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Abstract

There are concerns that anthropogenic harvesting may cause phenotypic adap-
tive changes in exploited wild populations, in particular maturation at smaller
size and younger age. In this paper, we study the evolutionarily stable size-at-
maturation of prey subjected to size-selective harvesting in a simple predator-
prey model, taking into account three recognized life-history costs of early matu-
ration, namely reduced fecundity, reduced growth, and increased mortality. Our
analysis shows that harvesting large individuals favors maturation at smaller
size compared to the unharvested system, independent of life-history tradeoff
and the predator’s prey-size preference. In general, however, the evolutionarily
stable maturation size can either increase or decrease relative to the unhar-
vested system, depending on the harvesting regime, the life-history tradeoff, and
the predator’s preferred size of prey. Furthermore, we examine how the predator
population size changes in response to adaptive change in size-at-maturation of
the prey. Surprisingly, in some situations we find that the evolutionarily stable
maturation size under harvesting is associated with an increased predator pop-
ulation size. This occurs, in particular, when early maturation trades off with
growth rate. In total, we determine the evolutionarily stable size-at-maturation
and associated predator population size for a total of forty-five different combi-
nations of tradeoff, harvest regime, and predated size class.

Keywords: predator-prey systems, evolutionarily stable strategy, harvesting-induced
evolution, life-history tradeoffs, size structure
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1. Introduction

Harvesting often constitute the main source of mortality in exploited animal popu-
lations, and can account for as much as 50-80% of the overall mortality, be it ter-
restrial species (Toigo et al., 2008), fish (Mertz and Myers, 1998), or other marine
species (Rowe, 2001). It is therefore not surprising that harvesting may cause phe-
notypic changes in heritable life-history traits in both terrestrial (Allendorf et al.,
2008; Coltman et al., 2003) and marine species (Jgrgensen et al., 2007). Concerns are
mounting about the time it may take to reverse such adaptive changes (Conover et al.,
2009; Law and Grey, 1989), if such reversals are feasible at all (de Roos et al., 2006).
At this time there is no conclusive genetic evidence of harvesting-induced evolution,
however, a growing number of empirical and experimental studies suggest that an-
thropogenic size-selective mortality in exploited wild populations can cause adaptive
changes in traits influencing growth and maturation (Coltman et al., 2003; Jorgensen
et al., 2007). Observed changes in exploited populations include maturation at smaller
size and younger age (Coltman et al., 2003; Rijnsdorp, 1993), decreased growth rate
(Ricker, 1981, 1995), and reduced fecundity (Rijnsdorp, 1993).

Theoretical models (Baskett et al., 2005; Day et al., 2002; Gardmark and Dieck-
mann, 2006; Gardmark et al., 2003; Law and Grey, 1989; Poos et al., 2011) suggest
that phenotypic change can occur an adaptive responses to size-selective mortality.
Because the predicted adaptive changes generally depend on the ecological environ-
ment in which the species is embedded and the type of life-history tradeoff assumed for
early maturation, these earlier studies have only partially succeeded in providing an
overview of such adaptive responses and when they are expected to occur. They have
either considered a single life-history tradeoff and two interacting species (Day et al.,
2002; Gardmark et al., 2003) or more than one life-history tradeoff in a single species
(Law and Grey, 1989; Poos et al., 2011). In practice, however, life-history tradeoffs
involving maturation and species interactions must both be expected to influence the
adaptive responses to harvesting, making it essential to take both factors into account.

Here, we provide the first systematic overview of the adaptive responses of size-at-
maturation to harvesting-induced mortality in predator-prey systems when accounting
for the three major life-history tradeoffs involving maturation. Specifically, we predict
the outcome of harvest-induced adaptive change in maturation size when early matu-
ration reduces fecundity, reduces growth, or increases mortality. In order to elucidate
the effects of different tradeoffs, we investigate them separately. The model we study
in this paper builds on a three-size-class model by Poos et al. (2011). We extend their
model by incorporating an unstructured predator with size-selective feeding. This leads
to unexpected adaptive responses in the size-at-maturation that are not observed in
the single-species model excluding predation. The array of adaptive responses of size-
at-maturation to harvesting is for the most part derived analytically.

We investigate harvesting regimes based on size and age, and on state of maturation,
e.g. due to spatial differentiation between mature and immature individuals. We ex-
amine harvest regimes based on body size and maturity and predation regimes based
on body size. Previous theoretical studies show that the population size of a harvested



Bodin et al.: harvesting-induced maturation evolution 3

predator can increase due to the adaptive change in the prey (Abrams, 2009; Abrams
and Matsuda, 2005). Building on this tradition, we additionally investigate secondary
effects on predator population size to illustrate knock-on effects of harvesting-induced
adaptive change that can cascade through ecosystems.

2. Model and methods

We first introduce a demographic model of a harvested predator-prey system in which
prey individuals can have different size at maturation. From the demographic model,
we derive the basic reproduction ratio which indicates the reproductive success of a rare
mutant individual in a given resident population. Finally, we describe the analytical
techniques that we will use to assess the evolutionarily stable maturation size under
different size- and stage-selective harvesting regimes.

