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Abstract

Intensive fishing that selects for large and old individuals can have pervasive effects on traits directly
associated with the fecundity and survival of the target species. The observed reduction in fish body
size can result in earlier sexual maturity at a smaller body size, leading to a lower individual
reproductive output and population productivity in the long term. In addition, increased predation can
induce similar responses in age and size at maturity due to the release of intraspecific competition
and the lower population density. Thus, the combined impact of fisheries and predation is more
difficult to predict due to their competition for fish, ultimately limiting and directing the prey size
selectivity of each competitor. This can lead to various responses of fish on individual and population
levels, depending on how the impacts of fisheries and predation affect each other. To explore this
topic, we used an individual-based model to investigate the responses of the European hake
(Merluccius merluccius) to the coupled pressures of the prevailing fishing regime and predation by
bottlenose dolphins (Tursiops truncatus) as a study system. By simulating the growth trajectories of
hake with consideration to its pronounced sexual size dimorphism (SSD), we applied Holling’s Type
Il and Il functional responses (FRII and FRIII, respectively) and the Rosenzweig-MacArthur
predator model to describe prey—predator dynamics. Our results demonstrate how the intensity,
duration, and prey sizes selected by predation and fisheries determine the potential for evolutionary
changes in hake life-history traits. Additionally, pronounced SSD in hake as well as the predation
type play a pivotal role in hake resilience and recovery following a period of overexploitation.
Different types of predation reveal the discrepancy in the intensity of competition between predators
and fisheries for fish, as well as predator survival, which is relevant for sustainable fisheries

management and effective predator conservation strategies.

Keywords: Size-selectivity; Fisheries-induced evolution; Merluccius; Prey—predator dynamics;

Functional responses
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1. Introduction

Fisheries-induced alterations in fish morphology, behavior, and development have been a focus of
research and discussion in fisheries science and management for the past several decades (e.g.,
Hendry et al., 2011; Palkovacs et al., 2012; Heino et al., 2015). A number of researchers have
emphasized the negative, long-term, and potentially irreversible effects of fisheries-induced
evolution (FIE) on fish stock resilience and recovery (Swain et al., 2007; Enberg et al., 2009;
Neubauer et al., 2013), as well as sustainable fisheries yields (Zhou et al., 2010; Garcia et al., 2012).
In particular, the size selectivity of fisheries and removal of larger and older individuals poses a
persistent threat due to its pervasive, damaging effects on individual fecundity and survival (Law,
2000; Palkovacs et al., 2012; Belgrano and Fowler, 2013). Continued high harvest rates and fishing
intensity, selecting for life-history traits with specific heritability, represent the main conditions that
can induce an evolutionary shift in fish species (Hutchings and Kuparinen, 2019). However,
difficulties in distinguishing phenotypic plasticity from evolution (reviewed in Hendry, 2016) and
discerning the direction of ecology-to-evolution or evolution-to-ecology processes are the main
obstacles to proving FIE in harvested fish stocks (see Hendry et al., 2011; Heino et al., 2015).

In addition to FIE, predation and other selective pressures of environmental and ecological origin
occurring in marine ecosystems can potentially induce similar responses in the direction or
magnitude of targeted phenotypic traits (see Reznick et al., 1990; Philips et al., 2010; Crozier and
Hutchings, 2014; Ohlberger, 2013; Waples and Audzijonyte, 2016). Predation is, among others, a
size-selective source of natural mortality, removing individuals according to the prey size
selectivity of the predator. Moreover, the size-dependent mortality caused by predation increases
with a decrease in fish body size, especially in those predators limited by gape size (Pettorelli et al.,
2011). Similarly to fisheries, predation directly affects the prey’s investment to reproduction
(DeLong and Luhring, 2018) and its reproductive success or resilience (Lowerre-Barbieri et al.,

2017) to other disturbances. This can ultimately lead to shifts in the timing of their sexual
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maturation and alter their reproductive strategy (e.g., behavioral patterns linked to reproduction)
due to the removal of sexually mature individuals. While such predation-induced changes in prey
have been detected as shifts in size and age at maturity observed under experimental conditions
(Beckerman et al., 2010), changes in predators induced by the changes in prey have also been
observed. For instance, Shuter et al. (2015) predicted that larger size ratios of lake trout (Salvelinus
namaycush, predator) to cisco (Coregonus artedii, prey) lead to earlier maturity at a smaller size in
the predator species. Thus, prey characteristics as well as their adaptions to predation affect predator
development and abundance (YYamamichi and Miner, 2015; Fryxell et al., 2019).

Considering that fishing can erode size-dependent interactions, change community compositions,
and weaken the structural integrity of ecosystems (Palkovacs et al., 2012; Bell et al., 2018),
evolutionary changes in individual fish traits can reinforce these shifts and limit or reduce
intraspecific genotypic diversity, which ultimately diminishes fishing yields (Law and Grey, 1989;
Garcia et al., 2012; Belgrano and Fowler, 2013). As a result, concern has been raised regarding the
management of evolving fish stocks and their implications for ecosystem functioning and
sustainable fisheries yields. Recent managerial advice for fish populations has included the
application of balanced harvesting (Law and Plank, 2018), as well as the active monitoring and
accountability of individual trait responses to fishing and other selective pressures (Conover and
Munch, 2002; Palkovacs et al., 2018). Furthermore, particular attention should be given to
exploitation strategies for late and early maturing species (Ernande et al., 2004), as well as to fish
stocks already demographically and genetically altered, which require careful implementation of
different fishing moratoria (de Roos et al., 2006). However, these proposed measures are
accompanied by various operational and logistical difficulties, and they only address fisheries-
induced alterations in individual and population parameters, other threats such as climate change

notwithstanding (Fraser, 2013; Palkovacs et al., 2018).
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In harvested ecosystems, fisheries and natural predators often compete for the same target fish in
areas of temporal and spatial resource overlap. To account for this, the majority of fish stock
assessments include predation as part of a species-specific fixed value for natural mortality that is
equally applied across all age and size classes of fish (Gislason et al., 2010). However, the risk of
being consumed by a predator decreases as a function of increasing body size, as bigger prey fish
become more elusive due to their size (Abrams and Ginzburg, 2000), as well as their improved
swimming and maneuvering skills (Scharf et al., 2000; DeLong and Luhring, 2018). From the
predator’s viewpoint, their prey size selectivity will change and adjust according to prey availability
and the predator’s ontogenetic development (Griffiths, 1975). While humans are considered as
predators, their prey selectivity and preference are not governed by the sole need to feed for
survival. As Darimont et al. (2015) concluded, humans are not limited in their exploitation rates or
techniques as natural predators are; thus, humans are considered as “super predators”. As a
consequence of intensive harvesting, humans can alter the predation risk through direct impacts on
predators as well as indirectly by affecting the physical environment (see Madin et al., 2016).
Further negative impacts can occur through density-mediated effects (Lankau and Strauss, 2011)
where the removal of large predators has direct implications for the strength of trophic cascades as
well as food web stability (DeLong et al., 2015).

