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1 Introduction.

In the simplest case of fisheries inhabited by a single species, many instruments
have been proposed to eliminate the "tragedy of the commons" problem. These
include entry limitation, licensing, taxes on catches or individual transferable
quotas. All are capable of implementing an optimal consumption path of the
fish population (Clark, 1990).

The use of these instruments to regulate fisheries inhabited by several inter-
acting species is less clear. On the one hand, the determination of the optimal
policy itself is complicated by the biological interdependences within the ecosys-
tem and the fishers’ limited ability to alter the species composition of their
catch (Squires et al., 1998). On the other hand, the data needed to determine
and enforce the optimal policy, that is, statistics on fishing efforts, fish catches
and/or stocks (depending on which instrument is used), renders the regulation
impractible in most cases (Arnason, 1990).

Arnasson (1990) expounds one way out of this problem. He argues that all
information required to determine the optimal policy is already available within
the fishing industry. The fishing firms have knowledge about their own cost and
harvesting function. Moreover, the competition within the industry stimulates
an efficient use of the available biological data. All this suggests that fisheries
management should largely rely on the fishers themselves.

This paper follows this line of reasoning. Assuming nonselective harvesting,
we propose an economic mechanism capable of implementing an optimal policy
in a multispecies fishery. Under this mechanism, each participant decides both
his own fishing effort and that of the other participants. Individualized prices
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are set by the participants themselves. In equilibrium, the prevailing price
system reflects the participants’ expected future rents, at each point of time.
Moreover, each participant pays his effort at a price equal to the sum of the
others’ individualized prices. Thus, in equilibrium, the participants internalize
the external opportunity cost of their fishing effort. Finally, to ensure that the
mechanism is balanced, each participant is paid his individualized price, on each
unit of fishing effort by the others.

This paper contributes to the literature in three directions. First, as an
illustration of our general model, we develop a variant of Clemhout and Wan
(1985), by introducing harvest costs and nonselective harvesting technologies.
This specification can be explicitly solved and, thus, serves as a benchmark ex-
ample within the paper. Second, the paper shows that the economic mechanism
constructed by Rouillon (2011), primarily designed to manage one species fish-
eries, also works for multispecies fisheries with nonselective harvesting. Third,
and less importantly, this paper transcribes in continuous time the analysis in
Rouillon (2011).

The rest of the paper is organized as follows. Section 2 sets the general
biologic and economic model. Section 3 states the benchmark specification and
caculates the open access and cooperative solutions. In section 4, we construct
our economic mechanism to regulate the fishery and derive some of its properties.
In section 5, we study the set of Nash equilibria of the associated difference game
and show our implementation result.

2 The model.

Consider a I-fishers and J-species model of a common property fishery. There
are I fishers i = 1,2,...., 1. At each instant of time ¢, each fisher i chooses his
catch effort rate e; (t) € Ry. There are J species j = 1,2,...,J. The resource
state at time ¢ is described with a vector x (t) = (z; ), e R7. The initial

j=1
state is a fixed constant z( = (xoj)jzl € RY{. At each instant ¢, the resource
state evolves according to the ordinary differential equation

& (t) =1 (e(t),z(t), (0) =z, (1)
where the function f = (fj)jzl is defined on RZ x R and has values in R”.

Each fisher i’s objective is to maximize
/ u; (e(t),x(t)) e %itdt, (2)
0

where u; is an instant utility function, defined on Ri X Ri and having values
in R, and §; is a rate of time preference.

Let S be the set of all functions defined on RY and having values in R..
A stationary Makovian strategy for fisher ¢ is a function s; € S. A vector



s = (si)le € S! is called a strategic profile or a policy.

Remark 1. A strategic profile (policy) s € S! is said to be feasible if there
exists a unique state trajectory « (t) satisfying (1), with e (¢t) = s (x (¢)), for all
t, and if the corresponding fishers’ objectives (2), for all i, are well defined. In
the rest of the paper, only feasible strategic profiles (policies) are considered.

