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Abstract

When a fish stock shifts from one nation to another nation, e.g. due to climate change,
the nation that loses the resource has incentives to deplete it while the other nation,
receiving the resource, has incentives to conserve it. We propose an analytical model
to study under which circumstances self-enforcing agreements can align incentives.
Our setup allows to distinguish between a fast and a slow shift in ownership and be-
tween a smooth or a sudden shift. We show that the shorter the expected duration of
the shift, the higher the total equilibrium exploitation rate. Similarly, a sudden shift
implies — by and large — more aggressive non-cooperative exploitation than a gradual
transition. However, a self-enforcing agreement without side-payments is more likely
for a sudden than for a smooth shift. Further, the scope for cooperation increases
with the expected duration of the transition, and it decreases with the renewability
of the resource and the discount rate. Most importantly, we show that concentrating
on in-kind transfers can be very detrimental for shifting renewable resources: In some

cases, no efficient bargaining solution exists, even when there are only two players.

Keywords: Renewable Resources; Dynamic Game; International Environmental Agree-

ments; Regime Shift; Climate Change.
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1 Introduction

Climate change will put existing International Fisheries Agreements under severe stress
(Miller et al., 2013). In fact, this is already happening today. For example, the appearance

of Atlantic mackerel in Icelandic waters has brought Iceland, Faroese, Norway and the EU
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to the brink of a new “fish war”. The previous fisheries agreement has collapsed and the
conflict over the level and distribution of fish quotas has — to date — not been resolved.
Similarly, salmon stocks along the West Coast of Canada and the US have shifted their
distribution depending on the climatic regime. This has repeatedly led to a break-down
of the US-Canadian agreement on the Pacific salmon fisheries.

In this paper, we develop a dynamic non-cooperative game where the ownership of
a productive resource shifts from one player to the other at an uncertain point in time.
Contrary to the benchmark game of joint ownership but no shift, it is not always possible
to achieve a stable, mutually beneficial, sharing agreement — even when there are only two
players. A shifting distribution increases the bargaining position of the party whose share
of the resource increases, while it decreases the bargaining strength of the other party.
The first party thus wants to re-negotiate to obtain a more favorable agreement: The
party receiving the resource stock will have more conservation incentives than the party
losing the resource. Consider a pie which can be eaten exclusively by player A in the first
period, and whatever player A leaves on the plate will be owned by player B in the second
period. Abstracting from discounting or uncertainty, player A’s optimal strategy is to eat
the entire pie in the first period. Without side-payments, there is no contract that player
B could offer player A to make both strictly better off.

When the asset can be liquidated, or more generally transfers in utility are permitted,
this tension is resolved immediately. The former party simply buys out the latter party.
That is, player B can just pay player A the amount that is equivalent to eating half the
pie in exchange for leaving half of it for the second period. In essence, the Coase-Theorem
tells us that the allocation of initial property rights should not matter for the possibility
to achieve an efficient bargaining solution. We show that this reasoning does not hold in
a dynamic context when transfers are to be made in-kind.

Concentrating on in-kind transfers is particularly relevant for natural resources. For
simple technological reasons, it may not be possible to liquidate fish stocks or forests in the
same way as financial assets. More importantly, however, questions of national sovereignty,
political legitimacy, and ethical concerns play an important role in this context. Quite
generally, it is natural to restrict attention to in-kind transfers in a dynamic, intergener-
ational, setting. Future generations are simply not around to share the potential surplus
from an efficient transfer of the resource with the current generation.

This is not to say that an analysis of financial side-payments is not interesting per se.
Munro (1979) has pointed out more than 30 years ago that financial side-payments (or
equivalently: direct profit-sharing) may greatly ease the prospects of attaining a cooper-
ative solution — though the issue of time-consistency remains (Vislie, 1987). Relatedly,
Costello and Kaffine (2011) show that unitization of a spatially connected renewable re-
source can yield the first-best outcome as a sub-game perfect equilibrium under profit-
sharing, but not under revenue-sharing. Indeed, profit sharing or financial side-payments
are rarely observed in practice. Of course, the fact that one does not see a blunt state-
ment such as “you receive x dollar for each ton of fish that I am allowed to harvest in your

waters” does not mean that there are not more subtle ways of side-payments via issue-



linkage in multi-layered international negotiations. Nevertheless, we argue that the scope
of financial side-payments to enable international agreements is limited, especially when
the utility derived from fishing captures broader aspects than just profits, such as cultural
identity, tourism, employment, etc. It is politically, and to some extent also ethically,
difficult to express these aspects in monetary terms.

We build on the “fish war” framework of Levhari and Mirman (1980) to develop
a tractable model of an international fishery that is shared between two nations, and
where the fish stock shifts from one player to the other. We solve for the feedback
Nash-equilibrium of the dynamic non-cooperative game and characterize the scope of
self-enforcing agreements to divide the optimal harvest share. Moreover, we explicitly
consider different types of transition dynamics: Is non-cooperative exploitation more ag-
gressive when the change in ownership occurs suddenly or gradually? Can cooperation

more easily be achieved when the change in ownership is fast, or when it is slow?

Relation to the literature

The breakdown of the Coase Theorem in a dynamic setting without commitment is most
prominently discussed in the literature on political economics (Dixit et al., 2000; Acemoglu,
2003). Recently, Harstad (2013) has applied these insights to environmental goods. In his
setup, the owner, or the seller, of a “conservation good” (such as a tropical forest) desires
to consume it, but the buyer benefits more from conservation. However, the buyer is also
satisfied when the good is not consumed, and thus it has an existence value to the buyer.
Contradictorily, the buyer is not willing to pay when the seller is conserving the good, and
the seller is conserving only if the buyer is expected to buy, leading to the conclusion that
a “market for conservation” is unlikely to exist.

Our paper adds to this by explicitly dealing with a dynamic renewable resource. It is
thereby related to two strands of literature. First of all, it ties to the theoretical work on
self-enforcing agreements over renewable resources. Using the Levhari-Mirman framework
as we do, Kwon (2006) studies the existence of self-enforcing coalitions, finding — as it
is common in the international agreements literature (Barrett, 1994) — that coalitions of
more than two or three players are generally not stable. Using “farsighted” instead of
Nash conjectures, Breton and Keoula (2012) derive less pessimistic results: Cooperation
can be sustained under a much larger range of circumstances because threats of successive
deviations are credible when players anticipate the formation of new coalition structures.
Considering asymmetric players, however, does not yield similarly optimistic outcomes
with respect to the size of stable coalitions (Breton and Keoula, 2014). Fesselmeyer and
Santugini (2013) do not study coalition structures, but the exogenous risk of regime shifts
in the “fish war” model, arguing that a negative shock may exacerbate the inefficiency
implied by non-cooperation. Miller and Nkuiya (2014) then show that the threat of a
negative regime shift may actually induce more cooperation and allow larger coalition
sizes. We differ from the above contributions by considering a structurally asymmetric

setup: The resource shifts from player A to B, and while the shared ownership induces



efficiency losses, it is the fact that A loses the resource which hinders the formation of
international agreements.

Therefore, our paper is also related to the literature on expropriation in the context of
natural resources (Long, 1975; Ryszka, 2013). In our case, the rapacity effects of excessive
resource depletion are not induced by exogenous expropriation risk, but by a combination
of a regime shift risk with the presence of another strategic player.

Finally, we add to the growing body of research that specifically deals with the effects
of climate change on international fisheries agreements. The first paper addressing in this
line is from McKelvey et al. (2003), who argue that altered habitat or migration routes
may destabilize existing agreements. The authors therefore argue for flexible quota shares.
As we show here, flexible quota sharing certainly is important, but it may actually not be
enough to avoid undesired competition. The model of McKelvey et al. (2003), which is
an extension of the classical fish-war model of Levhari and Mirman (1980), is now known
as the “split-stream model” and forms the basis of several papers: Liu et al. (2012) con-
sider the distribution of the Norwegian spring-spawning herring and study partial coalition
structures. They conclude that cost asymmetry improves the stability of the grand coali-
tion, and non-cooperation gives more conservation incentives to the major player than the
minor player. Liu and Heino (2013) compare proactive management that takes possible
climate change effects on the stock distribution into account with reactive management.
They find that the players behave symmetrically under reactive management, but proac-
tive management encourages the player losing the stock to act more aggressively. They
conclude that the stock will be in greatest danger when both players own equal shares,
confirming theoretical work of Hannesson (2007). Hannesson (2007) further points out
that the transition of ownership may even lead to an extinction of the stock when harvest-
ing costs are independent of the stock. The Northeast Atlantic mackerel stock is studied
by Hannesson (2013) under three different hypothesis about what causes the shift in stock
distribution. He concludes that the minor player has a stronger bargaining position when
the migration pattern is deterministic or purely random. Under a stock-dependent migra-
tion, the major player has a threat strategy to fish down the stock to such a low level that
it does not spill over to the minor player’s zone. Another recent application to the same
stock is Ellefsen (2013), confirming that the agreement is destabilized by a new entrant,
and that it is the major player who has to pay most in order to encourage the new member
to join. Because we go back to the “fish war” predecessor of the “split-stream model”, we
can derive explicit analytical solutions to the feedback equilibrium instead of relying on

numerical simulations, or confining our discussion to steady-state outcomes.

2 The Model

Consider a situation with two neighbouring nations, A and B, that derive utility from
harvesting fish from a stock whose size at time ¢ is given by x;. However, a nation’s access
to this resource may be limited, for example because the majority of the fish stock is

outside the countries’ exclusive economic zone (EEZ), or because one nation has specialized



in harvesting a sub-population. Specifically, let s; be the share of the stock that country A
can access (due to technology or politics). Correspondingly, 1 — s; of the stock is “owned”
by player B. Global warming (or some other form of environmental change) is expected
to alter the distribution of the fish stock. Specifically, we will assume that, in any period,
the players’ share remains the same with probability ¢, and with probability 1 — g, there
will be a shift in the distribution of the fish stock. We will generally presume that the
stock moves from player A to player B. That is, the share s;, that player A has access to,
is expected to decline with time. Correspondingly, player B expects to see an increase in
the part of the resource that he can harvest.