The European hake (Merluccius merluccius, Linnaeus, 1758) is a gadoid bottom-dweller
inhabiting the seas along the NE and central E Atlantic, the NW African coast, and the
Mediterranean and Black Seas, with a decreasing presence from west to east (Fig. 1; Sion et al.,
2019). Adult hake have a mainly piscivorous diet and exhibit strong sexual size dimorphism (SSD),
with males maturing earlier and having a shorter lifespan than females (Cervifio, 2014; Murua,
2010). Furthermore, the female body size in hake is not just positively correlated with the number
of produced eggs (i.e., individual fecundity), but also with the quality of the produced eggs, which

ensures a higher chances of offspring survival (Mehault et al., 2010). Significant fluctuations in size
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at maturity have been observed in hake populations of the Bay of Biscay and Galician waters
(Dominguez-Petit et al., 2008). Although these changes have been attributed to phenotypic
plasticity of various strengths (see Hidalgo et al., 2014), these populations have experienced very
high harvest rates since the 1980s and continue to do so (ICES, 2019). Additionally, hake are
preyed upon by the bottlenose dolphin (Tursiops truncatus, Montagu, 1821), which has been
confirmed by dietary studies on the Irish, Bay of Biscay, and Galician, as well as the W
Mediterranean bottlenose dolphin populations (Blanco et al., 2001; Fernandez et al., 2011;
Hernandez-Milian et al., 2015; Santos et al., 2007, 2014). These opportunistic predators often
interact with fishing activities (i.e., operational interactions; Bearzi et al., 2008), following trawlers
or depredating on coastal nets (e.g., Lopez, 2006; Bearzi et al., 2010; Goetz et al., 2015). While
competing with hake fisheries through direct fish uptake (i.e., ecological interactions), bottlenose
dolphins can notably contribute to the total mortality of hake (Santos et al., 2014). Nevertheless,
only a few studies have attempted to quantify the fish biomass removed by these dolphin species.
For instance, Bearzi et al. (2010) found the annual biomass of fish removed by fisheries to be about
38 times greater than the fish uptake by the bottlenose dolphin population in W Greek waters.
Furthermore, Santos et al. (2014) estimated the predation mortalities of four resident dolphin
species of the NE Atlantic area preying upon European hake, with the bottlenose dolphin population
having the highest uptake of hake (82% of the removed hake biomass).

Since little is known about how fishing and predation in combination affect the ecology and
evolution of individual traits and, in return, alter predator abundance and fishing yields, here we
investigate the responses of individual traits and population parameters of the European hake under
the prevailing fishing selectivity and predation by the bottlenose dolphin. Gardmark et al. (2003)
theoretically explored the evolutionary responses of the age at first reproduction to density-
independent and density-dependent predation and harvesting with regards to the number of species

involved and predation type (i.e., Holling’s Type I and Il). Other studies investigating the effects of
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fishing and predation have explored these from the perspectives of fisheries assessment and eco-
evolutionary feedbacks independently, using approaches that range from individual-based to
ecosystem models (e.g., Melian et al., 2011; Allhoff et al., 2015; Kindsvater and Palkovacs, 2017;
Wood et al., 2018; Govaert et al., 2019). In this paper, we use an individual-based model to
examine how the competitive interactions of natural predators and fisheries affect individual fish
traits as well as population resilience and recovery. Similarly to ecosystem resilience (Holling,
1973), we observe the population resilience as the capacity of the population dynamics and
structure to withstand and absorb a disturbance whilst maintaining its main ecological and structural
characteristics, while recovery is reflected in the speed of recovery of observed parameters after the
disturbance has ceased. While the methodological approach allows us to account for the ecological
characteristics of the prey and the co-evolved prey—predator dynamics, we firstly focus our
investigation on the potential for FIE under the coupled effects of the size-selective pressures. Then
we observe the impact of predation on hake population and fisheries. Lastly, we attempt to
understand the dynamics between the predator and fisheries with consideration to the eco-

evolutionary feedbacks and disruptive fishing regime.

2. Material and methods

2.1 Individual-based model

In the attempt to address the current research questions, we used an individual based model (IBM),
which is an eco-genetic model encompassing quantitative genetics, evolutionary processes, and the
ecological characteristics of the fish species. The IBM approach provides an insight into fish
individual variability of life history traits, whilst aiding to overcome the lack of information about
the exact gene responsible for shaping the response to size-selective removals in hake growth.
Furthermore, it also allows us to observe an evolutionary change in fish life history traits in “fast

forward mode”. To identify the coupled impact of fishing and predation, we expanded an IBM
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initially developed for the Atlantic cod (Gadus morhua; see Kuparinen et al. 2012, 2014; Kuparinen
and Hutchings, 2012 for details) and later parameterized for the European hake (see Jusufovski and
Kuparinen, 2014). While the baseline model and parameterization for hake are described
extensively elsewhere (see Jusufovski and Kuparinen, 2014), in the following text we provide a
brief overview of the main model characteristics with a focus on the novel elements: (i) size-
selective mortality caused by predation and (ii) SSD in hake accounted for through sex-specific
differences in asymptotic lengths with an individual-based prediction of the length at which a fish

becomes sexually mature.

2.2 Data collection and model parameterization

2.2.1 Hake growth and ecological characteristics

The model simulates fish growth trajectories described by the von Bertalanffy (1938) equation,
which calculates an individual’s length at age or time step t (Lt) as: Lo - (L - Lo) € <. Lo is the
asymptotic length of an individual, K is the individual intrinsic growth rate (i.e., the rate at which an
individual approaches its L), and Lo is the fish body length at t = 0. Lo is the same value for all
individuals and calculated from obtained data, while the length—weight relationship applied
corresponds to values used for the southern hake stock (ICES, 2019). We attained the final model of
the growth equation through the log-transformation of K and linear regression as: log (K) = -0.511 -
0.0041L... For this purpose, we used hake growth parameters through the introduction of 64
unsexed data points, available as published data from Mediterranean study cases (see Jusufovski
and Kuparinen, 2014). Information on the biological characteristics and fishing regime of European
hake reflects the current state of the southern hake stock of the Bay of Biscay and Iberian waters

ICES ecoregion (ICES, 2019). Overall, we did not focus on geographical or stock-specific
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characteristics, but rather prioritized reliability and quality in the choice of data and information that
is representative for the fish species in general.

Assuming that quantitative traits are defined by a large number of loci with a small additive
effect (Roff, 2002), we describe the genotype of each individual with 20 loci, assigning a value of 1
or 0 to each locus. Therefore, summing the values for the loci gives the genotypic value of an
individual, ranging from 0 (minimum value) up to 20 (the maximum value). The genetic diversity
then corresponds to the range of genotypic values observed with respect to the set conditions and
parameters (see further explanation of the tested scenarios in the section Simulation design).
Through sexual reproduction, parental genotypic information is transferred to the offspring in
accordance with the basic Mendelian laws of inheritance. The phenotype is then based on the
individual’s genotype, to which phenotypic variation (i.e., normally distributed random noise with
mean zero) is added to account for phenotypic plasticity, whilst remaining within the realistic
values of heritability (0.2-0.3 for fish species; Mousseau and Roff, 1987). After the genotype is
transferred to the phenotype (i.e., L), K is then predicted through the strong negative correlation
between K and L.. The maximum hake age is set according to Murua (2010), so that all individuals
above 12 years of age have a 100% probability of dying.