2.1. Population dynamics

Figure 1 provides a schematic overview of the prey life-history model. The corre-
sponding parameters with units are summarized in Table 1. The prey population is
structured both by individuals’ size and their size at maturation. As we aim to derive
analytical results, we consider discrete life-history stages with the three size classes
juveniles, small individuals, and large individuals, and two possible sizes at matura-
tion, either early maturation in the small size class, or late maturation in the large
size class. For notational convenience we will in this section also refer to juveniles as
size class 1, small individuals as size class 2, and large individuals as size class 3. We
use over-script tilde to indicate parameters and variables that refer to early-maturing
individuals. Following the well-established tradition of evolutionary game theory, we
assume that an individual mature with probability = and consider the probability to
mature early as the life-history trait under selection. The probability to mature late
is then simply (1 — x).

We write N7 for the number of juveniles (i.e. individuals in size class 1). Similarly,
we write N; and N; for the respective number of early-maturing and late-maturing
individuals in size class ¢ = 2,3. Juveniles grow into size class 2 at rate r1, while
mature and immature individuals in size class 2 grow into size class 3 at the respec-
tive rates 7o and 19. We assume size- and stage-dependent mortality and fecundity
rates (Roff, 1992). Juveniles experience density-dependent mortality at rate mqNy,
while individuals in size class 2 and 3 experience density-independent mortality. The
mortality rate for individuals in size class 2 depends on the size at maturation and
is given by mo and ms for early-maturing and late-maturing individuals respectively.
The mortality rate for individuals in size class 3 is m3 = g, here assumed to be
independent of maturation size. The fecundity is dependent on life-history and size.
Because a mature individual will always reproduce, size-at-maturation is equivalent
to size-at-first-reproduction. The fecundity for mature individuals in size class i is f,
and f; for early-maturing and late-maturing individuals respectively.

We adopt an energy-budget model in which an individual allocate a finite amount
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Size class 1 Size class 2 Size class 3
—— —— ——

ri(1—x)

h3 +m3 + p3 P

hi +miNy 4+ p1 P

rx

?7,3 +Th3 —I—ng

ho + g + po P

Figure 1: Overview of the life-history model. Size class 1 consist of juveniles (/N1), which grow into size
class 2 with constant rate 1. Size class 2 consist of immature individuals (N2) and mature individuals
(N2), which grow into size class 3 (N3 and Ns for early-maturing and late-maturing individuals) at
rates 72 and rg respectively. The red/dark boxes (Ng, Ng,, and N3) denote mature individuals, while
the blue/light boxes (N1 and N2) denote immature individuals. The mortality rate at each life stage
is the sum of harvesting mortality, natural mortality, and predation mortality.

of energy towards reproduction, growth, and survival. The need to prioritize between
competing ends gives rise to three life-history costs of early maturation: increased
mortality (g > myg), reduced growth (75 < r3), and reduced fecundity (f3 < f3).

To keep the model analytically tractable, we assume linear Holling type I density-
dependent predation. The harvesting rates for individuals in N; and N; are density-
independent and respectively denoted by h; and h;, where we consider harvesting
regimes with iL3 = hs.

With the assumptions given above, the prey population dynamics are described by
five differential equations:

dN,
dt
dNs
dt
dN,
At
dN;
At
dN;
At

= foNy + f3N3 + f3N3 — (k1 +m1 N1 + p1P)Ny,

= (1 = 2)r1 N1 — (k2 + p2P) N2,

=211 Ny — (kg + p2P) Ny, (1)
=1raNy — (k3 + p3P) N,

= 7o No — (k3 + p3 P) N3,



Bodin et al.: harvesting-induced maturation evolution 5

Notation  Description Unit
Prey

x Probability for maturing early

Ny Number of juveniles

N; Number of prey in size class ¢ maturing late

N; Number of prey in size class ¢ maturing early

fi, f; Fecundity in N; and N; respectively time ™!

1 Transition rate of individuals that reach size class 2  time™!

T Transition rate of individuals that reach N3 time ™!

7o Transition rate of individuals that reach N3 time ™!

mi Natural mortality in Ny time ™!

mi, M; Natural mortality in N; and ]\7Z respectively time ™!

hi, iL, Harvesting mortality in /N; and ]\7,' respectively time™!
Predator

P Number of predators

Di Predator feeding ratio for size class ¢ time™?

A Conversion coefficient

d Natural mortality time ™!

Table 1: Model parameters, notation, and units. To shorten the mathematical formulas we let k1 =
r1 + hi, k2 = ro 4+ ma + ha, k2 = T2 + m2 + ha, and kg = ms3 + h3. Note that we only consider the
cases ms = ma and harvesting regimes satisfying hs = hs.

where k1 = r1 + hy, ko = ro +mo + ho, /;?2 =79 +mo + iLQ, and k3 = mg3 + hg are the
density-independent rates at which individuals leave each respective life-history stage.
For the specific case p; = 0 for all 7, the system is equivalent to the single-species case
studied by Poos et al. (2011). The dynamics of the predator population are given by

(il—]; = (A [padVi 2 (N2 + Na) +pg (N3 + N3 )| ) P, 2)
in which p; is the predator’s attack rate on prey in size class i, d is the predator’s
natural mortality rate, and \ is the conversion coeflicient of prey biomass to predator
biomass. Note that for any viable predator population at equilibrium, the sum in the
square brackets (2) is constant. In particular, if the predator predates on a single size
class, it will keep the prey population number of that size class constant.

