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In brief

The Paris Agreement established the
latest ruling in dealing with climate
change. However, the effectiveness of
nationally determined contributions and
financial mechanisms in the agreement is
unclear. Dong et al. study the global
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reduction and social welfare in the
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SCIENCE FOR SOCIETY Cooperation to reduce greenhouse-gas emissions has profound impacts on sus-
tainable development. We explore the impact on global cooperation of a financial incentive (Fl) by which
developed countries can incentivize developing countries to reduce carbon emissions. We perform both
behavioral experiments and game theoretical analyses to clarify possible result bias stemming from
bounded rationality of humans or from inherent selfish motivations among different countries. Our results
show that Fls systematically contribute both to increase global contribution in emissions reduction and
to effectively reduce emissions globally, significantly improving the probability of achieving the targets
specified in international agreements. This happens in the absence of any binding enforcement, and
strongly suggests that developed countries should divert some of their financial resources to incentivize
developing countries to reduce their emissions.

SUMMARY

Reducing global greenhouse-gas emissions needs global cooperation and will have a positive and profound
impact on sustainable development. Climate agreements, in line with the UNFCCC, encourage developed
countries to provide funds to help developing countries adapt and mitigate. However, up to now, no financial
incentive (FI) has been implemented, and it remains unclear to what extent Fls can increase net emissions
reductions (ER). Here we investigate a restrictive form of Fl, employing both behavioral experiments and
game theoretical analysis. We show that Fls significantly increase both ER and social welfare in the absence
of any binding enforcement. We also find that the more developed countries invest in Fls, the more devel-
oping countries mitigate. This induces developed countries to incentivize developing countries to adapt
and mitigate via Fls, resulting in a net global increase in ER. Our results are robust to different monitoring pe-
riods, loss probabilities, and mitigation cost ratios.

INTRODUCTION

The Paris Agreement (PA), signed in 2015, resulted in an inclu-
sive, binding treaty that succeeds the Kyoto Protocol and the
Copenhagen Accord. It has been argued that the PA constitutes
a significant breakthrough in international climate negotia-
tions, ' reinstating the United Nations Framework Convention
on Climate Change (UNFCCC) as a forum for dynamic
multilateralism.*®
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This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

update:

At present, the Intergovernmental Panel on Climate Change
(IPCC) has pointed out that the way to solve the threats posed
by climate change is to reduce emissions by at least 50% of
the 2000 level by 2050."™*" To achieve this goal, widespread
cooperation is required. Given that countries are heterogeneous
in terms of wealth (according to the World Bank, countries are
categorized as high income, middle income, and low income),®
emissions reduction (ER) costs (the World Bank uses the GDP
per kilogram of CO, emissions as a surrogate for ER cost and,
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thus, high-income countries have higher costs than do middle-
and low-income countries)® and risks (according to the IPCC,
middle- and low-income countries are more vulnerable to
extreme events and disasters than high-income countries)'®
differ when countries face climate disaster. Given the disparities
between high-income and middle- and low-income countries,
cooperation on ER constitutes a highly non-trivial problem, and
more so when we take into consideration that global cooperation
must be achieved through international agreements whereby
sanctioning mechanisms are very difficult to implement. Conse-
quently, here we explore the impact of implementing a financial
incentive (FI) mechanism inspired by what the UNFCCC desig-
nates as “Financial Mechanism” (FM), whose operating entities
were included as an important aspect of the PA (see Note S1.2
for detailed discussions).”'""'? According to the FM in the PA,
developed country parties shall provide financial resources to
assist developing country parties, and in our experimental
design, subjects with high endowment can incentivize subjects
with low endowment to contribute to ER through an Fl, which
mimics the FM in the PA. Unlike alternative mechanisms already
proposed, '*~?? such as cap and trade and a carbon tax with pun-
ishment for over-emission, the Fls discussed below do not
require any binding enforcement mechanism of control or any
penalties to discourage free riding. Thus, a natural question is
whether Fls can help to promote ER.

Following previous studies, the problem of cooperation to
ensure ER may be framed as a multi-period threshold public
goods dilemma game involving players with different amounts
of wealth, mitigation costs, and (non-negligible) risks of future
losses.”® ™% In this game, players are challenged to reach a
pre-defined group target evaluated at the end of a series of pe-
riodical contributions; if the target is not met, players will lose
their wealth with pre-defined probabilities. In this work, we set
up groups of six individuals,*?%?%® in which we simulate the
global ER problem and investigate the impact on ER in the pres-
ence and in the absence of Fls.

In each group, we randomly select a player to represent a high-
income country (rich), while the remaining five players represent
middle- and low-income countries (poor). Rich players are not
only wealthier (they start with higher initial endowments) but
also may have higher ER costs compared with poor players:
indeed, in 2014, the GDP per kilogram of CO, emissions—
used as a surrogate for cost of ER—was 3.2 times higher for
high-income countries compared with middle- and low-income
countries.’ It is important to point out that, in each group, only
one participant assumes the role of a high-income country.
This way, the interaction between “rich” countries is not explic-
itly included in each group, unlike what happens with players
acting as low-income countries (see Note S6, where interactions
among the rich in larger groups are incorporated).