Each individual goes through basic ecological processes depicted in Figure 2. To account for
SSD among hake males and females, L is increased by 41% for female hake, a value representing
the discrepancy between the female and male L. and calculated using the RL ratio = Lmat / Le. AS
male and female hake sexually mature at different lengths or Lmat (i.€., length at maturity), L. was
calculated separately for each sex, applying the average value of RL (0.51) obtained from the hake
dataset. The male and female Lmat applied for the calculation of the percentage difference in L., was
32 and 45 cm, respectively (Cervifio, 2014). Apart from the average RL value used as an initial
individual value in all simulations (see Table 1), with each time step and for each individual, the RL

is attainted based on the individual’s Lmat and L values. During each reproduction event, sexually
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mature male and female hake are randomly selected and mated, with the sex of the offspring being
assigned by a Bernoulli trial (p = 0.5). Egg production depends directly on female weight, which is
derived from the length—weight relationship, and the average recruit-per-spawner value attained
through available information on recruitment and the spawning stock biomass (Jusufovski and
Kuparinen, 2014). Juvenile survival is determined by a baseline juvenile mortality rate with a
probability of survival set to 10%, which also takes into account the known cannibalism in hake
(Murua, 2010). Each juvenile is then assigned its own density-dependent growth (for further details,
see Jusufovski and Kuparinen, 2014).

Other ecological processes included in the model are density-dependent growth and three
sources of natural mortality (Fig. 2). The density-dependent growth of each individual diminishes
the growth by 50% each time the fish population exceeds 90% of its carrying capacity (see
Jusufovski and Kuparinen, 2014 for a detailed description and logistic equation). Instantaneous
natural mortality or M (for individuals older than two years) and mortality due to the cost of
reproduction or My (only for sexually mature individuals) are estimated through parameterization
and both are applied equally to male and female hake (Table 1). The fate of each individual is then
decided using a Bernoulli trial at each time step.

Fishing is described through a logistic selectivity curve with Lso (the length at which 50% of the
population is retained) set at 26.4 cm based on the prevailing fishing regime (ICES, 2019; Table 1).
Only individuals older than three are fished, since at this age, hake have reached or are well over

their permitted minimum landing size (MLS).

2.2.2 Introduction of predation
The predator population is calculated on a population level using a modification of the

Rosenzweig—MacArthur prey—predator model (Rosenzweig and MacArthur, 1963). Depending on
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the Holling’s functional response (Holling, 1959) used in the prey equations, the predator equations
yield the value of the predator density (p) at each time step t as:

pr =P eepapnt/(1+hpapnt)—dp 1)
in the case of FRII, while in FRIII, p: depends on:

P, =i e(epapnt)z/(1+(hpapnt)2)—dp )
where pj is the predator’s initial density set for the first time step (see Table 1), after which it
becomes the value of pt.1 for all subsequent time steps. p: depends on n; or the prey population
density attained as a quotient of the number of prey at time t (Nt) and the prey’s carrying capacity
(CC) at each time step. ep, or the predator’s assimilation efficiency, the attack rate (ap), and handling
time (hp) are fixed values estimated through parameterization. In turn, the quantity of fish eaten or,
more precisely, the probability of an individual being eaten (peat) is introduced at an individual level
and given as:

Peat = apPe/ (1 + hyayn,) (3)

when FRII is applied and

Pear = appen: 2V /(1 + (hpapnt)z) (4)
in the case of FRIII. pt in both equations denotes the predator population density calculated by
equations (1) and (2) for FRII and FRIII, respectively. The functional responses are used here as the
probability of a prey fish being eaten in order to account for any uncertainty brought about by intra-
and interspecific competition of the predator.

Predation is applied across the hake size range from 21 to 51 cm, set according to the average
size of hake (36 cm) and the hake size range consumed by the bottlenose dolphin populations of the
Ibero-Atlantic waters (Saavedra, 2017). The predator parameters ap, hp, and d, were estimated
(Table 1) and compared to species-specific information on the generation time and dietary
requirements from published research on wild and captive bottlenose dolphins (Kastelein et al.,

2003; Lockyer, 2007; Santos et al., 2014; Saavedra, 2017; Spitz et al., 2018). Since the diet
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composition of the bottlenose dolphin is catholic (Santos et al., 2007; 2014) and its feeding is
opportunistic, this is accounted for in the estimation of hp. The applied value of the predator’s
assimilation efficiency (ep) is in accordance with the observed range of values for toothed whales,
i.e. 0.90-0.95 (Lockyer, 2007). Prey and predator population parameters (pi, Ni and C) are
estimated through parameterizations (see Table 1) and set in such a manner that they allow for

stable prey—predator dynamics throughout the simulation.

2.2.3 Simulation design

In order to observe and detect the independent and coupled effects of fishing and predation, as
well as the eco-evolutionary feedbacks under these effects, we formed eight different scenarios
(Figure 3). Among the tested scenarios, those without predation and a sex-specific difference in L.
were simulated as reference scenarios. The scenarios used for the comparative approach are chosen
with the focus on the independent and joint impacts of predation and fisheries, rather than the effect
of the ecological characteristics of the prey. As the stabilization of prey—predator dynamics is time-
consuming (a total of 3000 time steps), to minimize the computation time, we recorded a priori the
adapted hake populations for each scenario. The adapted populations were recorded during the last
150 time steps of a 3000 time step simulation based on the confirmation of stabilization gained
through preliminary simulations (output and visual confirmation using graphs). Then, to test the
scenario, we used the recorded populations to run simulations for 600 time steps in total and
simulated 30 runs for each scenario in order to obtain the representative outcomes of the individual
and population parameters. During these simulations in all predation scenarios, predation was
applied continuously, while in all eight scenarios, fishing was introduced at the 400" time step. In
this manner, we could effectively distinguish the impact of predation, fishing, and evolutionary

processes. After the fishing period, we observed effects of the given pressures during the recovery
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time until the end of the simulation. All simulations were performed in R Program v3.6.1 (R Core
Team, 2019).

During the simulation testing stage, the introduction of fishing with an intensity of 0.15 and the
duration of 100 time steps revealed that each scenario had a different threshold for the fishing
duration (Figs S1-S3 in the Supplementary material). In other words, prey and predator population
resilience as well as post-fishing recovery were affected by the total mortality applied to hake. The
scenarios without predation demonstrated the highest resilience, enduring 100 time steps of fishing,
followed by a successful recovery. The reference scenarios had a lower resilience of 75 time steps
for the fishing duration, while the FRII scenarios endured 35 time steps of fishing. The FRIII
predation scenarios were the least resilient and could only endure 30 time steps of fishing. There
was no difference between non-evolutionary and evolutionary scenarios in the maximum sustained
duration of the fishing period. For a balanced scenario design, we further applied exactly 30 time
steps of fishing to investigate the ecological and evolutionary feedbacks under the coupled effects
of fishing and predation. All outputs (incl. Supplement) represent average values of extracted
parameters pulled across all 30 simulations for each scenario. In the results, we observe different
aspects of predation, fisheries, evolution, and SSD on hake growth, maturity, genotypic diversity
and demographic parameters with the regards to their implication for hake recovery and resilience.
Firstly, we explore the coupled effects of predation and fishing with respect to FIE alone focusing
on the differences between the evolutionary and non-evolutionary scenarios. Secondly, we explore
the impact of predation on hake survival as well as how predation affects the fish size availability to
fisheries. Lastly, we observe the interactions between the predator and hake fisheries with respect to

evolutionary processes, and their implications for predator survival and fishing catches.
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3. Results

3.1 Potential for FIE under the coupled effect of predation and fishing

Overall results between the evolutionary scenarios and their non-evolutionary versions (e.g., the
evolutionary and non-evolutionary scenarios without predation and with SSD, and so on) indicate
mainly minor discrepancies for the stage of initial introduction of fisheries (presented in the
Supplement). In the individual parameters for hake such as asymptotic length (L) and intrinsic
growth rate (K), all non-evolutionary scenarios reach higher and lower scale values, respectively,
than the same scenarios with evolution (Figs S1a and c). Similar responses in L., and K are observed
in simulations where an identical duration of fishing was applied (Figs 4a and b). More precisely,
the impact of evolutionary processes in achieving the maximum length and its effect on growth rate
work in favor of a higher growth rate per time step (age). Furthermore, in simulations with different
and identical fishing durations, the evolutionary scenarios demonstrate continuously increasing and
decreasing trends in all evolutionary scenarios of L. and K, respectively (Figs Sla, c and Figs 4a,
b). Compared to non-evolutionary scenarios, trends observed in the evolutionary scenarios of Lo
and K indicate that the ecological characteristics of hake (SSD, lifespan, and reproduction) in
combination with evolutionary processes notably delay the stabilization of these individual
parameters, despite the hake populations applied for each scenario being fully adapted to the
respective scenario settings.