2.2. Basic reproduction ratio

For a given harvesting and predation regime, we aim to determine the evolutionarily
stable strategy (ESS) for the maturation probability. The principal ingredient needed
is the basic reproduction ratio which is defined here as the number of offspring pro-
duced by one individual on average during its lifetime. This number depends on both
the maturation probability of the individual under consideration, and the maturation
probability of the other individuals in the populations.

The basic reproduction ratio can be determined from the average time an individual
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entering a life-history stage will spend in that life-history stage, the probabilities that
the individual will eventually enter each respective life-history stage, and the fecundity
rate that the individual has in each of the life-history stages. To determine the average
time an individual entering a life-history stage will spend in that life-history stage, we
first note that individuals leave any given life-history stage either through growth or
through mortality. As both the predator and the prey population are assumed to be
at demographic equilibrium, individuals leave any life-history stage at a constant rate.
The average time spent by an individual in any given life-history stage is thus equal to
the reciprocal of the rate at which individuals leave that life-history stage. We can thus
give exact expressions for the average time that an early-maturing or late-maturing
individual entering any of the three size classes will remain in that size class.

In size class 1, we do not distinguish between late- and early-maturing individuals
and the average time spent by individuals in this size class is D1 = (k1+m1N1+p1 P)_l.
For individuals in size class 2, the average time spent in the size class depends on the
maturation stage and is equal to Dy = (ko +pP)~! and Dy = (ko +paP)~ !, for early-
and late-maturing individuals respectively. Finally, as individuals in size class 3 has
ceased to grow and experience the same mortality rate, independent of maturation
stage, the time spend in this size class by both early- and late-maturing individuals
is equal to D3 = (k3 + p3P)~!. Let P, be the probability that a juvenile reaches size
class 2, P; the probability for an individual in Ns to reach N3, and Pj the probability
that an individual in Ny reaches Ng. Note that P, = r1 D1, P3 = roD5 and ]53 = 79 Ds.
The basic reproduction ratio is then given by

R, (y) = Po(1 — y)P3 f3D3 + yPa(Dafo + P3 f3D3)

. . 3
=r1D1((1 = y)r2D2 f3D3 + y(Da fo + 72 Do f3D3)). 2

Note that the basic reproduction ratio is a linear function of the mutant maturation
probability y and that the predator population size, P, in general depends on time. In
our analysis, however, we will assume that the population has reached its demographic
equilibrium, in which case the predator population size is dependent only on z, the
resident population’s maturation probability.

2.3. Evolutionarily stable strategies

In the tradition of Maynard Smith and Price (1973) and Thomas (1985), we identify
a maturation probability  as an evolutionarily stable strategy (ESS) if the following
two requirements hold: (a) no other strategy have higher reproductive success in a
population of x-strategists, i.e., Ry(z) > R,(y) for all y and (b) in any population
following another strategy y # x, a small group of z-strategies have higher reproductive
success, i.e. Ry(x) > Ry(y).

As the basic reproduction ratio R, (y) is a linear function of the mutant trait value
y, we can reformulate the ESS condition above as requirement on the slope of R, (y).
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From (3) we derive an expression for the slope of the basic reproduction ratio at y = =z,

(k2 + p2P)(fo(ks + psP) + 72 f3) — raf3(ko + po P)

D) = ) = a4 o) + (ks + poP)(Jalks + paP) + 7fa)

€T

The first requirement for a maturation probability x to be an ESS, (a), is fulfilled
whenever D(z) = 0 since the basic reproduction ratio is then a horizontal line, im-
plying that all strategies have equal reproductive success (this can be understood as
an instance of the famous Bishop-Cannings theorem, Bishop and Cannings, 1978). If
this is the case, the second requirement, (b), will also be fulfilled provided that D(y)
is positive for y < x and negative for y > =. This follows from the fact that R,(z) is
a linear function. Specifically, we have

Ry(z) = Ry(y) + (z —y)D(y) = RBy(y),

if y < x and an analogous result hold if y > x. For completeness, we mention that
the two ESS conditions will be fulfilled by the boundary strategies x = 0 and = = 1 if
D(0) < 0 and D(1) > 0 respectively.

In the adaptive-dynamics literature, D(z) is known as the selection gradient and
strategies x for which D(x) = 0 are said to be evolutionarily singular. We adopt this
terminology in the rest of this paper, but stress that our analysis is carried out in the
spirit of John Maynard-Smith. We aim to determine the effects of harvesting on the
most adaptive strategy, i.e., the ESS, irrespective of whether this strategy emerges
through evolutionary change, phenotypic plasticity, or any other conceivable process.

2.4. Analytical techniques

We now introduce the analytical techniques that we use to determine the effects of
harvesting on the ESS. First, note that we can write D(z) = K(x)T(z), in which
K (x) > 0 is a positive factor and

Fo + g + hy + po P

T(x) = fo(ms + hs + psP) + Fafs —r :
() f2( 3 37T D3 ) 2fs 2f3T2+m2+h2+p2P

(5)

It follows that T'(x) has the same sign and zeroes as the selection gradient D(z). From
here on, we write z* to denote either a singular strategy or a boundary strategy which
cannot be invaded by any other strategy, i.e. = 0 and D(0) < 0 or x = 1 and
D(1) > 0.

