

synergistically destabilize the system not just by the removal of feed-
ing links but also by the introduction of new ones. For instance, the 
trophic cascades in the food web of the Black sea show ecological 
changes triggered by overfishing, eutrophication and the introduction 
of invasive species (Daskalov et al., 2007). The cascades generated 
by the overfishing of top predators propagated downwards by alter-
ing the predator– prey interactions, while the introduction of invasive 
ctenophore induced an upward cascade due to high predatory pres-
sure on eggs and larvae of commercial stocks. Despite that trophic 
cascade can occur within the food webs independently of fishing ex-
ploitation, modelling and empirical evidence suggest that fishing at 
one or multiple levels can provoke or neutralize the motion of trophic 
cascades. The intensity of cascades can be highly context- dependent 
and can vary on a regional or local scale with environmental condi-
tions and community structure (Pinkerton & Bradford- Grieve, 2014; 
Shears et al., 2008). While in some systems, fishing can be a limiting 
factor that triggers cascading effects in biomass or abundance directly 
through the community structure and functioning, in other instances, 
the induced fluctuations can be buffered through the fishing activity 
itself (Andersen & Pedersen, 2010).

|

Apex predators are species at the highest trophic level of their 
ecosystem. Due to their large body size, the adults do not tend to 
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have natural predators, and thus are not regulated by top- down 
control but rather by prey- availability (i.e. bottom- up control) and 
self- regulating processes (Wallach et al., 2015). Populations of apex 
predators across ecosystems have been under substantial declines, 
pushing several to the verge of functional extinction or pass it (Pauly 
et al., 1998; Ripple et al., 2014). Despite their low densities, apex 
predators are essential in maintaining the ecosystem in a balanced 
structure and healthy state through predation (Estes et al., 2011). 
Given this control, the overfishing of their populations can quickly 
cascade down the food web and increase the biomass of their prey 
species, usually mesopredators, which often tend to be species of 
fisheries interest. For instance, overexploitation of large sharks along 
the northwest Atlantic coast has severely depleted shark popula-
tions and truncated their size structure with up to 17– 47% decline in 

-
opredatory elasmobranch prey, including cownose ray (Rhinoptera 
bonasus), which became exceptionally abundant (Figure 2). With 
increased ray population, the pressure for its prey, commercially 
harvested bay scallop (Argopecten irradians), increased, which has 

While the diet of most fish species is gape- limited, as they tend 
to swallow a whole prey at once, apex predators can also prey upon 
bigger species (e.g. Lucifora et al., 2009). During their ontogenetic 
dietary shifts, apex predators can predate on all trophic levels (Navia 
et al., 2016). Size- related traits such as life histories, metabolic 

rate, diet, feeding and haunting behaviour, and habitat preferences 
constitute the functional role of apex predators that shape marine 
communities (Heithaus et al., 2008). Given their functional role 
within the food web, apex predators tend to exhibit high topologi-
cal uniqueness (Navia et al., 2016), meaning that there are not many 
species of similar network position. Therefore, replacing their func-
tion effectively would be difficult (Prugh et al., 2009).

Losing apex predators from the food web is not a solitary risk. 
Their unique life histories also constitute trophic diversity. Although 
life histories might not always be directly interlinked to the trophic 
level, their loss can affect the energy and biomass flow from one tro-
phic level to another (Bland et al., 2019). Shifting life histories could 
reduce not just phenotypic diversity but also functional diversity, 
and thus through altered food- web structure impact the productiv-
ity of the system (Poisot et al., 2013). Downsized size structure of 
apex predators may increase predation risk to their earlier life stages, 
as the probability of being predated by more species would increase 
if the time spent at the earlier life stage is longer. Buffering capac-
ity of a food web can decline if the trophic diversity is reduced and 
may amplify the sensitivity of a food web to environmental variabil-
ity (Kuparinen et al., 2019). Trophic levels provide a buffering effect 
that dampens biomass variations with progressing levels. Therefore, 
if size- selective fishing truncates life histories of apex predators, we 
might lose some of this protecting support that trophic and func-
tional diversity ensure.