Two different game settings were implemented, here desig-
nated as Control and Treatment. In Control, there is no FI. Both
rich and poor subjects can contribute to ER in each period (ER
stage). At the end of the T periods, the total contributions are
compared with the target announced (quantitative details in
the experimental procedures). In Treatment, each of the T pe-
riods comprises an additional FI stage before the ER stage, in
which the rich subject in the group can contribute to a fund
whose resources are distributed by the poor subjects of the
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group after their contribution is made in the ER stage. Naturally,
several possibilities exist to allocate the resources in the fund.
Here, we decided to allocate the resources proportional to the
contribution of the poor to ER (no contribution means no transfer,
see Note S1 for more details). Thus, under the Fl, the rich are al-
lowed to contribute to the fund but not to benefit from it, while the
poor benefit from the fund without contributing to it. In the
following we shall designate the aforementioned fund also by
Fl, as it is associated with the Fl stage.

In our experimental design (as well as in the theoretical anal-
ysis), endowments are finite and limited and the transfers are
both endogenous and budget balanced. To this end we further
impose that resources allocated by the rich to ER cannot be
used for Fls and vice versa. Importantly, poor subjects cannot
contribute more to ER even when their wealth increases via Fls
(see the experimental procedures for details). All these restric-
tions, as discussed below, impose stringent conditions on the
Fls implemented here.

In addition to inequality, our experimental design attempts to
mimic the global stocktake of the PA, whereby each country’s
ER will be monitored every 5 years, starting in 2023,"™ such
that future decisions may be contingent on perceived status.
As global emissions should decrease to 50% of the present level
by 2050, this means approximately six monitoring periods.

We performed behavioral experiments with the multi-period
threshold public goods dilemma game just described involving
840 volunteer undergraduate and graduate students recruited
from Beijing Normal University who had not taken classes on
game theory and economics. A rich subject has an initial endow-
ment five times larger than a poor subject. We considered two
kinds of ER cost factors: s for a rich subject, where s = 2 and
s = 3 (we always have s = 1 for every poor subject), and two
values for the total number of monitoring periods, T = 6 and
T = 10. At the end of each multi-period experiment, if the ER
target was not reached, then rich and poor subjects lost all their
savings with probabilities rg and rp, respectively (so-called risks
of failure;?%:2426-29,33,34,36-38,40.41 \ye gllow rg and rp to take the
values 0.5 and 0.7, see below).

Twelve experimental sessions were performed: six Control
sessions and six Treatment sessions. Each session, associ-
ated with specific values of T, s, rg, and rp, was repeated em-
ploying 10 different groups of six individuals. Specifically, (T,s,
r, rp) = (6,2,0.5,0.5), (6,3,0.5,0.5), (6,3,0.5,0.7), (6,3,0.7,
0.7), (10,2,0.5, 0.5), and (10,3,0.5,0.5) in Controls 1-6,
respectively, and the parameter settings in Treatments 1-6
were the same as those of Controls 1-6. In line with previous
experiments,%:24:28:29.33.37.38:42 g hiects had limited options
in both FI and ER stages; in the experimental procedures we
explain in detail all options available, while in Note S1 we pro-
vide details of the experimental procedures.

RESULTS

Success rates and relative ER

We start by investigating possible scenarios that may result from
the experiments by carrying out a game theoretical analysis of
(some of) the subgame perfect Nash equilibria (SPNE; which is
a refinement of Nash equilibria for a multi-period game) stem-
ming from modeling the experimental setting, as well as an
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Figure 1. Success rates in meeting the ER

targets and relative ER at the group level

(A) Aggregated data stemming from all the experi-

ments. Data are presented as the mean + standard

SN (i —%)?), where
{X1,%X2, ..., xn} are the observed values, Xis the
mean value of these observations, and N is the
sample size). The success rates for Control and

— Treatment are 0.217 (gray bar) and 0.7 (blue bar),
respectively, and the standard deviations are 0.134
(black error bar) and 0.153 (black error bar),
respectively. Overall, Fl leads to a marked increase
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identification of their stability through an evolutionary game theo-
retical analysis (where subjects are assumed bounded rational
and learn to play the game)*® (full details in the experimental pro-
cedures and Notes S2-S4). Given the multi-period structure of
this game, individual strategies can be very complicated, and
the existence of asymmetric SPNE is possible. In the following,
we consider a specific subset of SPNE that we designate as
quasi-symmetric SPNE (QSPNE), at which equilibrium all poor
subjects use the same strategy. Furthermore, we focus on the
sustainment of cooperation through the GRIM strategy, where
a subject using GRIM will contribute to ER or Fl in period t only
if the total ER or Fl in the previous periods in not less than a
pre-defined value. We emphasize that the purpose of the theo-
retical analysis is not to perform a full analysis of the game, but
to provide intuition on whether and how Fl works.

We find that, in the Control case, a selfish, non-cooperative
SPNE dominates for rg = rp = 0.5, at which SPNE no one con-
tributes to ER (Figure S1). In the Treatment case, if the contribu-
tion of the rich to Fls positively correlates with the contribution of
the poor to ER, then there is a narrow basin of attraction toward a
set of (stable) cooperative QSPNE (which we designate as incen-
tive QSPNE) in which only the poor contribute to ER, while the
rich contribute solely to FIs (Figure S2). At those incentive
QSPNE, both rich and poor subjects have higher wealth
compared with the selfish SPNE even if, similar to the experi-
mental design, poor subjects cannot contribute more to ER
when their wealth increases via Fls (see the experimental pro-
cedures). Moreover, higher contributions by the rich to Fls are
predicted to lead to higher investments in ER by the poor, but
up to a limit, beyond which the incentive QSPNE become
unstable.

We now focus on the behavioral experiments, whose results
will also enable us to confirm or dismiss the theoretical predic-
tions made above. Figures 1A and 1B show the success rates
(fraction of groups that reach the target) and relative ER (group
average ER relative to the target ER value), respectively, ob-
tained in the experiments (for further details of relative ER at
group level see Figure S3). Compared with Control (data in
gray, ER stage only, per period), Fls lead to systematic improve-

— Control — Treatment -+ Group average

in the success rate.