For any model parameter 7 and any singular strategy z*, the chain rule gives

oD . 0K, ., .. LOT . 0T,
o) = S @) T K (0 5 (07) = K@) ("),
=0 >0

Hence, the derivatives of D and T with respect to a model parameter have the same
sign at a singular strategy. Using a computer-algebra system such as Mathematica,
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it is possible to show analytically that for ecologically relevant parameters there can
exist at most one singular strategy z*. Letting 7 = x, we see from the arguments in
the previous section that a singular strategy =* is an ESS if 0T /0x(z*) < 0.

We will determine how harvesting affects the evolutionarily stable maturation strat-
egy of the prey population by analyzing how the location of the ESS changes with in-
creasing harvesting rate. If no singular strategies exist in the open interval 0 < x < 1,
the selection gradient is either always positive or always negative, implying that the
ESS will be a boundary strategy. In such cases, an increase in harvesting rate may cause
the ESS to shift discontinuously from one boundary strategy to the other. Otherwise,
there exists exactly one interior ESS which changes continuously with the harvesting
rate. Therefore three distinct types of ESS are possible for the prey population: Either
all individuals mature early, * = 1, or all individuals mature late, z* = 0, or the
individuals have an intermediate maturation probability 0 < z* < 1, meaning that
with probability z* individuals mature early.

We analyze the effect of increased harvesting on the ESS maturation probability
using two principal methods. In both cases, we assume that the population dynamics
is at demographic equilibrium so that the predator population size P = P(x) becomes
a function of the maturation probability, z. The first method (i) is to solve the system of
equations consisting of (1) and (2) for the equilibrium population sizes for a population
of z-strategists. This gives an explicit expression for the selection gradient D(z). We
then investigate if harvesting can change the sign of D(x) by determining if 7'(x) and
hence also D(x), is an increasing or decreasing function of the harvesting rate. If D(x)
is an increasing (decreasing) function of the harvesting rate, it follows that the ESS
maturation probability increases (decreases) with increased harvesting rate.

When the predator predates on size class 2, the expression for P(z) is too com-
plicated to admit an analytical derivation of the selection gradient D(x). It therefore
becomes necessary to use the second method (ii) in which we find the singular strategy
and the equilibrium population sizes for the predator and prey by solving the system
of equations consisting of (1), (2), and D(z) = 0 for an interior singular strategy which
we denote z*. If z* is an increasing (decreasing) function of harvesting rate, harvesting
leads to increasing (decreasing) singular maturation probability. If no interior singular
strategy exists, or it exists but is not an ESS, we analyze boundary strategies. At a
boundary strategy, the selection gradient is generically non-zero, so we study whether
increased harvesting can change the sign of the selection gradients D(1) and D(0).

In addition to studying the direct effects of harvesting on the ESS maturation prob-
ability, we analyze how changes in the ESS will affect the predator population size.
In the cases when harvesting can cause a shift in maturation strategy, from always
maturing early to always maturing late or vice verse, we compare the predator popu-
lation size at the two boundary strategies for the harvesting rate that causes the shift.
If an interior ESS exists, the change in predator population size that follows from
adaptation to increased harvesting rate is determined from the predator population
size at the ESS, P*. Specifically, we determine whether if P* is an increasing or de-
creasing function of the harvesting rate. Throughout these calculations, we implicitly
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assume that the prey and predator will remain extant while the population dynamics
and evolutionary dynamics reach their new respective equilibria.

3. Results

We consider density-independent harvesting for five different harvesting regimes based
on maturation stage and size, which corresponds to a constant harvesting mortality
rate. The five harvesting regimes are harvesting juveniles (size class 1: Nj), small
individuals (size class 2: Ny and Ns), large individuals (size class 3: N3 and N3),
mature individuals (Na, N3, and N3), and immature individuals in size class two (Ny).
The harvesting rate is the same for all individuals affected by the harvesting regime
and is denoted h. As an example, when harvesting targets mature individuals we let
h1 = hg = 0 and iLQ = hs = h in (1). For each of the five harvesting regimes, we
consider the three cases in which a predator population predates on either juveniles,
small individuals, or large individuals.

The adaptive responses of size-at-maturation to harvesting are determined sepa-
rately for each life-history tradeoff and each combination of harvesting and predator
target, with the responses summarized in Fig. 2. In all cases, indicated by boxes left
blank, harvesting does not affect the ESS. This is due to the predator keeping the pop-
ulation size of the targeted size class constant when predation and harvesting occurs
on the same size class. In this case increased harvesting does not exert any selection
pressure as long as the predator is extant, and will only lead to a decrease in the preda-
tor population size until it goes extinct. Figure 3 summarizes the adaptive responses of
predator population size to harvesting. Note that in some cases, harvesting may actu-
ally increase the predator population size in the sense that the equilibrium population
size is higher at the maturation strategy which evolves in response to harvesting, than
it is at the maturation strategy which evolves in the absence of harvesting.