There are several real-world cases that fit this generic description. For example, At-
lantic Mackerel was basically absent from Icelandic waters and this fish stock was almost
exclusively harvested by Norway and the European Union in the past. However, since
2006,/07 more and more of the fish is found in Icelandic waters (Hannesson, 2013). It is
yet to be seen whether stock shares will stabilize at the current levels, or whether the
change continues so that the stock will eventually leave the Norwegian and European wa-
ters altogether. While access to the stock has a clear geographic/political interpretation
in the former example, it could also have a technological interpretation. In the Baltic Sea,
pelagic and demersal fisheries have always coexisted to some extent. Originally, the food
web was dominated by cod, which was heavily fished. In the late 1980s, a rapid regime
shift occurred and the system has since been dominated by small planktivorous fishes such
as sprat (Casini et al., 2012). Recent research indicates that this change is likely to be
permanent (Blenckner et al., 2015). When interpreting x; not as the stock of a specific
species, but more broadly as the productive potential of an ecosystem, one can clearly
say that the share of the resource s, that is available for fishing firms that specialize on
catching cod, has declined dramatically, whereas the resource share has increased for those
firms that have invested in gear to target small pelagics.

In this section, we will present the basic setup of our model and characterize the non-
cooperative equilibrium. In section 3, we discuss the scope for self-enforcing agreements,
and in section 4, we explore differences in the quality of the shift (i.e. whether it is slow

or fast, gradual or smooth).

The basic setup

We build on the classical model by Levhari and Mirman (1980) with two players that
apply the same discount factor 5. Time is discrete with t = 0,1, 2, ... Players derive utility
from consuming the resource according to u(ct) = In(ci), where i = A, B. It is well known
that this game has a unique Nash equilibrium in linear strategies (Long, 2010), and we
will therefore concentrate on linear strategies. To simplify notation, we denote player
A’s extraction rate by a; and player B’s extraction rate by b; (so that ¢! = a;z; and

cP = byry). Denote the total extraction rate by d; (so that d; = a; + b;). The resource



develops according to:
T =M ((1 = dp)zy)” (1)

The parameter o determines the “renewability” of the resource with o € (0,1) and the
smaller is «, the stronger is the natural re-growth potential of the resource. M is a scaling
parameter which has no effect on the optimal choice of the extraction rate. It ensures that

L For a

the value-function of the players remains non-negative in all stages of the game.
constant exploitation rate d, the steady-state value of z is given by Z = M ((1 — d)M)T=.

To allow for a general analysis of the effect of an anticipated, but uncertain shift
in ownership, we assume that the transition of the resource from player A to player B
proceeds in stages. In total, there are T' stages, and within each stage 7 (where 7 =
0,1,...T) the share of the stock that player A has access to is given by s, and the share
of the stock that player B has access to is given by 1 — s,. In other words, the player’s
harvesting rates in a given stage 7 are constrained by a; < s; and b, < 1 — s,. The
duration of each stage is unknown, but there is a constant probability ¢ that the systems
stays in the current stage and there is a constant probability 1 — ¢ that after any given
period the next period starts in a new stage with s;y;. We assume that so = 1 and
st = 0. and we require that s; < s;41. Other than that, we do not need to impose
further restrictions on the way how the resource changes ownership. Note however, that
the assumption that sy = 0 is not innocuous. It means that player A completely loses
her access to the resource, and that her time horizon is essentially finite (although it is
uncertain when the end arrives).

It can be shown that when st is larger than zero, no matter how small st is, one
would end up in a situation that is essentially the same as the standard Levhari-Mirman
game. Structurally, the reason is that the marginal utility of consumption grows without
bounds as ¢ — 0 when using a logarithmic utility function. We argue that this feature
of the model does not have a meaningful interpretation in the case of real world fisheries.
Rather, we understand our model so that when s has dropped below some level, it does no
longer pass the cost-benefit test to continue harvesting from this resource and the fishery
is abandoned. (Recall that we scale the parameter M so that the value of active harvesting

is always positive).

General pattern of the non-cooperative equilibrium

For a given share of the resource, s;, and a given size of the stock x4, player A (or player B
for that matter) maximizes utility from consuming a share of the resource now and in the
future. The player takes into account that with probability ¢, the environmental regime
will stay the same. Thus, the future value of the game, conditional on stock development,

is the same as today. Denote this value by VA(ST, x¢). With probability 1 — ¢, however,

et imin be the lowest extraction rate of player i and let dyee be the largest equilibrium to-
tal extraction rate. Then a condition that guarantees non-negative objective function values is
iminM (1 = dnaz)M)T5 > 1 for i = A, B.



the environmental regime will change to the next stage and the value of the game is then
given by VA(ST+1, Z¢41). In other words, there are two dynamic dimensions and two state
variables in this game. Namely, (calendar) time ¢ and the index 7 that counts which stage
the game is in. The resource stock z; moves with calendar time, but the way the resource
is shared (given by s.) changes from stage to stage. Note that although the overall game
is not stationary, the problem that the players face at any point in time is stationary.

Player A’s and B’s value functions are therefore given by:

VA(ST, Z¢) = max {ln axs + B [qVA(sT, Tpy1) + (1 — q)VA(sTH, xt+1)} } (2)

a<lsr

VE(sp,a0) = max {m bay + B[qVB(sT,xtH) r(1- q)vB(sTH,xtH)} } (3)

<l-s;

As it is usual in “fish war” models, we suspect that also here, the player’s value function
is of the log-linear form V'(s;,z¢) = kiInmz; + K. for i = A, B. This conjecture leads to

the following first-order condition for player A:

1 1 1

— = A — — 1—qkd ,———
ar Oéﬁqu—aT—bT—i_O[ﬁ< 9) ™ —a, —b,

Accordingly, we can solve for player A’s best-reply. Noting that her extraction can be

limited by the accessible share s, we have:

=min< s, ; (1—b)
e { 1+aﬁ(qk;“+(1—q>kf+l>} W

The general case of player B is symmetric, and hence his best-reply is:

= min — S+ (1—a7)
b= {1 "1+ aB(ghE + (1 - Q)k§+1)} )

We now set out to derive the structure of the coefficients kL and K. Noting that the
structure is the same for player A and B, we equate coefficients generically (where j, = a,
if i=Aand j, =b, if i = B):

. 4 . 1 1
kilnz + K! =Inj-x + afq [k; (ln(l —ar —br)x + lnM> + K;]
a a

+aB(l—q) [ 1 (ln(l—aT —bT)x—l—alnM> —i—aK;_H]

=

! oSl —q) ki (6)

ki =
T 1-afq 1—afq



This linear difference equation with constant coefficients can be solved? to give:

i (o =\ [, 1 1
()

Note that the solution of k2 will depend on kiT, which — in turn — depends on the utility

derived from fishing in the last stage.

Player A’s value of the fishery will be zero in the last stage (sp = 0), so that we
T—1
have k4 = 0. This implies that k% = - <1 - (aﬂ(l_@> > It is easy to see that

af 1-afBq
kA > ka: The term in the first bracket is smaller than one (as both o < 1 and ¢ < 1
and therefore aff — afq < 1 — afq), and the first term will therefore decrease as the

exponent gets larger. In the beginning, k‘f will be close to the steady-state value of (7),

1
1—apf

Although the coefficients K2 and KP are irrelevant for the choice of the harvesting

for all 7.

ﬁ, especially when T is large. For player B, we have k:ﬁ.B =

rate, we do need to spell them out in order to fully describe the value functions later on.

Ki:l—ﬁq

njr + 8 ((1— )KLy + (gks + (1= ki) (In M + aln(l —d,))]  (8)

Equation (8), in contrast to (6), is a difference equation where the coefficients are not
constant, nor necessarily the same for both players. Solving it is therefore not instructive.
To describe the general pattern of the equilibrium in a concise form, we introduce the

following auxiliary parameter:

, 1
! = . A h B=qP=(1- 9
T Tl (g e T STl o

Although the game is stationary within each stage, the extraction rates differ from

stage to stage as summarized in the following proposition.
Proposition 1. The extraction pattern is characterized by at most three phases:

I. When s, € [1,1 —b;), player B’s extraction rate is constrained by the share of the
resource available to him, while player A’s rate is not. Total extraction rate d, is

increasing with T in Phase 1. The individual extraction rates are given by:

ar = s;y2 by =1—s, (10)

II. When s, € [1 — br,a;], neither player’s extraction rate is constrained. Player A’s

extraction rate is increasing and player B’s extraction rate is decreasing with T, and

%We refer to a standard mathematic textbook for economists e.g. Sydsaeter et al. (2005, p.391). To see
the solution more clearly, it is useful to change variables so that we start counting from the terminal stage
T. That is, we introduce a new variable n =0, 1,2, ... so that n = 0 = 7 = T. This means that equation (6)
is written as: kf, = [+ mk}, which can be solved to get k, = m"™ko +1(3>_(m™)). As we have a geometric

series in the brackets, the solution of the equation can be rewritten as: k{ = % +mko & kb =
n 1 1 Lo 1 1 _ 1 1 _ 1 _ 1
m" ko — 7= 4 7=, Where = = =5, [ ep0-0 = T-afq U-aB0—ab=a — 1-api-aftaps _ 1-af"
—afBq —afBq



the total extraction rate is increasing, where:

_ (1=
1—fyB

721 -7

b. =
T 1o

(11)

T

III. When s, € (a;,0], the extraction rate of player A, but not player B is constrained by

the available share of the resource. Total extraction rate is decreasing with T.

ar = Sr br = (1—s.)7P (12)

Proof. The proof is given in Appendix A.1. Note that extraction is indeed linear in x in

all cases, so that the conjecture about the form of the value function is confirmed. O

3 Self-enforcing cooperative agreements

In this section, we explore whether the players can agree on sharing the gains from max-
imizing the joint surplus of resource exploitation. It is well known that self-enforcing
cooperative agreements of more than a few players are very difficult to form (Kwon, 2006;
Breton and Keoula, 2014). Here we show that even two players may not be able to coor-
dinate on the first-best if the stock shifts from one player to the other.

