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Abstract

Cooperation can increase the efficiency of commonly—owned renewable resource use. How-
ever, received knowledge is that, absent side payments, cooperative solutions are more
difficult to achieve the less homogenous the agents involved. We revisit this claim by
analyzing how differences in the opportunity costs of resource harvesting affect the scope
for Pareto—improving contracts, where contracting is with respect to the type of tech-
nology used. We find that the scope for cooperation is largest for intermediate levels of

heterogeneity.
JEL classification: C73, Q20.
Key words: shared resource use, dynamic game, heterogeneous agents, contracts.

1 Introduction

Absent cooperation, rates of extraction are suboptimally high if a renewable natural
resource is shared by two users, or more. Achieving cooperation is typically thought to
be more difficult if resource users are heterogeneous, for example with respect to the
efficiency with which they can exploit the resource (cf. Cherry et al. 2005, Gardner et al.
2000, Hannesson 1997, Johnson and Libecap 1982, Ledyard 1995, Munro 1979, Varughese
and Ostrom 2001).

One reason why heterogeneity renders cooperation less likely is that it is not imme-
diately clear what a fair allocation of the ‘gains from cooperation’ entails. Heterogeneity
implies that the direct gains from cooperation are asymmetric and this complicates achiev-

ing Pareto improving solutions, especially if side payments are not feasible. As noted by

*The authors gratefully acknowledge the European Union’s financial support via the Fifth European
Framework’s BIOECON project, and Daan van Soest also thanks the Netherlands Organisation for
Scientific Research for their support as part of the program on ‘Evolution and Behavior’. Furthermore,
we thank Trond Bjgrndal, Timothy Swanson, Franz Wirl and two anonymous referees for useful comments
on an earlier version of this paper. The usual disclaimer applies.

fCorresponding author: Mabel Tidball, LAMETA-INRA, 2 place P.Viala, 34060 Montpellier Cedex
1, France. Tel: +33 49 96 12 245, tidball@supagro.inra.fr.



Johnson and Libecap (1982), heterogeneity may therefore lead to (possibly prohibitively)
high contracting costs. And side payments are often infeasible in practice because of
practical or political constraints (Munro 1979). A second reason regards information and
monitoring costs. The more dissimilar agents are with respect to skills or preferences, the
more difficult it is for each individual user to infer whether their peers effectively adhere
to the agreement, or not.

We contribute to the literature on the relationship between user heterogeneity and
the scope for cooperation by focusing on the role of the choice of harvesting technologies
herein. Technology choice is potentially able to alleviate (or even solve) both problems
cited above —the monitoring problem as well as the problem of those who gain from co-
operation not being able to directly compensate those who lose. Clearly, while extraction
is often difficult to monitor, the type of harvesting technology used is relatively easy to
observe. And because each agent can infer the other agents’ privately optimal extraction
given their harvesting technologies, contracting with respect to the technology type solves
the monitoring problem regarding extraction itself. Second, as different technologies gen-
erate different returns to harvesting effort, technology choice can be an —albeit imperfect—
substitute for side payments.

To analyze to what extent technology choice can foster cooperation and how it interacts
with the degree of heterogeneity among the various resource users, we construct a two—
country dynamic game (in spirit of Benhabib and Radner 1988, Clark 1980, Levhari
and Mirman 1980). In each country there are two industries, agriculture and a resource
sector. Harvesting productivity in the resource sector depends not only on the type of
technology used, but also on the size of the resource stock: the larger it is, the lower the
costs of harvesting an additional unit. The two countries share access to the resource,
and differ only with respect to agricultural productivity - that is with respect to the
instantaneous opportunity costs of resource harvesting.! Absent cooperation, the dynamic
game results in overexploitation of the resource, with both countries selecting the best
available technology and allocating too much labor to resource harvesting. The two

countries involved can potentially increase aggregate payoffs by selecting a less—than—

LObviously, this is just one possible source of heterogeneity. For the consequences of other sources
such as differences in discount rates, see for example Munro (1979), Houba et al. (2000) and Crabbé and
Van Long (1993).



perfect technology, thus accepting a decrease in technical harvesting productivity in order
to increase productivity associated with having larger resource stocks.

We analyze the relationship between user heterogeneity and the scope for signing
mutually beneficial technology contracts by determining the range of Pareto—improving
technology sets as a function of the difference in agricultural productivity.? We find that
this range is largest at intermediate levels of heterogeneity, and hence the relationship
between heterogeneity and the scope for cooperation is humpshaped. The reason is that
for low levels of heterogeneity there is little opportunity for specialization whereas for
high levels of heterogeneity, there is less need for cooperation.?

