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1 Introduction

Within the scientific community it is now widely accepted that the man-made

release of greenhouse gases (GHGs) into the atmosphere - notably CO2 - causes

and accelerates global warming (IPCC, 2007, 2013). There is even concern

that if GHG gas accumulation exceeds a certain threshold, irreversible effects

will ensue, and catastrophic outcomes may occur (Marotzke, 2000; Alley et al.,

2003; IPCC, 2013). However, although since the early 1990’s (mostly European)

countries have engaged in CO2 emission mitigation, overall CO2 emissions into

the atmosphere continue to increase (IPCC, 2007, 2013). From an economic and

social point of view this is not surprising, since climate change mitigation can

be considered as a contribution to a public good (Milinski et al., 2006; Raihani

and Aitken, 2011), and from economic theory and countless public-good game

experiments (see, for example, the review by Ledyard, 1995) we know that the

individual benefits fall short of the social (or group) benefit. Since in the short

term CO2 mitigation will inevitably reduce output and slow down economic

growth, most countries prefer to do nothing and at best free-ride on others’

mitigation efforts instead of reducing their own CO2 emissions.

While in standard public-good games with continuous payoff functions the

(usually unique) equilibrium is inefficient, the introduction of an irreversible

threshold that models a ‘tipping point’ in the earth climate system (Lenton

et al., 2008; IPCC, 2013) can change the game substantially. Milinski et al.

(2008) suggest modeling a situation like this as a modified threshold public-

good game, which they refer to as the “collective-risk social dilemma”. This

game has two distinct features. First, the outcome is only realized after several

contribution rounds. Second, the more wealth a player has accumulated, the

more he/she stands to lose in the case of a catastrophe. Typically, such a game

has multiple equilibria, one with no party contributing to the public good and

several equilibria where the risk of a catastrophe is avoided. The latter differ

with respect to burden sharing and hence with respect to the distribution of

wealth between the parties. Note that this dilemma still holds even after the

“Paris agreement” and was one reason for US president Trump to quit the agree-

ment, as from his point of view the burden sharing plan was unfair. The Paris

agreement acknowledges the heterogeneity between developed and developing

countries and specifies an amount to be transferred annually to developing coun-

tries (✩100 billion), but it does not set individual emission targets or sanctions

for non-compliance.1 Therefore, the coordination problem about which country

1See Jacquet and Jamieson (2016) for an excellent commentary on the Paris agreement.
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will reduce how much to meet the 2◦C target still remains.

Our study centers on two prominent heterogeneities between parties in pre-

venting a catastrophic event. It is motivated by the fact that in the climate

change social dilemma the parties involved differ in two important respects: (i)

wealth and (ii) the extent to which they will be affected by climate change in

the future (Frankhauser, 1994; Tol, 2009).2 In fact, climate-change experts pre-

dict that the effect of global warming may be especially devastating for poor

countries located in low-latitude areas with high initial temperatures (Mendel-

sohn et al., 2006; IPCC, 2013). Moreover, poor countries are less well equipped

to deal with catastrophic climate-change consequences (adaptation) than their

rich counterparts, so their expected loss from a given catastrophe may be higher

(Parry, 2007).

As to the related literature on endowment heterogeneity, results from thresh-

old public-good experiments that include at least one (cooperative) Nash equi-

librium are inconclusive as to whether or not such heterogeneity hinders success

in reaching the threshold. On the one hand, Rapoport and Suleiman (1993) and

Bernard et al. (2011) find that endowment heterogeneity is negatively related to

contributions to the public good. On the other hand, Croson and Marks (2001)

(see also the meta-analysis by Croson and Marks, 2000) find that heterogeneity

has no significant impact on contributions. In collective-risk social dilemma

experiments related to ours, endowment heterogeneity also yields ambiguous

findings. Tavoni et al. (2011) find that in a symmetric treatment 50% of the

groups reach the target of e120, while only 20% of the groups achieve it under

heterogeneity. Milinski et al. (2011) find that subjects contribute proportionally

to the heterogeneous endowments. Burton-Chellew et al. (2013) observe that

under endowment homogeneity 87% of the groups reach the target sum, but

only 62% under heterogeneity. By contrast, Brown and Kroll (2017) find that

endowment heterogeneity does not reduce contributions when the threshold is

either certain or uncertain, and even when the probability of loss depends on

the contribution level.3 As to the effect of heterogeneity in loss rates, it has not

2In the field, such heterogeneities could be broken into more subtle definitions, for instance,
Lange et al. (2010) distinguish between equal per-capita emissions, equal percentage reduction
of current emissions, equal ratio between abatement costs and emissions, and equal ratio
between abatement costs and GDP. Brick and Visser (2015) distinguish between equal per-
capita entitlement to emissions, reduction of current emissions, historical polluter-pays, and
future polluter-pays.

3Under a known threshold and fixed probability of loss, the success rate is 60% under
symmetry and 70% under endowment heterogeneity. Under a known threshold and vari-
able probability of loss, the success rate is 25% under symmetry and 55% under endowment
heterogeneity (Brown and Kroll, 2017, Fig. 1, p.162).
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yet been tested in this context. Finally, regarding the effect of more than one

heterogeneity, Burton-Chellew et al. (2013) conducted two treatments with dou-

ble heterogeneity in endowment and risk probability. They find that the success

rate is considerably lower in the double heterogeneity treatment in which rich

subjects face a lower catastrophic risk than their poor counterparts than under

symmetry, endowment heterogeneity, or when the rich members face higher risk

than their poor counterparts.

To this end, we conducted a collective risk social dilemma experiment with

homogenous (symmetric) conditions, endowment heterogeneity, loss heterogene-

ity, and also a double heterogeneity in endowment and loss. Our study has four

main contributions to make: The first design novelty is studying the pure ef-

fect of loss heterogeneity. Even though heterogeneity in expected losses is a

well-recognized feature of the climate change dilemma (e.g., Mendelsohn et al.,

2006; IPCC, 2013) and despite the large body of literature modeling climate

change using a public good game and its variants (e.g., the collective-risk social

dilemma), the pure effect of heterogeneity in loss rates or risk (in compari-

son with homogeneous parties) has, to our knowledge, not been tested before.

A second novelty is comparing behavior under theoretically equivalent endow-

ment and loss heterogeneities. In particular, our study is designed so that, for

rational participants, endowment and loss heterogeneities result in congruent

equilibria. Yet, a heterogeneity in loss rate only matters when a catastrophe

occurs, while a heterogeneity in endowment is immediately present. So might it

be that these two heterogeneities lead to different behavior despite their theo-

retical equivalence? As a third contribution, we allude to the question whether

heterogeneity facilitates rather than impedes cooperation in the collective-risk

social dilemma. This is especially interesting in light of the contradicting re-

sults of Tavoni et al. (2011) and Burton-Chellew et al. (2013) versus Brown and

Kroll (2017) regarding the effect of endowment heterogeneity on cooperation.

Finally, our paper disentangles the effect of joint heterogeneity in endowment

and loss rate. We investigate the most realistic type of heterogeneity, i.e., in

both wealth and expected loss (e.g., IPCC, 2013), and compare it to each of the

single heterogeneities.

We find that the success rate with homogenous parties is no higher than

under heterogeneities in endowment or loss rate. In fact, under heterogene-

ity in loss rate, the success rate in preventing a catastrophic event is signifi-

cantly higher than with homogenous parties. Even under double heterogeneity

in which poor members face a higher loss rate than their rich counterparts, the
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success rate in preventing a catastrophe is not significantly different from the

other treatments. As to overall burden sharing in successful groups, under loss

heterogeneity most groups share their burden in accordance with equal con-

tributions (leading to equal earnings). By contrast, under either endowment

heterogeneity or double heterogeneity in endowment and loss, most groups set-

tle on proportional contributions to the endowment ratio. While under loss

heterogeneity the tendency towards the equal contributions and equal earnings

resolution is already revealed in the first round, we observe no strong tendency

for any of the focal resolutions in the other two treatments with endowment het-

erogeneity. Finally, in all treatments, efficiency is considerably higher in groups

successfully reaching the threshold than in unsuccessful groups. On the bottom

line, in the light of the popular collective-risk social dilemma, our results are the

first to indicate that heterogeneity may actually facilitate public-good provision

in such a situation.

We proceed as follows: The next section describes the experimental design.

