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SUMMARY

The amount of cooperation needed to improve the welfare of signatories of
International Environmental Agreements (IEAS), in the presence of market
imperfections, depends on the characteristics of pollution. In a dynamic
model, the conventional wisdom on the effect of free-riding needs to be
modified for certain types of pollution problems. For local pollution
problems, a sufficient level of free-riding actually promotes signatories'
welfare. For global pollution problems, the conventional wisdom is correct
insofar as free-riding makes it more difficult to form a successful IEA.
However, for some global pollution problems, free-riding may disappear.
A static model may overstate or understate the difficulty of forming a
successful IEA. The effect of an IEA is sensitive to differences between the
duration of the IEA and agents' planning horizon.

Keywords: International environmental agreements, Environmental
stocks, Dynamics, Free-riding.

JEL: F12, F42, Q28



NON TECHNICAL SUMMARY

Most environmental problems involve stocks, such as greenhouse gasses
or top-soil, which change slowly over time. The existence of these stocks
means that policy changes have different effects in the short and the long
run. The welfare effects of International Environmental Agreements
(IEASs), and therefore the incentives to join these agreements, depend on
the dynamics of the environment. We use a simple dynamic model to
study the links between dynamics, the characteristics of pollution, and the
role of international agreements.

To analyze the welfare effect of an IEA we need to determine how an
agent's welfare depends on a rival's action, and how non-members react to
the members' reduction in emissions. According to conventional wisdom,
the incentive to free-ride makes it difficult to form IEAs, and international
trade makes the problem worse. These beliefs are based on the observation
that pollution abatement by IEA members increases their costs in
pollution-intensive industries. This increase shifts comparative advantage
in these industries towards non-member countries, increasing output and
pollution there. Thus, international trade helps non-member countries earn
higher returns by free-riding on the virtuous behavior of nations that sign
IEAs. In this situation, a non-member’s free riding increases the members'
cost of adhering to the IEA. This description is based on a static model.
We study a two-period trade model where current production affects
future costs via the pollution stock. The domestic pollution stock depends
on rivals' as well as own-production, except when pollution is purely local.
In this dynamic model, free-riding harms members in the current period
but may benefit them in the future, by increasing their future cost
advantage. When the future is important, free-riding may contribute to
the success rather than the downfall of IEAs with limited membership.
More stringent environmental standards in the current period can give
member nations a relative cost advantage in the future, even when it
causes them a cost disadvantage in the current period. Members' future
cost advantage can more than offset the temporary competitive
disadvantage resulting from adherence to the IEA.

The members' future cost advantage is strongest where the pollution
damage is local. Thus, the possibility that IEA members actually benefit
from non-members' free-riding seems especially relevant to the discussion
of environmental reform in agricultural sectors. For example, coffee
production is concentrated in several Latin American and African
countries which may have market power.



Coffee production causes local environmental damage, which countries
have been reluctant to control because of the perceived danger of losing
market share. This reluctance has led to calls for international policy
coordination, and possibly the creation of International Commodity-
Related Environmental Agreements (ICREAs). Our model suggests that
free-riding may not be a significant problem in such a circumstance.

For fairly global pollution problems such as global warming, if free-riding
occurs, it harms members. Here, the conventional wisdom is correct. In
this case, non-member current production, and hence pollution, strongly
affects the members' future cost. Members are then unable to gain a
sufficient future cost advantage to compensate for their current loss of
profits due to under-cutting by non-members.

Howvever, if global pollution has a large effect on production costs, actions
are strategic complements: free-riding does not occur. In other words non-
members decrease current emissions in response the IEA members'
decrease. Their reason for doing so is that the members' decrease in
current emissions reduces the non-members' production costs in the
future. This reduction makes non-members' future production relatively
more attractive than current production. The non-members then shift
production to the future, decreasing current emissions.

Even when free-riding does occur and also harms IEA members,
consideration of future effects may decrease the amount of cooperation
needed for a successful IEA. This possibility is more likely when the
environmental problem is quite global. The explanation once again is
simply that members' current reduction of emissions decreases future
costs for all countries, making it more attractive for them to shift
production to the future, and therefore to protect the current
environmental stock.
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Non-Technica Summary

M ost environmentd problemsinvolve stocks, such asgreenhouse gassesor top-soil, which change
dowly over time. The existence of these stocks meansthat policy changes have different effectsin the
short and thelong run. The welfare effects of International Environmental Agreements (IEAS), and
therefore the incentives to join these agreements, depend on the dynamics of the environment. Weusea
smple dynamic mode to study the links between dynamics, the characterigtics of pollution, and the role
of international agreements.

Toandyzethewdfare effect of an IEA we need to determine how an agent'swelfare dependson a
rival's action, and how non-members react to the members reduction in emissions. According to
conventiona wisdom, the incentive to free-ride makes it difficult to form IEAS, and international trade
makesthe problemworse. These beliefsare based on the observation that pollution abatement by IEA members
increases their costs in pollution-intensive industries. This increase shifts comparative advantage in
theseindustriestowards non-member countries, increasing output and pollution there. Thus, internationa
trade helps non-member countries earn higher returns by free-riding on the virtuous behavior of nations
that gn IEAs. In this Stuation, a non-member's free riding increases the members' cost of adhering to
the IEA. Thisdescription isbased on a static model.

Westudy atwo-period trade model where current production affectsfuture costsviathe pollution
stock. The domestic pollution stock dependsonrivas aswell as own-production, except when pollution
ispurely locd. In thisdynamic modd, free-riding harms membersin the current period but may benefit
them in the future, by increasing their future cost advantage. When the future is important, free-riding
may contribute to the success rather than the downfal of IEAswith limited membership. More stringent
environmental standardsin the current period can give member nations a relative cost advantage in the
future, evenwhenit causesthemacost disadvantagein the current period. Members future cost advantage
can more than offset the temporary competitive disadvantage resulting from adherence to the |EA.

The members future cost advantage is strongest where the pollution damageisloca. Thus, the
possibility that IEA members actudly benefit from non-members free-riding seems especidy reevant to
the discussion of environmental reform in agricultural sectors. For example, coffee production is
concentrated in severd Latin American and African countries which may have market power. Coffee
production causes|ocd environmenta damage, which countries have been reluctant to control because of
the percaived danger of losing market share. This reluctance has led to calls for international policy
coordination, and possibly the creation of International Commodity-Related Environmental Agreements
(ICREAS). Our model suggests that free-riding may not be a significant problem in such a circumstance.