For all feasible strategic profile s = (si)i[:1 and initial state o, let W' (s; )
be defined by
Wt (s;xo) = fooo u; (e(t),z () e %tdt,
where: 3)
() =1 (e(t), 2 (1)), = (0) =z,
e(t)=s(xz(t)).

Definition 1. A stationary Markovian Nash equilibrium is a vector s* = (sj)le €
ST such that, for all i, s; and xo, W' (s;x0) > W ((8*/si);x0), where (8*/s;) =
(8’{, ey 851580y S5 15 s s}‘)

For all feasible policy s = (si)iI:l and initial state x, let

W (s3@0) = iy W' (s320).- (4)

Definition 2. An optimal policy is a vector s = (s?)jzl € ST such that, for all
s and @y, W (8% @0) > W (s;20).

3 A benchmark specification.

In this section, as an illustration of the general model, we propose a tractable
specification of our biologic and economic model. This framework allows us to
explicitly characterize a stationary Markovian Nash equilibrium and the optimal
policy, in Propositions 1 and 2 respectively.

We use a variant of Clemhout and Wan (1985), with two differences. First,
we abandon their implicit assumption of a perfectly selective harvesting, and
replace it by that of a nonselective harvesting technology. This assumption is
more realistic in many fisheries (Squires and al., 1998). Second, we general-

ize the model by introducing a harvest cost, which was set equal to zero in
Clemhout and Wan (1985).

Remark 2. Many models of multispecies fisheries in the literature, including
the seminal contributions of Clemhout and Wan (1985) and Fischer and Mir-
man (1996), rely on the assumption of perfectly selective harvesting and zero
harvesting costs. Models of multispecies fishery with nonselective harvesting



and positive harvesting costs are Mesterton-Gibbons (1996) and Durohit and
Chaudhuri (2004). However, none can be explicitly solved.

For simplicity, we assume identical fishers in terms of technologies (cost of
effort and production function) and preferences (instant utility function and
rate of time preference) and consider symmetric stationary Markovian Nash
equilibria.

At each instant of time t, each fisher i’s bears a cost ¢ per unit of effort
e; (t), with ¢ > 0, harvests each specie j in quantity h;; () = gje; (t) z; (t), with
g;j > 0, and derives a utility a;In (h;; (¢)) from its consumption, with a; > 0.
Thus, for all ¢, the instant utility function is specified as

i (e(t), () = Y7y ajIn (hij () — ce; (1). (5)

The common rate of time preference is §; = ¢, for all 4.

For all j, the dynamics of the resource is represented by

iy (1) =5 (1) (0 = oy By In (@n (1)) = Ly b (1) (6)
where, for all j, a; € R, B,; > 0 and 3, € R, for all k.

Remark 3. To analyse the resource dynamics, it is convenient to define
y = (yj)}]:l = (In (axj))jzl. Then, an equilibrium is a state y* such that

Zgzl Bikyr = «j, fo all j. It is globally stable if, and only if, the eigenval-

ues of the matrix 8 = (Bjk)”]

k1 have negative real parts.

Proposition 1 below characterizes a stationary Markovian Nash equilibrium
of the differential game.

Proposition 1. Assume that there exists A* = (A;)jzl € R’ such that 0A; +
Zgzl A} By = aj, for all j, and E}'le Ajqj+c>0. Lete* = (2;21 aj) / (Z}le Aqj + c).

The strategic profile s* = (Sf)le, where s} (z) = e*, for all i and x, defines a
stationary Markovian Nash equilibrium of the differential game.

Proof. We show that the policy s* = (sf)le, where sf (z) = e*, for all ¢ and
x, satisfies the HJB equation !

€e; €R+

E;le a;In (gjeiz;) — ce;
+ 57 Vi @)y (o = S B @) — g (=D e +e)) [
(™)

SV (x) = max {

1Here and below, V]’ (z) is the partial derivative of V? (z) with respect to z;.



where
Vi(z) =Y, Alln(z;) + B*,
A5 = (1/8) [aj = S, AiByy] , for all j,
B* = (1/8) %7, [Ia; (In(gse”) — 1) + Ajay]
o= (Zhia) /(S 40+ c).