In total, there are 45 cases that need to be analyzed, many of which involves lengthy
expressions and tedious calculations. We therefore present only a limited number of
cases, selected to illustrate the analytical techniques described in the previous section.
In what follows, we use the shorthand notation ko = ro + mg + ho, k:g = 79 + My + hg,
and k3 = ms + hs that was introduced in Sec. 2.1. We write T, (h) to indicate that we
keep the trait value z fixed and considering T'(x) as a function of the harvesting rate
h, and analogously use the notation P,(h) for the predator population size P(x).

3.1. No predation

The adaptive responses of size-at-maturation to harvesting for a single-species are
studied in Poos et al. (2011). When there is no predator present the selection gradient
D(x) is generically non-zero. This implies that the maturation strategy is a bound-
ary strategy, i.e. either #* = 0 or * = 1, corresponding to late or early maturation
respectively. Due to the ecological feedback by the predator, we expect different re-
sponses under density-dependent predation. However, when the predator predates on
juveniles, the qualitative responses in the single-species case are identical to that of
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Figure 2: Summary of the adaptive responses of size-at-maturation to harvesting. A thick symbol
T indicates that there can be a discontinuous change in maturation strategy from always maturing
early at small size to always maturing late at large size. Similarly a thick symbol | indicates a shift
from always maturing at large size to always maturing at small size, while a thick symbol | means
that both shifts in maturation strategy are possible. Which shift actually occurs in this case depends
on the model parametrization. A thin symbol means that there will not be a sudden shift, but a
continuous change in maturation strategy. The direction of evolutionary change is further indicated
by coloration: blue/light when harvesting promotes late maturation, and red/dark when harvesting
promotes early maturation. The boxes left blank indicates cases in which there is no adaptive response
of size-at-maturation to harvesting.

the predator-prey system. In contrast, if the predator predates on small individuals
or large individuals, the indirect effects of the predator induce an adaptive response
to harvesting juveniles. In the single-species case, harvesting juveniles does not affect
the maturation strategy of the prey population. It is the lack of density-dependent
feedback caused by the predator that prevents mortality among juveniles to affect the
timing of maturation.

3.2. Predation on juveniles

Assume now that the predator targets juveniles, i.e. p; > 0 and po = p3 = 0. If, further,
the predator and prey population are at demographic equilibrium, the population sizes
follow from the homogeneous equation system consisting of (1) and (2). It follows
from Equation (2) that the juvenile population size is Ny (z) = dg_lpl_l. The predator
equilibrium population size is then

_rirafsks + ari(fokoks — rafsks + Fafsks)  (dmi + Meyp)
P(z) = = - 2 .
p1kakaks P
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Figure 3: Summary of the long-term responses of predator population size following evolution of
size-at-maturation in the prey population as a consequence of increased harvesting rate. Note that if
there is no intermediate maturation strategy, the effect on the population size is purely demographic,
which is always a decrease in population size. The symbol 1 (blue/light) indicates an increase in
predators, the symbol | (red/dark) a decrease, while the symbol ] (blue/red) indicates that either
the population size will increase or decrease, depending on the model parameters. The blank boxes
indicate that increased harvesting does not have any long-term effect on the predator population size.

Inserting the predator’s equilibrium population size in (5) yields

To 4+ Mo + fNLQ

ro 4+ mo + hy

Because T'(z) is constant, except for degenerate cases, D(z) is generically non-zero,
which implies that the maturation strategy is a boundary strategy. For all cases and
both maturation strategies there are model parameters such that both predator and
prey population are viable. Note that there can be a switch between the two possible
maturation strategies only if harvesting changes the sign of T'(z).

T(z) = fo(hs +ms3) + Fofs — o f3

Since intermediate singular maturation strategies are not possible in this case, the
long-term response of the predator population size to harvesting of the prey population
is determined by comparing the equilibrium population sizes, P(0) and P(1), for the
harvesting rate rate that induces a switch in the eventually evolved maturation strat-
egy. More precise, suppose that £* = 0 is the pre-harvesting maturation strategy and
assume that Ty(h) change sign as harvesting increase, causing the strategy to switch
to * = 1. Since Ty(h) is continuous for all ecologically feasible parameters there exist
a harvesting rate hy such that Ty(ho) = 0. It can be shown that Py(hy) = Pi(ho).
Therefore there is no change in predator population size directly due to the shift in
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maturation strategy, but since P,(h) is a decreasing function for all 0 < z < 1, the
population dynamical effect of harvesting is a decrease in predator population size.
This is also the case if the maturation strategy is unaffected by harvesting. The rate
of decrease does, however, depend on the maturation strategy. The argument is similar
if the pre-harvested maturation strategy is x* = 1.

We now demonstrate how the developed techniques are used to understand the
long-term response of the prey population’s size-at-maturation and the predator pop-
ulation’s size to harvesting. In both cases presented below, we simultaneously account
for all three life-history tradeoffs.

CASE 3.1: Here, we consider the case when harvesting targets immature individuals.
Letting ho = h and hy = hg = hg = 0, we get that

x _ z T2f3(Fy 4+ 1ma)
T = - =
() = fomsz + 7o f3 Tpr—

Since

OT  rafs(re +ma)

o 0
oh (h—{—r2+m2)2> ’

it follows that T, (h) is an increasing function. Furthermore, T(z) — fomg + Fafs >0
as h — oco. Hence, harvesting can only induce a shift from x* =0 to ™ = 1. Note that
an evolutionary shift in maturation strategy can happen without the predator going
extinct.