For fairly global pollution problems such as globa warming, if free-riding occurs, it harms
membears Here, the conventiond wisdomiscorrect. Inthis case, non-member current production, and hence
pollution, strongly affects the members future cost. Members are then unable to gain a sufficient future
cost advantage to compensate for their current loss of profits due to under-cutting by non-members.

However, if global pollution has a large effect on production costs, actions are strategic
complements: free-riding does not occur. In other words non-members decrease current emmisions in
response the IEA members decrease. Their reason for doing so isthat the members decrease in current
emmisonsreducesthenon-members production costsin the future. Thisreduction makes non-members
future production relatively more attractive than current production. The non-members then shift
production to the future, decreasing current emmisions.

Evenwhenfree-riding doesoccur and alsoharms| EA members, cons deration of futureeffectsmay



decrease the amount of cooperation needed for asuccessful IEA. Thispossibility ismore likely when the
environmental problem is quite global. The explanation once again is smply that members' current
reduction of emissions decreases future costs for all countries, making it more attractive for them to
shift production to the future, and therefore to protect the current environmental stock.
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1. Introduction

Most environmenta problemsinvolve stocks, such as greenhouse gasses or top-soil, which change dowly
over time. The existence of these stocks means that policy changes have different effectsin the short and
thelong run. Thewedfare effects of Internationa Environmenta Agreements (IEAS), and therefore the
incentivesto join these agreements, depend on thedynamics of the environment. Most sudiesof IEAsuse
static models or complicated dynamic models that require numerical solutions. Both approaches are
vauable, but neither shows clearly the links between dynamics, the characteristics of pollution, and the
role of international agreements. We use a smple dynamic model to study these links.

According to conventiona wisdom, theincentiveto free-ride makesit difficult to form IEAs, and
international trade makes the problem worse. These beliefs are based on the observation that pollution
abatement by IEA membersincreasesther cogtsin pollution-intensive industries. This increase shifts
comparativeadvantagein theseindustries towards non-member countries, increasing output and pollution
there. Thus, internationd trade helps non-member countries earn higher returns by free-riding on the
virtuous behavior of nationsthat Ssgn IEAs. In this Situation, a non-member's free riding increases the
members cost of adhering to the IEA.

We examine the relation between the characteristics of pollution and the amount of cooperation
neededtoimprovethewdfareof |EA sgnatories. Thismodel showsthat the conventional wisdom onfree-
riding isincorrect for certain types of pollution problems. There are circumstances where actions that
appear to be free-riding improve welfare of IEA sgnatories. In this case, free-riding may make it easier
toforman IEA. In other Stuations, where free-riding would harm members, non-members may have no
incentive to free-ride.

The source of the dynamicsin our model isthat current actions harm the environment, increasing
future production costs. Many current production practices degrade the resource base that is vital for
future productivity. Flood irrigation, intensive chemical use and other farming techniques degrade the
quality of the top-soil. Over-harvesting of forests can cause soil erosion and flooding. Industrial
emissions pollute water and cause acid rain. CFC products harm the ozone layer, increasing ultra-viol et
radiation exposure. Burning of foss fuelsis acause of globa warming. These production practices may

lead to higher future production costs. For example, alower quality of top-soil requires increased use



of fertilizer, and globa warming may imposelarge costs on agriculture due to changesin westher patterns.

Countries have attempted to form IEAsto ded with some transnationd environmentd problems, eg.
for the management of fisheries, river basins, wildlife, and atmosphere (Barrett, 1991; Enders and Porges,
1992; Blackhurst and Subramanian, 1992). Inmost agreementscooperationislimitedinat least threeways.
Firgt, some nationsthat contributeto the environmenta damagedo not jointhe |EA. Second, the god s of
|EAS are often quite modest, involving relatively small departures from voluntary levels. Finaly,
cooperation may eventually end, or the start of cooperation may be delayed. Either thereis apossibility
that the agreement will fall apart or be weakened, or the negotiation phase takes years, during which time
countries are free to choose their own environmental policies. In either case, the duration of the
agreement and the planning horizon are different.

Thefirgt assumed limitation, i.e., that only a subset of potential members joinsthe IEA, isan
obvious reflection of historica experience. The second and third assumed limitations, i.e. that the goals
are modest and that the duration of the agreement and the agents planning horizon differ, are potentialy
controversial.

Inthe absence of an |EA, we assumethat every nation takes other nations environmenta policy as
given and chooses its optimal policy. The outcome is thus a non-cooperative Nash equilibrium of a
smultaneousmovegame. Indescribingthel EA as"modest”, wemeanthat theagreement requiresmembers
to make small reductionsin the amount of environmental damagethat they cause. Theequilibriumwith an
agreement is a perturbation of the noncooperative Nash equilibrium that occurs in the absence of an
agreement. We explain why we adopt this method of analyzing IEAs in the next section.

Thethird assumed limitation of the |EA isthat the duration of the agreement and agents planning
horizon aredifferent. When agentshave atwo-period horizon, asin our model, this assumption meansthat
either the agreement comes into effect in the first period but vanishes in the second (the IEA is
temporary), or that it isin effect only in the second period (the IEA is delayed). We consider both
possibilities, but focus on the former type of IEA. There are two interpretations of the temporary IEA.
One interpretation is that agents think that the agreement will literally fall apart. For example,
governments may be able to restrain pollution for a short time, while public attention is focused on

environmenta problems. Over time, however, their collective backbone and the agreement may atrophy.



Another interpretation, which would require only minor changesin our andyss, isthat agents expect that
the requirements of the IEA will not be binding in the future, possibly becauise of exogenous changesin
information or technology. Murdoch et d (1997) explain how the degreeto which an IEA ishinding changes
over time. The second scenario, in which the agreement comesinto effect only in the second period, can
be motivated if there are costs that cause a delay in successful negotiations. Historically, IEAs have
required substantial time to negotiate.®> For both types of IEAS, governments with rational expectations
correctly anticipate the future.

Wehold the second two types of limitationsfixed, and alow the number of membersof the |[EA to
vary. Our objectiveisto understand how characterigtics of the pollution problem determine the fraction
of countries necessary to make an agreement successful. A "successful” agreement is one which raises
ggnatories welfare. We consder three characteristics of the pollution problem. The first is the extent
to which current production affects future costs via the accumulation of pollution stocks. The second is
the degree of myopiaamong the decison makers. Since environmenta externditiesare largdly felt inthe
future, the rate of discount affects both the amount of pollution in an equilibrium without an agreement,
and the welfare effects of an agreement. The third environmenta characteristic is the extent to which the
problem islocal or global.

