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Abstract

Fish populations subject to heavy exploitation are expected to evolve over time smaller
average body sizes. We introduce Stackelberg evolutionary game theory to show how fish-
eries management should be adjusted to mitigate the potential negative effects of such evo-
lutionary changes. We present the game of a fisheries manager versus a fish population,
where the former adjusts the harvesting rate and the net size to maximize profit, while the
latter responds by evolving the size at maturation to maximize the fitness. We analyze three
strategies: i) ecologically enlightened (leading to a Nash equilibrium in game-theoretic
terms); ii) evolutionarily enlightened (leading to a Stackelberg equilibrium) and iii) domesti-
cation (leading to team optimum) and the corresponding outcomes for both the fisheries
manager and the fish. Domestication results in the largest size for the fish and the highest
profit for the manager. With the Nash approach the manager tends to adopt a high harvest-
ing rate and a small net size that eventually leads to smaller fish. With the Stackelberg
approach the manager selects a bigger net size and scales back the harvesting rate, which
lead to a bigger fish size and a higher profit. Overall, our results encourage managers to
take the fish evolutionary dynamics into account. Moreover, we advocate for the use of
Stackelberg evolutionary game theory as a tool for providing insights into the eco-evolution-
ary consequences of exploiting evolving resources.

1 Introduction
1.1 Fisheries-induced evolution

Both freshwater and saltwater fisheries are experiencing extraordinary mortality increase with
respect to known historic levels and the primary cause of this increased mortality is fishing [1-
4]. Overfishing reduces the recovery rate of populations and species and can lead to extinction
[2]. Additionally, intense and prolonged harvest may cause genetic changes in fish, often

PLOS ONE | https://doi.org/10.1371/journal.pone.0245255  January 20, 2021

1/20


https://orcid.org/0000-0002-7686-2753
https://doi.org/10.1371/journal.pone.0245255
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0245255&domain=pdf&date_stamp=2021-01-20
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0245255&domain=pdf&date_stamp=2021-01-20
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0245255&domain=pdf&date_stamp=2021-01-20
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0245255&domain=pdf&date_stamp=2021-01-20
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0245255&domain=pdf&date_stamp=2021-01-20
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0245255&domain=pdf&date_stamp=2021-01-20
https://doi.org/10.1371/journal.pone.0245255
https://doi.org/10.1371/journal.pone.0245255
http://creativecommons.org/licenses/by/4.0/

PLOS ONE

Fisheries management as a Stackelberg Evolutionary Game

Foundation grant, NIH/National Cancer Institute
(NCI) R01CA170595, Application of Evolutionary
Principles to Maintain Cancer Control (PQ21), and
NIH/NCI U54CA143970-05 Physical Science
Oncology Network (PSON) Cancer as a complex
adaptive system. The funders had no role in study
design, data collection and analysis, decision to
publish, or preparation of the manuscript.

Competing interests: The authors have declared
that no competing interests exist.

referred to as “fisheries-induced evolution” [5-9]. The most significant are temporal changes in
the life-history traits of the exploited stocks, including altered investments into growth, matura-
tion and reproduction. In particular, fishing generally selects for earlier maturation at smaller
sizes. The mean maturation age for North East Arctic Cod, for example, which was 10-11 years
in the 1930s, had dropped to approximately 7 years by the 1990s [10]. Fisheries-induced evolu-
tion is likely to be strong and can occur rapidly in intensively exploited populations. Further-
more, the changes in size and maturation age may also be hard to reverse [1, 11, 12].

Intense exploitation reduces the abundance of fish stocks and, due to the smaller size of
remaining fish, it decreases fisheries profit. For these reasons, quantifying and predicting the
evolutionary response of exploited populations is important for both ecological and economic
reasons, in order to develop a harvesting management aimed at mitigating the effects of the
evolutionary changes and ensuring a sustainable exploitation of fishery resources [12, 13]. The
very first example of an intervention aimed at promoting sustainable management dates back
to the Magna Carta signed in 1215 by King John, who removed the fish-weirs throughout
England, which were preventing fish, especially salmon, from returning to their spawning
grounds upriver [14]. This decision successfully increased the salmon population. Since then,
fisheries managers strive, with more or less success, to maintain fish stocks at an ecologically
sustainable level. However, their practices usually do not take evolutionary consequences of
their actions into account.

1.2 Examples of sustainable fisheries management

The Code of Conduct for Responsible Fisheries adopted by the Food and Agriculture Organi-
zation of the United Nations aims at conservation of fish stocks by limiting fishing intensity
[15]. This can be achieved, for example, by limiting the total allowable catches, i.e. the tonnage
or the number of fish that may be caught from a fishery in a period of time. Alternatively,
restrictions can be made on the various components of fishing effort, including number and
size of fishing vessels, or the amount of time they are allowed to fish. This is the case of the
Faeroers, where an effort management scheme was introduced in 1996, imposing limited days
at sea and the closure of some areas in order to preserve the local fish stocks of cod, haddock
and saithe [16].

Other common conservation measures are based on size limits, usually allowing fishermen
to catch only fish that are larger than a certain size. A typical example includes fishing for blue-
fin tuna in the United States. In order to give fish a chance to spawn before being caught, fish-
ermen may only catch individuals at least 185 centimeters long [17]. A net size policy can also
be implemented indirectly, for example, by imposing the safe release of individuals above or
below a certain size. The most striking examples of sustainable fishing concern lobster fisheries
in Australia, New England (USA) and the Canadian Maritimes, where catches are abundant
despite decades of heavy exploitation, thanks to a management that involves, among others,
releasing the smallest and the largest lobsters [18, 19]. When managers can change harvesting
rates and net sizes, and the fish evolve countermeasures, the challenges and opportunities for
the industry become part of a game between managers and the fish.

