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Abstract18

The goal of the Paris Agreement is to keep global temperature rise19

well below 2◦C. In this agreement—and its antecedents negotiated in20

Copenhagen and Cancun—the fear of crossing a dangerous climate21

threshold is supposed to serve as the catalyst for cooperation amongst22

countries. However, there are deep uncertainties about the location of23

the threshold for dangerous climate change, and recent evidence indi-24

cates this threshold uncertainty is a major impediment to collective25

action. Early warning signals of approaching climate thresholds are a26

potential remedy to this threshold uncertainty problem, and initial exper-27

imental evidence suggests such early detection systems may improve28

the prospects of cooperation. Here, we provide a direct experimental29

assessment of this early warning signal hypothesis. Using a catastro-30

phe avoidance game, we show that large initial—and subsequently31
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2 Threshold uncertainty and early warning signals

unreduced—threshold uncertainty undermines cooperation, consistent32

with earlier studies. An early warning signal that reduced uncertainty to33

within 10% (but not 30%) of the threshold value catalysed cooperation34

and reduced the probability of catastrophe occurring, albeit not reliably35

so. Our findings suggest early warning signals can trigger action to avoid36

a dangerous threshold, but additional mechanisms may be required to37

foster the cooperation needed to ensure the threshold is not breached.38

Keywords: cooperation, dangerous climate change, early warning signals,39

threshold uncertainty40

Introduction41

The goal of the United Nations Framework Convention on Climate Change42

(UNFCCC) is to achieve “stabilization of greenhouse gas concentrations in the43

atmosphere at a level that would prevent dangerous anthropogenic interference44

with the climate system” (UNFCCC, 1992). But what constitutes danger-45

ous interference? In 2009, the signatories of the Copenhagen Accord reached46

an agreed definition, namely that in accordance with “the scientific view the47

increase in global temperature should be below 2 degrees Celsius” (UNFCCC,48

2009). It is the fear of crossing this dangerous threshold that provides the free-49

rider deterrent in the contemporary climate agreements. The effectiveness of50

this deterrent depends upon its credibility, specifically, the credibility of the51

science of locating the critical threshold (Barrett, 2014).52

However, there is no scientific view that 2◦C is the threshold for danger-53

ous anthropogenic interference. Although there is a consensus regarding the54

existence of dangerous climate thresholds, the location of those thresholds is55

highly uncertain and the subject of considerable scientific debate (Kriegler56

et al, 2009; Lenton et al, 2008; Rockström et al, 2009). For example, based57

on the goal of preserving the large polar ice sheets, Rockström et al (2009)58

identify a “planetary boundary” of atmospheric carbon dioxide concentration59

of somewhere between 350 and 550 parts per million by volume (a bound-60

ary which has already been exceeded). However, the location of the critical61

threshold within this boundary that could trigger the abrupt collapse of the62

ice sheets is unknown.63

Political actors and climate negotiators are not oblivious to this scien-64

tific uncertainty. No sooner had the signatories of the Copenhagen Accord65

agreed upon the 2-degree-target than a year later in Cancun, discussions were66

raised regarding the possibility of adopting a 1.5◦C target. This uncertainty67

is enshrined in the Paris Agreement, which—in addition to reaffirming the68

2-degree-target—underscores the desirability of “pursuing efforts to limit the69

temperature increase to 1.5◦C” (UNFCCC, 2015).70
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Threshold uncertainty and collective action71

What are the consequences for the climate negotiations of uncertainty about72

climate thresholds? Recently, an experimental literature has emerged to tackle73

this question. Within this literature, the problem of avoiding dangerous cli-74

mate change has been simulated using laboratory cooperation experiments75

(for reviews, see Dannenberg and Tavoni, 2017; Hurlstone et al, 2017; Jacquet,76

2015). In these experiments, groups of players must cooperate by investing77

money from a personal operating fund into hypothetical emission abatement78

to avoid crossing a dangerous threshold, which, if breached, triggers catas-79

trophic economic losses for all. This literature finds that when the threshold is80

known with certainty, groups can effectively coordinate their efforts to remain81

on the safe side of the dangerous threshold, but when the threshold is uncer-82

tain, coordination collapses, and catastrophe is all but guaranteed (Barrett and83

Dannenberg, 2012, 2014a; Brown and Kroll, 2017; Dannenberg et al, 2015).84

Although threshold uncertainty impedes cooperation compared to when the85

threshold is known with certainty, it nevertheless facilitates cooperation com-86

pared to when there is no threshold at all (Barrett and Dannenberg, 2014b).87

This suggests the framing of the climate negotiations in terms of avoiding88

“dangerous” instead of “gradual” climate change has been beneficial (Barrett89

and Dannenberg, 2014b)—faced with an uncertain threshold, countries may90

reduce their emissions more than if they were unaware of a threshold for dan-91

gerous climate change. However, it may not be enough to prevent countries92

from crossing the dangerous threshold.93

An additional feature of these and other threshold experiments is that94

under threshold certainty, there is a strong relationship between what groups95

propose to do, pledge to contribute, and actually contribute, whereas under96

threshold uncertainty, pledges are less than proposals, and contributions are97

less than pledges (Barrett and Dannenberg, 2012, 2014a,b, 2016; Dannenberg98

et al, 2015). The parallels with the real climate negotiations are striking and99

sobering. Under the Paris Agreement, countries have proposed to do less than is100

required to limit the risk of catastrophe (the agreement aims to restrict warm-101

ing to 2◦C but recognises that a 1.5◦C goal is probably required) and pledged102

to contribute less than is required to reach the collective goal (Robiou du Pont103

et al, 2017; Rogelj et al, 2016; UNFCCC, 2015). Laboratory cooperation exper-104

iments suggest countries’ actual contributions will be less than their pledges,105

leaving little hope of staying below the 2◦C limit (Barrett and Dannenberg,106

2016).107

A clear implication of the results of threshold experiments is that if climate108

scientists could reduce the uncertainty surrounding the location of the dan-109

gerous threshold sufficiently, then this might provide the leverage necessary to110

transform the climate negotiations. Uncertainty about the location of a dan-111

gerous threshold can be reduced through the detection of early warning signals112

of approaching climate transitions (Lenton, 2011; Lenton et al, 2012; Lenton,113

2013; Scheffer et al, 2009, 2012). For example, strong positive feedback in the114

internal dynamics of the climate system or generic statistical indicators of loss115
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of system resilience could provide indications that a climate tipping point is116

approaching (Lenton, 2013).117

That such early warning signals might facilitate cooperation was demon-118

strated in an experiment by Barrett and Dannenberg (2014a) that paramet-119

rically varied the degree of uncertainty surrounding the threshold. In their120

experiment, participants were randomly allocated to groups of ten players.121

Each player was given e31, which was divided into an operating fund of e11122

and an endowment of e20. The operating fund could be used to invest in123

“weak” or “strong” abatement by purchasing poker chips (max = 10 of each124

type) at a cost of e0.10 or e1.00, respectively. The game was played over125

a single round divided into two stages: a communication stage, where each126

player submitted a proposal regarding the contribution target for the group127

and pledged an amount they would contribute individually (both proposals128

and pledges were non-binding), followed by a contribution stage where each129

player chose how many poker chips they would actually contribute. Players130

received e0.05 for each poker chip contributed by the group, regardless of its131