There is a large literature on the interaction of trade and the environment and on limited
cooperation in environmental agreements. (In addition to the literature aready cited, see Dean 1992 for
asurvey, and Black et d, 1993; Bohm, 1993; Carraro and Siniscalo, 1993; Hed, 1994; Hod, 1994, 1997; and
Karp and Sacheti, 1996). Our paper isaso related to the strategic trade literature (Brander and Spencer,
1985) and the application of strategic trade to an environmental setting (Barrett, 1994b; A. Ulph, 1994;
D. Ulph, 1994). Since these papers use static modds, they cannot examine how the outcome of limited
cooperation depends on the importance of the future.

Inorder to analyze thewelfare effect of an |EA we need to ask how an agent'swelfare dependson

arivd's action, and how non-members react to the members reduction in emissions. The conventional

% For example, one of the ostensible reasons for the US's reluctance to enter negotiations for aglobal
agreement on forestsis that these would provide an excuse for inaction during the lengthy negotiation
phase.



answers are that an agent is harmed by ariva's emissons, and that non-members increase emissions in
responsetothel EA. Weexplainwhy oneor both of theseanswersmay beincorrect. Inastatic framework,
free-riding under-cuts member countries competitive position, making it more costly for anation to join
anlEA. Theimprovementingloba environmenta quality isaso undermined when non-membersincrease
pollution.

In our dynamic modd, an increase in current production increases a stock of pollution, which
increases future costs. Here there are circumstances in which free-riding is not detrimental to
environmentd agreements. Members lower future production costs may offset thelossesthey sufferinthe
current period dueto non-members under-cutting. Thefuturecost advantagethat membersenjoy islarger,
the more that non-members under-cut themin the current period. Inthiscase, membersof an IEA may benefit
from the non-members free-riding. Inother Stuations, IEA memberswould be harmed by free-riding, but
the non-membersincentiveto free-ride vanishes. Inintermediate cases, free-riding occursand harms|1EA
members. In these cases, consideration of the future may make it more or less difficult to form a
successful 1EA.

Brander and Taylor (1997) note the difference between instantaneous and long-run effects of
heterogenous environmenta palicies. Other things equd, alaxer environmental policy gives anation a
short run competitive advantage in pollution-intensive industries. However, increased current production
inthese sectors may degrade their environment and increase their future costs to such adegreethat in the
long run comparative advantage shifts to nations with more stringent environmental policies. This
difference between the short and long run effect on costsis central to our results. The IEA and non-
members response to it changes the intertemporal alocation of production. In this sense, the IEA isan
implicit market sharing agreement, but the shares are over time, rather than geographical regions or
quality characterigtics.

Thenext Section explainswhy wetreat the | EA asaperturbation of anoncooperative equilibrium.
Section 3 describes atwo-period pollution mode and Section 4 studies the non-cooperative equilibrium.
In Section 5 we consider limited cooperation in atemporary coalition, and in Section 6 we discuss the

incentives to cooperate in a delayed coalition. Section 7 concludes.



2. The Basic Approach to Analyzing an IEA

In the Introduction we explained that we treat an |EA as a perturbation of a symmetric non-cooperative
equilibrium to a game with simultaneous moves. Gaudet and Salant (1991) used this approach to study
cartels, and many game-theoristsfind it unexceptionable. Thosereaderscan skip this Section without loss
of continuity. However, some environmental economists have objected to our characterization of an |[EA,
onthegroundsthat the outcome does not represent an equilibrium to agame. Weexplainwhy we consder
this objection unimportant. However, to motivate our approach, we first discuss the two most obvious
aternativesto it. We then give two reasons for adopting our approach.

First, the signatories to an IEA might become Stackelberg leaders, with non-signatories as
followers That is, creation of an IEA changes the game from one of Smultaneous movesto one of sequentid
moves, inwhichthe IEA choosesitspolicy first. Barrett (1992, 1994a) usesthis assumption to study the
(endogenous) number of signatoriesin a"stable’ IEA.* He finds that the equilibrium size of the IEA is
small in Situations where cooperation has the potentia to produce large efficiency gains. It isnot clear
why joining an |EA transformsa’Nash competitor” into a Stackelberg leader. If thistransformation were
ever to occur, it would be morelikely in circumstanceswhen the IEA waslarge, i.e., when it isreasonable
for themembersto expect to influence non-members policies. Also, if Sgnatoriesdid become Stackelberg
|eaders, thenin genera they would benefit from forming such agreements, and wewould seemany (possibly
gmdl) IEAs. The assumption that Signatories become Stackelberg leaders eliminates amgor obstacle to
the formation of an |EA - the possibility that it harms members. Since our objective is to understand
impediments to the formation of 1EAS, the Stackelberg assumption may be inappropriate.

Thesecond alternativeassumptionisthat an | EA takesasgiven non-members policiesand chooses
itsown policies optimaly. The outcome is then the non-cooperative Nash equilibrium to a game with

smultaneousmoves. Inthisstuation, members welfaremay belower inan| EA becauseof theendogenous

* Barrett's definition of stability has been widely used, but has the disadvantage that the "stable
equilibrium™ is supported by certain beliefs about what would happen following a deviation from
equilibrium, and those beliefs are not "rationa”, so the stable equilibrium is not subgame perfect.
Recent alternative approaches to modeling cartel stability, which address this problem, include
Chatterjee et a (1993), Bloch and Ghosal (1994), and Ray and V ohra (1994).
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response of non-members, exactly asin the "disadvantageous cartel" of Salant et a (1983).

Wehavetwo reasonsfor assumingthel EA is"modest”, and representsonly aperturbationfromthe
origina symmetric Nash equilibrium. Firgt, in some cases this assumption appears to describe the world,
because negotiatorsare often willing to consder small but not large changesin policies. Some agreements
do appear to require large changes in behavior, such asthe Montreal Protocol on CFCs and the Helsinki
Protocol onsulfur emissions. However, inboth of these casesimprovedinformation might haveledtolarge
unilaterd policy changes even without the agreement; the additiond effect of the agreement might then
havebeen small. (SeeBarrett (1994a) onthe Montrea Protocol and Murdoch et a (1997) onthe Helsinki
Protocol.)

Our other reason for analyzing the modest |EA rather than the Nash equilibrium to an asymmetric
gameiseven more practicd: we can do one but not the other. Even for an extremdy smplemode, comparing
wefarein two equilibria, one of which is asymmetric, requires the use of simulations.® Analysis of the
perturbed Nash equilibrium, on the other hand, leads to analytic results. These results help our intuition
about the formation of 1EAS.