As we focus on in-kind transfers (ruling out financial side-payments), we ask whether
the optimal total harvest can be split in such a way that each player’s participation
constraint — which is given by his payoff in absence of cooperation — is satisfied. In other
words, we analyze whether there exists some share A\ so that player A prefers obtaining
that share of the socially optimal harvest rather than harvesting non-cooperatively, and
whether player B would at the same time prefer obtaining a share (1 — A) rather than
harvesting non-cooperatively. That is, we assume that at any time ¢, the players perceive
the Nash equilibrium described above as the only alternative to a cooperative agreement
for that stage. In essence, the players follow a grim trigger strategy within each stage.
We do not require that the threat of non-cooperative play is renegotiation-proof. Such
an agreement is self-enforcing in the sense that player A has no incentive to harvest non-
cooperatively, given that player B harvests cooperatively, and vice-versa.

To clearly distinguish the different continuation values, we denote the player’s value
function in the non-cooperative Nash equilibrium at stage 7 by VT"C’Z‘(ST7 x¢). In contrast,
V%P (X, z) describes the value of cooperation for player i, given the share A and the cur-
rent resource stock z;. Let V' = max{V; P, V"4 (2,)}, so that the function V 1 (Te41)
is generic value of the game in the next stage (where it is a priori not known whether

cooperative or non-cooperative play will dominate). Denoting the socially optimal total



harvest rate by d*, we can write:

VAN zp) = ln (A @) + B ¢V (N wea1) + (1= @)V (2e41))

VBN ) = In (1= Nd*zy) + 8 (qV7PP (N 2e41) + (1= Vi (141))

Below, we show that reaching a cooperative agreement in any given stage 7 does
not depend on whether an agreement can be reached in the next stage. Changes in the
external conditions may, in accordance with public international law?3, make the current
treaty inapplicable and will in fact often lead to re-negotiations of existing agreements.
Therefore, in any given stage 7, a cooperative agreement can be reached for that stage if

condition (13) holds for any value of x;.

VAN ay) 2 VIO a)  and VPPN @) 2 VIOP (a) (13)

Clearly, V% ’A()\, x;) is increasing in A and V;°%7 ’B()\, x¢) is decreasing in \. Let
therefore )‘fzm € (0, 1] be the minimum share of the optimal harvest that player A would be
€ (0,1]

the maximum share that player B would be willing to give to player A and still harvest

willing to accept in order to approve cooperative management. Similarly, let )\fwx

cooperatively. Accordingly, we can define the scope for cooperation by:

I={\2  — a0} (14)

mazx min>s

This allows us to state the following proposition:

Proposition 2. Cooperation possibilities are mot constrained by the available harvest
shares, but the scope for cooperation vanishes as ¢ — 0 or oS — 1. If there is scope
for cooperation (T > 0), A2 and \B

min max

(where cpf = qkf +(1- Q)kf+1 and SOB = 1—1a5)'

are given by equation (15) and (16), respectively

aBe
A ar 1—a; —b; 4
= 1
br [(1—ar— b\
ABo—=1— T T T 1
Proof. The proof is given in Appendix A.2. O

Intuition can be built by considering the following simple example, which effectively
sets ¢ = 0 and a8 = 1: There are only two periods, the resource is completely non-

renewable, and player A, who owns the resource entirely in the first period, will for sure

3The legal principle that treaties must be honoured (pacta sunt servanda) is understood to be contingent
on the current state of affairs when the treaty was made (rebus sic stantibus).
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lose it in the next period. Even without discounting, player A has no incentive to leave
anything for player B. In fact, as A’s best-reply is to consume the entire resource, there
is no share that player B can offer player A to make both strictly better off.

More generally, it can be seen from equations (15) and (16) that the scope for cooper-
ation depends in a complicated way on «, 8 and q. We therefore illustrate how the scope
for collaboration depends on these parameters in Figure 1. We plot a grid of 100x100
combinations of a3 between 0.5 and 0.9 (on the x-axis) and ¢ between 0.5 and 0.9 (on the
y-axis) and check for each combination whether I' > 0 in all stages. If yes, we color that
box green, if not, we color it red. We do so for three different values of T'. The pattern
that emerges is that the scope for cooperation is a little larger when T° = 5 rather than
T = 15, but these changes are small compared to the detrimental impact of increasing a3
or decreasing ¢. This means that the scope of cooperation is larger the slower the shift,
and — maybe counterintuitively — the less gradual the shift. The next section will deal

with these qualitative differences of the transition dynamics in more detail.
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Figure 1: Parameter values for which it is possible to have cooperation in all stages.

4 Comparative statics

In this section, we discuss more specifically how the non-cooperative extraction pattern
develops over the different stages of the game and how that in turn depends on the various
parameters of the model.

But before that, it will be useful to introduce another variable: Denote by Z the
expected value of the time that it takes for the transition of the resource from player A to
player B to complete. When Z is small, we talk of a fast shift, and when Z is larger, we
talk of a slow shift. Now for a given Z, we could have a sudden shift, when there are few
different stages, but ¢ is large so that the process — on average — stays a long time in each
stage. We call such a transition dynamic abrupt. We talk of a gradual transition when,
for a given Z, the change is characterized by many small steps. That is, T is large and ¢
is relatively small. As the duration of each stage 7 follows a geometric distribution with

mean 1%(1, the total expected time that it takes until player B is the sole-owner is given

by: Z = 1TTq.
In order to plot how the non-cooperative extraction rate and the scope for cooperation

11



change over the transition phase, and to analyze how this depends on Z, ¢, and T, we

impose the following structure on s,:

(17)

Figure 2 illustrates the non-cooperative extraction rates in equilibrium (where Player A
is red and Player B is green). We plot three scenarios with the same expected length of the
transition (Z = 10), but different values of ¢ and T'. Note that the first and last stage are
the situations where player A or player B are the sole-owner, respectively. Consequently,

the harvest rate of the respective opponent is zero for these stages.

Harvest, q=0.8 and T =2 Harvest,q=0.5and T=5 Harvest,q=0.1and T=9

0.4
L

s

0.2
I

0.1

0.0
L

Figure 2: Extraction rates over the different stages of the game. o =0.8,5=0.95, M =3

When the change in ownership is abrupt (7" = 2), each phase consists of exactly one
stage. (Phases are indicated by the dashed vertical lines.) When the change in ownership
is more gradual (T'=5 and T' = 9), the duration of the phases expands and the relative
changes in the individual harvest rates become visible. In particular in Phase II, when
neither player is constrained, player B’s extraction rate is decreasing in anticipation that
he will eventually become the sole-owner of the resource. However, player A’s extraction
rate is increasing so strongly that the total extraction rate is increasing, too.

It follows immediately from Proposition 1 that the harvest rate reaches its highest
value at the last stage of Phase II or at the first stage of Phase III. This stands in contrast
to the steady state analysis of Hannesson (2007), where the stock is in the greatest danger
of being extinct when the players share the stock equally. In fact, the stock will never
be extinct here because utility is stock-dependent in our model. The total harvest rate is
increasing throughout Phase II because player A’s incentives to over-harvest are increasing
the less access she has to the stock, while player B’s conservation incentives are not strong
enough to counteract that.*

To further explore the interactions between a fast/slow versus a sudden/gradual shift,

4Although Liu and Heino do not discuss this issue explicitly, a close inspection of the figures in Liu and
Heino (2013) suggests that the same result may also apply in their model.
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we plot the maximum harvest rate, d,nq., over the transition for different values of Z, ¢
and T'. The blue squares in Figure 3 show d,,q, when we keep Z fixed at a value of 10
years and T increases by integer increments. The black circles show d,,q,; when we keep
Z fixed at a value of 20 and the grey triangles show d,,,, when we keep Z fixed at a
value of 30. First of all, we observe that d,,,, decreases with a slower change (a longer
expected time of transition, i.e. a higher value of Z). Second, we note that for a given
Z, a more gradual change (higher 7" and lower ¢ for a given Z) means a lower d,q, — on
average. The trend for the grey, black, and blue points in Figure 3 is negative, but there is
a considerable amount of variation. The jumps in d,,q; are caused by the discrete nature

of the different stages.’

©
© m
o = Z=10
. ® 7=20
Z=30
~
©
[S]

Maxmimum Harvest rate
0.62

0.60
|

LN I T O I I
1 3 5 7 9 1 13 15 17 19 21 23 25 27 29

Total Number of Stages

Figure 3: Maximum harvest rate as a function of T for three different values of Z

Proposition 3. An faster shift (a decrease in Z ) implies higher non-cooperative harvesting
pressure. A more abrupt shift (increasing q while decreasing T' for a given value of Z ) has
an ambiguous effect on the total extraction rate: A larger q decreases total extraction
pressure in phase I and II, but has no effect in phase III. A smaller T decreases total

extraction in phase I and II, but increases extraction pressure in the last phase.
Proof. The proof is given in Appendix A.3. O

Consider a reduction in Z, the expected time of transition. If this reduction comes
about by decreasing the probability that the system stays in a given period, but keeping T’
(the total number of stages) fixed, it will have no effect on v”. However, upon inspection
of equation (7) and (9), one can see that ¢ enters both in the expression of v directly
and indirectly via the expression of k:f. Thus, the main effect here really comes from the
fact that player A’s future value in any given period is depressed. Much like an increased
discount rate, this induces her to be more rapacious. In contrast, if the reduction of the
expected transition time comes about by reducing the number of stages 7', while keeping

q fixed, player A’s future is also depressed, but this channel only works by reducing k4.

