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Abstract

Commercial harvesting is recognized to induce adaptiveoreses of life-history traits in fish populations, in pautar

by shifting the age and size at maturation through direaliselection. In addition to such evolution of a target sfock
the corresponding fishery itself may adapt, in terms of figlpialicy, technological progress, fleet dynamics, and adapt
harvest. The aim of this study is to assess how the interpddywden natural and artificial selection, in the simplest
setting in which a fishery and a target stock coevolve, cad tealisruptive selection, which in turn may cause trait
diversification. To this end, we build an eco-evolutionargdal for a size-structured population, in which both the
stock’s maturation schedule and the fishery’s harvest rata@daptive, while fishing may be subject to a selective polic
based on fish size and/or maturity stage. Using numericatdzfion analysis, we study how the potential for disrugptiv
selection changes with fishing policy, fishing mortalityr\est specialization, life-history tradeoffs associatgith early
maturation, and other demographic and environmental pates We report the following findings. First, fisheries-
induced disruptive selection is readily caused by commasbd fishing policies, and occurs even for policies that are
not specific for fish size or maturity, provided that the hatus sufficiently adaptive and large individuals are taedet
intensively. Second, disruptive selection is more likelystocks in which the selective pressure for early matunaso
naturally strong, provided life-history tradeoffs arefmigntly consequential. Third, when a fish stock is overeitpt,
fisheries targeting only large individuals might slighthciease sustainable yield by causing trait diversificaf@wen
though the resultant yield always remains lower than theimam sustainable yield that could be obtained under low
fishing mortality, without causing disruptive selectiolye discuss the broader implications of our results and tgghl
how these can be taken into account for designing evolutilgnaformed fisheries-management regimes.

Keywords: fisheries-induced evolution, coevolution, adaptive dyicandisruptive selection, size at maturation.

1. Introduction

The exploitation of renewable resources is a major souroeasfality, which can trigger population collapse (Stokes

et al., 1993; Hutchings and Reynolds, 2004) and adaptivegd®in the life history of harvested species (Palumbi, 2001
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Ashley et al., 2003). Indeed, in commercially exploited Bsbcks harvest has been recognized a driver of evolutionary
adaptations (Law, 2000; Heino and Godg, 2002; Jargensdn 20@7; Dieckmann et al., 2009). To date, most studies
considering the genetic and phenotypic responses of figtk sbofishing have focused on fisheries-induced directional
selection on life-history traits such as age and size at raatum (Barot et al., 2004; Ernande et al., 2004; de Roos. et al
2006; Gardmark and Dieckmann, 2006; Dunlop et al., 2009sfoal., 2011).

In addition, a fishery itself can adapt, in terms of fishingipgltechnological progress, fleet dynamics, and adaptive
harvest (Salthaug, 2001; Hannesson, 2002; Walters anceM&®04). Fishing policies can be selective for both size
and maturity stage of individuals in the stock: size sel@gtiresults from mesh-size and gear regulation or from-size
specific incentives (Hart and Reynolds, 2002; FromentinRmwlers, 2005), while maturity selectivity may arise when a
stock’s juveniles and adults are spatially segregatedhdwgpawning (Sinclair, 1992; Swain and Wade, 1993; Engdlhar
and Heino, 2004; Opdal, 2010). Harvest is readily adaphigeause fishers constantly tune their effort and selecfivit
maximum profit, targeting stock components that are mositahde to harvest. Such adaptation is relatively fast, ilegqd
to a continuously changing selective pressure on the arplstock. Accordingly, the effect of technological praggen
a fishery’s sustainability is often assessed while neglgaidaptive responses of the targeted stock (e.g., Dertale e
2010).

The coupled dynamics of adaptations in a stock and its fistemye interpreted as a coevolutionary process, in which
one component of the system is biological (the exploitedigtavhile the other component is economic (the exploiting
fishery). In his pioneering work, Heino (1998) approacheddtock-fishery system from this coevolutionary perspectiv
individuals in the considered stock could adapt their ageaturation in response to the selective pressure imposed by
harvesting, while fishers adapted their strategy to marifie sustainable yield on a slower timescale, causingtatired
selection on the age at maturation.

The interaction between adaptive harvest imposed by a fisirat biological evolution could possibly result in dis-
ruptive selection, as suggested by Carlson et al. (2007 )Eaiedine et al. (2007) and supported by statistical analysis
of field data by Edeline et al. (2009). The objective of thisdstis to provide a first model-based investigation of this
phenomenon. For this, we approach the stock-fishery systam the coevolutionary perspective, allowing harvest to
adapt on the timescale of population dynamics, thus impgwen Heino’s (1998) timescale-separation assumption, and
studying both directional and disruptive selective pressiisruptive selection can increase the genetic and/engh
typic variance of adaptive traits (Gross, 1985; Edelinele2809; Keller et al., 2013), and under some circumstances
may even lead to evolutionary branching and dimorphic tiaiérsification (Maynard Smith, 1966; Geritz et al., 1998).
Both impacts may increase a stock’s capacity to respondréztitinal selective pressures (Roff, 1997), and may raise
the stock’s abundance and yield. Disruptive selection temmusly difficult to predict and can also have negativeet$
on the ecosystem in which the fish stock is embedded (Jenamy&aiser, 1998; Zhou et al., 2010). We conclude our
investigation by discussing broad implications of our firghi, which might be taken into account for the evolutioyaril

informed management of fisheries and the design of sustaifiabery policies.
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2. Model and methods

P ms + FO&ghg(N)
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Figure 1: Schematic representation of the life-history elod’he harvested population is divided into juveniles (wit
density V1), small individuals (with densitiesvVs and N,), and large individuals (with densitie§; and N3), where
tilde-subscripts refer to early-maturing individualsdividuals can either mature early (with probabilitygrowing into
compartmentVs) or late (with probabilityl — =, growing into compartmenv,). The probability of early maturation is
the adaptive trait considered in this study. Table 1 andi@e&tprovide further details.

We use a discretely size-structured life-history modaehilgir to that employed in Poos et al. (2011) and Bodin et al.
(2012), to describe an adaptively harvested fish populatieided into three size classes (Figure 1). Individuals can
mature either in the second or in the third size class, andrdisly differ in their sizes at maturation. We refer to
the probability of maturing in the second size class as tlobatility of early maturation, and consider it an adaptive
trait constrained by life-history tradeoffs (Roff, 1983e&rns, 1992). From this stock-fishery model, we derive tiheks
basic reproduction ratio in dependence of the adaptive &nadl from this, the evolutionary dynamics of maturatiosirg
bifurcation analysis (Kuznetsov, 2004) and numerical icuattion techniques (Allgower and Georg, 2003), we stuay th
selective pressures exerted on the stock by differentdafdishing mortality and by different levels of selectivitr size
and/or maturity. In this way, we assess the potential fordislaks to experience disruptive selection and thus patiénti

undergo maturation diversification (Figure 2).
2.1. Population dynamics

We consider a stock in which individuals are classified inte¢ size classes—juveniles, small, and large. An individ-
ual can become mature at small size (early maturation) withability = or at large size with probability — = (Gross,
1985). The probability of early maturation is analyzed asdaptive life-history trait under selection. Specificaliye
denote byN(¢) = (N;(t)) the vector of fish abundances at timewith i = 1, 2, 2, 3, or 3 ranging over all stock com-
ponents (where tilde-subscripts refer to early-matunmttividuals). Figure 1 provides a schematic representatidhe

considered stock structure.
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Figure 2: Model-based illustration of maturation diversifion in response to fisheries-induced disruptive seleciihe
probability of early maturation, initially set at 0, gradlyaonverges to a monomorphic evolutionary equilibriumvaich

selection turns disruptive and evolutionary branchingsgidace. The resultant two coexisting morphs, which ihjtare

very similar, then diversify, eventually converging to andirphic evolutionary equilibrium. Parameters at theierehce
value (see Table 1) andl = 1.1 yr—.