Wehave defended the"modest” assumption on the grounds of plausibility and practicdity. There
remainsthepotentia objectionthat our proposed outcomeunder thel EA doesnot represent theequilibrium
toagame. Thisobjection hassuperficid gpped. Thereisan unlimited - probably an uncountable - number
of situations we might conceivably study. Restricting attention to equilibrium outcomes imposes
discipline on economic research. Our approach appears to violate this restriction, since we analyze a
perturbation of the Nash equilibrium, rather than the equilibrium to a perturbed game.

However, alittle reflection shows that the distinction between the two is vacuous in many cases.
Provided that the equilibrium outcome to the game is differentiable in underlying parameters, thereis a
one-to-one relation between a perturbation of those parameters and a perturbation of the equilibrium.
Thus, studying the welfare effects of a perturbation of the equilibrium is no lesslegitimate than studying

the welfare effects of a change in the underlying parameters.

> Obvioudy, it is possible to devise amode which is smple enough to permit analytic comparison of
the symmetric and asymmetric Nash equilibria However, we do not know of such amodd whichisdsorich
enough to analyze the situation we are interested in.
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In order to see the relevance of this observation, consder a pollution emissions game in which
agent i's "intrinsic concern” for the environment is measured by a parameter . At the initial non-
cooperative Nash equilibrium, i, = O for al i. When country i decides to cooperate (e.g. join an IEA) its
preferences do not change, but its behavior changes because it internalizes some effects which it
previoudy ignored. The outcome is observationally equivadent to a Situation where country i delegates
authority over emissons to a decision-maker with a positive vaue of the "intringc concern” parameter,
and that decision-maker then plays non-cooperatively. If the values of u, I = 1,2...S, are chosen
appropriately (and given some fairly obvious technical requirements), the Nash outcome under the
delegation gamewhere al agents play non-cooperatively, and the outcome under thegameinwhichthe S
countries form a codition and play non-cooperatively vis-a-vis the other countries, areidentical. The
welfare of countries in the delegation game are the same as under the coalition.

Countriesin an IEA may not succeed in interndizing al of the costs of their actions. We could
andyze aSituation with amodest amount of cooperation by considering a codlition that does not achieve
full internalization, or equivalently by studying a delegation game in which the "intrinsic concern”
parametersaresmdl. Thereisastraightforward relation between the extent of cooperation amongst the
signatories and the "intrinsic concern” parameters® If we want to study asmall amount of cooperation,
wecanconsider aperturbation of thoseparameters. However, such adetour would serveno purpose. If we
want to study asmall amount of cooperation, wemight aswell cut to the chase and consider aperturbation
of the origind equilibrium. This perturbation is, of course, not arbitrary. If an IEA means anything at

all, it must mean that signatories reduce their emissions.

3. A Two-Period Pollution Model
Webegin by describing the dynamicsof pollutionin atwo-period model. Country i'spollution stock at the

beginning of period 2, before production in that period occurs, is

® Since the two are observationally equivalent, it does not matter which story (delegating to a
decision-maker whoismore concerned about theenvironment, or internaizing moreexternaitiesasaquid
pro quo) is a better description of actual IEAS.



x =yl +oQ) (1)

where superscript i, {i=1,..,N} denotesthe country, and the subscript, { 1,2} denotes the time period.
Pollution stock in country i, at the beginning of period 2 (x), is afunction of both domestic production
(9) and total foreign production (Q3) in period 1. (Since we have atwo period modd, we set the initial
pollution level to O, without loss of generality.) The parameter y measures the strength of current
production in contributing to the pollution stock.

Environmenta problems can be thought of as existing on a continuum, from local to globa. The
parameter o in equation (1) measuresthe leve of pollution spillovers. A problem (e.g. soil erosion) is
locd if production within a country has no effect on the pollution stock elsewhere (¢ = 0). A problem
(e.0. globa warming) isgloba if the extent of environmental damage isindependent of the source (« =
1). Inintermediate cases, aunit of output generated abroad contributes less to pollution in a country
thandoesaunit of domestic production (0<« <1). Whenwe speak of one problemasbeing "moreglobal”
than another, we mean that there is more spillover in theimpact of current production on future pollution
stocks, so « islarger.

Our formulation treats pollution as a "non-rivalrous public bad" when o = 1. If we hold each
country's output constant and increase «:, the amount of domestically generated pollution is unchanged,
but the amount of pollution generated abroad, and thus the total amount of pollution, increases. An
increase in « therefore implies not only that spillovers are greater, but also that there is more
pollution. (The increase in foreign damages, as « increases, resulting from fixed production, is not
associatedwithadecreaseinloca damages.) Anaternativemode , whichwedo not use, would assumethat
each unit of output is associated with a certain amount of pollution, the distribution of which depends
on atransportation parameter. That formulation means that when domestically created pollution travels

abroad, less remains at home.”

" If we varied y together with «, holding y(1+«[N-1]) constant, the total amount of pollution
resultingfromaunit of productionwoul d beindependent of ¢:inasymmetricequilibrium. Our mode would
then collapse to the aternative model described in the text.
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4. The Non-cooperative Equilibrium

Herewe present the subgame-perfect symmetric Nash equilibriumin atwo-period, imperfect-competition
mode with N firms. Each firm islocated in adifferent country. In the next two sections we perturb this
equilibrium in order to study the impact of alimited IEA on members welfare.

Weidentify anation'swelfarewith domestic profits. (More generdly, we could include consumer
welfare, and allow for the possibility that pollution has a direct effect on welfare)) A nation's
production creates a pecuniary externality, via the market price, and possibly a non-pecuniary
externality, viaincreased costs. The moddl's important features are: (i) Domestic industry profits
depend ondomesticand aggregateworld productionand pol lutionstocks. (ii) Theincreased cost associated
with environmenta damage, caused by current production, isfelt only in the future. (iii) The pollution
externdity may depend onrivas aswell asown production. (iv) In maximizing the stream of discounted
welfare (profits), agents recognize that current production decisions affect future costs via the stock
of pollution.

Theworld price net of constant marginad cost (in the absence of environmenta damage) is p(Q)
=1-Q, whereQ = X gisaggregate production in period t. In the second period country i chooses g to
solve:

mfi;\xniz = qzl( - Q) - %, )
%

where xj is country i'sincreased cost of production in period 2 due to previous environmental damage.
Thefirst order conditionis1 - Q, - ¢;- %= 0 and the second order condition, -2 < 0, is aways satisfied.