The setup of the paper is as follows. We describe the model in section 2. In section 3,
we present the solutions of the non—cooperative game and of the socially optimal program,
analyze the design of Pareto—improving contracts and explore the role of heterogeneity

therein. Finally, section 4 concludes. All proofs are available upon request.

2 The model

We consider two countries, referred to with subscripts {7, j} = {1,2}. These countries have
shared access to the same renewable resource (with size R(t) at time t), and are also able
to undertake agriculture. Prices for the agricultural and resource commodities produced
(denoted by P, and P,) are determined in international markets, and are constant over
time. Each country aims to maximize the net present value of the profit flow of agriculture
and resource harvesting. It does so (i) by choosing a harvesting technology 3; from a
range of available technologies (0, 3], and (ii) by deciding how much labor to allocate to
resource harvesting [,;(t), taking into account the other country’s decisions. Regarding

the costs of adopting a harvesting technology, we impose the simplifying assumptions that

2By focusing on the range of Pareto-improving contracts, we do not address the question which
contract will actually be selected. Hence, we ignore bargaining problems (see for example Houba et al.
2000).

3The only paper we are aware of that also finds that heterogeneity does not necessarily complicate
obtaining efficient outcomes is that of Gaspart and Seki (2003). They consider the case where agents differ
with respect to production skills, and where each agent’s social status is an increasing function of his/her
relative output performance. Best response implies that social status considerations tend to induce agents
to mitigate differences in output performance by adjusting effort. Therefore, non—cooperative behavior
may actually result in efficient production levels —but only if skill heterogeneity is not too large. Gaspart
and Seki thus find that there is less need for cooperation if agents are sensitive to relative status. In
contrast, in our paper the non-cooperative solution is only efficient in the trivial case where just one agent
harvests (and the other prefers not to).



all technologies are equally expensive (I3 = I > 0 for all 8 € (0, 5]) and that they can be

discarded at zero cost. Hence, country i’s maximization problem is:

M = x| <16+ [ (Paaa(®) + Prge(0) 1)

subject to
Qai(t) = ilai(t),  qri(t) = BigiRl.i(1), I = li(t) + 14(2) (2)
R(t) = pR(t)(K — R(t)) = gni(t) — qrj(t), R(0) = Ry >> 0. (3)

In objective function (1), ¢; is an indicator function which takes on value 1 if country ¢
decides to adopt a harvesting technology from the range (0, 3], and 0 otherwise. Further-
more, ¢,;(t) and ¢.;(t) are the quantities produced in period ¢ by country i, and ¢ is the
discount rate. In (2), agricultural output is a linear function of labor input [, (t) with
constant marginal productivity «;. The harvest function g,;(¢) is the standard Schaefer
production function. Its arguments are labor input l,;(t) and the resource stock R(t).*
Furthermore, (3; is the so—called catchability coefficient of the harvesting function, and
reflects the share of the fish stock (¢/R) that is harvested per unit of effort employed
per period [,.> If ¢; = 1, 3; > 0 the country is - in principle - able to generate har-
vesting revenues.® Therefore, decisions regarding 3; embody the choice of the harvesting
technology used, and given that it reflects the share harvested, this parameter must be

bounded from above (i.e, 8; € (0,/]). Note that the Schaefer specification implies that

labor’s physical marginal product in harvesting is determined by two factors: the type of

4Note that the Schaefer harvesting function is special as it assumes increasing returns to scale. If both
inputs (I, and R) are doubled, the amount of resource harvested is quadrupled. Indeed, this is a key
characteristic of the Schaefer specification, and well-noted in the fisheries literature. The main reason
why it is often used is its mathematical convenience, but it can be defended on the basis that it captures
search costs. Take the example of a fishery where fish tend to spread evenly over the available waters.
Then, the larger the size of the stock, the higher the fish density and the more fish will be caught per
sweep of the net.

5The parameter can be interpreted in several ways. For example, in the case of a fishery it may reflect
the type of fishing gear used (fishing rods, or nets), the mesh size of the nets used, the number of nets
used simultaneously, the size of the boat used, the average speed of the boat used, etc. Some of these
inputs can be viewed as capital that can be accumulated over time, others not. Specifically including
capital would result in a model with two state variables, which are very difficult to solve. We follow the
bulk of the renewable resource literature and think of § as a harvesting technology (a boat, or a net)
that can be chosen freely and which comes in different sizes with different levels of productivity.

