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Abstract

Biodiversity is an essential resource, which we classify as conditionally-renewable.

In order to achieve conservation and sustainable use of biodiversity virtually all

nation states signed the United Nations Convention on Biological Diversity.

In this paper we investigate how the heterogeneity of countries in regard to

ecosystems and wealth influences the stability of international biodiversity con-

servation agreements both without and with transfers. We further examine the

effect of different degrees of ecosystem substitutability. We model a coalition

formation game with players that have a continuous conservation choice. The

conservation benefit is dependent on wealth and ecosystem quality. Aggrega-

tion of global benefits respects differences in ecosystem substitutability. In case

of transfers, a fund redistributes coalition benefits according to a sharing rule.

The main finding is that in the absence of transfers, compared to the homoge-

neous situation, heterogeneity in ecosystems and wealth reduces the size of a

stable coalition. The destabilising effect is stronger the higher the ecosystem

substitutability. Optimal transfers facilitate a large stable coalition.

JEL classifcation: C71, F53, Q29, Q57

Key words: CBD; coalition analysis; Stackelberg game; heterogeneous players;
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1 Introduction

Biodiversity is an essential resource as its marginal benefits approach infinity with in-

creasing depletion. Indeed, biodiversity is the backbone of human life. The need for

its (partial) conservation enjoys a wide consensus among individuals and countries

worldwide. Unfortunately, goodwill and the rising costs associated with increasing

depletion are insufficient for conservation. As many services of biodiversity exhibit

characteristics of global public goods, international cooperation is needed to prevent

suboptimal conservation levels. The challenge and aspiration of such international

environmental agreements (IEAs) is to be self-enforcing in the absence of a world-

wide government while assuring real cooperation. The Convention on Biological

Diversity1 (CBD) is an IEA that achieves (nearly) full cooperation and codifies the

sovereignty of nation states over their biological resources.2 A common pitfall for

agreements, which also applies to the CBD, is to codify more or less an outcome

which is unilaterally beneficial. The game theoretic model result of Barrett’s (1994)

Biodiversity Supergame seems to confirm that the CBD is unable to improve much

upon global welfare compared to the non-cooperative scenario. We argue, however,

that Barrett’s disillusioning result originates from his restrictive model assumptions.

From Weikard (2009, p. 578) we know that “Barrett’s results do not generalize to

cases where players differ with respect to their marginal benefits of the public good”.

Beyond doubt, countries do not benefit equally from biodiversity conservation.

Our main objective is to contribute to the game theoretic modelling and thereby

enhance the understanding of cooperation incentives and coalition stability in in-

ternational biodiversity conservation cooperation. Specifically, we investigate how

heterogeneity in ecosystems3 and wealth impact the stability of international bio-

diversity conservation agreements among differing participants. Our Biodiversity

Game is an international biodiversity conservation game with heterogeneous players

and benefit sharing. Some form of fund, which functions as the financial mechanism,

redistributes coalition benefits according to a specific sharing rule. We solve the Bio-

diversity Game sequentially in three stages. In the analysis, we examine a “real world

1United Nations (1992): Convention on Biological Diversity, 31 Int’l Leg. Mat. 818, Rio de
Janeiro, 05.06.1992.

2Biological resources are defined by the Convention on Biological Diversity (CBD, Art. 2)
as “genetic resources, organisms or parts thereof, populations, or any other biotic component of
ecosystems with actual or potential use or value for humanity”, and biological diversity as “the
variability among living organisms from all sources including, inter alia, terrestrial, marine and
other aquatic ecosystems and the ecological complexes of which they are part: this includes diversity
within species, between species and of ecosystems”.

3For simplification, we focus on the ecosystem level (omitting the levels species and population).
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scenario” as base scenario, reproduce a “Barrett scenario”, and subsequently vary

parameters to better understand the impact of biodiversity quality, ecosystem sub-

stitutability and countries’ wealth. Formally, we mainly differ from Barrett’s (1994)

Biodiversity Supergame by assuming non-identical countries (different ecosystems

and wealth), explicitly considering local benefits, assuming an ecosystem resilience

threshold, and most notably by respecting the imperfect substitutability between

biodiversity services. To our knowledge, the consideration of imperfect ecosystem

substitutability or even imperfect complementarity is unique in stability analyses of

biodiversity conservation agreements.

The paper proceeds as follows: In Section 2 we discuss the key model charac-

teristics of heterogeneity in the attributes ‘ecosystems’ and ‘wealth’. In Section 3

we present the model, first the rationale of the general Biodiversity Game, and then

formally the stages of the Biodiversity Game using a general specification. Next in

Section 4, we provide a numerical appraisal of the Biodiversity Game for specific

functional forms and parameters, together with a sensitivity analysis and discussion

of the results. With Section 5 we conclude.

2 Model characteristics: heterogeneity in attributes

We consider a set N = {1, 2, ..., n} of countries with n equal to the number of in-

ternationally recognised countries that participate in the Biodiversity Game. These

countries are asymmetric in the two dimensions ‘wealth’ and ‘biodiversity richness’,

other aspects being identical. Coalition formation is influenced on the supply side

by differences in ecosystems (Subsection 2.1) and on the demand side by wealth

heterogeneity (Subsection 2.2).

2.1 Heterogeneity in ecosystems

In this subsection we focus on the supply side differences of the biodiversity con-

servation game. Supply of biodiversity conservation is influenced by the general

reproduction dynamics of biodiversity and natural and man-made differences in bio-

diversity richness between countries.

The reproduction dynamics of biodiversity are decisive for economic exploitation

and conservation decisions. Biodiversity is a stock resource, as its present use de-

termines its future availability. Biological resources naturally reproduce themselves.

Nevertheless, they are exhaustible under certain circumstances: the reproduction is
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contingent on human exploitation levels and certain environmental conditions such

as soil, air, solar and climate characteristics. We classify biological resources as

‘conditionally-renewable’. If a certain critical minimum resource share (here ecosys-

tem size in hectare) is conserved, they are renewable; otherwise, they become extinct.

We discuss differences in the countries’ biodiversity richness in terms of ecosystem

heterogeneity. An ecosystem of some country i belongs to a particular ecosystem

type e with e ∈ 1, ...,m. An ecosystem type e provides a distinct set of ecosystem

services. The Millennium Ecosystem Assessment assigns these services to the four

broad service categories supporting, provisioning, regulating and cultural services

(Duraiappah and Naeem 2005, p. 19), similar to those used by Barbier et al. (1994, p.

45). Generally these biodiversity services arise from biological resources. Biological

variability in turn ensures their elastic and robust provision (cf. Purvis and Hector

2000, p. 216). These services, because valued by humans, translate into benefits. An

ecosystem type e is characterised by its quality qe in terms of biological diversity, and

its productivity ye for other purposes than conservation. qe influences local and global

benefits obtained from biodiversity services and ye affects local benefits from non-

conservation uses. Opportunity costs per hectare of conserved land arise, depending

on the ecosystem’s location, from various potential uses; we employ agricultural use

as representative use under which we subsume all other uses. Both parameters qe and

ye are given exogenously. The ecosystems with the highest parameter values for qe

are biodiversity hotspots. Globally there exist 35 biodiversity hotspots (Mittermeier

et al. (2004); Williams et al. (2011)) - areas hosting at least 0.5 % of global plant

species: these hotspot areas, despite covering only 1,4 % of the global land area,

comprise 44 % of global vascular plant species and 35 % of all vertebrate species

(mammals, birds, reptiles, amphibians).