At an interior solution, the equilibrium level of production is

Lo lI-(N+ D+ X, N-X
- - _ 3
N+ 1 Q N+ 1 ®)

where X, = y(1 + «[N-1])Q, is the "world pollution stock" (i.e. the sum of pollution stock over all
countries) in asymmetric equilibrium when aggregate output in period 1 was Q,. We obtain the indirect
profit function by substituting the optimal quantities g into the profit function:



1-(N+ Dx! o+ xf
i (N+1)22 - ®

i *

i,

In choosing first period production, countriestake into account theimpact of current production on future
pollution stock and thus on future profitability. The first period maximand for country i isW' = wt! +
rm'’* (X, X,), where x,'is given by (1) and r is the discount factor. With Q, defined as i's rivals
cumulative production in period 1, and using (1) and (4), i's maximization problemis

L - y(N- a[N- 1)q +v(2-2

= Ch (1 - ql Q ) N+ 1) (5)

Anincreasein Q}, decreasesi'sfirgt period profits, but may increase or decrease second period profits,
and therefore has an ambiguous effect oni'stotal profits. The first order condition to (5) isF + Gof +
HQ=0,whereF = (N+1 -2ry(N-a[N-1]), G=-2(N+%) +2fy (N-o[N-F]) andH = -(N+4) - 2fy (1-20c)(N -
«[N-1]). The symmetric period 1 Nash equilibrium output is

-F _ (N+ 1)2 - 2ry(N- o[N - 1])
G+ (N-DH (N+ 1% - 2ryAN- [N - 1])(1 + a|[N -

(6)

An increase in the importance of the future decreases the incentive to produce today, so oq® /or
< 0. For alarger discount factor, the stock of pollution has alarger (in absolute value) shadow value.
Thus, afirmwantsto decrease current production to decreasefuture pollution stock. Wecan also show that
(O%) =0 < (%) =1- When an increase in domestic production increases rivals' costs, countries have a
strategic incentive to produce more in the first period.

Wenow describe the restrictions on exogenous parametersthat ensurethat the solution of thefirst
order conditions gives a stable, interior Nash equilibrium. The second order condition in period 1
requiresG <0, whichisequivaenttoy <¥= (N+1)/[N - «(N-1)vr]. The"diagona dominance condition"
issufficient for stability (Dixit, 1986). This condition requiresthat G + (N-1)H < O, and ismet for y
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<7 = {(N+D)¥2r(N-a[N-1](1+[N-1])} °. From our definitions, we can establish that ¥ > 7y if and only
if « > (N+2)/(N+3). For first period production, given by equation (6), to be positive (i.e, for a
symmetricinterior equilibrium), weneed F > 0, snce G+(N-1)H < 0 by the diagona dominance condition.
Theinequality F>Orequiresy <vy" = (N+1)¥2r[N-a(N-1)]. Whenwecomparey” and ¥, wefind that y>
v if and only if r > (N+1)%4. In order for second period production to be positive we require X, < N
(equation 3). Thisinequality implies, after using (6), y <y = (N+1)/[1 + a(N-1)]. In summary, the
feasible region for vy, which satisfies the second order condition for a global maximum, the stability
condition, and has positive quantities in both periodsis: (i) for r < (N+1)%4, v <min{7, v, v}, and
(i) for r > (N+1)%/4, y <min{y", v, v} .2

5. Limited Cooperation in a Temporary Coalition
Here we consder the change in the welfare of IEA members, when the |EA requires asmdl, temporary
reduction in pollution (output). In thefirst period, some countries join the IEA and require their firms
to decrease current output, relative to the non-cooperative equilibrium. In the second period the
environmenta coalition falls apart or ceases to be binding and firms revert to a non-cooperative
equilibrium. However, because of thefirst period |EA, firmsno longer haveidentical stocksin the second
period when o < 1. At the beginning of the game, agents know that the IEA lasts only for one period.
Let Shethenumber of |EA member countries. Thesecountriesarecongtrained to choosed;, anamount
dightly smaller than thefirst period symmetric Nash equilibrium quantity. The N-Snon-member countries
endogenously choose their first period output g as a best response to the members output. (The
uperscript "m"* denotesan |EA member, and "'n" denotesanon-member.) Inthesecond period dl N countries
smultaneously choose their output ¢f. Using the first order condition and evaluating the derivative at

the symmetric Nash equilibrium, the change in total profits of a member, country |, is

8 We repeat some notation, in order to help the reader in keeping it straight. The second order
conditionimplies'y <%. The diagona dominance conditionimpliesy < v. A positive vaue of ¢ implies
v <y". A positive value of g, requiresy < y.
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where OW/0Q? istheimpact on the net present value of domestic profits due to achange in total foreign
production, and dQ¥dqT is the equilibrium change in the total foreign production dueto the IEA. Inthe
Introduction we mentioned that the welfare effect of an IEA depends on the signs of these two terms.

Players are symmetric, so Q1 = (N-S)q} + (S-1)q, and

,j n
L CRE ) ®)
o o

Totally differentiating a non-members first order condition, F + Gqj + H(N-S-1)q;} + HS "} = 0, implies

dy ~SH
q G+ (N-S- DH ©)

Sincethedenominator inequation (9) isnegative’, sign(day/dg?) = sign(H). If H >0, adecreasein member
output leads to a decline in the non-member output, and actions are strategic complements. If H <0, a
decreasein member output causesthe non-membersto expand current production, and actionsarestrategic
substitutes. Using the definition of H, we seethat H < 0 whenever ry issufficiently small and/or o < 1/2.
When o >1/2,H > Oif and only if y > ¥ = (N+1)/[2r(N-&(N-1) (2 -1))]° By tedious calculation, we can
verify that N2 < r < (N+1)%2 is a sufficient condition for the feasible parameter space (described in
Section 4) to include ¥. In summary, we have

Remark 1. (1) When pollution is fairly local (o < 1/2) or the future is not important (ry =0), policies are

strategic substitutes. (2) When pollution is fairly global (« > 1/2), there exists discount rates (N%/2

*Thedenominator isG + (N-S-1)H = G + (N-1)H - SH. For H < Otheleft Sdeis negative using the second
order conditionG<0and S < N-1. For H > O theright Sde s negative by the diagond dominance condition.
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< r < (N+1)%2) such that policies are strategic complements if and only if the pollution problem is
sufficiently important (y > 7). (3) The strategic substitutability of complementarity of policies is
independent of S, the number of IEA members. ®

When pollutionisloca or not very important for future costs, non-members react to atemporary
|EA by rdaxing their own environmental restrictions. The non-members take advantage of the increased
opportunities for current profits. If, however, pollution is both important and global, stronger
environmentd policiesby |IEA membersincreasefuture profit opportunitiesfor non-membersby enoughto
causenon-membersto reducecurrent emissions. Whether policiesarestrategic substitutesor complements
depends on the nature of the environmental externality, but not on the number of membersin the IEA.

