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We consider spatial dynamic fishery management problem taking into account the resource
migration process between an open-access fishing area and no-take marine protected area. The
introduced extension of a standard single-criterion fish war game implies that each player aims
to maximize simultaneously two performance criteria which present an economic benefit and
an environmental conservation goal respectively. The paper studies a two-player game with
asymmetric environmental concern of the players. Using dynamic programming method, we derive
non-cooperative and cooperative solution in feedback stationary strategies for an infinite-horizon
multistage bicriteria game with two asymmetric players. The numerical simulation is provided to
study the solutions properties.

Keywords: renewable resource extraction; multi-objective game; dynamic game; fisheries;
Pareto equilibria; cooperative solution; tragedy of the commons.

Introduction

The dynamic models of renewable resource extraction have been extensively studied by the
specialists in applied mathematics, economics and ecology (see, e.g., [1-7]). The main problem
arising in the process of dynamic use of a common resource by several competing actors was
revealed in the seminal paper [8]|. Several obvious examples of the “tradegy of the commons”
problem in the practice of marine fishery, leading to a significant decrease or even extinction of
some species of commercial fish, are well known (see, for instance, [4,8]).

In recent decades, increasing attention has been paid to studying the rational organization
of the marine fishery, taking into account the need to preserve the environment for future
generations and keep long-term fishery [9]. Among the tools proposed by experts to implement
a sustainable cooperation of the players involved in the dynamic extraction of a common
renewable resource, we note the following: equilibria based on incentive strategies, self-enforcing
environmental agreements, regulatory tax-subsidy systems, imposing a temporary moratorium
[4,10], establishment and enlargement of special marine protected areas (MPAs) or the “fish
banks” [2,4,9], payoff distribution procedures [11], considering the players’ environmental concern
as a special goal function or performance criterion [12,13], etc.

A promising bicriteria extension of the standard fish war dynamic game model [14] with
fish bank and migration [4,6,7] was recently introduced in [15]. Non-cooperative and cooperative
solutions are derived and studied for bicriteria dynamic game with n symmetric players. However,
the dynamic competitive models of renewable-resource extraction with asymmetric players (see,
e.g., [1,16,17] ) have to be studied as well.

In the paper, we focus on the bicriteria multistage infinite-horizon fish war model with
two asymmetric players who have different values of the environmental concern. A standard
performance criterion representing the economic utility is supplemented with an additional
performance criterion which has an environmental sense, that is why a multicriteria approach
(see, e.g., [12,13,16,18-21|) is employed to explore the introduced bicriteria dynamic fishery
management model.

The contributions of this paper are twofold:

e We derive non-cooperative (subgame perfect Pareto equilibrium) and cooperative solutions
for a two player bicriteria fish war game model with MPA and migration when the players
have different values of the environmental concern (asymmetric players).

e Using numerical simulation, we explore how the level of the players’ asymmetry affects the
solutions properties.
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The remainder of the paper is organized as follows. In Section 1, we briefly specify the
bicriteria game model with two asymmetric players. The non-cooperative solution (subgame-
perfect Pareto equilibrium in stationary strategies) is derived in Section 2. The optimal harvesting
strategies under a cooperative scenario are provided in Section 3. In Section 4, we present the
results of numerical simulation for different levels of the players’ asymmetry. We briefly conclude
in Section 5.

1. The Model

A multicriteria extension of a standard fish war n-player dynamic game model with fish
bank and migration [4,6,7] was introduced in [15]. For the convenience of the reader, we provide
below a brief specification of this model, following [4,6,7, 15].

Namely, we assume a fish migration process between two marine zones with different fishery
regimes — a no-take reserve (MPA) or a “fish bank” S of size s € (0,1) and an open access
fishing zone @ of size ¢ = 1 — s. The “state” variables x; and y; denote resource stocks at time
t =0,1,...,00 in zones @ and S respectively, o, € (0,1) and o, € (0,1) denote the natural
growth parameters in these zones. Parameter (5, € (0, 1) represents a fish migration rate from
zone Sto zone () while 8, € (0,1)denotesa migration rate in opposite direction, i.e.,from @ to S.