Newborn juvenile individuals grow into the second size glasrater;. With probabilityz, they are early-maturing,
thus growing into stock componehtwhereas with probability —  they are late-maturing, thus growing into stock com-
ponent2. Small individuals grow into the third size class at ratg®r r2, depending on whether they are early-maturing
or late-maturing, respectively. Early-maturing indivédsi give birth to juveniles in the second and third size @asat
ratesf; and f5, respectively, while late-maturing individuals produdtspring only once they reach the third size class,
at ratef3. The natural mortality of juveniles is considered to be dgrdependent, at rater; V1, indicating resource
competition at the juvenile stage, since we assume ju\gailiécally depend on scarce resources in the environnient.
contrast, we assume thsiinall and large individuals experience density-indepehdwrtality, as the spectrum of their
feeding resources is often wide. Specificaihe natural mortality rates are assigned andms in the small size class
andms andms in the large size class, depending on whether they are e@atyring or late-maturing, respectively.

We assume that early-maturing individuals face severadHistory tradeoffs, since energy allocation to maturatio
reduces the energy available for other life-history preessincluding growth, survival, and reproduction (Pooal gt
2011; Bodin et al., 2012). We make the simplest possiblenagsans for these three tradeoffs, by considering the
mortality of small early-maturing individuals to be incseal relative to small late-maturing individuals accordiag
ms(x) = ma(l + Bmz), the growth rate of small early-maturing individuals to becckased relative to small late-
maturing individuals according tes(z) = (1 — Srz)4, and the fecundity of large early-maturing individuals ® b
decreased relative to large late-maturing individual®gtiog to f5(x) = f3(1 — Gsz)+. In each case, the considered
costs of early maturation are thus proportional to the ploditya 2 of early maturation, with proportionality constarfis,

Br, and B; measuring the strengths of the respective tradeoffs. Thecsipt(...); means that negative values in the
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Notation  Description Reference value Unit

Variables
@) x Early-maturation probability n.a. n.a.
N Density of juvenile individuals n.a. ke
N5 Density of early-maturing small individuals n.a. kfh
Ny Density of late-maturing small individuals n.a. kih
N3 Density of early-maturing large individuals n.a. ki
N3 Density of late-maturing large individuals n.a. ki
(b) r5(x) Growth rate of early-maturing small individuals n.a. —yr
5(x) Fecundity rate of early-maturing large individuals n.a. —yr
ms(x) Mortality rate of early-maturing small individuals n.a. yr
h;(N) Relative adaptive harvest of componént n.a. n.a.
Parameters
(c) 1 Growth rate of juvenile individuals 1 yi
ro Growth rate of late-maturing small individuals 0.8 yr
5 Fecundity rate of early-maturing small individuals 0.8 —Yr
f3 Fecundity rate of late-maturing large individuals 1 —yr
my Mortality rate of juvenile individuals 0.4 yrt
Mo Mortality rate of late-maturing small individuals 0.3 Wr
ms Mortality rate of early-maturing large individuals 0.2 yr
ms Mortality rate of late-maturing large individuals 0.2 yr
Br Strength of growth tradeoff 1 n.a.
B Strength of fecundity tradeoff 1 n.a.
Bm Strength of mortality tradeoff 1 n.a.
S; Size of individuals in component 0.3 m
k Allometric coefficient relating size to weight 0.01 tonnesm
0 Allometric exponent relating size to weight 3 n.a.
w; Weight of individuals in componerit ks? tonnes
(d) «a=(«;) Fishing policy n.a. n.a.
F Fishing-mortality rate n.a. yrt
~ Degree of harvest specialization 5 n.a.

Table 1: Variables and parameters of the stock-fishery modEQuations (1a). The indekrefers to the five stock
components; = 1, 2, 2, 3, or3. (a) Trait and densities. (b) Trait-dependent and derdgfyendent functions. (c) Stock
parameters. (d) Fishery parameters.

parenthesis are mapped to 0, while positive values remaihanged. This means that for valuesspf> 1 andg; > 1
the growth rate-; (x) and the fecundity ratgs; (), respectively, may become zeromamcreases, but can never become
negative.

Based on these considerations, we obtain the followingsfisbery model

Ny = f3N5 + f5(2) N3 + fsNs — miN2 — 11Ny — Fayhy(N)Ny,

N3 = 211Ny —my(2) Ny — r3(2) N3 — Fazhs(N)Nj

Na = (1 — 2)r1 Ny — maNa — 13 Na — Fagha(N) N, (1a)
N3 = r3(x)N5 — m3Nj — Fazh;(N)N;

NB = 19Ny — m3N3 — Fazhs(N) N3,

where N; is the time derivative of the abundandé of each component of the fish stock, while the last terms imeac
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Juvenile| Late- Early- Late- Early- | Results
maturing | maturing | maturing | maturing
small small large large

(@) No regulation Yes Yes Yes Yes Yes Disruptive selection

(b)  Only juvenile Yes No No No No No disruptive selection
Only small No Yes Yes No No No disruptive selection
Only large No No No Yes Yes Disruptive selection (5 < 1)
Juvenile or small Yes Yes Yes No No No disruptive selection
Small or large No Yes Yes Yes Yes Disruptive selection

(c) Only immature Yes Yes No No No No disruptive selection
Only mature No No Yes Yes Yes Disruptive selection

(d) Only immature and small  No Yes No No No No disruptive selection
Only mature and small No No Yes No No No disruptive selection

Table 2: Overview of the ten fishing policies examined in #tigdy. Entries in the five central columns indicate whether
harvesting the corresponding stock component is allowethbyconsidered fishing policy. The last column gives a
summary of the results. (a) Non-selective fishing policy.Size-selective fishing policies. (c) Maturity-selectfishing

policies. (d) Size- and maturity-selective fishing polécie

equation describes harvest, as explained in the next sidoseAll variables and parameters of our stock-fishery nhode

are summarized in Table 1.

2.2. Fishery dynamics

Fishing activities imply an extra mortality in each stockrgmnent of the form¥o;h;(N)N;, wherei ranges over

all five stock components,= 1, 2, 2, 3, or 3, F' denotes the fishing-mortality rate, the binary veaioe («;) charac-

terizes the selective fishing policy according to fish sizé maturity, andh;(IN) is the relative adaptive harvest of stock

component.