The FRIII scenarios demonstrate differences with evolution absent and present in age at maturity
(Fig. 5a), affecting the speed of recovery. In the absence of evolution and with FRIII predation
present, hake displays a slower recovery to the respective pre-fishing level, while evolutionary
processes provide quicker recovery after fishing cessation. In addition, in the absence of evolution,
hake displays a tendency for maturity at a younger age in the FRIII scenarios, although no similar
effects of evolutionary processes on size at maturity (Fig. 5b) are observed under FRIII predation.

In contrast, with only 30 time steps for the fishing period, size at maturity drops slightly (by ~1%)
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in the FRII scenarios, while under FRII predation, a similar reduction in age at maturity gradually
levels out at its pre-fishing level by the end of the simulation time. However, longer fishing periods
applied during the introduction of fishing induce an increase and decrease in the age and size at
maturity, respectively, in the FRII scenario, whereas during the reference and no-predation
scenarios (Figs S1b and d), age and size at maturity do not return to their pre-fishing values within
the 170 time steps of the recovery period. The reference scenarios, as well as the scenarios without
predation, endure the longest fishing periods (75 and 100 time steps in the reference and no-
predation scenario, respectively); this indicates that longer fishing periods have a higher potential to
induce persistent phenotypic changes (e.g., a long-term decrease or increase in the age and size at
maturity) when hake SSD is unaccounted for.

The observed cumulative number of juveniles compared to the present genotypes suggests
different genotypic range values among all scenarios (Figs S2 and 5c). Regardless of the applied
fishing duration, a wider genotypic range is present in all evolutionary scenarios, as opposed to their
respective non-evolutionary versions, which indicates a lower genotypic range due to the absence of
sexual reproduction. When a longer fishing period is applied during the introduction fishing (Fig.
S2), the range of genotypic values widens in the no-predation scenarios without evolution, while all
FRII scenarios, as well as the evolutionary FRIII scenario, exhibit higher numbers of hake juveniles
among lower genotypic values when compared to the same scenarios with a fishing period having
30 time steps. While the genotypic values of the current approach translate directly to phenotype, or
more precisely to body size, the genotypic trends observed are not reflected in the age-size
distribution among evolutionary and non-evolutionary scenarios, meaning that the higher age—size
ranges are not present in the evolutionary scenarios, as would be expected (Fig. 6). However, one
exception exists where, under the conditions of absent evolutionary processes, the range of the
average size at age is slightly higher in the non-evolutionary FRIII scenario than its evolutionary

version (S7 and S8, respectively, in Fig. 6).
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Among population parameters, recruitment, and biomass with respect to the carrying capacity
(BM to CC) show a discrepancy between the FRIII scenarios in which evolutionary processes are
present and absent (Figs 7a—b). The FRIII evolutionary scenario exhibits higher scale values for
these parameters than the non-evolutionary scenario, which suggests higher hake survival due to the
survival of favorable genotypes (i.e., evolutionary rescue). A similar discrepancy between
evolutionary and non-evolutionary FRIII scenarios is observed in recruitment when a longer fishing
period is applied (S3a), where no-predation and reference scenarios indicate delayed or impeded
recovery to their respective pre-fishing levels. Although not presented in the Supplement, other
population parameters such as prey abundance and BM to CC exhibit the same trend in reference
scenarios and scenarios without predation in the presence of evolutionary processes and a longer
fishing period. Hake population level parameters (i.e., BM to CC, recruitment) in the FRIII
scenarios show a reciprocal relationship between hake numbers and predator density (Figs S3d and
8c), where higher hake biomass do not increase FRIII predator density in the presence of evolution,
although there are no differences in recovery among evolutionary and non-evolutionary FRIII
scenarios. While evolutionary rescue supports a higher hake biomass, this occurs through the
survival of prey sizes that are elusive to an FRIII predator, which otherwise thrives in the absence of
an evolving prey. These trends in hake abundance with evolution present support higher fishing
catches in the evolutionary FRIII scenario. While the presence or absence of evolutionary processes
does not affect the prey—predator density ratio among FRII and FRII scenarios (Figs S3c and 8b),
the female—male ratio of hake captures some discrepancies between non-evolutionary and
evolutionary scenarios of no-predation and reference scenarios. FRII and FRIII scenarios show
similar responses to the fishing period with respect to the absence and presence of evolution,

although there is a slight delay in response to fishing in the case of FRIII predation.
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3.2 Impact of predation mortality on hake survival and fisheries

The discrepancy in population resilience observed in the simulation testing stage is most evident
among scenarios with and without predation, where hake is more susceptible to demographic
collapse under predation, especially in the FRIII scenario due to the lowest resilience of only 30
time steps (Figs S1 and S3). Independent of fishing duration, most individual and population
parameters of hake demonstrate different scale values due to the trait-mediated effects of predation
(Figs S1 and S3, as well as Figs 4-5 and 7-8). Contrary to all scenarios without predation, L
shows distinctly higher values under the effect of predation (Figs S1a and 4a), which is reflected as
a higher K in the absence of predation (Figs S1c and 4b). As the increasing trend in L., and the
decreasing trend in K are also present in all scenarios without predation, this suggests that the
density-dependent parameters applied in all the scenarios contribute to the slow adaptation of these
parameters (in addition to evolutionary processes and hake ecological characteristics). The reduced
somatic growth rate under predation is further reflected in the lower age at maturity due to
potentially higher allocation to reproduction under predation pressure, whereas reference and no-
predation scenarios demonstrate maturity at an older age (Figs S1b and 5a). While all predation
scenarios indicate lower somatic growth, size at maturity is unaffected by the presence of predation,
with a slightly higher size at maturity in the FRII scenarios than the FRIII scenarios during the pre-

fishing period (Figs S1d and 5b).

Both predation types exhibit strong overcompensation in age and size at maturity with fishing
cessation, due to the release of fishing pressure (Figs 5a and b). For both age and size at maturity,
the recovery is faster in all scenarios without predation but with SSD accounted for. In age at
maturity, recovery under the reference and FRIII scenarios occurs within a narrow time period,
whereas FRII scenarios prolong the recovery the most. Size at maturity more distinctly
demonstrates the differences in recovery among scenarios, where the no-predation scenarios are

followed by the FRIII, FRII, and reference scenarios. However, with a longer fishing period in the
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reference and the no-predation scenarios (Figs S1b and d), these individual parameters exhibit a
strong phenotypic shift in the absence of predation. Comparing the two predation types, the FRIII
scenarios allow for quicker recovery, indicating a lesser negative impact than FRII predation,
although this could be partly implied by the slightly longer fishing period applied in the FRII

scenarios.

