AUCO Czech Economic Review 2 (2008) 28—-40
Acta Universitatis Carolinae Oeconomica

Fish Wars: Cooperative and Non-Cooperative
Approaches

Elena Denisovd, Andrey Garnaev'

Received 20 November 2007; Accepted 16 January 2008

Abstract Mirman (1979) and Levhari and Mirman (1980) suggested a simple emsop mul-
tistage game-theoretical model which sheds some light on the econontiicatigms inherent in
the fishing conflicts where the decisions of the competitors have an effebe evolution of the
fish population and so, on the future expected profit of the competitotkis paper we consider
a generalization of the Levhari and Mirman Fish War Game for the casg@aiticipants of the
conflict for different scenarios of hierarchical and coalition striegusf countries. We derive
the equilibrium and its steady-state behavior for all these scenarios alydathe impact which
the hierarchical and coalition structures can have on fishery and gcolog
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1. Introduction

In recent years a lot of international conflicts about fishiigdts in various seas and
water zones have taken place. Mirman (1979) and Levhari ainchdh (1980) sug-
gested a simple two person multistage game-theoreticathwddch sheds some light
on the economic implications inherent in the fishing cordliehere the decisions of
the competitors have an effect on the evolution of the fishufaijon and so, on the
future expected profit of the competitors. Using logaritbmifility and exponential
growth functions, they showed that the noncooperativelieguim yields a smaller
steady-state fish stock than the cooperative solution.rThedel has been extended
by numerous authors. For example, Benhabib and Radner 198&porated trig-
ger strategies into the resource extraction model. FisghdrMirman (1992, 1996)
allowed for the interaction between two different speciefish. Datta and Mirman
(1999) added one more source of interdependence, eachrgsafiiection on the mar-
ket price of fish, and characterized strategic manipulatibtihe market price as well
as the common property resource. One of the standard réisattthese studies have
shown is that the no-coordination equilibrium is Paretoadwted by the full coordina-
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tion solution. The full coordination equilibrium is comjearwith the no-coordination
equilibrium. Under full coordination, all countries paipate in coordination, and
there is a central authority that controls each countrylawe of catch. Under the no-
coordination equilibrium, each country only takes into@ott its own intertemporal
welfare and it does not care about other countries’ welfare.

All the above models except that of Datta and Mirman (1998 kmsed on two-
country settings. Nowak (2006) investigated a generatinaif the game fon players
where the countries have the same facilities, OkoguchiX)L8@nsidered tha coun-
tries model for the case of the countries selfish behaviodikavon (2006) investigated
partial coordination schemes for the game. It is intergdtimote that the Levhari and
Mirman model of consuming of the exhausted resources wdedyy Mohapatra and
Venkatasubramania (2004) to develop a dynamic game theamgiroach for choos-
ing power optimization strategies for various componeetg.(cpu, network interface
etc.) of a low-power device operating in a distributed eswiment.

In this paper we consider a generalization of the Levhari divdnan Fish War
Game for the case afparticipants of the conflict for different scenarios of kihical
and coalition structures of countries. We derive the elpiilim and its steady-state
behavior for all these scenarios and analyze the impacthwtiie hierarchical and
coalition structures can have on fishery.

2. Setup of the game

Suppose that there arecountries (the owners, countries) each of whom can extract a
renewable resource, e.g., fish. Following Levhari and Mirnagsume that fish popula-
tion, if uninterrupted by fishing, changes according to tikiving biological growth

rule x..1 = x¢ wherea € (0,1),t =0,1,..., andxg is the initial level of fish at time

t = 0. The boundary pointy = 1 is the stable steady state of the resource population
after a normalization when there is no extraction.

Agenti (i =1,...,n) has a utility functiony; to estimate the profit for present
consumption of the fish in each period. We shall considenthesetric case where the
instantaneous utility function of each countig logarithmic, i.e.uj(-) = log(-). Letc}
be the present consumption of counitiy periodt. So,51 ; ¢l < x. Let3 € (0,1) be
the discount factor for countriy It is assumed that each country maximizes the total
discounted utility over finite or infinite horizon if fisherg imanaged by individual
countries. Assume further that each country get the samei@inud fish in the last
phase of fishing. So, the payoff to countriy the finite horizonT is given as follows:

v = ti)ﬁit log(c})

The utility function has an interesting feature. If countigonsumes nothing in some
period his utility is—c. Therefore, the players cannot extract everything durieg t
play if the game has to be continued. Whenever they do thayleodys utility is—oo.
We will investigate this model in different scenarios ofaikehical and coalition
structures. Our goal is to get the optimal strategies ineddsrm. The result obtained
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in the paper essentially depends on the logarithm form aadeponential growth

of the utility function. The derived optimal strategies ftifferent scenarios of hie-

rarchical structures and cooperation will allow us to find timpact they produce on
ecological situation. We will show the advantage of the @apion and demonstrate
that its impact depends on the number of countries.