CASE 3.2: Let harvesting target mature individuals by letting hy = ho = 0 and hy =
hs = h. In this case T(x) simplifies to

o f3(1ho + 7o)
ro+mg

T(x) = (fz - Lf:&) h+ o f3 —

T2 + Mo

It is clear that if

; r2f3

- >0 6

f2 o + o ’ ( )
then Ty (h) is increasing and Ty(h) — oo as h — oo. If inequality (6) is reversed, T, (h)
is decreasing and T (h) — —oo as h — oo. Hence, if x* = 0 increased harvesting can
lead to a shift from maturing at large size to maturing at small size if inequality (6)
holds. If on the other hand (6) does not hold, harvesting will not affect the maturation
strategy. In a similar way there can be a shift from x* =1 to «* = 0. Both shifts in
maturation strategy can happen without the predator or prey going extinct. In addition,
since

8_P _ 7“17“2f3(1 — .%')
3h a plmg(h-i-?“Q +m2)2

<0,

harvesting decrease the predator population size, except for the strateqy x* = 1. This
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1s because harvesting then target a class containing individuals maturing late while the
entire population matures early.

3.3. Predation on small individuals

We are unable to obtain a useful expression for the predator population size P(z)
for predation on small individuals, thus preventing us to analytically analyze T'(z).
However, in a few cases T'(z) simplifies to a constant, allowing us to use method
(i). With no simple expression for T'(x), it is not possible to determine if a interior
singular strategy is an ESS. In these cases the responses presented in Fig. 2 are based
on numerical investigations. That harvesting of mature individual can either increase
or decrease the maturation probability is determined numerically, due to complicated
expressions for P*.

Since there is no useful explicit expression for T'(x) for arbitrary trait values x, we
need to rely on method (ii). Utilizing Equation (4), we can solve for the evolutionary
singular strategy x*, and equilibrium population sizes P* = P(z*) and Ny = Ny(z*).
Solving the homogeneous differential equation system consisting of Equations (1), (2),
and (4), it follows that the singular strategy is given by

o —d\ " py i myrs faks(foks + Fafs) (ke — ko) . foks + o fs
(foks — rofs +7of3)2((fo + ko — ka)ks — rofs +7af3))  foks —rofs +Fafs’

and that the equilibrium population sizes at the singular strategy are

rafsks — ka(ksfa + Fafs)

p2(foks + o fs —rafs)
N — r1(ks(fa + ko — ko) — rafs + 7o f3)
! miks(ka — ko) .

P =

We assume that the populations are at demographic equilibrium with viable popula-
tions, and that the evolutionary dynamics has reached the singular strategy. Below we
present the calculations for a few illustrative cases.

CASE 3.3: Here we let the life-history cost for early maturation be a reduction in
fecundity and consider the three harvesting regimes: harvesting juveniles, harvesting
small individuals, and harvesting large individuals. In this case, one can show that no
intermediate singular strateqy exists at which both populations are viable. If harvesting
target juveniles or small individuals, it follows that T'(z) = foms —ro(f3 — f3). As this
expression is independent of the harvesting rate, it follows that harvesting does mot
induce an adaptive response of size-at-maturation. Increased harvesting does, however,
decrease the predator population size. When harvesting targets large individuals, we
have that

Ty(h) = fo(h +m3) — ra(fs — f3).
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This is an increasing function of the harvesting rate, so harvesting promotes early
maturation. As in the case in which the predator targets juveniles, Pi(hg) = Py(ho)
for the harvesting rate hg, which satisfies Ty;(ho) = 0. This means that a switch from
x* =0 to z* =1 does not in itself affect the predator population size, but since Pi(h)
and Py(h) are both decreasing, harvesting will decrease the population size.

CASE 3.4: In this example, we assume that the life-history tradeoff is increased mor-
tality and that the predator predates on immature individuals (i.e. ha = h and hy =
he = hs =0). The expression for the singular strategy then simplifies to

= (meg + fg?“g)()\fz + h 4+ mg — Tﬁg)pg?“% — d?“zfgml(h + mo — T7L2)2)
Af2mipari(fo + h+ ma — o)

)

and the predator and prey juvenile population sizes are given by

pr . r2fa(h+ma — o) + fomz(h+my + ro)

f 2M3p2

)

and -
X r1(fo +h +mg — s
ml(h—i-mg mg)

For wviable populations it follows from (7) that
f2+h+m2—m2>0>h+m2—fn2. (8)
We have that

ox* _ _dr2f3m1 (h + mo — m2)(2f2 +h+my— Thg)(fgmg + Tzfg)
oh Ar2pa fom(fo + h 4+ ma — mg)?

: (9)

The sign of this deriwative depends only on the two factors (h +mg — mg) and (2fs +
h 4+ mg — mg), which by (8) have opposite signs, so the derivative is positive. Hence
x*(h) is increasing, i.e. harvesting promotes early maturation. It follows from (9) that
high predation pressure weakens the rate of change in size-at-maturation. Furthermore,
since

OP* _ famsz+rafs <

Oh Japams
harvesting decreases the predator population size in an evolutionary sense. In a similar
way it follows that the density of juveniles increase by harvesting. In addition, one can
show that for all 0 < x* < 1 there exists model parameters with viable predator and
prey population, such that x* is a singular strategy to the adaptive dynamics. Since we
do not know the explicit expression for T (x) we cannot analytically determine whether
or not the singular strategy is an ESS. However, numerical investigations indicate that
the singular strategy is indeed an ESS.