Section 3 provides a theoretical analysis of the game and characterizes the equi-

libria. Section 4 describes the experimental procedure and formulates our a

priori hypotheses. In Section 5 we present the experimental results and discuss

them in Section 6. Finally, Section 7 contains our conclusions.

2 The Experimental Design

Our experimental design builds on Milinski et al. (2008). A group of six subjects

can prevent a major loss of private wealth if they jointly succeed in contributing

some of their initial endowment to a so-called prevention account. More pre-

cisely, each group member i is endowed with some amount of initial money ai.

The game lasts exactly 10 rounds. In each round, each subject has to split up

10% of his/her initial endowment between a private account and a prevention

account. The total endowment for the six group members is always e240, and

to avoid a catastrophe with certainty, e120 have to have accumulated in the

prevention account at the end of the 10 rounds.4 Otherwise a catastrophe will

occur with probability p, which can then cause a partial loss 0 < qi < 1 of the

4Even if the threshold is scientifically uncertain, we chose a certain threshold in the ex-
periment for two reasons. First, a particular threshold can be set politically (e.g., it has been
suggested that 2◦C is no less a political anchor than scientific evidence (Randalls, 2010)).
Secondly, under threshold uncertainty it is impossible to disentangle the heterogeneous par-
ties’ intent to share the burden (as burden-sharing depends on the expected target sum) from
a general tendency to undercompliance.
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money in the private account.5

We conducted four treatments: symmetric (SY), asymmetric endowment

(AE), asymmetric loss (AL), and a double heterogeneity treatment combining

asymmetric endowment and loss (AEL).

Endowment homogeneity was implemented so that each subject starts with

ai=e40. Under loss homogeneity, in the case of the group failing to collect the

targeted sum, each group member loses a share of qi = 0.75 of his/her private ac-

count with a risk probability p = 0.667.6 Under symmetry (SY treatment) both

endowment and loss ratios are homogenous. Under endowment heterogeneity

(AE treatment), three group members receive a high (low) total endowment

of e48 (e32). Under loss heterogeneity (AL treatment), three members face

a high (low) loss rate of 0.9 (0.6). Finally, under double heterogeneity (AEL

treatment), three group members receive an endowment of e48 and face a low

loss rate of 0.6 (e32 and a high loss rate of 0.9). The heterogeneity ratio mea-

suring the difference in expected payoffs between the member types in the case

of no contribution to the prevention account is 1.5 in each of the endowment

heterogeneity and the loss heterogeneity treatments but is 2.25 in the double

heterogeneity treatment. The game structure is illustrated in Figure 1, and the

design parameters are displayed in Table 1.

Figure 1: The game structure

5Note that to model heterogeneity in loss, it is necessary to choose a loss rate lower than
100%.

6Note that this corresponds to the same expected payoff as in the previous studies by
Milinski et al. (2008) and Tavoni et al. (2011) for catastrophe probability p = 0.5 and qi = 1.
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Table 1: The design parameters

Treatment Endowment (ai) Risk prob. (p) Loss rate (qi)

Symmetric (SY) e40 0.66 0.75
Asymmetric Endowment (AE) e48; e32 0.66 0.75
Asymmetric Loss (AL) e40 0.66 0.60; 0.90
Double Asymmetry (AEL) e48; e32 0.66 0.60; 0.90

3 Theoretical Representation and Formal Pre-

diction

3.1 Environment with homogenous players

In the following we describe the theoretical background of the game our exper-

iment is based on and derive some predictions concerning the outcomes. Note

that, we do not define strategies in the subgame after each round, but rather

characterize the open loop equilibria. We assume an even number n of players

or subjects (in our experimental design n = 6), all of them receiving an initial

money endowment of size a, identical for all subjects. The game consists of T

(= 10) rounds. To prevent a major loss referred to as a catastrophe, half of the

total endowment on average will have to be sacrificed by all players. Let cit be

the contribution of player i = 1, ..., n in round t, let ci = (ci1, ..., ciT ) be the con-

tribution sequence of player i, and let c = (c1, ..., cn) be the contribution profile

of all players. Moreover we define c̃i =
∑T

t=1 cit as subject i
′s total contribution

over all T rounds. We use p to denote the probability of a loss occurring if total

contributions fall short of a particular threshold A ≡ n
2
a , i.e., if

∑n
i=1 c̃i < A,

and q to denote the loss rate of the subjects’ final wealth if a catastrophe oc-

curs, i.e., a share (1 − q) will be left. Thus at the end of the game, player i′s

expected earnings will be p(1− q)(a− c̃i) + (1− p)(a− c̃i) = (1− pq)(a− c̃i) if

total contributions fall short of threshold A.

Letting yi be player i′s final monetary payoff, his or her utility is denoted

by U(yi). By contrast, we write Ũi(c) as subject i’s utility resulting from the

strategy profile c. Player i’s expected utility is then given by

Ũi(c) =



















U (a− c̃i) if
n

∑

i=1

c̃i ≥ A

(1− p)U (a− c̃i) + pU ((1− q)(a− c̃i)) if
n

∑

i=1

c̃i < A

Equilibria. This game has several equilibria. No contribution by any player is
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always an equilibrium since a < n
2
a = A for n > 2, i.e., no player can unilaterally

afford to bear the entire burden of preventing the loss. In this case, a player’s

expected utility is given by

Ui(0, ..., 0) = (1− p)U (a) + pU ((1− q)a)

We refer to this equilibrium as a non-contribution equilibrium.

However, there can be a continuum of other equilibria. A contribution

profile c∗ is called a catastrophe prevention equilibrium if for all i = 1, ..., n the

following holds:

0 < c∗it ≤
a

T
(1)

n
∑

i=1

c̃∗i =
n

2
a ≡ A (2)

U(a− c̃∗i ) ≥ (1− p)U (a) + pU ((1− q)a) (3)

i.e., the certain utility from contributing (c̃∗1, ..., c̃
∗
n) within T rounds is as least

as large as the expected utility derived from not contributing at all.

In the following subsections we define the games and their corresponding

equilibria for heterogeneous environments, i.e., for endowment heterogeneity,

loss rate heterogeneity, and both heterogeneities combined.

3.2 Endowment heterogeneity

Let there now be two types of subjects with low and high initial endowments,

aL and aH , respectively. Let j(i) denote player i’s type, and let Ui,j(i)(c̃) denote

the utility of player i being of type j(i) under contribution profile c̃. We assume

now that, in order to prevent a catastrophe, on average half of the endowment

will have to be sacrificed by all players. The utility of a type j = L,H player is

then given by

Ũi,j(i)(c̃) =



















U
(

aj(i) − c̃i
)

if
n

∑

i=1

c̃i ≥ A ≡ n/2
2
(aL + aH)

(1− p)U (aj − c̃i) + pU ((1− q)(aj − c̃i)) if
n

∑

i=1

c̃i < A
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Equilibria. Again, contributing nothing by any player is an equilibrium with

utility given by

Ũi,j(i)(0, ..., 0) = (1− p)U
(

aj(i)
)

+ pU
(

(1− q)aj(i)
)

A profile c∗ is a catastrophe prevention equilibrium if for all i = 1, ..., n:

0 < c∗it ≤
aj(i)
T

(4)

n
∑

i=1

c̃∗i =
n

4
(aL + aH) ≡ A (5)

U
(

aj(i) − c̃∗i
)

≥ (1− p)U
(

aj(i)
)

+ pU
(

(1− q)aj(i)
)

(6)

3.3 Loss heterogeneity

Under loss heterogeneity we assume that initial endowments are equal, but the

loss rates denoted by qL, qH differ across players. Thus if the player is of type

j = L,H,, player i’s expected utility is given by

Ũi,j(i)(c) =



















U (a− c̃i) if
n

∑

i=1

c̃i ≥ A ≡ n
2
a

(1− p)U (a− c̃i) + pU
(

(1− qj(i))(a− c̃i)
)

if
n

∑

i=1

c̃i < A

Equilibria: As before, no contribution by any player is an equilibrium with

utility

Ui,j(i)(0, ..., 0) = (1− p)U (a) + pU
(

(1− qj(i))a
)

A profile c∗ is a catastrophe prevention equilibrium if for all i = 1, ..., n :

0 < c∗it ≤
a

T
n

∑

i=1

c̃∗i =
n

2
a ≡ A

U (a− c̃∗i ) ≥ (1− p)U (a) + pU
(

(1− qj(i))a
)

3.4 Conditions for comparability

To make endowment and loss heterogeneities comparable for experimental sub-

jects, we require that the ratio of loss rates for high and low loss players equals

the ratio of high versus low endowments in the endowment heterogeneity envi-

ronment, i.e.:
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qH
qL

=
aH
aL

(7)

We also assume that the expected non-contribution payoffs are the same for (i)

poor (i.e. low-endowment) players and high-loss players and (ii) for rich (i.e.

high-endowment) and low-loss players, respectively. Noting that the expected

non-contribution payoff is (1−p+p ·(1−q))aj = (1−pq)aj for j = L,H (similar

for loss heterogeneity), the above assumption can be expressed as

(1− pq)aL = (1− pqH)a (8)

(1− pq)aH = (1− pqL)a (9)

with a = (aL + aH)/2.