5In a sense, the lower Z, the stronger is the effect of an increase in T on ¢. For example if Z = 3, T can
only take the values 1, 2, and 3. If T' =1, ¢ = % and dymee = 0.49. When T'=2, g = % and dmax = 0.62
and when 7" = 3, ¢ = 0 and dmax = 0.62. Now when Z = 50, ¢ = 0.3 when 7" = 35 and ¢ = 0.28 when
T = 36. The associated change in dmax Will be much smaller.
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In addition, however, a change in T also affects player B’s strategy: A lower T' means that
the scope for player B to counteract A’s overharvesting is decreased, especially in Phase
IIT of the game. In that phase, player A harvests all that is accessible to him, and a lower
T means that s;, and hence player A’s harvest, is higher.

An additional measure of particular interest is the lowest biomass that the stock will
most likely obtain over the transition from player A to player B. It is of crucial impor-
tance when there are potential non-linear effects at low abundance. (We do not explicitly
consider concepts such as Allee effects or minimum viable population sizes here, but they
could of course play a critical role in the real world.) Therefore, we analyze the size of the
expected minimum stock biomass, 2, for different values of ¢ and 7" (Table 1). The calcu-
lation of the expected minimum stock biomass, Z.,;, takes into account that the expected
length that the game stays in a given period 7 will affect the expected value of the biomass
at the beginning of the next stage. We assume that the game starts at the equilibrium
value zg = M ((1 — ap) M )& To make a concrete example, suppose zo = 10, total first-
stage equilibrium extraction d; = 0.4 and o = 0.8, M = 3. When ¢ = 0.5, the expected
time that the game stays in one stage is given by 1%(1 = 2 years. The expected value at the
beginning of stage 2 is therefore given by: xo = M ((1 —dy) [M ((1 — dy)z0)?])* = 15.1.
In contrast, when ¢ = 0.9, the game stays, on average, 10 years in a given stage, so that
the value of = at the onset of stage 2 would be zo = 26.9, which is a lot closer to the
equilibrium value M ((1 — d;)M)T-a = 31.5.

Table 1: Expected minimum biomass and maximum extraction rate over the transition, ¢
is probability of staying in stage s;; 1" is number of steps. Parameters: « = 0.6; 5 = 0.95.

T=2 T=5 T=9
Z =10 years
q=0.1 - - Tmin = 31.2
Amaz = 0.49

Z =4 years Z =10 years Z = 18 years
g=0.5 Zpin =237  ZTmin =301 Ty, = 30.6
Amaz = 0.62  dpgr =048 dppee = 0.43

Z =10 years Z =45 years
qg=0.8 =z, =288 - Tmin = 30.9
dmaz = 0.49 Amaz = 0.41

Table 1 confirms that the slower the change, the less pressure the stock is exposed to.
Consider the second row (where ¢ is kept fixed and T increased): As the expected duration
of the transition increases from Z = 4 years to Z = 18 years, the maximal harvest rate
declines from 0.62 to 0.43. Similarly, the expected minimal value of the stock biomass
increases from 23.7 to 30.6. While the decline in maximal harvest rate is monotone, this is
not the case for x,,,: Inspection of the third column reveals that x.,;, actually decreases

from a value of 31.2 to a value of 30.6 when Z increases from 10 to 18 years by keeping
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T fixed but increasing q. This non-monotonicity is driven by the fact that at ¢ = 0.1
the game stays in a given stage for only a year on average, so that the biomass at the
expected time of transition is heavily influenced by the initial values. In contrast, the
stock is expected to stay in a given stage much longer when ¢ = 0.5, so that the malign
effect of non-cooperation plays out longer and essentially swamps the beneficial effect of
a slower change.

Similarly, as discussed in Proposition 3 above, Table 1 shows how the effect of a
more gradual or more sudden change is not monotonic. Consider the diagonal where
Z = 10 years for all entries. As we move from the bottom-left to the top-right, the change
becomes much more gradual. However, the maximal harvest rate first decreases and then
increases. In this case, the minimal biomass actually increases steadily as the change
becomes smoother.

Finally, we consider the effect of a change in the resource’s renewability, «, and in the
discount rate 3. Note that o and 3 always enter multiplicative as a3 in k% and .. Hence,

in much of the literature, o3 is treated as one parameter, the “bionomic discount factor”.

Proposition 4. An increase in the bioeconomic parameters « and 5 leads to a lower total

extraction rate in all phases.

Proof. The proof is given in Appendix A .4. O

An increase in « means the natural regrowth potential of the resource becomes weaker,
inducing the players to harvest less aggressively. By comparing (10)-(12) it becomes clear,
that this effect is strongest in the third phase, when player A’s harvesting is already
constrained by the available share of the resource, and weakest in the second phase when
neither player’s harvesting is constrained.

An increase in the discount factor, 5, means that the players place a higher value on
the future harvesting opportunities. Therefore, a higher discount factor naturally leads to

a decreased extraction rate. Again, this effect is weakest in the second phase.

5 Gains from cooperation

When illustrating under which circumstances a cooperative solution could be sustained by
a self-enforcing agreement (Figure 1), we only considered whether there was any stage in
which there would be no scope for collaboration. To obtain a better insight into how the
dynamics unfold over the course of the transition, we show how the bargaining set changes
over the different stages of the game in Figure 4. In particular, it becomes obvious how
the scope for collaboration is compressed at the end and the beginning of the transition
phase. This is not surprising, as it is here that both players have the strongest bargaining
positions. Towards the end, for example, player A has nothing left to lose, but also player
B has little incentive to give him much as player A’s harvest share is constrained anyway.
Furthermore, Figure 4 illustrates how player A’s bargaining strength is declining over the
different stages, though not in a monotonic fashion. Indeed, the changes from one stage

to the next can be quite large, especially in the beginning or the end.
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Figure 4: Illustration of bargaining set at different stages, a = 0.6, 5 = 0.95

In order to speak about the potential gains from cooperation, we need to define the
social optimum. We take the stance that the first-best is achieved when the sum of
player’s utility is maximized. Note that this implies that the shift of the fish stock is in
fact immaterial. No matter who has access to what fraction of the stock, it will always
be optimal to maximize the return the resource. That is, one can disregard the transition
dynamics and simply write the social planner’s problem as choosing an extraction pattern
d and then splitting it in some arbitrary way. For simplicity, we presume that the social
planner does not discriminate between player A and player B, so that a* = %d* and

b* = %d*. Thus, we can formulate the problem as finding the first-best total harvest as:

V*(2) = max {2z + BV (M((1 ~ d)a)")} (18)

As usual we can use the ‘guess and verify’ method to solve for the value function. This
confirms that V* = k*Inz + K*, where:

1 1 aflnap

1—ap’ K_1—5 1—ap

k*
1—ap

—In2| (19)

+In(1 —afB) +

Consequently, the first-best total extraction and the optimal steady state resource stock

are given by:
d* = (1 - ap); 7 =M (afM)Te (20)

In Figure 5, we then illustrate the development of the gains from cooperation. Obvi-
ously, the first-best value of the resource will not change with the transition of ownership,
while player A’s outside option (his non-cooperative value function VA(sT, x¢), is given by
equation (2) and plotted in red) decreases. Contrarily, player B’s outside option increases.
Overall one can see that player A’s value function declines faster than player B gains in
value, so that the loss induced by non-cooperation is increasing with 7. Or stated the
other way around, the gains from cooperation are higher towards the end of the transition
period. However, in accordance with Figure 4, one can see that it is also here that the

cooperation is most difficult to achieve. Indeed, for our example, self-enforcing agreements
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cannot be formed in the last stage of the game when T'=9,¢ = 0.1 and T' = 9,¢ = 0.5.
Furthermore, one can see that player A’s value function is higher, the higher ¢ (but note
the overall loss from non-cooperation is not very sensitive to ¢). This is simply a conse-
quence of the model setup where the resource shifts entirely from player A to player B.

In other words, the larger is ¢, the shorter is A’s expected time horizon.

Value,g=0.1and T=9 Value,g=0.5and T=9 Value,q=0.8and T=9
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Figure 5: Development of the non-cooperative value (red = player A, green = player B)
and the gains from cooperation (gray area, hatched when self-enforcing agreement not
attainable). « =0.8,3=0.95M =3

6 Discussion and Conclusion

We extend the well-known model of Levhari and Mirman (1980) to study the situation
where a renewable resource changes the hand of its owner in an anticipated way, but at
an uncertain time. We show that the shorter the expected duration of the transition
(the faster the shift occurs), the higher the total extraction rate. There are really two
different effects at play: First, a faster shift could mean that the probability to stay in
the current regime is reduced. This decreases the future value of the game for player A
(who loses the resource) and hence increases her incentives to over-harvest. Second, the
expected duration of the shift could be reduced by decreasing T', which makes the shift
more abrupt. This also decreases player A’s future value, but it also means that player B
can do less to counteract the aggressiveness of player A because he has less leverage. In
addition to disentangling the effect of a slow or fast change from the effects of a gradual
or sudden change, we point out that a decrease in the player’s valuation of the future and
an increase in the renewability of the resource leads to a higher total extraction rate.
Furthermore, we study the conditions under which the players can sustain self-enforcing
agreements to share the optimal harvest level. We show that, in contrast to the benchmark
game of no shift and in contrast to the case with side-payments, even two players cannot
always form an agreement. As in non-cooperative equilibrium, the slower the shift is,

the better are the chances to achieve cooperation. However, the scope for cooperation
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decreases as the change is more gradual. The scope for cooperation vanishes when the
regrowth potential of the resource is low simultaneously with a high discount factor.

