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ABSTRACT 

 

Though the management of internationally shared fisheries with side payments is 

often considered politically difficult, quota transferring is now a policy alternative in 

specific fisheries treaties. Nevertheless, a theoretical framework capturing the details 

of the side-payments solution is, to a large extend, missing. This paper tries to fill this 

gap in the literature, by proposing a static and a dynamic model in the context of a 

stochastic sequentially harvested stock. The conditions characterizing the solution of 

the dynamic model are the analogue of the Martingale Property from the finance 

literature. The Western Atlantic Bluefin Tuna fishery is used as an example to 

calibrate the theory. The objective is to estimate the amount of compensation Canada 

should provide to the US, such that the latter restricts her fishing activities. The 

compensation scheme could supplement/reform the existing management strategies. 
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1 Introduction

In a review article regarding the economics of internationally shared �sheries,

Munro (2007) concludes that �sheries managers are confronted with two op-

tions for �nding an e¢ cient solution to the management of such stocks: either

"await the future work of applied game theorists that explore �sheries issues",

or..."�nish the job by eliminating the Freedom of the Seas principle and es-

tablishing defacto property rights for the charter members of �sheries organi-

zations." This paper contributes to the economics literature of internationally

shared stocks, for the second proposed solution would be radical for the inter-

national legal community.

The early literature, mainly developed by Munro (1979, 1987, 1990), is lim-

ited to Cooperative and Non-Cooperative Games with just two players, following

Nash (1950, 1951, 1953). The main conclusions are two: �rst, side payments

facilitate the resolution of con�icts (compared to cooperation without trans-

fers); and second, non-cooperation does not guarantee overexploitation (Munro,

2001; Bjørndal et al., 2000), but leads to outcomes signi�cantly inferior to those

achieved under cooperation (i.e., similar to a Prisoner�s Dilemma Game). The

ine¢ ciency of the non-cooperative solution is also shown (following a di¤erent

approach) by Levhari and Mirman (1980)1 .

The analysis becomes more elaborate once more than two countries are in-

volved in the game. Kaitala and Munro (1997) discuss two solutions for ad-

dressing the new entrant (i.e., implicit free riding) problem: the transferable

membership, and the waiting period solution. Both solutions, however, are

based on the assumption that the charter members of an Organization get de-

facto property rights of the resource.

1Fischer and Mirman (1996) extend Levhari and Mirman (1980) in the case of interacting
species.
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In the late 90�s, �sheries economists started employing some of the advances

of Game Theory, and particularly the Characteristic- and Partition-function

approach. Games in �sheries employing the Characteristic-function approach

(Kaitala and Lindroos (1998), Li (1998)) focus on coalition formation by more

than two harvesting nations; in these games, nevertheless, the number of players

is �xed. Games in �sheries employing the Partition-function Games (Yi (1997),

Pintassilgo (2003), Pintassilgo and Lindroos (2008)), examine cooperation in a

more realistic setting, i.e., with a non-�xed number of players.

The main conclusion from the Partition function literature is that the grand

coalition with positive externalities (to the outsiders) can rarely be an equilib-

rium outcome; "the only equilibrium which is stable (in games characterized by

positive externalities, and with more than 2 players) is the coalition structure

formed by singletons" (Pintassilgo and Lindroos (2008)). Kwon (2006), in an

extension of Levhari and Mirman�s (1980) approach, also �nds that coalitions

of more than two �shing countries cannot be sustained over time.

The above �ndings by �sheries economists are rather pessimistic regarding

the prospects of cooperation in straddling stocks. Nevertheless, this conclusion is

not a big surprise, for it �ts into a more general and ongoing debate among envi-

ronmental economists and game theorists, namely whether the grand coalition,

or small groups of coalitions, prevail in problems with international (positive

or negative) externalities (Carraro and Siniscalco (1993), Funaki and Yamato

(1999), Chander and Tulkens (1997)).

Though most of the economic analysis in �sheries examines cooperation

without side payments, several authors have pointed out the superiority of poli-

cies with transfers. The reason why side payments are, in theory, preferred

to cooperation without transfers, is that side payments focus on the alloca-

tion of the net economic bene�ts, instead of just harvests. Munro (1979) was
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the �rst to conclude that side payments (his Compensation Principle) facilitate

the resolution of con�icts. Implicit in Munro�s analysis is the assumption that

completely "buying-out" another country is politically acceptable. Clarke and

Munro (1987, 1991) develop side payments between two countries, assuming

that one of the parties is the sole harvester of the resource. Laukkanen (2003)

argues in favor of side payments in a stochastic sequential �shery, but �nally

examines a trigger stock agreement without transfers. McKelvey (1997) is the

only one who discusses cooperative equilibria with side payments, speci�cally in

the context of a sequential �shery (Hannesson (1995) discusses also the case of

a sequential �shery, but without side payments). However, McKelvey�s analysis

is preliminary, in the sense that he does not �nd a solution for the optimal com-

pensation scheme as a function of some variable, and treats the problem only

in a static framework.

This paper contributes to the economics of internationally shared �sheries

by developing a more comprehensive theoretical framework for cooperation with

side payments in a stochastic sequential �shery. The analysis extends to a dy-

namic setting. The stochastic sequential �shery is similar to that in Laukkanen

(2003).

Estimating side payments in a stochastic sequential �shery (instead of a

common-pool setting), shifts the analysis to the world of Moral Hazard models:

the amount of stock that one country leaves unharvested becomes recruitment

to the other; nevertheless, recruitment is a noisy signal of the �rst country�s

(unobservable) harvesting behavior due to some environmental variability.
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2 Theoretical Framework

The theory is developed in three Sections: Section 2.1 lays out the general

setting for a sequential �sh stock with stochastic stock recruitment; Section 2.2

examines the set of possible non-cooperative equilibria; and Section 2.3 explains

the cooperative harvesting pattern with side payments. The analysis in Section

2.3 is developed both in a static and a dynamic setting. Side payments are used

as a means to induce one country to restrict �shing activities.

2.1 The Setting: Stochastic Sequential Fishery

Consider the shared �sh stock of Figure 1.The stock moves sequentially across

three �shing areas: it spawns in a single location in Country A�s Exclusive

Economic Zone (EEZ); moves to Country P�s EEZ to feed and mature; and

then to the Adjacent High Sea (AHS) to continue its growth cycle. The matured

population exhibits homing behavior, i.e., returns to A to give birth to a new

spawning class. The new class, along with the old one, repeats a life cycle similar

to the above. Time t is measured in �sh generations (therefore, Figure 1 depicts

a single time period). After a couple of iterations, the overall stock consists of

three age groups (larvae, juveniles, and adults).

Fishing takes place in all three areas (A�s EEZ, P�s EEZ, and AHS). In

each area, recruitment, in period t, is generically denoted by Rt; harvest by

ht; and escapement (or abandonment) by St. Countries A and P are Coastal

States (therefore, have exclusive property rights to harvest the stock in their

territories); in the AHS, the stock is subject to exploitation by any Distant

Water Fishing Nation (DWFN).

At the beginning of period t, and prior any harvesting takes place, both

countries A and P observe the level of returning stock (from the AHS, in period

t� 1), and the newly-hatched juveniles in A�s area.
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Thereafter, Nature makes a choice between two alternatives (States): either

a random event takes place (State (1 � �)) as A harvests the stock; or no

such event occurs (State �). The random event is associated with stressful

environmental conditions for the resource, resulting in a portion of A�s stock

dying unexpectedly2 . When State (1 � �) occurs, recruitment in A is RA1��;t;

when State � occurs, recruitment is RA�;t. For convenience, in the remaining part

of Section 2, the subscript "�" denotes either State of Nature.

When countries observe, at the beginning of period t, the level of returning

stock/newly-hatched juveniles, none of them is able to infer whether the random

event will occur or not. Nevertheless, they share the same beliefs about the

probability of each State realizing: State (1� �) occurs with probability (1� �);

State � with probability �. The parameter � takes a value between (0; 1)3 .