6Clearly, the assumption that all technologies are equally expensive (I = I V 3 € (0,0]) is less
offending in case 3 reflects mesh size (i.e., nets with finer mesh size are not likely to be much more
expensive than nets with larger mesh size) than if it is thought to reflect boat size or speed; cf. footnote
5. Note, however, that our results are even reinforced if we were to assume investment costs to be an
increasing function of technological productivity.



technology chosen (), and the size of the resource stock (R). The last equation in (2) is
the labor time constraint, with [ the labor endowment per period and I,;(¢) the amount
of labor allocated to agriculture.

The dynamics of the resource stock are given by (3), with p the intrinsic growth rate
and K the carrying capacity. Because of their joint impact on the size of the resource
stock, the two countries are tied in a game, where the initial resource stock equals Rj.
The two countries only differ with respect to agricultural productivity, «;, which is an
inherent characteristic of the country’s location (climate, soils, etc.).

The last three assumptions are the following. First, country 1 is assumed to have a
natural advantage with respect to agricultural production relative to country 2; a; > .
Second, each country is able to drive the resource stock to extinction if it adopts the
most efficient harvesting technology 3, and a sufficient condition for this to hold is that
Bl > pK. Third, the costs of purchasing a harvesting technology (I) are sufficiently low
and the initial resource stock (Rjp) is sufficiently large such that harvesting is a profitable

enterprise for both countries involved. Hence, ¢; = 1 for i = {1,2}.

3 Pareto—improving contracts

Our model is very similar to that of Clark (1980), from which we can derive the non—

cooperative solution.

Proposition 1 The Nash equilibrium feedback solution is that both countries adopt the
best harvesting technology (), and the allocation of harvesting effort is as follows:

N I if R(t)> R,

wo={o 5 M Zh 0
L if R(t) > min(Rs, Ry)

DS (6) =9 (p/B)(E —R@)=1Y if R(t)=min(R;, Ry) . (5)
0 if R(t) < min(R3, Ry)

Here, R; is defined as country 4’s privately optimal steady state resource stock,

K0 bk (K0 il 2+ @;P,d ©)
Y4 dp 48P, 4 4p 48P, 28P,p’

and R; is the resource stock at which country i is indifferent between allocating another

unit of labor to resource harvesting or to agriculture - given that it is tied in a non-—



cooperative game with country j:
= Odipa
R, = —=—. (7)
3P,

In other words, R; is the level of the resource stock where country i’s marginal benefits of

labor allocated to agriculture (o;P,) are equal to the instantaneous (or gross-) marginal
benefits of resource harvesting (P.3R, that is ignoring the user cost of harvesting).

To investigate whether contracts can be designed that are Pareto-improving compared
to the non—cooperative outcome, we first identify the solution which maximizes joint

profits.

Proposition 2 The program that maximizes aggregate payoffs consists of both countries
adopting the best technology (3, and allocating labor as follows:

s [ if R(t)>
n (t>_{ 0 if Rt)<R’ ®)

if R(t) > R}
p/B) (K —Rs) =l if R(t)=R; , (9)
if R(t) < R}

75 (t) =

O

where R (I% > Ry) is defined as the stock level at which country 1’s marginal benefits of

agriculture equal the net marginal benefits of resource harvesting.”

Comparing Propositions 1 and 2, both the Nash equilibrium feedback solution and
the socially optimal harvesting program imply each country selecting the best technology,
(. Also, the allocation of labor over agriculture and harvesting is identical with and
without cooperation in the early periods, but not in the later periods.® Contracting with
respect to the allocation of labor is typically difficult because of imperfect observability,
and therefore we focus on the case in which countries can contract with respect to the

harvesting technologies used. From (8) and (9) we know the following:

"Given (i) ¢1 = ¢2 = 1 and (ii) f1 = B2 = [, the current-value Hamiltonian of the in-
tertemporal harvesting decision reads as H = P,aq [[— l,«l} + PRIl + Pias [Z— l,«g] + P.3Rlo +
A [pR(K — R) — BR(ly1 + l;2)] , where X is the shadow price of the resource stock. Then, R is implicitly
defined by 0H /9l = 0, that is by P,aq = (P. — A) GR.

8Note that we impose the assumption about the initial abundance of the resource (given I) to rule out
situations where there is no conflict of interests. One example of such a case would be the one in which
both Ry and R} are strictly below R;. Here, country 1 never undertakes any harvesting and country 2
either harvests (if Ry < Ry < R;) or does not harvest (if Ry < R < R;), but the resource always ends
up in the same steady state, R5. This would actually be socially optimal; private and social objectives
coincide. To rule out such cases, we assume that the resource is sufficiently large initially. A sufficient
condition is that Ry > R, so that R(t) < Rg for all t > 0.