cost. Critically, if the total number of poker chips contributed by the group132

was less than a threshold value, then e15 was deducted from each player’s133

endowment, which represented the impact (i.e., damages) of failing to reach134

the threshold.135

The experiment comprised five treatments, each containing 10 groups. In136

the certainty treatment, the threshold was 150, whereas in four threshold-137

uncertainty treatments, it was a uniformly distributed random variable138

between either 100–200 (100% uncertainty), 135–165 (30% uncertainty),139

140–160 (20% uncertainty), or 145–155 (10% uncertainty).140

The results revealed the sensitivity of collective action to the degree of141

uncertainty about the tipping point. When the threshold was certain, 80% of142

groups avoided catastrophe, whereas this value plummeted to 0% in treatments143

100–200, 135–165, and 140–160, where the degree of threshold uncertainty144

varied between 100% to 30%. However, in treatment 145–155, where threshold145

uncertainty was reduced to within 10% of the threshold value, 40% of groups146

avoided catastrophe.147

The results of Barrett and Dannenberg (2014a) suggest early warning148

signals that reduce uncertainty about the proximity of a dangerous climate149

threshold might catalyse action to avoid it, provided that uncertainty is150

reduced to within a very narrow range. However, there are two potential limi-151

tations of this study. First, it employed a one-shot game which fails to capture152

the repeated nature of the real game of climate change in which countries153

interact continuously and one country’s decision about how much to abate154

is informed by how much other countries have pledged to abate, how much155

they have actually abated, and the consistency between stated intentions and156

behaviour. However, in the one-shot game, beliefs about how much others will157

abate can only be informed by others’ pledges, not actual abatements. Second,158

groups in the uncertainty treatments were always confronted with the same159

level of threshold uncertainty (threshold uncertainty varied between but not160
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within treatments). However, in the real climate game, an early warning sig-161

nal would arrive against the backdrop of initial threshold uncertainty. Thus,162

a more realistic assessment of the early warning signal hypothesis requires an163

experimental scenario wherein groups face threshold uncertainty initially, fol-164

lowed by a reduction in that uncertainty as the threshold is approached. Under165

this scenario, we might expect an early warning signal to be less effective at166

catalysing cooperation. For example, the relatively large threshold uncertainty167

faced by groups initially might cause cooperation to collapse to a point from168

which recovery is difficult, given the remaining time available.169

Coordination devices and equilibria170

In the current paper, we present an experiment designed to address these171

important issues. In doing so, our experiment allows us to address a theoretical172

question that has hitherto largely been ignored in this literature: if a group of173

players start by coordinating around one equilibrium, can they subsequently174

be shifted to another via some coordination device—a mechanism that coor-175

dinates the activities of individuals to prevent coordination failures—be it an176

early warning system, or some other instrument.177

At least two previous studies have presented results that bear on this ques-178

tion. In a study by Tavoni et al (2011), groups of six players undertook 10179

rounds of a climate cooperation game with a certain threshold. In rounds 1-3,180

the software determined contributions such that three poor players were forced181

to contribute the maximum possible per round, whereas three rich players were182

forced to contribute nothing. In rounds 4-10, players could choose how much183

to contribute. In this situation, groups became locked into the pattern of con-184

tributions set initially by the software—that is, the rich players continued to185

contribute much less than the poor players. However, in another treatment,186

Tavoni et al (2011) introduced a coordination device—on rounds 4 and 7, play-187

ers could submit non-binding pledges regarding how much they intended to188

contribute by the end of the game. Communication greatly increased the prob-189

ability of avoiding catastrophe. This was because the rich players were able190

to signal to the poor players their willingness to compensate for their lesser191

resource capacity and the poor players were willing to trust that the rich play-192

ers would honour their pledges. Communication therefore moved the groups to193

a new equilibrium compared to when this coordination device was unavailable.194

In another study, Milinski et al (2011) had six-player groups undertake195

a 10-round climate cooperation game with a certain threshold. They exam-196

ined whether another form of coordination device, namely an intermediate197

threshold that must be reached by the middle of the game, would increase the198

probability of avoiding crossing the final threshold. Without an intermediate199

threshold, contributions were relatively stable over rounds, whereas with an200

intermediate threshold, contributions rose towards a peak mid-game, before201

dropping sharply and then rising again. Thus, the presence of an intermediate202

threshold altered the dynamics of contributions and moved groups towards a203
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new mid-game equilibrium. However, and critically, the intermediate thresh-204

old also modestly increased the probability of groups reaching the equilibrium205

at the end of the game needed to avoid crossing the final threshold, compared206

to the situation without an intermediate threshold.207

In summary, there is some evidence from iterated threshold experiments208

with a certain threshold that coordination devices based on communication209

and intermediate thresholds can encourage groups to coordinate on a new210

equilibrium (Tavoni et al, 2011) or coordinate on one equilibrium and increase211

the probability of then coordinating on another (Milinski et al, 2011). In212

the current study, we address this issue in the context of an iterated thresh-213

old experiment involving threshold uncertainty and early warning signals of214

varying precision.215

Current research216

Our experiment involved 240 participants who were allocated to six-player217

groups to play a catastrophe avoidance game developed by (Milinski et al,218

2008) and subsequently augmented by Dannenberg et al (2015) to include219

a communication component and study threshold uncertainty effects. Each220

player was given a $40 endowment. In each of ten rounds, players decided221

whether to contribute $0, $2, or $4 into a catastrophe avoidance account.222

Players knew if the total amount contributed by the end of the game did not223

equal or exceed a threshold amount, they would lose 90% of their remain-224

ing endowment. Before the contribution decisions on rounds 1 and 6, each225

player submitted two non-binding communications: (1) a proposal regarding226

how much the group should collectively contribute over the 10 rounds and (2)227

a pledge regarding how much they personally intended to contribute toward228

reaching this collective goal.229

The experiment involved four treatments (certainty, uncertainty, warning230

wide, warning narrow), each comprising 10 groups. The certainty and uncer-231

tainty treatments are identical to the certainty and risk (i.e., uncertainty)232

treatments from the study by Dannenberg et al (2015). The threshold was cer-233

tain in the certainty treatment, whereas it was uncertain in the uncertainty,234

warning-wide, and warning-narrow treatments. In the certainty treatment,235

groups were told the threshold was $120, whereas in the other treatments,236

they were informed it was a random amount between $0 and $240, with each237

whole dollar amount having an equal probability of being selected, but the238

exact amount would not be determined and announced until the conclusion of239

the game. The warning-wide and warning-narrow treatments differed from the240

uncertainty treatment in that in round 6—before the second set of non-binding241

proposals and pledges—unexpectedly, groups received an early warning signal242

that the uncertainty surrounding the threshold had been reduced. Specifically,243

in the warning-wide treatment, groups were instructed the threshold was now244

a random amount between $84 and $156 (reducing uncertainty to within 30%245

of the threshold value), whereas in the warning-narrow treatment, they were246

instructed the threshold was now a random amount between $108 and $132247
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(reducing uncertainty to within 10% of the threshold value). Thus, the uncer-248

tainty treatments (uncertainty, warning wide, warning narrow) were all based249

on a uniform distribution with an expected threshold value of $120.250

The structure of the rest of this paper is as follows: we begin by reporting251

the detailed methods of our experiment, followed by the predictions and game252

equilibria. We then present the experimental results before discussing their253

relationship to the background literature and their implications for the climate254