1.3 Mathematical models

Here we summarize previous theoretical works addressing the problem of fisheries-induced
evolution from a co-evolutionary perspective, integrating population dynamics and biological
evolution with changing economic strategies. The pioneering work by Law and Grey intro-
duces the concept of an evolutionarily stable optimal harvesting strategy (ESOHS) [11]. If the
manager knows that a certain harvesting strategy will drive the stock to a certain evolutionary
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stable strategy (ESS), the ESOHS of the fishery will be harvesting strategies that maximize
yield, given the knowledge of how the fish will evolve. The evolutionary strategy of the fish in
this work is the age at maturation, while the strategy of the manager distinguishes between a
harvesting rate for the spawner fishery and one for the feeder fishery.

Heino extends the work by Law and Grey by presenting a model that accounts for stochasti-
city in newborn survival and uncertainty in the estimate of population size [20]. The model
considers the age of first reproduction as the evolutionary strategy of fish and the harvesting
rate as the strategy of the manager. Heino distinguishes between spawner fishery and feeder
fishery and compares the performance of different harvesting strategies when evolutionary
change is accounted for. In particular, he studies three harvesting strategies: 1) fixed-quota,
where the annual target catch is fixed, 2) constant stock size, where the target stock size after
harvesting is kept constant, and 3) constant harvesting rate, where a constant fraction of stock
is harvested each year.

Blythe and Stokes introduce a model where a constant fraction of all fish larger than a pre-
defined size are removed per unit of time [21]. In particular, they investigate two contrasting
harvesting regimes, one with a lower and one with a higher harvesting rate. Under the low-har-
vesting-rate regime, larger individuals are favored and there is always a strategy leading to a
sustainable yield, corresponding to the ESOHS of Law and Grey. In contrast, under a high-har-
vesting-rate regime, smaller individuals become predominant and a sustainable yield becomes
difficult to reach. Instead of using the Evolutionarily Stable Strategy (ESS) concept, Blythe and
Stokes focus on those rare strategies that can invade and replace the resident strategies of a
population. In their work, the evolutionary strategy is the size at maturation, while the strategy
of the manager is the harvesting rate.

While [11, 20] and [21] did not frame their models in game-theoretic terms explicitly,
Brown and Parman were the first ones to define the interaction between the fisheries manager
and fish stock as an evolutionary game [22]. In their model, fish may evolve to an ESS in
response to harvesting and the manager has two alternative strategies: basing harvesting only
on ecological considerations or taking evolutionary considerations into account as well. In the
first case, the manager takes the life history characteristics of the fish as given, while in the sec-
ond they anticipate the response of the fish to harvesting. The comparison of these two scenar-
ios, considering evolution or not, was investigated also by Eikeset et al. and by Zimmermann
and Jergensen, who found that the optimal fishing regimes for the two scenarios do not differ
much. However, neither model allows the fisheries manager to respond to evolution, but
assumes that the manager selects a strategy that stays the same [23, 24]. Faig is the first one
who not only defines the problem in game-theoretic terms but also uses solution concepts
derived from game theory [25]. Her work, based on North-East Arctic Cod, compares yield
reached by two different managers: a manager who ignores evolution, and a manager who
dynamically optimizes his/her strategy by considering how the fish will respond in terms of
evolution. In her work, the management strategy consists in setting a harvesting rate and a net
size, while the fish evolutionary strategy is the probability of maturation. In particular, she
shows how a manager who ignores evolution could achieve a Nash equilibrium, but does not
formalize the management strategies implemented by a manager who takes evolution into
account. This is because such games have not been formalized yet. Our work aims at filling
this gap by applying what we term Stackelberg Evolutionary Games.

1.4 Stackelberg Evolutionary Games

We consider a Stackelberg Evolutionary Game between a single fish stock and a single profit-
maximizing fishery, expanding upon the model by Brown and Parman [22]. The fish engage
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in an evolutionary game where ecological dynamics describe changes in population size and
evolutionary dynamics describe changes in heritable traits. In an evolutionary game the strate-
gies of the players are inherited, and their payoffs take the form of increased survivorship and/
or fecundity [26, 27]. The solutions to this kind of game are evolutionarily stable strategies,
strategies that when adopted by an entire population cannot be invaded by any rare alternative
strategies. On the other hand, the fisheries manager is involved in a game with fish, which we
call a Stackelberg (or leader-follower) Evolutionary Game. The fisheries manager does not
inherit his/her strategies but chooses them, and payoffs can take the form of monetary profits
or other utility related metrics. While the fish can only adapt to the choices of the manager, the
manager as a rational player can anticipate the ecological and evolutionary consequences of
his/her decisions on nature, and therefore benefit from a lead position in the game.

The manager may want to anticipate the ecological but not the evolutionary consequences
of his/her actions. Following Brown and Parman, we term this strategy “ecologically enlight-
ened management” [22]. As we shall see, such a manager will drive the game to a Nash equilib-
rium. Subsequently, the fish will evolve to their ESS, in response to manager’s actions. Given
this ESS, the manager cannot improve profits through a unilateral change in strategy.

Conversely, the manager may want to anticipate both ecological and evolutionary conse-
quences. This manager engages in “evolutionarily enlightened management”, by optimizing
profits knowing that the fish will evolve to their ESS [22, 28]. Actions of such a manager will
lead to a Stackelberg equilibrium. At this equilibrium, the manager, with knowledge that the
fish will evolve to their ESS in response to the manager’s strategy, can do no better.

Alternatively, the manager may use artificial selection or genetic modifications to dictate
the evolutionary strategy of the fish. We will extend our analysis to this form of domestication.
In getting to choose the fish’s strategy, the manager as leader in this game can achieve a team
optimum. This results in the maximum achievable payoff to the manager because, in a sense,
the fish are now “cooperating” with the manager.