Although our analytic model is fairly general, there are of course a number of (implicit)
simplifying assumptions that warrant discussion: First, we have assumed the regime shift
to be irreversible. Though clearly a simplifying assumption, it is not entirely clear what
additional insights the alternative assumption would yield. Certainly, the nature of the
game would change if the stock shifted back to the original owner at some point. Then
the player losing the stock would have more conservation incentives as it has the chance to
continue harvesting in the future. On the other hand, the player receiving the stock would
also take this into consideration and not harvest as a sole-owner, as there is a probability
to lose the stock to the original owner. This implies that the asymmetric game of the
stock shifting from one to the other player is embedded in a larger symmetric game. In
the extreme case, this larger symmetric game would converge to the benchmark game
without a shift in stock distribution.

Second, we have concentrated on the case with two players only. In general, the
literature shows the difficulty to sustain a cooperation between multiple players, especially
when no additional enforcement mechanism are available to alleviate the problem. Breton
and Keoula (2014) showed that an assumption of asymmetric players is not sufficient to
facilitate a coalition of several players, and the largest coalition size in their model is
two. In our case, the cooperation is not always possible even with two players, and if we
added a third (or several) players into the game, the possibility to achieve an agreement
may vanish entirely. However, in a recent contribution Miller and Nkuiya (2014) show
that coalition can be larger under threat of regime shift. In essence we have modeled the
transition in stock distribution as a series of exogenous regime shifts. Hence it would be
a very interesting avenue for future research to explore how the game changes when we
allow for more than two players. It goes without saying that this would require many
more structural assumptions on how the changes in the resource distribution affect the
share of the stock that the players have access to.

Finally, we have assumed that both the harvest of the players and the resource stock is
perfectly observable and common knowledge. Uncertainty about the resource stock has no
effect on the non-cooperative extraction decisions in the Levhari-Mirman game, as shown
by Antoniadou et al. (2013). When the level of individual extraction is unobservable to
society, a moral hazard problem arises, as it becomes impossible to identify the cheater and
thus target the punishment correctly. Therefore, Tarui et al. (2008) suggests a symmetric
punishment for all agents. They introduce a two-phase punishment scheme, in which a
subgame perfect equilibrium with the lowest possible payoffs is brought into play in the
first phase followed by a second phase with a forgiveness from all agents and furthermore a
stock re-establishment to the cooperative level. In line with our results, Tarui et al. (2008)
point out that a small number of players, fast growth rate of the resource or high discount
factors may not support cooperation when actions are unobservable. An alternative to
symmetric punishment could be the random punishment introduced scheme by Jensen
and Kronbak (2009), or the scheme suggested by Laukkanen (2003), according to which
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cooperation is enforced by the threat of a sufficiently detrimental non-cooperative Nash
equilibrium. This scheme provides cooperation, but under a narrower set of conditions
than the one suggested in Tarui et al. (2008). In short, these studies indicate that including
uncertainty about the other player’s harvest (in combination with the risk-aversion implied
by a concave utility function) should lead to wider range under which cooperation is
sustainable, possibly even when there are more than two players. Whether this conjecture
indeed holds is an interesting avenue for further research.

Our model speaks to the recent difficulties that existing international fisheries agree-
ments have encountered as fish stocks have changed their spatial distribution. These
difficulties are indeed expected to increase due to climate change. A clear policy recom-
mendation that follows from our analysis is to focus attention on those cases where the
changes are expected to occur fast and smoothly. In particular, mechanisms to enlarge
the bargaining space of international fisheries by stock-unrelated side-payments should be

investigated for those cases.
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Appendix

A.1 Proof of Proposition 1

The existence of the first phase follows from the assumption that sg = 1 so that player A is the
sole-owner in the first stage of the game, and player B cannot extract anything. The existence
of the last phase follows from the assumption that sp = 0 and player A cannot extract anything.
The second phase may not exist (e.g. when 7' = 1).

Consider the first phase (equation 10). Player B’s extraction rate is constrained by the share
1 — s, accessible to him. This share is increasing as s, is decreases. The extraction rate of player
A is given by a, = s,72. This may in principle increase or decrease. Clearly, s, is declining with

7, but ¥4 increases with 7:

1 1
1+aBed,,  1+apd
g qkf +(1- Q)kfﬂ > qkf—&-l +(1- Q)kfw

A A A A
Yr+1 — V7 >0 g >0 <~ Pr > Pr+1

The last line is true because k2 > ka, as we have discussed in relation to equation (7) on page
8. In spite of this indeterminacy, it is possible to show that the total extraction rate in the first

phase, which we denote d. for clarity, increases with 7:

1 1 A A
diyy>dr & Sryvitl—srp1 >80y, 11—,

A A Sr+1 771—4 —1
And ST+1(’77+1 - 1) > ST(A/T - 1) A < A
St Yr+1 1

The change in sign in the last line occurs because v < 1 for all 7. The left-hand-side of the
last inequality is smaller than one as s;+; < s; by construction. The right-hand side, however,

A
is larger than one: 1*77_11 >1e 2 —1 <94, -1 424, > ~4 The first phase ends when
1

PP B
l=sr 2 Tk €50 < atappa
Consider the second phase. Equate the two non-binding best-replies a, = (1 — b,) and

by =vP(1 — a,) yields:

B A A__AB AVB (L =7")
ar = (1 - (1 — aT))’YT g ar =% =77 +a’777,y r = W
b

2 (=55 1—2H)

The case for player B is symmetrical. The total extraction rate is dXf = a,+b, = [—~A

It is increasing with 7 when the following holds:

(VA1 = 29207 + ) (1 = 298) — (92 — 29298 +4B) (1 — A 175)
(1 —=~42478)(1 —v4A98)

11 11
dit —all = >0

Because the denominator is positive (72 < 1 and vZ < 1) this is equivalent to:

(2 — A+ (VP —29P) > 0.

This inequality holds because the first bracket is positive, and since v# = 1 — af3, the second

21



bracket reduces to («3)?, which is also positive.
Total extraction in the third phase is d//! = s, + (1 —s,)y? = 1 —aB+aBs,. This is declining
as 7 — T simply due to the fact that s, > s.11.

A.2 Proof of Proposition 2

In the following it will be useful to define the following auxiliary parameters:

1
A A A B _
or =qky +(1—@kry;  and o7 = I ap

We start by conjecturing that V.¢°P»* and V*“? are of the usual log-linear form and that the
coefficients k2 and kZ take the form as described by equation (7). Taking the perspective of player

A, her relevant value functions are:

veeerA(x z,) =In A1 — af) +Inz; + ...
B (g [kf Inzip + Kﬁ‘mp’A] +(1-gq) [kTA_H Inxiq + Kf_,_l])

vred(\ o) =Ina, +Ina, + ...
B (q [kf Inzipq + KfC’A] +(1-gq) [kfﬂ Inzipq + Kfﬂ])

Note that 2411 = M (afz;)” under cooperation but z;y; = M ((1 —a, — b;)x;)® under non-
cooperation. Equating coefficients therefore shows that indeed k2 = 1 + a2 as in the non-

cooperative case:

EAInz, + KP4 =1In A1 — af) +Inz, + ...
B (q [kf(lnM +alnaf+alnz) + Kﬁo"p’A} + ..
e (I=q) [ (InM +alnaB +alnz,) + K2 ])

We have also:
(1= B K" = A(1 - af) + B (1 - Ky + ¢ (In M + alnap)) (A-1)

For the non-cooperative case, equating coefficients yields:

(1-— 5q)K;w’A =lna, + 5 ((1 - q)KfJrl + @f(lnM +aln(l —a, — bT)) (A-2)

Player A’s participation constraint is satisfied when:

VR AN, ay) = VoM wy) = kL Inwy + KP4 — (k2 Ina, + K29%) > 0

Clearly, the term k4 Inx; cancels. Similarly, inspecting (A-1) and (A-2), we see that the term

KTA_H, capturing the further development of the game, enters in the same manner in those two

equations. Thus, it cancels as well. Therefore, we can define player A’s gain from cooperation by

g%
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1 1—ap af

A A

= 1 1 In({—— A-
A0 = 1 (e () vt (22 )) (A9
Whether this g4 (\) > 0 is in fact independent of the current stock level and the future development

of the game.

There is not always scope for cooperation

To see that there cannot always be scope for cooperation, note that g()) is increasing in A and
reaches its maximum at A = 1. We now show that ¢(1) < 0 as a8 — 1 or ¢ — 0, so that player
A would not join an agreement, even if she were offered the entire harvest.

To show that g4(1) < 0 as ¢ — 0, consider A’s gain from cooperation at stage T — 1. At this
stage we have lim,_,o gpfl‘i_l = 0 and consequently ar_1 = sp_; (Player A will harvest all she can
1:56) <0< 1-af <ar_;.
When sp_1 < 1 — af we need to consider the game at stage 7 < T'— 1. But from backward

before she loses the resource for sure). We have g4(1) < 0 < In (

induction, it follows that a, = s, for all 7 and consequently b, = (1 — s;)(1 — af). Now there will
be some 7 at which s, > 1 — af8 and since p2 is bounded above by ﬁ we know that at some
stage (as s, — 1) we have In(1 — a8) — (1 + aBp2)Ins, < 0 and thus g*(1) <0 .