We consider ten different fishing policies, with differeetectivity according to size and maturity (Ajiad et al., 899

Law, 2000; Poos et al., 2011; Bodin et al., 2012). These dedldé in Table 2. For example, fishing with no restrictions o

size and maturity translates into the veatoe (

1,1,1,1,1

3 ) 3 )

), while a policy that allows fishing only of mature individsal

is represented by the vectar= (0,0, 1,1, 1). We assume the absolute implementation of the policiesetisegperfect

selectivity, no by-catch or other non-intended mortality.

The relative adaptive harvefst(N) of stock componentis described by a power law (Egas et al., 2005),

hi(N) =

(aw; N;)Y
>, (ajw;N; )

)

(1b)

with the sum extending over all five stock componeits 1, 2, 2, 3, or 3. In this equationu; is the weight of a fish in

stock componenit which is given by the allometric scaling relatian = ks?, wherek andd are the allometric coefficient

and allometric exponent, respectively, ands the size of a fish in stock componénNotice that the allometric coefficient

cancels in Equation (1b); its only effect is that of scalihg yield, see Equations (1c¢) and (A2). The multiplicatiothwi

fish weights translates the density of individuals into ith®omass density. Therefore, the produgtV; is the catch

obtainable from harvesting stock componérithe parametey measures the degree of harvest specialization and ranges

from 0 to co. Wheny = 0, the harvest is not adaptive and is randomly distributed alldive stock components (in
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analogy to random foraging). When= 1, the relative harvest for each stock component equals tatvescatch from
that compartment (in analogy to foraging according to treaidree distribution). When tends tooo, the harvest is
completely focused on the stock component yielding maxineatoh (in analogy to optimal foraging)Ve suggest the
value ofy = 5 for a weakly specialized fishery and= 25 for a highly specialized fishery (see Table 1 and Figure 3).

The total sustainable yield of the fishery for a monomorptaclswith trait valuer* is given by

=x*

Yu =Y Fo;hi(N*)Njw;| (1c)

that is, the sum of the yields obtained by harvesting the fivekscomponents = 1, 2, 2, 3, and3 at the eco-evolutionary
equilibrium (IN*, 2*), following the fishing policyoe = («v;). A very similar expression gives the total sustainable yield

for a dimorphic stock, see Equation (A2) in the Appendix.
2.3. Evolutionary dynamics

Following Poos et al. (2011) and Bodin et al. (2012), we dethe basic reproduction rati8,, measuring an in-
dividual's expected reproductive success in terms of affigpproduced during its lifetime. This reproductive siexe
depends both on the trait value of the focal individual anth@other trait values represented in the population. When a
individual with trait valuex’ experiences a resident population with trait vatuat its demographic equilibriudv*(x),

the focal individual’s basic reproduction ratio is given by
Ro(x,2") = riD1{(1 — 2")roDaD3 f3 + 2'[D3 f5 + r3(2") D5 D3 f3(2)]}, (2a)

whereD; = [mi Ny +r1+Faihi (N*)]71, Dy = [ma+ra+ Fashe(N*)| 71, D5 = [ms(2) +735(2')+ Fashs (N*)] 71,

D3 = [m3 + Fashs(N*)]71, and D3 = [m3 + Fazhs(N*)]~! are the average durations spent by individuals in each
of the five stock components. These are inversely relateuetexit rate from those stock components, see Figure 1 and
Equations (1a). Thus, the produgD; is the probability that an individual in componenteaches the next size class,
while the producD; f; is the expected number of offspring produced by the indizidhile being in component The
focal individual’s basic reproduction rati, («, ') is a fithess proxy and can be used for evolutionary invasialyais.
Specifically, if Ro(z,2’) > 1, individuals with trait values’ can invade and, generically, substitute individuals of a
population with resident trait value otherwise, such invasion is not possible.

The selection gradient
_ ORgy(z,2")

G(z) ox’

(2b)

is the slope of the fitness landscag(z, ') aroundz, and measures the strength of the directional selection drne
rate of evolutionary change is proportional to this setattjradient, independent of whether one considers the gkadu
reshaping of a polymorphic resident trait distributiorotingh selection (as in quantitative genetics theory) or ghain a
monomorphic trait distribution through mutation and seétet(as in adaptive dynamics theory) (Dieckmann et al. 00

Using the selection gradient, we can apply the canonicaatimu of adaptive dynamics theory (Dieckmann and
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Law, 1996; Champagnat et al., 2006; Dercole and Rinaldi8pCth ordinary differential equation that determinigtica
approximates the evolutionary dynamics of the adaptivie iraSpecifically, the rate of changein the trait valuer is
proportional toG (),

T x eG(x), (2¢c)

multiplied with half the product of population density, ratibn probability, and mutation variance; since the latteee
factors are positive, theynly regulate the speed of tiheonomorphic dynamics on the evolutionary timeschig,do not
affect the asymptotic evolutionary regime. While the tistaling parameteris used to separate the slow evolutionary
timescales from the fast demographic timescale (see aldcsaetion) Trait valuesd) < z* < 1 for which G(z*) = 0
are equilibria of the adaptive dynamics, and hence arectailelutionarily singular points. The boundarigs= 0 and

2* = 1 are also evolutionary equilibria, even if, genericallye Selection gradient(z) does not vanish at such points
(Bodin et al., 2012). Internal equilibri@d < z* < 1) and boundary equilibriaof = 0 or * = 1) represent mixed
strategies and pure strategies, respectively (see Gr@&sf@Pa review).

If the dynamics of the adaptive traitdescribed by the canonical equation (2c) converges to datewwary equilib-
rium 2*, that trait value is said to be convergence stable. Fornatexquilibria, the slope of the fithess landscape then
vanishes, and the curvature of the fitness landsdage*, «’) in 2’ determines whether* is evolutionarily stable or
not. If the fitness landscape has a maximumatnegative curvature), no mutants can invade ahds evolutionarily
stable: since it is also convergence stable, it is a sogatatinuously stable strategy (CSS) (Eshel, 1983; Geritt. £
1998), characterizing an endpoint of the evolutionary dyica. Otherwise, if the adaptive dynamics converge to afitne
minimum, it is evolutionarily unstable. Thus, the conditior evolutionary instability is given by

0?Ro(z*,2")

9272 o > 0. (2d)
€T

If Condition (2d) is satisfiedy* is a fitness minimum, so mutants on both sides:ofcan invade. Such mutants
and the former residents then coexist on the ecologicalstiale, forming a new dimorphic resident population. Their
traits will experience further disruptive selection amlthie case of asexual populations, are expected to divarsify
the evolutionary timescale (Figure 2). Such diversifiaatan occur also in sexual populations, provided reprodeicti
isolation between the incipient species arises concoihjtée.g., Keller et al. 2013): here we do not dwell on such
complications, which would deserve and require a dedicstpadrate studyut we assume the concomitant evolution of
reproductive isolationMonomorphic convergence stable singular points satigfgbndition (2d) are called evolutionary
branching points (Geritz et al., 1997, 1998; Dercole anakin2008). In our analysis below, we will thus test Corutiti
(2d) at monomorphic evolutionary equilibrig under different fishing policies, as well as for differentéés of fishing

mortality and different degrees of harvest specialization
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2.4. Outline of analysis