As the services of different ecosystems are not identical, substitution of ecosys-

tems through other ecosystems or other goods is limited. Tropical rainforests for

example cannot be perfectly substituted by boreal forests. Substitution through

other goods is especially limited in case of life-support functions. Perfect artificial

substitutes of biodiversity services are not available.

2.2 Heterogeneity in wealth

In this subsection we address the demand side differences of the biodiversity conser-

vation game. In our model demand side differences stem from wealth discrepancies
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between countries. Wealthy countries are assumed to have both a high gross domes-

tic product and an advanced technological development.

Wealth heterogeneity influences the demand side through differences in valuing

biodiversity. A country’s demand for biodiversity largely influences its degree of

cooperation in global biodiversity conservation. It is a function of the inhabitants’

demand viz. preference for biodiversity conservation, which in turn is dependent

on their need of biodiversity. Individuals value biodiversity services on the basis of

their use - to satisfy, among others, physiological needs (use value). Moreover, they

consider today’s unknown future demand, the potential future value (option value).

The option value as an insurance value addresses inter alia safety needs and as a

quasi-option value information gains on irreversible decisions (Weikard 2003). In the

context of environmental conservation Cicchetti and Freeman III (1971) evince that

the option value, which Weisbrod (1964) first postulated for risk-averse individuals

in case of uncertainty about the future, is positive. The higher the population’s risk

aversion and the lower the discount rate, the more a country’s population wants to

secure its chance of profiting from a biodiversity service in the future. In case of

irreversible decisions, also risk-neutral agents will assign a positive option value to

today’s unknown future demand (also referred to as quasi-option value) to value the

information gain over time to take a better informed decision. Arrow and Fisher

(1974, p. 319) show that “the expected benefits of an irreversible decision should

be adjusted to reflect the loss of options it entails”. De facto loss of biodiversity is

irreversible and a reduction of biodiversity such as the decrease of a wilderness area

perfectly restorable, if so, only in very long time horizons. The future costs of such

loss are highly uncertain. Thus, we assume a positive option value.

Besides the risk preference, wealth influences the valuation. Wealthy countries

will attach, for example, higher recreational values to biodiversity. Pimm (1997,

p. 231) reports that an assumption of Robert Costanza and his collegues in their

seminal research on ‘the value of the world’s ecosystem services and natural capital’

is that the cultural values rich countries ascribe to their coasts are 100 times higher

than those of poor countries. Lavoie (2004, p. 639) considers the “principle of subor-

dination of needs” to apply especially to “moral choices or public goods such as the

environment”. There is evidence for lexicographic preferences in biodiversity valua-

tion (Gowdy and Mayumi 2001, p. 228). Only once all fundamental need categories

are fulfilled, a person will perceive and value nature and its biological variability

as a luxury good. Many individuals tend to develop environmental concerns and a

pronounced sense of responsibility for nature, once they are freed from basic living
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concerns. Similarly, biological variability increases benefits for variety-loving con-

sumers. Arguably, income viz. wealth is the main determinant of the hierarchy of

needs (Lavoie 2004, p. 646), and thus of the value ascribed to a certain biodiversity

service.

Wealth heterogeneity influences the demand side also through differences in the

countries’ exploitation possibilities of biodiversity. Wealthier countries tend to have

more human resources and to invest more in research and development. There-

fore we assume wealthier countries have a higher technological capability, by which

“wealthier users in many situations enjoy a greater access to the common pool re-

source as they own a larger amount of the production factors required to exploit it”

(Baland and Platteau 1997, p. 453).

We use a parameter ωi to capture the wealth dependent differences in valuing

biodiversity and exploitation possibilities of biodiversity; it increases with rising

wealth and is a multiplier of local and global benefits in the benefit function.

3 The Model

In this section we derive a formal game theoretic model, labelled Biodiversity Game.

It is a three-stage game in which N = {1, 2, ..., n} countries first individually decide

whether to sign a biodiversity treaty or not, secondly the coalition mutually agrees on

how much to conserve jointly, and thirdly the non-signatories individually settle on

a conservation choice. The Biodiversity Game thereby determines for each country

i the optimal ecosystem conservation share Pe,i of an ecosystem type e under each

coalition K. It then examines which sets of Pe,i’s belong to a stable coalition.

The section proceeds as follows: In Subsection 3.1 we outline the countries’

options in making a biodiversity conservation choice. Next, in Subsection 3.2 we

describe the countries’ conservation pay-offs and present the biodiversity conserva-

tion outcome. Finally, we establish the stage game of biodiversity conservation in

Subsection 3.3.

3.1 Continuous biodiversity conservation choice

Countries decide about the usage in terms of size, e.g. hectares, of their ecosys-

tems4, each of which we normalise to 1. They can either choose protection Pe,i

4Countries decide about the land currently not under agricultural use. This assumption assures
that no extreme cases of conservation exist, for which land use benefits rise exponentially.
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or use5 Ue,i of an ecosystem of type e: Pe,i + Ue,i = 1, where Pi depicts the

vector Pi = (P1,i, P2,i, ..., Pm,i), P the vector P = (P1, P2, ..., Pn), Ui the vector

Ui = (U1,i, U2,i, ..., Um,i), and U the vector Ui = (U1, ..., Un). The conservation share

of an ecosystem Pe,i is the control variable of the Biodiversity Game. Conservation

Pe,i = 1− Ue,i is a continuous choice Pe,i ∈ [0, 1]. For simplicity we assume that all

countries are identical in size, which allows us to compare Pe,i’s of different countries.

The exhaustion of an ecosystem Pe,i is a reduction of the ecosystem below a

threshold Pe,i,Min, where the ecosystem looses its specific functionality (cf. Folke

et al. 1996). The ecosystem is only resilient6 above this threshold. Determining the

correct Pe,i,Min requires perfect information on ecosystem behaviour, interdependen-

cies with other systems, thresholds and feedback loops. Ecological uncertainty may

hence justify an insurance margin. As biodiversity is essential for human survival,

extinction of all ecosystems leads to infinite marginal utility – i.e. humankind is will-

ing to pay an arbitrary high amount to prevent extinction. By anticipating future

extinction for Pe,i < Pe,i,Min in the benefit function, conservation shares equal to

Pe,i,Min must already lead to infinite marginal benefits in the static benefit function

(see Figure 1).7 To incorporate the long-term dynamics of biodiversity conservation

in the static model, Pe,i can be interpreted as a steady state variable.

3.2 Biodiversity conservation pay-offs and outcome

Biodiversity services have local, regional and global service and benefit dimensions.

Local rainforests, for example, provide for a significant share of the global oxygen

turnover (global benefit) and contribute to the regional water and temperature cir-

culation, thus preventing droughts (regional benefit).

We define all biodiversity services, which a nation state can appropriate, as local

benefits ble,i(Pe,i). Otherwise we consider the benefit to be global. This categori-

sation is justified, because the level of consideration in the Biodiversity Game are

nation states, and because sovereign states exist, which are endorsed with the power

to regulate access. Countries have an incentive to supply appropriable services

5Agricultural production generates biotic resources which are harvested. For modelling simplic-
ity, we do not differentiate between U and the harvested biotic resources which are produced on
the land U .

6Resilience describes the ability of an ecosystem to retain its structure (organisation and func-
tion) following a disruption (e.g. Holling 1973).

7This presupposes that humans weigh the future with a discount factor greater than zero, i.e.
they are not perfectly myopic.
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through costly conservation measures, because they alone reap the benefits from

these measures. Local benefits ble,i(Pe,i) = ble,i(Pe,i, qe, ωi) from biodiversity for an

ecosystem type e depend on the control variable conserved ecosystem share Pe,i, and

the parameters biodiversity quality qe and wealth ωi. The function Bl
i(Pi) denotes

the total ble,i(Pe,i) of a country i additively aggregated over all ecosystem types e.