0,
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3.4. Predation on large individuals

Here we consider predation on large individuals, i.e. p3 > 0 and p;1 = po = 0. The
population sizes for an arbitrary maturation probability x are given by solving (1)
and (2). For viable predator and prey populations, the equilibrium population sizes
are

Nl(.%') =

(r1 fox — ko) . (r1 fox — k1kg)? n d  f3(1 — x)roks + faaioks
2];327’)11

4];3%771% Ap3my (1 — x)’I“QI;JQ + x79kg

k3 )\7“1 (1—1‘)7“2/;?24-.%'772]{2
Plz)=—""4+— = Ni(x).
() 0 T d Foin 1()

The only possible interior singular strategy is given by

= —dmyka(ra faks — 7o faks)? ko
A fopsrd(roky — Foko)(rafs(fo — ko) + Fofsks)  Toky — Foko

and the corresponding equilibrium predator and juvenile prey population sizes are

rofako — ko(foks + 72 f3)
ps fako

NF - ri(rafs(fo - ko) +f2f3k2)

my(ra fake — 72 f3k2)

Thus, the long-term effect that harvesting of that prey has on the predator population
size follows directly from (10) whenever an interior singular strategy exists. All com-
binations of harvesting regimes and life-history regime admit an intermediate singular
strategy, except when the tradeoff is decreased fecundity. In this case, an ESS only ex-
ists when harvesting targets mature individuals. It is worth noting that if the tradeoff
is reduced fecundity, there is a singular strategy when harvesting immature individ-
uals, which however is a not an ESS. This implies that the two boundary strategies
=0 and x = 1 are both evolutionarily stable.

When an interior ESS exists, harvesting juveniles does not have any effect on the
predator population size, while harvesting large individuals or immature individuals
will decrease the predator density, regardless of the cost for early maturation.

When small individuals are harvested, we have that

P =

(10)

OP*  rafs(mg —ma + 1y —72)

oh fops(h + mg + 13)2

In these cases, the response to harvesting depends only on the sign of (mo—mo+ry—7s).
Should the sign be positive, the predator population size will increase, while otherwise
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it will decrease. It is clear that the tradeoff between growth and survival, causes the
density to increase if the decrease in growth for mature individuals is small compared
to the increase in mortality.

If instead harvesting targets mature individuals the predator population size is given

by

OP* _ rafs— fa(ma + 12)
oh fops(ma + r2)

In this case the predator density will increase if

r2f3 ;

——— > [y,
mg + T2

and decrease if the inequality is reversed.

CASE 3.5: Let us investigate the case where harvesting targets juveniles, while the
life-history cost for early maturation is increased mortality. Substituting P(x) in (5)
yields

T(z) = 72 f3(ma — 1m2) nggpgm(mg —mg) (Mo (1 — ) + ro + xms)
9 + M3 >‘p3((h+rl)(m2+r2)—f2rlx)+\/M )

where R(z) = A\ps(ddfsmi(ry + m2)? + Aps((h 4 r1)(ra + mg) — fari1z)?). Solving
T(z) = 0, the singular strategy x = x* is given by

o (ra - ma)(dfsmi (ma — 1) — Afaraps(fors + (ma — ha) (h +11)))
Afarips(ma — 1ma)(fort + (ma — ma)(h + 1)) .

One can show that

8_T
ox

which implies that the singular strategy x* is an ESS. Furthermore

(") <0,

ozt dfsmy(my — ma2)? (Mg + )
oh Afar1pz(h(ma — mg) 4+ r1(f2 + ma — 1m2))?

Therefore x*(h) is decreasing, which means that harvesting promotes late matura-
tion. Note that a high mortality rate of the predator reinforces the change of size-at-
maturation, while high predation rate and conversion coefficient weakens the response.
The population sizes for the predator and prey juveniles are

< 0.

ro f3(ra — ma) — fams(ma + 12)
faps(ma +12)

P =

)

and
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N — Ary — (TNTLQ — mg)(h + 7“1)
1 ml(fng — mz) '
We have that OP*/0h = 0 and ON{/0h = —1/my. Hence harvesting juveniles does
not affect the predator population size.

CASE 3.6: Here consider the case where the life-history cost for early maturation is
reduced fecundity, and harvesting targets small individuals. We have that T(x) =
foms — ro(fs — f3) + fapsP(x). There are no solutions to T(x) = 0, so the only
two possible maturation strategies are x* =0 and x* = 1. We have

P _ 2xnra(fs(1—2) + fs) VA + b+
Oh a+ forvaZ+b  a+Va2+b

where a = Ar1pg(h + 12 +ma — fox), b= 4\psdmy (h+ ro +ma)? + (f3(1 —z) + faz),
and ¢ = Arips fax. It follows that P,(h) is decreasing. Since

(11)

or . 0P

% = f2p3%7

both P.(h) and T,(h) are decreasing functions. Therefore harvesting may lead to a
shift in maturation strategy from x* =1 to ™ = 0, but not the other way around, i.e.
harvesting may only cause an evolutionary shift from early to late maturation. Similar
to the case of harvesting juveniles, Py(hy) = Py(hgy) for hy satisfying T,.(hg) = 0. In
addition hg is independent of x. Therefore the response is purely population dynamical
and given by (11), which means that harvesting will decrease the predator population
size.