Proposition 3 The contract that maximizes aggregate payoffs is given by:

(B if RtH)>R
ﬁl_{o if Rt)<R’ (10)
By= B forall 0<R() . (11)

In words, country 2 should always harvest using technology 3, whereas country 1 should
discard it when the resource stock is depleted down to R. This contract is obviously
both incentive-compatible and payoff-enhancing for country 2, but it is not for country
1. Indeed, if Ry > R}, country 2’s best response function as described by Clark (see
Proposition 1 above) coincides with the way in which country 2 should employ its labor
in order to maximize aggregate payoffs. And if R, < Rj, country 2 can credibly commit
to continue allocating [ to resource harvesting in case country 1 reneges on the contract.’
But country 1 is not willing to sign this contract. To maximize aggregate payoffs, it should
cease harvesting at a level of the resource stock (R) where the instantaneous (or gross-)
marginal benefits of harvesting exceed its marginal benefits of agriculture (as R > Ry).
Hence, absent side payments, country 1’s discounted payoff falls if it abides with the
contract that maximizes joint payoffs.

Let us therefore consider whether country 2 can induce country 1 to sign a Pareto-
improving contract. Given that both countries select 3 in the Nash equilibrium, we can
state that aggregate payoffs increase if 8 = By = 3 — ¢ (¢ > 0), substituting natural
resource productivity (larger R) for technical productivity (higher ). But contracts spec-
ifying the adoption of equally inefficient technologies by the two countries involved are not
necessarily Pareto-improving. For country 1, the use of an inefficient technology implies
lower harvesting productivity which is not likely to be compensated by the productivity
increase associated with higher resource stocks at every point in time along the deple-
tion path. Country 2, on the other hand, benefits from larger resource stocks not only
during the transition phase, but also in the long run. Therefore, perhaps surprisingly, if
side payments are not feasible, the only way in which the low opportunity cost country
can induce the high opportunity cost country to sign a Pareto—improving contract is by

selecting an even more inefficient technology than does the high opportunity cost country.

9Hence if country 2 uses a trigger strategy it is incentive—compatible and credible; cf. Haméalsinen et
al. (1984) or Laukkanen (2003).



Let us use (Bl, Bg) to denote sets of technologies specified in Pareto—improving con-
tracts. Absent side payments, country 1 is only willing to sign the contract if 8, < 3.
By limiting its own harvesting potential, country 2 allows country 1 to benefit from lower
search costs (due to larger resource stocks) during the transition phase. But country 2 is
only willing to sign the contract if 3, < j3; if not, aggregate payoff does not increase and
country 2 would necessarily lose. Hence, Pareto-improving contracts are characterized by
combinations of technologies such that By < By < .

Obviously, private payoffs of country 1 (2) increases if s (ﬁNl) falls. Hence we can
determine the scope for Pareto-improving contracts by determining the combination of
(1 and (5 that maximizes country i’s payoff subject to the constraint that the other
country is indifferent between signing that contract, or not.'* Let us use (5¢, 3), i = 1,2,
to denote the sets of technologies chosen by an own—payoff maximizing country ¢ when it

has the right to propose a contract. That means that (ﬂN{, B;) is the solution of

maXHi(ﬂl,Bg) s.t. (12)

81,82

Hj(ﬁl:ﬁQ) = Hj'vaSh' (13)
In figure 1, we depict the combinations of 3¢ and (i (i = 1,2) as a function of

heterogeneity (a; — ag). We find that independent of which country can draft the proposed
contract (i = 1 or 2), the Pareto-improving technology level of the high opportunity cost
country (country 1), B{, is close to the maximum technology level for both low and high
levels of heterogeneity, and is lowest for intermediate levels of heterogeneity. The intuition

behind these results is as follows.

For low levels of heterogeneity, the two countries are too similar for country 2 to specify
a contract with B, much smaller than 3;; its own payoff would fall. Because 35 cannot
be much lower than (i, country 2 is not able to provide much compensation along the

depletion path to induce country 1 to select a sufficiently inefficient technology. Hence,

10Country 1’s commitment to using 51 < £ is not time-consistent unless the discounted flow of benefits
of switching from 51 to § fall short of the investment costs (I) associated with this switch —taking into
account that country 2 can credibly commit to its trigger strategy. We assume that this is the case as
designing a time-consistent contract complicates the analysis without adding additional insights. For a
proper analysis of the importance of switching costs, see Nostbakken (2006). An alternative solution
to the potential time-inconsistency problem would be to assume that countries can adopt a harvesting
technology just once.