In the paper, we employ the following resource dynamics for the case without any human
fishing activity (see [4,6,7]):

Tyl = TP - (— ,
t+1 t Tt sB (1)
Qy Tt v
Yt+1 =Y (;) )

where g and y are some given positive initial stocks.
Following [4,15|, we adopt the following assumptions about the environmental parameters:
g >0y > By > Be, 0 + e < Loy + 8, < 1. (2)
Now suppose that two players take fish in area @, and u;; > 0, ¢ = 1, 2, denotes the catch of the
i-th player at time ¢,
Up = Zuit < Zg. (3)
Then the fish stocks dynamics takes the following form
{ Ter = (x4 — ue)® )", (4)
Qy B,
Y1 =Yy - (e —w)™
where

~

Qy = ay — 8By, By =50y

{ Qo =g — (1= 8)Ba, Bo=(1-35)Bs, (5)

It follows from (2), that 0 <, < 1,0 <@, <1,0< 3, <1,0< j, < 1.
We assume that the players employ stationary feedback strategies (“positional controls”),

linear in state xy, i.e.:
Uit = €5+ Tt ’L = 1 2
{U;:(€Z1+é2).xt’:é,xt 70§€<1, (6)

where e; could be considered as the i-th player’s fishing intensity is a share of the current fish
stock to be harvested by the player 7 at each stage.

Lemma 1. (See the proof in [15]) For each admissible strategy profile meeting (6) the dynamic
model (4) implies the following steady-state fish stocks

ag(1-a )JrEzE
{xw_(l_e) t @

where K = (1 — ) (1 — &) — BuBy-
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Corollary 1. It follows from (7) that the steady-state stocks x> and y*>° are decreasing functions
of the total harvested share e.

In a bicriteria model each player i = 1,2 has a vector objective function H;(-) = (H}(), H2(+)
and tries to maximize two performance criteria simultaneously. The first performance criterion

H() = 257 - Inugr, (8)
7=0

has standard economic sense (see, e.g., [1,3,4,6,13,14]), where 6 € (0,1) is a discount factor.
The second (environmental) criterion describes the players’ environmental concern (see, e.g.,
6,12,13,17,18]):

HY() =36 - In(ar - yo). (9)
=0

Henceforth, we denote by G%2(n = 2,0, x0,%o) the bicriteria infinite-horizon multistage 2-player
game starting at tp = 0 with initial stocks zp and yg, with discrete dynamics (4), feedback
information structure (i.e., w;(-) = ui(7,z+,y;), 7 = 0,1,...,00;i = 1,2) and vector objective
functions with components (8) and (9). Similarly, we denote by GY2(n = 2,t, 4, ;) the bicriteria
subgame starting at the current time 7 = ¢ and the current state (z,y;). Note that the subgame
vector objective functions in GY2(n = 2,t, 4, y;) have the following form:

H() = (Zaf—tlnumZy—t In (xT-yT)> Li=1,2. (10)
T=t T=t

As it was proved in [12, 13, 19-21|, to derive non-cooperative and cooperative solutions for
multicriteria game GY2(n = 2,t9,z0,y0) one may deal with a corresponding weighted game
G (n = 2,t0, T0, Yo, (A1, )\ZZ)Z‘:LQ) with the same dynamics (4), but with scalar objective functions
of the following form

Hi() = N H] () + NH2(), (11)

where A} € (0,1 and X? € [0,1) are some weighting coefficients which the
player ¢ assigns to her economic and environmental performance criterion respectively,
)\Z-l + )\ZZ =1, ¢ = 1,2. Further, to save on the model parameters we divide both parts of (11)
on Al > 0 and consider the weighted game G (n = 2,9, 0, Yo, (\i)i=1.2) with the normalized
objective function
Hi() = H{ (1) + NHZ (), (12)
1

%

where \; = could be interpreted as a relative weight of the environmental criterion, A; > 0,

i=1,2.