In our further analysis, we use numerical bifurcation asiahand continuation techniques, in an approach similar to
that in Landi et al. (2013), to which interested readersiavitad to refer for more detailed explanations and discunssi

As the fishing-mortality raté” is the driver of fisheries-induced selection on the stockuge it as our primary bi-
furcation parameter. We then extend the analysis by addsegandary bifurcation parameter, for which we chogse
measuring the degree of harvest specialization. In this waycan assess the effects of fishing, in terms of fishing mor-
tality and fishing specialization, on the occurrence ofufisive selection. To evaluate the generality of resultsalge
consider as alternative secondary bifurcation paramttersadeoff strengths;, 5, andjsy,. Eventually, we consider all
other demographic and environmental parameters as sagdniflacation parameters. This procedure will pinpoirg th
characteristics of stocks that are more likely to expegdisheries-induced disruptive selection, as well as theacheris-
tics of fishing regimes that are more likely to cause sucltcsele To conclude, we evaluate the effect of fisheries-tedu
diversification on sustainable yield.

As the analytic form of the demographic equilibrid¥i (z) is unknown for calculating?y(x, =) in Equation (2a),
we numerically integrate a fast-slow eco-evolutionaryaiyics according to Equations (1a) and (2c), where the time-
scaling parameter = 103 regulates the relative speed of the (slow) evolutionaryadyias relative to the speed of the
(fast) demographic dynamics (Abrams et al., 1993; Landl.eRA13). Extensive and systematic numerical analyses of
Equations (1a) reveal that there can only be one nontritable equilibriumiN*(z) for all 0 < x < 1. This simplifies the
analysis of the adaptive dynamics by ruling out possiblerbtions of the demographic dynamics that could comgdicat
the evolutionary dynamics (Dercole et al., 2002).

We first consider the case without fishing mortality (= 0), with all other parameters set as in Table 1; those
parameter valuesre suitable to model, e.g., the Northern Atlantic Cod sttt are chosen for convenient illustration.
Other values have been found to produce qualitatively aimésults. We start the fast-slow eco-evolutionary dyicami
from the demographic initial conditidN (0) and the evolutionary initial condition(0) and integrate these dynamics until
they converge to the unique eco-evolutionary equilibridiT, z*). This equilibrium turns out to be a CSS, suggesting
that the unharvested stock never experiences disruptieetim and at evolutionary equilibrium has a low probapidif
early maturation. We then successively consider each dfetindishing policies listed in Table 2 and examine how the
eco-evolutionary equilibrium responds to increasing fighinortality ratef” (Figure 3). While doing so, we continuously
monitor Condition (2d), which is not satisfied &t= 0. Depending on the fishing policy, the fishing mortality magaie
a thresholdF" = Fg at which a branching bifurcation occurs, i.e., selectiamsudisruptive. This means that the initial
CSS turns into an evolutionary branching point. We contitaufallow this branching bifurcation point while changing
both the fishing-mortality rat&' and the degree of specializatignobtaining the bifurcation curve in the bivarigtg, )

space that separates regions of disruptive and stabilsglegtion (Figure 4).
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3. Results

We first examine which fishing policies can cause disruptilection, then investigate which kinds of fish stocks are
susceptible to fisheries-induced disruptive selectiod farally, analyze the effects of fisheries-induced diveraifon on

sustainable yield.
3.1. Which fishing policies can cause fisheries-inducedigtsre selection?
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Figure 3: Three qualitatively different routes to fishetiileduced disruptive selection on the probability of earlgtoration
as fishing mortality is increased. In panel (a) there is onsirgle internal equilibrium for any value of the fishing
mortality. In panel (b) there is bistability between twoemal equilibria for a range of fishing mortalities. In pae)l
there is bistability between an internal equilibrium andaitdary equilibrium. Panels (a) and (b) show results fonihe
regulation fishing policy; results are qualitatively ecalent for the small-or-large and the only-mature fishinggies, as
well as for the only-large fishing policy whetfh < 1. Panel (c) shows results for the only-large fishing policewh, > 1.
Throughout the panels, convergence stable and evolutipiséable equilibria (continuously stable strategies &S3)
are represented by a thin line, convergence stable buttewoéuily unstable equilibria (evolutionary branchingims)
are represented by a thick line, and convergence unstabikbei@ (evolutionary repellors) are represented by aetbt
line. The fishing mortality at the bifurcation point at whishklection turns disruptive, and thus can cause evolutonar
branching, is indicated bys. Saddle-node bifurcations, at which a convergence staitéenal equilibrium collides
with a convergence unstable internal equilibrium, aredatéid by S1 and S2. A transcritical bifurcation, at which a
convergence stable boundary equilibrium collides with aveogence unstable internal equilibrium, is indicated by T
Yellow and green regions represent intervals of fishing alditytcausing conditional disruptive selection and disie
selection, respectively. In the former case, two convergstable equilibria coexist, but only one of them is evoludirily
unstable: it thus depends on the ancestral condition whetheot disruptive selection will occur. Initial conditisn
N(0) = (1,1,1,1,1) km~2,2(0) = 0.5. Parameters at their reference value (see Table 1), examepts 25 in (b).

Figure 3 shows three qualitatively different routes to fisgeinduced disruptive selection revealed by our modsl. A
fishing mortality is increased in each scenario, the glgbadinvergence stable evolutionarily stable equilibriunhost
early-maturation probability shifts to higher early-matiion probabilities before losing its stability: in sceioa(a), it
loses its evolutionary stability, while in scenarios (bY&g), it first loses its global convergence stability andntlits
evolutionary stability.

Scenario (a) At all levels of fishing mortality, only a single internal @tibrium (0 < z* < 1) is present, which
is always globally convergence stable. Both boundary éxidl (+* = 0 andz* = 1) are convergence unstable. The
early-maturation probability increases with fishing mbiyaAt high levels of fishing mortality £ > Fg; green region),

the internal equilibrium loses its evolutionary stabilip selection becomes disruptive. This scenario occur®trof
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the ten studied fishing policies: it applies to the no-retioite small-or-large, and only-mature fishing policiesyasl as
to the only-large fishing policy whef, < 1 (see below).

Scenario (b) At intermediate levels of fishing mortality§; < F' < Fsy), two alternative convergence stable internal
equilibria are present. At either end of the interval, twiledlent saddle-node bifurcations occuf & Fsi; andF' = Fsp,
with Fs, < Fsi), annihilating one of the convergence stable internalléxid. The upper internal convergence stable
equilibrium is always an evolutionary branching point, wéees the lower internal convergence stable equilibriummis a
evolutionary branching point only faf" > Fg. In this scenario, selection is conditionally disruptidepending on the
ancestral condition:(0), whenFs, < F < Fg (yellow region), as the early-maturation probability céther converge
to the upper internal convergence stable equilibrium (Widcan evolutionary branching point; thick line) or to thever
internal convergence stable equilibrium (which is a CS#i line). Selection is always disruptive fdf > Fp (green
region), no matter which one of the two internal convergesiable equilibria is reached from the ancestral condition.
This scenario occurs for four of the ten studied fishing pedicit applies to the no-regulation, small-or-large, antyo
mature fishing policies, as well as to the only-large fishinligy whens, < 1 (see below). Notice that this set of fishing
policies is the same as for scenario (a), highlighting thd¢pends on model parameters other than fishing mortalitghwh
of the two scenarios applies.