negotiations.255

Methods256

Ethical approval to conduct the experiment was granted by the Human257

Ethics office at the University of Western Australia (UWA) (RA/4/1/6996:258

Committing to the public good).259

Participants260

Two hundred and forty members of the campus community at the University261

of Western Australia (UWA) participated in the experiment (mean age =262

24.37 years; SD = 7.30; range = 17–56; 146 females and 93 males, 1 gender263

unspecified). Participants were recruited using the Online Recruitment System264

for Experimental Economics (ORSEE) (Greiner, 2015), an open-source web-265

based recruitment platform used by the Behavioural Economics Laboratory266

at UWA. The ORSEE database contains a pool of over 1,500 UWA staff and267

students from a range of academic disciplines. Participants were recruited by268

issuing electronic invitations to randomly selected individuals in the ORSEE269

database to attend the experimental sessions.270

Design271

The experiment employed a 4 (treatment: certainty vs. uncertainty vs. warn-272

ing wide vs. warning narrow) × 10 (round: 1–10) mixed design: treatment273

was a between-groups factor, whereas round was a within-groups factor. Par-274

ticipants were tested in groups of six players (ten groups per treatment).275

We commenced testing with the uncertainty treatments (uncertainty, warning276

wide, warning narrow)—randomly allocating each six-person group to one of277

the three treatments—before collecting the data for the certainty treatment.278

Despite the nonrandom allocation to the certainty treatment, there was no279

evidence that participants in this treatment differed significantly from those280

in the other treatments on the basis of age (Kruskal-Wallis, χ2
df=3 = 1.22, P281

= .748), gender (Kruskal-Wallis, χ2
df=3 = 1.68, P = .642), or responses on a282

post-game economic preferences questionnaire (see Supplementary Statistical283

Analyses). Table 1 provides a summary of the experimental design, which is284

elaborated below.285
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Table 1 Overview of the design of the experiment.

Treatment Q Rounds 1–10 Expected value N Participants

Certainty $120 $120 10 × 6 = 60
Uncertainty [$0, $240] E(Q) = $120 10 × 6 = 60

Q Rounds 1–5 Q Rounds 6–10

Warning Wide [$0, $240] [$84, $156] E(Q) = 120 10 × 6 = 60
Warning Narrow [$0, $240] [$108, $132] E(Q) = 120 10 × 6 = 60

Q, threshold for catastrophe.

Apparatus, materials, and procedure286

Experimental sessions were conducted in the Behavioural Economics Labora-287

tory, a computerised laboratory for running economic experiments at UWA,288

in the presence of two experimenters. At the start of a session, players were289

randomly seated at interconnected computer terminals running the Zurich290

Toolbox for Readymade Economic Experiments (z-Tree) (Fischbacher, 2007),291

which was used to register and communicate their decisions during the exper-292

iment. The computer terminals were separated by privacy blinds to prevent293

player collusion. Participants read an information sheet and provided written294

informed consent initially, after which they read the experimental instructions295

and answered a series of control questions (see Supplementary Experimen-296

tal Instructions) to ensure they understood the rules of play. The experiment297

did not commence until the experimenters had verified that all players had298

answered the control questions correctly. To ensure anonymity, each player was299

assigned a pseudonym before the game commenced (Ananke, Telesto, Despina,300

Japetus, Kallisto, or Metis). During the game, each player’s decisions were301

communicated to the other players under their designated pseudonyms.302

The structure of the game is depicted in Fig. 1. At the start of the game,303

each player was given a $40 endowment. In each of ten rounds, players decided304

simultaneously and independently whether to contribute $0, $2, or $4 of their305

endowment into an account for damage prevention. Players knew that the total306

amount invested in the damage prevention account by the end of the game307

must equal or exceed a threshold amount; otherwise, each player would lose308

90% of their remaining endowment. In the certainty treatment, the instructions309

emphasised that the threshold amount to be reached by the end of the game310

was $120. By contrast, in the uncertainty treatments (uncertainty, warning311

wide, warning narrow), the instructions emphasised that the threshold amount312

was a random amount between $0 and $240, with each whole dollar amount313

having an equal probability of being selected, but the exact amount would not314

be determined and declared until the conclusion of the game.315

At the start of rounds 1 and 6, each player simultaneously and inde-316

pendently submitted two non-binding announcements. First, each player317

submitted a proposal regarding how much the group should contribute in total318
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Fig. 1 An illustration of the structure of the catastrophe avoidance game. At the start of
the game, $40 is credited to the personal account of each player (N = 6). In the certainty
treatment, players are instructed that the threshold is $120, whereas, in the uncertainty,
warning-wide, and warning-narrow treatments, players are told the threshold is a uniform
random value between $0–$240, but they will not know the actual value of the threshold until
the end of the game. In each of 10 rounds, R1−10, each player must decide simultaneously
and independently whether to contribute $0, $2, or $4 from their personal account into
a damage prevention account. At the start of round 1—and again in round 6—players
simultaneously and independently submit two non-binding announcements before making
their contribution decision. First, each player submits a ‘proposal’ regarding the target level
of contributions the group should aim for by round 10, and the average of these proposals
becomes the agreed collective target. Next, each player submits a ‘pledge’ regarding the
total amount that they will personally contribute across the 10 rounds toward reaching the
agreed collective target. In the warning-wide and warning-narrow treatments, before players
submit their second set of non-binding proposals in round 6, they are instructed that the
uncertainty about the threshold has reduced and that the threshold is now a uniform random
value between $84–$156 (warning wide) or $108–$132 (warning narrow). At the end of the
game, the contributions in the damage prevention account are compared with the known
(certainty treatment) or randomly chosen (uncertainty, warning-wide, and warning-narrow
treatments) threshold. In the uncertainty treatments, the computer determines the exact
threshold amount by drawing a random number from a uniform distribution either over the
interval [0, 240] (uncertainty treatment), [84, 156] (warning-wide treatment), or [108, 132]
(warning-narrow treatment). If the total contributions equal or exceed the threshold, then
the damage is avoided, and players get to keep the remaining contents of their personal
accounts; otherwise, they lose 90% of their remaining funds.

over the ten rounds. After each player had registered their proposal, the propos-319

als of all players, as well as the group average, were displayed on all computers320

simultaneously. Players knew that the average group proposal would serve as321

the agreed collective target. Second, each player submitted a pledge regard-322

ing how much money they would personally contribute in total over the ten323

rounds. Once each player had registered their pledge, the pledges of all play-324

ers, as well as the group total, were displayed on all computers simultaneously325

along with the group proposals to facilitate comparison.326

At the end of each round, the contribution decisions of all six players, their327

cumulative contributions across all rounds played so far, and their proposals328
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and pledges were displayed on all computers simultaneously (in addition to the329

total current round contributions, total contributions across all rounds played330

so far, average group proposal, and total group pledges). In this way, as the331

game progressed, players were able to gauge whether their group members were332

adhering to their pledges and whether the group contributions were consistent333

with achieving the agreed (average) group proposal.334

At the start of round 6, before the second set of non-binding announce-335

ments, groups in the warning-wide and warning-narrow treatments were given336

an on-screen warning informing them that the uncertainty surrounding the337

location of the threshold had now been reduced. Specifically, in the warning-338

wide treatment, groups were informed that the threshold amount was now a339

random amount between $84–$156 (equivalent to a 70% reduction in threshold340

uncertainty), whereas, in the warning-narrow treatment, groups were informed341

that the threshold amount was now a random amount between $108–$132342

(equivalent to a 90% reduction in threshold uncertainty). In the certainty and343

uncertainty treatments, the known threshold ($120) and uncertain threshold344

range ($0–$240), respectively, remained the same as specified at the out-345

set, and groups in these treatments did not, therefore, receive any additional346

information about the threshold. Instead, at the start of round 6, groups in347

these treatments proceeded directly to submit their second set of non-binding348

announcements.349

At the end of the game, the threshold amount and the contents of the dam-350

age prevention account were communicated to the group. In the uncertainty351

treatments, the computer determined the exact threshold amount by draw-352

ing a random number from a uniform distribution either over the interval [0,353

240] (uncertainty treatment), [84, 156] (warning-wide treatment), or [108, 132]354