Predation mortality and the prey size selectivity shape the genotypic diversity (Fig. 5¢) and
demographic structure of the hake population (Fig. 6). Reference scenarios demonstrate a very
narrow range of genotypes in comparison to the genotypic range values driven by the sex-specific
difference in L and predation size selectivity. This strengthens the importance of the size
discrepancy among hake females and males, and also suggests that predation drives genotypic
diversity in hake, which in return reflects the wider range of the age—size distribution (Fig. 6) in all
the predation scenarios. In comparison to the reference scenarios (S1-S2 in Fig. 6), the scenarios
without predation (S3-S4 in Fig. 6) show an age—size distribution skewed towards larger females.
However, the average size of hake is clearly higher in the FRII and FRIII scenarios (S5-S8 in Fig.
6) than in all the scenarios without predation (S1-S4 in Fig. 5). While the size at age O (i.e., Lo) is
the same for all the scenarios, the discrepancies are firstly observed in 1- to 2-year-old hake, which

are larger in size for S4-S8 than for S2-S3.

Population parameters (BM to CC and recruitment) exhibit strong overcompensation after
fishing cessation in all the predation scenarios (Figs 7a and b), where hake is clearly low in biomass
and other abundance-correlated parameters in the presence of predation. The strong fish removal,
however, is more pronounced under FRII than FRIII predation, which can be explained by the
higher efficiency of an FRII predator in consuming prey at a lower prey density than an FRI1I
predator, particularly as prey density in the current IBM is solely dependent on prey abundance.
While biomass levels are lower in the reference and all the predation scenarios, in the no-predation

scenarios, biomass exceeds the carrying capacity during the pre-fishing and recovery periods. Such
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levels of biomass suggest weaker density-dependent processes in the conditions of the scenarios
without predation, which with the absence of top-down control allow the hake population to
outgrow its own carrying capacity. During the pre-fishing period, FRII additionally induces greater
fluctuation in all population parameters, regardless of fishing duration (Figs S3a and 7a-D).
However, during the recovery period, all the presented population parameters demonstrate the same
trend of recovery among scenarios as the size at maturity, where the no-predation scenarios allow
for the fastest recovery, followed by the FRIII and FRII scenarios, and lastly the reference
scenarios. The order of scenarios showing the fastest to the slowest recovery changes as the
duration of the fishing period is increased, as FRIII scenarios now enable faster recovery in
recruitment, followed by FRII scenarios, which show a delayed reduction in numbers towards the
end of simulation time (Fig. S3a). Furthermore, all scenarios without predation notably slow down
the recovery in recruitment, while in the absence of hake, SSD and predation recovery (i.e.,

reference scenarios) is completely disabled.

The ratio of female to male hake exhibits different responses to fishing depending on the
presence or absence of predation, particularly when observed within the overlapping time frame of
fishing and predation (Fig. 7c). Reference scenarios as well as scenarios without predation exhibit a
similar trend of a delayed response to fishing, where the proportion of hake males removed by
fisheries increases by the end of the fishing period. Contrary to this, FRII and FRIII predators
demonstrate different sex (size) selectivity during the fishing period, where an FRII predator
increasingly selects hake females towards the middle of the fishing period and then shifts to male
hake as fishing ends. An FRIII predator consumes more males as fishing starts, but this ratio of
hake sexes gradually shifts towards hake females and then fluctuates around the middle towards the
cessation of fishing. Furthermore, the predation types, with their respective targeted prey size,
reveal the dynamics of predation and fisheries, suggesting a higher intensity of competition between

fisheries and FRII predators. Particularly in case of the FRIII evolutionary scenario, the prey size
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selectivity of predation is reciprocal to the size selectivity of the fisheries. When comparing Figure
7c¢ with the same graph for a longer fishing period (S3b), the comparison of hake sexes targeted by
fisheries and predation is only possible among the scenarios with the two longest durations of the
fishing period, meaning the reference scenarios and the scenarios without predation. The reference
scenarios with a longer fishing period continue the trend observed in the reference scenarios under a
short fishing period, where the proportion of female and male hake continues to fluctuate, with
increasingly greater oscillations following each shift from one sex to the other (Fig. S3b). When
comparing no-predation scenarios with short and long fishing periods, the proportions of hake
males and females removed by the fisheries show a similar trend as in the reference scenarios, but

with much lower oscillations.

3.3 Predator—fisheries interactions: bottlenose dolphin survival and fishing catches

The dynamic interactions between bottlenose dolphins and fisheries are mainly steered by the
availability of hake to each competitor. While the absence of a natural competitor provides a higher
gain for fisheries, the fishing catches decrease as the fishing period progresses, with catch slopes
becoming steeper in all scenarios (Fig. 8a). The steepest decrease in catches is observed in the
reference scenarios, which fall under the catches achieved in the conditions of the evolutionary
FRIII scenario by the end of the fishing period. This demonstrates that incorporating key ecological
parameters associated with the trait selected by fisheries (i.e., size), as well as predation mortality,
slows down the potential depletion of fish. As observed in the hake population parameters (Figs 7a—
b), as well as in the female—male ratio of hake (Fig. 7c), the most intensive fish removal when
comparing the two types of predation is noted in FRII predation, which also reduces fishing catches
the most. However, even though predation decreases fishing catches, the smoother catch slope
observed in the evolutionary FRIII scenario (Fig. 8a) suggests a lower level of unsustainable

fisheries removals in the long term.
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493 Considering the competitive interaction between predators and fisheries, the prevailing fishing
494  regime exerts a negative indirect effect on predator density through prey—predator interactions (Figs
495  8b and c). More precisely, fishing reduces the predator density in both predation scenarios, which is
496 also reflected in the overcompensation of the prey—predator density ratio after the cessation of

497  fishing (Fig. 8b), particularly in the FRII scenarios with a longer fishing period (Fig. S3c). While an
498  FRII predator achieves a higher density level through the co-evolved prey—predator interaction and
499  more efficient consumption of prey, FRIII predator density benefits less from such interaction,

500 particularly if evolutionary processes are accounted for (Fig. 8c). Interestingly enough, the prey—
501  predator density ratio and particularly, the predator density of the evolutionary FRIII scenario

502  demonstrates micro-oscillations between the time steps. In comparison to predation, the removal of
503 hake by fisheries is significantly higher in intensity (observed in hake population parameters) than
504 hake removal by bottlenose dolphins, which impacts on predator survival more profoundly than

505  predators affect the fisheries gain due the absence of other target and prey species (Fig. 8c).

506  Moreover, with a slightly longer fishing period applied in the FRII scenarios (Fig. S3d), predator
507  density does not fully recover to its pre-fishing levels, with or without evolutionary processes in the
508  prey.

509

510 4. Discussion

511 4.1 Specific conditions dictate the potential for FIE under coupled size-selective pressures
512 The coupled effects of predation and fishing have diverse implications for a range of fish life-
513  history traits (e.g., K, size and age at maturity), with one trait being more susceptible to

514  evolutionary change than another under specific conditions: this dictates the resilience and stability
515  of observed hake parameters, as well as affecting the speed and pattern of recovery in the

516  parameters. These specific conditions are identified here as the presence or the absence of SSD in
517 hake, the duration and intensity of both size-selective pressures, as well as the predation type.