The function bge,i(Pe) describes the benefits from services a country cannot appro-

priate. Non-appropriable services belong to the categories public goods and common

pool resources. Non-exclusion implies that countries benefit from the services gener-

ated by those countries, who have engaged in costly conservation measures. Hence,

there is too little incentive for biodiversity conservation. This leads to an under-

supply of biodiversity services in the absence of international cooperation. Global

benefits bge,i(Pe) arise from biodiversity for each ecosystem type e being the sum of

all countries’ ecosystems of type e. For example, global benefits from the ecosystem

type ‘rainforest’ are the aggregated benefits generated from the rainforest of each

country that hosts the ecosystem rainforest. Global benefits bge,i(Pe) = bge,i(Pe, qe, ωi)

depend on the control variable conserved ecosystem share Pe, and the parameters

biodiversity quality qe and wealth ωi. Bg
i (P ) denotes the total bge,i(Pe) of country

i additively aggregated over all ecosystem types e. Total benefits from biodiver-

sity services comprise both local and global benefits. Here, the one-period benefits

represent discounted present values for a certain time horizon.

The agriculturally used land U generates local benefits from logging and harvest-

ing for each ecosystem e in country i. These are opportunity costs of biodiversity

conservation, ze,i(Ue,i). They have the properties ‘easy exclusion’ and ‘high sub-

tractability’, and are thus private goods. Opportunity costs ze,i(Ue,i) = ze,i(Ue,i, ye)

depend on the variable agriculturally used land share Ue,i and the parameter soil

quality ye. Opportunity conservation costs are ecosystem and country specific.

Zi(Ui) denotes the sum of ze,i(Ue,i) over all ecosystem types e of country i. They

represent discounted present values for a certain time horizon. Note that the con-

servation costs in this model only cover opportunity costs of conservation due to

forgone logging and harvest of primary production factors. The small costs arising

from conservation efforts (wild nature largely cares best for itself) such as potential

fencing of a protected area are negligible.8

The following equation describes the i-th country’s pay-off:

8Inamdar et al. (1999) give estimates of opportunity costs of protected areas and management
investment.
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πi(Pi, Pj∈N\{i}) = Bl
i(Pi) +Bg

i (P ) + Zi(1− Pi) , (1)

where Ui = 1− Pi, U
′
i := ∂Ui/∂Pi > 0, U ′′i := ∂2Ui/∂P

2
i < 0.

Countries obtain local benefits from their own, appropriable services; global ben-

efits from services not appropriable by any country; and benefits from agriculturally

used land within their country. The aggregate pay-off is the sum of the individual

pay-offs of signatories and non-signatories:

πN (P ) =
∑
i∈N

[πi(Pi, Pj∈N\{i})] . (2)

The global biodiversity conservation outcome depends on the countries’ max-

imisation behaviour. Without cooperation, countries realise a Nash-equilibrium by

unilaterally solving the following maximisation problem for a given P j∈N\{i}:

max
Pi

πi(Pi, P j∈N\{i}) . (3)

The social optimum is achieved by full cooperation according to

max
P

∑
i∈N

πi(Pi, Pj∈N\{i}) . (4)

The social optimum can be reached entailing a Pareto improvement if the model

includes transfers. Often however, a coalition achieves only partial cooperation.

The coalition size, its composition and the strategies of signatories to the coalition

and non-signatories are determined by solving the stage game (Subsection 3.3).

3.3 The stage game of biodiversity conservation

The general modelling approach of the Biodiversity Game follows established envi-

ronmental game theoretic models. In the international environmental agreements

literature, problems are generally analysed by a two-stage game (e.g Barrett (2003);

Hoel (1992)). The Biodiversity Game is analogously solved by backward induction,

however played in three stages9. In contrast to the pollution-game it is not an

9In the pollution game (e.g. Barrett 2003), stage two and three can be amalgamated: the domi-
nant strategy for non-signatories is always Pollute, i.e. no influence is exerted by the previous two
stages on the behaviour of non-signatories. In the Biodiversity Game, however, no conservation,
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aggregate effort game as ecosystems are imperfect substitutes whereas pollution of

different countries is considered a perfect substitute. In addition, the Biodiversity

Game contains a threshold Pe,i,Min below which the ecosystem looses its function-

ality – Pe,i equal to Pe,i,Min yielding infinite marginal benefits.

The first stage of the game requires N = {1, 2, ..., n} countries, with n ≥ 2, to

take the binary decision of treaty signature under individual rationality. K denotes

the set of treaty members. Thereby K = N is full cooperation, the grand biodi-

versity conservation coalition. In the second stage, all signature countries mutually

settle on a joint total conservation choice, whereby conservation shares can differ be-

tween signature countries. We model the coalition as a single player. It decides on a

protection level 0 < Pe,i ≤ 1. In stage three, the non-signatories individually choose

their conservation level. The countries thus engage in a Stackelberg competition, a

sequential game (cf. Finus 2001, p. 152 ff.). Sequential moves seem plausible as the

biodiversity-conserving coalition, by definition, aims to be a first mover in biodiver-

sity conservation. The coalition is the quantity leader and the non-signatories are

quantity-followers.

Solving the three-stage game by means of backward induction gives a subgame-

perfect equilibrium. Both the coalition and the non-signatories maximise their pay-

off. Non-signatories behave individually rational, signatories by contrast reason

collectively. The coalition being the Stackelberg leader considers the non-signatories’

pay-off maximisation problem to make an optimal conservation choice. Thus, we

solve the profit-maximisation problem of the non-signatories (step three) first. An

interior solution results for a concave benefit and a convex cost function. The interior

solution is determined by:

0 =
∂πi(Pi, Sj∈N\{{i}∪K}, P

K
k )

∂Pe,i

=
∂Bl

i(Pi)

∂Pe,i
+
∂Bg

i (Pi, P j∈N\{{i}∪K}, P
K
k )

∂Pe,i
+

∂Zi(1− Pi)

∂Pe,i
∀i ∈ N \K and ∀e.

(5)

Non-signatories take into account the other players’ conservation choice, but as given

parameters P j∈N\{{i}∪K} and P
K
k , the conservation vector for all signatories for each

ecosystem. As the non-signatories react to the coalition conservation choice, their

i.e. use of the entire land, will not be a dominant strategy due to the characteristics of the benefit
function: It is non-linear and includes local conservation benefits. Thereby it seems probable that
some conservation will be undertaken by the non-signatories.
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pay-off maximisation problem is reformulated into the reaction function:

Pe,i∈N\K = re,i∈N\K(PK
k ) . (6)

The reaction function re,i∈N\K(PK
k ) determines the conservation choice of the non-

signatories Pe,i∈N\K .

Stage two establishes the optimal strategy of the coalition. Signatories maximize

their aggregate pay-off
∑

i∈K πi subject to the reaction function (6):

max
∑
i∈K

πi(Pi, Pj∈K\{i}, rj∈N\K(PK
k )) . (7)

The interior solution is:

0 =
∑
i∈K

∂πi(Pi, Pj∈K\{i}, rj∈N\K(PK
k ))

∂Pe,i

=
∑
i∈K

(
∂Bl

i(Pi)

∂Pe,i
+
∂Bg

i (Pi, Pj∈K\{i}, rj∈N\K(PK
k ))

∂Pe,i
+
∂Zi(1− Pi)

∂Pe,i

)
∀e, (8)

where the reaction function rj∈N\K(PK
k ) gives the conservation level for all ecosys-

tems: rj∈N\K(PK
k ) = [r1,j∈N\K(PK

k ), r2,j∈N\K(PK
k ), ..., rm,j∈N\K(PK

k )]. The coali-

tion, as a Stackelberg leader, likewise takes into account the non-signatories’ conser-

vation choice Pe,i∈N\K . However, for the coalition the non-signatories choice is not

a given parameter, but a consequence of its own conservation choice. Maximising

the coalition pay-off subject to the reaction function (6) expresses this relationship.