(B) The ER group achievement relative to the target
ER value (in each column, there are 10 lines, one per
group, gray lines for Control and blue lines for
Treatment, whereas the pink star indicates the
average over the 10 groups). To reach the target, the
relative ER needs to reach 100% (red dashed line).
The number above each column indicates the num-
ber of groups (of a total of 10) that reached the target.

(6,3) (10,2) (10,3)

ments in success rates in Treatment (data in blue, Fl stage + ER
stage, per period). Furthermore, the total ER in Control is signif-
icantly below the target, whereas in Treatment it is not statisti-
cally different from the target (see also Table S1). These results
indicate that Fls significantly promote ER in experimental sce-
narios involving diverse numbers of periods, cost factors, and
risk combinations.

Behavior of rich and poor subjects

To uncover the effect of Fis in ER, we now explore the relative
contributions by both rich and poor subjects, defined as their to-
tal contributions divided by their initial endowments. Figures 2A
and 2B show relative contributions in Control and Treatment,
respectively, where the contributions are by poor subjects to
ER and by rich subjects to both ER and Fls (for further details
of relative ER at group level see Figure S3).

We find that poor subjects contribute significantly more to ER
in Treatment than in Control, despite being unable to use the to-
kens received from the rich via Fls to ER. Importantly, our exper-
iments confirm that the investment made by poor subjects is
positively correlated with the amount contributed to FIs by the
rich at the group level (Pearson correlation coefficient =
0.7986, p < 0.001), which, in view of our theoretical analysis, sug-
gests that the incentive Nash equilibria (NE) may be stable (see
Figure S4 for further analysis of the correlation between ER by
the poor and FI by the rich at the group level). This indicates
that the availability of Fl plays a key role in enhancing both the to-
tal ER achieved and the success rates in reaching the ER target.
From the outset, it was not clear whether the rich would
contribute to Fls, whether the poor would actually invest addi-
tionally in ER in the presence of Fls, or whether the additional
investment, if made, would be sufficient. Our results indicate a
statistically significant yes to all three questions. As a result,
the rich mostly contribute to Fls, naturally implying (given the na-
ture of the game at stake) that ER from the rich decreases in
Treatment, compared with Control.

Figure 3 aggregates the information contained in Figure 2, at
the same time separating successful from failed groups. Natu-
rally, in Control, both rich and poor subjects invest more in ER
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Figure 2. Average relative contributions (e.g.,
contributions relative to initial endowments)
at the group level

Data are presented as mean + standard deviation.
(A) In Control, relative contributions to ER of rich
subjects (blue bars) are significantly higher than
those of poor subjects (red bars) (Mann-Whitney U
test, p < 0.01). The average relative contributions for
poor and rich subjects in Control experiments 1-6
are 0.335, 0.35, 0.4, 0.37, 0.353, and 0.323 and
0.461, 0.54, 0.58, 0.68, 0.621, and 0.454, respec-
tively, and the standard deviations (black error bars)
are 0.081, 0.1, 0.09, 0.06, 0.1, and 0.119 and 0.147,
0.18,0.15,0.08, 0.138, and 0.183, respectively (see
Table S1).

(B) In Treatment, poor subjects contribute signifi-
cantly more to ER than rich subjects (Mann-Whitney
U test, p < 0.01), who now opt to transfer wealth to
poor subjects via Fls. The average relative contri-
butions for poor subjects to ER (red bars) and rich

(10,2) (10,3)

subjects to ER (blue bars) and Fls (purple bars) in Treatment experiments 1-6 are 0.7, 0.61, 0.58, 0.69, 0.651, and 0.639; 0.11, 0.08, 0.11, 0.04, 0.134, and 0.035;
and 0.64, 0.59, 0.44, 0.64, 0.543, and 0.572, respectively (see Table S1). Importantly, the wealth from Fls cannot be used by the poor to mitigate (see experimental
procedures). Furthermore, the standard deviations (black error bars) of the relative contributions for poor subjects to ER and rich subjects to ER and Fls in
Treatment experiments 1-6 are 0.12, 0.15, 0.14, 0.05, 0.152, and 0.126; 0.18, 0.1, 0.13, 0.08, 0.169, and 0.07; and 0.18, 0.19, 0.16, 0.09, 0.227, and 0.186,
respectively. The data were analyzed at the group level to avoid interdependence of outcomes for members of a given group.

in the successful groups than in the failed groups. In Treatment,
we see that in successful groups, contributions to ER by poor
subjects and to Fls by rich subjects are both significantly higher
compared with failed groups. However, rich subjects in success-
ful groups contribute significantly less to ER than in failed
groups. This, again, suggests that Fls play a significant role in
stimulating poor subjects to mitigate. In failed groups, insuffi-
cient contributions by the rich to Fls induce small contributions
to ER by poor subjects, leading to failures. Taken together, our
results suggest that, under the conditions defined in the experi-
ment, rich countries ought to divert most of their contributions
from ER to Fls, since this not only enhances the chance of collec-
tive success, but also leaves all group members wealthier
compared with Control. These features rely on the positive cor-
relation between contributions to FlIs by the rich and investment
in ER by the poor.

Time evolutions of individual behaviors

In Figure 4 we show the results of a longitudinal analysis of indi-
vidual behavior portraying the dynamics of relative contributions
to ER and Fls. In Control, the contribution of poor subjects is rela-
tively stable, while the contribution of rich subjects fluctuates in
the last few periods. In Treatment, the contribution of poor sub-
jects to ER is consistent with the contribution of rich subjects
to Fls.