(warning-narrow treatment). Once this information had been communicated to355

the group, participants completed a brief economic preferences questionnaire356

comprising single-item self-reported measures of risk aversion, loss aversion,357

trust, fairness, altruism, and temporal discounting (see Supplementary Statis-358

tical Analyses). Participants were then paid in cash either the full remainder359

of their endowment (if the group contributions reached or exceeded the thresh-360

old amount) or 10% of the balance of their endowment (if the group failed to361

reach the threshold amount), in addition to a $10 attendance fee. The aver-362

age payout was $20.15 (inclusive of attendance fee). The cash was concealed363

in envelopes to protect the anonymity of players.364

Predictions and equilibria365

Qualitative predictions366

Consistent with earlier studies (Barrett and Dannenberg, 2012; Barrett, 2014;367

Brown and Kroll, 2017; Dannenberg et al, 2015), we predicted that thresh-368

old uncertainty would undermine cooperation, such that group contributions369

and the probability of avoiding catastrophe would be reliably lower in the370

uncertainty treatment than in the certainty treatment. Based on the results of371
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Barrett and Dannenberg (2014a), we further predicted that an early warning372

signal that reduced uncertainty to within 30% of the threshold value would fail373

to catalyse cooperation, such that group contributions and the probability of374

avoiding catastrophe would not differ between the uncertainty and warning-375

wide treatments, whereas an early warning signal that reduced uncertainty to376

within 10% of the threshold value would catalyse cooperation, such that group377

contributions and the probability of avoiding catastrophe would be higher in378

the warning-narrow than the uncertainty treatment.379

Quantitative predictions380

In addition to these empirically-guided predictions, we also formulated a381

game-theoretic model of our experiment (see Supplementary Analysis of382

Experimental Model). The imperfect information and repeated and multiple-383

player structure of the experiment allow for multiple Nash equilibria, and this384

complexity precludes a full equilibrium analysis. We therefore analyse the game385

under a set of simplifying assumptions, one of which is that all players are386

risk-neutral, and focus on two solutions—the internal cooperative equilibrium387

and Nash equilibrium. This is possible because the game has a single pay-off388

period at the end of the game and can therefore be partially analysed as an389

equivalent one-shot game. Barrett and Dannenberg (2014a) provide a similar390

analysis of such a game.391

Equilibria392

Table 2 presents the equilibrium predictions of our experimental model in393

terms of total contributions over all ten rounds for the cooperative equilib-394

rium (columns two and three) and the Nash equilibrium (columns four and395

five). The cooperative equilibrium is the best joint outcome for all group mem-396

bers. In the certainty treatment, this outcome arises when group members397

collectively contribute $120, and catastrophe is avoided with certainty. For the398

uncertainty treatment, it arises when group members collectively contribute399

$106.67,1 which is less than the expected value of the threshold ($120) and400

the upper limit of the threshold range ($240). These equilibria are an accurate401

guide to behaviour—our certainty and uncertainty treatments are equivalent402

to those used in the study by Dannenberg et al (2015) in which aggregate403

group contributions were e121.2 and e101.4, respectively. In the warning-wide404

and warning-narrow treatments, the cooperative equilibrium for the first five405

rounds is the same as for the uncertainty treatment, since these treatments are406

identical to one another upto this stage of the game. However, following the407

announcement of the revised threshold range at the start of round 6, the coop-408

erative equilibrium for the warning-wide treatment increases to $156, whereas409

1Readers may wonder why the cooperative equilibrium is not centred at the expected value of
the threshold as in other work (Andrews and Ryan, 2022). This is because when the threshold is
exceeded it is assumed that a proportion of the pay-off is lost (90%) rather than all of it. The
initial endowment is also important in terms of determining the optimal contribution.
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it increases to $132 for the warning-narrow treatment. Although collective pay-410

offs are maximised at these equilibria, the empirical studies reviewed suggest411

it is unlikely that group contributions will reach the upper bound in these412

treatments, especially in the warning-wide treatment.413

The predictions based on cooperative equilibria are that catastrophe414

should be avoided with certainty in the certainty, warning-wide, and warning-415

narrow treatments, whereas catastrophe should occur more often than not416

in the uncertainty treatment. These predictions are at variance with our417

empirically-guided predictions.418

The cooperative equilibrium does not take into account a player’s choice419

of strategy based on their beliefs about the actions of others. For this rea-420

son, a better guide to actual behaviour is likely to be provided by the Nash421

equilibrium, which refers to a set of player strategies in which each player has422

chosen their best response to the strategies they think their co-players will423

adopt. For the certainty treatment, the Nash equilibrium is $120 (contribut-424

ing $0 is also a Nash equilibrium, albeit with a much lower payoff, making425

$120 the “focal” contribution level; Schelling, 1960), which is the same as the426

cooperative equilibrium. For the uncertainty treatment, the Nash equilibrium427

is $11.42, which is considerably lower than the cooperative equilibrium and428

what we would expect based on actual behaviour (Dannenberg et al, 2015).429

In the warning-wide and warning-narrow treatments, the Nash equilibrium for430

the first five rounds is the same as for the uncertainty treatment. However, fol-431

lowing the announcement of the revised threshold range at the start of round432

6, the Nash equilibrium for the warning-wide treatment increases to $99.42,433

whereas it increases to $124.71 for the warning-narrow treatment. Both equi-434

libria are less than the corresponding cooperative equilibria—much less in the435

case of the warning-wide treatment.436

These predictions based on Nash equilibria are qualitatively consistent437

with our empirically guided predictions—catastrophe should be avoided with438

certainty in the certainty treatment and avoided more often than not in439

the warning-narrow treatment, whereas, in the uncertainty and warning-wide440

treatments, catastrophe should occur more often than not.441

Contributions by stage of game442

Table 2 breaks down these predictions according to how contributions to443

reach the cooperative and Nash equilibria should be divided over the first half444