Scenario (c) At intermediate levels of fishing mortality{ < F' < Fs;), a convergence stable internal equilibrium
coexists with a convergence stable boundary equilibriutneither end of the interval, two different bifurcations acc
annihilating one of the convergence stable equilibria.stFia transcritical bifurcation happensat= Fr, when the
convergence unstable internal equilibrium (dotted lird)aes with the convergence stable boundary equilibritim= 1
(thin line), exchanging their convergence stability. Setoa saddle-node bifurcation happensFat= Fs; when the
same convergence unstable internal equilibrium (dottes) Eollides with the internal evolutionary branching pdthick
line). In this scenario, selection is conditionally distiug, depending on the ancestral condition, whign< F' < Fs;
(yellow region): if the ancestral conditiat{0) lies below the convergence unstable internal equilibridoitéd line), the
early-maturation probability converges to the convergestable internal equilibrium (which is an evolutionaryrrhing
point; thick line), so selection becomes disruptive. Intcast, if the ancestral condition lies above the convergenc
unstable internal equilibrium, the early-maturation @bitity converges to the boundary equilibriumi = 1, where
selection cannot be disruptive, as trait values 1 are unfeasible. This scenario occurs for only one fishingcpolt
applies to the only-large fishing policy whéh> 1 (see below).

These results imply thdisheries-induced disruptive selection is readily causeddmmonly used fishing policies,
namely those targeting large adult and mature individudlenprotecting juveniles and immature individuals (Fetgbe
and Roy, 2008; Darimont et al., 2009). By contrasgtenarios (a) to (c) cannot occur for six of the ten studidd fis
ing policies: this applies to the only-juvenile, only-siglivenile-or-small, only-immature, only-immature-asahall,
and only-mature-and-small fishing policies. Consequetithse six types of fisheries can never cause fisheriesédduc

disruptive selection (see Table 2).
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Figure 4: Two qualitatively different routes to fisherieshiced disruptive selection on the probability of early umation
as fishing mortality and harvest specialization are varggther. White, yellow, and green regions indicate paramet
combinations for which selection is not disruptive, coimhiallly disruptive (depending on the ancestral evolutigna
condition), and disruptive, respectively. The bifurcatimurves along which evolutionary branching starts to besibdes
are represented as thick lines, while saddle-node bifiarcatirves are represented as thin lines. The univariateasios
shown in Figure 3 are slices of the bivariate scenarios shewe, as indicated by labeled horizontal lines in both anel
Panel (a) shows results for the no-regulation fishing poliegults are qualitatively equivalent for the small-aiglaand
only-mature fishing policies, as well as for the only-largdhiing policy wheng; < 1. Panel (b) shows results for the
only-large fishing policy whers, > 1. Parameters at their reference value (see Table 1).

We can now expand our analysis by considering the effectrofisaspecialization on disruptive selection. For this, we
need to continue the aforementioned bifurcations in thartate(F, v) space, obtaining the bivariate disruptive-selection
scenarios shown in Figure 4. These plots provide a full tptale characterization of the effects of fishing—in terms
of policy, fishing mortality, and the degree of harvest sakzation—on disruptive selection. Notice that the uniase
scenarios shown in Figure 3 can be understood as slicesxéat fiegrees of harvest specializatipnof the bivariate
scenarios shown in Figure 4. In particular, Figures 3a andr8lslices of Figure 4a for two different degrees of harvest
specialization, while Figure 3c is a slice of Figure 4b. Fas teason, we only have two bivariate scenarios, one applyi
to the no-regulation, small-or-large, and only-matureirfigtpolicies, as well as to the only-large fishing policy when
Br < 1 (Figure 4a) and the other one applying to the only-largeriigipiolicy whens, > 1 (Figure 4b).

From these bivariate scenarios we obtain the followingltestirst, disruptive selection occurs only for high level
of fishing mortality. Second, harvest specialization préesdalisruptive selection: at high values-gfselection turns
disruptive already for lower fishing mortalities (this efféecomes saturated as harvest specialization is incfeddsrd,
random, and thus non-adaptive, harvestf 0) prohibits disruptive selection, demonstrating that ditaharvest is a
necessary condition for the occurrence of fisheries-inddégruptive selection. Fourth, all four fishing policiesisang
disruptive selection targetlarge individuals, which #fere is a second necessary condition for the occurrencehefrfes-

induced disruptive selection.
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Figure 5: Limited realism and generality of the fisheriedtioed disruptive selection scenario for the only-largdriigh
policy with 5, > 1. As explained in the text, this scenario unrealisticallpwas the stock to escape all fishing by maturing
early. Also, it can never cause unconditional fisheriested disruptive selection, and can cause conditional fesker
induced disruptive selection only for the restrictive cibiodis in the narrow yellow band in the upper part of the figure
Hence, the more realistic and general scenario is that inr€igda. Colors and lines as in Figure 4. Parameters at their
reference value (see Table 1).

3.2. Which kinds of fish stocks are susceptible to fishenigseied disruptive selection?

To find out which kinds of stocks are susceptible to fisheinesiced disruptive selection, we carry out a sensitivity
analysis for the two fisheries-induced disruptive selecticenarios in Figure 4 with respect to the tradeoff stre\gih
Br, andp; (Figures 5 and 6), continuing all detected bifurcation$im(i, 5,) spaces, witty spanning all three tradeoffs,
j=m,r,orf.

We find that the univariate and bivariate scenarios for gisve selection under the only-large fishing policy (Figure
3c and 4b, respectively) occur only whgn> 1 (Figure 5), that is, when the growth tradeoff is very stroRggure 3c
shows that for3; = 1 and large fishing mortality” only the boundary equilibriume* = 1 exists: at that evolutionary
equilibrium,r; = 0, i.e., early-maturing individuals stop growing. The stae then be composed of only juveniles
and early-maturing small individuals, so that, under thestaered only-large fishing policy, it escapes all fishingclts
a complete escape from fishing seems clearly unrealistitieatery least, it would trigger a switch to a different fighin
policy. Figure 5 shows that, whe® > 1, this unrealistic situation occurs for even smaller fishingrtalities F. We
therefore discard the scenarios in Figures 3c and 4b aslistieéor larger fishing mortalitied”. In addition, these
scenarios can never cause unconditional fisheries-inddisedptive selection, while the conditions under whichythe
cause conditional fisheries-induced disruptive selecti@very restrictive, as the narrowness of the yellow regian
Figures 3c, 4b, and 5 documents. For these reasons, we factisrther analyses on the scenarios in Figures 3a, 3b,
and 4a, which also cover the only-large fishing policy for< 1. For the purpose of illustration, we consider the no-

regulation fishing policy, as all effects shown in Figure 6 qualitatively equivalent for all four fishing policies tr@an

13



270

272

@) (b) (©

08

o
®
o
@

06

o
>

06

04r

o
=

04

021

o
N

02

Strength of growth tradeoff3r
Strength of fecundity tradeoff}
Strength of mortality tradeoff3m

09 1 11 12 13 08 09 1 11 12 02 04 06 08

Fishing mortality, 7" (yr—1) Fishing mortality,7” (yr—1) Fishing mortality,F (yr—1)
(e) ®

(d)

Mortality rate of large individualsyns (yr—1)
Allometric exponent relating size to weiglt,
Fecundity rate of small individualg; (yr—?)