518  Among the individual hake parameters, L., and K show resistance towards an evolutionary shift, as
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the ecological characteristics of hake and the density-dependent processes slow down the
stabilization of these parameters during the evolutionary scenarios. This can be explained by the
formulation of SSD incorporated directly in hake L., which, in the presence of all other mentioned
conditions, prolongs the time needed for the stabilization of L., and, consequently, K. Furthermore,
as L. is the only evolving trait, the evolution in other life-history traits is not as affected by SSD
due to the phenotypic rather than genetic correlations among L. and other traits. As SSD in fish
species is reflected in higher growth rate in males, which reach maturity earlier than females, an
improved approach to the description of SSD would be to introduce additional and more reliable

sex-specific data on hake growth parameters.

The length of the fishing period, removal intensity, and predation type appear crucial in inducing
very persistent alterations in size and age at maturity. While age at maturity shows some resilience
to the phenotypic shift in the FRII predation scenarios, size at maturity slightly drops after the
cessation of fishing in the same scenarios. With a longer fishing period, the evolutionary change for
both individual parameters becomes obvious in all scenarios without predation and SSD accounted
for, while age at maturity under the FRII scenarios also shows a lack of recovery to its pre-fishing
level. A longer fishing period applied in the reference and no-predation scenarios, as well as FRII
scenarios, indicates that fishing duration is pivotal to inducing more pronounced shifts in these
individual parameters. This is corroborated by studies on exploited stocks that demonstrate a
delayed evolutionary response to fishing after a longer period of exploitation (Devine et al., 2012).
Fish species naturally prone to early maturation schedules have demonstrated a higher potential for
reduced size at maturity under fishing pressure (Landi et al., 2015). This can only partly explain the
decrease in size at maturity of hake in the FRII scenarios after fishing cessation, since the expected
decrease in age at maturity did not occur within the same scenario settings. Fishing duration might
not be enough to explain the observed alterations in size and age at maturity, as the overall intensity

of size-selective removal caused by predation and fishing ultimately contributes to the direction and
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magnitude of their responses. For predation pressure, the predation type is associated with the
predation intensity owing to the differences in consumption patterns between the two predation
types. The difference in the intensity of size-selective removal between the two predation types
supports the higher potential for FIE in the mentioned parameters when the FRII predation type is
applied. However, while the currently prevailing fishing size selectivity in synergy with predation
removal does not impoverish the genotypic diversity of hake, as observed in other fish species
experiencing size-selective removals (see Marty et al., 2015), the ensured phenotypic diversity
(owing to the phenotypic variation added to the genotypic values) could mask the potential
evolutionary shifts in individual life-history traits. In this case, the potential for adaptive phenotypic
plasticity in hake has minimized the impact of evolutionary feedbacks, which is consistent with
other studies addressing the phenotypic adaptations of hake to evolutionary processes under
harvesting pressure (Hidalgo et al., 2014). Consequently, intraspecific phenotypic diversity further
facilitates population demographic stability (i.e., a wide range of age-size classes) and minimizes

the impact of size-selective fishing.

4.2 The importance of accounting for size-related ecological characteristics

Hake population parameters demonstrate different responses to predation and fishing depending
on the presence or absence of SSD and evolutionary processes, as well as the predation type and
fishing period. The impact of predation and fishing is most intensive in the FRII scenarios (with
SSD in hake accounted for), while the most negative ecological impact of fishing is noted in
conditions where predation and SSD are not accounted for. Evolutionary processes, however, have
crucial implications for hake abundance and recruitment in the case of the FRIII predation type,
where hake survival increases, despite fishing and predation pressures, through evolutionary rescue.
This demonstrates that true adaptive changes in hake life-history traits have the potential to

counteract the negative effects of size-selective pressures (see Hendry et al., 2011). At the
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individual and population levels, a short fishing duration and accounting for SSD without predation
allows hake to recover faster from fishing than under conditions with predation, which supports the
cases arguing for slow or even disabled recovery in some overexploited fish stocks due to high
predation mortality (Hutchings and Kuparinen, 2019). With an increase in fishing duration, the
implications of accounting for SSD, the presence of predation, and the predation type become more
crucial to the speed of recovery in hake population parameters. Without SSD accounted for and
predation, recovery is impeded or disabled, although the FRIII predation type enables faster
recovery than FRII predation. Here, SSD forms the basis for recovery, which is not surprising
considering the important implications of SSD for growth parameters, size and age at maturity, size-
selective mortality, and ultimately, the demographic structure of many fish species (Carroll and
Lowerre-Barbieri, 2019; Cervifio, 2014; Keyl et al., 2015). Furthermore, the life-history traits of
shared fish prey targeted by predators and fisheries is pivotal in determining to what degree the

coexistence of predators and fisheries is possible (Huss et al., 2014).

4.3 Predator individual variability: implications for fish stock assessments

Under the condition of a two-species prey—predator interaction, it is not surprising that the
predation tested here profoundly impacts on fish biomass and population resilience. The current
results, however, should be considered alongside the assumptions of this approach, which does not
account for the individual variability, ontogenetic development stage, or catholic diet of the
bottlenose dolphin. According to Navarrete and Manzur (2008), individual predator parameters
(e.g., body size, diet composition, and per capita prey consumption) are more responsive to changes
in prey for a generalist predator. However, with regards to the wide range of prey species,
bottlenose dolphins have been known to demonstrate prey species preference when offered a choice
(Corkeron et al., 1990). Furthermore, under low availability of other prey species, in small food

webs as well as in the case of predator specialization to feed on specific prey species (Pettorelli et
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al., 2011), the factors associated with opportunistic feeding in bottlenose dolphins can be less
relevant in the presence of high intra- or interspecific competition. In the absence of individual
variability, predation types provide a source of ecological complexity directing the response of
predator parameters to fishing. Thus, with the increased level of ecological complexity from FRII to
FRIII, the competition between predators and fisheries decreases. Here the consumption pattern of
predators is of high importance in fish stock assessments, not just for the quantification of predation
but also to avoid negative indirect effects of fisheries on marine trophic links and the environment.
Moreover, as the evolving prey can facilitate the survival of a non-evolving predator (termed as
“indirect evolutionary rescue” by Yamamichi and Miner [2015]), this coincides with the predator
population dynamics observed in the FRII predator, but not for the FRIII. In contrast, the reciprocal
size selectivity of the prey noted between fisheries and FRIII predation is similar to the fishing
strategies targeting all individuals regardless of maturation status, thus reducing the potential for
FIE (Ernande et al., 2004). Studies addressing the competitive interactions between marine
mammals and fisheries, as well as the impact of high fishing mortality, have revealed that
overexploitation is more detrimental to the sustainability of long-term fisheries yields than marine
mammals (Garcia et al., 2012; Morissette et al., 2012) or the potential FIE (Hutchings and
Kuparinen, 2019). Furthermore, even without a multi-species aspect, the current results predict
potential long-term unsustainable outcomes for hake abundance and, consequently, for fisheries in
the absence of predation, which is consistent with ecosystem-based studies that predict a decline in
fisheries yields due to the lower ecosystem productivity caused by the removal of top predators

(Morissette et al., 2010; Roman et al., 2014).