This paper is organized as follows. In the next section we introduce a Stackelberg Evolution-
ary Game of fisheries management where the fish evolve their adult size and the manager can
select harvesting rate and net size. We then introduce and analyze the three management strat-
egies mentioned above (ecologically enlightened, evolutionarily enlightened and domestica-
tion) and the corresponding outcomes for the two players, first in the context of just varying
harvesting rates, and then with varying net sizes as well. In particular, we highlight the benefits
of an evolutionarily enlightened approach for both the fisheries manager and the fish. We con-
clude by drawing some general conclusions relating to fisheries management and by stressing
the importance of developing Stackelberg Evolutionary Game theory for evaluating decisions
in games involving evolving biological systems [29].

2 Materials and methods
2.1 Fisheries management as a game

We model fisheries management as a Stackelberg Evolutionary Game between a manager and
a fish population (Table 1 provides a summary of strategies, parameters and functions). We
extend the model of Brown and Parman [22] in four critical ways by 1) considering a back-
ground mortality rate on the fish, 2) permitting the manager to vary net size as well as fishing
intensity, 3) considering the gains in yield produced from domesticating the fish under har-
vest, 4) considering a cost term for fishing.

We consider a fish species that begins as a neonate whose initial size approaches 0, and then
grows at a linear rate g until an adult size u. As an adult, the fish switches from growth to pro-
ducing neonates at a rate su proportional to its adult size. Both juvenile and adult fish suffer a
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Table 1. Variables, parameters and functions used in the game.

Variables Meaning
u Size of fish at maturity
H Instantaneous harvesting rate
z Net size
Parameters Meaning
R Intensity of density dependence
s Maximum fecundity rate per unit of adult size
d Background mortality rate
g Growth rate of juveniles
c Cost for fishing
Functions Meaning
P(H, u, z) Probability that juveniles survive harvesting till adulthood
M(u) Probability that juveniles survive natural mortality till adulthood

https://doi.org/10.1371/journal.pone.0245255.t001

background mortality rate d. Size at reproduction u is the fish’s evolutionary strategy. The
manager’s strategy includes setting the harvesting rate H and the net size z. All fish greater
than or equal to size z are subject to harvesting. For evaluating the eco-evolutionary dynamics
of the fish, we define the expected per capita growth rate of a focal individual that reaches
adulthood at size v in a population of fish that reaches adulthood at size u. For the ecology of
the fish, we assume that the actual production of neonates declines with the adult population
size of fish N [30]. By considering the focal fish’s strategy v and the strategy predominate in the
fish population u, we have the following fitness generating function G:

—uN"*
G(v,u) = svyP(v)M(vle R —H —d,

(1)

where H' is the effective mortality rate from fishing: H' =0ifz > uand H = Hifz < u.

The G-function (1) gives the expected per capita growth rate of a focal fish of adult size v
within a population of fish that matures at size u that has achieved its equilibrium adult popu-
lation size of N*, and that is subjected to fishing rate H by nets of size z. The terms P(v) = e "
=2/ and M(v) = e give the probabilities of the focal fish’s neonates surviving harvesting
and natural mortality, respectively, to reach adulthood. Note that the neonates suffer the size-
independent natural mortality rate throughout their growth to adult size, whereas mortality
from fishing only occurs when the juvenile fish reach the size of the net z. If net size is greater
than or equal to v, then no juveniles spawned by the focal fish will be harvested: P(v) = 1 for z
> v. Each adult fish’s potential to produce neonates declines with the total biomass of adult
fish uN and increases with some pool of limiting resources R. The time it takes for a fish in the
population to reach adulthood is T = . This means that adult recruitment at time  results

from neonates that were produced by the adult fish population at time ¢ — T. Thus, the popula-
tion dynamics of adult fish with strategy u at time ¢ is given by:

dN L
= suP(WM(WN,_e R —HN,—dN, (2)

from which we obtain the expression for the equilibrium population size N*:

N — R log suP(u)M(u)
u H +d
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2.2 How the fish see the game

Evolution by natural selection will favor the fish size that maximizes the expected fitness of a
focal individual within the context of the sizes and densities of other fish. In our game, the evo-
lutionarily stable strategy (ESS) is the adult fish size 4* that cannot be invaded by any focal
individual using a different strategy v # u*. Thus v = u4* maximizes G in a population using u*
at N*. Applying the ESS maximum principle [27] to find the ESS value of u* gives:

h <
H+d’wenZ_H+d

The first condition in (3) (u* = %) is found by taking the derivative of G with respect to v,
then setting v = u, and finally setting this expression equal to zero and solving for u*. In a pris-
tine environment, prior to any fishing, the adult size should increase with their growth rate
and decline with the natural mortality rate: u* = £ Fishing imposes an additional mortality
rate on adults and so the ESS fish size will decline with the sum of harvesting and background
mortality (Fig 1). The second condition on the ESS fish size in (3) comes into effect if harvest-
ing becomes too intense or the net size too large. In the extreme, if z > £ then the effective har-
vesting rate is H' = 0, no matter the actual attempted harvesting rate H. As no fish are
harvested they retain their pristine size. But, what if the net size is smaller than the fish’s pris-
tine size and the attempted harvesting rate is so intense as to create a situation where

s < z <& In this case, the ESS fish size becomes the net size: u* = z. The ESS of the fish can
be represented as a best response curve in the (H, u)-space (Fig 1). The fish’s best response

curve shows how the ESS size of the fish u*(H) decreases with the harvesting effort.