The maximisation outcome is the coalition’s optimal conservation choice. Substitut-

ing the coalition’s optimal conservation choice into the reaction function (6) gives

the non-signatories’ optimal conservation choice. A unique equilibrium conserva-

tion vector PK
N associated with a total pay-off πKN = πKk + πK

k
for all signatories

and non-signatories belongs to every possible coalition, where πKk =
∑

i∈K πi is the

coalitions’ total pay-off and πK
k

=
∑

i/∈K πi the non-signatories’ total pay-off. Both

pay-offs depend on the coalition actually formed. Non-signatories’ pay-off increases

with increasing coalition size due to the partially global character of benefits bge,i(Pe).

The coalition can redistribute its aggregate pay-off πKk to its members so that:∑
i∈K

ϕK
i = πKk , (9)
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where ϕK
i denotes a coalition member’s pay-off after redistribution. This distribu-

tion constitutes a per-member-partition function, which assigns pay-offs to coalition

members subject to a sharing-rule. The sharing rule applied within the coalition de-

pends on the inter-country symmetry and countries’ claims10. Weikard (2009) has

shown that coalition stability requires that signatories receive at least their “outside

option”. Note that we assume efficient abatement and pay-off distribution within

the coalition by special treaty mechanisms (and do not explicitly define any sharing

rule).

At stage one we analyse the stability of the obtained coalition. The conservation

vector PK
N is a stable equilibrium if it satisfies both internal and external stability.

In the stability analysis we consider the pay-offs of individual coalition members,

which are provided by the per-member-partition-function, and of non-signatories:

in the stable equilibrium no signatory is better of by leaving the coalition (internal

stability), and no non-signatory by acceding to the coalition (external stability).

This requires the pay-offs of signatories and non-signatories to satisfy:

ϕK
i ≥ π

K\{i}
i ∀i ∈ K (10)

πKi ≥ ϕK∪i
i ∀i ∈ N \K . (11)

4 Numerical appraisal

In this section we apply the formal model to a concrete parametrization in order to

obtain a numerical evaluation of the Biodiversity Game. Countries to the Biodiver-

sity Game differ in the two dimensions ‘wealth’, with ωi ∈ [0, 10], and ‘biodiversity

richness’, with quality qi ∈ [0, 1] and productivity yi ∈ [0, 10], other aspects being

identical. They thereby belong to one of four distinct country types:

(i) countries with biodiversity hotspots, which are poor (shorthand HP),

(ii) countries with biodiversity hotspots, which are rich (shorthand HR),

(iii) countries without biodiversity hotspots, which are rich (shorthand LR),

10In case of symmetric countries without prior claims, the individual pay-offs are also symmetric:

πi∈K =
πk

k
.

Thus no transfers are needed.
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(iv) countries without biodiversity hotspots, which are poor (shorthand LP).

The different groups of countries are typified by one representative country, thus

N = 4. Each representative country consists of exactly one ecosystem and no

country is identical in type. In Subsection 4.1 we describe the model specification

and implementation. Next, in Subsection 4.2 we present the model results together

with a sensitivity analysis. Finally, we discuss the results in Subsection 4.3.

4.1 Model application

Solving the Biodiversity Game is a non-linear optimisation problem. We solve it

by backward induction as described in Subsection 3.3. It demands a solution to

the economic question of how much land should be optimally conserved by each of

four different profit maximising countries while allowing for cooperation. We solve

the maximisation problem of the Stackelberg leader (7) with GAMS, the General

Algebraic Modelling System (Brooke et al. 2010), subject to the analytically derived

first order conditions.

In game stages three and two we calculate an optimal conservation result for

every coalition and the corresponding pay-offs for every country. The calculation

demands a specification of the benefit and cost functions together with their first

derivatives. A root function describes local benefits from biodiversity conservation

bli(Pi):

bli(Pi) = ωiqi
1

v
(Pi − Pi,Min)1/3 , (12)

where we choose the root exponent to influence the curvature such that the Nash-

players’ solution space lies in the interval [0:1], and where v is a scale parameter;

it allows to downscale the local benefits without changing the global benefits (can-

celled via multiplication with v in global benefit function), in order to elucidate the

cooperation incentives more clearly. A crucial assumption is that countries do not

want an ecosystem to become extinct. As the size of the ecosystem Pi approaches a

certain minimum level Pi,Min, marginal benefits ∂bli(Pi)/∂Pi will approach infinity.

A country-specific Constant Elasticity of Substitution (CES) benefit function

aggregates the non-appropriable benefits generated by the ecosystems of all countries

to global biodiversity conservation benefits of the respective country. The CES

function allows to consider varying degrees of substitutability between ecosystems
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(see Subsection 2.1). It takes the general form of

bgi (Pi, Pj∈N\{i}) =ωi[
1

4
(v(αAb

l
A))sub +

1

4
(v(αBb

l
B))sub +

1

4
(v(αCb

l
C))sub

+
1

4
(v(αDb

l
D))sub]1/sub, (13)

where ωi influences the magnitude of a country’s global benefits, α is a share param-

eter, sub the substitution parameter, and HP = A,HR = B,LR = C, and LP = D

for better readability. We stipulate equal benefit shares originating from each coun-

try, α = 0.25, which sum up to one. The parameter sub indicates how easily one

ecosystem can compensate for the services generated by another ecosystem, i.e. it

integrates the elasticity of substitution σ: sub = (σ − 1)/σ. In the later analysis we

consider perfect substitutability (sub = 1.0), imperfect substitutability (sub = 0.2),

and imperfect complementarity (sub = −1.0). For simplicity, we assume the quality

of an ecosystem to be decisive for both local and global benefits, i.e. that there is a

correlation between the two types of benefits.

Land use benefits rise for simplicity proportionally with an increase in land used

for agricultural production in the model application; a linear function represents the

local opportunity cost from local land use benefits zi(1− Pi):

zi(1− Pi) =
√
yi(1− Pi) , (14)

where the square root attenuates the pronounced effect of yi on the level of marginal

costs to account for decreasing marginal returns to land use.

In game stage one we examine coalition stability. First, we analyse stability of

a coalition without pay-off relocation: we compare the pay-offs of individual coali-

tion members, which are provided by the per-member-partition-function, with their

outside-option (internal stability); and contrast the pay-offs of non-signatories with

the pay-offs they would receive if they acceded to the coalition (external stabil-

ity). For example, the coalition ABD is stable without transfers, if the following

conditions hold:

πABD
A ≥ πBD

A , πABD
B ≥ πAD

B , πABD
C ≥ πABCD

C , and πABD
D ≥ πAB

D . (15)

Allowing for transfers generally increases the chance for a coalition to be stable.

Intra-coalition pay-off reallocation eases the stability requirements. Any coalition
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stable without transfers is also internally stable when there is a transfer scheme in

place. For a coalition otherwise not internally stable, we inquire whether every non-

profiting coalition member can be compensated by the coalition members, which

profit from the given coalition. This is possible if the compensating coalition mem-

bers are not worse off than under the coalition without the non-profiting members.