It is worth noting that the higher \;, the more the environmental concern of player . The
extreme case when A; = 0 means that the player ¢ aims to maximize only economic performance
criterion, while A; < 1 (A; > 1) means that the economic objective is more (less) important for
player ¢ than the environmental one.

A

2. Non-Cooperative Solution

We use a subgame-perfect Pareto equilibrium concept ( [12,13,19-21]) as a non-cooperative
solution of the dynamic game model under consideration. For any a,b € RF vector inequality
a > b means that a; > b; for j = 1,k and at least one inequality is strict.

Definition 1. [19,20] A strategy profile u(-) = (;(+))i=1,2 is called a Pareto equilibrium (PE) in
multicriteria game GY2(n = 2,t9, x0,%0) with two players if, for each player i = 1,2, there is no
strategy u;(-) such that

Hi(ui(),Ts—(+)) > Hi(@()).
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Denote by PE(GY2?(n = 2,t9,70,%0)) the set of all Pareto equilibria in G12(n = 2,9, 20, yo).

Definition 2. |20, 21| A strategy profile u(-) is called a subgame-perfect Pareto equilibrium
(SPPE) in GY%(n = 2,tg,x0,y0) if, for each current time instant t = 0,1,...,00 and each
state (x4, ;) the restrictions of strategies u;(+), i = 1 2, to the subgame GY2(n = 2,t, 24, y;) form
a Pareto equilibrium in this subgame.

Each SPPE in GY2(n = 2,tg, 0, yo) can be obtained as a subgame-perfect Nash equilibrium
(SPE) |22] of a weighted game G (n = 2,to, x0, Yo, (Ai)i=1,2) for some vector of relative weights
(A1, A2) € RA (see [19-21]).

We wuse the dynamic programming method (see, e.g., [11, 23]) to derive a
SPE in feedback strategies for multistage game G (n = 2,to,z0,%0,(Ni)i=1,2). Let
Vi(t,x,y) denote the i-th player’s normalized objective function (12) in the subgame
G (n=2,t,z,y,(\)i=1,2) starting at time ¢ and state (z,y).

Proposition 1. A bicriteria game G%“2(n = 2,tg,x0,y0) for each pair (A1, )\2),
0 < A1 < Ag, possesses a unique subgame perfect Pareto equilibrium in stationary strategies:

{Uf(-)Zef'xtzﬁ-[%-vf-varvarvﬂ1-:ct, 3)

wE()=eb a =P [§ A AL AP+,

where PR
A=(1-6a,) (1-6a,) 625, - B,
’yiP:&x-Aii—l—By-Agi,izl,Q,A
Al =1+ X)-(1—day)+Xi-0-5y, i=1,2,
AL =N (1=08,) + (1+X) 6B, i=1,2.

(14)

Proof. We adopt the following form of the i-th player’s value function that represents her SPPE
payoff in the subgame G(n = 2,t,x,y, A1, A2):

ViP(t,x,y) = Al Inz + B Iny+ DF, i =1,2. (15)

79

Using a dynamic programming method, the SPPFE in feedback strategies is derived by solving
the Bellman equations

VPt y) =max{lnu + \iln (z-y) +0- VIt + Lo, yen) ), i=1,2. (16)
Uiz
Taking (4), (6) and (15) into account, we can rewrite the system (16) in the following form:

Aflnx—FBiplny—FDiP:m%({lnei+(1+)\i)ln:c+)\ilny+

€2

+6- [AP(@,Inz + @, In(1— ¢ — e3.3) + B Iny)+ (17)

—I—Bf(aylny—l—gylnx—l—gyln(l —e;—e3-4)) —i—DiP]}, i1=1,2.