We then separate contributions by poor and rich subjects dur-
ing the first half (periods 1-3 for T = 6 and periods 1-5 for T = 10)
and second half (the remaining periods in both cases) of the
experiments. Results are compiled in Table 1, where we also
disentangle the successful groups from the failed groups. In all
sessions, the poor never contribute significantly more in the sec-
ond half, the opposite happening with the rich, except in failed
Control groups. In Treatment, the rich contribute to ER (Fls)
less (more) during the first half. Furthermore, the rich contribute
little to ER in successful groups under Treatment, whereas in
failed groups they contribute comparatively more to ER, despite
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their aggregate contribution (ER + Fl) being smaller in failed
groups compared with successful groups. The poor, in turn,
contribute more to ER in successful groups (in fact, their contri-
bution to ER is determinant in reaching the target); furthermore,
their contributions in the second half remain nearly unaffected
compared with the first half in successful groups, whereas they
decline significantly in failed groups. Overall, these results sug-
gest the importance of having sustained contributions (of the
poor to ER and the rich to Fls) during the entire experiment to
warrant success.

DISCUSSION

Given the heterogeneity of countries in what concerns both
wealth and ER costs, and given the difficulty in implementing
effective binding enforcement mechanisms in international
agreements, the implementation of an Fl, along lines similar to
the so-called Financial Mechanism of the UNFCCC, constitutes
a possible way out of the global ER conundrum that, up to now,
remained unexplored. Our theoretical analysis predicts that
cooperation can become stable (albeit with an associated nar-
row basin of attraction) only in the presence of the FI (incentive
NE), provided there is a positive correlation between the contri-
butions of the rich to Fls and the contributions of the poor to ER
(Note S4). The results from our behavioral experiments, in addi-
tion to unequivocally confirming such a positive correlation, also
indicate that humans largely exceed these scanty expectations.
Deviating from rational behavior, humans often exhibit a surpris-
ing cooperative potential that should not be overlooked.* As a
result, in the presence of the FI, most mitigation actually stems
from the poor, while the rich mostly contribute to Fls. The results
further show that the enhancement of Fl-induced ER is robust to
different monitoring periods, risks of collective failure, and ratios
of mitigation cost factors between rich and poor subjects.

That said, it is important to stress under what conditions our
results were obtained: the FI mechanism introduced here is
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Figure 3. Average relative contributions in
successful and failed groups at the group
level

Data are presented as mean + standard deviation.
We use the same color codes as in Figure 2.

(A) Aggregated data stemming from all experiments
in Control, with separation of successful (reached
target) from failed (did not reach it) groups. Both rich
and poor subjects invested more in ER in the suc-
cessful than in the failed groups (Mann-Whitney U
test, p < 0.01 for rich subjects and p = 0.01 for poor
subjects). The average relative contributions for
poor and rich subjects in successful and failed
groups are 0.439 and 0.708, and 0.332 and 0.514,
respectively, and the standard deviations are 0.047
and 0.095, and 0.114 and 0.158, respectively.

(B) Aggregated data stemming from all experiments
in Treatment, with separation of successful from
failed groups. Poor subjects invested more in ER

Failure

and rich subjects contributed more to Fls in successful groups (Mann-Whitney U test, p < 0.01 for both rich and poor subjects), while rich subjects in failed groups
invested more in ER (Mann-Whitney U test, p < 0.01). The average relative contributions for poor subjects to ER and rich subjects to ER and Fls in successful and
failed groups are 0.7, 0.049, and 0.644 and 0.528, 0.16, and 0.408, respectively, and the standard deviations are 0.081, 0.086, and 0.128 and 0.152, 0.177, and

0.2, respectively.

purely endogenous, in the sense that transfers are budget-
balanced. Furthermore, poor subjects cannot invest more per
period even if their wealth increases via FIs. While this feature al-
lows for a better control of both experiments and theory (as well
as for a better comparison between experiments carried out us-
ing different parameters), it is easy to anticipate that more flexible
forms of Fl both are easy to design and will have the potential to
warrant better results. Thus, we expect the present results to
provide a lower bound, allowing, e.g., poor subjects to use their
resources (including those obtained via Fls) at will may promote
additional ER. We further note that the incentive provided by rich
subjects is assumed to be distributed among poor subjects pro-
portional to their ER contributions. In reality, accurate assess-
ment of ER may be difficult, and hence, the distribution may
not be perfectly proportional. Theoretical analysis predicts that
the incentive equilibrium exists provided the (expected) amount
of incentive to contributing poor subjects is larger than a
threshold value (computed explicitly in Note S3). Thus, we
expect Fls to remain effective provided they are sufficient,
even when small deviations from proportionality occur.

Overall, Fls lead not only to higher ER, but also to higher group
payoff (Table 2). The group average payoff (here associated with
wealth) increases 66% from Control to Treatment. In particular,
the average payoff of poor subjects in Treatment is more than
twice of that in Control (increases 108%), whereas the payoff
for rich subjects in Treatment is slightly higher than Control (in-
creases 12%). Given that the FI implemented here is budget-
balanced (it does not involve any external funding), this indeed
constitutes a Pareto improvement of social welfare regarding
the ER problem.