To help interpret these results, we decompose the non-member first order condition as follows:

-2ry(N - ofN -

= 1-20 -(N-S -1 - =
il il il (N+1)2

(10)
N-a[N-1)g -~y (1 - 20)(N-S - 1) ¢ - v(1 - 20)Sg} =

Here, ACII representsthe changein current profits of anon-member due to achangein its current outpui,
gy, foragivenleve of member output gandtheoutput of other non-members. Smilarly, AFIIisthechange
in future profits of a non-member due to a change in its current

output. Theequilibriumvaue of ¢ balancesthese two $a ACI

changesin profits. Figure 1 showsthe graphs of ACII
and AFII assolid lines. The second order condition to
thenon-member'smaximizationproblemdeterminesthe
relative slopes of the two graphs. The horizontal
component of point A in the figure represents the

initial equilibrium level of qj.

n
rql

If the future is not important (ry = 0), the
Figure 1 Decomposition of Non-Members

AFII line collapses to the horizontal axis and the Equilibrium Condition

optimal production level is at point B. Current
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production is no longer constrained by the existence of pollution and the resulting increase in future
costs. When member production, g7, decreases, the graph of ACII shifts out to the dashed line (the
coefficient on q7is-S). With alower member production, margind profitsin the current period increase
foranon-member. Therefore, for ry =0, thenon-member increases current productionto point C. Policies
are strategic substitutes and we have Remark 1.1.

However, whenthefutureisimportant (ry > 0) adecreasein current member production may increese
or decreasenon-member production. Asbefore, adecreasein member production causes ACII to shift out.
If anon-member were to consider just the change in current profits, it would expand production to point
|. However, the decrease in member production has an impact on future non-member profits, depicted by the
movement of AFIIL. Thedirection of the shift in thisline is determined by the sign of the function 2ry?(1-
20))(N-«[N-1]), which is positive if and only if o < 1/2.

For fairly local pollution (o < 1/2) AFII shifts in because the (absolute) shadow value of the
stock fdls. Theintersection of thetwo curvesthenimpliesalarger non-member current production, such
asat point D. Actions are strategic substitutes. When pollution isfairly local, a decrease in member
production does not changefuture costs of anon-member by much. However, the current decreasein member
production makes the non-membersrelatively less efficient producersin the future. Thus, a non-member
expands first period production.

On the other hand, for fairly globa pollution (o > 1/2), the (absolute) shadow value of the stock
increases with the decrease in member production, so AFII shifts out. If the intersection of the two
curvesisat apoint such as E, actions are strategic complements. («, y and r arelarge.) When pollution
isquite globd and hasalarge effect on costs, a decrease in member production decreases future costs of
anon-member. A non-member then has a larger incentive to shift production to the future.

Remark 1.1 reproduces a conclusion in Karp and Sacheti (1996): quantity restrictions are dways
strategic subgtitutesin aone-period modd. However, when the futureisimportant, the intuition obtained
from the static model may be incorrect. Quantity restrictions may be strategic complements.

We now analyze the impact on the net present value of domestic profits due to achangein total
foreign production. Using equation (5) we find

14



o, 2ry[l - y(N- «[N- )i + v (1 - 20)Q’ 1 -
(N + 1)?

(11)

Evauating this expression at the symmetric Nash equilibrium and using equations (3) - (5) to simplify,

we obtain

W q*[ 2ry(1-2a) _1] |

— i 12)
oql N+1 (
Vg

If pollutionisfairly globa (« > 1/2), domestic welfare declines with an increase in total riva
current output. If, on the other hand, pollutionisfairly loca (e < 1/2), and in addition ry > (N+1)/2(1-
2u), domestic welfare increases with an increasein total rival output. By direct caculation we can show
that the critical value of ry, (N+1)/2(1-2x), lies in the feasible parameter space which we described in
Section 3. In summary, equation (12) implies:

Remark 2. (1) For o> 1/2, W/0Q3< 0. (2) For o < 1/2, OW/oQ7> 0 ifand only if ry > (N+1)/2(1-2c;).®

Anincreasein current non-member production has two effects on domestic profits. First, higher
foreign production decreases price, decreasng members current profits. The second effect, on future
profits, is ambiguous and depends on the type of pollution (measured by «). If the pollution problem is
fairly globa, an increasein riva production causes future domestic costs to rise due to higher world-
wide pollution stock. Consequently, future domestic profitsfall. Thus, total domestic profitsfall as
well (Remark 2.1). However, when pollution isfairly local, an increase in rivals total current output
decreases the member firms relative costsin the future and thus might increase their future profits. When
current profits fall and future profits rise, the impact on total profits is ambiguous. If the futureis
valued sufficiently highly (r is large) and the pollution problem is significant (y is large), 1EA
members total welfare increases with non-members increased current output.

Using the information on strategic complementarity and substitutability (equations 8 and 9), and

the information on the change in domestic profits due to achangein foreign production (equation 12) in
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eguation (7) we obtain
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We denote H/G asthe "critica fraction” of IEA membership. The welfare effect of the IEA on members
depends on the relation between (S-1)/(N-1), the fraction of other countries that actually join

(heresfter, the "actud fraction™) and the critical fraction. Depending on the type of pollution problem,

the actual fraction hasto be either larger or smaller than the critical fraction for amember country's

total welfare to improve in atemporary 1EA. If the actua size of the IEA isnot on the "correct side” of

the critica Sze, members of the IEA have lower welfare than in the symmetric non-cooperative Nash

equilibrium, without the IEA. Table 1 summarizesthe implications of equations (9), (12) and (13). The

entry "any sze' in the last box of the table, means that for large o and vy, even a unilatera reduction

in current output (i.e., S= 1) increases welfare for the country that makes the reduction; therefore, a

successful IEA can be"any size".