0‘2 0‘.4 O‘.G O‘B 1
Fishing mortality,F (yr—1) Fishing mortality, 7" (yr—1) Fishing mortality, " (yr—1)
(9) (h) (i)

06 07 08 09 1 11 12 08 09 1 11 12

09

08

07

06

Growth rate of small individuals;s (yr—1)

05
0 02 04 06 08 1 12 14 16

02 04 06 08

Fishing mortality, " (yr—1) Fishing mortality, " (yr—1) Fishing mortality, 7" (yr—1)

09 1 11 12

Mortality rate of small individualsyna (yr—1)
Fecundity rate of large individualgs (yr—1)

Figure 6: Effects of tradeoff strengths, demographic patans, and environmental parameters on fisheries-indused d
ruptive selection. (a, b) Tradeoffs in growth and fecungitymote disruptive selection: the presence of both trddénf

a necessary condition for disruptive selection. (c) Tréfiden mortality restrain disruptive selection. (d, e, frpmeters
that promote disruptive selection. (g, h, i) other paramsetigat restrain disruptive selection. All shown effects dis-
cussed in Section 3.2. Parameter ranges along the axestsencdo as to exclude parameter combinations for which the
stock would go extinct on the evolutionary timescale. Cokmd lines as in Figure 4. Parameters at their reference valu
(see Table 1).

cause disruptive selection in the scenarios in Figures Baal3d 4a (no-regulation, small-or-large, only-matureifigh
policies, as well as only-large fishing policy whgn< 1).
Relaxing the tradeoffs in growth and fecundity restrairssuptive selection (Figures 6a and 6b). Disruptive sedecti

is impossible when either one of these tradeoffs is absent {whens, = 0 or 5z = 0; Figures 6a and 6b): this means
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that the joint presence of growth and fecundity tradeoffsasfy maturation is a necessary condition for the occug@nc
disruptive selection. In contrast, relaxing the trademffiortality promotes disruptive selection (Figure 6c), disduptive
selection is still possible even when this tradeoff is abf§em, whensy, = 0; Figure 6c).

To identify other characteristics of fish stocks that areceptible to fisheries-induced disruptive selection, we now
analyze the effects of all demographic and environmentedrpaters. In this way, we obtain the following findings.
First, the juvenile growth rate; and the juvenile mortality rate:; do not have any effect on disruptive selection (not
illustrated). This is because all individuals have to passugh the juvenile stage in a way that cannot be affected by
their adaptive trait. Second, disruptive selection is poted by increasing the mortality rates of large individuals
(Figure 6d), the allometric exponefitrelating size to weight (Figure 6e), and the fecundity rafef early-maturing
small individuals (Figure 6f). Increasing the first two parters can reduce the time individuals spend in the large siz
class, lowering that class’ contribution to fithess acawgdb Equation (2a). Equivalently, increasing the last peeter
increases the contribution of small individuals to fitnestence, all three cases select for earlier maturation: this,
turn, strengthens the impacts of the considered tradenéfstaereby promotes disruptive selection. Third, by catira
disruptive selection is restrained by increasing the ntigrtaate mo of late-maturing individuals (Figure 6g), the growth
rater, of late-maturing small individuals (Figure 6h), and theufiedity ratef; of late-maturing large individuals (Figure
6i). Hence, all three cases select for later maturatios; thiturn, weakens the impacts of the considered tradenffs a
thereby restrains disruptive selection.

In general, therefore, selection is more likely to be disugpif large individuals make a smaller contribution to
fitness according to Equation (2a), that is, when selectioedrly maturation is naturally strong. Then the resultagi
early-maturation probability will strengthen the impaétite-history tradeoffs in growth and fecundity so as to prate

fisheries-induced disruptive selection.
3.3. What are the effects of diversification on sustainaielel 9

We now analyze the situation in which, after diversificatiovo coexisting resident populations exhibit alternatregt
valuesz andy close to the evolutionary equilibriunt® of the monomorphic stock. These two coexisting resideiitstra
then diverge on the evolutionary timescale, under the nantis influence of disruptive selection, and eventuallileset
onto a dimorphic evolutionary equilibriux, y5) (Figure 2). The corresponding dimorphic evolutionary dyies are
specified in the Appendix. In principle, a dimorphic evabumiary equilibrium might be an evolutionary branching point
for one or both of the diverged populations. However, in asegy always equals 1, i.e., individuals of one resident
population are always maturing as early as possible; adigided above, such a boundary equilibrium cannot be an
evolutionary branching point. By contrasg, is evolutionarily stable. Therefore, no further diversition is possible at
the dimorphic evolutionary equilibrium.

Once the dimorphic evolutionary equilibrium is attainduk stock’s density, and thus its sustainable yield, change
relative to the monomorphic evolutionary equilibrium. kigiEquations (1c) and (A2), we can evaluate the sustainable

yield for different fishing-mortality rate$’ (Figure 7), again using numerical continuation. We therghg that, for
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Figure 7: Effects of fisheries-induced diversification ostainable yield. Panel (a) shows results for the no-reguiat
fishing policy; results are qualitatively equivalent foetemall-or-large and the only-mature fishing policies. Péne
shows results for the only-large fishing policy whén< 1. Selection is not disruptive for low fishing mortality rates
(F < Fp), including those resulting in maximum sustainable yieRB) contrast, when the stock is heavily exploited
(F' > Fg), diversification may occur. The sustainable yield is repreed by thin lines for the monomorphic stock when
selection is not disruptive, by dashed lines for the monghiarstock when selection is disruptive, and by thick lines
for the dimorphic stock. As shown in (a) and (b), diversificatcan cause either a decrease or an increase in yield,
respectively, depending on the fishing policy. Parametetisedr reference value (see Table 1), exceptdore 0.85 in

(b).

0 < F < Fpg (where Fg again denotes the fishing mortality rate at the branchingrtéftion) the stock stays at its
monomorphic evolutionary equilibriund*, while for F' > Fg the monomorphic evolutionary equilibrium becomes evolu-
tionarily unstable, and the stock, following a two-dimemsil canonical equation, Equation (Al), converge&ip, vp).
Note that discontinuities in yield & = Fg shown in Figures 7a and 7b are not surprising, as the outcdthe evolu-
tionary dynamics does not vary continuously with the fishimaytality 7' across the branching bifurcation.