Comparisons between the 6 and 10 period cases (Tables S1
and S2) suggest that 5 years separating monitoring periods re-
sulting from the global stocktake of the PA may be almost ideal,
as one expects approximately 6 monitoring periods to take place
from 2023 to 2050. Indeed, larger sequences of monitoring
events within the same framework (as considered here in the
10 period experiments, simulating, e.g., a possible rescheduling
from 2050 to a future date or, alternatively, shorter time intervals

between monitoring periods) may prove to be redundant, in the
sense that no significant improvement in ER may take place (in
absolute terms). In addition, increasing the risks of both rich
and poor subjects can lead to more effective ER. Specifically,
in Control, rich subjects contribute more to ER (not significant
for poor subjects), and in Treatment, rich subjects contribute
more to Fls and poor subjects contribute more to ER (Tables
S1 and S3).

It is worth noting that the system remains fragile under Fl. In
62% of successful Treatment groups (26 of 42), the average
ER is marginally (5%) higher than the pre-defined target. Inter-
estingly, in 33% of failed Treatment groups (6 of 18), the total
ER achieved is also marginally smaller (5%) than the target.
Given the positive correlation found between contributions to
FI and ER, it is desirable that rich countries effectively adhere
to Fls for this mechanism to work. Simultaneously, if poor coun-
tries keep investing in ER during the whole duration of the agree-
ment, Fls may transform into a robust mitigation mechanism.
That said, it is important to keep in mind that (1) our experiments
took place in a scenario where the threshold to be surpassed
was well defined; however, threshold uncertainty, if large, has
been shown to change both the nature of the game and the
players’ behavior, making it more difficult to attain success.?**°
(2) On the other hand, the fact that our experimental design does
not allow players to make pledges creates harsher conditions
compared with what is known already®® and effectively imple-
mented. (3) Finally, in our experiments, there is only one rich sub-
ject in a group. Additional experiments showed that having more
than one rich player in the group will contribute to “diluting” each
one’s responsibility, rendering coordination toward the goal
more difficult (Figure S5 and Table S4). Notwithstanding, even
in these experiments Fls systematically improve both total ER
and the rates of success.

Needless to say, our behavioral experiments involving groups
of six subjects may not represent the real players of the climate
game. Specifically, achieving cooperation is more difficult for
larger than for smaller groups,®**%“ as well as when more
than one high-income country participates in a group (see

One Earth 4, 1141-1149, August 20, 2021 1145




¢? CellPress

OPEN ACCESS

One Earth

(6,2,0.5,0.5) (6,3,0.5,0.5) (10,2,0.5,0.5) (10,3,0.5,0.5) (6,3,0.5,0.7) (6,3,0.7,0.7)
120% 120% 120% 120% 120% 120%
100% 100% 100% 100% 100% 100% 0O
80% 80% 80% 80% 80% 80% g
60% 60% 60% 60% 60% 60% /’N -+
-
o 0% 40% 40% 1 a0% 40% % | ey TSR 3
o 20% 20% 20% 20% 20% 20% -
- 0% 0% 0% 0% 0% 0%
S 0% -20% -20% -20% -20% -20%
0 12 3 4 5 6 12 3 4 5 6 12345678910 123456780910 12 3 4 5 6 12 3 4 5 6
—
+—
C 120% 120% 120% 120% 120% 120% —
8 100% 100% 100% 100% | 100% 100% o
80% 80% 80% 80% | 80% 80% f0_-"_
o0% | ¥ S 0% ‘,.\/0=¢\ 60% 60% | 60% 60% 3
40% . 40% = 40% 40% | 40% 40% o)
20% L 20% 20% 20% | 20% 20% . =]
0% 0% 0% 0% | TEe Sy oy 0%
-20% 20% -20% -20% -20% 20%
12 3 4 5 6 12 3 4 5 6 123456780910 12345678910 1.2 3 4 5 6 12 3 4 5 6
Period

~--Poor ER  #-Rich ER 4 Rich FI

Figure 4. Dynamics of average relative contributions to ER and Fls in experiments with different T, s, rg, and rp at the group level
Data are presented as mean + standard deviation. We use the same color conventions of Figure 2. Top: Control. Bottom: Treatment. The average values (solid
diamonds) and standard deviations (shaded areas) of relative contributions were computed at the group level. See Tables S6 and S7 for details of the average

relative contributions and standard deviations of 6-period experiments and 10-

Note S6 for additional experiments). Indeed, in the latter case,
the possibility of free riding among the high-income representa-
tives potentially shadows the success obtained when only one
high-income country is present in the group. Our results stress
the importance of witnessing coordinated action among the
high-income participants in climate negotiations, as they play a
pivotal role in determining overall success. These examples sug-
gest that our findings may underrate the severity of the ER
dilemma. Thus, even if all groups reach the target, we cannot
conclude that FIs will succeed. Conversely, if most groups fail
to reach the target, then it would be more difficult to achieve
the ER target in reality. However, the fact that our experiments
involve small groups, similar to most behavioral experiments
on climate change carried out to date,?*?%%%4" does not mean
that the results obtained lack important insights. Indeed,
analyzing the individual behaviors in successful and failed
groups provides important guidelines for how to implement Fls
efficiently. On one hand, both experiment and theory indicate
that the FI works only if there is a positive correlation between
contributions to the FI by the rich and mitigation by the poor.
Thus, a policy implication is that, in practice, developed coun-
tries and developing countries should carefully negotiate and,
it is hoped, improve the design of the Fl to allow for an efficient
support of ER, in line with the principle of “common but differen-
tiated responsibilities.” Last, but not least, the asymmetric be-
haviors between the rich and the poor under FIs may act to
change the norms at work in global mitigation, '®*® also inhibiting
potential homophilic behavior among the rich and the poor, a
feature that was found to play a crucial role in promoting coop-
eration toward global ER.*?