Thereby, they compensate the non-profiting members at most by the difference be-

tween their pay-off under the given coalition and the pay-off under the coalition

without the non-profiting coalition members. If the sum of the transfers from all

profiting coalition members exceeds the loss endured by the non-profiting coalition

members, the coalition is internally stable. In other words, the coalition pay-off

must exceed the sum of the outside option pay-offs (optimal sharing (cf. Weikard

2009, p. 577)) . To give an example, assume that the described coalition ABD is

not internally stable without transfers, because country A has an incentive to leave

the coalition. The coalition ABD is internally stable with transfers if the subsequent

condition holds:

(πABD
B − πBD

B ) + (πABD
D − πBD

D ) ≥ (πBD
A − πABD

A )

⇐⇒ πABD
A + πABD

B + πABD
D ≥ πBD

A + πBD
B + πBD

D . (16)

The coalition pay-off with country A being a coalition member must be greater

than the pay-off these countries realise in case country A is a non-signatory. It is

possible to examine external stability indirectly by proving that the coalition is not

internally stable with any additional member joining from the set of non-members

(for a formal proof refer to Weikard (2009, p. 581)).

4.2 Model results

In this subsection we first present the results11 of a “Real World Scenario” that will

serve as the base scenario in the sensitivity analysis (see Subsection 4.3). Subse-

quently, we reproduce the assumptions of Barrett’s (1994) Biodiversity Supergame

as close as possible in a “Barrett Scenario”.

“Real world scenario” results. The real world (base scenario) is charac-

terised by strong heterogeneity between countries in terms of ecosystems and wealth.

Table 1 presents the parameter values of this scenario for the four countries HP, HR,

11Detailed model results are available from the authors upon request.
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LR, and LP; Pi,Min = 0.01 represents a threshold below which the ecosystem be-

comes extinct.

Table 1: Parameter values of the base scenario
Parameter qi yi ωi v Pi,Min

qA, qB qC , qD yA, yB yC , yD ωA, ωD ωB , ωC

Value 1.0 0.1 6 3 2.0 8.0 10 0.01

Fig. 1 illustrates the extent of the countries’ heterogeneity with the local benefit

functions.

Figure 1: Local benefits from biodiversity conservation bli(Pi)

Applying the stability conditions of Subsection 3.3 we find: A coalition of country

HR and country LR is stable without transfers in the “Real world scenario”. This

coalition HR+LR is stable due to the presence of both a comparative advantage on

the supply side (biodiversity quality) and a relative stronger one on the demand side

(biodiversity benefits):

HP HR LR LP

comp. advantage supply side: x – x – – – – –

comp. advantage demand side: – – – x – x – –

Country HR profits from both comparative advantages, country HP from a compar-

ative advantage on the supply side, and country LR from one on the demand side.

The stable coalition of the “Real world scenario” comprises the two countries with

the strongest comparative advantages. With transfers full cooperation is stable. The

coalition formation is independent of the degree of substitutability.
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The total pay-off declines for a reduction in substitutability under the Nash-

equilibrium and the grand coalition. The higher the substitutability the better

countries can exploit the comparative advantages on the demand (biodiversity ben-

efits) and supply side (biodiversity quality). Figure 2 shows that for achieving the

Figure 2: Benefits isoquants with respect to conservation level

same global benefit level, countries have to conserve more the less substitutable the

ecosystems (except for Px = Py).

The total Nash conservation share declines for a decrease in substitutability,

because for a sub < 1.0, received global benefits due to own conservation are under-

proportional to private local benefits of this conservation. The total grand coalition

conservation share, though, is highest under imperfect substitutability, lower under

perfect substitutability and lowest under imperfect complementarity. Two different

effects, which both reduce conservation in low quality countries, cause this result:

a comparative advantage effect and a complementarity effect. First, the better the

substitutability, the higher the comparative advantage with respect to biodiversity

quality, and the less conservation is conducted in low quality countries. As one

unit of conservation yields higher benefits in high quality countries, and as global

benefits are the sum of local benefits, conservation efforts will be shifted to hotspot

countries. The land in low quality countries is used predominantly agriculturally

(comparative advantage effect). Secondly, the worse the substitutability, the more

17



conservation needs to be done in low-quality countries where conservation is less

efficient (complementarity effect). This reduces the comparative advantage and im-

pacts on the conservation-harvest trade-off. Harvest becomes more attractive for

all countries. Conservation is especially traded off against harvest benefits in low

q-countries. For medium degrees of ecosystem substitutability (imperfect substi-

tutability), both dynamics are relatively weak so that full conservation is realised.

“Barrett Scenario” results. In the Barrett Scenario we assume parameter

values for qi, yi, ωi, v, Pi,Min, and sub which approach the scenario as far as possible

to Barrett’s (1994) Biodiversity Supergame. Table 2 presents these parameter values.

Table 2: Parameter values of the “Barrett Scenario”

Parameter qi yi ωi v Pi,Min sub
qA, qB qC , qD yA, yB yC , yD ωA, ωB ωC , ωD

Value 1.0 0.001 0.6 0.267 2.0 8.0 120 0 1.0

Barrett models no cross-heterogeneity of ecosystems and wealth: in the Biodiver-

sity Supergame, biodiversity hotspots are correlated with poverty and poor-quality

ecosystems with wealth. Thus, not four but only two country types exist: HP

and LR. Developed countries LR do not engage in conservation themselves, but pay

developing countries HR for their conservation measures. In order to reduce the con-

servation activities of developed countries as far as possible, the biodiversity quality

takes the value qLR = 0.001 and the soil quality yLR = 0.267. Barrett considers

only global conservation benefits explicitly. Therefore, we scale down local benefits

to v = 120 in the “Barrett Scenario”. As ecosystems are identical and conservation

efforts completely substitutable in developing countries, only sub = 1.0 results are

of interest in this scenario. Barrett considers no resilience threshold of ecosystems;

therefore Pi,Min = 0.

The model results are as follows: The small coalition of the two countries LR is

stable without transfers, and the grand coalition with transfers. The total pay-off

under coalition LR+LR amounts to 40.1% of the pay-off under the grand coalition

(
∑

i∈N πCD
i /

∑
i∈N πABCD

i ). This is a relatively low share compared to other anal-

ysed scenarios. Transfers are thus crucial in the “Barrett Scenario”. In the Nash

equilibrium countries conserve close to nothing (
∑

i∈N PNash
i = 0.0004), whereas

in the social optimum half of the biodiverse land is protected. The resulting wel-
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fare enhancing potential of the grand coalition with respect to the Nash equilibrium

is 249, 7% (
∑

i∈N πNash
i /

∑
i∈N πABCD

i ). Clearly, these results do not match those

reached by Barrett in the Biodiversity Supergame. Barrett (1994, p. 120) concludes

that “Where the agreement can sustain the full cooperative outcome, global net

benefits will be only slightly larger than in the non-cooperative outcome.” The local

benefit root function of our model application largely contributes to the positive

results: it ensures that countries engage in some degree of conservation. We discuss

the stability of the grand coalition in Subsection 4.3.

4.3 Parameter analysis and Discussion

Parameter variations impact coalition formation, as well as total pay-off and total

conservation share. In Appendix A we provide the parameter values of different

model runs. Table 3 gives an overview of the analysis results in the form of general

trends in parameter impact. Based on these trends, in this subsection we assess

the existence of comparative advantages on both (a) the supply side with respect to

biodiversity quality (parameter qi and yi) and on (b) the demand side with respect to

biodiversity benefits (parameter ωi), (c) the influence of the ecosystem substitution

elasticity sub, (d) the influence of the ecosystem resilience threshold Pi,Min, (e) the

influence of the magnitude of local benefits (parameter v), and (f) the robustness of

the stability of the grand coalition with transfers.