2.3 How the manager sees the game

We assume that the manager’s goal is to maximize a profit function Q, described as the differ-
ence between yield and cost. Yield function is defined as a rate of harvested biomass. For sim-
plicity, we assume that the per biomass value of the catch is constant and independent of the
actual size of the fish. Thus, a fish that is half the size of another has half the value. The yield
comes from two sources. The first one is the harvesting of adult fish and the second one is the
harvesting of juvenile fish that are larger than the net size. The first term is straightforward
while the second is a rather involved integral, as the harvest of juveniles occurs from the time a
juvenile is of size z (let this be time 7) and continues to time T when it reaches adulthood at
size u. Both components are weighted by the size of the fish. Costs of fishing are represented
by a term cH, where c is the per unit cost of fishing. Thus, the profit function can be written as:

(H+ d)N*

———F——dx—cH 4
P(u)eid(Tf,[)dx c ) ( )

T
Q(N,u,H,z) = HuN* + H/ gre T gmdae)

where 7 = 2and T = ¥are the limits of integration and % gives the number of juvenile

fish alive at age # required to keep an equilibrium population size of N*, given the harvest rate
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Size at maturity

50

40

30

g:3 g:5

5 e Ecologically enlightened (Nash)

® Evolutionarily enlightened (Stackelberg)
v Pristine

*  Domestication (Team optimum)

Harvesting rate

Fig 1. The best responses of the fish and of the manager. The ESS size of the fish (solid line) and the best response of the manager (dotted line) for
two different values of the juvenile growth rate: g = 3 (orange) and g = 5 (blue). For this example, R =4, z=3,d = 0.2, c = 5 and s = 1. The ESS size of the
fish increases with juvenile growth rate and decreases with harvesting rate, the optimal harvesting rate for the manager increases with juvenile growth
rate. The Nash equilibrium lies at the intersection of the ESS curve of the fish and the best response curve of the manager, the Stackelberg equilibrium
and the pristine lie on the ESS curve of the fish but not on the best response curve of the manager, while the team optimum lies on the best response
curve of the manager, but not on the ESS curve of the fish.

https://doi.org/10.1371/journal.pone.0245255.9001

H and the adult size u. The integral in (4) can be solved explicitly and the profit becomes:

~ HR sP(u)uM(u) _ z(H+d)+g _
Qu, H,2) = gy 1o ( H+td ) P(u)M(u)ef

2.4 The manager’s dilemma in setting the harvesting rate

We assume that the manager selects a harvesting rate and a net size in order to maximize
profit. We will start with a manager that adjusts just the harvesting rate. We consider three
approaches of the manager: 1) Ecologically enlightened (Nash), 2) Evolutionarily enlightened
(Stackelberg), and 3) Domestication (team optimum).

2.4.1 The ecologically enlightened manager. The ecologically enlightened manager rec-
ognizes the effects of harvesting on the population size of fish, but sees the adult size of the fish
as fixed. This provides a tempting, short-term optimal strategy. The manager assumes that
evolution is too slow to be of consequence, or that the fish cannot evolve. For determining the
optimal harvesting rate, the manager considers the effect of H on N* and incorporates this into
the profit function. The optimal harvesting rate Hgco comes from maximizing profit Q with
respect to H, while holding u constant: Hyco = argmaxy Q(u, H, z) (see S1 Appendix for the
analysis of the equilibria and their stability properties). In this way, H* becomes a function of
u, and the curve of H* with respect to u is the best response curve of the ecologically enlight-
ened manager in response to the size of the fish (Fig 1).

There are three possible outcomes for this style of management. First, there is the optimal
harvesting rate when the fish are of the pristine size #prss. The manager is tempted to adopt
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the harvesting rate which maximizes the profit assuming that the fish keep their pristine size

upgys- If the fish do not evolve, then this state can persist indefinitely. However, if the fish

evolve, the only strategy that preserves their pristine size is Hpg;s = 0 (Fig 1, triangle marker).
g

Second, the fish size begins to evolve towards —£—. This creates a transient dynamic, where
PRIS

the fish and/or the manager alter their strategies, the fish changing in the direction of ;% and
the manager shifting along his/her best response curve as the fish evolve to a smaller size.
Third, if the fish and manager have sufficient time, an eco-evolutionary equilibrium happens
where the best response curve of the fish intersects with that of the manager (Fig 1, circle
marker). This is a Nash equilibrium that combines elements of evolutionary game theory and
classical game theory. The fish are at an ESS: u,, = m At this point the fish are evolution-

arily stable in that no individual can increase its fitness by unilaterally changing its size, and
the fish are ecologically stable in that their expected per capita growth rate is 0 at N*. For the
manager this is a no regret strategy: given the size of the fish, the manager has no incentive to
change the harvesting rate.

When the net size is z = 0, the intersection of best response curves is always the ESS for the
fish and the Nash for the manager. Not necessarily so for a larger net size. If excessive harvest-

ge(1+r/ R)

ing reduces the fish size below the net size z (this actually occurs at z = | /¥——, see S1 Appen-
dix), the harvesting effort has to be modulated down (Hy, = £ — d) in order to keep the fish

from evolving to be just below z and slip through the net. An interesting eco-evolutionary
cycle could happen when Hy, + d > £ for u = z: fishing could drive the size of the fish below
z, which would then make fishing cease (unless the manager reduces z) until fish evolved to be
larger again.

2.4.2 The evolutionarily enlightened manager. The evolutionarily enlightened manager
anticipates that the fish will evolve in response to harvesting. Thus, he/she incorporates both
the ecological and the evolutionary consequences of harvesting into the profit function Q and
selects the Hgy o that maximizes profit: Hgyo = argmaxy Q(u*, H, z). This will not be a point
on the manager’s best response curve, but a point on the fish’s ESS curve where profit is maxi-
mized (Fig 1, square marker). So long as the net size is not too large, the Hgyo will always be
less than Hgco. The manager will sacrifice short-term opportunities and maintain higher prof-
its in the long-term by preserving both the ecological and evolutionary states of the fishery. If
the net size is sufficiently large then the Hgco coincides with the Hgy, but this occurs under
the unlikely circumstances that the harvesting rate is reduced to keep the fish from evolving
below the net size (see S1 Appendix for the analysis of the equilibria and their stability
properties).