Country A harvests her recruitment RA�;t down to an escapement level S
A
�;t =

RA�;t � hA�;t. A�s harvest decision hA�;t is unobservable to P, and generates to

Country A, �shing pro�ts, in period t, �At (S
A
�;t; R

A
�;t).

The amount of stock that remains unharvested by A, migrates wholly to P�s

EEZ. P�s �nal recruitment is a function of A�s escapement, i.e., RP�;t � g(SA�;t),

with g a deterministic growth function known to both parties. This function

captures the rate at which the stock feeds and matures in P�s area. After the

stock has reached maturity (or a minimum landing size), P extracts an amount

hP�;t
4 . P�s �shing pro�ts, in period t, are �Pt (S

P
�;t; R

P
�;t), with S

P
�;t = R

P
�;t�hP�;t the

escapement left behind by P.

P�s escapement serves as recruitment to DWFNs, i.e., SP�;t � RDWFNs
�;t . Let

2The justi�cation for the random event a¤ecting only a portion of the stock (not the whole
population), is that the resource consists of di¤erent age classes, some of which (perhaps the
younger ones) are more vulnerable to environmental variability than others (adults).

3The reason why � does not take the values 0 and 1 is that in a Moral Hazard framework,
which will be introduced in Section 2.3, the Principal could use such a piece of information
to exclude speci�c actions of the Agent. Moreover, the �rst order conditions in Sections 2.3.1
and 2.3.2 make sense only when � 6= 0; 1.

4The reason why P starts harvesting only after the stock has reached maturity is that
larger classes of �sh typically fetch higher market prices per pound than smaller ones.
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� denote the percentage of stock that DWFNs harvest, i.e., hDWFNs
�;t = � �

RDWFNs
�;t . The parameter � is strictly smaller than 1; this implies that it is not

possible (or pro�table) for DWFNs to remove the last remaining units of the

resource. Moreover, for simplicity, � is constant over time (though the number

and identities of DWFNs are expected to change). Overall, the analysis treats

DWFNs as a single third party, acting opportunistically and independently of

the two Coastal States5 .

Finally, the escapement SDWFNs
�;t , left behind by DWFNs, starts its journey

back to Country A. This amount of stock gives rise to the following season�s

recruitment, through function F , i.e., F (SDWFNs
�;t ) � F�;t+1 = RA�;t+1. This

function is known to both Coastal States and captures two things: the growth

rate of the returning adults while traveling in the AHS; and the newly-hatched

classes in period t + 1. Recruitment in period t + 1 is a random variable in a

similar way as recruitment in period t, i.e., the stock, in the beginning of period

t + 1, is potentially subject to a new random event6 . For simplicity, random

events are independent across time; and Coastal States do not revise their beliefs

(� and (1� �)) for the occurrence of the two States.

A new �shing cycle begins in period t+1, following a pattern as in period t.

The following Section discusses the set of non-cooperative equilibria that

may emerge between the two Coastal States in this setting; Section 2.3 turns to

the cooperative solution with side payments.

5 I also ignore any short-term (i.e., within the same time period) adjustments in the DWFNs�
�shing e¤ort. This means that only the most e¢ cient vessels operate in international waters;
it is these vessels that (collectively) deplete the stock by a percentage �.

6With a slight abuse of notation, F�;t+1 denotes the stock in A�s area prior the new random
event; while RA�;t+1 denotes recruitment after Nature has selected a State in period t+ 1.
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2.2 Non-Cooperative Equilibria and Overexploitation

In a non-cooperative setting, each Coastal State maximizes its own �shing pro�ts

without taking into account the e¤ects of her behavior on the other country�s

payo¤ function.

In the setting of Section 2.1, and assuming that the decision variable for

each country is the escapement level, the steady state non-cooperative strate-

gies SA;N:C:� and SP;N:C:� (for Country A and P, respectively) draw values from

the intervals [SA;o� ; SA;�� ] and [SP;o� ; SP;�� ]. Superscripts "o" denote the (monop-

olistic) suboptimal levels; superscripts "�" denote the (monopolistic) optimal

levels. The former are calculated by maximizing short-term pro�ts (i.e., these

are the lowest pro�table abandonment levels at which countries get zero mar-

ginal pro�ts); the latter are found by solving each country�s expected discounted

stream of payo¤s E
� 1P
t=1
�t�it

�
, for a given/�xed strategy of the opponent7 (� de-

notes the common discount factor, �it =

Ri
�;tZ

Si�;t

�i(x)dx, x=the in-season stock level,

and i=either country).8

Whether the emerging non-cooperative equilibrium allows for coexistence of

�eets, or leads to exclusion of one party from the �shery (at least in the long

run9), is an empirical issue. In the context of Section 2.1, it turns out that the

di¤erence in e¢ ciencies of the two harvesting �eets, as well as the magnitudes

of the two growth functions (i.e., g and F ), are critical for answering the above

question.

To see this, consider �rst the case in which A�s vessels are more e¢ cient

7The values for the monopolistic optimal escapement levels are estimated under the as-
sumption that there is no assymetric information regarding �shing pro�t functions �it, i.e.,
under the assumption that each country knows the opponent�s harvest cost function (for a
�xed market price of the resource).

8McKelvey (1997) and Hannesson (1995) discuss these sets of non-cooperative equilibria,
in a sequentially harvested �shery.

9 I.e., after some initial adjustment period in which both countries operate.
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than P�s (i.e., SA;o� < SP;o� ). Country A excludes P when her strategy SA;N:C:�

satis�es the inequality SA;N:C:� < g�1
�
SP;o�

�
. For a slow-growing resource, this

inequality may by satis�ed when A chooses her monopolistic optimal strategy,

i.e., when SA;N:C:� = SA;�� . Nevertheless, for a faster growing resource (i.e., larger

g) A�s (preferred) strategy SA;�� may be insu¢ cient to exclude P; A may have

to harvest more aggressively (perhaps, all the way down to her monopolistic

suboptimal level SA;o� ) to "kick" the opponent out of the �shery. A possibility

also exists that P is never excluded, even if A harvests to the point where she

breaks even.

A similar logic applies to the case in which P�s vessels are more e¢ cient than

A�s (i.e., SA;o� > SP;o� ): P�s higher harvesting e¢ ciency does not guarantee A�s

exclusion. Instead, exclusion is achieved when P�s strategy SP;N:C:� satis�es the

inequality SP;N:C:� <
F�1(SA;o� )

1�� , for any SP;N:C:� 2 [SP;o� ; SP;�� ]. This inequality

gives the following three comparative static results: assuming F and � �xed,

exclusion of A becomes more di¢ cult the smaller P�s comparative advantage

(in harvesting the stock) is; keeping F and the relative harvesting e¢ ciencies

�xed, A�s exclusion becomes more di¢ cult the less aggressive DWFNs are; and

keeping � and relative e¢ ciencies �xed, A�s exclusion is harder the faster the

resource grows in the AHS (i.e., higher F ).

To sum up, the question of exclusion or not (under a non-cooperative setting)

should be answered separately in each �shery that resembles that of Section 2.1.

Nevertheless, equilibria that allow for coexistence of �eets are expected to be

focal points. There are two reasons why exclusion seems less likely in a sequen-

tial �shery: �rst, (neighboring) Coastal States tend to employ similar �shing

technologies (unless one is a developing country, and the other a developed one);

and second, Coastal States are expected to adopt the objective of not punishing

(i.e., excluding) the other, but of maximizing individual behavior/own pro�ts10 .

10Chunder and Tulkens (1997) argue, for transfrontier environmental problems, in favor of
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2.3 Cooperation with Side Payments

Consider the stochastic sequential �shery of Section 2.1, in which Countries

A and P now sign an agreement/contract employing monetary transfers. The

timing of the contract is the following (Figure 2 gives the corresponding �ow

diagram). Overall, the purpose of the agreement is to move the two Coastal

States away from the non-cooperative equilibrium, towards a cooperative solu-

tion determined by P (however, mutually preferred).