Furthermore we need to ensure that even for risk-neutral players a catastrophe-

prevention equilibrium exists. Under endowment heterogeneity this is the case

if total contributions ĉL and ĉH for poor and rich players, respectively, exist

such that

(1− pq)aj = aj − ĉj, j = L,H (10)

and

ĉL + ĉH ≥
aL + aH

2
(11)

Note that ĉj can be considered themaximum willingness to contribute for players

of type j = L,H.

Under loss heterogeneity, a catastrophe-prevention equilibrium exists if there

are total contributions c̆L and c̆H for poor and rich players, respectively, such

that

(1− pqj)a = a− c̆j, j = L,H (12)

and contributions are sufficiently high to prevent the catastrophe, i.e.,

c̆L + c̆H ≥ a (13)

From these conditions we can derive the following result, which limits the choice

of parameters:

Proposition 1: Under the conditions (7) through (13), the loss rates q, qL,

and qH have to be chosen such that risk-neutral subjects are indifferent between

the non-contribution and the catastrophe-prevention equilibrium, implying that

9



p and q have to be chosen such that

q =
1

2p

and the payoff rates in the non-contribution equilibrium are equal for AE and

AL, implying
1− pqH
1− pqL

=
aL
aH

(14)

The unique equilibrium contributions are then given by ĉL = pqaL and ĉH =

pqaH for endowment heterogeneity, and by c̆L = pqLa and c̆H = pqHa for loss

heterogeneity.

The proof is to be found in Appendix A.1.

3.5 Double heterogeneity

Finally we turn to double heterogeneity, where low-endowment (i.e. poor) sub-

jects face high loss rates and the opposite holds for high-endowment (i.e. rich)

subjects. We now use qL and qH to denote the loss rates for low- and high- en-

dowment subjects. Contrary to the loss heterogeneity model, this implies that

qL > qH . As before, we use q̃j = 1 − pqj to denote the expected survival rate

per dollar owned. Obviously, qL > qH implies q̃L < q̃H . Moreover, we assume

that

q̃LaL < q̃HaH/2 (15)

This assumption implies that if one subject unilaterally deviates from any

catastrophe-prevention equilibrium, the expected deviation payoff for the low-

endowment subjects is lower than the expected compliance payoff for the high-

endowment subjects. Observe that, conversely, our assumptions imply

q̃HaH < q̃LaL/2 (16)

The following result shows that under double heterogeneity the only equi-

librium is contributing nothing. The proof is depicted in Appendix A.2

Proposition 2: In the double heterogeneity game under the above assump-

tions, the non-contribution profile is the only equilibrium.
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3.6 Resolution concepts

In a public good game with heterogeneous players there are numerous possible

burden sharing resolutions. The literature offers two relevant allocation princi-

ples (see Konow, 2003): “equality of outcomes” and “proportionality between

inputs and outcomes.” In our game, two burden-sharing resolutions are in line

with these fairness principles and hence can be considered prominent resolu-

tions: equality of outcomes is implemented by equal earnings, while proportion-

ality between inputs and outcomes is articulated by contributions proportional

to endowments or loss rates. A third prominent resolution since convenient

to implement is equality of inputs, carried out by equality of contributions.

Hence, and in line with Reuben and Riedl (2013), we consider as benchmarks

those three prominent resolutions: equal contributions, proportional contribu-

tions, and equal earnings.7 Under equal contributions, each subject contributes

the same amount independently of the endowment or loss rate. Under propor-

tional contributions, subjects contribute proportionally to the ratio of initial

endowments or the loss rates (or both in the double heterogeneity treatment),

while under equal earnings, subjects contribute in such a way that all group

members achieve the same final payoff independently of their initial position.

Table 2 shows the payoffs of risk-neutral subjects under no contributions and

the different resolution concepts.

Table 2 shows that for risk-neutral players (i) in the symmetric environ-

ment (i.e., homogenous players), the unique contribution equilibrium obviously

satisfies all three resolution concepts, and (ii) under both endowment and loss

heterogeneities the (unique) contribution equilibrium requires proportional con-

tributions, while the other two burden-sharing concepts cannot occur in equilib-

rium. Finally (iii), under double heterogeneity, none of the resolution concepts

constitutes an equilibrium. We extend our analysis briefly to the case of risk

aversion.

3.7 Risk aversion

Proposition 1 shows that risk-neutral players are indifferent between the two

equilibria and that the contribution equilibria are unique in the endowment and

loss heterogeneity treatments. If subjects are risk-averse, which is usually the

7Note that such burden-sharing rules are acknowledged in the literature on climate change
negotiations. For instance, Kesternich et al. (2014, 2018) and Gallier et al. (2017) test the
performance of minimum-contribution mechanisms, explicitly specifying these rules.
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Table 2: Expected payoffs (and variances) of each member type under the
prominent contribution profiles

No cont. equal conts. proportional conts. equal earnings

Symmetry (SY)
All subjects 20 20 20 20
(Var.) (200) - - -

Endowment heterogeneity (AE)
High endowment 24 28 24 20
(Var.) (288) - - -

Low endowment 16 12 16 20
(Var.) (128) - - -

Loss heterogeneity(AL)
High loss 16 20 16 20
(Var.) (288) - - -

Low loss 24 20 24 20
(Var.) (128) - - -

Double heterogeneity (AEL)
High endowment & low loss 28.79 28 20.30 20
(Var.) (202.78) - - -

Low endowment & high loss 12.79 12 19.69 20
(Var.) (119.67) - - -

Variances of expected payoffs are positive only when the groups do not reach the threshold.
Moreover, under double heterogeneity, “proportional conts.” refers to contributions propor-
tional to the two heterogeneity dimensions. In the case of contributions proportional to one
heterogeneity dimension, the expected payoffs are 24 and 16 to the high-endowment & low-loss
members and the low-endowment & high-loss members, respectively.

case, they will strictly prefer the contribution equilibria characterized above

to the non-contribution equilibrium. This in turn implies that other equilibria

exist. This is particularly interesting under environments with heterogeneous

players because several of the focal resolution outcomes are candidates for equi-

librium outcomes.

Corollary 1: For the risk-averse subject, the sure payoff in the catastrophe-

prevention equilibria (ĉL, ..., ĉL, ĉH , ..., ĉH) and (c̆L, ..., c̆L, c̆H , ..., c̆H) for AL and

AE, respectively, is strictly preferred to the risky non-contribution equilibrium.

The (simple) proof is given in Appendix A.3. Note that risk-averse subjects

accept a lower certainty equivalent. Therefore, the set of equilibrium outcomes

increases when the subjects’ risk aversion rises. Accordingly, in the symmetric

case there is a continuum of equilibrium outcomes satisfying equations (1) - (3).
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3.7.1 Endowment heterogeneity

In the same vein as above, for risk-averse subjects there is a continuum of

catastrophe-prevention equilibrium outcomes in the endowment heterogeneity

environment satisfying equations (4) - (6). Note that a continuous move from

the proportional to the equal contributions profile benefits high-endowment

players but makes low-endowment players worse off. Since a greater degree

of risk aversion lowers the certainty equivalent, it may be the case that for the

low-endowment players, the equal contributions yields a utility as least as high

as the certainty equivalent. To see how the contribution profile is related to the

degree of risk aversion, we discuss two numerical examples.