Consider now the case when a3 — 1. We have that g*(1) < 0 whenever:

. 1—ap A af
1 1 In{ ———
aé§1n< ar >+a6¢7n<1—a7—b7 <0

To evaluate this limit, we need a few building stones. Consider first k4

A A and 4, where we

use L’Hopital’s rule to show that these terms converge to some constant k:

. A 1 ap(l—q) =
alérglkT _alérill |:1—a,8 (1_ ( 1—aBq ) >:|

T—1-1
limaﬁﬁl |:—(T — 7') (alﬁ_(igg)) ((1_1;54)2 ):|

lim(le —1

=(T'—7) lim {(OM)T”] lim {( 14 }:T_T:noo

af—1 1—afq af—1| (1 — afq)? 1—gq

. . T—-71)
1 A= lim ¢k? + (1 — ¢)k2 N k) SRS >0
Jim o = lim gkr + (1 - k7 A=y +T -7 K2
lim 'yA: lim ¥:H3>0
aB—1""  aBo1 1+ aBpA
lim 7% = lim (1—aB)=0
aB—1 af—1
And therefore:
limag—1 s.ryf = S$,K3 Phase I limag—s11— 87 =1-s5;
. . A _~B . . B(1_~A
Jim ar = ¢ limagon T = ka Phase Il lim by = ¢ limagon 0705 =0
limag—1 Sr =5, Phase IIT limag—1(1 — ST)fyB =0
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Hence, limyp-,1 In (1;‘3‘5) = —o0, but limyg_; aﬁg@f In (10“7/3) = Koln (ﬁ) in Phase I,

- —ar—br

= Ko ln (ﬁ) in Phase II, and = ko In (ﬁ) in Phase III. In any case, it is bounded above so

that the entire term {ln (1;—&5) + afypdIn (%)} must be smaller than zero as claimed.

Derivation of A4, and \5

min max

Now consider the situation where a3 take values such that g4(\A. ) = 0 exists. By re-writing

min

equation (A-3) and taking exponents on both sides, we get:

A

1—a, — b\ %"

Ah, = o (Lzar=b (15)
1—af af

By parallel reasoning, player B’s participation constraint is satisfied when Voor:B — yneB >

and \B

max?

the maximum share that player B would be willing to give to player A and still harvest

cooperatively is — if it exists — defined by:

ape®
b l—a,—0b
h NS AN T 16

Cooperation possibilities are not constrained by the available harvest shares

At any stage 7, player A needs to harvest at least (1 — aﬂ))\ﬁlm to join the agreement. This is less

than he would harvest under non-cooperation:

aBp? aBpl
1—a, — b\ %" 1—ay — b\ P
AV EETE O (ST R
o o

The last statement is true because 1 —a, —b, = 1—d"® < 1—d* = af and afp > 0 and a function

z¥ <1 when z < 1 and y > 0. For player B, the argumentation is parallel:

L app® L afe®
) < bT = bT <1a7bT> < bT =N <1a,rb7—) <1

(1-aB)(1- A = .

max
As ar < s; and by < 1 — s; by construction, it follows immediately that cooperation possibilities
are not constrained by the accessible harvest shares.

This completes the proof of Proposition 2.

A.3 Proof of Proposition 3

A
To show how the extraction pattern changes with we need to derive %(/{:B and thus v? do not
depend on ¢). In this derivation, we will again employ the following auxiliary parameters to make

the derivations more concise.

1
1—af

¢l =gk +(1-qky, and %=

. ok
To start, consider 5
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T—-17-1
okA —(T=7) (“ﬁ(i}?) (—aﬁ(l—algizl;%ig;—q)(—aﬁ))
dqg 1—ap
_ aB(l—q) et —af
—o-n(TE) () 7 (A4

The above follows from 7" > 7 and because the term (alﬁ_(;a;g)) >0as o, 08, and g € (0,1). As a

consequence:

kA
+4q

&pf _ kA
dq T

ok,
k;T-ﬁ-l (1 - q) a;
8kA 8k‘r+l) + 8](1;44,1

=k =kt (561 dq dq

kA

>0 (A-5)

Here, we have to show tha 54 for all kA > k2 and ¢ > 0 and 2 ’“ > 0. From (A-4)

q
we have:

ok: Ok, aB(1—¢q)\" T2 aB(1—g)\" !
v - I >o@<T_T_1>(1_aﬁq) _<T_T>(1_aﬁq) >0

s (T—-7-1) (M) >T—7

sT—-—17—-1>af(T—7—9q)

This is true because «, 3, and g € (0,1). This implies:

A _aB&PT
O _ <0 (A-6)
g (1+apfph)?
(s

Furthermore, we need to derive (,;’T (kP and thus ©? and 4 do not depend on 7'.). Again,

kA -1 11—\ 7 1—
oT 1—af \ 1—afq 1—afq
Since (O‘l’e fi;?) < 1, the logarithm yields a negative number, so that the entire term is positive.
Consequently:
8@71? _ 8kA (1 _ )8kf+1 >0 (A 8)
or ~ Tor V”ar )
InA _ 3%
i _Z9Par (A-9)

or (1+a6<p )?

In the first phase, player B is harvesting the entire share available to him (b1 = 1 —s,). Hence

his extraction rate does not depend on ¢. It does depend on T, however, since s, = T;T. Sr
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increases with T’ so that bl decreases. From (A-6), it follows that player A’s and thus the total
extraction rate is decreasing in q. Regarding an increase in T, we see from (A-9) that v decreases,

but s, increases. The total effect is still negative:

odl  0s; 4 877 _ Os;

ar ~ar" T ar ~ar <V
687’ A 6771-4 857’

< or T ar ~ar <V
oA 4057
G <=7

This is true because 2 5F = < 0 and all other terms are p051t1ve (and v2 < 1).

P i *2%

177~ . Consequently:

In the second phase, we have d/f =

oA 92yANE a1
oar (B - ZE) (11— 9fyB) - 2 (3 4 B — 29/4B)

dq (1 —yfyB)?
(63; -2 Ba”)(l— P)+~" 52 00 (yA 47 — 284 P)
B (1 —yftyB)?
(1-7P)2%  (aB)e

(=) (1 —4yB)?

As we know, (af)? > 0 and Bgf < 0 (confer (A-6)), which implies a negative nominator and a

positive denominator. Consequently, the total extraction is decreasing in q.

Similarly:

oy 82y A4 8
aar (57 - ) (- iy®) - e ) (v 4B — 27 5)
or (1 —~AB)?

(aﬁ)za’h

(1 - yAyB)?

Again, (a3)? > 0 and aa’yc,? < 0 (following from (A-9)) , which implies a negative nominator and a

positive denominator. Consequently, the total extraction is decreasing in 7' in the second phase.

In the third phase, neither player’s extraction rate reacts to changes in ¢. Instead, both player’s
extration rates depend on T as al!! = s, and bl = (1 — s,)yP®. As an increase in T means a
larger s;, the extraction rate of player A increases in T, and consequently player B’s extraction
rate decreases. The total effect is increasing, as player B’s declining effect is smaller than the effect
of player A (1 —af < 1).

A.4 Proof of Proposition 4

To see that an increase in « or 5 (and hence af) leads to a lower total extraction rate in all phases,
A B
we first need to establish ngﬁ < 0 and % < 0. As vB =1 — ap, the sign of the latter derivative
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is obvious. For 7;4 = (1+aB(gk? + (1 — @)k, 1)), it is more involved. We first need to show
GkA

oer (17 (2452)") - (h50) T (UsUGesen=0 ) (1 — ap)

dap (1-ap)?
o (- (TS ()T ()

- (M)P{D(T*T)(1‘aﬂq)<1—q><1—a6>

>0

1—afq af(l-q)/) (1—apq)?
1— afq )TﬁT 1—ap
—— “1>(T-7)——F
* (ot 0D 51— o)
We know that this holds because at 7 = T — 1 (the largest value that 7 can take at which k2 is
still strictly positive), the last line reads: alﬁ__“(f gq —-1> ﬁ‘f/@@. This can be transformed to

q(1—af)? > 0 which is true because ¢ < 1 and a3 < 1. For 7 > T — 1 the left-hand-side (LHS) of
the above inequality is growing exponentially while the right-hand-side (RHS) is growing linearly.
A

Olaky + (1 — k] _ OkY Ok7.
[ ( ) +1] _ +(1-q) 1 50
oaf 3 B daf
d[qkA —q)k2 1
orA —lakt + (1 k] - ap Pttt ioDhenl <0 (A-10)
daf (14 aBlgkd + (1 — k2 ,])?

In the first phase, Player B’s extraction rate is given by bl =1 — s, and does not depend on

afl. Player A’s extraction rate in the first phase is given by al = 5777 and aaﬂ = S, gz;;a < 0,
which follows from (A-10).

A B B A A B A_B
son se gl T 1 _ o (=7) | ym (A=) a4 =29,y
In Phase II, total extraction is d;' = ai' + b = e + A5 = T—A,B

Consequently:

9244~ P a1
parr (535 + 55 — T5ia) (1= 9f™) — 20550 (0 497 — 2997)
daf (1—7fyP)2

oy Gt
(55 -1+ 202 - 29855 (1= 99®) - (3 - v 55 (0 + 77 — 29897)
(1 —=yP)?

) A
(@B — (1 —7f)?
(1 —~795)?

As (aB)? > 0, glg < 0and (1—92)2 > 0, the nominator is negative. Additionally, the denominator
is (1 —v29%)2 > 0, and consequently the total extraction is decreasing in af3 in the second phase.

In the third phase, player A’s extraction rate is independent of o and 3, and thus changes in
those do not affect her extraction rate. However, player B’s extraction is linearly dependent on
both a and 8 as b, = (1 — s;)1 — a3, and an increase in those parameters results in a decrease in

player B’s, and consequently in the total extraction rate.
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Fisheries agreements with a shifting stock Online Appendix

[This section is intended as online appendix.]

A.5 R-code to produce Figures and Tables in main text

Here we provide the computer codes that can be used to replicate the Figures and the Tables in
the main text and to explore the model for different combinations of parameter values. The codes
are written in “R” and consist of two files, one which produces the Figures and Tables (named
ShiftStockFigTab.R) and one which is used to generate the vectors that are plotted with help of
the first code (named ShiftStockGenVec.R).