Example of cascading 
effects with a feedback loop generated 
by selective fishing of apex predators. 
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Species life history underlines its population dynamics and influ-
ences its response to exploitation rates and extinction risk (Jennings 
et al., 1999; Jusufovski & Kuparinen, 2020; Rowe & Hutchings, 
2003). Depending on the type of fishing selectivity, modelling stud-
ies point that the rate and time of recovery in an evolutionary change 
in a selected trait are slow and not necessarily certain (De Roos et al., 
2006; Perälä & Kuparinen, 2020). FIE may contribute to a delayed 
population recovery, lead to a weaker recovery or prevent full recov-
ery of the heavily harvested stock by driving it beyond its stabiliza-
tion threshold (Hutchings, 2015). The iconic case is the Northwest 
Atlantic cod fishery, where the spawning biomass had been depleted 

1994). The stock has yet not reached its prefishing size structure nor 
abundance despite reinforced moratorium and management mitiga-
tions (Brander, 2007; Hutchings & Kuparinen, 2020).

This case is critical as it points at the complexity of recognising 
the extent to which the FIE per se may have delayed the recovery 
(Figure 3) (Hutchings & Kuparinen, 2021; Pinsky et al., 2021). For 
instance, the increased natural mortality rates, environmental con-
ditions, ongoing fishing activities and depensation effects have all 
influenced the lack of rebuilding (Shelton et al., 2006). Allee effect 
seems to have also been a significant contributor that has not just de-
layed or impaired the recovery period but has also greatly increased 
the uncertainty of recovery, as the population growth rate becomes 
lower and more variable at low abundance (Kuparinen et al., 2014). 
A meta- analysis of 153 depleted marine stocks also elucidates how 
unpredictable can the recovery be (Neubauer et al., 2013). When 
analysed as separate effects, the historic intensity and duration of 
exploitation can shorten the recovery period (Neubauer et al., 2013). 
This outcome was suggested to be the aftermath of plastic and evo-
lutionary changes in maturation schedule that may have increased 
the population growth rate when a population is exposed to long- 
moderate or short- intensive fishing. When the historic intensity and 
duration of exploitation were analysed as the interaction, the impact 
on the rebuilding of population biomass was negative and had pro-
longed the recovery time. The findings of this meta- analysis are con-
sistent with the modelling study from Lake Constance (Kuparinen 
et al., 2016), which showed that the rate or extent of recovery from 
eco- evolutionary changes induced by FIE is not as fast nor as effi-
cient as it is the recovery from ecological changes. Signs of severe 
depletion and collapsed fisheries can be seen from different parts 

-
exploitation that have reduced species abundance and diversity in 
these depleted systems (Byrnes et al., 2007; Daskalov et al., 2007; 
Poisot et al., 2013; Rochet & Benoît, 2012; Thurstan & Roberts, 
2010).

The diversity of species is declining, and fish species of larger 
body sizes are at high risk of extinction (FAO, 2020; Olden et al., 
2007). Fishing activity can be deemed one of the main external 

drivers for extinctions within marine ecosystems, whether owing 
to direct overfishing or indirect habitat loss and fragmentation. 
Harvesting predatory species at higher trophic levels can destabilize 
trophic diversity and biomass flow within the food webs (Essington 
et al., 2006; Rochet & Benoît, 2012) and thus accelerate biodiversity 
loss. Predators promote the diversity of their prey in multiple ways, 
including through the active selection of the most abundant prey or 
dominant competitor, through the territorial distribution, consumer 
density and feeding rate (Koen- Alonso & Yodzis, 2005; Ryabov et al., 
2015). Selective fishing against larger body size can shift the trophic 
position of a predator, the size range of its prey, trophic efficiency, 
predation rate and density. Trophic generality (i.e. number of prey 
taxa in the diet) tends to positively correlate with body size, meaning 
that the number of species preyed upon by a predator can become 
lower if the predator's body size declines (Nordström et al., 2015). 

-
promise the robustness of predator's diet due to narrower ontoge-
netic diet shifts, which may otherwise secure a buffering impact for 
predator– prey dynamics and food- web stability (Bland et al., 2019).