3. The main results

In this Section we give a list of theorems which supply tharopt strategies of the
considered game for a few following spots of the fish war probl First we consider
the situation of the strong competitive environment whexehecountry tries to ma-
ximize own profit and we will find Nash equilibrium for this ploThen we consider
the plot where all the countries make up one coalition any biatly maximize the
sum of each country’s payoff. After that,we consider the pthere there is a strong
hierarchical structure between countries, namelynailf them are arranged one by
one in a linear hierarchical structure consistingidévels. The fourth plot deals with
the situation where among all the countries there is onlyleader and the rest ones
compete with each other and they are the followers for theeleao the hierarchical
structure consists of two levels.

The next theorem was proved in Okuguchi (1981) and it suppiie optimal stra-
tegy of the countries for the case of their selfish behaviour.

Theorem 1. In finite horizon game the optimal strategy @f country i, i=1,...,n,
corresponding to Nash equilibrium, on the first stage is gias follows:

ct = I Xo, Wherey' = i(aﬁ-)k
- 9 - 1) -
L1y =

If T tends to infinite thenilctends to cand the steady-state level of fishkjgz, where

_ 1/y
1+57 (/)

Ci

1
(143504 (1/y)

XNE =

and

8

(aB) =aB/(1—ap).

1

v
k

Now we consider the plot where all the countries form a cioaliand they jointly
maximize the sum of their payoffs. The case where all the t@mmhave the same
discount factor was investigated in Okuguchi (1981).
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Theorem 2. In finite horizon game for the cooperative plot (i.e all theintries ma-

ximize their joint payoff) the optimal strategy of countigni the first stage is given as
follows:

¢=—92— (1)

n+ >y
=1

If T tends to infinite thenilctends to cand the steady-state level of fishkis where

G=— 0 @

n+ Y v
A"

' ]G/(lfa)' 3)

- [ élvj/m élm

Proof. For the one-period horizol (= 1) on the first stage (since the second one is
the last one and so, on the second stage the countries justthlkdish) the objective
is to maximize byci, ..., ct:

Zl[log( )+a[3.log( i 11)} (4)

The maximum condition is

c}:;n{xo— > cﬂ, i=1,...,n
1+ - j=1)#i
X
Thus,
o=—"0—. (5)
n+y vy
=1

It is interesting that all the countries have the same gyafEhe remaining fish popu-
lation is given as follows:

Xo— Z =[1- n+zr]1vj] (6)

Below we give a general remak which we will employ in the probthis and next
theorems.

Remark 1. If for one-period horizon the optimal strategies on the fattge are of
the form ¢ = C'xo where C (i = 1,...,n) are positive ands"_; C' < 1 then the total
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discounted utility of country i for one-period horizon asumdtion of ¥ is given as
follows:

Vi (x) = log(C'xo) + afilog  (xo Zc' Xo)/n) = (1+aB)log(xo) + A,

where A= log(C') + aBilog((1— s, C')/n) is independent ofx

In the case of two-period horizon by (5), (6) and Remark lothjective is to maximize
bycl,...,ck

i [IOg(Cil) +Bvi (;l](xo— i C%))a]
— Zl[log ) +aBi(l+ap) |09( i )+Bi}7

whereB; = (Bi(A — alog(n)) which can be investigated similarly to the one-period
horizon case. Namely, the maximum condition is

1 .
¢=—"F—|%— c-l}, i=1,...,n

1+5 2 -TA
N

Thus,
1 Xo

G = a .
n+y v
=1

By backward induction step by step for theperiod horizon we obtain that the optimal
strategy is given by (1). The steady-state catch (2) folltras (1) while T tends to
infinity. For the steady-state level of fish we have that="(x. — ., ¢i)* and the
result (3) follows from (2). This completes the proof of Them 2.

In the next theorem we consider the case where there is aydtferarchical struc-
ture between countries (so, there is no direct competiteiwéen them), namely, ail
of them are arranged one by one in a linear order and they neadigiah about fishing
sequentially.