The game evolves towards a new eco-evolutionary equilibrium, which is different from the
one reached by the ecologically enlightened manager. The fish evolve to their ESS size of
Upvo = o7 and a stable equilibrium population size of fish occurs at N,. The manager’s

strategy no longer leads to a Nash equilibrium, as he/she could benefit (at least temporarily) by
unilaterally changing the harvesting rate. But, it is a Stackelberg strategy where the manager
anticipates the strategy of the other players. Thus, this manager’s strategy will always be as
good or better than the manager’s Nash solution.

2.4.3 Domestication. We consider a manager that can “domesticate” the fish by selecting
the desired fish size using artificial selection or genetic modification. We imagine that the fish
are still free-range in the sense of being stocked in the sea or lake. Many impracticalities come
to mind, and fish farming may be more likely altering many of the model’s parameters rather
than just fish size and harvesting rates. Regardless, our example of domestication shows the
temptation to make the fish size u a control variable of the manager (along with H), and it
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illustrates another game theory solution known as the team optimum. In terms of maximizing
profits, the manager now has a vector valued strategy of maximizing with respect to H and u:
(Hpowm Upom) = argmaxy, ) Q(u, H, z). The team optimum lies on the best response curve of
the manager but outside ESS curve of the fish (see Fig 1, star marker).

2.5 The manager’s dilemma in setting the net size

The manager can also choose the net size. It is likely that changing H can occur more fre-
quently and nimbly than changing the net size. Net size represents a substantial investment
in equipment that is meant to last many years. Whereas H can change seasonally, net size
likely changes over spans of years. There is one exception when “net size” represents the safe
release of individuals above or below a certain size. For this reason, we assume that the man-
ager can change both harvesting rate and net size with immediate effect and without addi-
tional costs.

The ecologically enlightened manager will set both H and z without considering how the
fish will evolve, resulting in the Nash solution. The evolutionarily enlightened manager aiming
for a Stackelberg solution can set both H and z with the anticipation that the fish will evolve to
size ﬁom. Domestication permits the manager to select H, u and z to reach the team optimum

of the game. For the ecologically and evolutionarily enlightened managers, selecting net size
only indirectly influences adult fish size, when harvesting is not so intense as to drive the fish’s
size to at or below z. In this case, net size per se does not select for adult fish size. However, the
selection of net size will influence Hpco and Hgy o, and thus fish size.

3 Results
3.1 Game with the manager having a one-dimensional decision space

The effect of harvesting effort H on the profit for the three management strategies is illus-
trated in Fig 2. The profit function of the evolutionarily enlightened (Stackelberg) manager
has a higher global maximum than the profit function of the ecologically enlightened (Nash)
manager. Moreover, this Stackelberg maximum is reached at a lower harvesting rate than
the Nash one. As it must, the evolutionarily enlightened profit curve intersects the ecolog-
ically enlightened one from above and at its peak. This means that the maximum profit of
the evolutionarily enlightened manager is unavailable to the ecologically enlightened one,
but the maximum profit of the ecologically enlightened manager is available to the evolu-
tionarily enlightened one. In other words, an evolutionarily enlightened (Stackelberg) man-
ager can always reach the Nash solution, but not vice versa. As happens in classical
Stackelberg games, the Stackelberg outcome is for the manager as good or better than the
Nash outcome.

The ecologically enlightened strategy is stable in the ecological time, there is no benefit to
changing harvesting strategies until the fish themselves evolve. On the contrary, the evolution-
arily enlightened strategy invites a tragedy of the commons. The evolutionarily enlightened
manager could achieve a higher profit in the short-term by increasing harvesting to Hrrag >
Hpyvo, while the fish have size ugyo (Fig 2). This holds only in ecological time. In evolutionary
time, fish will decrease in size and the profit will consequently drop. We can say that both
(Hecos Ueco) and (Hgyo, Ugyo) are stable in evolutionary time while (Hyrag, tgvo) is not. The
third management strategy is domestication, which corresponds to the game-theoretic concept
of team optimum. In this case fish can be selected to be well over the threshold u = ‘5, and the
profit for the manager is much higher than the one obtained by exploiting wild stocks. Thus,
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Fig 2. The effect of harvesting rate on the profit for three management strategies: Ecologically enlightened, evolutionarily enlightened and
domestication. Each panel corresponds to increasing net size: z = 3, z = 6 and z = 10. In all three cases: R=4,5=1,d =0.2, g=5and ¢ = 5. The
ecologically enlightened manager considers the size of fish at maturation as fixed (ugco) and selects the harvesting rate Hgco that maximizes the profit
with this in mind. The evolutionarily enlightened manager assumes that the size of fish at maturation is the ESS »* and selects a harvesting rate Hgyo
that maximizes the profit accordingly. The profit curve for the evolutionarily enlightened management intersects the profit curve for the ecologically
enlightened management at its maximum. The evolutionarily enlightened approach leads to higher profits with a lower harvesting rate than the
ecologically enlightened one, but is susceptible to the tragedy of the commons. The curve “Tragedy of the commons” shows how the profit varies with H
when the size of the fish is fixed at ugyo. The profit curve for domestication lies above all the others.

https://doi.org/10.1371/journal.pone.0245255.9002

regardless of the value of z, the following inequalities hold:

HEVO S HECO7

Upco < Ugyo < Upour

Q(pcor Hecor 2) < Qugyo, Hpvos 2) < Qpon Hpous 2)-

Note that we consider the population N to be at the equilibrium.