5. Conclusions

In this study, we demonstrated how two sources of size-selective mortality in combination with

the interplay between ecological and evolutionary processes shape the responses of prey parameters
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at individual and population levels. With respect to this, the duration, intensity, and selected fish
size range of both predation pressures have the most prominent implications for the heritability of
shifts observed in hake life-history traits, which need to be accounted for when aiming to avoid FIE.
As different factors can determine the duration, intensity, and size selectivity of predation and
fisheries, the future direction in understanding the prerequisites driving the evolution of individual
life-history traits is to investigate which combinations, as well as thresholds of these conditions,
have the potential to trigger heritable changes. Since in our study the predation type was found to
determine the intensity and size selectivity of predation pressure, future research should address the
potential for evolutionary changes with an increase in ecological complexity (i.e., predation type,
multi-species, or even ecosystem aspect). According to the outputs of the initial introduction of
fisheries, incorporating more than one type of predation in fish stock assessments can aid in setting
more reliable limits for harvest yields and rates, weighted against the risks associated with predation
intensity as well as potential heritable phenotypic changes. Ultimately, understanding of how
predation affects fish availability for fisheries will consequently provide insights into the conditions
under which predators indirectly support fisheries or render fishing yields low.

While conservative, the current approach applies key prey ecological characteristics and
evolutionary processes providing insights into pivotal, baseline mechanisms in the prey—predator
dynamics, as well as the ecological interactions between bottlenose dolphins and hake fisheries.
With consideration of the implications of SSD for hake fecundity and size-selective mortality, SSD
combined with the predation type provides additional insights into the species-specific resilience to
and recovery potential under one or multiple size-selective pressures. Such prey—predator dynamics
has direct implications for setting sustainable reference points and successful conservation measures
to ensure fish survival and the gain of future fisheries. Furthermore, while SSD and FRIII predation

selectivity in the presence of evolutionary processes enrich the prey’s phenotypic and consequently
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genotypic diversity, this can ensure a higher resilience to potential shifts in size at maturity, as it
disperses the intensity of size-selective removals by fisheries.

The fishing mortality and selectivity applied here resulted in a profoundly negative ecological
impact on hake survival, exceeding the removals and selectivity of predation mortality. Moreover,
indirect fishing effects extend to predator survival, as hake consumption by the bottlenose dolphin,
and more precisely its prey size selectivity, will depend on the age-size classes available to the
predator in the presence of an intensive fishing regime. The dynamics of the fishing regime and
predation types of the current study demonstrate how predators adapt their prey size selectivity
according to the size selectivity of fishing. The question is whether these predator adjustments to
fishing size selectivity will be sufficient to counteract the effects of overexploitation. To answer
this, further research is required to address the role of predation from a wider perspective of
complex trophic interactions or the ecosystem level. Such aspects are comprehensively included
within dynamic ecosystem and individual-based models, which could also explore indirect or even
“food-web competition” between bottlenose dolphins and hake fisheries (see ICES, 2015; Wood et
al., 2018). However, incorporating individual variability in both prey and predators with the
integration of eco-evolutionary feedbacks in a more complex trophic structure is an ambitious step
forward to improving the ecosystem approach to fisheries, as well as conservation efforts for natural
predators. While similar approaches to the current one do exist, they have not generally accounted
for one of the features or processes included in our model. Thus, addressing such a multilayered
research question requires a basic approach, where underlying mechanisms can be tested and
brought to light. On the other side, holistic approaches to fisheries management demand models that
can encapsulate such complexity whilst maintaining the applicability of their outputs to managerial
decision-making processes. In line with this, the management of wild fish stocks still remains a

multidisciplinary agenda with a strong need for a transdisciplinary approach.
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Tables

Table 1. Set values of model parameters (M = natural mortality; M. = natural mortality due to cost
of reproduction; N; = prey initial population size; CC = prey carrying capacity; pi = predator initial
population density; a = predator attack rate; e = assimilation efficiency; d = predator death rate; h =
predator handling time; F = fishing intensity; a, b = fishing selectivity parameters; Lso = length at

50% retention).

37


https://ec.europa.eu/fisheries/marine_species/wild_species/hake_en

943

944

945

946

947

948

949

950

951

952

953

954

955

956

957

958

959

960

961

Parameters Values Sources Parameters Values Sources
" M 0.1 e 0.90  Lockyer,
o S 2007
o | Mrc 01 = d 006
S 3 2 3
R N; 4000 2 ¢ & h 05 E §
E ; - = > b
S |2 cc 6000 3 & F 015 3 &
IS £ 3 s g
£ T E 1085, B 3
g | c pi 03 & § £ a,b g 8
S = £ 0411 &
s L T -
[<D]
o a 0.07 Lso 246cm  ICES,
2019

Figure captions

Figure 1. The European hake and its native distribution range in European, African, and Asian seas

(Wikipedia Commons, user Misigon; ec.europe.eu).

Figure 2. Visual presentation of an individual growth trajectory and density-dependent growth (plot
A) as well as a stepwise introduction of the size-selective removals by predation (plot B) and

fisheries (plot C). In all plots fish body length is plotted against the simulation time steps (T) with
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the curved line depicting the asymptotic growth trajectory (full line denoting the trajectory with
evolution and dashed without evolution). In plot A), each individual trajectory is defined by length
at maturity (Lmat) and maximum theoretical length (L.). If the hake population density is high, the
time left for the individual to grow (i.e., the interval between T and T+1) is reduced by 50%
(adapted from Kuparinen et al., 2012). Plot B) demonstrates the introduction of predation, which is
present throughout the entire simulation time (denoted by the green background), selecting only
individuals between 21 and 51 cm of length (denoted by dotted horizontal lines). In plot C), with
predation present, fishing is introduced through a narrower time period in the simulation (denoted
by the red background), but targeting a range of hake length with a 50% retention at the length of
26.4 cm (Lso; red dot-dashed horizontal line). The lower limit for the hake size range is set by the
age of the individual (> 2) denoted in the red dotted horizontal line, which approximately
corresponds to 22-23 cm of length. However, it is important to note that the actual retention by the

fishing gear is described by logistic, asymptotic curve.

Figure 3. Scheme of eight tested scenarios denoted by S1-S8, as follows: S1) non-evolutionary
scenario without predation, a sex-specific difference in asymptotic length (L), as well as without
evolution (reference scenarios); S2) evolutionary scenario without predation and a sex-specific
difference in Ls; S3) non-evolutionary scenario without predation; S4) evolutionary scenario
without predation; S5) non-evolutionary scenario with FRI1I predation; S6) evolutionary scenario
with FRII predation; S7) non-evolutionary scenario with FRIII predation; and S8) evolutionary

scenario with FRIII predation.

Figure 4. Graphs showing the average values of individual hake growth parameters, asymptotic
length (a) and the intrinsic growth rate (b). The parameters are plotted against the simulation time
on the x-axis, where vertical dashed lines delineate the fishing period of 30 time steps from the pre-

fishing period (up to 399 time steps) and recovery period (431-600). Non-evolutionary and
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evolutionary scenarios are denoted by dotted and bold lines, respectively. Scenarios without
predation are depicted in grey, FRII in green, and FRIII in red. Scenarios without predation and a

sex-specific difference in L., (reference scenarios) are presented in black.