CASE 3.7: In this final example we consider harvesting mature individuals, where the
cost for early maturation is reduced fecundity. Taking the viability of the predator and
prey population into account, there exist at most one singular strateqgy 0 < x* < 1. It
can be shown that T'(0) > 0 with the assumption that * > 0. Similarly it holds that
T(1) < 0 with the assumption that 0 < x* < 1. Therefore a singular strategy x* is an
ESS. Furthermore, we have that dz*/0h < 0, so x*(h) is a decreasing function. Since
x*(h) is decreasing, harvesting promotes late maturation at larger size.

4. Discussion

In this study, we have investigated the adaptive responses of maturation size of a har-
vested prey in a three size-class predator-prey system, under three basic life-history
tradeoffs associated with early maturation: reduced growth, reduced fecundity, and
increased mortality. To illustrate possible knock-on effects of harvesting-induced adap-
tive change that can cascade through ecosystems, we further explored changes in the
predator’s population abundance that results from adaptation of its prey. In total,
we have analyzed the responses for a total of 45 cases covering all combinations of
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five harvesting regimes, three predator prey-size preferences, and three life-history
tradeoffs.

Our study revealed a wide range of adaptive responses of size-at-maturation to
harvesting in predator-prey systems which is not seen in the single-species case. Our
results underscore the importance of accounting for ecological feedbacks from preda-
tion as well as the type of life-history tradeoff associated with early maturation when
studying the evolutionary effects of harvesting. In particular, the ecological feedback
mediated through a single predator can potentially reverse the adaptive response of the
prey population’s size-at-maturation to harvesting. Our analysis shows that the feed-
ing preference of the predator has a large impact on the adaptive responses associated
with harvesting. We could also confirm the finding by Gardmark et al. (2003), that
harvesting juveniles has an evolutionary effect on size-at-maturation in predator-prey
systems, which is not necessarily seen in single species models (Mylius and Diekmann,
1995; Poos et al., 2011). The only exception is when the predator targets juveniles. In
this case, the adaptive responses in the predator-prey system are qualitatively identical
to a single-species system.

In addition to adaptive changes in size-at-maturation, we analyzed the long-term
effects on the predator population size following adaptation of size-at-maturation in
the prey population as a consequence of increased harvesting rate. It was shown in
Abrams and Matsuda (2005) that harvesting the predator may actually increase the
predator population size due to adaptive change in the prey. Our analysis shows that
the predator population size can either increase or decrease as a long-term consequence
of harvesting the prey. This finding might have implications for the management of
exploited stocks, both in terms of conservation and revenue (Ashley et al., 2003). In
particular, harvesting large prey individuals can increase the predator population size.
This has been observed as a population dynamical effect in whole lake experiments
by Persson et al. (2007). Here, we have for the first time theoretically demonstrated a
corresponding evolutionary effect.

In real ecological systems, several life-history tradeoffs are likely to be present, and it
is possible that one of these tradeoffs could dominate the selection process by exerting a
stronger selection pressure than others. In this study, we have focused on the direction
of selection rather than the strength of selection. To highlight the individual effect
of each tradeoff on the evolution of maturation size and predator population size, we
have studied each tradeoff individually. Due to the continuity of the selection gradient
as a function of tradeoffs and harvest rate, the possible directions of selection under a
combination of life-history tradeoffs can be any one of the possible responses under a
single life-history tradeoff.

Our model shows that the adaptive responses to harvesting in predator-prey systems
are diverse and intrinsically linked with the predator’s prey-size preference and the
prey’s dominant life-history tradeoff. Interpretation of these results, however, should be
made with caution in light of the model limitations. The sudden shift in the eventually
evolved maturation strategy might, for example, be interpreted qualitatively as the
direction of selection.

Due to growing concerns over the evolutionary effects on life-history traits related
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to growth and age, it has been suggested that the evolutionary impact of fisheries
should be included in management strategies (Jgrgensen et al., 2007). To successfully
incorporate evolutionary effects in fisheries management, realistic models needs to be
developed. Such models needs to take into account for example genetics, phenotypic
plasticity, realistic size-structure, and ecosystem embedding. Therefore it is important
to continue this line of research in order to fully understand the evolutionary impli-
cations of exploitation, and there are several promising extensions. Instead of discrete
size structure, a first extension could be to consider continuous size structure. In-
creasing the realism even further, the linear functional response to predation could be
replaced by a Holling type II functional response. Moreover, it is likely that there are
secondary evolutionary effects on the predator population. This can be expected to
impact both the predator’s demographic structure and its exerted predation pressure.
Furthermore, the predator is likely to adapt to phenotypic changes of the prey popula-
tion. Elucidating evolutionary effects cascading through ecological communities linked
by interspecific interactions is an intriguing and challenging area for future research.
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