3.2 Game with the manager having a two-dimensional decision space
The effects of net size z and harvesting rate H on profits for the three management strategies is
showed in Fig 3. In particular, for each fixed z we maximize profit with respect to H, and then

select the z corresponding to the highest profit.
For the ecologically enlightened manager, we have a local maximum in the region where

Z > 3 /M and a global one for z < ¢ The unique optimal z for the evolutionarily

—
enlightened manager lies in the region where z < ge(lf/m as well. The profit to the evolution-
arily enlightened manager at (Hgyo, Zgyo) is greater than that of the ecologically enlightened
manager at (Hgco, Zeco), and is obtained by selecting a lower harvesting effort but a higher net
size. Interestingly, if the net size is set above the threshold z = 1 /M, the interests of the eco-

logically enlightened manager and those of the evolutionarily enlightened manager differ. In
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Fig 3. The effect of net size on the profit for three management strategies: Ecologically enlightened, evolutionarily enlightened and
domestication. In this example R =4, s =1,d = 0.2, g= 5 and ¢ = 5. The evolutionarily enlightened (Stackelberg) curve reaches a higher peak at a higher
net size than the ecologically enlightened (Nash) curve. The evolutionarily enlightened profit curve intersects the ecologically enlightened one from
above and they coincide from that point onwards. Domestication leads to substantially higher profits and a large optimal net size.

https://doi.org/10.1371/journal.pone.0245255.9003

particular, the first one aims at increasing z in order to reach the (local) maximum profit,
while the evolutionarily enlightened manager has no incentive in further increasing z as his/
her profit will decrease with z. Domestication corresponds again to the highest profit possible.
Assuming that the population N is at the equilibrium, the following inequalities hold:

Zpco < Zgyo < Zpom
Hpom < Hpyo < Hyeo

Upoo < Upyo < Upoy

Q(vsco, Hecor Zrco) < Qttpvos Hevor Zevo) < Qupons Hpous Zoom)-

3.3 Sensitivity analysis

Given the three equilibria (Nash, Stackelberg and team optimum), we analyze how sensitive
they and the corresponding profits are with respect to small variations of model parameters s, R,
g dand c. Fig 4 shows the sensitivity analysis for the case where the manager can only vary H,
while Fig 5 shows the sensitivity analysis when manager adjusts both H and z. In the case where
the manager chooses only the harvesting rate H, increasing the value of s, g or R will increase
both the profit at the three equilibria and the corresponding optimal H’s, while increasing the
value of ¢ or d will decrease the maximum profit and the corresponding optimal H’s.

Similarly, in the case where the manager chooses both the harvesting rate and the net size,
increasing the parameters g and R will increase profits for all three management strategies as
well as the corresponding optimal z’s. Increasing s will increase the profit at all the equilibria
and the corresponding optimal z in the case of domestication, but will decrease the optimal z
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Fig 4. Sensitivity analysis of the three equilibria for the case where the manager can set only the harvesting rate. Sensitivity analysis showing how
profit and harvesting rates change with the intensity of density dependence R, the maximum fecundity rate s, the natural mortality rate d, the growth
rate of juveniles g and the cost of fishing ¢ (z = 6). Arrows pointing up (down) indicate that the profit is increasing (decreasing) when the corresponding
parameter increases, arrows pointing to the right (left) indicate that the harvesting rate at the equilibrium is increasing (decreasing) when the
corresponding parameter increases. The profit at the ecologically enlightened and evolutionarily enlightened equilibria are directly proportional to s, R
and g and inversely proportional to ¢ and d. The harvesting rate at both equilibria increases when s, g or R increase and decreases when ¢ or d increase.
The profit at domestication equilibrium increases with s, R and g and decreases with ¢ and d. The corresponding harvesting rate increases with R and s

and decreases with c.

https://doi.org/10.1371/journal.pone.0245255.9004

in the case of ecologically or evolutionarily enlightened management. Increasing the juvenile
growth rate g will increase both the optimal net size and the profits at all of the equilibria. As
expected, increasing the natural death rate d will decrease maximum profits, and also the cor-
responding optimal net size z. Similarly, increasing the cost of fishing c will decrease profits
and the corresponding optimal net size z. The sensitivity analysis shows that the effect of the
parameters on profits does not depend on whether we consider z as a fixed or changing

variable.

12/20
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Fig 5. Sensitivity analysis of the three equilibria for the case where the manager can set both the harvesting rate and the net size. Sensitivity
analysis showing how how profit and net sizes change with respect to the intensity of density dependence R, the maximum fecundity rate s, the natural
mortality rate d, the growth rate of juveniles g and the cost of fishing c. The profit of the ecologically enlightened (Nash) manager and of the
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both managers increases when g or R increase and decreases when s increases. Moreover, the optimal net size of both managers decreases with ¢ and d.
The profit from domestication and the corresponding optimal net size increase with s, R and g and decrease with ¢ and d.

https://doi.org/10.1371/journal.pone.0245255.g005

4 Discussion

Over-exploitation threatens the ecological sustainability of many of the world’s fisheries [2].
Ecological models aim to understand the incentives and consequences of overfishing, and sug-
gest ecologically enlightened management strategies [31, 32]. This may not be enough. Intense
or size-selective harvesting imposes selection pressure on important life-history traits. One of
the most evident effects of fisheries-induced evolution, is the reduction of average body size at
maturation [1, 33]. Such evolutionary effects can diminish stock biomass and sustainable yield
in just a few generations, with far-reaching ecological and economic consequences [1]. This
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invites evolutionarily enlightened management strategies to promote both ecological and evo-
lutionary sustainability [34, 35].

A large body of literature, including theoretical and experimental studies, show how fishing
pressures drive many of the life history changes observed in fish stocks [11, 12, 20, 33, 36-38].
The highest rates of evolution have been associated with the most heavily exploited stocks [1,
39, 40]. In light of the ecological challenges of managing fisheries, it is tempting to dismiss the
evolutionary changes as occurring too slowly or attribute changes to other environmental driv-
ers [36, 41-43]. Dealing with evolutionary effects may not be urgent. An ecologically enlight-
ened approach may be sufficient, but most likely not [42, 44].