Beside trophic generality, trophic vulnerability (i.e. number of 
predator taxa) also tends to correlate with body size (Nordström 
et al., 2015). This correlation is negative and becomes especially 
relevant when the harvested species is a forage fish at the lower 
trophic level. Forage fish species tend to be well connected within 
the food web, and thus supporting the energy transfer from their 
resources to their predators. Therefore, fisheries- induced evolu-
tionary and ecological changes in the distribution of their size or 
life- history stages can potentially impact the structure of a food 
web in two linear directions: through the altered upward or down-
ward biomass flow. The robustness of a food web can also depend 
on the extent of trophic vulnerability of missing species. Some stud-
ies suggest that the extinction of the most vulnerable species that 
support many predator species tends to lead to the fastest collapse 
of the food web while the role of generality triggers less secondary 
extinctions (e.g. Jacob et al., 2011). Therefore, species (or life his-
tories) that can decrease food- web stability by going missing are 
not necessary only large species at the highest trophic levels but 
also small, highly linked species at lower trophic levels (Jacob et al., 
2011; Navia et al., 2016).

Intertwined changes in declining body size, shifting diet, sur-
vival probability, spatial distribution and behavioural changes in-
duced by overfishing can considerably modify the ecological role 
of species, alter the trophic structure of communities and reduce 
the value of fisheries catches (Essington et al., 2006). Although the-
oretical and empirical studies show that the recovery ability of a 
stock experiencing eco- evolutionary changes due to overexploiting 
fishing practices can be substantially impaired and delayed (Eikeset 
et al., 2016; Hutchings & Kuparinen, 2020; Kuparinen et al., 2016; 
Kuparinen & Hutchings, 2012), these findings also indirectly sug-
gest that a release of high fishing pressure holds the potential to 
rebuild the abundance of depleted species and to modify the food- 

2020; Fung et al., 2013).
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Fisheries have become an integral part of marine food webs and have, 
along with climate- induced changes, showed a considerable poten-
tial to modify the structure and function of ecosystems by gradu-
ally altering eco- evolutionary processes (Audzijonyte, Kuparinen, 
& Fulton, 2013; Kuparinen et al., 2016; Pauly et al., 1998; Perälä & 
Kuparinen, 2020; Wood et al., 2018). Emerging evidence from di-
verse marine systems attests how through fishing ventures, the role 
of humans in ecosystem structure and functioning has intensified 
beyond, and unlike, one of the apex predators. We selectively strip 
the food webs of the individuals in a fully grown, reproductively 
most successful life stages at three times higher rate than the most 
voracious predators (Darimont et al., 2015). Doing so, we provoke 
faster phenotypic changes that are at least somewhat induced by 
size- selective fishing (Audzijonyte, Kuparinen, Gorton, et al., 2013; 
Sharpe & Hendry, 2009).

Interestingly, although our trophic level within marine food webs 
is high, it does not exceed that of natural apex predators (Roopnarine, 

2014). The reason could partially lie in the fishing- down- the- food- 
web strategy since due to depleted stocks at high trophic levels, 
fisheries shifts to stocks at lower trophic levels (Pauly et al., 1998). 
As we overfish authorized stocks, we extend our diet portfolio and 
move farther offshore, searching for new, yet unfished taxa (Pauly, 
2020). The increased technological development has facilitated us 
to easily shift our ecological niche, quickly find prey, effectively 
avoid predators and, arguably, obviate top- down, bottom- up and 
density- dependent control (Darimont et al., 2015; Wallach et al., 
2015). These features distinguish us from apex predators and re-
volve us into sort of an»Anthropo- predator«, as our impact on the 
ecosystems has notably amplified during Anthropocene, the epoch 

The time calls for embracing the responsibility in our functional 
role. Evolutionary changes in the life history of harvested popula-
tions and direct fishing impacts increase the probability of regime 
shifts within the ecosystems, and these might be hard to reverse 
(Conversi et al., 2015). It is, therefore, crucial to act sooner than later. 
Action and research are not mutually exclusive; thus, we encourage 
applicative studies on the impacts that FIE can trigger within marine 

Schematic illustration depicting the complexity of identifying the extent of fisheries- induced evolution apart from biotic and 
abiotic drivers

 17524571, 2021, 10, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/eva.13259 by EV

ID
EN

C
E A

ID
 - B

ELG
IU

M
, W

iley O
nline Library on [01/04/2023]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License



 |

food webs. In the meantime, we need to speculate based on incom-
plete knowledge and mitigate the contemporary consequences to 
prevent borrowing fish from future generations.
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