The file ShiftStockFigTab.R to produce the Figures and tables:

# International fisheries agreements with a shifting stock
# Code for Figures and Tables
# last edited on November 21, 2014, by fkd

# clear workspace and set working directory
# rm(list = 1s(all = TRUE))
setwd("path to wd")

## Outline of Code:

Preliminaries

Figure 1: Illustration of extraction rates and value functions

Table 1: Expected minimum biomass and maximum extraction rate over transition

Figure 2: Maximum harvest rate as a function of T for three different values of Z
Figure 3: Parameter values for which it is possible to have cooperation in all stages
Figure 4: Illustration of bargaining set at different stages

HHEHHHH

## Start: Figure 1: Illustration of extraction rates and value functions

## parameter values

a <- 0.8 # the renewability parameter (a = 1 means non-renewable, a = 0 is totally renewable)
b <- 0.95 # discount factor

ab <- axb # this abbreviation will be used a lot

M <- 3 # scaling factor to make sure that V stays positive

### expected value Z = 10

qvect <- ¢(.8,0.5,0.1) # vector of g-values (probability of staying in the current regime)
Tvect <- ¢(2,5,9) # vector of T values

## prepare the window for the figures
par (mfcol=c(2,length(Tvect)), mar=c(3,3,3,1)) # the plot window consists of as many panes as there are different T-values

## start the loop to make the figures
for(j in 1:length(Tvect)){

q <- gvect[j] # assign specific gq-value
T <- Tvect[j] # assign specific T-value
Stage <- 0:T # define the vector of stages

Share <- (T-Stage)/T # the share available to player A in each stage

## source the file that produces the vectors to be plotted
source ("ShiftStockGenVec.R")

# upper panels: harvest rates
Titlevalue <- paste("Harvest, q=",q, "and T =", T) # For the plot, each panel has an automatic title

ylimpara <- c(min(min(hr.A),min(hr.B)),max(d.NC)) # define the limits of the y-axis.
plot(d.opti,ylim=ylimpara,type="n",main=Titlevalue,ylab="",xlab="",xaxt="n")

lines(d.opti,col="blue",lwd=2) # this line draws the sole-owner optimal benchmark
lines(d.bench,lwd=2) # this line draws the benchmark Nash Equil. when there is no shift in ownership
lines(hr.A,type="b",pch=16,col="red",1lwd=2) # harvest rate of player A
lines(hr.B,type="b",pch=16,col="green",lwd=2) # harvest rate of player B
lines(d.NC,type="b",pch=16,col="brown",lwd=2) # total non-cooperative harvest rate

segments (max (phaseI)+0.5,-1000,max (phaseI)+0.5,10000,1wd=1, 1lty="dashed") # vertical line to demarcate phase I and II
segments (min(phaseIII)-0.5,-1000,min(phaseIII)-0.5,10000,1wd=1, lty="dashed") # line to demarcate phase II and III

# the next lines define the x-axis values which differ with T
if (j==3){
axis(l,at=1:10,labels=0:9) # when j=3, tau runs from O to 9, this must be adapted should T be different
Yelse{
if (j==2){
axis(1l,at=1:6,labels=0:5)
Yelse{
axis(1,at=1:3,labels=0:2)
¥
¥
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lg.text <- c("sole-owner benchm", "benchmark Nash", "player A NC", "player B NC", "total NC") # text for legend
legend("bottomleft",lg.text, pch = 16,col=c("blue","black","red","green","brown"),cex=0.7) # place legend in plot

rm(lg.text,ylimpara) # remove the variables lg.text and ylimpara

# plots of value function
Titlevalue <- paste("Value, g=",q, "and T =", T)

plot(V.A.expect, type="b",col="red",lwd=2,ylim=c(0,V.S0.expect),main=Titlevalue,ylab="",xlab="",xaxt="n") # value function of player A
lines(V.B.expect,type="b",col="green",lwd=2) # value function of player B
segments(-1,V.S0.expect,T+10,V.S0.expect,col="blue",lwd=2) # indicating Sole-owner payouts

segments (max (phaseI)+0.5,-1000,max (phaseI)+0.5,10000,1wd=1, lty="dashed") # vertical line to demarcate phase I and II
segments (min(phaseIII)-0.5,-1000,min(phaseIII)-0.5,10000,1wd=1, 1lty="dashed") # line to demarcate phase II and III

if (j==3)1
axis(1l,at=1:10,labels=0:9)
Yelse{
if (j==2){
axis(1l,at=1:6,labels=0:5)
Yelse{

axis(1,at=1:3,labels=0:2)
¥
¥

lg.text <- c("player A", "player B", "sole-owner benchm") # yes, correct
legend("topleft",lg.text, pch = 16,col=c("red","green","blue"),cex=0.7)

## End: Figure 1

## Start: Table 1: Expected minimum biomass and maximum extraction rate over transition

## parameter values

a <- 0.8 # the renewability parameter (a = 1 means non-renewable, a = 0 is totally renewable)
b <- 0.95 # discount factor

ab <- axb # this abbreviation will be used a lot

M <- 3 # scaling factor to make sure that V stays positive

qvect <- ¢(.1,0.5,0.8) # the different values of q to be tabulated
Tvect <- c(2,5,9) # the different values of T to be tabulated

## create empty tables to be filled with values
XminTable <- matrix(NA,length(qvect),length(Tvect))
dmaxTable <- matrix(NA,length(qvect),length(Tvect))

## loop through g- and T-values to fill table
for(i in 1:length(qvect)){ #i-loop through q (rows in Table 1)
for(j in 1:length(Tvect)){ #j-loop through T (columns in Table 1)
q <- qvect[i]
T <- Tvect[j]
Stage <- 0:T
Share <- (T-Stage)/T
source("ShiftStockGenVec.R") # obtain vector of total harvest rates and x-values
XminTable[i,j] <- round(min(xdev[,expttime]),1) # minimum expected biomass for a given scenario
dmaxTable[i,j] <- round(max(d.NC),2) # maximum harvest rate for a given scenario

3}

## End: Table 1

## Start: Figure 2: Maximum harvest rate as a function of T for three different values of Z

## parameter values

a <- 0.8 # the renewability parameter (a = 1 means non-renewable, a = 0 is totally renewable)
b <- 0.95 # discount factor

ab <- axb # this abbreviation will be used a lot

M <- 3 # scaling factor to make sure that V stays positive

Zvect <- ¢(10,20,30) # vector of expected transition times to evaluate

## create the vectors for plotting
for(j in 1:3){ # j-loop through the different Z values

Z <- Zvect[j]
Tvect <- 1:(Z-1) # for a given Z, return the possible integer values of T
dmaxPlot <- rep(NA,length(Tvect)) # create an empty vector to later store the values if max hatrvest rate dmax

for(i in 1:length(Tvect)){ # i-loop through the different values of T (total number of stages)
T <- Tvect[il
q <~ 1-(T/Z) # find the value of q that corresponds to given Z and T
Stage <- 0:T
Share <- (T-Stage)/T
source("ShiftStockGenVec.R") # source the file that creates the vector of total harvest rates
dmaxPlot[i] <- max(d.NC) # find the maximum harvest rate for a given combination of q,T, and Z

if (j==1){
dmaxPlot.10 <- dmaxPlot # maximum harvest rate when Z = 10

29



Yelse{

if (j==2){

dmaxPlot.20 <- dmaxPlot # maximum harvest rate when Z = 20
Yelse{

dmaxPlot.30 <- dmaxPlot # maximum harvest rate when Z = 30
333}

## plot the vectors of maximum harvest rates
# reset the window for plotting
par (mfcol=c(1,1), mar=c(5,4,4,2)) #margins=c(bottom, left, top, right)

plot(dmaxPlot,ylim=c(0.4,0.5),
type="n",ylab="Maxmimum Harvest rate",xlab="Total Number of Stages",xaxt="n")
points(dmaxPlot.10,col="blue",pch=15)
points(dmaxPlot.20,col="black",pch=16)
points(dmaxPlot.30,col="gray",pch=17)
axis(1,at=1:30,labels=0:29)
lg.text <- c("Z = 10", "Z = 20", "Z = 30") # yes, correct
legend ("topright",lg.text, pch = c(15,16,17),col=c("blue","black","gray"))

## End: Figure 2

## Start: Figure 3: Parameter values for which it is possible to have cooperation in all stages

## parameter values

abvect <- seq(0.5,0.9,length=10) # the vectors of alphaxbeta to be investigated
quect <- seq(0.5,0.9,length=20) # the vector of q

Tvect <- c¢(5,10,15) # three different values of T that will be plotted

M <- 3 # scaling factor to make sure that V stays positive

## create empty table to be filled with values of O if no cooperation and 1 if cooperation
Mat <- matrix(NA,length(abvect),length(qvect))

## start the loop: for each T fill Mat, this takes a long time depending on length of ab- and g-vector
for(Tcounter in 1:3){
T <- Tvect[Tcounter] #
Stage <- 0:T
Share <- (T-Stage)/T
for(i in 1:length(abvect)){
for(j in 1:length(qvect)){
ab <- abvect[i]
a <- sqrt(ab) # the source code needs alpha and beta separately, so simply split ab evenly
b <- sqrt(ab)
q <- qvect[j]
source ("ShiftStockGenVec.R")
laA.min <- (hr.A/d.opti)*((1-d.NC)/(1-d.opti))~(ab*varphi.A) # lambda min according to eq(24) in main text
laB.max <- 1-(hr.B/d.opti)*((1-d.NC)/(1-d.opti)) "~ (ab*varphi.B) # lambda max according to eq(25) in main text
Gamma <- laB.max-laA.min # scope for cooperation?
Gamma <- Gamma[2:T] # do not look at first stage when player A is sole-owner
if (min(Gamma)>=0){Mat [i,j] <- 1}else{Mat[i,j] <- 0}
}
s

## store the scope-for-cooperation matrix of the different T-scenarios
if (Tcounter==1){MatT5 <- Mat}else{
if (Tcounter==2){MatT10 <- Mat}else{MatT15 <- Mat}
3}