In the beginning of period t, Country P (he) makes a take-it-or-leave-it o¤er

to Country A (she). When P makes his o¤er, he is uncertain which State of

Nature will occur. P o¤ers monetary compensation wt to A, with a view to

inducing her to restrict her �shing activities. If A accepts the o¤er, P receives

a higher level of recruitment RP:;t; and therefore, harvests in excess of his non-

cooperative level.

After A considers P�s compensation wt and her level of recruitment RA�;t (in

either state of nature), she extracts an amount hA�;t(R
A
�;t; �t). The variable �t

denotes A�s regulatory e¤ort to control her �shers, such that her overall harvest

level drops below the non-cooperative one). A�s e¤ort �t, harvesting behavior

hA�;t(R
A
�;t; �t), and the realized State of Nature, remain all unobservable to P

throughout the �shing season t.

A�s regulatory e¤ort �t is a discrete variable, i.e., 0 = �t1 < �t2 < ::: <

�ti < ::: < �tn = �t, and comes with an implementation cost. For simplicity,

this cost is common knowledge to both parties. A is risk averse, and her overall

payo¤ function is:
�
u
�
�At (S

A
�;t; R

A
�;t)
�
+ u(wt)� c(�t)

�
, with u denoting utility

from �shing pro�ts �At , and monetary compensation wt; c(�t) disutility from

the individual maximization behavior, rather than the vidictive behavior assumption.
Laukkanen (2003) adopts (in her �shery analysis), contrary to Chunder and Tulkens (1997),

the vindictive behavior assumption (according to which both countries play at their break-
even pro�t levels). Nevertheless, her emerging non-cooperative equilibrium is one in which
countries coexist.
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implementing regulatory e¤ort �t.

P�s recruitment RP�;t (and harvest function h
P
�;t(R

P
�;t)) depends positively on

A�s level of e¤ort �t11 . Moreover, P�s recruitment is a commonly observable

variable (RP�;�t � g(SA�;t)); therefore, it is used as the basis for providing the

compensation wt. The overall payo¤ function, in period t, for the risk neutral

Principal is:
�
�Pt (S

P
�;t; R

P
�;�t)� wt(R

P
�;�t)

�
.

At the end of �shing season t, both Coastal States announce their harvest

levels hA�;t and h
P
�;t to each other

12 . The contract is then executed: compensa-

tion wt is provided as a function of the commonly observable outcome (RP�;�tor

RP1��;�t).

The above agreement describes a Moral Hazard problem (with a discrete

e¤ort variable �t, and two possible outcomes RP�;�t , R
P
1��;�t for each level of

e¤ort): the Agent�s action (i.e., Country A�s regulatory e¤ort �t) is not di-

rectly observable by the Principal (Country P); the two parties have a con�ict

of interests (i.e., A�s action a¤ects her payo¤s negatively13 , but bene�ts P);

compensation wt is based on a commonly observable variable (i.e., RP�;�t); and

the observable variable is a noisy signal of A�s action (i.e., RP�;�t aggregates A�s

e¤ort and the realization of either State of Nature). This Moral Hazard setting

follows the traditional formulation for hidden action problems14 .

11The higher A�s regulatory e¤ort �t is, the higher is her escapement SA�;t, and thus P�s
recruitment RP�;t. For this reason, R

P
�;t is written, on Figure 2, with a subscript �t, i.e., as

RP�;�t .
12 In reality, countries participating in international �sheries organizations are required to

provide harvest reports within every �shing season (i.e., in-season reports). Nevertheless,
these reports tend to be signi�canlty revised at the end of every (�shing) year; therefore,
countries are unable to infer, from the interim reports, how aggresively their "opponents"
behave. Only when the stock has completed a full cycle, and only when each country has
harvested the resource (for that speci�c season), do contracting parties learn about each
other�s (past) actions. For this reason, it makes sense to assume in the analysis that A�s
action �t is unobservable throught the �shing season t.
13 It a¤ects her negatively not only through the disutility c(�t), but also by lowering her

�shing pro�ts �At .
14"Traditional" in the sense that the States of Nature are unobservable to both parties,

and the output (RP�;�t ) is observable; contrary to the less standard approach of Chambers
and Quiggin, in which the States of Nature, not the output, are observable (see, for instance,
Chambers (2002)).
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Section 2.3.1 solves for the conditions characterizing the optimal second best

contract in a static framework; while Section 2.3.2 extends the analysis to a

dynamic setting. The latter is more realistic, since the resource is a renewable

one and the parties are expected to interact repeatedly over time.

Before proceeding formally with any of the analytical models (either static,

or dynamic), a comment is necessary to explain why the analysis assigns the

role of the Principal to Country P (and the role of the Agent to Country A).

Consider momentarily the alternate scenario in which Country A (now the Prin-

cipal) o¤ers compensation to Country P (now the Agent) in order to harvest

less aggressively: compensation would be a function of the Principal�s output

(in this case, SA�;t), which would also be observable by the other party (since

RP�;t = g(S
A
�;t)). Nevertheless, applying the above Moral Hazard analysis to this

alternate scenario is no longer realistic; it is di¢ cult to imagine now the Agent

(Country P) taking a hidden action for a speci�c �shing season (e.g., for sea-

son t). The Agent (Country P) could keep her action hidden, only if she were

not announcing her harvest level at the end of the �shing season t. Having,

in the alternate scenario, one of the two parties announcing its harvest level

at the end of season t, while the other keeping it undisclosed, contradicts the

current practice. In summary, the alternate scenario treats the two parties in

a very asymmetric fashion; it makes more sense to have a model in which both

countries announce catches at the end of the same �shing season15 .

15The (also symmetric) case in which neither country announces catches at all, would take
the analysis to a double moral hazard setting, which is beyond the purpose of my thesis.
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2.3.1 Static Model

This Section gives the set of �rst order conditions to the optimal static (spot)

contract in period t. These conditions characterize the optimal second best

e¤ort level �SBt , and the corresponding compensation schedule wSBt (RP�;�SBt
):

wSBt (RP�;�SBt
) =

n
wSBt (RP1��;�SBt

); wSBt (RP�;�SBt
)
o

When A�s e¤ort �t is a discrete variable 0 = �t1 < �t2 < ::: < �ti < ::: <

�tn = �t, the output RP�;�t also takes values in a discrete set. Each level of

e¤ort �t maps into two outputs, one for each state, and with strictly positive

probabilities (� and (1��))16 . To continue with the solution of the moral hazard

problem, it is necessary to impose more structure on the set of output values,

such that P is not certain (by simply observing an output) about the exerted

level of e¤ort �t.

The simplest possible structure for a moral hazard problem is that in which

every level of observed output RP�;t (except in two cases) is derived by two ad-

jacent levels of e¤ort: say, by e¤ort �i under State �, or by e¤ort �i+1 under

State (1� �). The two exceptions, in which the unobservability of A�s e¤ort is

no longer an issue for P, are the lowest and highest possible values of RP�;t.
17

Assuming �ti is the optimal level of e¤ort, P solves the following program18 ,

at the beginning of period t (i.e., after observing the level of returning (t � 1)
16 In the typical textbook moral hazard model, every level of A�s action maps into the

same set of more than two outputs, with varying (for each level of e¤ort) strictly positive
probabilities. Here, however, each level of e¤ort maps into two outputs only. This is the
equivalent of a textbook model, in which every level of e¤ort maps into the same set of more
than two outputs, but with weakly positive probabilities.
17To see this, consider �rst A taking the lowest possible e¤ort level �t1 = 0, while State

(1��) occurs. Then, P can infer A�s e¤ort level (being zero), by simply observing the outcome
RP�;�t � RP1��;0. Similarly, when recruitment for P is RP�;�t � RP�;�t , he knows that A has
exerted the highest possible level of e¤ort �tn = �t, and State � has occurred.
18The �rst order conditions are taken with respect to the two compensation levels, w(RP�;�ti )

and w(RP1��;�ti ), for a given optimal e¤ort �ti.
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stock/newly-hatched juveniles, but before any State realizes19):

max
wt(RP

�;�ti
)