Using V} (z) = A} /x;, for all j, and rearranging, (7) becomes

S (@ = S 438y ) In (ay)
i _ J J s
V' (z) = e{%%gi ; ijl a;In (elg - (ijl Ajgj + C) e;
+ Zj:l a;ln(q;) + Ej:l Ajaj — Zj:l Ajq; (I-1)e

It is immediate to verify that the control (ei)le = (st (:c))f:1 = (e*)f=1 satisfies
the first order conditions

(Zj:l aj) /ei — (Z;']:1 Ajqj + C) =0, for all 4,

and, thus, maximizes the RHS of (7). After substitution, (7) writes

oV (@) = £y [(@ — Sio ARBiy ) I (25) + a5 (I (g5e") = 1) + A7 (o5 — g5 (n = 1) ).

and, using

A =(1/9) [aj — Zi:l Zﬁk_]:| , for all 7,
B = (1/8) 27, [a; (In(qse") — 1) + A5 (a; — ¢; (n — 1) )],
we can confirm our conjecture that
Vi(z) =7, A ln(z;) + B".
|

Proposition 2 below characterizes the optimal policy.

Proposition 2. Assume that there exists A° = (A?)jzl € R’ such that (5A? +

Zi:l A By = nay, forall j, and ijl A?qj—i—c > 0. Let e = (Z;‘le aj> / (ijl A?qj + c).
0 0

An optimal policy is s = (31)1-]:17 where sV (x) = €°, for all i and =.

Proof. We show that the policy s° = (5?);1, where s¥ (z) = €°, for all i and



x, satisfies the HJB equation 2

Yin [Z;}:l a;In(gjeir;) — Cez}
0V (z) = max J ; .
(i €RL | +370 Vi (z) w; (aj = 2k ByeIn (i) — 45 220, e,»)
(8)

where
V(z) =Y, AYIn(z;) + B°,
A9 = (1/5) [Iaj - Agﬁkj] , for all j,
B = (1/6) 5y [Ta; (In (g¢”) — 1) + Aay]
= (Sras) /(X Adas +¢).

Using Vj (&) = AY/x;, for all j, and rearranging, (8) becomes

J J
S (g = S, A8 ) I (ay)
— I J J
oV (z) = (ei)r?nzi}e(n@i +2 i [Zj:l a;In(e;) — (Zj:l Ag‘)%’ + C) 611
i= J J
It is immediate to verify that the control (ei)le = (s? (:z:))f=1 = (eo)f=1 satisfies
the first order conditions

(Zj:l aj) Jei — (ijl Ajq; + C) =0, for all 7,
and, thus, maximizes the RHS of (8). Subtituting, (8) writes

oV () = 2_}‘]:1 [(Iaj - Eizl Agﬂkj) In (z;) + Ia, (ln (qjeo) — 1) + A?ozj] ,
and, using

A9 = (1/6) [zaj - Aggkj} , for all j,
BY = (1/6) Z;.Izl [Iaj (ln (qjeo) — 1) + A?aj] ,

we verify that y
Vi(x)= ijl A? In (z;) + BO.

The literature often identifies the stationary Markovian Nash equilibrium
with the open access solution and the optimal policy with the cooperative so-
lution (Levhari and Mirman, 1980; Fischer and Mirman, 1996). A well-known
result is that open access leads to the "tragedy of the commons" (Gordon, 1954),

2Here and below, V; (z) is the partial derivative of V (z) with respect to z;.



i.e. to overfishing with respect to the cooperative solution. The following corol-
lary of Propositions 1 and 2 displays a necessary and sufficient condition under
which the "tragedy of the commons" arises within the framework considered
here.

Corollary 1. There is overfishing under the open access solution, with respect
to the cooperative solution (i.e., e* > €°) if, and only if, ijl (AJ* — Ag) qj =

(1—1/1) Z;Ll Asq; > 0.