## preparations for the plot
library(lattice) # load the package to do the contourplots
col.regions <- c("red", "blue", "green") # give gridcell a green colour when coop possible in all stages, red if not

## plotting the tables

contourplot (MatT5,cuts=2,col.regions=col.regions,colorkey=FALSE, contour=F,region=T,
xlab="alpha*beta between 0.5 and 0.9",ylab="q between 0.5 and 0.9",
main="T = 5")

contourplot (MatT10,cuts=2,col.regions=col.regions,colorkey=FALSE, contour=F,region=T,
xlab="alpha*beta between 0.5 and 0.9",ylab="q between 0.5 and 0.9",
main="T = 10")

contourplot(MatTlB,cuts=2,col.regions=col.regions,colorkey=FALSE,contour=F,region=T,
xlab="alpha*beta between 0.5 and 0.9",ylab="q between 0.5 and 0.9",
main="T = 15")

## End: Figure 3

## Start: Figure 4: Illustration of bargaining set at different stages

## parameter values

a <- 0.6 # the renewability parameter (a = 1 means non-renewable, a = 0 is totally renewable)
b <- 0.95 # discount factor

ab <- axb # this abbreviation will be used a lot

M <- 3 # scaling factor to make sure that V stays positive

T <-9 # holding total number of stages fixed

Stage <- 0:T

Share <- (T-Stage)/T

qvect <- ¢(0.1,0.5,0.8) # evaluating three different values of g
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## plot bargaining set over different stages
# prepare window for plotting
par (mfcol=c(1,length(qvect)), mar=c(3,4,4,2)) #margins=c(bottom, left, top, right)

for(i in 1:length(qvect)){ # i-loop through different values of q
q <- qvect[i]

source("ShiftStockGenVec.R")
laB.max <- 1-(hr.B/d.opti)*((1-d.NC)/(1-d.opti)) " (ab*varphi.B) # vector of maximal share that B is willing to give at stage tau
laA.min <- (hr.A/d.opti)*((1-d.NC)/(1-d.opti))~(ab*varphi.A) # minimal share that A needs to receive at stage tau

cooptime <- which(laB.max-laA.min>0) # find the stages at which cooperation is at all possible
Titlevalue <- paste("T =9, g=",q) # For the plot, each panel has an automatic title

# create the empty plot

plot(2:T,2:T,ylim=c(0.25,0.75) ,type="n",ylab="Share lambda",xlab="Stage tau",main=Titlevalue,xaxt="n")

# fill the bargaining set at which cooperation is possible

polygon(c(cooptime,rev(cooptime) ,min(cooptime)),c(lah.min[cooptime],rev(laB.max[cooptime]),laA.min[min(cooptime)]),col=gray(0.92),border=gray(1))
lines(cooptime,laA.min[cooptime],lwd=2) # this (lower) line gives the minimal share that A needs to receive
lines(cooptime,laB.max[cooptime],lwd=2) # this (upper) line gives the maximal share that B is willing to give
segments(-1,0.5,T+2,0.5,1ty="dotted") # dotted line to indicate a 50/50 split

axis(1,at=2:T,labels=1:8)

## End: Figure 4

The file ShiftStockGenVec.R that generates the vectors to be plotted:

## code to generate vectors and values for plotting, used in ShiftStockFigTab
# last edited on June 22, 2015, by fkd

# needs input a, b, ab, q, T, Stage, and Share

# produces output: d.NC,d.opti,d.bench,,hr.A,hr.B,

# xdev,exptime,varphi.A,varphi.B,phasel,phaselll
# V.S0.expect,V.A.expect,V.B.expect

## construct the derived parameters, k.tau, varphi.A, gamma

k.B <- 1/(1-ab)  # initial values

kTA <- 0 # initial values

k.A <- c(rep(NA,T),kTA) # k for player A (0 to make space for them first)
varphi.A <- c(rep(NA,T),0) # varphi for player A (0 to make space for them first)
gamma.A <- c(rep(NA,T),0) # gamma for player A (0 to make space for them first)

for(t in T:0){
k.A[t] <- (1+ab*(1-q)*k.A[t+1])/(1-ab*q) # according to equation 11
}

for(t in T:0){
varphi.A[t] <- (gq*k.A[t] + (1-@)*k.A[t+1])
}

varphi.B <- rep(1/(1-ab),length(varphi.A))

for(t in T:0){

gamma.A[t] <- 1/(1+abx(q*k.A[t] + (1-g)*k.A[t+1])) # according to eq 13
}
gamma.B <- rep((1-ab),length(gamma.A)) # according to eq 14

## PART 1. Harvesting rates

## harvesting rates

## benchmarks
d.opti <- rep((i-ab),length(Stage)) # optimal harvesting rate
d.bench <- rep(2*(1-ab)/(2-ab),length(Stage)) # benchmark NC game harv rate

## theoretical (unconstrained harvest rates; eq 9)

hr.A <- (gamma.A*(1-gamma.B))/(1-gamma.A*gamma.B)

hr.B <- (gamma.B*(1l-gamma.A))/(1-gamma.A*gamma.B)

## for info: where does Phase I, II, and, III begin and end?
(phaseI <- which(hr.B>=(1-Share)))

(phaseIII <- which(hr.A>=Share))

hr.A[phaseI] <- Share[phaseI]*gamma.A[phaseI]
hr.B[phaseI] <- 1-Share[phaseI]

hr.A[phaseIII] <- Sharel[phaseIII]
hr.B[phaseIII] <- (1-Share[phaseIII])*gamma.B[phaseIII]

d.NC <- hr.A + hr.B
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# remove those variables that are no longer needed:
rm(gamma.A,gamma.B,t)

## PART 2. Optimal Value and Non-cooperative value

## scale M so that biomass always above 1...
Mnecessary <- (1-max(d.NC))~(-a)*(Share[T])~(a-1) # to check whether M from input is really large enough so that V is always positive
M <- max(M,Mnecessary)

rm(Mnecessary)

# calculate the biomass values:

x.opti <- Mx((1-d.opti)*M)~(a/(1-a)) # first-best

x.bench <- Mx((ab/(2-ab))*M)"~(a/(1-a)) # benchmark Nash equilibrium if there is no shift in ownership
# biomass when game stays long enough in each stage to reach equilibrium

x.equil.NC <- Mx((1-d.NC)*M)"(a/(1-a))

# biomass when game stays the expected time in each stage
to find these values create matrix in which stock development is calculated
# and then pick the value of x which corresponds to the expected time the game stays in each stage
expttime <- round(1/(1-q)) # what is the expected time that the game stays in each stage?
if (expttime==0){expttime <- 1} # as robustness when q very low exptime could be zero, avoid that
maxlength <- 100 # upper bound for periods to be calculated
xdev <- matrix(NA,T,maxlength) # empty matrix top be filled with values
xconvcheck <- x.equil.NC[1:T] # vector of equilibrium values to check whether procedure converges/how far exttime is from equilbrium
xdev[1,1] <- x.equil.NC[1] # initial value is equilibrium in stage zero
for(1l in 1:T){ # 1-loop through all stages
if(1>1){xdev[1,1] <- xdev[l-1,expttime+1]} # the initial value at stage tau+l is the updated last value from stage tau
for(k in 2:(maxlength)){
xdev[1,k] <- M*(xdev[l,k-11*(1-d.NC[1+1])) a # calculate stock development according to equation 1 in main text
¥

*

}
x.expect.NC <- c(x.equil.NC[1],xdev[,expttime+1])

# xdev[,c(1,round(maxlength/2) ,maxlength)] # to check convergence

rm(maxlength,xconvcheck,1)

## benchmark NC values
k.star <- 1/(1-ab)

## Sole-owner benchmark

K.SO <- (log(1-ab)+(ab*log(ab)+b*log(M))/(1-ab))/(1-b)

V.S0 <- k.starxlog(x.optil[1])+K.SO # assuming that x has reached S0 equil level

V.S0.expect <- k.star*log(x.expect.NC[T+1])+K.S0 # assuming that x is at expected level of last tramsition

## Social Optimum
K.FirstBest <- (log(l-ab)+(ab*log(ab)+b*log(M))/(1-ab)-log(2))/(1-b)
FirstBest <- 2x(k.star*log(x.opti[1])+K.FirstBest)

## bench
K.benchNC <- (log(1i-ab)+(ab*log(ab)+b*log(M))/(1-ab) - ((2-ab)/(1-ab))*log(2-ab))/(1-b)
V.benchNC <- k.star*log(x.bench)+K.benchNC

# derived values of K_tau
K.A <= c(rep(NA,T),kTA)
K.B <- c(rep(NA,T),K.S0)
for(t in T:0){
K.A[t] <= (((1-bxq)~(-1))*
(log(hr.A[t]) + bx((g*k.A[t]+(1-q)*k.A[t+1])*(a*log(1-d.NC[t])+1log(M))) + bx(1-q)*K.A[t+1]))
K.B[t] <- ((1/(1-b*q))*
(log(hr.B[t]) + (b/(1-ab))*(a*xlog(1-d.NC[t])+log(M)) + b*(1-q)*K.B[t+1]))

## value function

.equil <- k.A*log(x.equil.NC) + K.A # assuming that x has reached equil level

expect <- k.Axlog(x.expect.NC) + K.A # assuming that x is at expected level of last transition
equil <- k.Bxlog(x.equil.NC) + K.B

expect <- k.Bxlog(x.expect.NC) + K.B

equil[1] <- 0

expect[1] <- 0

<~ <=<<<<
W www ==

# remove those variables that are not used in ShiftStockFigTab.R
rm(V.B.equil,V.A.equil,K.A,K.B,K.benchNC,V.benchNC,V.S0,K.S0,k.A,k.B,k.star,kTA,t)
rm(k,x.bench,x.equil.NC,x.expect.NC,x.opti)

## THE END
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