8><>: �
n
�Pt (S

P
�;t; R

P
�;�ti

)� wt(RP�;�ti)
o

+(1� �)
n
�Pt (S

P
1��;t; R

P
1��;�ti)� wt(R

P
1��;�ti)

o
9>=>;

subject to

the Incentive Compatibility Constraints (ICt):

8><>: �
n
u
�
�At (S

A
�;t; R

A
�;t)
�
+ u

�
w(RP�;�ti)

�
� c (�ti)

o
+(1� �)

n
u
�
�At (S

A
1��;t; R

A
1��;t)

�
+ u

�
w(RP1��;�ti)

�
� c (�ti)

o
9>=>;

�

8><>: �
n
u
�
�At (S

A
�;t; R

A
�;t)
�
+ u

�
w(RP�;�

ti
0 )
�
� c (�ti0 )

o
+(1� �)

n
u
�
�At (S

A
1��;t; R

A
1��;t)

�
+ u

�
w(RP1��;�

ti
0 )
�
� c (�ti0 )

o
9>=>;

for all �ti0 6= �ti;

and the Individual Rationality Constraint (IRt):

8><>: �
n
u
�
�At (S

A
�;t; R

A
�;t)
�
+ u

�
w(RP�;�ti)

�
� c (�ti)

o
+(1� �)

n
u
�
�At (S

A
1��;t; R

A
1��;t)

�
+ u

�
w(RP1��;�ti)

�
� c (�ti)

o
9>=>; � u

�
�A;N:Ct (Ft)

�

Note that this problem involves (n� 1) incentive compatibility constraints;

and that the right hand side of the IRt captures A�s utility from her non-

cooperative �shing pro�ts. The latter are:

�A;N:Ct (Ft) = ��
A
t (S

A;N:C:
� ; RA�;t) + (1� �)�At (S

A;N:C:
1�� ; RA1��;t)

P solves the above program for every level of e¤ort �ti, i.e., �nds the corre-

19The solution of the optimal contract is calculated for a speci�c level of (t � 1) returning
stock/newly hatched juveniles, in A�s area. In the notation of Section 2.1, the level of stock
in A�s area before Nature selects a State was Ft.
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sponding (to each e¤ort) optimal compensation levels, w(RP�;�ti) and w(R
P
1��;�ti),

and the corresponding maximum value function Vt(�
A;N:C
t (Ft))

20 .

The First Order conditions derived from all programs are the following.

� For the lowest possible output (realized under State (1 � �)), i.e., for

RP�;�ti � RP1��;0, P solves the above program with optimal level of e¤ort

�ti = �t1 = 0. The First Order condition for the corresponding compen-

sation is:

X
�1;�

�=2;:::;n

+ � =
1

u0
�
w(RP1��;0)

�
with � and �1;� denoting, respectively, the Lagrange multipliers of the par-

ticipation and the (n� 1) incentive compatibility constraints21 ;

� For the highest possible output (realized under State �), i.e., for RP�;�ti �

RP�;�t , P solves the above program with optimal level of e¤ort �ti = �tn =

�t. The First Order condition for the corresponding compensation is:

X
�n;�

�=1;:::;n�1
+ � =

1

u0
�
w(RP�;�t)

�
with � and �n;� denoting again the Lagrange multipliers

22 ;

� For all the remaining levels of output, i.e., for all RP�;�t except the two

extremes
n
RP1��;0; R

P
�;�t

o
, which are realized under State �, P solves the

above program with optimal level of e¤ort any �ti except �tn = �t . The

20The maximum value function Vt is written for a given level of A�s non-cooperative �shing
pro�ts �A;N:Ct (Ft).
21For instance, �1;2 denotes the Lagrange multiplier of the incentive compatibility constraint

written for the optimal e¤ort �t1 and the (suboptimal) e¤ort �t2; �1;3 the Lagrange multiplier
of the incentive compatibility constraint written for the optimal e¤ort �t1 and the (suboptimal)
e¤ort �t3, etc.
22For instance, �n;2 denotes the Lagrange multiplier of the incentive compatibility constraint

written for the optimal e¤ort �tn = �t and the (suboptimal) e¤ort �t2.
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First Order condition for the compensation corresponding to such a RP�;�t

is:

�i;i+1

�
2� 1

�

�
+

�6=i;i+1X
�i;�

�=1;:::;n

+ � =
1

u0
�
w(RP�;�ti)

�
with � and �i;i+1, �i;� denoting the Lagrange multipliers;

� For all the remaining levels of output, i.e., for all RP�;�t except the two

extremes
n
RP1��;0; R

P
�;�t

o
, which are realized under State (1��), P solves

the above program with optimal level of e¤ort any �ti except �t1 = 0.

The First Order condition for the compensation corresponding to such a

RP�;�t is:

�i;i�1

�
1� 2�
1� �

�
+

�6=i;i�1X
�i;�

�=1;:::;n

+ � =
1

u0
�
w(RP1��;�ti)

�
with � and �i;i�1, �i;� denoting the Lagrange multipliers.

Note that the last two �rst order conditions give di¤erent compensation

values, though they refer to the same output. For instance, when P observes

the output RP�;�t2 � RP1��;�t3 , he estimates one compensation value according

to the third condition, i.e., from the problem with optimal e¤ort �ti = �t2; and

another, according to the fourth condition, i.e., from the problem with optimal

e¤ort �ti = �t3. The reason why P estimates two compensation values is that

each level of output (except the two extremes23) is the result of either e¤ort �i

under State �, or e¤ort �i+1 under State (1� �).

P solves a system of the above First Order conditions depending on the level

of e¤ort 0 = �t1 < �t2 < ::: < �ti < ::: < �tn = �t each time considered.

23For each of the extremes, i.e., for the lowest and highest possible outputs, P solves only
one condition (the �rst and the second, respectivelly).
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Each system gives solutions for the compensation provided to A. In the end,

he compares his maximum value function Vt(�
A;N:C
t (Ft)) from each program,

and o¤ers only the speci�c solution that gives him the highest expected payo¤s.

This solution corresponds to the optimal level of e¤ort, i.e., it is wSBt (RP�;�SBt
):

wSBt (RP�;�SBt
) =

n
wSBt (RP1��;�SBt

); wSBt (RP�;�SBt
)
o

16



2.3.2 Dynamic Model

Methodologically, the literature on dynamic Moral Hazard models with inde-

pendent shocks across time (see, for instance, Bolton and Dewatripont (2005),

or La¤ont and Martimort (2002)), distinguishes between two cases: a compre-

hensive long-term contract without renegotiation; and a long-term contract with

renegotiation. The dynamic analysis here focuses on the former, the case of full

commitment, in which both parties agree on a single contract at the initial ne-

gotiation stage. Moreover, for simplicity, repetition extends only to one period,

i.e., t = 1; 2.

The two-period long-term contract without renegotiation has P making a

take-it-or-leave-it o¤er at the beginning of period t = 1. His o¤er speci-

�es three sets of compensation levels: the �rst one, w�1(R
P
�;��1 ), refers to the

amount of compensation o¤ered in the �rst time period t = 1; the other two,

w�2(R
P
�;��2 ;R

P
1��;��1

), and w�2(R
P
�;��2 ;R

P
�;��1

), to compensation o¤ered in the second

period t = 2:

w�1(R
P
�;��1 ) =

n
w�1(R

P
1��;��1 ); w

�
1(R

P
�;��1

)
o

w�2(R
P
�;��2 ;R

P
1��;��1 ) =

n
w�2(R

P
1��;��2 ;R

P
1��;��1 ); w

�
2(R

P
�;��2

;RP1��;��1 )
o

w�2(R
P
�;��2 ;R

P
�;��1

) =
n
w�2(R

P
1��;��2 ;R

P
�;��1

); w�2(R
P
�;��2

;RP�;��1 )
o

Note that w�1(R
P
�;��1 ) is a function of the (commonly) observable output R

P
�;��1

in period t = 1; instead, the second period compensation levels are functions of

the current (i.e., RP�;��2 ), and the past (i.e., R
P
1��;��1

, or RP�;��1 ) recruitment levels.