(a) The comparative advantage on the supply side. Analysis of the

co-evolving quality parameters qi and yi (parallel variation) under constant ωi. In a

world without transfers and with perfect ecosystem substitutability, partial coopera-

tion between the countries HP and HR is stable for medium and large heterogeneity

in biodiversity quality (the grand coalition is stable for small degrees of heterogene-

ity). The HP-HR-coalition is – with ωi being set equal – essentially a coalition

of two hotspot countries H. The quality of their biodiversity is higher and higher

quality translates into higher conservation benefits. As countries only undertake

conservation measures when conservation of land is more profitable than its use, the

formation of a hotspot country coalition confirms the existence of a comparative

advantage with respect to biodiversity quality. This comparative advantage rises

with increasing quality heterogeneity: the total pay-off under the coalition between

HP and HR approaches the total pay-off under the social optimum for increasing

heterogeneity. The importance of this comparative advantage becomes evident in

a world with transfers: Low quality countries join the coalition, because they are
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Table 3: General trends in parameter impact. The number of arrows indicates the rel-
ative strength of the trend. For * no ranking is possible, because at least one of the total
conservation shares has reached a corner solution.

Parameter sub

] Coalition
members
without
transfers

total Nash
pay-off

total social
optimum
pay-off

total Nash
conserva-
tion share

total social
optimum
conserva-
tion share

hetero-
geneity
in qi ↑

sub 1.0 ↓ ↑ ↑ ↑ ↓
sub 0.2 constant ↓ ↓ ↓ constant
sub -1.0 constant ↓↓ ↓↓ ↓↓ ↓↓

hetero-
geneity
in ωi ↑

sub 1.0 ↓↓↓ ↑ ↑ ↑ ↓
sub 0.2 ↓↓ ↓ ↓ ↓ constant
sub -1.0 ↓ ↓↓ ↓↓ ↓↓ ↓↓

v ↑
sub 1.0 ↓↓↓ ↑↑↑ ↑ ↑ ↑ *
sub 0.2 ↓↓ ↑↑ ↑↑↑ ↑↑↑ ↑ *
sub -1.0 ↓ ↑ ↑↑ ↑↑ ↑ *

Pi,Min ↑
sub 1.0 constant ↓ ↓↓↓ ↑ ↑ *
sub 0.2 constant ↓ ↓↓ ↑ ↑ *
sub -1.0 constant ↓ ↓ ↑ ↑ *

now also able to exploit the comparative advantage on the supply side by paying

hotspot countries for conservation measures. With transfers, full cooperation is

always stable. The comparative advantage with respect to biodiversity quality is

highest under perfect ecosystem substitutability and decreases with reduced ecosys-

tem substitutability: When the sub-value of the CES function decreases, the lowest

local benefits increasingly dominate the global benefits. Restrictions in the substitu-

tion possibility demand a minimum conservation share of each ecosystem, if benefits

are not to decrease substantially. Higher quality does not translate linearly, but

rather under-proportionally, into higher global conservation benefits.

(b) The comparative advantage on the demand side. Ceteris paribus

analysis of the wealth parameter ωi. In a world without transfers and with perfect

substitutability, the initial full cooperation under equally-rich countries breaks down

with increasing wealth inequality and is replaced by partial cooperation between the

countries HR and LR. This coalition is – as biodiversity richness is identical – es-

sentially a coalition of wealthy countries R, which benefit more from one unit of

conservation than poor countries. The direction of the impacts and dynamics of the

comparative advantage on the demand side is identical with the previously analysed

comparative advantage on the supply side. However, the magnitude of the decrease

of the comparative advantage on the demand side with declining ecosystem substi-
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tutability is less pronounced than on the supply side, because the parameter ωi is

additionally a factor of a countries’ global benefit function. This multiplication of

global benefits by ωi also results in a stronger impact of heterogeneity in wealth on

coalition formation. In contrast to the results from the analysis of heterogeneity on

the supply side, already a slight increase in wealth heterogeneity leads to the coali-

tion of HR and LR countries being the only stable one in a world without transfers

and perfect substitutability; under imperfect substitutability and imperfect comple-

mentarity, the grand coalition is longer stable without transfers. With transfers the

grand coalition is always stable.

(c) The influence of the ecosystem substitution elasticity. Analysis of

the parameter sub. The more the ecosystem substitutability decreases (perfect to

imperfect substitutability to imperfect complementarity), the higher is the chance

for a stable grand coalition both with and without transfers. For imperfect com-

plementarity, the conservation effort of every country is crucial and the free-riding

potential reduced. The game transforms more and more from an aggregate efforts

game into a weakest link game (cf. Barrett 2007, p. 3 ff.). We discussed the impact

of the ecosystem substitution elasticity on the comparative advantages on the supply

and demand side already under (a).

(d) The influence of the ecosystem resilience threshold. The impact of

the parameter Pi,Min on coalition stability is marginal for the considered variations

(Pi,Min values 0.005, 0.01 and 0.05). Still, an increase in Pi,Min affects the total

pay-off (decreases) and the total conservation share (increases). A larger compulsory

minimum stock size leads to a larger total grand coalition conservation share – even

in case Pi,Min is not binding. For Pi,Min = 0.01 and even for Pi,Min = 0.005 the

grand coalition already conserves a share greater than 0.05 of every ecosystem (i.e.

every country in this case) for all three sub values. The reason for the fact that

an increasing Pi,Min leads even to a further increase in the conservation share of

biodiverse land (and lowers the total pay-off), is that the local benefit root function

shifts to the right as can be seen in Figure 3. The conservation potential of the social

optimum decreases with increasing compulsory Pi,Min, because the Nash-equilibrium

conservation share more than doubles from Pi,Min = 0.01 to Pi,Min = 0.05, whereas

the grand coalition conservation share does not increase much. Nash conserves close

to Pi,Min. Therefore the realised conservation share under Nash-equilibrium is very

sensitive to an increase in Pi,Min. The grand coalition on the contrary conserves in

a range where marginal benefits are low (and hence not sensitive).

(e) The influence of local benefits. The sensitivity analysis of v confirms
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Figure 3: Local conservation and harvesting benefits bli(Pi) + zi(P ) for different Pi,Min

values

the intuition that the higher the local benefits, the higher the individual interest to

engage in conservation (unilateral action). If local benefits are low, the coalition of

country HR and country LR is stable without transfers. In case of high local benefits,

the coalition of HR is stable without transfers. Unilateral action is plausible for a

wealthy country with high biodiversity richness; it engages in conservation as a

first mover. With transfers the grand coalition is always stable. The total pay-off

and the total conservation share decrease in v (increase in bli(Pi)) for all coalitions

under all substitution elasticities. The importance of local benefits for biodiversity

conservation coalitions is most evident from the magnitude of the conservation and

welfare enhancing potential of the social optimum. Both are extremely high for low

local benefits, because for small local benefits countries have no incentive to engage

in conservation unilaterally. The free riding problem is stronger. It follows rather

obviously that the total pay-off under the largest stable coalition without transfers

is much smaller than the total pay-off under the grand coalition if the local benefits

are small.