Example 1: We take the values of our experimental set-up outlined be-

low: aL = 32, aH = 48, p = 2/3, q = 3/4, and a constant-relative-risk-aversion

von Neumann-Morgenstern utility function U(x) = xγ with 0 < γ < 1. Then

for extremely high risk aversion only, i.e., risk aversion coefficients close to

zero (γ < 10−15), the equal-contributions profile (20, ..., 20) is an equilibrium

outcome. On the other hand, it is easy to compute that, with the same risk

coefficient, the high endowment type’s maximum willingness to contribute is

ĉH = 29.28 > 28. Therefore, for γ < 10−15 there is a continuum of equilibrium

outcomes including all three focal-point resolution concepts. By contrast, for

more realistic (relative) risk-aversion parameters such as γ = 0.5, the set of equi-

librium outcomes is (with slight abuse of notation) {(cL, cH)| 13.3 ≤ cL ≤ 17.8,

22.2 ≤ cH ≤ 26.7,
∑6

j=1 cj = 120}, i.e., the set of equilibrium outcomes includes

proportional contributions, but not equal contributions or equal earnings.

Example 2: This is similar to example 1, but a lower degree of endowment

inequality is chosen by setting aL = 36, aH = 44. Even for γ ≤ 0.5, the equal

contributions profile (20, ..., 20) is now an equilibrium outcome. By contrast,

the high-endowment type’s maximum willingness to contribute is ĉH = 36.0.

Accordingly, there is a continuum of outcomes {(cL, cH)| 15.6 ≤ cL ≤ 20,

20 ≤ cH ≤ 24.4,
∑6

j=1 cj = 120} where both the proportional and the equal-

contributions profile are within the set of equilibrium outcomes, while the equal-

earnings profile is not (since ĉH ≤ 24.4 < 28).

Hence, the set of potential equilibrium outcomes may shrink or increase in

response to game parameters.

3.7.2 Loss and double heterogeneity

Under loss heterogeneity with risk-averse players, there is also a continuum

of equilibrium outcomes. The interesting question with respect to our experi-
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mental analysis is under what circumstances the equal-contributions (= equal-

earnings) profile can be an equilibrium. Similar to endowment heterogeneity,

for our experimental parameters qL = 0.6 and qH = 0.9 and utility function

U(x) = xγ, there are only equilibria for extremely low values of γ, i.e., here

γ < 6 · 10−16. By contrast, for reasonable risk-aversion parameters such as

γ = 0.5, loss rates must not be too different between the types (in our case

qL ≥ 0.685, qH ≤ 0.815) to obtain the equal contributions (=equal earnings)

equilibrium.

With double heterogeneity we have seen that under risk-neutrality no catastrophe-

prevention equilibrium exists. Things are not much different under risk aversion.

For our experimental parameters, catastrophe-prevention equilibria only exist

under extreme risk aversion.

3.7.3 Summary

In sum, our analysis indicates that for reasonably risk averse individuals (i)

under symmetry, the cooperative equilibrium is strictly preferred to the non-

cooperative equilibrium. (ii) under either endowment or loss heterogeneity,

the only resolution-contribution profile that belongs to the equilibrium set is

proportional contributions to the endowment or loss heterogeneity, respectively.

This equilibrium is also strictly preferred to the non-contribution equilibrium.

Finally (iii), under double heterogeneity in endowment and loss rate, none of the

focal resolution contribution profiles belongs to the set of equilibrium outcomes.

Thus, the unique equilibrium is the non-cooperative equilibrium.

4 Procedure and Hypotheses

In the following we describe the experimental procedure and formulate our re-

search hypotheses following the theoretical analysis.

4.1 Experimental procedure

A total of 510 student subjects from different departments of the universities

of Kiel and Rostock, Germany, participated in the experiment. This produced

21 independent groups each in the SY, AL, and AE treatments, and 22 groups

in the AEL treatment. The experiment was programmed and conducted using

the z-Tree experimental program (Fischbacher, 2007). The program has three

stages: In the first stage, instructions are displayed on the computer screen,
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including control questions to verify that subjects have understood the instruc-

tions. In the second stage, subjects make decisions in the 10-round game (where,

after each contribution round, subjects are informed about both the individual

and the accumulated contributions of their group members). If, in the final

stage, the amount that has accumulated in the prevention account is less than

e120, the program determines randomly whether or not a partial loss in the

private account (mimicking a “catastrophe”) will occur. In either case, final

payoffs are displayed to the subjects.8

4.2 Research hypotheses

After introducing the design parameters, theoretical model, and resolution con-

cepts, we are now ready to formulate our a priori hypotheses. The overarching

hypothesis is that the more focal a burden-sharing resolution is, the smaller is

the coordination problem and hence the higher is the success rate in preventing

a catastrophe.

An apparent feature of the symmetric (SY) treatment is that it has one focal

burden-sharing contribution profile, satisfying all three resolution concepts (i.e.,

equal contributions coincides with proportional contributions and yields equal

earnings). This focal burden-sharing rule is supported by equilibrium play

under risk-neutral and risk-averse preferences.9

By contrast, in the treatments with heterogeneity, group members looking

to reach an equilibrium that eliminates the risk of a catastrophe face a coordi-

nation problem as to how to share the burden between the two types of group

members. Accordingly, in the AE and AL treatments we chose design parame-

ters ensuring that for risk-neutral subjects the unique cooperative equilibrium

requires contributions proportional to the endowments and loss rates. Moreover,

from the three resolution contribution profiles only proportional contributions

is an equilibrium for (reasonably) risk-averse subjects.

In the double heterogeneity (AEL) treatment, by contrast, it is not obvious

how to share the burden between the two types of group members. For a selfish

individual with risk-neutral (or not too risk-averse) preferences, contributing

nothing is the only equilibrium. Thus we can now summarize our a priori hy-

potheses regarding success rates and burden sharing in successful groups.

8All computer screens are provided as supplementary information.
9We refer here to catastrophic risk. Obviously games with imperfect information (due to

simultaneous moves) also entail strategic uncertainty as to the other members’ actions.
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Hypothesis 1 [success rate]: We expect a higher success rate in reaching the

threshold under symmetry than under loss or endowment heterogeneity. More-

over, we expect similar success rates under loss and endowment heterogeneity.

Finally, we expect the lowest success rate under double heterogeneity.

Hypothesis 2 [Burden sharing in successful groups with heteroge-

neous member types]: Under either loss or endowment heterogeneity we

expect successful groups to share their burden around the proportional contribu-

tions resolution.

5 Results

We start by reporting the results with respect to success rates and burden

sharing achieved by successful groups in the different treatments. Then we

investigate the first-round contributions to learn about decisions that are only

based on dispositions, beliefs, and priors (without yet being influenced by others’

choices and experience). Next, we study the contribution dynamics over time

and in the last round. Finally, to learn about overall efficiency, we inspect the

payoffs across treatments and between groups successful and unsuccessful in

preventing a catastrophic event.

5.1 Success in reaching the threshold

We start with our main result regarding success rates in reaching the threshold

and overcoming the catastrophe. Figure 2 shows success rates across treat-

ments. Surprisingly, we find that the SY treatment yields the lowest success

rate in reaching the prevention target (38%). The AE and AEL treatments

display 57% and 59% success rates, respectively. The highest success rate is

observed in the AL treatment, where 67% of the groups reach the target. For-

mally, using a Chi-square test we find that the success rate is higher in the AL

than in the SY treatment (p = 0.06), but we observe no significant differences

among the other treatments.

Result 1 [success rate]: Success rate is highest under loss heterogeneity and

lowest under symmetry. There is no difference in success rates between the het-

erogeneous treatments. Interestingly, the success rate under double heterogeneity

is no lower than in any other treatment.
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Figure 2: Success (light bars) and fail (dark bars) rates in the different treat-
ments

5.2 Burden-sharing

Next we inspect burden sharing by each successful group to learn whether there

is convergence in the different treatments to one of the burden-sharing contri-

bution profiles. In the AL treatment, the equal contributions=equal earnings

contribution profile requires that the contribution share of high-loss members

be equal to that of the low-loss members (50% for each), while proportional

contributions requires that the high-loss members contribute 60% of the total

amount. In the AE and AEL treatments, equal contributions requires that the

contribution share of high-endowment members be equal to that of their low-

endowment counterparts (i.e., 50% each), while equal earnings requires that the

contribution share of high-endowment members be equal to 70% of the total

amount. Proportional contributions to the endowment ratio requires the high-

endowment members to contribute 60% of the burden. In the AEL treatment,

proportional contributions to both endowment and loss rates requires the high-

endowment & low-loss members to contribute about 71% of the total burden

share.