The optimal contract induces A to take an e¤ort ��1 in period t = 1, and �
�
2 in

period t = 224 . The timing of the contract is the following.

24The second period optimal e¤ort ��2 is a function of the �rst period�s output realization;

therefore, it should formally be written as ��2
�
RP
1��;��1

�
; or ��2

�
RP
�;��1

�
. Nevertheless, to
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At the beginning of period t = 1, P observes the level of stock F1 in A�s

area25 , and makes an o¤er for all-periods compensation levels. If A rejects this

o¤er, the game ends (since this is a contract without renegotiation). If she

accepts, A picks her action �1i in the �rst period; both parties observe the real-

ization of P�s recruitment RP�;�1i in period t = 1; and P provides compensation

according to the terms of the contract. In the second time period, A picks her

action �2i (based on the �rst period�s output realization RP�;�1i , and the second

period compensation levels); both parties observe P�s recruitment level RP�;�2i in

period t = 2; and compensation is o¤ered according to the contract. The game

then ends.

P solves for the optimal long term contract through backwards induction:

he �rst considers the static problems in the beginning of period t = 2, follow-

ing some �rst period output RP�;�1i ; then moves backwards to the �rst period

problem (taking into account the continuation payo¤s for the second period).

In the beginning of period t = 2, P realizes there are two spot contracts

he could o¤er (given the two possible States of Nature, and the corresponding

outputs from period t = 1): for some �xed level of e¤ort �1i in the �rst period,

either output RP�;�1i , or output R
P
1��;�1irealizes.

The second period spot contract following a �rst period output RP�;�1i is

identical to the Static model of Section 2.3.1, with t = 2 and:

keep the notation simple, I drop RP�;��1
.

25Recall, from Section 2.1, that Ft denotes the level of stock in the beginning of period t,
i.e., prior Nature selects a State.
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Ft = F�;�1i;2 = F (S
DWFNs
�;1 ) = F ((1� �)

�
RP�;�1i � h

P
1

�
)

�A;N:C2 (F�;�1i;2) = ��A2 (S
A;N:C:
� ; RA�;2) + (1� �)�A2 (S

A;N:C:
1�� ; RA1��;2)

RA�;2 =
�
F ((1� �)

�
RP�;�1i � h

P
1

�
)
�
�;2

RA1��;2 =
�
F ((1� �)

�
RP�;�1i � h

P
1

�
)
�
1��;2

Similarly, the second period spot contract following a �rst period output

RP1��;�1i is identical to the Static model, with t = 2 and:

Ft = F1��;�1i;2 = F (S
DWFNs
1��;1 ) = F ((1� �)

�
RP1��;�1i � h

P
1

�
)

�A;N:C2 (F1��;�1i;2) = ��A2 (S
A;N:C:
� ; RA�;2) + (1� �)�A2 (S

A;N:C:
1�� ; RA1��;2)

RA�;2 =
�
F ((1� �)

�
RP1��;�1i � h

P
1

�
)
�
�;2

RA1��;2 =
�
F ((1� �)

�
RP1��;�1i � h

P
1

�
)
�
1��;2

In the end of the second period, P�s expected payo¤s are either V2(�
A;N:C
2 (F�;�1i;2))

(following output RP�;�1i), or V2(�
A;N:C
2 (F1��;�1i;2)) (following output R

P
1��;�1i).

Once P calculates the optimal continuations of the contract in the second

period, he move backwards to the �rst: the optimal long-term contract without

renegotiation solves the following program (� is the common discount factor; P

is risk neutral, and A is risk averse, with a separable utility in time):
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max8>>>>>>>><>>>>>>>>:

w1(R
P
�;�1i)

�A;N:C2 (F�;�1i;2);

�A;N:C2 (F1��;�1i;2)

9>>>>>>>>=>>>>>>>>;

8>>>>>>>><>>>>>>>>:

�

264
n
�P1 (S

P
�;1; R

P
�;�1i

)� wt(RP�;�1i)
o

+�
n
V2(�

A;N:C
2 (F�;�1i;2))

o
375

+(1� �)

264
n
�P1 (S

P
1��;1; R

P
1��;�1i)� w1(R

P
1��;�1i)

o
+�
n
V2(�

A;N:C
2 (F1��;�1i;2))

o
375

9>>>>>>>>=>>>>>>>>;

subject to

the Incentive Compatibility Constraints (IC�):

8>>>>>>>><>>>>>>>>:

�

264
n
u
�
�A1 (S

A
�;1; R

A
�;1)
�
+ u

�
w(RP�;�1i)

�
� c (�1i)

o
+�
n
u
�
�A;N:C2 (F�;�1i;2)

�o
375

+(1� �)

264
n
u
�
�At (S

A
1��;1; R

A
1��;1)

�
+ u

�
w(RP1��;�1i)

�
� c (�1i)

o
+�
n
u
�
�A;N:C2 (F1��;�1i;2)

�o
375

9>>>>>>>>=>>>>>>>>;

�

8>>>>>>>><>>>>>>>>:

�

264
n
u
�
�A1 (S

A
�;1; R

A
�;1)
�
+ u

�
w(RP�;�

1i
0 )
�
� c (�1i0 )

o
+�
n
u
�
�A;N:C2 (F�;�

1i
0 ;2)
�o

375
+(1� �)

264
n
u
�
�At (S

A
1��;1; R

A
1��;1)

�
+ u

�
w(RP1��;�

1i
0 )
�
� c (�1i0 )

o
+�
n
u
�
�A;N:C2 (F1��;�

1i
0 ;2)
�o

375

9>>>>>>>>=>>>>>>>>;
for all �1i0 6= �1i;

and the Individual Rationality Constraint (IR�):
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8>>>>>>>><>>>>>>>>:

�

264
n
u
�
�A1 (S

A
�;1; R

A
�;1)
�
+ u

�
w(RP�;�1i)

�
� c (�1i)

o
+�
n
u
�
�A;N:C2 (F�;�1i;2)

�o
375

+(1� �)

264
n
u
�
�At (S

A
1��;1; R

A
1��;1)

�
+ u

�
w(RP1��;�1i)

�
� c (�1i)

o
+�
n
u
�
�A;N:C2 (F1��;�1i;2)

�o
375

9>>>>>>>>=>>>>>>>>;
� u

�
�A;N:C1 (F1)

�

The non-cooperative �shing pro�ts, in the right hand side of the (IR�), are:

�A;N:C1 (F1) = ��
A
t (S

A;N:C:
� ; RA�;1) + (1� �)�At (S

A;N:C:
1�� ; RA1��;1)

Note that P�s above objective function consists of his �rst period payo¤s,

and his expected continuation payo¤s V2. Similarly, the constraints (IC�) and

(IR�) take into account A�s continuation payo¤s. Maximization is with respect

to the �rst period o¤ers, w1(RP�;�1i) =
n
w1(R

P
1��;�1i); w1(R

P
�;�1i

)
o
, and the two

"promises", �A;N:C2 (F�;�1i;2) and �
A;N:C
2 (F1��;�1i;2).

26

The solution of the above program with respect to the �rst period optimal

compensation levels w1(RP�;�1i) and w1(R
P
1��;�1i) (for some optimal level of e¤ort

�1i in period t = 1), resembles the solution of the Static problem (simply replace,

in the First Order conditions of Section 2.3.1, where t = 1; the Static conditions

are not rewritten here).

Maximization with respect to the "promises", �A;N:C2 (F�;�1i;2) and �
A;N:C
2 (F1��;�1i;2),

yields a second set of First Order conditions. This second set of First Order

conditions derived from all programs (i.e., for every level of optimal e¤ort �1i)

are the following.