After diversification, the sustainable yield can slightigiease, but only for the only-large fishing policy whign< 1.
Even then, it remains far below the maximum sustainablalyi@fined by the peaks in Figures 7a and 7b. When the
fishing-mortality rateF’ is increased beyondg, the sustainable yield continuously declines toward zerotlie no-
regulation, small-or-large and only-mature fishing pelgibut remains practically constant (after slightly ilasiag) for
the only-large fishing policy whep, < 1. This is because the only-large fishing policy, in contrasthie other three
fishing policies, does not allow fishing on the early-matgismall individuals in stock componeitwhich are vital for

sustaining the stock under very high exploitation rates.
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4, Discussion

Human exploitation of fish stocks as renewable resources ciuses massive mortality. This alters the fithess land-
scapes of the exploited fish stocks, which in turn may cauaptag responses of the stocks’ phenotypic and genotypic
variability (Hutchings and Fraser, 2008). In general, ¢sting life-history strategies and corresponding polypiasm
can be induced and maintained by negatively frequencyrdbgp selection (as, for example, in the size at maturation
of male coho salmon; Gross 1985). In this study, we have densd a life-history trait given by a discrete probabitisti
reaction norm for the size at maturation (Dieckmann and 61e€2007), representing the amount of energy allocated to
early maturation.In particular, we assume limited energy availability ormythe juvenile stage (which translates into
density-dependent mortality due to resource competitiwhjle no such limitations are present for the small anddarg
life stages. However, early maturation imposes limitagifor other physiological activities, such as growth, reluction,
and survival.For this reason, we introduced trait-dependent tradetfsmore energy is allocated to early maturation,
the higher the resultant costs in terms of reduced growtivj\al, and reproduction. Here we have demonstrated that
fisheries-induced selection on such a trait can be dismiptiis means not only that dimorphism in fish populations can
be maintained, but also that such dimorphism may evidéeovaKeller et al., 2013), thereby giving rise to a coexistence
of maturation strategies (Gross, 1996). Several empistcalies have argued the possibility of disruptive seladtidfish
populations through the interplay of natural selection adaptive harvesting (Carlson et al., 2007; Edeline et @D72
2009): here we have systematically analyzed, for the firgt tiunder which specific conditions such disruptive sedecti
may arise.

Fishing imposes a strong selective pressure for early mt@dumr, even though this is accompanied by increased phys-
iological costs via life-history tradeoffs. In our modelich selection forces first give rise to a convergence stabledn
strategy, consistent with the argument by Carlson et aD{pthat natural selection and fisheries-induced seleciitzm
act in opposite directions and hence produce stronglylitislg selection. We have found that, however, with suffitie
strong tradeoffs in growth and fecundity, this convergestable mixed strategy can become evolutionarily unstétle,
plying disruptive selection and enabling the coexisterfcevo maturation strategies, consistent with the argument b
Edeline et al. (2009) that fisheries-induced disruptived@n tends to increase trait variance. Specifically, &dsied
stock may split into two life-history types: one exploit®thdvantages of early maturation, while the other reduces th
losses imposed by growth and fecundity tradeoffs. By cehtean analogous life-history tradeoff in mortality has tipe
posite effect: disruptive selection is enhanced when thibetoff is relaxed. Moreover, we have shown that strong tirow
and fecundity tradeoffs both act as indispensable presdqsifor disruptive selection (Figures 6a and 6b), whilecakv
mortality tradeoff merely serves as a dispensable pronaftdisruptive selection (Figure 6c¢).

In addition to strong life-history tradeoffs in both growahd fecundity, we have identified two other necessary con-
ditions for a stock-fishery system to experience disrupg®lection: (i) fishing policies that target large indivitkjand

(ii) adaptive harvesting that adjusts the harvest distigioufor optimal benefit (Figure 4). Ultimately, these twonci-
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tions emerge from the same mechanism described in the pieparagraph. For selection to turn disruptive, the impfact o
growth and fecundity tradeoffs must become large, and #pgans more readily when the probability of early maturatio
becomes high. Harvesting a stock’s large individuals, apaas through many widely adopted fishing policies (Table 2)
increases the directional selection pressure toward geatyration, as recurrently highlighted by earlier studéeg., Law
1979; Law and Grey 1989; Abrams and Rowe 1996). Moreovernviaevesting is adaptive, a fishery behaves similar to
an optimally foraging predator that maximizes its intakie (&.9., Egas et al. 2005): this tends to increase the ritgiél
large individuals, as these are more profitable to harvestt{€rg and Roy, 2008; Darimont et al., 2009).e to economic,
technological, or regulation reasons, large and maturgithehls are often the target of fishing. For example, theslra
fisheries of North Sea sole and plaice mainly target onlydamgdividuals; a scientific gill net fishery in Windermere, UK
has targeted large individuals of Northern pike for fouratbes (Carlson et al., 2007; Edeline et al., 2009). Sizesthete

gill nets were also used for catching striped bass in Mad/lduring 1950s (Mansueti, 1961); size-selective harvgstin
of British Columbia pink salmon has been recorded since I®ERllister and Peterman, 1992). Mature individuals of
Norwegian spring-spawning herring have been harvesteueat $pawning grounds throughout the 20th century, while
mature individuals of Northeast Arctic cod have been hdaededuring their spawning migration until the mid-20th cen-
tury (Poos et al., 2011)Therefore, adaptive harvesting under policies that allesvtargeting of large individuals alters
natural adaptive landscapes in a way that selects for isete@productive investment early in life. This, in turrduees
somatic growth and fecundity later in life through life-foisy tradeoffs (Edeline et al., 2007), and thereby stresigstthe
mechanism that leads to disruptive selection. Poos et@L1(Pand Bodin et al. (2012) have considered a rather similar
model, yet without considering adaptive harvesting anit-tigpendent tradeoffs: this explains why disruptive ciiba
was not found in their analyseSor the same reason, they did not detect evolutionary hiigyaln contrast, other studies
on fisheries-induced evolution did report the presencesthbility in some traits (Gardmark and Dieckmann, 2006; de
Roos et al., 2006; Boukal et al., 2008). Our study appears thdfirst in which evolutionary bistability co-occurs with
disruptive selection, and consequently such bistabiétylze interpreted as an early warning signal for potentsaligitive
selection (see Figure 3).

In line with these findings and explanations, our result®tedso shown that populations with demographic conditions
that penalize large individuals and/or favor small indivats are more sensitive to disruptive selection. This isbse
such populations are naturally prone to early maturatiwengthening the impacts of the tradeoffs in growth andrieléy
that turn selection disruptive. Therefore, there are tldiéferent ways to promote the mechanism that turns selectio
disruptive via growth and fecundity tradeoffs: first, thedeoffs themselves may be strong due to physiological nsaso
second, fishing mortality may select for early maturatioaking the impacts of those tradeoffs strong; and third, ek&to
other demographic and environmental conditions may ppedis it to early maturation. Overall, this pattern of chgsin
the benefits of early maturation while avoiding the costgowngh and fecundity can be considered as an important genera
mechanism for the origin of dimorphism in exploited fish plapions and other coevolving systems (e.g., Zhang et al.