Extent of spillovers oW n Weélfare enhancing "actua fraction"
Sign | — Sign dq relative to "critical fraction”
oQ’ m
Q o
a<1/2 + smaller
if ry large
- - larger
if ry small
- larger
o>1/2 - ifr=0o0ry<¥y
+ any size
ify>%

Table 1: Welfare Enhancing Temporary Coalition Size for Different Spillovers
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If an increase in total rival production increases domestic profits (0W/0Q71 > 0), the actual
fraction of countriesin an IEA has to be smaller than the critical fraction for members welfare to
increase. If there are too many members, current expansion in output of the non-membersistoo small to
givethemembersasignificant cost advantage over the non-membersinthefuture.® (Thelarger isthe |IEA
membership, the more nations there are with lower costs in the future and the fiercer is future
competition.) Thus, the membersare unableto recoup thelossin current profits: joining the |EA reduces
their welfare. In this case, the conventional wisdom on free-riding isreversed. A "successful" |EA
requiresasufficiently large number of free-riders - i.e,, asmal number of members. Having enough free-
ridersensuresthat member countries gain alarge enough competitive advantage to enablethem to recover
first period lost profits.

On the other hand, if anincreasein total rival production decreases domestic welfare (0W/0Q1
< 0, which isthe "usual case"), the actua fraction of countriesin the IEA has to be larger than the
criticd fraction for member welfaretoincrease. |IEA memberswant thereto be few non-memberswho expand
current production. Here, the conventional wisdom on free-riders is correct: free-riding makes it
difficult to form an IEA. However, if policies are rategic complements (H > 0), free-riding does not
occur. A codition of any sizeis profitable because non-members also contract production aong with the
member(s). Therefore, aunilateral (S= 1) decreasein output is also beneficial. (Table 1, final row.)

Remark 3 summarizes the effect of exogenous parameters on the critical fraction.™
Remark 3. (1) For ry =0, H/G = 1/2. (2) Forry >0, H/G > 1/2 if and only if « < (N+2)/(N+3).

When countries ignore the future, the critical |EA sizeis 1/2; we refer to this as the "myopic
fraction". The myopic fraction does not depend on « because the level of pollution can affect behavior
only in the second period (Remark 3.1). However, when the future is important, the critica fraction may

10 Asaconsistency check for thisresult, supposethat oW/0Q, > 0 and consider the limiting case where
S=N. Fromequation (8) dQ//dg"=N-1. Substituting thisequationinto (7) givesthe welfare effect (N-
1)oWi/6Q, > 0.

1 This result can be verified by simplifying the ratio H/G, using the formulae for H and G in Section
3.
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be larger or smdler than the myopic fraction, depending on the type of pollution problem, characterized
by o (Remark 3.2). Table 2 summarizesthe comparison between the myopic fraction and the critical Size

when the future is important.

Extent of Spillovers ] oW Isasuccessful coalition that considersthe
Sign — future larger or smaller than the myopic
q fraction?
o<t + smaller
2
- larger
1 < o < & - Iarger
2 N3
o > N2 - smaller
N3

Table 2: Comparison of Critical and Myopic Fractions for Different Spillovers

For globd problems such as the ozone layer depletion and globa warming, consderation of the
future decreasestheamount of cooperation needed for asuccessful IEA. Here, evenwhenthe conventiona
wisdom on the detrimenta effects of free-riding remains correct, consideration of the future decreases
the severity of the problem. Theexplanationisthat if « = 1, non-members benefit from lower costswhen
membersreduce current emissons. When non-memberstake thefuture into account, their incentiveto expand
current productionissmaller, snceexpansonwould decreasethe r futureprofits. Whennon-membershave
areduced incentiveto expand current production, fewer membersarerequiredfor an | EA to be successful.
Also, as we noted above, if the future is sufficiently important (ry large) policies are strategic
complements(H > 0) and the problem of free-riding disappears. Non-membersrespond to thereductionin
output by IEA members by decreasing their own output. In this case, an IEA of any size (including one
consisting of a single member who unilaterally reduces output) is beneficia to the member(s).

For intermediate pollution problems [1/2 < o < (N+2)/(N+3)], successful IEAS require more
cooperation in adynamic, relative to myopic, setting. For problems that are not completely global, the
membershaveacost advantageover thenon-membersinthefuture. Redizingthe r futurecost disadvantage,

the non-membershave an added incentive to expand current production (rel ative to the myopic scenario).
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Inthiscase, to compensatefor more severe under-cutting by non-members, asuccessful | EA requiresmore
members in adynamic than in a myopic setting.

For farly local pollution problems (o < 1/2), there are two possibilities. When free-riding is
"bad" (OW!/0Q1 < 0), consideration of the future makes the critical fraction larger than the myopic
fraction. The explanationisasabove: sncethe under-cutting by non-membersismore severe, asuccessful
| EA requiresmoremembers. However, whenfree-ridingis"good" (6W/0Q?>0), considerationof thefuture
decreasesthecritical Sizeof thel EA. Here, having too many, as opposed to too few membersisaproblem.
The myopic fraction is not "too large”, so an IEA of that Szeis successful even when the future is very
important. However, IEAssmaller than the myopic fraction, which would not have been successful inthe

static framework, are now beneficial to the members.

6. Limited Cooperation in a Delayed IEA

We briefly consider the effect of limited cooperation in the future. In the first period each country
chooses its output non-cooperatively, and in the second period a subset of countries join an IEA that
requires their firmsto decrease output dightly. In period 1 all agents know which countries will join
the IEA.

An appendix, available on request, givesthe expression for dW/dq, the equilibrium welfare effect
for amember due to an anticipated change in its output in the next period (i.e, as aresult of joining the
delayed IEA). Thisexpressonisanaogousto equation (13), which givesthewelfare effect in atemporary
IEA. Unfortunately we are nat able to compare andyticaly the two equations, so we are unable to determine
whether adelayed | EA requiresmore cooperation than atemporary one. Withadeayed |IEA, thewelfare
effect for members depends on the equilibrium ratio of output in the first and second period, and is very
complicated.

Despitethelack of andytic resultsfor this case, we can make some comparisons between the two
typesof IEAs. A temporary |EA tendsto shift members competitive advantage (in the production of the
environmentaly damaging good) toward thefuture. This shift encourages non-membersto increase their
current output. Thechangeincompetitiveadvantageover timeisstrongwhentheenvironmenta damageis

local, but vanishesin the limiting case where the environmental damage is completely globd (e =1). The
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stability condition insures that if non-members do increase their first-period output, the aggregate
increase is smdler than the decrease by members. Thus, the temporary 1EA at least improves short run
environmental conditions.