Figure 3 shows the relative share of total contributions to the prevention

account in successful groups. The average contribution share of high- and low-

loss subjects in AL groups is [52%:48%], corresponding quite closely to the

equal-contributions (and equal-earnings) burden-sharing profile. By contrast,

the average contribution share of high-endowment and low-endowment subjects

in the AE treatment is [61%:39%], corresponding closely to the proportional-

contributions burden-sharing rule. Finally, the contribution ratio between high-

endowment & low-loss subjects and low-endowment & high-loss subjects in the
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The light bars indicate the contribution rates of “high types” (i.e., high-loss, high-endowment,
and high-endowment & low-loss members in the AL, AE, and AEL treatments, respectively).
The horizontal dashed lines denote the prominent contribution-sharing rules. The top line
indicates equal earnings in the AE and AEL treatments. The middle line represents propor-
tional contributions to the loss or endowment ratio in the AL, AE, and AEL, respectively.
The bottom line denotes equal contributions in all treatments (as well as equal earnings in
the AL treatment).

Figure 3: Relative share of total contributions to the prevention account by the
different types of successful groups in the heterogeneous treatments

AEL treatment is [60%:40%], corresponding to contributions proportional to the

endowment ratio.10

However, group members do not share the burden in exact accordance with

the three above-mentioned contribution profile resolutions. Moreover, the av-

erage burden sharing across groups may not provide an accurate description of

actual burden sharing. Consider, for instance, the extreme case where half of

the groups share the burden around equal earnings, while the other half around

equal contributions. In this case we receive that, on average, the groups share

the contribution burden around the proportional contributions resolution (al-

though none of the groups share the burden close to this contribution rule).

Therefore, we classify strategies in each group as equal contributions, propor-

tional contributions, or equal earnings depending on their distance from the

respective benchmark strategy. Table B.1 in the Appendix shows the burden

share of each successful group and its corresponding classification according to

the focal resolutions.

Starting with the AL treatment, we classify a contribution profile as equal

10Formally, using a Median test we find that the contribution ratio in the AL treatment is no
different from the equal-contributions (= equal-earnings) burden-sharing rule (p = 0.43), but
is different from the proportional-contributions burden-sharing rule (p < 0.01). In addition,
we find that the contribution ratios in the AE and AEL treatments are no different from
the proportional (to endowment)-contributions burden-sharing rule (p = 0.18 and p = 0.50,
respectively). The comparisons with other burden-sharing rules yield p < 0.01.
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contributions and equal earnings if the high-loss members contribute 45%-55%

of the burden share. Similarity, we classify a contribution profile as propor-

tional contributions if high-loss members contribute 55%-65% of the burden

share. From the total of 14 groups successful in reaching the target, 57% corre-

spond to the equal-contributions=equal-earnings contribution profile, whereas

35% correspond to the proportional-contributions resolution profile.

Turning to the AE and AEL treatments, we classify a contribution profile

as equal contributions (equal earnings) if the high-endowment members con-

tribute 45%-55% (65%-75%) of the burden share. Contributions proportional to

one of the heterogeneity dimensions requires the high-endowment members to

contribute a total share of 55%-65%. In the AE treatment, 75% of the groups

are classified as proportional contributions (while only 8% and 17% are classi-

fied as equal contributions or equal earnings). In the AEL treatment, 84% of

the groups are classified as contributions proportional to one heterogeneity di-

mension. Furthermore, one group (8%) is classified as equal contributions and

another group (8%) is classified as either equal earnings or contributions propor-

tional to both heterogeneity dimensions (as these two outcomes coincide). We

can now formulate our next result.

Result 2 [Burden sharing in successful groups with heterogeneous

member types]: Under loss heterogeneity, most groups share the burden ac-

cording to the equal-contributions and equal-earnings resolution. But a sizable

portion of the groups share according to contributions proportional to the loss ra-

tios. By contrast, most successful groups under endowment heterogeneity coordi-

nate on contributions proportional to the endowment ratio. The burden-sharing

classification under double heterogeneity largely resembles that of endowment

heterogeneity, with almost all groups sharing the burden according to the one-

dimension (endowment) heterogeneity.

5.3 First-round contributions

Recall that contributions in the collective risk social dilemma are made sequen-

tially, so overall burden sharing only reveals average behavior over time. In

this regard, subjects’ first round contribution decisions are based only on their

predispositions, initial beliefs, and priors without as yet being influenced by the

decisions of their group members. Figure 4 shows first-round contributions in

the different treatments. We inspect these contributions to learn (i) whether

subjects actually consider the three focal burden-sharing profiles to be genuine
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candidates for coordination when making their contribution decisions, and (ii)

whether the subjects’ initial perception of the success chances in reaching the

threshold differ across treatments (heterogeneities).
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Figure 4: Contribution decisions in the first round of the different treatments
(the vertical dashed lines indicate the focal contributions)

In the SY treatment, exactly 50% of the subjects contributed e2 to the

prevention account (corresponding to all three burden-sharing rules). In the

AL treatment too, exactly 50% of the subjects contributed e2 corresponding

to the equal-contributions and equal-earnings resolutions. Moreover, no subject
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contributed an amount corresponding to the proportional-contributions share

(e1.6 and e2.4 for low-loss and high-loss subjects, respectively). By contrast,

in the AE treatment the proportional-contributions profile is the most frequently

observed choice, selected by 26.98% of all subjects, while 11.90% of the subjects

contributed amounts corresponding to the equal-contributions profile (e2) and

another 11.90% contributed according to the equal-earnings resolution (e1.2

and e2.8 for low- and high-endowment subjects, respectively). Thus, the out-

come is considerably less focal in this treatment compared to the resolution that

emerges in the SY and AL treatments.

Finally, in the AEL treatment we observe that 15.90% of the subjects con-

tributed e2 corresponding to the equal-contributions resolution, while 9.84%

contributed amounts corresponding to the equal-earnings resolution (which is

also approximately the same as the proportional contributions profile taking into

account the two dimensions of heterogeneity). Moreover, we find that 17.42%

of the subjects contributed proportionally to the endowment ratio (by choosing

amounts of e1.6 and e2.4, respectively). Hence, in the first round under double

heterogeneity no focal contribution profile emerges, which is in accordance with

our prediction.

On the whole, we find that in the comparable SY, AL, and AE treatments

50%, 50%, and 51% of the subjects, respectively, contributed amounts corre-

sponding to the prominent sharing rules.11 Moreover, Figure 4 shows that the

highest spikes in first-round contributions are in these resolutions. So it ap-

pears that the classification of burden-sharing rules is largely supported by the

subjects’ decisions.

The second question we could answer using first-round data is whether

subjects’ initial perception of success differ across treatments. Note that once

a subject suspects that his/her group will not reach the target, he/she should

stop contributing to the prevention account (this is observable in later rounds

whenever it became clear that a group would not manage to reach the target).

So the rate of zero contributions in the initial round provides a measure for the

initial perception of the heterogeneities. In this respect, we find that 14%, 8%,

10%, and 7% of the subjects contribute zero in the first round of the SY, AL,

AE, and AEL treatments, respectively (using a Chi-square test we find no dif-

ference across treatments). Accordingly, the fact that in the initial round there

is no significant difference in the rate of non-contributors across treatments sug-

gests that subjects do not have different priors concerning success rates in the

11In fact, 31%, 33%, 35%, and 30% of the contributions over all rounds correspond exactly
to one of the focal resolution outcomes in the SY, AL, AE, and AEL treatments, respectively.
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different treatments. We summarize or findings as follows:

Result 3 [First-round contribution behavior]: (i) First-round contribution

behavior under symmetry is strikingly similar to that under loss heterogeneity

with 50% of the members in both treatments choosing to contribute e2 to the

prevention account. (ii) First-round contribution behavior under endowment

heterogeneity is not different than under double heterogeneity, in both treatments

one obvious focal contribution strategy does not emerge. (iii) Moreover, the rates

of no contributions to the prevention account are not different across treatments,

implying that subjects in the different treatments do not a priori predict different

chances in reaching the threshold across treatments.

5.4 First-round contributions as predictors of success

Figure 5 presents the average first-round group contributions, differentiating be-

tween groups eventually successful and unsuccessful in reaching the threshold.