. . * 0 . .
Proof. Immediate, remarking that A} = (1/I) A7, for all j, and remembering

that e* = (Z}le aj) / (Z;’:l Arg; + 0) and e’ = (Z;-Izl aj) / (Z;:l Afq; + C)-
|

4 The economic mechanism.

A mechanism is a pair (M, p), consisting of a message space M = x!_; M, and
an outcome function p.

Under the mechanism, each participant ¢ is asked to announce a message
m; in M;. The outcome function p is a mapping from M into ]R_Ii_ x RT, which
translates joint messages m = (mi)le into efforts (E; (m))f=1 and transfers
(T; (m))f:1 to be implemented by the participants.

The specific mechanism used below is as follows.
We let M; = R! x Ri, for all 7. A generic message of agent i is denoted

m; = ((Ei Dt s (Pi )2:1)-

The component Ejj is interpreted as a fishing effort agent ¢ is willing for
agent k. Likewise, the component E;; is a fishing effort that agent ¢ is willing
for himself. The component Pj is a compensatory price that agent i is proposing
to pay to agent k per unit of his own fishing effort. Finally, P;; is a compensatory
price that agent 7 is willing to receive per unit of the other participants’ fishing
efforts.

Agent ¢’s fishing effort is given by

E; (m) = (1/I) max {og;:l Ek} (9)

In order to obtain the transfer to be paid by agent i, several steps are needed.

To begin with, for all k&, rearrange the sequence (Pik)i[:1 in ascending order.
In case where P, = Pjj, for some ¢ and j, rearrange in ascending order of
indexes. Then, define the agent k’s personalized price P (m) as the N-th term
of the ordered sequence, with N = I/2,if I is even, and N = (I + 1) /2, if I is
odd.



Finally, agent 4’s transfer is given by

T; (m) = Ej;éi Pj(m) E; (m) — P; (m) Zj;éi Ej(m). (10)

The following properties of the mechanism will prove to be useful below.

Property 1. For all m € M and all (ek)ézl € R{H each participant © can report
a message m} such that (Ej (m/m;))izl = (ek)£:1 and (Py (m/m;))izl =

(Pg (m))izl, where (m/m}) = (mq, ..., mi_1, M}, Myiy1, ..., mp).

Property 1 means that under the mechanism, each participant is able to
decide the efforts of everyone, without modifying the current system of individ-
ualized prices.

Proof. Pick m € M and (ek)ézl € RY. Consider any agent . Let m] =
((Bl)foy (Pl)iy ) e such that, for all k, B}, = Tey — %3, Fyx and Pj, =

Pii. It is immediate that E, (m/m}) = (1/I)max {07E1’.k + D Ejk} = ey
and Py (m/m}) = P, (m), for all k. W

Property 2. Assume that I > 3. Given any (pk.)ézl eRL, let m € M be any
joint message such that (Pik)ézl = (pk)izl, for all i. Then, (Py (m))iz1 =
(P (m/m;))iz1 = (pk')£:1’ for all i and m} € M;.

Property 2 states that, whenever all agents announce the same system of
individualized prices, the mechanism implements it and no unilateral deviation
by a single agent can modify it. (It is equivalent to say that, whenever all agents
but one report the same price system, then the mechanism enforces it.)

Proof. Let (pk)£=1 € R%. Let m € M be such that (Pik)£=1 = (pk)ézl, for all
i.

By definition, for all k, Py (m) is the N-th term of the sequence (P; )le,
rearranged in ascending order of values, and then of indexes. Since (P; )le =
(Pk, -y Pk), We have Py (m) = py.