(columns six and seven, respectively) and second half (columns eight and nine,445

respectively) of the game. At the start of the game, groups in all treatments446

are led to expect that the information that they have been given regarding the447

location of the threshold is fixed and will not change during the course of the448

game. Therefore, we assume that at the outset groups will aim to contribute a449

total amount by the end of the game that will enable them to reach the cooper-450

ative or Nash equilibrium associated with the threshold information they have451

initially been given. Bearing in mind that our game-theoretic model treats452

our iterated game as a one-shot game and does not make predictions about453
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contribution trajectories over rounds, we need to specify how groups should454

distribute their contributions over rounds. We adopt the simplifying assump-455

tion that players will contribute an equal and uniform amount over rounds to456

reach the cooperative or Nash equilibrium. Accordingly, the predictions for the457

certainty and uncertainty treatments are that groups should contribute half of458

the amount needed to reach these equilibria over rounds 1-5 and the remaining459

half over rounds 6-10. For the warning-wide and warning-narrow treatments,460

expected contributions to reach these equilibria in the first half of the game461

are calculated in the same way as for the uncertainty treatment and are equiv-462

alent, since before the mid-point of the game when the new threshold range is463

unexpectedly announced, these treatments are identical to one another. How-464

ever, the announcement of the new threshold range in the warning-wide and465

warning-narrow treatments should prompt groups to adjust their contributions466

over the final five rounds towards a new equilibrium—specifically, the coopera-467

tive or Nash equilibrium associated with the newly announced threshold range.468

The expected contributions in these treatments following this announcement469

are the new cooperative and Nash equilibria, less the expected contributions470

in the first half of the game.471

It should be noted that the above analysis is quite limited. Notably,472

the assumption that players will contribute equal and uniform amounts over473

rounds is unrealistic in most circumstances. Accordingly, the absolute quan-474

tities given in columns six to nine of Table 2 are less important than the475

qualitative differences between treatments and stages of the game. In this476

regard, several qualitative trends are noteworthy. First, for contributions to477

reach both equilibria, a negative effect of threshold uncertainty is expected in478

both the first and second half of the game. The effect is larger in magnitude479

for contributions to reach the Nash equilibrium than to reach the coopera-480

tive equilibrium. Second, the effect of threshold uncertainty in the first half481

of the game should be the same for the three uncertainty treatments as they482

are identical to one another until the second half of the game. Third, an early483

warning signal should increase contributions in the second half of the game.484

For contributions towards reaching the cooperative equilibria, the effect of an485

early warning signal on cooperation levels is stronger in the warning-wide than486

the warning-narrow treatment, whereas the reverse is true for contributions487

towards reaching the Nash equilibria.488

Results489

The results are structured into four sections that examine the impact of the490

four experimental treatments on: (1) total contributions (2) contributions over491

rounds, (3) the probability of avoiding catastrophe, and (4) the link between492

proposals, pledges, and contributions. For all analyses, the basic statistical493

unit is the group.494
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Total contributions495

We begin by considering total group contributions across the four treatments496

and their relation to the cooperative and Nash equilibria (see columns two497

to five of Table 2). Average group contributions collapsed over rounds (M ±498

SD) are markedly higher in the certainty ($119 ± 19.53) than the uncertainty499

treatment ($101.4 ± 22.21). Contributions in the certainty treatment are, on500

average, close to the cooperative and Nash equilibria (Wilcoxon = 36.00, P501

= .122), whereas contributions in the uncertainty treatment are close to the502

cooperative equilibrium (Wilcoxon = 21.00, P = .557) but significantly higher503

than the Nash equilibrium (Wilcoxon = 55.00, P = .002).2504

Turning to the early warning treatments, average group contributions are505

marginally higher in the warning-wide ($109.4 ± 23.8) than the uncertainty506

treatment, whereas average group contributions are markedly higher in the507

warning-narrow ($124.2 ± 11.33) than the uncertainty treatment. Contri-508

butions in the warning-wide treatment are, on average, closest to the old509

cooperative equilibrium (Wilcoxon = 32.00, P = .695)—they are significantly510

higher than the old Nash equilibrium (Wilcoxon = 55.00, P = .002), signif-511

icantly lower than the new cooperative equilibrium (Wilcoxon = 0.00, P =512

.002), and higher, albeit not significantly so (Wilcoxon = 41.00, P = .193),513

than the new Nash equilibrium. Contributions in the warning-narrow treat-514

ment are virtually identical to the new Nash equilibrium (Wilcoxon = 26.00,515

P = .922)—they are significantly higher than the old cooperative equilibrium516

(Wilcoxon = 55.00, P = .002) and Nash equilibrium (Wilcoxon = 55.00, P =517

.002), and lower, albeit not quite significantly so (Wilcoxon = 8.50, P = .059),518

than the new cooperative equilibrium.519

In summary, total group contributions in the certainty treatment approx-520

imated the cooperative and Nash equilibria for this treatment, which are521

identical, whereas contributions in the uncertainty treatment approximated522

the cooperative equilibrium for this treatment. Total group contributions in523

the warning-wide treatment approximated the old cooperative equilibrium524

for this treatment, whereas contributions in the warning-narrow treatment525

approximated the new Nash equilibrium for this treatment.526

Contributions over rounds527

Next, we examine the pattern of contributions over the first and second halves528

of the game, which are plotted in Fig. 2a. These results can be contrasted529

with the expected contributions to reach the cooperative and Nash equilibria530

in Table 2 for rounds 1-5 (columns six and seven, respectively) and rounds531

6-10 (columns eight and nine, respectively). Qualitatively, the pattern of con-532

tributions over rounds 1-5 is most consistent with expected contributions to533

reach the cooperative equilibria. Numerically there is a small negative effect534

2We note that the accuracy of the Nash equilibrium contribution prediction for the uncertainty
treatment could probably be improved by rerunning the analysis for an “average” level of risk
aversion. Most players will want a lower level of risk than the “representative” risk-neutral player
in our simplified experimental model.
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of threshold uncertainty for the uncertainty and warning-wide treatments,535

but contrary to those predictions contributions in the warning-narrow treat-536

ment are equivalent to those in the certainty treatment. Notwithstanding the537

numerically lower contributions in the uncertainty and warning-wide treat-538

ments, contributions over rounds 1-5 do not differ significantly by treatment539

(Kruskal-Wallis, χ2
df=3 = 0.72, P = .869).540

For contributions over rounds 6-10, the qualitative pattern is most con-541

sistent with expected contributions to reach the Nash equilibria. There is a542

pronounced effect of threshold uncertainty in the uncertainty treatment, but543

this effect is attenuated in the warning-wide treatment and eliminated in the544

warning-narrow treatment for which contributions are slightly higher than545

those in the certainty treatment. Accordingly, contributions over rounds 6-10546

differ significantly by treatment (Kruskal-Wallis, χ2
df=3 = 10.95, P = .012).547

Contributions are significantly lower in the uncertainty than the certainty548

treatment (Mann-Whitney = 80.00, P = .025), confirming that threshold549

uncertainty reduced group contributions. Critically, whereas contributions do550

not differ significantly between the warning-wide and uncertainty treatments551

(Mann-Whitney = 33.500, P = .224), contributions are significantly higher in552

the warning-narrow than the uncertainty treatment (Mann-Whitney = 9.00,553

P = .002).554

To scrutinise the data further, Fig. 2b plots the dynamics of group con-555

tributions over rounds for the four treatments. It can be seen that, with the556

exception of a trough in contributions in round 7, group contributions do not557

differ significantly over rounds in the certainty treatment (Freidman, χ2
df=9558

= 7.89, P = .545), whereas group contributions decrease over rounds in the559

uncertainty treatment (Freidman, χ2
df=9 = 23.89, P = .004), with this decrease560

becoming more pronounced in the latter half of the game after the second set561

of proposals and pledges. Unlike the uncertainty treatment, group contribu-562

tions in the warning-wide treatment did not tail off significantly over rounds563

(Freidman, χ2
df=9 = 5.90, P = .750), indicating that the early warning sig-564

nal mid-game helped to stabilise group contributions. The pattern of group565

contributions in the warning-narrow treatment is uniquely different from the566

remaining treatments. Although group contributions decrease initially in the567

first half of the game, there is a punctuated peak in contributions in round568

6 following the arrival of the early warning signal, after which contributions569

decay gradually, with a slight upturn in the final round (Freidman, χ2
df=9 =570

15.61, P = .076).571

In brief, whilst an early warning signal reducing uncertainty to within 30%572

of the threshold value did nothing to stimulate contributions, an early warning573

signal reducing uncertainty to within 10% of the threshold value increased574

contributions to a level comparable to that observed in the certainty treatment.575
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Fig. 2 Contributions in the catastrophe avoidance game as a function of the four treat-
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halves of the game (error bars represent standard errors). b, Average group contributions
as a function of each individual round of the game.