The fisheries induced evolution can seriously impact the future viability of stocks [40, 42]
by reducing yields and magnifying the consequence of over-fishing. Even small evolutionary
changes can lead to the collapse of a heavily overexploited stock [23]. Once it has happened,
the fisheries induced evolutionary changes may be slow to reverse or even irreversible [12, 45-
47]. Fisheries managers should consider rapid evolutionary changes as possible and likely [48].
Fisheries are in need of theory, empiricism and the application of evolutionarily enlightened
management [1, 8, 28, 40, 49, 50].

In this work, we formalize the fisheries management problem as a Stackelberg evolutionary
game, a novel framework for including the manager as a rational player and the fish as evolv-
ing players. In this Stackelberg (or leader-follower) game, the fisheries manager is the leader
capable of anticipating the consequences of his or her actions on the ecological (fish popula-
tion size) and evolutionary (fish size at maturation) dynamics of the fish. Whether in the pres-
ence or absence of harvesting, the eco-evolutionary dynamics of the fish converge on an ESS
in accord with the principles of evolutionary game. While most models consider harvesting
intensity, net size is also an important control variable of the manager [12, 40]. Setting mini-
mum catch size limits provides an important complementary management tool to decrease
the evolutionary impact of fishing and deserves attention [40, 51]. While many studies have
focused on the effect of the net size on evolution, ignoring optimal strategies, or on the optimal
net size, ignoring evolution [52], our game-theoretic approach allows to consider both the
optimal strategies of the fisheries manager and the evolution of the fish stock. In addition to
considering both harvesting effort and net size, our modelling is expansive in terms of man-
agement contexts that can include the original pristine environment (no harvesting), ecolog-
ically enlightened management, evolutionarily enlightened management, and domestication.
Within these contexts we can consider both transient dynamics and the equilibrium states.

To achieve our goal of comparing management strategies, we extended the model of Brown
and Parman [22] to include 1) a background mortality rate, 2) a cost to fishing, and 3) the
additional strategy of choosing the net size. These adjustments add realism and scope of appli-
cation. Thus, we could analyze the game for cases where the manager can only control the har-
vesting effort and for cases where the manager sets both the harvesting effort and the net size.
In actual fisheries, the manager can change harvesting effort both within and between fishing
seasons whereas changing net size happens less often because fishing gear is expected to last
multiple years and seasons.

In our Stackelberg evolutionary game, the strategy of the fisheries manager in terms of the
harvesting rate and net size directly influences the fish equilibrium population size and ESS
maturation size. This is the first step of an evolutionary impact assessment (EvolAs) advocated
by the promoters of evolutionarily enlightened approaches [1, 49]. In our model, when the
harvesting rate or the net size are low, the ESS maturation size equals the ratio between the
juvenile growth rate and the combined death rate from fishing and natural mortality. Increas-
ing the harvesting rate selects for a decreased ESS size at maturation, independent of the net
size. Conversely, when the harvesting rate or the net size are high, the ESS maturation size
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Table 2. The possible approaches of the manager, the corresponding game-theoretic concepts and the strategies of the manager and the fish.

Manager’s approach

Ecologically-enlightened

Evolutionarily-enlightened

Domestication

Pristine

https://doi.org/10.1371/journal.pone.0245255.t1002

Corresponding game-theoretic concept Strategies
Nash Hpeo = arg max Q(N*(upeo, H), theo, H)
Hzco = arg max G(N" (u, Hyco). . Hico)
Stackelberg H,,, = arg max Q(N*(y,(H),H),y,(H),H)
Ugpvo = VE(HEVO) ~ -
withy,(H) = argm“axG(N*(u, H),u,H)
Team optimum (Hpow Upoy) = arg max Q(N*(u,H),u,H)

Hpris=0
Upgis = argmax G(N”(u,0), u, 0)

equals the net size, independent of the harvesting rate, but increasing the net size leads to an
increased size at maturation. Our predictions are consistent with those of Andersen and
Brander [53] and contrary to Faig [25], who suggested that increasing the net size would
decrease the size at maturation. As proposed by [49], the second step of an evolutionary impact
assessment includes analyzing how the evolutionary changes that take place in the exploited
fish stocks may alter their utility to stakeholders or society [1, 54]. To this aim, we compared
different possible outcomes of the game, dependent on what information about the fish eco-
evolutionary dynamics the fisheries manager knows or chooses to take into account.

Our Stackelberg evolutionary game theory approach permits us to jointly analyze the eco-
evolutionary dynamics of the fish and their economic consequences to the stakeholders under
four management strategies. The management approaches and their game theoretic equiva-
lents are summarized in Table 2.

In each of these situations, there is a single optimal harvesting rate that maximizes the fish-
eries manager’s profit function for a given net size. The Pristine case imagines an unexploited
fishery and has the manager choosing an optimal harvesting rate and net size under the
assumption that fisheries-induced evolution will not or cannot happen. Under an ecologically
enlightened strategy, evolution does happen, but the manager only anticipates the ecological
and not the evolutionary consequences of harvesting intensity and net size. This leads to a
Nash equilibrium of the Stackelberg evolutionary game. Under an evolutionarily enlightened
strategy, the manager anticipates the ESS of the fish when selecting the optimal harvesting
intensity and net size. The outcome leads to a Stackelberg equilibrium. From classical Stackel-
berg game theory, it is well known that the leader’s payoff from the Stackelberg equilibrium is
at least as good, and generally much better than the leader’s payoff at the Nash outcome. This
result still holds for Stackelberg evolutionary games both with one or two decision variables
for the leader, as shown by the profit curves of the manager (Figs 2 and 3): it is a better strategy
for the fisheries manager to anticipate and steer both the ecological and evolutionary responses
of the fish. Compared to the ecologically enlightened strategy, the evolutionarily enlightened
strategy leads to higher profits, lower harvesting rate, the same or larger net size, a higher
standing crop of fish, and larger sized fish at maturation.