(f) The robustness of the stability of the grand coalition with trans-

fers. The most striking result of the model computation is that the grand coalition

is always stable with transfers. This outcome has to be qualified: full cooperation

is sensitive towards the number of players. The restriction of N = 4 is a limitation

of the model application. Enlarging the number of players by one additional player
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might possibly already destabilise the grand coalition. When the fifth player accedes,

the cooperation gain of the remaining four players rises. However, their outside op-

tion and thereby their free-riding incentive also grow, as the free-rider benefits from

positive global benefit spillovers are generated by the coalitions’ conservation effort.

The relative development of the cooperation gain with respect to the outside op-

tions is important for the stability of the grand coalition. This relative development

depends on the number and type of players that join the game. If the cooperation

gain grows faster than the outside options, full cooperation is stable. If not, partial

cooperation will be stable. In reality, a prisoner dilemma will be present within each

country type and thereby on both the donor and the provider side. This prisoner

dilemma, however, is absent in case of N = 4, because only one country belongs

to one country type. A further limitation in the model application is the restric-

tion of one ecosystem per country. The implication of countries hosting numerous

ecosystems for coalition stability depends on the ecosystem substitutability. Imper-

fect substitutable ecosystems – the most realistic case – have a stabilising effect on

coalition formation. The third major confinement derives from the very structure

of the model: the Stackelberg assumption. The first mover advantage might barely

stabilise a coalition, which in a Nash-game, would not be stable anymore.

Despite the qualification of the full cooperation observation, a major conclusion

can be drawn: transfers are crucial for effective biodiversity conservation IEAs.

The effect of transfers will be equally visible in a game with N > 4 or a Nash-game

setting. Transfers will in any case be able to sustain an improved partial cooperation.

5 Conclusions

With this paper we enhance the understanding of how heterogeneity in ecosystems

and wealth impact the stability of international biodiversity conservation agree-

ments. The model refinements provide new insights into coalition formation: This

paper evinces that heterogeneity in form of different, imperfectly substitutable ecosys-

tems and wealth asymmetry is decisive for the stability of biodiversity conservation

agreements. Heterogeneity in ecosystems generates a comparative advantage with

respect to biodiversity quality on the supply side, and heterogeneity in wealth a

comparative advantage with respect to biodiversity benefits on the demand side.

The main result from the numerical model application for four players is that the

grand coalition is always stable with transfers. The effect of transfers will be equally
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visible in a game with N > 4 or a Nash-game setting. Transfers might not be able

to sustain full cooperation, but an improved partial cooperation. Even in the ”Bar-

rett Scenario” the importance of transfers is evident. The reason for the merit of

transfers is a joint provision effect of local and global biodiversity benefits, which

lowers the costs of winning over additional coalition members. Global benefits are

spillovers of local biodiversity conservation. A coalition does not need to offer a

transfer amounting to the equivalent of the forgone opportunity cost of conserva-

tion, because the free rider will receive own local benefits from conservation. A free

rider profits from higher own local benefits, from increased global benefits, and from

the transfers, when acceding to a coalition. Transfers are not only crucial for the

stability and effectiveness of an IEA, but also offer the opportunity to achieve a

Pareto improvement if they are well designed. Unfortunately, in reality transfers are

often not well designed because they are difficult to deal with. The outside-option

rule is a first best allocation, but suffers from practical problems. Transfers are hard

to agree on even if the outside-option-rule for transfer allocation is applied, because

of imperfect information on the outside options of other countries. Therefore, we

also investigate coalition formation without transfers. Heterogeneity in ecosystems

and wealth destabilises the grand coalition without transfers. The pay-off differ-

ence between the stable coalition and the social optimum is largest at the point,

where heterogeneity is so high that the grand coalition breaks, and only a partial

coalition can be maintained. With further rising heterogeneity this difference di-

minishes again. The destabilising effect of ecosystem and wealth heterogeneity is

stronger the better the ecosystem substitutability. High local benefits have a de-

creasing effect on the size of the stable coalition without transfers, as they increase

the incentive for unilateral action. These conclusions are striking because they are

the first to show the importance of asymmetric countries and different, imperfectly

substitutable ecosystems in a biodiversity conservation game.

The model application presented in this paper, however, still suffers from some

limitations: the restriction of the number of players to four, the stipulation of one

ecosystem per country, and the assumption of a linear relationship between local

and global benefits. Nonetheless, this paper portrays a biodiversity conservation

game with higher empirical relevance than previous models.

Our findings highlight that poverty reduction can contribute to effective global

biodiversity conservation. This results from the fact that wealthier countries assign

higher values to biodiversity services, and that coalition formation is eased in a world

with low wealth heterogeneity between countries. Reduced heterogeneity in wealth
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and biodiversity quality stabilises the grand coalition. As redistribution of ecosystem

quality is impossible, redistribution of wealth can be one measure to increase the

size of a stable coalition.

The CBD is a milestone in the endeavour to conserve biodiversity on a global

scale – despite its small conservation impact. It has to be honoured as the first

international environmental agreement (IEA), which addresses biological resources

in the aggregate, achieves (nearly) full cooperation, and codifies the sovereignty

of nation states over their biological resources. Instead of an Access and Benefit

Sharing (ABS) mechanism, we employ some form of fund in our Biodiversity Game,

which functions as financial mechanism and redistributes coalition benefits according

to a specific sharing rule. ABS increases the locally appropriable benefits from

biodiversity conservation, but Kamau et al. (2010, p. 248) attest that the ABS-

mechanism performs poorly in regard to implementation and functioning. The way

it works today, only part of the potentially appropriable benefits of biodiversity are

captured. Moreover, biodiversity is a mixed good that comprises service goods on

the entire continuum of private to public goods. All biodiversity benefits that are

not appropriable by a nation state need other, more comprising means of funding.

With the Global Environment Facility a fledgling institution of a multilateral fund

for biodiversity conservation already exists. Our model provides a good tool to

further investigate the possible role of a multilateral trust that allocates transfers

such that the social optimum is stable.
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A Parameter values of the analysis runs

A.1 Ecosystem quality parameters qi and yi:

The co-evolving quality parameters qi and yi are varied simultaneously.
∑

i∈N qi
and

∑
i∈N yi are constant and equal to the respective sums of the base scenario. All

other parameters remain unchanged and the wealth parameter ωi takes the value 5.
Each parameter variation is conducted for all three sub values.

Table A.1: Parameter values for qi and yi in the different analysis runs
Analysis run qA,qB qC,qD yA,yB yC,yD

Quality 1 0.55 0.55 0.45 0.45
Quality 2 0.625 0.475 0.475 0.425
Quality 3 0.7 0.4 0.5 0.4
Quality 4 0.775 0.325 0.525 0.375
Quality 5 0.85 0.25 0.55 0.35
Quality 6 0.925 0.175 0.575 0.325
Quality 7 1.0 0.1 0.6 0.3

A.2 Wealth parameter ωi:

Parameter ωi varies, whereby
∑

i∈N ωi is constant and equal to the sum of the
base scenario. All other parameters remain unchanged and the biodiversity quality
(qi = 0.55 and yi = 0.45) is equal for all countries. Every analysis run is conducted
for all three sub values.