Probability of avoiding catastrophe576

We now examine the probability of avoiding catastrophe according to experi-577

mental treatment. The percentage of groups that would have averted catastro-578

phe at various hypothetical thresholds is shown in Fig. 3a. At threshold values579

of $40, $60, and $80, most groups would have averted catastrophe, irrespec-580

tive of treatment. At a threshold value of $100, 90% of groups in the certainty581

treatment, 70% of groups in the uncertainty and warning-wide treatments,582

and 100% of groups in the warning-narrow treatment would have averted583

catastrophe.584
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Special attention must be given to the threshold value of $120 because it is585

the actual threshold value in the certainty treatment and the expected thresh-586

old value in the uncertainty treatments (uncertainty, warning wide, warning587

narrow). Thus, if we were to repeat the experiment many times, the average588

value of the threshold would be the expected value. Using the $120 thresh-589

old value, 90% of groups in the certainty treatment and 30% of groups in590

the uncertainty treatment would have averted catastrophe, a significant differ-591

ence between treatments (Fisher exact, P = 0.020), confirming that threshold592
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uncertainty reliably reduced the probability of group success. In the warning-593

wide treatment, 40% of groups would have averted catastrophe, which is not594

significantly higher than in the uncertainty treatment (Fisher exact, P =595

1.000), indicating that an early warning signal that reduced uncertainty to596

within 30% of the threshold value did not increase the probability of group597

success. However, in the warning-narrow treatment, 70% of groups would have598

averted catastrophe, more than doubling the probability of group success com-599

pared to the uncertainty treatment, although this comparison did not reach600

statistical significance (Fisher exact, P = 0.179). It is likely that a higher num-601

ber of observations would have revealed a significant difference between the602

two treatments.603

Fig. 3a shows group success rates at three additional hypothetical thresh-604

olds, namely $132, $156, and $240. These correspond to the upper threshold605

limits that groups must have reached in the warning-narrow, warning-wide,606

and uncertainty treatments, respectively, to avert catastrophe with certainty.607

At $132, only 20% of groups in the uncertainty treatment, 30% of groups in608

the warning-wide treatment, and 20% of groups in the warning-narrow treat-609

ment would have averted catastrophe. That more groups in the warning-narrow610

treatment did not reach the $132 threshold is noteworthy, given that a fair-611

share contribution of $22 per player would have ensured that catastrophe was612

averted with certainty. Unsurprisingly, at $156 and $240, none of the groups613

would have averted catastrophe.614

A strength of the just presented analysis is that it compares the different615

treatments on a level playing field using a constant threshold for group success.616

However, a limitation is that, given a fixed contribution level, it does not617

factor into account variability in the odds of success across treatments based618

on the degree of uncertainty about the threshold (e.g., contributing $120 in the619

certainty treatment prevents catastrophe occurring with certainty, whereas in620

the uncertainty, warning-wide, and warning-narrow treatments it still leaves621

a 50% chance of catastrophe occurring). Accordingly, we conducted a further622

analysis that took this stochastic uncertainty into account. Specifically, for623

each group, the probability, p, of avoiding catastrophe was determined by:624

p =


0 if QT < Qmin

(QT –Qmin)/(Qmax–Qmin) for QT ∈ [Qmin, Qmax]

1 if QT > Qmax

(1)

625

where QT is the total contribution, summed across the contributions of all626

six group members over all ten rounds, and Qmin and Qmax are the lower627

and upper threshold limits, respectively, of the treatment to which the group628

belongs (for the warning-wide and warning-narrow treatments these are the629

narrowed limits introduced mid-game).630

The results are plotted in Fig. 3b from which it can be seen that the631

probability of avoiding catastrophe differed appreciably across treatments632

(Kruskal-Wallis, χ2
df=3 = 14.97, P = .002). The probability was significantly633
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higher in the certainty (90%) than the uncertainty treatment (42%) (Mann-634

Whitney = 90.00, P = .002), confirming that threshold uncertainty reduced635

the probability of group success. The probability of avoiding catastrophe was636

slightly lower in the warning-wide (38%) than the uncertainty treatment, but637

not significantly so (Mann-Whitney = 44.00, P = .677), confirming that an638

early warning signal that reduced uncertainty to within 30% of the threshold639

value did not improve the odds of group success. Finally, the probability of640

avoiding catastrophe was higher in the warning-narrow (61%) than the uncer-641

tainty treatment—equivalent to a 45% increase in the probability of avoiding642

catastrophe—confirming that an early warning signal that reduced uncertainty643

to within 10% of the threshold value increased the probability of group success.644

However, the comparison only approached but did not reach statistical signif-645

icance (Mann-Whitney = 69.00, P = .162). Once again, it is likely that the646

comparison would have attained statistical significance with a larger number647

of groups.3648

Proposals, pledges, and contributions649

Finally, we compared group proposals, pledges, and contributions across treat-650

ments. Since group proposals and pledges in round 1 did not differ appreciably651

from those in round 6 (see Supplementary Statistical Analyses), for simplic-652

ity, we combined each into a single measure by averaging group proposals653

and pledges in the two rounds. The results are shown in Fig. 4, where the654

treatments have been organised, from left to right, in order of increasing thresh-655

old uncertainty (certainty < warning narrow < warning wide < uncertainty)656

instead of ascending treatment order. It can be seen that as threshold uncer-657

tainty increases, so too does the gap between what groups propose to do,658

pledge to do, and actually contribute. In the certainty and warning-narrow659

treatments, group proposals, pledges, and contributions fall closely in line.660

Indeed, in the warning-narrow treatment, contributions are numerically higher661

than proposals and pledges. By contrast, in the warning-wide and uncertainty662

treatments, pledges are less than proposals, and contributions, in turn, are less663

than pledges.664

Discussion665

Under conditions more reflective of the real game of climate change, the current666

study sought to replicate and extend the finding of Barrett and Dannenberg667

(2014a) that an early warning signal reducing threshold uncertainty to within668

3We note that the analyses of the probability of avoiding catastrophe are less sensitive than the
analyses of group contributions, and a power analysis suggests that we are statistically somewhat
underpowered to detect what is a modest-sized effect (i.e., the uncertainty vs. warning-narrow
comparison). Nevertheless, our sample size of 10 groups per treatment is consistent with sample-
size norms for research in this field (Hurlstone et al, 2017). Accordingly, our power to detect a
reliable difference is no less than other studies in the literature. In presenting formal analyses
of these data, we have gone beyond convention in the field—most authors only report these
data visually but do not subject them to statistical analysis (Barrett and Dannenberg, 2012,
2014a; Dannenberg et al, 2015), instead limiting inferential statistics to comparisons based on
contribution levels.
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10% of the threshold value facilitates cooperation, whereas an early warning669