Theorem 3. For the strong linear hierarchical structure model Leadetower (where,

say, the first level leader is country 1, the second levelde&lcountry 2 and so on)

in finite horizon game the optimal strategy of country i on fing stage is given as

follows:

Cil = iT I VJ T
W1+

If T tends to infinite thenlctends to cand the steady-state level of fishig, where

Xo (7)

14 0¥
vili1l+y

G = Xo, (8)
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it

Proof. In the case of one-period horizo & 1) on the first stage of the game the
countryn tries to maximize byc!:

}a/l or. (9)

log(ch) + aBalog (= (x— $ ) (10)
o (0o 3 )
Thus, sincef = a B, the maximum condition is
1 n—1
ct=—""1Ix-Sc. 11
= ale 3o (12)

Then sincet is already known and given by (11), the courtry 1 tries to maximize
by Cn 1-

n

log(ct ;) +apBn_1log (% (o0 — ;c})) -

~fog(ch 1)+ By log (1 (0 Z )

So, sinceyr}_1 = a1, the maximum condition is

1= 1+Vr} 1{ zl }

In similar way fori = 2,...,nwe have

12)

1 i—1 X0
1_ 1 1_
C _7[xo—zlcj} andcy = n

1+y 14y

Then, consequentially substitutirg into c3, ¢! andc} into ¢} and so on, we obtain
that the optimal strategy of the counir{i = 1,...,n) on the first stage of the game is
given as follows:

X0 (13)
Since _

i B 1 Val n 1 i le
VAR I_l 1+ 1 l+1 1 Wi 14
=¥ J=a +VJ +Va tVa |:a+1y| j=at+1 +y]
witha=1,...,n—1and
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then by induction we have that

n o1 i Vl
i;EJDll‘FJle<1

n

Z‘c,l < X0. (14)

So,

In the case of two-period horizon, (15) and (14) and Remarleltly that the country
n on the first stage tries to maximize by.

Iog(cﬁ) + BaVn {% (XO - iql) a} )

which can be investigated similarly to the one-period taizase. Namely, the maxi-

mum condition is
n—1

1 1 1
cn:m{xo—i;ci]

Then, sincee} is already known, the country— 1 tries to maximize bycﬁ_lz

xO—:ilql))a]

log(ct 1)+ Br_1Vn- 1[(

So, the maximum condition is

1= 1+V§ 1{ zl Il}

In similar way fori = 1,...,nwe have

- 1 i—1 .
= l+y|2{xo_j;cl}
and
1100
_Vizjlll-&-yjzxo (15)

Then, consequentially substituting into ci, ¢t andc} into ¢} and so on, we obtain
that the optimal strategy of the counirgi = 1,...,n) on the first stage of the game is
given as by (7) fol = 2.

Analogously by backward induction step by step we obtainttteoptimal strategy
of countryi on the first stage of the game is given by (7) for any (8) and (9)
straightforward follow from (7) wheil tends to infinity. This completes the proof of
Theorem 37
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The fourth plot deals with the situation Leader-Followersewe among all the
countries there is only one leader. The rest ones compeleeaith other and they
all are the followers for the leader, so this hierarchicalicture consists just of two
levels. Of course, here we assume that there are at leastdbwatries since otherwise
the plot will coincide with the plot studied in the previolebrem.

Theorem 4. In finite horizon game with one Leader (say, Leader is coufitrthe
others are followers) the optimal strategy of country i oe first stage is given as
follows:

1
c1= ; (16)
Yy

Cilz ! T Jr;/VIT
1+1/y T
1+5 (L)

Xo, 1=2,...,n a7

If T tends to infinite thenilctends to cand the steady-state level of fistkigs, where

c1=Xo/(1+ W), (18)
G = 1+11/y 1/y. X0, 1=2,...,n, (29)
1
1+ ZZ 1/y;)
_ [ " 22(1/)’1) a/(1-a). o0
LFs = 1+y1 1+wn

1—%221/)/J

Proof. In the case of one-period horizoh & 1) the country,i =2,...,n(each of them
is the follower to the first country who is the leader and sdezfchem considers the
strategy of country 1 as a given one) tries to maximize

log(cl) + apB Iog( —élc})).