100

Figure 1: Combinations of technologies (B{, B;) that maximize country i’s payoff such
that the other country’s payoff does not fall, as a function of heterogeneity (a; — ).
Parameter values: oo = 5, 3 = 20, § = 0.05, K = 100, p = 0.03, R, = 100, P, = 100,
P.=10,and [ = 1.

Bl cannot be too low. That means that, whichever country has the right to draw up
the contract (country 1 or 2), the technologies specified in the contract are close to 3.
Therefore, the net gain associated with signing the contracts are small.

For very high levels of heterogeneity, the possibilities for gains via cooperation are also
limited, as the costs of non—cooperation are smaller. The higher a;, the shorter the time
period in which country 1 engages in resource harvesting (as R; is then larger). Obviously,
if a; is such that country 1 does not harvest at all (not even in period 1, and a sufficient
condition for this is that a; > 3P, Ry/P,; see (7)), it does not pay for country 2 to choose
an inefficient technology (i.e., By = ). For slightly lower levels of a;, country 2 can gain
from country 1 choosing a less than efficient technology, but only a little. Therefore, it is
willing to accept only a very small difference in technological efficiency levels, and hence
(1 should be close to the maximum efficiency level. Again, that means that, whichever
country has the right to draw up the contract (country 1 or 2), it can not gain much from

that contract.'!

"Note that for oy —ap < 30, country 2 assigns itself an even more inferior technology than what would
be assigned by country 1; that is, 33 < 5’% This may seem surprising, but it can be explained by noting
that 5’% << 5’% In words, if country 2 has the right to make a proposal, it assigns country 1 a technology
which is very much inferior to what that country would assign itself —if it had the right to draw up the
contract. The only way country 2 can get away with this is by assigning itself an even worse technology,



We can now establish the scope for Pareto-improving contracts by plotting the differ-
ence between ﬁle and BJQ, j =1,2; see figure 2. Picking any technology level 3, € (32, 31)
or 3, € (321, B%), we can find a (3, or (; that increases private payoffs of both countries

involved, and the range is largest for intermediate levels of heterogeneity.

100

Figure 2: Ranges of technologies for countries 1 and 2 that are Pareto-improving. Param-
eter values: see figure 1.

4 Conclusions

Absent property rights, rates of exploitation are suboptimally high if a resource is shared
by several countries. Cooperation can enhance aggregate payoffs but previous research
suggests that, unless side payments are feasible, cooperation may be difficult to achieve
when the countries involved differ with respect to important characteristics such as the
(opportunity) costs of resource harvesting. The reason is that socially optimal contracts
are generally not Pareto—-improving if agents are heterogeneous.

In this paper, we revisit the claim that, absent side payments, achieving cooperation
is more difficult the more heterogeneous the resource users are. If side payments are

not feasible, the only means countries have to achieve cooperation is by establishing

so that country 1 is at least as well off with the contract as without.

10



Pareto-improving contracts with respect to easily observable decision variables, such as
technology choice. In our two—country linear dynamic game, efficiency of resource use can
be increased by contracting on a relatively inefficient technology. Harvesting productivity
is a function of technological efficiency as well as of the size of the resource stock, and
hence the adoption of relatively inefficient harvesting technologies can improve aggregate
payoffs because they result in larger resource stocks. Each country can only induce the
other country to adopt a relatively inefficient technology (that increases aggregate payoffs)
if it adopts a relatively inefficient technology itself.

The scope for Pareto—improving contracts is limited, though, for both low and high
levels of heterogeneity. When countries are fairly similar, the low opportunity cost country
cannot afford to have a much less efficient technology than its counterpart, and hence is
not able to compensate the high opportunity cost country for the adoption of a sufficiently
inefficient technology. Alternatively, when countries are very dissimilar to start with, there
is less necessity for the low opportunity cost country to select a technology that is much
more inferior than that of its counterpart. The more dissimilar the countries involved, the
smaller is the time period where the high opportunity cost country is involved in resource
harvesting, and hence the smaller the scope for Pareto-improving contracts.

In summary, we find that the range of Pareto—improving technology sets is a hump-
shaped function of the difference in agricultural productivity. Hence we find that the

scope for cooperation is largest for intermediate levels of heterogeneity.

11
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