Figure 5. Average values of hake individual parameters showing the age (a) and size at maturity
(b), and genotypic diversity (c) with respect to each scenario. Plots a) and b) are plotted against
simulation time steps where the fishing period is denoted with vertical, dashed lines (400-430). In
plot ¢), the cumulative number (N) of juveniles is plotted against the genotype values. In all plots,
the dotted lines denote the non-evolutionary scenarios, whereas the bold lines denote the
evolutionary scenarios. All reference scenarios are depicted in black color, while no-predation, FRII

and FRIII scenarios are depicted in grey, green and red colors, respectively.

Figure 6. Hake demographic structure based on each scenario. The x-axis denotes the scenarios as:
S1) non-evolutionary scenario without predation and a sex-specific difference in L., (reference
scenario without evolution); S2) evolutionary scenario without predation and a sex-specific
difference in L. (reference scenario with evolution); S3) non-evolutionary scenario without
predation; S4) evolutionary scenario without predation; S5) non-evolutionary scenario with FRII
predation; S6) evolutionary scenario with FRII predation; S7) non-evolutionary scenario with FRIII
predation, and S8) evolutionary scenario with FRIII predation. Each bar per scenario depicts the
average size at age as well as each age category ranging from 0-12 years. Size at Lo (first size bar)

is the same for all scenarios and set to 3.9 cm.

Figure 7. Graphs presenting the average values of hake demographic parameters for each scenario,

as follows: a) recruitment; b) population biomass with respect to carrying capacity (BM to CC); and

¢) hake female to male density ratio. Simulation time steps on the x-axis are divided into pre-fishing
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(0-399), fishing (400-430), and recovery periods (431-600) by vertical dashed lines. Scenarios
differ according to the presence or absence of evolution as bold or dotted lines, while a black color
depicts reference scenarios, a grey color depicts scenarios without predation, green with FRII, and

red with FRIII predation scenarios.

Figure 8. Hake and bottlenose dolphin population dynamics under fishing pressure with respect to
each scenario. Average values of the following population parameters are presented: a) caught hake
biomass; b) hake and bottlenose dolphin density ratio; and c) bottlenose dolphin density. Simulation
time steps (x-axis) are divided by vertical dashed lines into pre-fishing (0-399), fishing (400-430),
and recovery periods (431-600), although plot a) only shows the fishing period. Dotted and bold
lines depict non-evolutionary and evolutionary scenarios, respectively, where a grey color denotes
scenarios without predation, green FRII, and red FRIII predation scenarios. Reference scenarios are

denoted in black only in plot a).
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Figure 1. The European hake and its native distribution range in European, African, and Asian seas

(Wikipedia Commons, user Misigon; ec.europe.eu).
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Figure 2. Visual presentation of an individual growth trajectory and density-dependent growth (plot
A) as well as a stepwise introduction of the size-selective removals by predation (plot B) and
fisheries (plot C). In all plots fish body length is plotted against the simulation time steps (T) with

the curved line depicting the asymptotic growth trajectory (full line denoting the trajectory with
evolution and dashed without evolution). In plot A), each individual trajectory is defined by length

at maturity (Lmat) and maximum theoretical length (L..). If the hake population density is high, the

time left for the individual to grow (i.e., the interval between T and T+1) is reduced by 50%

(adapted from Kuparinen et al., 2012). Plot B) demonstrates the introduction of predation, which is
present throughout the entire simulation time (denoted by the green background), selecting only
individuals between 21 and 51 cm of length (denoted by dotted horizontal lines). In plot C), with

predation present, fishing is introduced through a narrower time period in the simulation (denoted
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by the red background), but targeting a range of hake length with a 50% retention at the length of
26.4 cm (Lso; red dot-dashed horizontal line). The lower limit for the hake size range is set by the

age of the individual (> 2) denoted in the red dotted horizontal line, which approximately

corresponds to 22-23 cm of length. However, it is important to note that the actual retention by the

fishing gear is described by logistic, asymptotic curve.
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Figure 3. Scheme of eight tested scenarios denoted by S1-S8, as follows: S1) non-evolutionary
scenario without predation, a sex-specific difference in asymptotic length (L), as well as without
evolution (reference scenarios); S2) evolutionary scenario without predation and a sex-specific
difference in Ls; S3) non-evolutionary scenario without predation; S4) evolutionary scenario
without predation; S5) non-evolutionary scenario with FRII predation; S6) evolutionary scenario
with FRII predation; S7) non-evolutionary scenario with FRIII predation; and S8) evolutionary

scenario with FRIII predation.
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Figure 4. Graphs showing the average
values of individual hake growth
parameters, asymptotic length (a) and the
intrinsic growth rate (b). The parameters are
plotted against the simulation time on the x-
axis, where vertical dashed lines delineate
the fishing period of 30 time steps from the
pre-fishing period (up to 399 time steps)
and recovery period (431-600). Non-
evolutionary and evolutionary scenarios are
denoted by dotted and bold lines,
respectively. Scenarios without predation
are depicted in grey, FRII in green, and
FRIII in red. Scenarios without predation
and a sex-specific difference in L

(reference scenarios) are presented in black.
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Figure 5. Average values of hake individual parameters showing the age (a) and size at maturity

(b), and genotypic diversity (c) with respect to each scenario. Plots a) and b) are plotted against
simulation time steps where the fishing period is denoted with vertical, dashed lines (400-430). In
plot ¢), the cumulative number (N) of juveniles is plotted against the genotype values. In all plots,
the dotted lines denote the non-evolutionary scenarios, whereas the bold lines denote the
evolutionary scenarios. All reference scenarios are depicted in black color, while no-predation, FRII

and FRIII scenarios are depicted in grey, green and red colors, respectively.
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Figure 6. Hake demographic structure based on each scenario. The x-axis denotes the scenarios as:
S1) non-evolutionary scenario without predation and a sex-specific difference in L., (reference
scenario without evolution); S2) evolutionary scenario without predation and a sex-specific
difference in L. (reference scenario with evolution); S3) non-evolutionary scenario without
predation; S4) evolutionary scenario without predation; S5) non-evolutionary scenario with FRII
predation; S6) evolutionary scenario with FRII predation; S7) non-evolutionary scenario with FRIII
predation, and S8) evolutionary scenario with FRIII predation. Each bar per scenario depicts the
average size at age as well as each age category ranging from 0-12 years. Size at Lo (first size bar)

is the same for all scenarios and set to 3.9 cm.
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Figure 7. Graphs presenting the average
values of hake demographic parameters for
each scenario, as follows: a) recruitment;
b) population biomass with respect to
carrying capacity (BM to CC); and c) hake
female to male density ratio. Simulation
time steps on the x-axis are divided into
pre-fishing (0-399), fishing (400-430),
and recovery periods (431-600) by vertical
dashed lines. Scenarios differ according to
the presence or absence of evolution as
bold or dotted lines, while a black color
depicts reference scenarios, a grey color
depicts scenarios without predation, green
with FRII, and red with FRIII predation
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Figure 8. Hake and bottlenose dolphin
population dynamics under fishing
pressure with respect to each scenario.
Average values of the following
population parameters are presented: a)
caught hake biomass; b) hake and
bottlenose dolphin density ratio; and c)
bottlenose dolphin density. Simulation
time steps (x-axis) are divided by
vertical dashed lines into pre-fishing (0—
399), fishing (400-430), and recovery
periods (431-600), although plot a)
only shows the fishing period. Dotted
and bold lines depict non-evolutionary
and evolutionary scenarios,
respectively, where a grey color denotes
scenarios without predation, green FRII,
and red FRIII predation scenarios.
Reference scenarios are denoted in

black only in plot a).
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