The maximum condition is

1 n
1 1]
CG=—=|X0— cil, 1=2,...,n.
| 1“"1[ =T J}
Solving this system correspondingdowe obtain
cilz%]/iv'l(xofci), i=2....n (21)
1+ 5 (1/y)
,Zz j
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Then, Leader (country 1) tries to maximize the following ptiyy ¢ wherec! for
i=2,...,nare given by (21):

(1/%)
Iogci+aB1Iog<HXo - ;(Xo—C%)D

1+ 22 (1/v))
So,
1 X
1= 1+V% (22)
and by (21) and (22) we have that
Cil:1+:|]-_/y1 (%1/%1) Xo, i=2,...,N (23)
1y (1)
J; j
It is clear that
(1/v})
5ot (o i ‘; ]Xo <% (24)

1+yl 1+y111+;1/y1

In the case of two-period horizon, by (22)-(24) and Remattké& countryi =2,....n
tries to maximize byt

n

log(c) + Bvi E (%o — _;Cil)a} :

which can be investigated similarly to the one-period taizase. Namely, the maxi-
mum condition is

¢ = o Cl/yz i=2

1+; 1/y2

N o ) (25)

Then, sincee! fori = 2,...,n are already known and given by (25), the country 1 tries
to maximize bycl:

1 a
log(c}) + Buva “:1]
n(1-+ 1/y;
( J;( /¥9)
So, the maximum condition is
d- X
14+ ¢
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Thus, (21) implies

1 1/y?
¢t = ! X0
B S apy

i=2,...,n

Analogously by backward induction step by step we obtain tiwe optimal strategy
of countryi on the first stage of the game is given by (16) and (17) for Bny18),
(19) and (20) straightforward follow from (16) and (17) whEnends to infinity. This
completes the proof of Theorem 41,

4. Conclusions

The results obtained in Theorems 1— 4 allow to compare thavi@hof the players
under different patterns of hierarchical structures arapeoation. Also, by means the
closed form of the steady-state level of fish population we estimate influence of
fishery on ecological situation assuming that the biggesllef/fish population means
better ecological situation.

It turns out that the steady-state level of fish in the Led@diower plot is smaller
than the corresponding value for the selfish plot and theolaeiin turn is smaller than
the corresponding value in the cooperative scenario, namel

XLF < XLFs < XNE < Xc.

The inequalityxye < X by Theorems 1 and 2 is equivalent to the following obvious
inequality:
1 PRIERY

1y )
j=1

The inequalityx_rs < Xnyg by Theorems 1 and 4 is equivalent to

n

. " ;2(1/ Yi) )

1- v 1t a < a
ST > A/m 1y /W)
= =

1
which follows from the following equivalent inequality:

a+b - a n 1 b
l+a+b 14+a 1+al+b’

wherea=1/y;, b= 757 5(1/y).
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The inequalityx r < X gs by Theorems 3 and 4 is equivalent to

n

L y 22(1/)’1)
il
t Z\VI_II:LJFVJ 1ty 14p

1+; 1/y;)

which is equivalent to

n

(1/v))

i 1/v - JZZ J
|_|| 21+1/Vj) 1+ n(l/ )
,; Yi

and the last one can be easily proved by induction.

Figure 1. The steady-state level of fish
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Now on a numerical example for three countries<(3) wherea = 0.3, 3; = 0.9,
Bs=0.3andB,=0.1,0.2,...,0.9 (see Figure 1) we will demonstrate how possible pat-
terns of countries behaviour and also their individuallftes which can be measured
in this model by means of discount factors impact on fish paten. It is interesting
that if the discount factgB; is close to zero then cooperative behaviour essentialrbette
for ecology than if the discount factor is close to 1. It carekplained by the fact that
if the discount factor is small the country takes into ac¢amy a few beginning in-
tervals of the game since the profit for the next ones is vesllaand this short-sighted
politics brings a great damage to ecology. Meanwhile if tisea@lnt factor is close to
1 then it makes the country to plan its activity for longeripgs hoping also on a big
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profit in the future and so, if the country has a confidence iar&uit makes it to take
care about ecology since without ecology there is no futlse a

Now consider situation where there areountries and they have the same facilities
that can be identified by the same discount factor. SqGilet3,i=1,...,n. Then,
the the steady-state levels of fish population are given|bsvie:

)?LF: <y>na/(1a) )?LF _ <yy)a/(la)
y+1 ’ " \y+1ly+n-1 ’

a/(1-a) a/(1-a)
— 4 — y

X = _ = _

NE <v+ n> e <v+ 1>

Itis very interesting that the cooperative plot allows tpgort the same fish population
independents on the number of countries, meanwhile strargrichial structure like

leader-follower one leads to exponential degradation @fibpulation. If competition

between countries or at least a part of them takes place ttterugh some reduction
of the the population happens but it takes place not so fdsr déise strong hierarchial

structure.
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