Now, consider any ¢ and m/ € M;. Let (Pi’k)iz1 be the associated vector
of personalized prices announced by i. By definition, for all k, Py (m/m}) is
the N-th term of the sequence (P1k, s Pl ks P, Ptk Plk), rearranged
in ascending order of values, and then of indexes. The ordered sequence is:

(P)i/k7pka'--apk’)a if lek < Pk,
(p]in-'-;pk;), lf P,le = Pk,
(P s P, Piy) s if pi < Py

In all cases, given that I > 3, we obtain P (m/m}) = p,. B



Property 3. For all m € M, Zle T; (m) = 0.
In other words, the mechanism (M, p) is balanced.

Proof. For all m € M, notice that the transfer T; (m) can also be written as:

Ti(m) = 32j_, P; (m) Ei (m) - P, (m) Y;_, E; (m).

Summing over ¢, one directly obtains:

Zle T; (m) =0,

proving that the mechanism (M, p) is balanced. B

5 Regulated Multispecies Fishery.

Suppose that the fishery is regulated by using repeatedly the mechanism defined
above. With the dynamics of the resource state, this defines a differential game
(Dockner and al., 2000), where the fishers’ actions are reports of messages from
their message space. Here, we define and analyse the stationary Markovian
Nash equilibria of this differential game.

Consider the differential game induced by (M, p). A stationary Markovian
strategy for fisher i is a function o; defined on R_J; and having values in M;. For

all o = (Ui)i[=1 and xq, define

J (o5 0) fo [u; (e (t),z (1)) —t; (t)] e tdt

subject to:

&(t)=f(e(t),z (1), z(0) = zo, (11)
e(t) = (Ei (o (z(1)i_s ,
t; (t) =T, ( (z (1))

Definition 3 below restates Definition 1 using the appropriate notations,
corresponding to the differential game associated with (M, p).

Definition 3. A stationary Markovian Nash equilibrium of the differential game
induced by (M, p) is a vector o* = (o;f‘)le such that, for all i, o; and xo,
J'(o*;xg) > J ((6*/0i);x0), where (6*/0;) = (a’{, s 051,04, 04 1, ...,O'jf).

5.1 Optimality.

Proposition 3 proves that a stationary Markovian Nash equilibrium of the differ-
ential game associated with the mechanism (M, p) induces an optimal utilization
of the resource.



Proposition 8. If o* is a stationary Markovian Nash equilibrium of the differ-
0

ential game induced by (M, p), then the policy s° = (si);l, where Y (z) =

E; (o* (x)), for all i and x, is an optimal policy.

Proof. Let o* be a stationary Markovian Nash equilibrium of the differential
game induced by (M, p).

Assume, by way of contradiction, that there exists an initial state &y and a
feasible policy s such that

W (s;20) > Yo, J' (05 0) - (12)

Denote e(t) and x (t), for all ¢, the time paths of the fisher’s efforts and
resource stock, respectively, associated with the policy s, starting from the
initial state xg.

By property 1, used at each point @, each fisher ¢ can find a strategy o; such
that, for all x,

(Bx (0" /00) @)y = (su(@))h_y (13)
(Pi (0 /i) ()1, (P (0" ()41 - (14)

From (13), it is clear that the strategic profile (6*/0;) implements the same time
paths of the fisher’s efforts and resource stock as the policy s. Moreover, from
(14), the associated time path of the price system is (P ((6*/0;) (x (t))))iz1 =

(P (o* (x (t))))izl, for all ¢. Thus, we have

Ji((07/oi), x0) = /OOO [ui (e (1), (£)) —ti ()] e~ dt,
where, for all ,

ti(t) = Ti((e"/oi) (z (1)),
= Xjubi(e(@®)ci(t)—Pi(o" ()2 ,4¢ ().