26A expects to get payo¤s, in the end of period t = 2, at least as much as her non-
cooperative �shing pro�ts; i.e., the contract "promises" A to reach at least this level of pro�ts
(these promises are credible because of the assumption of full commitment).
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� For the lowest possible output in period t = 1 (realized under State (1�

�)), i.e., for RP�;�1i � RP1��;0, P solves the above dynamic program with

optimal level of e¤ort �ti = �t1 = 0. The First Order condition for the

corresponding "promise" is:

X
�1;�

�=2;:::;n

+ � = �V 02(�
A;N:C
2 (F1��;0;2))

with � and �1;� denoting, respectively, the Lagrange multipliers of the in-

tertemporal participation and the (n� 1) incentive compatibility constraints;

� For the highest possible output in period t = 1 (realized under State

�), i.e., for RP�;�1i � RP�;�1 , P solves the above dynamic program with

optimal level of e¤ort �1i = �1n = �1. The First Order condition for the

corresponding "promise" is:

X
�n;�

�=1;:::;n�1
+ � = �V 02(�

A;N:C
2 (F�;�1;2))

with � and �n;� denoting again the Lagrange multipliers
27 ;

� For all the remaining levels of output, i.e., for all RP�;�1i except the two

extremes
n
RP1��;0; R

P
�;�1

o
, which are realized (in t = 1) under State �, P

solves the above dynamic program with optimal level of e¤ort any �1i ex-

cept �1n = �1. The First Order condition for the corresponding "promise"

is:

�i;i+1

�
2� 1

�

�
+

�6=i;i+1X
�i;�

�=1;:::;n

+ � = �V 02(�
A;N:C
2 (F�;�1i;2))

27These Lagrange multipliers are di¤erent from those referring to the dynamic problem with
�t1 = 0 the optimal level of e¤ort.
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with � and �i;i+1, �i;� denoting the Lagrange multipliers of the dynamic

problem;

� For all the remaining levels of output, i.e., for all RP�;�1i except the two

extremes
n
RP1��;0; R

P
�;�1

o
, which are realized (in t = 1) under State (1��),

P solves the above dynamic program with optimal level of e¤ort any �1i

except 0. The First Order condition for the corresponding "promise" is:

�i;i�1

�
1� 2�
1� �

�
+

�6=i;i�1X
�i;�

�=1;:::;n

+ � = �V 02(�
A;N:C
2 (F1��;�1i;2))

with � and �i;i�1, �i;� denoting the Lagrange multipliers of the dynamic

problem.

Note that the left hand side of the last four conditions are similar to the

left hand side of the four conditions of the Static problem (written for t = 1).

Direct identi�cation between these two sets of conditions yields, respectively:

1

u0
�
w1(RP1��;0)

� = �V 02(�A;N:C2 (F1��;0;2))

1

u0
�
w1(RP�;�1)

� = �V 02(�A;N:C2 (F�;�1;2))

1

u0
�
w1(RP�;�1i)

� = �V 02(�A;N:C2 (F�;�1i;2))

1

u0
�
w1(RP1��;�1i)

� = �V 02(�A;N:C2 (F1��;�1i;2))

The above four equations provide the main theoretical result of the thesis: a

relationship between the optimal compensation w1 in the �rst time period, and
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the optimal compensation in the second period (through the continuation pay-

o¤s V2). This relationship is the equivalent of the �intertemporal consumption

smoothing" (or "Martingale property�) of the repeated Moral Hazard problem

between an employer and an employee (Rogerson (1985)). The Martingale prop-

erty is written here in the context of �sheries, for a given �rst-period output

realization (RP1��;0, or R
P
�;�1

, or RP�;�1i , or R
P
1��;�1i).

The typical interpretation of the Martingale property, in a twice repeated

Moral Hazard problem, is that the �rst period payments and their expected

continuations are linked ("the optimal long-term contract with full commitment

exhibits memory"); speci�cally, payments covary positively (i.e., a high output

in the �rst period is rewarded not only in that period, but also in t = 2).

Intuitively, P spreads the rewards intertemporally; he does not want to give

all rewards (necessary to induce e¤ort) in period t = 1, but prefers to smooth

the burden of the incentive compatibility constraint (to induce e¤ort) between

today and tomorrow.

In the �shery problem, further identi�cation of the exact link between �rst

and second period payments requires the calculation of the derivative V 02 . This

derivative, under the structure imposed on this problem28 , is the di¤erence be-

tween the second period maximum value functions V2 referring to two "adjacent"

levels of stock (for F�;�1i+1;2 � F1��;�1i;2):

V 02(�
A;N:C
2 (F�;�1i;2)) = V2(�

A;N:C
2 (F�;�1i+1;2))� V2(�

A;N:C
2 (F�;�1i;2))

V 02(�
A;N:C
2 (F1��;�1i;2)) = V2(�

A;N:C
2 (F�;�1i;2))� V2(�

A;N:C
2 (F1��;�1i;2))

for any �1i (including 0).

28 I.e., when A�s e¤ort is a discrete variable 0 = �t1 < �t2 < ::: < �ti < ::: < �tn = �t,
and when every level of observed output RP�;t (except in two cases) is derived by two adjacent
levels of e¤ort, say �1i and �1i+1.
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Further simpli�cation of this di¤erence (and thus, further insights on the

structure between �rst and second period payments) is possible only after con-

sidering speci�c functional relationships for the �shing pro�t functions.

The Principal, based on the two sets of First Order conditions in the dynamic

problem, estimates, for every possible level of e¤ort �1i, his (intertemporal)

maximum value function. Finally, he compares all his expected payo¤s, and

o¤ers the contract that gives him the highest value. This is the optimal dynamic

contract, denoted by w�1(R
P
�;��1 ) =

n
w�1(R

P
1��;��1

); w�1(R
P
�;��1

)
o
, �A;N:C2 (F�;��1 ;2)

and �A;N:C2 (F1��;��1 ;2).

A �nal note, for both models (dynamic and static), is necessary. Implicit in

the above analysis is the assumption that the contracts are court-enforceable.

This means that RP�;�t is not only observable, but also veri�able by an outside

arbiter (whose role is to impose severe penalties to any country that makes

a di¤erent representation for RP�;�t than its true realized value). The court-

enforceable assumption implies that neither Country A nor P can renege.
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3 Calibration to the Western Atlantic Blue�n

Tuna (WABFT)

The Atlantic Blue�n Tuna (Thunnus thynnus) is a highly migratory stock found

in the Western Atlantic, Eastern Atlantic, and the Mediterranean Sea. The In-

ternational Commission for the Conservation of the Atlantic Tunas (ICCAT)

has been managing blue�n tuna in two groups, since 1982: the Eastern At-

lantic/Mediterranean stock, and the Western Atlantic stock. These groups are

separated by the 45 degrees West Meridian (Figure 3); and the Western Atlantic

population is considerably smaller than the Eastern Atlantic/Mediterranean

one. This paper focuses on the Western Atlantic, because this management

unit �ts into the sequential �shery setting of Section 2.1.

The WABFT �shery has three main players29 , all members of ICCAT: US,

Canada, and Japan (the �rst two are Coastal States; the latter is a Distant Wa-

ter Fishing Nation). Historically, intense �shing by these countries has reduced

the abundance of the stock; as a result, the U.S., Canadian, and Japanese �sh-

eries have been subject to strict quotas. Quotas are set by ICCAT, every 2 years,

after a considerable amount of debate. ICCAT�s decisions become e¤ective 6

months after formal submission to all contracting parties.

In 1998, due to the over�shed status of the stock, ICCAT initiated a 20-

year Western Atlantic Rebuilding Plan. The annual Total Allowable Catch was

initially set at 2500 metric tons; this number has been adjusted periodically,

and dropped to 1750 metric tons for 2011 and 2012. Figure 4 shows how total

quotas and catches have varied in the Western Atlantic from 1982 to 200. Total

catches reduced signi�cantly during 2003-2008, due to the inability of the US

to fully land her quota those years.

29There are three other smaller players: UK (in respect of Bermuda), France (in respect of
St. Pierre et Miquelon), and Mexico.
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In the US, catches reached their highest level (since 1979) in 2002. Shortly

after, the US started experiencing a reduction in catches. The annual declines in

catches, during the period 2004-2008, account for up to a 65% shortfall compared

to the annual quotas set by ICCAT. In 2009, the US was able to fully utilize its

quota; in 2010, however, this was not possible.