The Stackelberg solution could be further improved if the leader could select harvesting
intensity, net size and the fish size at maturation. Under this domestication strategy, fish body
size would no longer be determined by natural selection. For if it were, the fish would evolve to
a smaller body size. The manager would achieve the desired size through genetic engineering
or artificial selection. These artificially selected fish could then be released into the marine sys-
tem or farmed. However, if the released fish can go feral, continuous replenishment of the
domesticated strategy would be required to keep the fish from evolving to a smaller body size.
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Whereas ecologically enlightened and evolutionarily enlightened management result in
smaller fish than originally occurring under pristine conditions, the profit maximizing domes-
tication strategy breeds fish that are larger than pristine size. While this might be seen as an
idealized case which is not applicable to the case of harvesting wild stocks, this solution con-
cept is not so far-fetched and could fit the case of fish farming or fish stocking, which is widely
practiced and involves release into the wild. In principle and in practice, the hatchery can both
select on the adult fish and rear the young for release. In this sense, one can select for larger
size, delayed reproduction and other desirable characteristics without having the fish be self
sustaining in the wild, as new individuals are constantly restocked from the hatchery. From a
game-theoretic point of view, domestication corresponds to having cooperative followers, who
help the leader to obtain the maximum possible payoff, disregarding their own benefits (team
optimum). With domestication, the fish and manager’s strategies correspond to an optimal
inverse Stackelberg strategy [55, 56]. In terms of utility to the stakeholders and ESS fish size at
maturation: Domestication > Pristine > Stackelberg > Nash. While favorable if the fish do
not evolve, the pristine size is just a transient and not sustainable under fishery-induced evolu-
tion. Our results suggest that ignoring evolution provides short-term rewards (current payoff),
but turns out to be myopic in the long run. With the Stackelberg (evolutionarily enlightened)
approach the ESS fish size is substantially larger than with the Nash (ecologically enlightened)
approach for low values of the net size, and at least as large for high values of the net size. Gen-
erally, the larger net size of the Stackelberg solution compared to the Nash solution can further
accentuate the difference in ESS fish sizes between the two management strategies. In this way,
the Stackelberg solution can maintain an ESS fish size closer to the original pristine size and
provide a higher return to the stakeholders. This result is in line with recent studies confirming
that maximizing the sustainable profit and mitigating negative effects of fishery-induced evolu-
tion are not necessarily in conflict [51]. The Stackelberg (evolutionarily enlightened) solution
is feasible (unlike pristine), can be applied to wild stocks (unlike domestication/team opti-
mum) and, most importantly, can better align harvesting and conservation interests. Eikeset

et al. compared two scenarios for the management of an evolving fish stock that, like our
approach, depended on whether evolution is accounted for or ignored. Unlike our results, they
concluded that the optimal harvesting rate for the two cases is almost identical [23].

Our model only investigated the role of a minimum size limit, which is common in many
fisheries. However, the optimal size at which to harvest fish may fall into a range where the
smallest and largest fish escape harvesting [57]. There is evidence that preserving large individ-
uals can mitigate fisheries-induced evolution making fish stocks more profitable [35, 42, 51,
57, 58]. For future consideration our model could include a harvesting regime that only takes
individuals above and below a certain size. Also, our model could be extended to include inde-
terminate growth even after maturation, adding realism for certain fish species.

The benefits from taking an evolutionarily enlightened approach accrues from moderating
harvesting rates and increasing net size. However, the actual benefit depends on the time hori-
zon considered by the manager and the time required for the new ESS to take place. In this
paper we assumed the evolutionary speed to be fixed, but in reality we do not know how fast
evolution takes place. Our assessments of the different management strategies were based on
equilibrial states. While we have shown that these eco-evolutionary equilibria are stable (see S1
Text), we did not analyze the transient dynamics towards the ESSs of the fish. Depending on
the evolutionary speed, we might or might not reach the equilibria mentioned in this work.
Empirical data and experimental studies [1] could suggest the speed at which population and
evolutionary dynamics occur. For this reason, future research will focus on fitting the model
on such data, in order to determine how realistic it is that we reach these equilibria in reason-
able time. From a game-theoretic viewpoint, the optimal strategies summarized in Table 2 are
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derived assuming that the game has perfect information. However, in real life many factors are
unknown, like the just-mentioned speed of evolution or the relative importance of other exter-
nal evolutionary forces, which could influence the evolutionary trajectories and ecological vari-
ability of harvested fish stock. For this reason, we plan to relax the hypothesis of perfect
information in future work, when considering the dynamics of the system and not only the
equilibria.

In this paper, we investigate a Stackelberg Evolutionary Game between a single fisheries
manager as a leader and monomorphic fish population as followers. In our future research we
wish to expand this game into situations with multiple leaders and heterogenous followers. For
this purpose, experiments in behavioral economics, which investigate how individuals deviate
from predicted behavior when exploiting common-pool resources, will be used to validate our
model parameters, to obtain realistic predictions [59-63].

Opverall, the management suggestions that emerge from conceptualizing fisheries manage-
ment as a Stackelberg evolutionary game align well with others’ work and suggestions.
Reduced harvesting rates are known to allow fish stocks to rebuild and support higher yields.
Moreover, altering size-selectivity through regulation aimed at enlarging the net size has
already been recognized as a complementary tool to reduce fisheries-induced evolution [49,
54]. On a broader level, we advocate for the use of Stackelberg evolutionary game theory as a
tool for providing insights into the management of evolving resources, pests and diseases [29].
Recommending that harvesting rates be curtailed to manage the fish’s ESS has direct parallels
in scaling back the use of antibiotics to prevent resistant bacteria, of pesticides to reduce insect
resistance, and of chemotherapies to reduce drug resistance in cancer [64, 65].
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