Suppose that we have already derived the shares e; and hence the strategies u; = e;-x,7 = 1,2,
that maximize the r.h.s. of (17). Then we extract the coefficients for Inz and Iny to get the
following system for ¢ = 1, 2:

{ AP =1+ X\ +6- APG, + 0BFB,,

£ 18
BP =\ +6-APB, +6BFa,. (18)

Note, that all constants A, Ai and Agi defined in (14) are positive due to (2). Solving (18)
yields to

AL AL
P_TA pP_ 7B _
A = A , B = A , 1 =1,2. (19)
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Further, we can differentiate the r.h.s. of (17) w.r.t. e;:

1 _ 1
;+5[ax-Af+ﬁy-Bf]-¥:o,z’:1,2. (20)

Rearranging (20) and using notations (14) we obtain

~P
€+ (5i+1> +e3;,=1,1=1,2. (21)

Solving (21) for two asymmetric players (0 < A; < Ag) we obtain the unique interior solution

) -t
el =~ [vavarvarvﬂ ,i=1,2. (22)

"+ .
s 5 —p <1 dueto (2) and (14), therefore strategies (13)
AN Y2 T T
form an admissible strategy profile meeting (3).

Note that e’ = el’ +ef =

3. Cooperative Behavior

Following [12,13,16-18], to find a cooperative solution for each subgame G2(n = 2,t, 24, y;)
with asymmetric players, we assume that players are jointly choose their strategies to maximize
the weighted sum of their normalized objective functions Hf(-), i = 1,2.

Let p; > 0 denote the coeflicient of the ¢-th player’s relative importance, ¢ = 1,2. Then the
cooperative value function in G%2(n = 2,tg, xo, o) takes the form:

v%o=m%o+%%>=u1ifﬂmwmv»+Mm@wM+ -
S 23
+p2 ;0 67 [In (Bou(T)) + Ao In (zry-)],

where u(7) = u(1,z;,y,) denotes the total current harvest of both players, w;(7,z,,y;) = 0; -
u(T,zr,yr), @ = 1,2, while §; > 0 denotes the exact harvest share of player i under cooperative
mode, (91 + 92 =1.

To derive the players’ cooperative strategies for given vector (ui,p2) € Ri we have to
maximize value function (23) first in u(-) and then in 6;.

Proposition 2. A bicriteria two player game GY2?(n = 2,tg, 0, y0) with asymmetric players
(0 < A1 < Ag) has the unique cooperative solution in stationary feedback strategies for a given
vector (u1, pa) € R%:

uC) =€y = i ., (24)
(u1+u2)+5 AC-aerBC.ﬁy
where
AC = B3 pC — 8B )
AG = (1= 6ay) - [u (14 A1) + p2(L+ A2)] + 68y - [ + pada], (25)
AG = (1—=0ay) - [ + paXa] + 08z - [ (L + A1) + pa(l + A2)].

The i-th player’s cooperative strategy is given by
Hi
(1 + p2) +0 AC-&:CJFBC-@J]

e, i=1,2. (26)

uiC(T’ 907,%) = eiC Ty =
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Proof. Again, we use a suitable functional form for the cooperative value function (23), namely:
VE(t,z,y) = A° -Inz + B Iny + DC. (27)

Applying the dynamic programming method to the value function (23), (27) yields the Bellman
equation:

A¢ .Inz+ B%Iny + D¢ = max {Hl [(ln@l +lne+Inz)+ A\ Inx+ X\ lny]-i—
+u2[(Infy +Ine+Inz) + Ao Inz + Az Iny] +5[A0(ax1nx+ax1n(1 —e)+ B Iny)+ (28)
+BC(By ln:c+By In(1—-e)+aylny) +DC]}.

For the optimal total share e to be harvested at each stage which solves (28) we extract the

coefficients for Inz and Iny in the r.h.s. and the Lh.s. of (28). Then the following system of

equations holds:

{ AC:M1(1+)\1)+M2(}\+)\2)+5&\$AC+5//8\yBcv (29)
B¢ = 1A + pode + 005, - AC + 5ay - B,

Using constants AG, Ag, defined in (25) and A defined in (14), we derive the unique solution of
(29) in the following form:
C Ag C
A = — B =
A Y
Note that AY >0, B¢ > 0 due to assumptions (2).
Using the first order condition for the r.h.s. of (28) yields:

Ap
L,

~ (-1
ptpe s (Ac.aﬁBc.ﬁy).i A
e — €

Solving the latter equation one can get the interior solution

€C _ (Hl + NQ) (30)

(1 + pi2) +0[AC - @, + BC - B

hence (24) holds. Note that the cooperative stage harvest e© is admissible since e“ < 1, and does
not depend on 61 and 6.