Since the US started experiencing signi�cant reductions in her catches, US

�shers were concerned that ICCAT, in one of its future meetings, may decide

to transfer any un�lled US quota portion to another country (Canada, Japan,

or one of the smaller players). Indeed, in 2010, ICCAT�s allocation scheme for

national quotas was slightly revised (ICCAT (2010b)).

One hypothesis the scienti�c community has put forward in order to explain

the US�s shortfalls, is that a portion of the US stock may have shifted to northern

locations (McAllister et al. (2008)).

I argue that a policy the US may want to consider, such that she does not

permanently lose (in one of ICCAT�s future meetings) the un�lled portion of

her quota, is a transfer to Canada. A conditional quota transfer from the US to

Canada would allow the latter to exploit any extra stock he may receive from

the US, i.e., any stock beyond his ICCAT share; in the same time, the US would

be compensated (from Canada) for giving up some of her right to harvest the

stock, in the event that she was not able to fully utilize her quota. Without

such a contractual agreement, Canada, who typically abides by ICCAT�s rules,

would have to leave the extra stock unharvested; the stock would end up in

international waters. To sum up, it is in the interest of both Coastal States

(US and Canada) to jointly exploit this stock, before Japan extracts it in in-

ternational waters (or before ICCAT assigns an even higher quota share to one

of the smaller players in the �shery). The US �shers have also expressed their

objections to the prospect of having Japan harvesting this stock: "it would be
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better for the stock if the quota was caught by us, than by vessels from less

restrictive parties" (US Federal Register (2009), p. 26112).

The use of a quota transfer, as a policy alternative to supplement existing

regulations, is already permitted by ICCAT. As of 2004, country members are

allowed to transfer up to 15% of their national quotas (ICCAT (2004)) (higher

percentages are allowed for smaller players). Transfers are time transactions

within a given �shing year; countries cannot retransfer quotas they receive; and

transfers cannot be used to cover overharvests.

Indeed, in 2006 and 2007, the US transferred 50 metric tones, each time,

to Canada. Despite the fact that US regulations (US Federal Register (2009),

p. 26112) require that the potential bene�ts of a quota transfer should be

evaluated (among other things) before the transfer takes place, the amount of

compensation the US �shers received, in the above two instances, was zero.

Therefore, performing a calibration exercise of the theoretical framework for

side payments in the case of Western Atlantic Blue�n Tuna �shery, may provide

policy makers with a rough estimate for the amount of compensation Canada

should provide to the US.

Table 1 provides a summary of the parameters and functional relationships

used for the calibration.

The parameters and functional relationships of Table 1 are substituted into

the static maximization problem of Section 2.3.1. The results of the calibration

are reported in Tables 2-10. These results are obtained with Mathematica 7 30 ,

for di¤erent combinations of the countries� empirical �shing pro�t functions,

i.e., for di¤erent combinations of speci�cations K1-K731 .

The third column of each Table gives the amount of compensation for the

levels of the observable output (i.e., Canada�s recruitment), when regulatory

30 In order to solve the problem in Mathematica, a linear transformation of the inequality
constraints is �rst required.
31Speci�cation 8, in Table 1, is very similar to Speci�cation 7; therefore, ignored.
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e¤ort is exerted by the Agent (i.e., the US). In the simplest setting of the

theoretical model, adopted also in the calibration, the Agent chooses between

two levels of e¤ort (low �1, or high �2); and the Principal observes, for each of

these e¤ort levels, one out of three possible levels of output (low, medium, or

high). Therefore, the upper half part of Tables 2-10 refers to the solutions of

the problem in which the Principal induces low e¤ort from the Agent; the lower

half, to the solutions of the problem with high e¤ort. The Principal�s expected

payo¤s (for both problems) are given in the last column of each Table.

When speci�cation K5 is used to describe Canada�s �shing pro�t function

(see Tables 2-4), compensation in the low e¤ort problem (�1) is non-decreasing

in output, regardless of the speci�cation used for the US�s pro�t function (K1,

K2, or K3). Nevertheless, compensation in the high e¤ort problem (�2) takes

an unexpectedly high value for the low output (and it is non decreasing in the

medium and high output). The Principal, however, expects the low output not

to be realized when the Agent takes a high e¤ort (�2); therefore, compensation

for the low output should not be larger than that for the medium and high

output.

A similar pattern, i.e., an unexpected compensation value is assigned to one

of the outputs, arises also in the low e¤ort problem (�1), once the speci�cation

for Canada�s �shing pro�ts is K6 (see Tables 5-7), or K7 (see Tables 8-10). The

solutions, in the low e¤ort problem of Tables 5-10, assign a lower compensation

value to the high output than to the other two outputs; the Principal, however,

does not expect the high level of output to be realized when the Agent takes

the low e¤ort (�1).

A comparison of Tables 3, 6 and 8, in which Canada�s speci�cation varies

(K5, K6, K7), and the US�s speci�cation is constant (K2), reveals that in the low

e¤ort problem (�1), compensation for the low and medium outputs32 is almost

32The high output is ignored, for it gets an unexpected compensation value.
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the same in Tables 3 and 6 (236, or 235); but di¤ers in Table 8 (215). This

is not a surprise, because speci�cations K5 and K6 are constructed based on

similar CPUE-Biomass relationships; speci�cation K7, however, used a di¤erent

biomass index. Similarly, in the high e¤ort problem (�2), a comparison of Tables

3, 6 and 8, shows that compensation for the medium and high outputs33 is

approximately the same in Tables 3 and 6 (5.28 million, or 5.34 million), and

drops (at 4.8 million) in Table 8. These numerical values seem to be reasonable:

the US foregoes, by exerting e¤ort, approximately 230 metric tons; had she

harvested this amount, her �shing revenues would have been $4.6 million.

The results from all speci�cations are qualitatively similar in terms of the

maximum value function (last column of Tables 2-10): a higher expected payo¤

is calculated in the low (�1), than the high (�2) e¤ort problem. The opposite

result would have provided a better justi�cation to the theory.

A point that deserves attention in using the calibration method (in this

theory) is the Incentive Compatibility and Individual Rationality constraints:

if the empirical constraints do not re�ect the real situation, then they create

unreasonable solutions; the results of the calibration are not realistic.

In this empirical exercise, harvest (production) functions were not properly

estimated; the disutility of e¤ort (c(�i)) and the US�s non-cooperative �shing

pro�ts �A;N:C:(Ft) were chosen with a great degree of arbitrariness (no infor-

mation regarding the cost of implementing regulations in the blue�n tuna �sh-

ery was available; the foregone �shing pro�ts were based on my choice of the

countries�non-cooperative harvest levels). Finally, the value of the Principal�s

expected payo¤s is largely determined by his �shing pro�t function. Construct-

ing �shing pro�t functions, for either country, however, involved a signi�cant

amount of guesswork (in essence, bringing together di¤erent sources of informa-

tion to construct CPUE-Biomass relationships).

33The low output is now ignored, for it gets an unexpected compensation value.
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Overall, the empirical calibration is subject to the usual data limitations

and functional speci�cation errors. It is my belief that changing the empirical

relationships will change some of the quantitative and qualitative results. To my

mind, the purpose of a calibration is to consider the assumptions and limitations

of a proposed theoretical model when trying to project it to a real world setting;

and also, to raise a main policy issue (i.e., the use of side payments in the blue�n

tuna �shery).
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4 Concluding Remarks

This paper proposes a theoretical framework, in the context of mechanism de-

sign, for modeling �sheries agreements with side payments. It also sets up a

calibration exercise with parameters inspired by the Western Atlantic Blue�n

Tuna �shery.

The theoretical framework examines the extent to which one country (the

Agent) responds (i.e., preserves a shared stock) to side payments o¤ered by

another country (the Principal). First order conditions for the second best

contracts are derived in a static and a dynamic setting. The analogue of the

Martingale Property, taken from the �nance literature, is given in the context

of �sheries.