Table A.2: Parameter values for ωi in the different analysis runs
Analysis run ωA, ωD ωB, ωC

Wealth 1 5 5
Wealth 2 4 6
Wealth 3 3.5 6.5
Wealth 4 3 7
Wealth 5 2 8
Wealth 6 1 9

A.3 Local benefit parameter v:

Parameter v takes three different values in case of high local benefits depending on
the degree of ecosystem substitutability, because the point where the first country
reaches a Nash-conservation-share of 100% varies significantly.
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Table A.3: Parameter values for v in the different analysis runs
Analysis run bl

i(Pi) v
sub=1.0 sub=0.2 sub=-1.0

Local benefits 1 High 3.29 1.51 1.10
Local benefits 2 Base 10
Local benefits 3 Low 120
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Supplementary Material: Model results

The following tables present the results of the various analysis runs, which examine
the impact of variations in biodiversity quality, wealth, the magnitude of the local
benefits, and the minimum conservation share on coalition stability, the total Nash
and the total social optimum pay-off and conservation share. The table in Subsection
5 shows the results for perfect ecosystem substitutability, the table in Subsection 5
for imperfect ecosystem substitutability, and the table in Subsection 5 for imperfect
ecosystem complementarity. The first percentage in a row describes by how much
the total pay-off under the largest stable coalition is short of the total pay-off under
the social optimum. The second percentage in a row gives the conservation potential
of the social optimum, the third percentage in a row the welfare enhancing potential
of the social optimum. The coalitions are numbered from one to sixteen according
to:

1 ABCD 4 ACD 7 AC 10 BD 13 B 16 Nash
2 ABC 5 BCD 8 AD 11 CD 14 C
3 ABD 6 AB 9 BC 12 A 15 D

Model results for perfect ecosystem substitutability





Model results for imperfect ecosystem substitutability



Model results for imperfect ecosystem complementarity





Supplementary Material: Stability analysis

Note that the notation πKi employed in the paper is changed to π(K, i) in the fol-
lowing tables for better readability.

Stability analysis without transfers

Coalition Country A Country B Country C Country D

1 π(1, A) − π(5, A) π(1, B) − π(4, B) π(1, C) − π(3, C) π(1, D) − π(2, D)

2 π(2, A) − π(9, A) π(2, B) − π(7, B) π(2, C) − π(6, C) π(2, D) − π(1, D)

3 π(3, A) − π(10, A) π(3, B) − π(8, B) π(3, C) − π(1, C) π(3, D) − π(6, D)

4 π(4, A) − π(11, A) π(4, B) − π(1, B) π(4, C) − π(8, C) π(4, D) − π(7, D)

5 π(5, A) − π(1, A) π(5, B) − π(11, B) π(5, C) − π(10, C) π(5, D) − π(9, D)

6 π(6, A) − π(13, A) π(6, B) − π(12, B) π(6, C) − π(2, C) π(6, D) − π(3, D)

7 π(7, A) − π(14, A) π(7, B) − π(2, B) π(7, C) − π(12, C) π(7, D) − π(4, D)

8 π(8, A) − π(15, A) π(8, B) − π(3, B) π(8, C) − π(4, C) π(8, D) − π(12, D)

9 π(9, A) − π(2, A) π(9, B) − π(14, B) π(9, C) − π(13, C) π(9, D) − π(5, D)

10 π(10, A) − π(3, A) π(10, B) − π(15, B) π(10, C) − π(5, C) π(10, D) − π(13, D)

11 π(11, A) − π(4, A) π(11, B) − π(5, B) π(11, C) − π(15, C) π(11, D) − π(14, D)

12 π(12, A) − π(16, A) π(12, B) − π(6, B) π(12, C) − π(7, C) π(12, D) − π(8, D)

13 π(13, A) − π(6, A) π(13, B) − π(16, B) π(13, C) − π(9, C) π(13, D) − π(10, D)

14 π(14, A) − π(7, A) π(14, B) − π(9, B) π(14, C) − π(16, C) π(14, D) − π(11, D)

15 π(15, A) − π(8, A) π(15, B) − π(10, B) π(15, C) − π(11, C) π(15, D) − π(16, D)

For a coalition to be stable all pay-off differences in the respective coalition row of
this table have to be positive.



Stability analysis with transfers

Internal Stability

Neg. π Coalition 1 Coalition 2 Coalition 3 Coalition 4

A
∑

i π(1, i) ≥
∑

i π(5, i)
∑

i π(2, i) ≥
∑

i π(9, i)
∑

i π(3, i) ≥
∑

i π(10, i)
∑

i π(4, i) ≥
∑

i π(11, i)

B
∑

i π(1, i) ≥
∑

i π(4, i)
∑

i π(2, i) ≥
∑

i π(7, i)
∑

i π(3, i) ≥
∑

i π(8, i) —

C
∑

i π(1, i) ≥
∑

i π(3, i)
∑

i π(2, i) ≥
∑

i π(6, i) —
∑

i π(4, i) ≥
∑

i π(8, i)

D
∑

i π(1, i) ≥
∑

i π(2, i) —
∑

i π(3, i) ≥
∑

i π(6, i)
∑

i π(4, i) ≥
∑

i π(7, i)

AB
∑

i π(1, i) ≥
∑

i π(11, i)
∑

i π(2, i) ≥
∑

i π(14, i)
∑

i π(3, i) ≥
∑

i π(15, i) —

AC
∑

i π(1, i) ≥
∑

i π(10, i)
∑

i π(2, i) ≥
∑

i π(13, i) —
∑

i π(4, i) ≥
∑

i π(15, i)

AD
∑

i π(1, i) ≥
∑

i π(9, i) —
∑

i π(3, i) ≥
∑

i π(13, i)
∑

i π(4, i) ≥
∑

i π(14, i)

BC
∑

i π(1, i) ≥
∑

i π(8, i)
∑

i π(2, i) ≥
∑

i π(12, i) — —

BD
∑

i π(1, i) ≥
∑

i π(7, i) —
∑

i π(3, i) ≥
∑

i π(12, i) —

CD
∑

i π(1, i) ≥
∑

i π(6, i) — —
∑

i π(4, i) ≥
∑

i π(12, i)

ABC
∑

i π(1, i) ≥
∑

i π(15, i) — — —

ABD
∑

i π(1, i) ≥
∑

i π(14, i) — — —

ACD
∑

i π(1, i) ≥
∑

i π(13, i) — — —

BCD
∑

i π(1, i) ≥
∑

i π(12, i) — — —

Neg. π Coalition 5 Coalition 6 Coalition 7 Coalition 8

A —
∑

i π(6, i) ≥
∑

i π(13, i)
∑

i π(7, i) ≥
∑

i π(14, i)
∑

i π(8, i) ≥
∑

i π(15, i)

B
∑

i π(5, i) ≥
∑

i π(11, i)
∑

i π(6, i) ≥
∑

i π(12, i) — —

C
∑

i π(5, i) ≥
∑

i π(10, i) —
∑

i π(7, i) ≥
∑

i π(12, i) —

D
∑

i π(5, i) ≥
∑

i π(9, i) — —
∑

i π(8, i) ≥
∑

i π(12, i)

AB — — — —

AC — — — —

AD — — — —

BC
∑

i π(5, i) ≥
∑

i π(15, i) — — —

BD
∑

i π(5, i) ≥
∑

i π(14, i) — — —

CD
∑

i π(5, i) ≥
∑

i π(13, i) — — —

Neg. π Coalition 9 Coalition 10 Coalition 11

A — — —

B
∑

i π(9, i) ≥
∑

i π(14, i)
∑

i π(10, i) ≥
∑

i π(15, i) —

C
∑

i π(9, i) ≥
∑

i π(13, i) —
∑

i π(11, i) ≥
∑

i π(15, i)

D —
∑

i π(10, i) ≥
∑

i π(13, i)
∑

i π(11, i) ≥
∑

i π(14, i)

For a coalition to be internally stable all inequalities in the respective coalition
column have to be satisfied.

External stability A coalition is externally stable if the coalition is not internally
stable with any additional member joining from the set of non-members, i.e. if there
is no enlarged internally stable coalition (for a formal proof refer to Weikard (2009,
p. 581)).
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