We would like to point out that the present model, similar to
others, contains some simplifying assumptions that constitute
an oversimplification of the real-world case. That said, some of
the insights here provide may prove useful in designing Fls in
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connection with the climate change problem (and general
multi-period threshold public goods games). In the future we
plan to investigate the effectiveness of Fls in situations in which
poor subjects are allowed to adopt heterogeneous strategies;
the game may have an uncertain number of periods, in which con-
tributions by one group may be observed by another group; and
groups may have different sizes and/or different compositions.

EXPERIMENTAL PROCEDURES

Resource availability

We are willing to distribute materials and protocols to qualified researchers,
details are as follows.

Lead contact

Further information and requests for resources and reagents should be
directed to and will be fulfilled by the lead contact, Boyu Zhang (zhangby@
bnu.edu.cn).

Materials availability

Materials generated in this study will be made available on reasonable request.
Data and code availability

Raw data of the behavioral experiments (Controls 1-6, Treatments 1-6, Control
2R, Treatment 2R) can be downloaded from Mendeley Data: https://doi.org/10.
17632/bf8zmpmjdw.1 https://data.mendeley.com/datasets/bf8zmpmjdw/1.

Procedures and model

Here we summarize the experimental procedures as well as the theoretical
model; further details, as well as a discussion of groups containing more
than a single rich subject, are provided in Notes S1 and S2.

The experimental protocols adhered to the standards set by the Declaration
of Helsinki and were approved by the local research ethics committee at the
State Key Laboratory of Cognitive Neuroscience and Learning, Beijing Normal
University, Beijing, China, with reference number CNL_A_0007_001. All partic-
ipants provided written informed consent to participate after the experimental
procedures had been fully explained and acknowledged their right to withdraw
at any time during the experiment.

In line with previous experiments, we conducted 12 experi-
mental sessions, including 6 Control sessions and 6 Treatment sessions,
where each session consisted of 10 groups of 6 subjects. Group members,

23,24,28,29,33,38,42
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Table 1. Average contributions in the first half (periods 1-3 for T = 6 and periods 1-5 for T = 10) and second half (periods 4-6 for T =6

and periods 6-10 for T = 10) of the experiments at the group level

First half/second half Control successful

Control failed

Treatment successful Treatment failed

Poor ER 1.75/1.76* 1.47%/1.18 2.85*/2.81 2.14*/1.86
Rich ER 12.68/15.64" 10.52*/10.02 0.89/1.22* 2.15/4.16"
Rich FI 13.73/12.25 8.19*/7.07

Larger value in each entry is highlighted by an asterisk. In failed groups, poor subjects contributed less in the second half (Mann-Whitney U test, p =

0.02 in Control and p = 0.48 in Treatment).

each acting as a delegate representing one country, engaged in what we term
the global greenhouse-gas ER tournament. In each group, 1 subject was
randomly assigned the rich country role and the remaining 5 assumed poor
country roles; roles did not change during each session. In addition, we carried
2 sessions, where each session involved 5 groups of 12 subjects (Control 2R
and Treatment 2R) and each group had 2 rich subjects and 10 poor subjects
(Note S6). We took these group compositions because there are about 40 An-
nex | countries (developed countries) and about 200 countries in total in the PA,
i.e., the ratios of Annex | and Non-Annex | countries are about 0.2 and 0.8,
respec'fively.48 In accordance with the agreement, there are 6 x 0.2 = 1 rich
subject, and 6 x 0.8 = 5 poor subjects in the 6 subject group, and 12 x 0.2
= 2 rich subjects, and 12 x 0.8 = 10 poor subjects in the 12 subject group.

Below we characterize endowments and investments in terms of points,
where the actual conversion was 1 point = 1 Chinese yuan. Every participant
walked away with an amount of Chinese yuan equal in number to the amount
of points left at the end of the experiment plus 30. Further details are provided
in Note S1.

In Control, there is no FI. A rich subject can contribute from 0 to 20 points
(integer values only) to ER in each period—with a cost factor s =2 or s =3—
and a poor subject can contribute 0 to 4 points (with cost factor s = 1). The total
endowments for a rich subject are 120 and 200 points in games with periods
T =6 and T = 10, respectively, while each poor subject gets 24 and 40,
respectively.

In Treatment, each of the T periods comprises an additional FI stage before
the ER stage, in which a rich subject can contribute (points) to Fls that will be
later distributed by the poor subjects, and the poor subjects know the contri-
bution to the Fl when they make decisions in the ER stage (see screen shots in
Figure S6 for details). No more than a total of 20 points can be used by each
rich individual, per period, in the two stages, Fl and ER. The contribution to
Fls made by the rich will be distributed among the five poor subjects in propor-
tion to their contributions in the subsequent ER stage (rounded up to one dec-
imal). Specifically, if all poor subjects contribute 0, then the they will share the
contribution equally. Following previous experiments on public goods games,
poor subjects cannot invest more than 4 points per period even if their wealth
increases via FI.>>*? To achieve the ER target, six group members need to
contribute half of their initial endowment to ER (which implies fixing the targets
in games with (T, s) = (6, 2), (6, 3), (10, 2), and (10, 3) to 90, 80, 150, and 133,
respectively). If the total ER target is attained at the end of the game, then sub-
jects’ final scores are their remaining points. If not, rich subjects lose all their
savings with probability rg and poor subjects lose their savings with probability
rp (rg and rp are taken as 0.5 or 0.7). We note that the ER targets for different

Table 2. Payoffs of subject types in different types of
experiments

Type Poor payoff  Rich payoff  Group payoff Total ER
Control 38% 25% 32% 82%
Treatment 79% 28% 53% 98%

Values tabulated are average values (aggregating data from Controls and
Treatments 1-6), represented as the fraction of the initial endowments of
rich and poor subjects, except the last column, where percentages repre-
sent percentual values relative to the target ER values in each game. FIs
not only increase the total ER, but also increase the payoffs of both rich
and poor subjects.

parameter settings are different, but are the same for Control and Treatment
under a certain parameter setting (see Table S5 for details of experimental
settings).