Though side payments have not received much attention yet, quota trans-

ferring is now a policy alternative in the management of the Paci�c Salmon,

and the Atlantic Tunas. The proposed analysis does not introduce any ex-

tra enforcement costs (i.e., other than those already incurring within Regional

Fisheries Management Organizations), because the Agent�s action remains hid-

den throughout each �shing season. Moreover, policy makers and �shers may

welcome this type of cooperative management more than the practice of weak

reciprocal harvesting; the latter is viewed as a bribery through which foreigners

are granted access into another country�s territory. Instead, compensation here

induces the Agent to harvest less extensively, keeping nonetheless her right to

exclusively operate in her own area.

In the context of the Western Atlantic Blue�n Tuna, the results of the cal-

ibration should be evaluated keeping in mind the data limitations and func-

tional speci�cation errors. Calibrated models are numerical models without a

complete econometric formulation. Empirical values for the components of the

theory were extracted by a number of studies, introducing therefore a signi�-
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cant degree of arbitrariness. Better approximations for the countries�pro�t and

production functions may provide more realistic estimates for the amount of

compensation Canada should provide to the US.
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      Figure 1: The Stochastic Sequential Fishery 
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 Figure 2: Side Payments in the Stochastic Sequential Fishery 
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Figure 3: ICCAT’s Convention Area for Bluefin Tuna (separated in West and East 

Management Area by the 45º West meridian) 

 

 
 

 

Figure 4: Historical Catches of Western Atlantic Bluefin Tuna (ATW) in 

comparison to Total Allowable Catches (TAC) set by ICCAT 

(Source: ICCAT (20010)) 
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Figure 5: CPUE-Biomass Relationships for the US Bluefin Tuna fishery 
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Figure 6: CPUE-Biomass Relationships for the Canadian Bluefin Tuna fishery 
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Table 1: Summary of Parameters and Functional Relationships for the Empirical 

Calibration (US: Agent (A); Canada: Principal (P)) 

 

Component of 

Theory 

Empirical Value for Calibration 

Initial stock 

biomass  
1tF =5940 tons 

A’s recruitment  A

tR , =5940 tons 

A

tR ,1  =5346 tons 

A’s harvest function ),( 1,, t

A

t

A

t Rh  =1200 tons 

),( 1,1,1 t

A

t

A

t Rh   =840 tons 

),( 2,, t

A

t

A

t Rh  =960 tons 

),( 2,1,1 t

A

t

A

t Rh   =660 tons 

A’s fishing profit 

function 
185.44*0042.0

1000**
1000**),(




A

AA

AAAA

R

h
hRh


 K5 specification 

63.62*0028.0

1000**
1000**),(




A

AA

AAAA

R

h
hRh


 K6 specification 

23.27*0009.0

1000**
1000**),(




A

AA

AAAA

R

h
hRh


 K7 specification 

23*0008.0

1000**
1000**),(




A

AA

AAAA

R

h
hRh


 K8 specification 

kg

$
20  

hr

A $
105  

A’s utility Square root function 

A’s disutility )_(*7.0)( profitsforegonec ti   

A’s non cooperative 

fishing profits 
profitsforegoneFt

CNA _)(..,   

Stock’s growth 

function in P’s area 

AA SSg *35.1)(   

P’s harvest function ),( 1,1,1 t

P

t

P

t Rh   =400 tons 

),( 1,, t

P

t

P

t Rh  =660 tons 

),( 2,1,1 t

P

t

P

t Rh   =660 tons 

),( 2,, t

P

t

P

t Rh  =710 tons 
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P’s fishing profit 

function  
52.512

1000**2717.7*100*
1000**),(




P

PP

PPPP

R

h
hRh


 K1 

specification 

55.285

1000**051.4*100*
1000**),(




P

PP

PPPP

R

h
hRh


 K2 

specification 

1007

1000**2233.5*100*
1000**),(




P

PP

PPPP

R

h
hRh


 K3 

specification 

 

561

1000**9101.2*100*
1000**),(




P

PP

PPPP

R

h
hRh


 K4 

specification 

 

kg

$
20  

hr

P $
90  

Probability of 

random event 

35.01   

Exploitation rate in 

the AHS 

17.0  

Stock’s growth 

function in the AHS 
83.0;257;2.0 0   tLK  
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Table 2: Results of calibration with K5 and K1 Specifications 

 

A’s effort Observable Output Compensation ($) Maximum Value 

Function ($) 

 

Low (
1 ) 

Low  236  

4.96541*10
6 

Medium 236 

High 262 

 

High (
2 ) 

Low  1.81842*10
7
  

1.13173*10
6
 Medium 5.28707*10

6
 

High 5.28666*10
6
 

 

 

Table 3: Results of calibration with K5 and K2 Specifications 

 

A’s effort Observable Output Compensation ($) Maximum Value 

Function ($) 

 

Low (
1 ) 

Low  236  

7.94065*10
6
 Medium 236 

High 262 

 

High ( 2 ) 

Low  1.80627*10
7
  

4.57153*10
6
 Medium 5.28675*10

6
 

High 5.28684*10
6
 

 

 

Table 4: Results of calibration with K5 and K3 Specifications 

 

A’s effort Observable Output Compensation ($) Maximum Value 

Function ($) 

 

Low ( 1 ) 

Low  236  

7.72843*10
6
 Medium 236 

High 262 

 

High ( 2 ) 

Low  1.80303*10
7
  

4.29032*10
6
 Medium 5.28654*10

6
 

High 5.28695*10
6
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Table 5: Results of calibration with K6 and K1 Specifications 

 

A’s effort Observable Output Compensation ($) Maximum Value 

Function ($) 

 

Low (
1 ) 

Low  235  

4.96541*10
6
 Medium 235 

High 157 

 

High (
2 ) 

Low  2.04142*10
7
  

1.07383*10
6
 Medium 5.3447*10

6
 

High 5.3447*10
6
 

 

 

Table 6: Results of calibration with K6 and K2 Specifications 

 

A’s effort Observable Output Compensation ($) Maximum Value 

Function ($) 

 

Low (
1 ) 

Low  235  

7.94065*10
6
 Medium 235 

High 157 

 

High ( 2 ) 

Low  2.03087*10
7
  

4.51364*10
6
 Medium 5.3447*10

6
 

High 5.3447*10
6
 

 

 

Table 7: Results of calibration with K6 and K4 Specifications 

 

A’s effort Observable Output Compensation ($) Maximum Value 

Function ($) 

 

Low ( 1 ) 

Low  235  

9.21353*10
6
 Medium 235 

High 157 

 

High ( 2 ) 

Low  2.04068*10
7
  

5.97662*10
6
 Medium 5.3447*10

6
 

High 5.3447*10
6
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Table 8: Results of calibration with K7 and K2 Specifications 

 

A’s effort Observable Output Compensation ($) Maximum Value 

Function ($) 

 

Low (
1 ) 

Low  215  

7.94067*10
6
 Medium 215 

High 101 

 

High (
2 ) 

Low  1.82376*10
7
  

5.05786*10
6
 Medium 4.80048*10

6
 

High 4.80048*10
6
 

 

 

Table 9: Results of calibration with K7 and K3 Specifications 

 

A’s effort Observable Output Compensation ($) Maximum Value 

Function ($) 

 

Low (
1 ) 

Low  215  

7.72845*10
6
 Medium 215 

High 101 

 

High ( 2 ) 

Low  1.82376*10
7
  

4.77665*10
6
 Medium 4.80046*10

6
 

High 4.8005*10
6
 

 

 

Table 10: Results of calibration with K7 and K4 Specifications 

A’s effort Observable Output Compensation ($) Maximum Value 

Function ($) 

 

Low ( 1 ) 

Low  215  

9.21356*10
6
 Medium 215 

High 101 

 

High ( 2 ) 

Low  1.82775*10
7
  

6.52084*10
6
 Medium 4.80048*10

6
 

High 4.80048*10
6
 

 

 

 

 

 

 

 

 

 

 