2013).
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Our study can be expanded in several directions. Firstatget fish stock is only one component in its embedding
ecosystem, where feedbacks to and from its resources guéfbaitor species intertwine in a complicated web. However,
considering these feedbacks could significantly comp@itla¢ model and its results. Second, energy-budget appgsach
can be used for formulating the tradeoffs due to early méamaFinally, as fishing fleets in many regions of the world
are composed of high-technology large commercial boatdamdechnology small private boats, the fishery component
in this coevolving stock-fishery system could have expeegerselective pressures promoting the coexistence and dive
gence of different fleet segments other words, the fleet can experience an analogous diiselgelection and adaptive
diversification, as suggested by Dercole et al. (2010) dustihted by standard eco-evolutionary predator-preyetsod
(Doebeli and Dieckmann, 2000; Landi et al., 2013); this waats future research and model extensions. Specifically,
fishery dynamics could happen at many levels: at the levédleofleet (adaptive harvesting on a short timescale, fleet size
and structure on an intermediate timescale, and techrualbagdaptation on a longer timescale; Egas et al. 2005)gat th
level of fishing strategy (constant effort, fixed quota, oeébstock size; Hilborn and Walters 1992), and/or at the level
of fishing regulations (limitations on the size and matuafytarget individuals; Cole and Ward 1994; Matsumura et al.
2011). Here we have examined only the simplest setting,ishataptive harvesting with a constant-effort strategy. T
detect disruptive selection on the fishery, adjustment®it 8ize, fleet structure, and fleet technology must be étkplic
modeled. As a starting point, the degree of harvest speatan in our model, Equation (1b), could be interpreted as
characterizing the technological level of the fleet (affegite.g., the probability of locating aggregations of fisatch-
ability, and/or the efficiency of handling and transportthg catch). On this basis, this parameter could be used as an
adaptive trait of the fishery using the framework of adapdiyeamics theory (Dercole et al., 2008, 2010).

An ultimate target of fishery management is to increase sudite yield (e.g., Heino 1998). This raises the question
of whether fisheries-induced disruptive selection coutd] should, be managed: as such selection pressures result fr
the interplay between natural selection and fishing maytéGarlson et al., 2007; Edeline et al., 2007, 2009), they ar
human-induced and may arguably be controlled by fishingjgdiand fleet and harvest regulations. In practice, this can
be achieved through legal limitations and incentives. @sults show that sustainable yield can slightly increatsr af
diversification when only large individuals are targetewj(ife 7b), even though it still remains far below the maximum
sustainable yield obtained at low fishing mortality when skeck is monomorphic. As many fish stocks are still over-
exploited, being managed considerably below their maxinsustainable yield, our findings imply that diversification
triggered by fisheries-induced disruptive selection urniigh fishing mortality might slightly increase the yield finats
level before diversification, if only large individuals aergeted. However, our results also suggest that such daimpu
dimorphism can be taken as a sign of extreme harvestingyeesss trait diversification is a way for species to escape
from severe selection pressures resulting from human gaptm. Hence, when such a pattern is observed, our asalysi
suggests that sustainable yield can usually be improvedduycing fishing mortality.

Fisheries-induced disruptive selection could also insegzhenotypic variability (Edeline et al., 2009), withoubp

moting life-history dimorphism: favoring extreme pheno#g may just widen an existing population polymorphismsThi
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could have positive consequences beyond those analyzen siualy, since higher variability makes a population more
reactive to future adaptation needs. This means that thelgiign can react more promptly to any rapid changes in #s en
vironmental conditions, both for natural and anthropogeauses. In other words, fisheries-induced disruptivetefe
could lead to a better capacity of an exploited stock to coifie environmental disturbances and changes (Roff, 1997).

In summary, fisheries-induced disruptive selection caicatd overexploitation, can slightly increase or decrehse
yield depending on the adopted fishing policy, and can ergharstock’s resilience to abrupt changes in its environnhenta
conditions. Weighting these three aspects, decision realker manage a fishery in pursuit of their economic, social, an
conservation objectives.
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Appendix

In this appendix, we specify the population dynamics andey@utionary dynamics of a dimorphic stock, with
population densitie®,, = (N, ) for individuals with an early-maturation probabilityand ofN,, = (2V,,) for individuals

with an early-maturation probability. The dimorphic population dynamics are given by

Niz = f3Ns, + f5(2) N3, + faNaz — m1Nio(Nig + Niy) — 711 N1y — Faghi (Ng, N, )Nig,
N3, = ar1 N1z — ms(x) N3, — r3(2) N3, — Fazhs(Nz, Ny) N,

Ny = (1 = 2)r1 N1z — moNoy — 19 N2y — Fagha(Ng, Ny )Ny,

N3, = r3(x) N3, —m3N3, — Fazhz(N,, Ny)Nz,,

N, = 79 Nay — m3 N3, — Faghs(N,, Ny )Na,,

le = fﬁNéy =+ fg(y)Ngy + nggy — mlle(le + le) — Tlle — FOélhl(Nz, Ny)le,

N3, = yr1N1y — ms(y) N3, — r3(y) N3, — Fazhs (N, Ny )N

y7

N2y = (1 — y)Tlle — mQNQy — TQNQy — FOLQhQ(NI, Ny)NQy,

N3, = r3(y)Ns, — m3N3, — Faghg(N., N, )Nz,

Ngy = T2N2y — mgNgy — FQBhB(Nma Ny)N3yv
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where
(jw;(Niz + Niy))?
> (0w;(Njz + Njy))?

with the sum extending over all five stock componenis 1, 2, 2, 3, or 3.

hi(Ng, N,) =

Indicating byz’ andy’ the trait values of mutants appearing in a population wigident trait values: andy we

obtain the basic reproduction ratios of such mutants as

Ro(x,y,2") = riD1{(1 — 2")r2D2D3 fs + 2'[D3, f5 + r3(a") D3, D3 f3(2")]},
Ro(x,y,y') = r1Di{(1 = y')r2D2Ds fs + y'[D3, f3 + r3(y") D3, D3 f5(y')]},
whereD; = [my (N7, + Ni,) + 1 + Farhy (N5, N2 7Y, Dy = [mg + r2 + Fagha (NG, N2, Dy, = [ma(a’) +
ry3(@’) + Fozhs (N5, Ny 7Y Dy, = [ms(y') + r3(y') + Fazhs(N%, Nj)| 7, Ds = [ms + Fashs(N;, N2)| 71, and
D3 = [m3 + Fazhs(N;, N7)|~! are the average durations spent by individuals in the stookponents, an@N’;, N7)
are the population densities at the dimorphic demograghidibrium.
On the evolutionary timescale, the traitendy evolve following a two-dimensional canonical equation
x_ekz M , y_ekz M , (A1)
¥ =z Yy =y
wheree is the time-scaling parameter, separating the (slow) ¢laviary dynamics from the (fast) demographic dynamics,
k. andk, are half the product of probability and variance of mutaticstaling the speed of evolutionary dynamics in
andy, respectively, and the sum extends over all five stock compisa = 1, 2, 2, 3, and3. These dimorphic dynamics
converges to the dimorphic evolutionary equilibrigug, v5).
Finally, the sustainable yield of the dimorphic stock withit values(z, y5) is given by

Yo = ZFaihi(N*wa N*)(Niz + NiyyJwi ; (A2)

T=T5,Y=Yp
with the sum extending over all five stock components1, 2, 2, 3, and3.
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