Considering a similar unilateral deviation o;, by each player ¢ in turn, and
summing over i, we get, by property 3,

St =0,

and, therefore,

o0

Y (0% /o) @) = Ti, o (e(t),z (1) e "dt,  (15)
= Wi(s;xo).
Now, as o* is a Nash equilibrium, we have, for all 7,

Ji (U*v mO) > Ji ((U*/O-i) ) mO) )

10



which implies, by summation over ¢, that

Sy Ji (0%, ®0) > i Ji (0% /04) , mo) - (16)
Together, (15) and (16) imply

S Ji(o*, ) = W (s53),

which contradicts our assumption (12).
Finally, as (M, p) is balanced, by property 3, and 25:1 Ji (%, o) > W (8;x0),
0

i)j:p where s (z) =

for all s and =, it follows that the policy s = (s :

E; (o* (x)), for all 4 and «, is an optimal policy. B

5.2 Existence.

Considering the biologic and economic environment in Section 3, given by (5)
and (6), Proposition 4 identifies a stationary Markovian Nash equilibrium to
implement to the optimal policy, stated in proposition 2.

Proposition 4. Consider the biologic and economic environment described in

Section 3. Assume that there exists A° = (A?)jzl € R’ such that 6A2 +

Zgzl A By = nay, forall j, and ijl A?qj—i—c > 0. Let e = (Ejzl aj) / (ijl A?qj + c)
and p° = (1/1) Z}]:1 AYqj. The strategic profile o* = (a;-*)f:l, where o () =

((eo);l , (po)?:1>, for all i and =z, defines a stationary Markovian Nash equi-
librium of the differential game induced by (M, p).
Proof. Consider the strategic profile o* = (02‘){21, where o (z) = ((eO)I (po)n ),
for all 7 and x.

By definition of (M, p), we have 3

(B ()i = ()
Pm ) = )i
(T:(m)i = (0=
We must show that fisher ¢’s stationary Markovian strategy o (z) = ((eo)le , (po):;l)

satisfies the HJB equation, for all , *

{ Sy a;In (g E; (m*/mi) aj) — By (m* fm;) — Ti (m* /m;) }

dv (x) = max j J I
mienti |+ )y vy (@) @y (05 = S By ln (wx) = a5 gy B (m*/my) )
3Here and below, we denote m* = o* (z) = (o7 (x),05 (z),...,07% ().
4Here and below, we denote (m*/m;) = (o3 (x),...,07_; () M, 05 (2) 500,07 (az))

v; (@) is the partial derivative of v (@) with respect to ;.

11



where
v(@) = (1/D)V (@) = (1/1) [ L], AVIn (2;) + B .

From property 1, fisher i can find m; to attain any vector of efforts (E}, (m*/mi))i:1 =
(ek)iz1 € R%. From property 2, whatever the unilateral deviation m; by fisher
i, (Py (m))é=1 = (P (m/m;))ézl = (po)izl. Therefore, to prove that o} (x) is

fisher i’s best-reply, it will be sufficient to show that (ek)ézl = (eo)iz1 satisfies,
for all «,

50 () ijl a;jIn(gje;x;) — (I —1)p° +¢c)e; +p° D koti €k
v(x)= max ] I .
cofert |+ 57y @) w; (a5 = oy Bjeln (@) = a3 Shoy o)

Using v; (&) = (1/1) (49/z;) and p° = (1/I) ijl Alqj, for all j, and
rearranging, we get

S (4= /DS A8y ) n ()
fo@) = max 45 g e) — (S Al +e)er pr (7
€k )p=1583 ;
+3°7 a;n(gy) + (/1) 1, Aday

The control e, = €2, for k = i, satisfies the first order conditions
J J
(Zj:l aj) /ei — (Zj:l A(;qi + C) =0,

and, thus, maximizes the RHS of (17). Moreover, as e, for all k # 4, vanished
from the RHS of (17), e = €°, for all k # 4, trivially maximizes it.

Thus, substituting (ek)éz1 = (eo)l

x—; and rearranging, we get

ov (@) = (/1) )y | (Ta; = oy LBy ) I (w5) + T (1n (g5¢°) = 1) + Aoy
Using
A9 = (1/6) [Iaj - Agﬁ,w} , for all 7,

B® = (1/8) 7, [Ta; (In (¢;¢°) — 1) + AJa,]

we can confirm that

v (z) = (1/1) [23’:1 A%Tn () + BO} :

6 Conclusion.

In progress.
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