Further, to derive coefficients ; and 65 in (23) we have the following constrained optimization
problem:

01,02 (31)

max(uq In 61 + p2In ),
01 +0,=1.

Solving (31) yields 6; = a , © = 1,2, and hence formulae (26) hold.
M1+ 2

4. Numerical Simulation for Different Levels of the Players’ Asymmetry

In this section, we mainly focus on the problem how the level of the players’ environmental
concern may affect the solutions properties. For numerical simulation we use the following
parameters values as a baseline scenario, which is close to one explored in [4,15]: a, = 0,6;
ay =0,5 8, =0,1; 8, =0,2; 20 =0,1; yo = 0,1; s = 0,0185.

To represent the different levels of the player’s environmental concern we employ the following
patterns:

e pattern 1 (SYMM) represents the case of absolutly symmetric players with 20 percent level
of their environmental concern, namely )\} =0,8, )\? =0,2and \; =0,25 for: =1, 2;
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e pattern 2 (LA — Low Asymmetry) implies a low level of the players asymmetry, namely
M =0,9, A2 =0,1, hence \; =1/9 =0,1111(1) and A} = 0,7, A2 = 0,3, hence \y = 3/7 =
0,42857. . .;

e pattern 3 (HA - High Asymmetry) reflects an (extremely) high level of the players
asymmetry, namely )\% =1, )\% = 0, hence \y = 0 and )\% = 0,6, )\g = 0,4, hence
A2 =2/3 =0,6666(6).

Note that all three patterns above imply the same average level of the players’ environmental
concern, i.e.: (A2 4+ A3)-1/2=0,2.

First, we run the model for ¢ € [0,30] in series for three patterns chosen above to compare
stocks evolution in cooperative and non-cooperative scenario. It turns out that the cooperative
mode is better for the environment (the stocks z{' are higher than x! in the long run) regardless
of the level of the players’ asymmetry and of the initial conditions. A similar remark is true for
the stocks y¢ and y! in MPA as well as for the steady-state stocks. Moreover, taking Prop. 1,
Prop. 2 and Cor. 1 into account one can predict how the level of the players’ asymmetry affects
the total harvested share e. A typical time graphs of the fish stocks evolution are presented in
Fig. 1 and Fig. 2 (for the pattern LA).

Low level of players asymmetry Low level of players asymmetry

0.525 0.990 4

0.500 0.988

0.475 1 0.986

0.450 1 il 0.984 1
&
o

0.425 1 0.982

0.400 4 0.980

0.375 0.978 4

0350 0.976 4

Fig. 1. 28 (solid line) and z (dashed line) Fig. 2. y¢ (solid line) and y/ (dashed line)
for players with low level of asymmetry for players with low level of asymmetry

Next, to evaluate how the size s of the fish bank affects the current stock x;, we run the
model for t € [0,30] for different levels of the players’ asymmetry. Following [4,15] we adopt the
following benchmark levels of s:

e 5= 10,0185 — today approximated size of the fish bank zone;

e 5 = 0,1 — today approximated size of the marine protected areas, where fishing is either
restricted or completely prohibited by law;

e s = (0,2 — probable future size which is consistent with modern trends and conservation
goals (see [4,9]).

The results of numerical simulation are presented in Fig. 3 — 5 for cooperative scenario. Three

interesting observations can be deduced from these findings. First, an increasing of the fish bank

size could lead to the decreasing of the stock z§' available for fishery in the long run. Second, the

higher the level of the players’ asymmetry, the weaker the mentioned impact of the MPA size on
the fish stock (at least, for the considered range of the parameters values). Third, higher level of

the players’ asymmetry could enlarge the current fish stock xtc for given size s of the fish bank.