From this figure, it is obvious that contributions in the first round are signifi-

cant predictors of success in reaching the target. This observation is formally

established using logit model estimations.12

Figure 5: Average group contributions (and std. err.) in the initial round, per
successful (Suc) and unsuccessful (Fail) groups

We are now interested in whether we can identify the member types in the

heterogeneous treatments that are responsible for success or failure in reaching

12The results are presented in Table B.2 in the Appendix. We were using groups as in-
dependent observations. Moreover, due to Ai and Norton (2003), who suspect significant
interaction effects in non-linear probability models, we estimate the model for each treatment
separately.
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(a) AL treatment

(b) AE treatment

(c) AEL treatment

Figure 6: Average first-round individual contributions (and std. err.) of group-
member types in successful and unsuccessful groups

the threshold. To this end, Figure 6 presents the average contributions of mem-

ber types in the first round of eventually successful and unsuccessful groups in

reaching the threshold. Figure 6 (a) shows that under loss heterogeneity (AL),

high-loss members contribute similar amounts in successful and unsuccessful

groups. But contributions from low-loss members are considerably higher in

successful than in unsuccessful groups. This implies that the key for success-
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fully reaching the threshold is for low-loss members not to contribute consider-

ably lower amounts than their high-loss counterparts. Figure 6 (b) illustrates

that under endowment heterogeneity (AE), low-endowment members contribute

similar amounts in successful and unsuccessful groups. Hence, reaching the tar-

get is crucially predicted by the contributions of high-endowment members.

Finally, Figure 6 (c) suggests that under double heterogeneity (AEL), reaching

the target depends on the contributions of high-endowment & low-loss members

(because in the initial round low-endowment & high-loss members do not con-

tribute significantly different amounts in eventually successful or unsuccessful

groups).13 These observations indicate that success is largely predicted by the

contribution decisions of “fortunate members” (those who are richer or stand

to lose less from a catastrophe). We can summarize our next findings as follows:

Result 4 [First-round contributions as predictor of success]: In all treat-

ments, higher first-round contributions significantly predict success in reaching

the threshold and preventing a catastrophe. Moreover, success depends on the

willingness of those fortunate members either to compensate the poor (in the

case of endowment or double heterogeneity) or to ignore the heterogeneity (in

the case of loss heterogeneity).

5.5 Contributions over time and in the last round

Next we turn our attention to individual contributions throughout the rounds,

and in the final round (only for those groups that still have a chance of reaching

the threshold). The variable GINIG(t = T ) measures the inequality in commu-

tative contributions between members of some group G up to round T .

GINIG(t = T ) =

∑n
i=1

∑n
j=1 ‖

∑T
t=1 ci,t −

∑T
t=1 cj,t‖

2n (n− 1)
∑T

t=1 ct
,

where
∑T

t=1 ci,t and
∑T

t=1 cj,t are the accumulated contributions of any two group

members i and j in round T , and
∑T

t=1 ct is the arithmetical sample mean of

the accumulated group members’ contributions in that round, while n(= 6) is

13These results have been formally established using a two-sided Wilcoxon Mann Whitney
U (MWU)-test. High-endowment members in the AE treatment and high-endowment & low-
loss members in the AEL treatment contribute more in successful groups than in unsuccessful
groups (both at p = 0.003). Also, low-loss members in the AL treatment contribute more in
successful groups than in unsuccessful groups (p = 0.0008). We observe no other differences
in the contributions of the different member types between unsuccessful and unsuccessful
groups.
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the group size.

In addition, in the heterogeneous treatments the variable L/H-ratioG(t = T )

measures the difference in commutative contributions between the two member

types in a given heterogeneous group G up to round T .

L/H-ratioG(t = T ) =

∑L
l=1

∑T
t=1 cl,t

∑H
h=1

∑T
t=1 ch,t

,

where
∑T

t=1 ch,t and
∑T

t=1 cl,t denote the accumulated contributions of “high”

and “low” subjects, respectively, in round T .14

Table 3 shows random-effect estimations for the evolution of contributions

in rounds 2-10. We observe that in all treatments the lower the inequality is in

accumulated contributions (i.e., the lower the GINI), the higher the subsequent

contributions (controlling for the amount currently stocked in the prevention

account) must be. However, the most interesting result is the effect of the con-

tribution ratio between the different member types (L/H-ratio). It appears that

the lower this rate is in the AE and AEL (i.e., the more the high-endowment

members contribute compared to their low-endowment counterparts), the higher

the additional contribution of a group member will be. However, the opposite

effect occurs in the AL treatment. The more low-loss members contribute in

comparison with high-loss members (i.e., the contributions of low-loss and high-

loss members is nearer to equal), the higher the subsequent individual contri-

bution will be. This accords with Result 4. Hence, we can summarize as follows.

Result 5a [Contribution dynamics over time]: Individual contributions de-

pend on the amount accumulated in the prevention account. Moreover, the lower

the inequality between group members in previous contributions, the higher the

subsequent individual contributions will be. In addition, we find that under en-

dowment heterogeneity and double heterogeneity, the more the high-endowment

and high-endowment & loss-loss members contribute compared to their coun-

terparts, the higher subsequent individual contributions will be. Under loss het-

erogeneity, the higher the contributions from the low-loss members, the higher

subsequent individual contributions will be.

Finally, although success rates in reaching the target are lowest under sym-

metry, we observe that 61%, 76%, 61%, and 63% of the groups in the SY, AL,

14High type is defined as a high-loss or high-endowment member in the AL and AE treat-
ments and a high-endowment & low-loss member in the AEL treatment.

25



Table 3: Random-effect estimations of contribution decisions over time
All Treatments Heterogeneity

Group accumulated (t− 1) 0.01*** 0.01*** 0.01***
(0.00) (0.00) (0.00)

GINI (t− 1) -1.48*** -1.88*** -
(0.43) (0.68)

L/H-ratio (t− 1) - - -0.12**
(0.05)

AE 0.12 - -
(0.20)

AL -0.00 -0.13 -0.73***
(0.11) (0.20) (0.21)

AEL -0.28 -0.40* -0.10
(0.19) (0.24) (0.12)

GINI (t− 1) × AE -0.33 - -
(0.69)

GINI (t− 1) × AL -0.04 0.34 -
(0.45) (0.65)

GINI (t− 1) × AEL 0.68 1.03 -
(0.65) (0.78)

L/H-ratio (t− 1) × AL - - 1.00***
(0.22)

L/H-ratio (t− 1) × AEL - - 0.05
(0.05)

Round -0.05 -0.04 -0.04
(0.06) (0.07) (0.07)

Round squared -0.01*** -0.01*** -0.01***
(0.00) (0.00) (0.00)

Constant 2.27*** 2.43*** 1.91***
(0.14) (0.25) (0.14)

Observations 4590 3456 3456
R2 (overall) 0.1856 0.2009 0.1928
Wald-χ2 383.93*** 305.05*** 554.18***

The dependent variable is contribution to the prevention account in round
t. “Group accumulated (t − 1)” denotes the amount in the prevention
account after round t-1. “GINI (t− 1)” denotes the inequality in accumu-
lated contributions after round t− 1. Similarly, L/H-ratio (t− 1) denotes
the contribution ratio in accumulated contribution between low- and high-
type subjects after round t−1. Robust standard errors are clustered across
groups. Finally, *, **, and *** denote significance levels between 5% and
10%, between 1% and 5%, and at 1% or less, respectively.

AE, and AEL treatments, respectively, were “in the game” before the last round

(no difference across treatments, Chi-square test), i.e., they could still reach the

threshold. Among these groups, 87%, 92%, and 92% eventually reached the

target in the AL, AE, and AEL treatments, but only 61% in the SY treatment.

So the question is what happens in the last round that distinguishes symmetry

from the heterogeneous treatments. By including only individuals from groups

who reached the last round with at least e96 but less than e120 in the preven-

tion account, Figure 7 indicates that the main determinant for success in the
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Figure 7: Box plots of accumulated amounts in the prevention account before
the last round of the eventually successful and unsuccessful groups that are still
“in the game”

last round is the amount accumulated in the prevention account at the begin-

ning of that round.15 But while in the heterogeneous treatments the distinction

between successful and unsuccessful groups is fully predicted by the accumu-

lated prevention account, this is not the case in the SY treatment, implying

a coordination problem in this symmetric treatment. We can summarize our

findings as follows.

Result 5b [Contributions in the last round]: There are no differences

between the treatments in the percentage of groups that can still prevent a catas-

trophe before the last round. Moreover, in the heterogeneous treatments the

amount in the prevention account before the last round perfectly predicts success

in reaching the threshold, which is not the case under symmetry.

5.6 Efficiency

Finally, we turn to the question of overall efficiency in the different treatments.