In each period of a session, information gathered in the previous period is
given, including contributions by group members and the subject’s own score.
Note that the cumulative sum of contributions was not displayed on a com-
puter screen. Instead, the subjects were given pen and paper, and they
were encouraged to take notes during the game.>* Sample instructions and
further details can be found in Note S1, and screen shots of experimental in-
terfaces are shown in Figure S6.

Theoretical model

In the following, we discuss a model that closely mimics the experiments per-
formed, involving T periods and groups with six subjects, one of which is rich,
and the remaining five are poor subjects. In each period, a rich subject can
contribute from 0 to 20 points to ER (with an abatement cost factor s > 1),
and a poor subject can contribute 0 to 4 points.

In  Control, we denote a poor subject j's strategy by
ij = (Cpm yeees ijjr7 me s DijT,*]) with j: 1 ,2, 3, 4, 5 and CPj.t = 0, 1 N 27 3, 4,
where Cp;; is the contribution in period t if the total ER in the previous t — 1 pe-
riods in not less than Dpjt1 (if the total ER is less than D;;_1, then subject j will
not contribute in period t and all later periods), and the rich subject’s strategy
by CR = (CR_1 saeny CR,T, Dr1 s DR,T71) with CR_; = 0, 1 s aens 20 (the subscript i of
Crit and Dg; is omitted, as there is only one rich subject), where Cg; is the
contribution in period t if the total ER in the previous t — 1 periods in not less
than DR,t—1 .

Given the multi-period structure of this threshold public goods dilemma, in-
dividual strategies can be very complicated.*® In the following, for the sake of
this theoretical analysis, we focus on a specific subset of SPNE that we desig-
nate as QSPNE, where all poor countries use the same strategy (i.e., Cpj; =
Cpifor all j = 1,2,3,4,5). In Note S3, we show that strategies of poor and
rich subjects at a QSPNE can be characterized by their total contributions
ép :21:10,:,‘ and éa = 21:10,“, respectively. Furthermore, theorem S1 in
Note SBAi(pdicoates that Control entails two classes of SPNEi *theA 9efective
SPNE (Cp,Cg)=(0,0) and a set of cooperative QSPNE (Cp, Cg) = (2T,
10T). Naturally, the ER target is achieved only at the cooperative QSPNE.

In Treatment, a rich subject’s strategy is denoted as (Cgr.1,...,Cr1,l1,..., 1,
Dr.1,Dr1-1), where |; is the contribution to the Fl in period t. In addition, we as-
sume that no more contributions to the FI take place when the group reaches
the target, because in this case no further ER is needed (this, as is well known,
constitutes a “rational” assumption that is often violated in practice). In
contrast, a poor subject j's strategy is denoted as (Cpjy1, ..., CpjT, Dpj1,
Dpj7-1,Lpj1,...,Lp; 7). Like Dpjt, Lpj; is also a contribution threshold, where sub-
jectj contributes Cpj+ in period t only if the total ER in the previous t — 1 periods
in not less than Dp;+_1 and the total amount contributed in the Fl stage in period
t, lt, is not less than ij7g. If ZL=1 (CR,k /S + Z?=10Pj,k><DPj.t or |x<|_pm, then the
poor subject will contribute 0 in period t and all later periods. Following this no-
tation, poor subject j receives Ith_it/ZﬁﬂCpk,t in period t. Thus, a defective
poor subject who contributes 0 does not receive anything (except that all
poor subjects contribute 0). This setting establishes a positive correlation be-
tween contribution to Fls by the rich and mitigation by the poor, where more
contributions to Fls could lead to more mitigation.

The defective SPNE and the cooperative QSPNE in Control remain SPNE in
Treatment. In addition to these two classes of equilibria, Treatment also ex-
hibits a new class of cooperative QSPNE that we designate as incentive
QSPNE, where only poor subjects contribute to ER and the rich subject incen-
tivizes the poor subjects by contributing to the FI. In Note S3, we show that the
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strategies of poor and rich subjects at a QSPNE in Treatment can be charac-
terized by ép = Z‘TﬂCp,t, 6R = ZtTﬂCR,t, andl = ZtT=1It, where Tis the total
contributions of the rich subject to the FI. Furthermore, Theorem S2 in Note S3
indicates that at an incentive QSPNE, the strategies for poor and rich subjects
can be denoted by Cp = 2(1/s+1)T, Gy = 0, and 1 with 10(1 —
2rp +1/8)T<T <20rgT.

Since these games have multiple equilibria, it is important to investigate
which equilibria are more likely to be selected. To answer this question, we
carry out a simplified analysis of the evolutionary stability of these equilibria
by using replicator dynamics assuming infinite well-mixed populations (Note
S4). In Control, the selfish non-cooperative SPNE always dominate the coop-
erative QSPNE for rg = rp = 0.5(Figure S1). In Treatment, however, the incen-
tive QSPNE may become locally stable whenever 10(1 —2rp +1 /s)T< T<
20rg T with an associated basin of attraction, which is always much smaller
than that associated with the defective SPNE (Figure S2). Furthermore, higher
contributions to FI by the rich promote higher investments in ER by the poor.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.
oneear.2021.07.006.
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Supplemental Information

Supplemental Note 1. Experimental design
1.1. Details of experimental settings

We conducted 12 sessions of experiments, where each session involved 10
different groups of 6 subjects. In the 6 Control sessions, only an ER stage takes place
in each period with no FI stage involved; in the 6 Treatment sessions, there is an FI
stage before the ER stage in each period. Detailed settings of the experiments are
provided in SI Table S5. In addition, we carried 2 sessions, each involving 5 groups of
12 subjects (Control 2R and Treatment 2R). In the Control 2R and Treatment 2R
sessions, each group has 2 rich subjects and 10 poor subjects (see SI Note 6 below for
details).