signal reducing threshold uncertainty by less than this amount has no effect670

on behaviour. To that end, we employed an iterated, rather than one-shot,671

catastrophe avoidance game in which threshold uncertainty was initially large672

in two treatments but subsequently reduced mid-game to within either 30%673

or 10% of the threshold value. We contrasted the behaviour of groups in these674

early warning treatments with that of groups in a certainty treatment, where675

the threshold was known with certainty, and an uncertainty treatment, where676

groups faced the same degree of threshold uncertainty throughout the game677

as that confronting groups initially in the early warning treatments.678

Overview of key findings679

Consistent with previous threshold experiments, using both one-shot (Bar-680

rett and Dannenberg, 2012, 2014a) and iterated (Dannenberg et al, 2015;681

Brown and Kroll, 2017) games, we find that threshold uncertainty is a serious682

impediment to collective action. Compared to a certainty situation, thresh-683

old uncertainty reduced group contributions and increased the probability of684

catastrophe occurring. However, and critically, in line with Barrett and Dan-685

nenberg (2014a), an early warning signal that reduced uncertainty to within686

10% of the threshold value catalysed cooperation, increasing total group contri-687

butions to a level comparable to that witnessed under a certainty situation and688

reducing (albeit not quite reliably so) the probability of catastrophe occurring,689

compared to an uncertainty situation without a forewarning. By contrast, an690

early warning signal that reduced uncertainty to within 30% of the threshold691

value did little to stimulate group contributions. These results were obtained692

despite the shift from a one-shot to an iterated game, the use of dynamic693

rather than static thresholds in the early warning treatments, and the fact694

that groups did not receive foreknowledge that the threshold uncertainty range695
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would change mid-game. This confirms that the key results of Barrett and696

Dannenberg (2014a) are robust and not the consequence of specific features of697

their study methodology.698

The novel contribution of our experiment—brought about by our use of699

an iterated game in which early warning signals arrived unexpectedly against700

the backdrop of large initial threshold uncertainty—lies in its demonstra-701

tion that an early warning signal can move groups from one equilibrium to702

another, provided it reduces threshold uncertainty appreciably. Specifically,703

in the warning-narrow treatment groups started by coordinating around the704

same cooperative equilibrium associated with the uncertainty treatment, but705

after the announcement of the early warning signal they coordinated around706

the Nash equilibrium associated with the new threshold range. By contrast, in707

the warning-wide treatment groups started by coordinating around the same708

cooperative equilibrium associated with the uncertainty treatment and con-709

tinued to do so even after the announcement of the early warning signal.710

Previous iterated threshold experiments with a certain threshold have shown711

that coordination devices based on communication and intermediate thresh-712

olds can encourage groups to coordinate on a new equilibrium (Tavoni et al,713

2011) or coordinate on one equlibrium and increase the probability of then714

coordinating on another (Milinski et al, 2011). Our results show that when the715

threshold is uncertain, a coordination device based on early warning signals716

can achieve similar results, provided that it reduces uncertainty to within a717

narrow range. This demonstration is important, we argue, because in the real718

game of climate change for an early warning signal to be effective it would719

need to spur countries to coordinate on a different equilibrium to that which720

they are currently rallying around. Our study suggests that this is possible721

provided an early warning signal is sufficently accurate in pinpointing where722

a climate tipping point is located.723

Although our results are largely consistent with those of Barrett and Dan-724

nenberg (2014a), along with the results of Dannenberg et al (2015) they suggest725

that the effect of threshold uncertainty, whilst robust, is not as strong in an726

iterated game as in a one-shot game. Using equation 1 to compute catastrophe727

avoidance probabilities, in Barrett and Dannenberg (2012, 2014a) the prob-728

ability of avoiding catastrophe is 85% in the certainty treatment and ≈ 0%729

in the 100–200 treatment where threshold uncertainty is at its widest. In our730

study, the probability of avoiding catastrophe is 90% in the certainty treatment731

and 42% in the uncertainty treatment. The corresponding values for Dannen-732

berg et al (2015) are comparable: 100% vs. ≈ 42%, respectively. This result733

is noteworthy given that in our study, and that of Dannenberg et al (2015),734

the threshold uncertainty range is larger than in Barrett and Dannenberg735

(2012, 2014a), which might lead one to expect that the impact of threshold736

uncertainty would be larger, not smaller, in magnitude.737

Although the handicap of threshold uncertainty is not as pronounced in738

our study as in Barrett and Dannenberg (2012, 2014a), somewhat counterin-739

tuitively, so too is the impact of an early warning signal on cooperation. In our740
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study, an early warning signal that reduced uncertainty to within 10% of the741

threshold value increased the probability of avoiding catastrophe from 42% to742

61%, compared to 90% in the certainty treatment. By contrast, in Barrett and743

Dannenberg (2014a), it increased the probability of avoiding catastrophe from744

0% to 75%, compared to 85% in the certainty treatment. However, the thresh-745

old uncertainty range in our warning-narrow treatment was wider than in the746

145–155 treatment of Barrett and Dannenberg (2014a), which may explain why747

our early warning signal was less effective at catalysing cooperation—in abso-748

lute terms, the reduction in threshold uncertainty was greater in their study749

than in ours. Moreover, in our study, the reduction in uncertainty occurs as a750

surprise mid-game rather than being known throughout their one-shot game,751

which may render it harder to avoid the threshold.752

These nuanced differences between studies should be interpreted with some753

caution, as the studies differ along dimensions other than those discussed754

above. Indeed, what is most impressive is the remarkable degree of corre-755

spondence between our results and those of Barrett and Dannenberg (2014a),756

notwithstanding their methodological differences. Our findings agree with757

theirs in demonstrating that threshold uncertainty is a handicap to coopera-758

tion and that for an early warning signal to spur cooperation it must reduce759

uncertainty to within a narrow range.760

Implications for climate negotiations761

If a red line for dangerous climate change could be identified, fear of crossing762

it would spur collective action to avoid it. Accordingly, a key role for science in763

climate politics is to identify tipping points that can facilitate global coopera-764

tion (Drake and Henderson, 2022). The science of early warning signals offers765

the tantalising prospect that uncertainty about the location of a climate tip-766

ping point may be reduced as we get closer to it. Our results and those of767

Barrett and Dannenberg (2014a) cannot directly address the question of how768

accurately we would need to know where a climate tipping point lies to trig-769

ger collective action to avoid it. However, the two sets of results suggest that770

uncertainty may need to be reduced to somewhere between 30% and 10% of771

the threshold value. It is worrying, therefore, that there are question marks772

regarding whether an early warning signal could provide the level of precision773

necessary in these studies to transform the collective action problem (Lenton,774