Table 4 shows the average expected payoffs after the 10th round but before

nature (the random mechanism) draws “loss” or “no loss.” It indicates that in

each treatment the average expected payoff in successful groups is significantly

higher than in unsuccessful groups. Also, we find no differences across treat-

ments in pairwise comparison of expected payoffs in successful groups. However,

for unsuccessful groups, we find a significant difference between the SY and AEL

15Using a logit model estimation, we find that in the heterogeneous treatments the accumu-
lated amount in the prevention account perfectly predicts success in reaching the threshold.
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treatments (two-sided MWU test, p = 0.03). The higher payoff for unsuccess-

ful groups in the AEL treatment compared to the SY treatment stems from

the fact that in the former the distinction between successful and unsuccessful

groups evolves quite early in the game, so the group members (in unsuccessful

groups) stop contributing earlier. In the SY treatment, the distinction between

successful and unsuccessful groups evolves later on average than in the other

treatments.

Table 4: Mean (and standard deviation) of total contributions to the prevention
account and expected payoffs per treatment

Treatment: SY AL AE AEL

Total contributions to the prevention account

Successful groups 123.30 (0.80) 124.56 (0.80) 123.75 (0.37) 124.05 (0.62)
unsuccessful groups 83.78 (8.89) 66.54 (14.51) 68.91 (10.46) 62.14 (6.55)
significance *** *** *** ***

Expected payoffs

Successful groups 19.45 (0.38) 19.24 (0.50) 19.37 (0.22) 19.32 (0.38)
unsuccessful groups 13.01 (2.67) 14.69 (3.37) 14.25 (2.61) 15.75 (1.66)
significance *** *** ** ***

“Expected payoffs” are expected payoffs after the last round but before
the lottery. Notably, ** and *** denote significance differences in a two-
sided MWU test (between 1% and 5%, or less than 1%, respectively) in
total contributions (upper panel) or expected payoffs (lower panel) between
successful and unsuccessful groups.

Result 6 [Overall efficiency]: In all treatments efficiency is significantly

and considerably higher for successful than for unsuccessful groups in reaching

the threshold and preventing a catastrophe. Moreover, there are no differences

in overall efficiency between successful groups across treatments. However, the

overall efficiency of unsuccessful groups is lower under symmetry than under

double heterogeneity. The reason is that, under symmetry, unsuccessful groups

are determined considerably later than under double heterogeneity, leading to a

waste of resources in that treatment.

6 Discussion

Our main finding is that heterogeneity between group members is not necessarily

an obstacle to climate-change mitigation. Our result indicating that endowment

heterogeneity does not reduce the success rate in reaching the threshold appears

to contrast with Tavoni et al. (2011) and Burton-Chellew et al. (2013), but

is consistent with Brown and Kroll (2017). In fact, success rates are quite
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high (statistically indistinguishable from the symmetric case) even under double

heterogeneity where poor members face a higher loss rate than the rich. This

result is somewhat at odds with Burton-Chellew et al. (2013), who find that in

comparison with symmetry or endowment heterogeneity, double heterogeneity

in endowments and risk probabilities reduces the success rate in reaching the

thresholds. Arguably, our most remarkable result is that heterogeneity in loss

rates may actually facilitate cooperation.

How can we explain the fact that heterogeneity favors group success? With

homogeneous parties there is one obvious focal burden-sharing rule. But it seems

plausible that if a subject does not comply with the “fair” equal-sharing norm,

his/her group members have little inclination to compensate for that subject’s

attempt to free-ride. This is supported by the observation that, compared to

the treatments with heterogeneities, considerably more groups with a chance

of reaching the target before the last round fail to do so in the symmetric

treatment. By contrast, since the equilibrium prediction under endowment or

loss heterogeneity requires that the fortunate members (in endowment and loss)

compensate their less fortunate counterparts, small deviations from any burden-

sharing rule may be more generously forgiven than deviations from the obviously

“fair” burden-share profile under symmetry.

Under endowment heterogeneity we observe that overall burden sharing is

typically in line with a proportional-contributions profile. This finding is in

accordance with our theoretical predictions. Under loss heterogeneity we find

that overall burden sharing is more in line with the equal-contributions (=equal-

earnings) resolution than with proportional contributions. This evidence is at

odds with our theoretical predictions and also suggests that heterogeneity in loss

rates is not perceived in the same way as heterogeneity in endowments. In fact,

the distribution of first-round contributions under loss heterogeneity is strikingly

similar to that under symmetry. In both treatments, 50% of the team members

choose to contribute e2 to the prevention account (under loss heterogeneity not

even one subject chose the proportional-contributions amount).

Hence, the considerably higher success rate under loss heterogeneity com-

pared with symmetry may be due to two opposing effects. On the one hand,

first-round contributions suggest that the equal-contributions and equal-earnings

resolution is as focal under loss heterogeneity as under symmetry. On the other

hand, due to built-in heterogeneity under loss heterogeneity, it appears that even

when low-loss members are not sharing the burden equally, high-loss members

will sometimes compensate for that (in fact, the burden sharing in 35% of the
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successful groups is classified as proportional contributions). In other words,

the two treatments share a similar focal resolution norm, but loss heterogeneity

has the additional advantage that it makes subjects more willing to forgive de-

viations from that norm. In support of the first point, i.e., that subjects do not

really perceive loss heterogeneity differently from symmetry, the distributions

of contributions indicate that subjects do not perceive the endowment hetero-

geneity differently than double heterogeneity in endowment & loss. Hence they

seem to ignore the dimension of loss heterogeneity (this feature is consistent

throughout the analysis).

How can we explain the behavioral differences between heterogeneity in en-

dowments and in expected loss? One possible explanation may be that once

subjects believe they can avoid the catastrophe, the heterogeneity in loss rates

is no longer relevant and they are back in a completely symmetric situation.

In that case, equal contributions, which also result in equal earnings, may be

considered the fair outcome. In other words, many subjects seem to focus only

on the final payoff in this subgame. In support of this explanation, we observe

that under loss heterogeneity only 8% of the participants contribute nothing

in the first round, whereas the remaining 92% revealed their preferences for

catastrophe avoidance. Another possible and related explanation builds on the

endowment effect (Kahneman et al., 1990): subjects focus on their endowments

(which are equal) and ignore possible (heterogeneous) losses. Note that with this

state of mind, the three allocation principles (equality of contributions/earnings

and proportionality between inputs and outcomes) coincide. A third explana-

tion for the empirical results is through social preferences. For example, using

the inequity-aversion model (Fehr and Schmidt, 1999), it can be shown that the

proportional-contributions profile can only be an equilibrium under relatively

unlikely parameters, whereas an equal-contributions=equal-earnings profile is

much more likely.16

Finally, the (relatively) high success rates in the treatments with hetero-

geneities are remarkable since in our design reaching the target does not yield

higher group earnings than contributing nothing. Note that only in using these

16Fehr and Schmidt (1999) consider the following utility function:

Ui = Πi − αimax {Πj −Πi, 0} − βimax {Πi −Πj , 0} ,

where Πi and Πj are the respective payoffs of agents i and j, and αi and βi are parame-
ters indicating dissatisfaction from inequality disadvantage and advantage, respectively. The
proportional-contributions profile is not an equilibrium as long as βi/αi ≤ 3/2. On the other
hand, for an equal-contributions=equal-earning profile to be an equilibrium, βi ≥ 0.33 is
required.
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design parameters, we can achieve the same unique catastrophe-prevention equi-

librium under both endowment and expected loss heterogeneities. Any other

design with a Pareto dominant contribution equilibrium will either not be unique

or not equivalent for both heterogeneities. In our design, the equilibrium is the

same for both heterogeneities satisfying only one of the focal resolutions, namely

proportional contributions. Another reason for making the contribution equi-

libria as unattractive as possible is that, given the already high success rates

with our conditions, the more attractive the contribution equilibrium is, the

less likely it would be to identify possible effects due to heterogeneities. In fact,

our design choice was enforced by an early pilot study where we set the contri-

bution equilibrium to Pareto-dominate the non-contribution equilibrium. We

found that in all treatments success rates were close to 100% and hence such

a study is not suitable for revealing differences due to heterogeneities. Note,

however, that since subjects are typically risk-averse (e.g., see Holt and Laury,

2002 and numerous subsequent studies), they strictly prefer the contribution

equilibrium to the non-contribution equilibrium. Indeed, we observe that al-

most all subjects (between 86% and 93%) contribute to the public good in the

first round of the game, empirically revealing preferences for the cooperative

equilibrium (in accordance with risk aversion). Moreover, since in all groups

there are some members who contribute to the prevention account in the first

round, after that round the contribution equilibrium Pareto dominates the non-

contribution equilibrium.17 Finally, our design is supported by the observation

that in all our treatments successful groups earn significantly and considerably

higher payoffs than unsuccessful groups. So, de facto a contribution equilibrium

dominates the non-contribution equilibrium.