A ddayed |IEA, onthe other hand, decreasesmembers shadow vaue of theenvironmental stock, sSnce
their future production is restricted. The shadow value of the environmental stock to non-members
increases, because their future competition isrestricted. Therefore, the delayed |EA tends to increase
members output and market shareinthe present, and increase non-membersoutput and market shareinthe
future. 1f many countries anticipate joining the delayed 1EA, it islikely that current output, and thus
environmental damage, increases.™

Theeffect of the ddayed IEA dependson thetypeof environmenta damage. When the environmenta
damageisquitelocal, thefirst-period increased production by (future) membersand decreased production
by non-members, causesasubstantia changein relative costsin the second period. Thischangereinforces
thedirect effects of the requirement that members reduce production in the second period. Consequently,
for loca environmentd problems, we expect the delayed |EA to have alarge effect on market shares and
inter-temporal reallocation of production.

Whentheenvironmenta damageisquitegloba, ontheother hand, membersand non-membershave
approximately (or exactly, in the limiting case) the same future costs. Since the future restrictions tend
to increase members first-period production, the restrictions aso increase non-members costsin the
second period (for « large). In deciding whether to increase or decrease first-period production, non-
membershaveto balancetwo considerations. Thedesireto take advantage of reduced future competition
makes the non-memberswant to reduce current production in order to keep ther future costslow. However,
members actionsincrease non-members future costs, making future production less attractive to them.
The second effect is larger the more globa are environmental damages.

Consequently, when o islarge, first-period actions can be strategic complements. We established
that these actions are strategic complements in atemporary |IEA when « and y are sufficiently large

(Remark 1.2b). Strategic complementarity benefits the environment in atemporary |EA, which reduces

2 However, when S = N we can show that welfare increases.
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members current output. However, Srategic complementarity harmstheenvironment inaddayed |EA, which

tends to increase members current outpuit.

7. Conclusion

Most environmental problemsinvolve environmenta stocks, causing the effects of international policy
coordination to differ in the short and long run. Most previous studies of |EAs have used static models
or havestudied quitecomplicated dynamicmode susings mulation. Althoughboth of thesegpproachescan
provide useful ingghts, neither isvery hepful in understanding the basic relations which link together
dynamics, the characterigtics of pollution, and limited international coordination of policies. We have
attempted to take a step toward understanding some of these issues.

We developed a two-period trade model where current production affects future costs viathe
pollution stock. The domestic pollution stock dependson rivas aswell as own-production, except when
pollutionispurely locd. The conventional wisdom is that free-riding makes it more difficult to form
environmental agreements, and that international trade contributes to this problem. This conclusion,
which is based on static models, needs to be modified for certain types of pollution problems. In a one-
period modd, non-members opportunistic behavior necessarily harms members. Freeriding makes members
current cost disadvantage, caused by adherenceto the IEA, more painful to them. The conventiona view
concentrates on this effect, and therefore concludes that free-riding makesit more difficult to form IEAS.

However, free-riding also contributes to members future cost advantage. When the future is
important, free-riding may contribute to the success rather than the downfall of IEAs with limited
membership. More stringent environmenta standards in the current period can give member nations a
relaive cost advantage in the future, even when it causes them a cost disadvantage in the current period.
Members futurecost advantagecanmorethan off set thetemporary competitivedisadvantageresultingfrom
adherenceto the IEA. Thispossibility arisesfor local pollution damages, and seems to us most relevant
to the discussion of environmental reform in agricultura sectors of some developing countries. For
example, coffeeproductionisconcentratedinsevera L atin Americanand African countrieswhichmay have
some market power. Coffee production causes loca environmental damage, which countries have been

reluctant to control because of the percelved danger of losing market share. This reluctance has led to
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cdlsfor internationa policy coordination, and possbly the creation of Internationa Commodity-Related
Environmenta Agreements. Our model suggeststhat free-riding may not be asgnificant problemin such
acircumstance.

For fairly globa pollution problems such as globa warming, when free-riding occurs the
conventional wisdom is correct. In this case, non-member current production, and hence pollution,
strongly affects the members future cost. Members are then unable to gain a sufficient future cost
advantageto compensatefor their current lossof profits dueto under-cutting by non-members. However,
for very important and globa pollution problems, actions are strategic complements, so free-riding may
not occur.

Even when free-riding does occur and harms |EA members, consideration of future effects may
decrease the amount of cooperation needed for asuccessful IEA. Thispossibility ismore likely when the
environmenta problem isquite global. The explanation is smply that members' current reduction of
emissions decreases future costs for dl countries, making it more attractive for them to shift production
to the future, and therefore to protect the current environmental stock.

Weconcentrated onthetemporary | EA. However, the bas c mechanismbehind our resultsiss mply
that current reductionsin environmental damages change relative costs acrosstime. The reductions may
as0 change relative costs across countries, depending on the characteristic of pollution. These two
effectswould be present in apermanent |EA, although to adifferent degree. Therefore, we doubt that the

assumption of atemporary IEA iscritical.
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Appendix: Welfare in a Delayed IEA
In the second period S countries are constrained to choose g%, an amount dlightly less than the
symmetric Nash equilibrium level, and the N-S non-members smultaneoudy choose ;. Inthefirst period
al N countries smultaneously choose output ¢f. In choosing ¢, countries consider the whole profit
stream, and (future) members realize that their future output is constrained.
At the second period symmetric Nash equilibrium without the agreement, g% = g3, country j's (a
member) output isabest reply. Changing j's output by a small amount has no first order effect on its

second period profits:

2 - 0. (A1)

To find theimpact of the second period output restriction on amember's welfare, we totaly differentiate
Wi(d, Q1, g%, Q) = wl + rr), to obtain

o oW ow K’ ow | aw K

dy'  og dy oQ' dy  oq Q' dyy

(A2)

Evaluating thisexpression at the symmetric Nash equilibrium (5= oft), using (A1) and 9w/9g = 0, om/0Q]
=0 and 97}/oq. + rom/ag, = 0, we obtain

af . loQ  eQl|d Q)

- o] o | da o do
dw 7T1+r7T2dQ+r7T2dQ (A3)
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Players are symmetric, Qi = (N-S)gf + (S-1)g% and Qi = (N-S)gj + (S-1)qh. Totally differentiating these

relations gives

-] n ] n
T=(N—S)ﬂlm+(8—l);%:(N—S)&;ﬁ(s— (A4)
h da, ddp da,

In order to solve for dgdq®, consider the first order condition of anon-member i inperiod 2:1-Q, - ¢ -

x, = 0. Totaly differentiating this equality gives

L A5
g N-S+ 1 (AS)
We dready have an expression for dg/dq", equation (9). Thus, we have
> j
:Oﬁ_iﬂw S-DG-(N-DHH N- 25+ (A6)
< rqzm G+(N_S_1)H N_S+
)
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