2014).775

Even if such a level of precision is possible, our results suggest that an776

early warning signal offers no assurance that the threshold will be avoided. A777

worrying aspect of our findings is that groups do not adhere to the precau-778

tionary principle of risk management (Gardiner, 2006). In our warning-narrow779

treatment, groups must contribute an amount equal to or greater than $132,780

the upper threshold limit, to avert catastrophe with certainty. Group contri-781

butions in this treatment, on average, were just above the expected threshold782

value of $120, which requires a fair-share contribution of $20 per group mem-783

ber. Increasing this contribution by a mere $2 per group member would be784
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sufficient to avoid catastrophe with certainty. Yet, only 20% of groups in this785

treatment did so. Indeed, our groups were contented to contribute $120, as786

reflected in their aggregate proposals, despite the fact this still leaves a 50%787

chance of catastrophe occurring. In terms of actual group contributions, rather788

than proposals, there remains a residual 39% chance of catastrophe occurring789

in this treatment.790

There are other limitations of early warning signals. The best way to reduce791

uncertainty about a threshold is to get closer to it, but by then, it may already792

be too late to take emergency measures to avoid crossing it. There is also the793

risk that an early warning signal may go undetected, meaning we may not794

know about the location of the threshold until it has already been breached.795

Continued investment in the identification and detection of early warning sig-796

nals is evidently warranted, as our results attest, and even if they arrive too797

late to mobilise collective action to avoid climate tipping points, they may nev-798

ertheless serve as an aid to pre-emptive adaptation (Lenton, 2011). It is clear,799

though, that early warning signals do not constitute a silver bullet, and cli-800

mate negotiators will therefore need to entertain other strategies to cultivate801

the cooperation needed to avoid a climate catastrophe.802

As noted by Barrett and Dannenberg (2014b), the problem with the con-803

temporary climate agreements is that it is Mother Nature, rather than the804

countries themselves, that provides the enforcement. That is, it is Mother805

Nature’s threat to tip the climate system into chaos if a climate tipping point is806

breached that provides the incentive for collective action. However, threshold807

uncertainty undermines the credibility of this threat. Since uncertainty about808

climate thresholds is difficult to reduce, enforcement is out of the control of809

the countries—it is Mother Nature that holds all the cards. As Barrett and810

Dannenberg (2014b) note, if Mother Nature cannot provide the enforcement,811

then countries must do so themselves.812

One way to think about this challenge is in terms of the game-theoretic813

model of threshold uncertainty developed by Barrett (2013). According to814

this model, there exists a theoretical dividing line in threshold uncertainty.815

To the right of this dividing line, when threshold uncertainty is large, the816

climate cooperation problem is a prisoners’ dilemma, whereas to the left of817

the dividing line, when threshold uncertainty is small, the climate coopera-818

tion problem is a coordination game. Cooperation is difficult to achieve in the819

prisoners’ dilemma because there is only one Nash equilibrium, and it is a820

non-cooperative equilibrium in which all countries defect. By contrast, cooper-821

ation is easier to achieve in the coordination game because there are two Nash822

equilibria, a dangerous equilibrium in which all countries defect and a safe823

equilibrium in which all countries cooperate. The safe equilibrium is “focal”824

(Schelling, 1960) or psychologically prominent since no country wants to suf-825

fer catastrophe. Cooperation, thus, simply requires that countries coordinate826

on the mutually preferred safe equilibrium.827



Threshold uncertainty and early warning signals 25

Viewed through this lens, the challenge for climate negotiators is to devise828

strategic enforcement mechanisms that allow countries to escape the prison-829

ers’ dilemma by converting it into a coordination game. An example of the use830

of strategic enforcement is the Montreal Protocol on Substances that Deplete831

the Ozone Layer, one of the most effective international environmental agree-832

ments ever negotiated. The success of this agreement lies in its strategic use of833

the threat to restrict trade in controlled substances between parties and non-834

parties (Barrett, 2003, 2007), which converts the ozone depletion prisoners’835

dilemma into a coordination game (Barrett, 2016). One way to achieve this836

same transformation to tackle the climate problem is by linking trade agree-837

ments with climate protection and using the strategic threat to impose tariffs838

on countries that do not take appropriate measures to reduce their emissions839

to enforce climate cooperation (Barrett and Dannenberg, 2022).840

Potential limitations and future directions841

There are some potential limitations of our study that merit comment. First,842

the initial threshold uncertainty in the uncertainty treatments ($0–$240)—843

which ranged from group members not needing to contribute anything to their844

entire endowment to avert catastrophe—is much larger than the threshold845

uncertainty (1.5–2◦C) in the real game of climate change. An early warning846

signal that reduces uncertainty to within 10% of the threshold value might be847

more effective at catalysing cooperation when the initial threshold uncertainty848

is smaller, as it must surely be in the real climate game. Thus, our study849

may have underestimated the potential effectiveness of early warning signals.850

However, it is non-trivial to translate the threshold uncertainty in the real851

climate game into proportional uncertainty, as represented in our experiment.852

Second, the early warning signals in our study arrived unexpectedly.853

Arguably, it would have been more reflective of the real game of climate change854

to have forewarned groups at the outset regarding the prospect of a change in855

the degree of uncertainty about the threshold mid-game. This is because ever856

since the climate negotiations in Cancun (UNFCCC, 2010), countries have857

been alert to the possibility that they may need to limit warming to 1.5◦C,858

rather than 2◦C. Indeed, a special report by the IPCC (Allen et al, 2019)859

highlighted the pressing need to restrict warming to 1.5◦C—this call to action860

serving as an early warning of the need for more stringent climate action.861

Foreknowledge of the prospect of an early warning signal could enhance the862

effectiveness of such signals, but it could also undermine them by, for exam-863

ple, promoting undue optimism or wishful thinking (Kruglanski et al, 2020;864

Sharot, 2011). Only further experiments comparing the impact of early warn-865

ing signals with and without foreknowledge of their possible arrival will answer866

this question.867

Third, we only examined the consequences for cooperation of early warning868

signals in which the expected value of the threshold remained the same, but869

the uncertainty around it was reduced. However, an early warning signal could870

also signify a shift in the expected value of the threshold, indicating that it871
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is closer than originally anticipated, thus requiring emergency action to avoid872

it. Such a shift might be expected to cause groups to choke under pressure;873

alternatively, it might provide the sense of urgency required to catalyse groups874

into action. Once again, only further experiments can elucidate which of these875

possibilities is most likely.876

Conclusions877

Uncertainty about the threshold for dangerous climate change renders it878

difficult to mobilise collective action to avoid it. Our research and that of Bar-879

rett and Dannenberg (2014a) demonstrates that early warning signals of an880

approaching tipping point can catalyse cooperation to prevent it from being881

exceeded, but only when such signals reduce uncertainty to within a very nar-882

row range. Even then, our research implies that we cannot be assured countries883

will adhere to the precautionary principle and do what it takes to avoid the884

threshold with certainty. There remain important gaps in our knowledge of885

early warning signals that must be filled, such as how the prospects of cooper-886

ation are affected by early warning signals that indicate a shift in the expected887

value of the threshold, not merely a narrowing of the threshold range. How-888

ever, the limitations of this approach mean climate negotiators must consider889

alternative strategies to motivate collective action other than the fear of cross-890

ing a dangerous threshold. Rather than leaving enforcement in the hands of891

Mother Nature, a better approach may be for climate negotiators to wrestle892

back control over the enforcement problem by using strategic treaty design to893

transform the climate change prisoners’ dilemma into a coordination game,894

thus recreating the conditions that exist when the threshold is certain.895
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Robiou du Pont Y, Jeffery ML, Gütschow J, et al (2017) Equitable mitigation988

to achieve the paris agreement goals. Nature Climate Change 7(1):38–43989

Rockström J, Steffen W, Noone K, et al (2009) A safe operating space for990

humanity. Nature 461(7263):472–475991
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