7 Concluding Remarks

In this paper we use a variant of a threshold public-good game to study how het-

erogeneities across parties affect the provision of a common good: the prevention

of a catastrophe. This game is used to model the international climate change

dilemma (e.g., Milinski et al., 2008; Tavoni et al., 2011; Barrett and Dannenberg,

2012; Jacquet et al., 2013). Our findings give rise to greater optimism regarding

successful outcomes in the provision of threshold public goods. First, we find

17Note also that in one respect our setting is in line with that of Tavoni et al. (2011). In
their design, contribution and non-contribution profiles are payoff equivalent over ten rounds.
It is only due to the sunk cost from contributions to the first three (passive) rounds that the
contribution equilibrium Pareto-dominates the non-contribution equilibrium.
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that, compared to a situation with homogenous parties, heterogeneity (with re-

spect to either wealth, loss rates, or both) does not reduce contributions and

success rates in preventing a catastrophe. Under heterogeneity, rich or severely

affected members may feel more responsible and less concerned about the exact

contributions of others. This result holds true even in the double heterogene-

ity case, where rich group members face lower loss-rates than poor members.

In fact, under double heterogeneity (arguably the closest situation to the true

international climate-change dilemma), it appears that in order to reach the

target, (i) rich members must compensate the poor, and (ii) they should only

compensate proportionally for one dimension of heterogeneity, namely wealth

heterogeneity. This finding may be considered good news for supporters of in-

ternational climate-change negotiations because it seems to reduce complexity.

Parties that differ in many respects may reach an agreement by coordinating

their mitigation efforts proportionally to their respective wealth or their ability

to pay.
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A Proofs of Propositions

A.1 Proof of Proposition 1

First we ignore (7) and solve the equation system (8), (9), (10) for j = L,H,

and (9), for j = L,H to obtain

qL =
(2pq − 1)aH + aL

(aL + aH)p
(A.1)

qH =
(2pq − 1)aL + aH

(aL + aH)p
(A.2)

For maximum willingness to contribute, we obtain

ĉL = pqaL (A.3)

ĉH = pqaH (A.4)

c̆L = pqLa (A.5)

c̆H = pqHa (A.6)

If we now substitute (A.1) and (A.2) into (7), we obtain q = 1/2p. Substituting

this into (A.3), (A.4), and (A.5), (A.6), respectively, we can verify that the

equations (11) and (13) are satisfied. Thus, for q = 1/2p, maximum willingness

to contribute is just enough to prevent the climate catastrophe. Therefore

by definition of maximum willingness to contribute, risk-neutral players are

indifferent between the two equilibria.

A.2 Proof of Proposition 2

Note that under selfish preferences and risk neutrality, maximum willingness to

pay for preventing the loss event is implicitly given by aj − c̃j = q̃jaj, yielding

c̃j = (1− q̃j)aj = pqjaj (A.7)

j = L,H. Summing up the contributions of both players gives us

c̃L + c̃H = p(qLaL + qHaH) (A.8)

Using qH = 2q − qL, we can rewrite this as

c̃L + c̃H = p(qLaL + (2q − qL)aH) ≡ f(qL) (A.9)
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Using pq = 1/2 for qL = q we would obtain

c̃L + c̃H = pq(aL + aH) =
a

2
(A.10)

But f ′(qL) = p[aL − aH ] < 0. Therefore

c̃L + c̃H = p(qLaL + (2q − qL)aH) <
a

2

for qL > q > qH .

A.3 Proof of Corollary 1

We give the proof for the AE game. For AL the proof is similar.

Since q = 1/2p, we obtain

aj − ĉj = [1− p+ p(1− q)]aj = (1− pq)aj =
aj
2
, j = L,H

i.e., for the risk-neutral subject, the monetary payoffs are equal in both types

of equilibria. This implies that for a risk-averse subject we have

U(aj−ĉj) = U((1−pq)aj) = U((1−p+p(1−q))aj > (1−p)U(aj)+pU((1−q)aj)
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B Further figures

Table B.1: Classification of successful group according to the focal resolution
Treatment Share of high-type Classification

AL 0.51 equal contributions=equal earnings
AL 0.49 equal contributions=equal earnings
AL 0.59 proportional contributions
AL 0.61 proportional contributions
AL 0.58 proportional contributions
AL 0.49 equal contributions=equal earnings
AL 0.46 equal contributions=equal earnings
AL 0.52 equal contributions=equal earnings
AL 0.46 equal contributions=equal earnings
AL 0.44 no classification
AL 0.60 proportional contributions
AL 0.59 proportional contributions
AL 0.48 equal contributions=equal earnings
AL 0.48 equal contributions=equal earnings
AE 0.62 proportional contributions
AE 0.60 proportional contributions
AE 0.65 proportional contributions
AE 0.60 proportional contributions
AE 0.48 equal contributions
AE 0.64 proportional contributions
AE 0.69 equal earnings
AE 0.61 proportional contributions
AE 0.59 proportional contributions
AE 0.59 proportional contributions
AE 0.66 equal earnings
AE 0.64 proportional contributions
AEL 0.64 proportional contributions
AEL 0.63 proportional contributions
AEL 0.63 proportional contributions
AEL 0.59 proportional contributions
AEL 0.64 proportional contributions
AEL 0.60 proportional contributions
AEL 0.66 equal earnings
AEL 0.62 proportional contributions
AEL 0.61 proportional contributions
AEL 0.59 proportional contributions
AEL 0.56 proportional contributions
AEL 0.50 equal contributions
AEL 0.58 proportional contributions

The table indicates the contribution shares of high-type members (defined
as high-loss or high-endowment members in the AL and AE treatments
and high-endowment & low-loss members in the AEL treatment). The
classification criteria are described in section 5.2.
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Table B.2: Logit model estimations of success probability
SY AL AE AEL

Contributions (t = 1) 0.90** 0.56** 1.37** 0.91**
(0.40) (0.25) (0.57) (0.37)

Cons -9.67** -5.48** -14.47** -9.61**
(4.14) (2.73) (6.13) (3.95)

Obs 21 21 21 22
Wald chi2(1) 8.65*** 7.21*** 14.93*** 13.08***
Pseudo R2 0.30 0.26 0.52 0.43

The dependent variable: success rate in reaching the e120 threshold. Ro-
bust standard errors are clustered across groups. Finally, *, **, and ***
denote significance levels between 5% and 10%, between 1% and 5%, and
at 1% or less, respectively.

Table B.3: Random-effect estimations of contribution decisions over time
High type Low type

Group accumulated (t− 1) 0.02*** 0.01***
(0.00) (0.00)

L/H-ratio (t− 1) -0.36*** 0.06
(0.05) (0.06)

AL -0.68*** -0.78***
(0.23) (0.20)

AEL -0.49*** 0.22**
(0.16) (0.10)

L/H-ratio (t− 1) × AL 0.61*** 1.36***
(0.22) (0.23)

L/H-ratio (t− 1) × AEL 0.30*** -0.13**
(0.05) (0.06)

Round -0.10 -0.03
(0.09) (0.07)

Round squared -0.02*** -0.01**
(0.01) (0.00)

Constant 2.50*** 1.44***
(0.17) (0.16)

Observations 1728.00 1728.00
R2 (overall) 0.2521 0.2202
Wald-χ2 426.76*** 1127.80***

The dependent variable is contribution to the prevention account in round
t. “Group accumulated (t − 1)” denotes the amount in the prevention
account after round t-1. “GINI (t− 1)” denotes the inequality in accumu-
lated contributions after round t− 1. Similarly, L/H-ratio (t− 1) denotes
the contribution ratio in accumulated contribution between low- and high-
type subjects after round t−1. Robust standard errors are clustered across
groups. High types are defined as high-loss or high-endowment members
in the AL and AE treatments, and high-endowment & low-loss members
in the AEL treatment. Finally, *, **, and *** denote significance levels
between 5% and 10%, between 1% and 5%, and at 1% or less, respectively.
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Figure B.1: Evolution of average contribution decisions of group-member types
in successful and unsuccessful groups
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