Concluding Remarks

The introduced multi-objective fish war dynamic game model with fish bank treats the
players asymmetry as the different levels of the players’ environmental concern. This bicriteria
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Low level of players asymmetry for different values of s

Symmetric case for different values of s

0.534

0.532 1

0.530
0.528
0.526 1
0.524
0.522 .

0.520

Fig. 4. Stock x{ evolution for different s (LA,
solid line corresponds to s = 0,0185, dotted
line corresponds to s = 0, 1, dashed line
corresponds to s = 0, 2)

Fig. 3. Stock {’ evolution for different s
(SYMM, solid line corresponds to s = 0, 0185,
dotted line corresponds to s = 0, 1, dashed
line corresponds to s = 0, 2)

High level of players asymmetry for different values of s

0.546

0.544 1

0.542 1

u. 0.540 A
£

0.538 - i
I
0.536

0.534

51
2l
4]
Hl
Hi
]
o
1
1
T
1
1

T T T
15 20 25
t

T
10

Fig. 5. Stock xtc evolution for different s (HA, solid line corresponds to s = 0,0185, dotted line
corresponds to s = 0, 1, dashed line corresponds to s = 0, 2)

asymmetric model retains two good properties of the standard infinite-horizon model with
only economic objective and symmetric players. Namely, both non-cooperative and cooperative
solutions are derived analytically in feedback stationary strategies (Prop. 1 and Prop. 2), and
the cooperative regime of the resource extraction is better for the environment than the non-
cooperative scenario (see Sect. 4).

In addition, the bicriteria model with two asymmetric players enables us to evaluate how the
level of the players’ asymmetry may affect the solutions properties. Theoretical results (Prop. 1,
2) and the numerical simulation findings could be useful when designing sustainable long-run
fishery and evaluating different environmental preservation polices.

Note two implications for the the fishery management policy elaboration. First, the results
obtained could be applied to forecast and evaluate the consequences of possible MPA expansion
taking into account the different values of the players’ environmental concern.

Second, if the relative weight of the environmental criterion of some player is estimated as
too small, a regulator may consider an option to design and implement some efforts to increase
the level of that player’s environmental concern before the MPA expansion. These efforts may
include such administrative-legal solutions as logistic advantages, subsidies, tax incentives, and
other benefits for those with higher level of environmental valuation, accompanied by creating
some administrative barriers for fishing companies with low level of the environmental concern.
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PaccmarpuBaem auHaMUYeCKyR0 MHOTOKPUTEPHUATHHYIO MOJE/bh YIPABIEHUsT PHIOOJIOBCTBOM,
YYUTBHIBAIOILY O TTPOIIECC MUTPAIIUN PECYPCa MEXK Ly 30HOI CBOGOIHOTO BBLIOBA U MTPUPOI0OXPAHHO
30HOM, rJe mpoMbIces 3amperteH. [Ipeiokennoe 0600IIeHEe CTAHIAPTHOM OJHOKPUTEPUATBLHON U~
POBOIl MOJZEJIM TOAPAa3yMEBAET, YTO KaXKIblii UI'POK CTPEMUTCS OJIHOBPEMEHHO MaKCHMU3UPOBATDH
JIBa KPUTEPUsl: SKOHOMUYECKYIO BBIMOY U 9KOJOIMYECKUl Kpurepuil (IoepKane pasMepoB Mo-
MyJIA0UE B KaXKI0# 30HE). B craTbe m3ydaeTcss Wrpa ¢ JAByMsI UTDOKAMHU, UMEIONAMA PA3TAIHYIO
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BaHUsl, Mbl CTPOUM AHAJUTUYIECKH HEKOOIIEDATUBHOE U KOOIIEDATUBHOE DEIIEHHE B CTAIMOHAPHBIX
[IO3UIIMOHHBIX CTPATErUAX JJIsi GECKOHETHOIIAIOBOM OUKPUTEPUAIILHON UI'PBI C JBYMsl aCUMMETPU Y-
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