Experiments were conducted in computer labs of Beijing Normal University. All
840 subjects were undergraduates and graduates recruited from Beijing Normal
University who had not taken classes on game theory and economics. The interactions
were anonymous, and took place via computers. Frosted glass dividers ensured that the
students could not see each other. The experimental platform software was locally built
using PHP, mySQL and javascript, and ran locally on the servers. Schematic diagrams
of our experimental platform are shown in SI Figure S6.

Before starting each experiment, we used 20 minutes to explain the game to all
subjects, including the climate change problem and the rules of the computer game. All
subjects in each session were given the same instructions (in Chinese). In accord with
previous studies, the instructions were framed in the context of climate change and its
mitigation. Along with the instructions, a training period was included, two examples
are introduced. In the first, poor subjects contribute 2 and rich subjects contribute 10 to
ER each period. In the second, poor subjects contribute 3 to ER and rich subjects
contribute 15 to FI (to incentivize poor subjects) each period. Subjects were asked to
calculate the total ER for each case. All subjects are free to ask questions, and our
experimenters would answer all their questions. At the end of the training period a few
routine questions based on the two examples were asked to the participants to make
sure they all understood the rules of game.

There is no time limit for decision making, and each experiment lasted about 20
minutes. After the experiment, the total scores (measured in points, see Methods

section) of each subject were converted to Chinese Yuan at a ratio of 1:1. This amount,



plus 30 Chinese Yuan constituted the final income of each participant.
1.2. The FI mechanism and the Paris Agreement

Here we detail the aspects of the Paris Agreement (PA) that motivated our
experimental design and implementation of the FI mechanism and global ER.

Up to 2017, nearly 200 countries (and regions) became members of the United
Nations Framework Convention on Climate Change (UNFCCC), and signed the PA. In
our experiments, we follow the idea of Pareto Principle (or the 80-20 rule) to set the
proportion of rich subjects to one-sixth, and their total wealth to be equal to the
accumulated wealth of poor subjects. Specifically, the initial endowment of a rich
subject is 5 times that of a poor subject.

Meanwhile, the cost of ER is typically higher for rich (developed) countries than
poor (developing) countries. For instance, in 2014, the Gross Domestic Product (GDP)
per kg of CO2 emissions — used as a surrogate for cost of ER — was 3.2 times higher
in high-income countries compared to that in middle- and low-income countries. In this
regard, we set two high ER costs for a rich subject, i.e., s=2 and s=3, respectively, and
set a low ER cost s=1 for every poor subject.

In the PA, countries agreed to pledge their mitigation progresses every 5 years,
starting in 2023 (called “Intended Nationally Determined Contributions” and “Global
Stocktake”, see Articles 4 and 14 in the PA). Developed countries could voluntarily
provide funds to help undeveloped countries adapt and mitigate (called “Financial
Mechanism”, see Articles 5 and 9 in the PA). In addition, contributions from developed
to developing countries will be monitored, such that the future decisions of developed
countries may be contingent on perceived status. In the PA, the global emissions ought
to be reduced to 50% of the present level by 2050. In other words, after approximately
6 monitoring periods, the target should be achieved. Thus, we consider two values for
the number of monitoring periods, T=6 as in the PA and T=10 for a longer process (or
shorter time intervals between consecutive monitoring periods).

Unlike Intended Nationally Determined Contributions and Global Stocktake, the
PA only gives a few implementation details on the Financial Mechanism. Below, we

list the key aspects that were incorporated in the treatment experiments.

Key aspect 1: Positive incentives are encouraged to support developing countries based
on their emission reduction results.

Paragraph 2 in Article 5: “Parties are encouraged to take action to implement and




support, including through results-based payments, the existing framework as set out

in related guidance and decisions already agreed under the Convention for: policy

approaches and positive incentives for activities relating to reducing emissions from

deforestation and forest degradation, and the role of conservation, sustainable
management of forests and enhancement of forest carbon stocks in developing

countries;”

Key aspect 2: Developed countries should provide the incentive.

Paragraph 1 in Article 9: “Developed country Parties shall provide financial

resources to assist developing country Parties with respect to both mitigation and

adaptation in continuation of their existing obligations under the Convention.”

Key aspect 3: The incentive provided by developed countries is also a part of Global
Stocktake that can be seen by all other members.

Paragraph 6 in Article 9: “The global stocktake referred to in Article 14 shall take
into account the relevant information provided by developed country Parties and/or
Agreement bodies on efforts related to climate finance.”

Paragraph 7 in Article 9: “Developed country Parties shall provide transparent and

consistent information on support for developing country Parties.”

Key aspect 4: Reason for the designation “financial mechanism”.

Paragraph 8 in Article 9: “The Financial Mechanism of the Convention, including

its operating entities, shall serve as the financial mechanism of this Agreement.”

In summary, the FI included in our Treatment experiments is based on the
principles and mechanisms established in the PA, as shown above. In addition, two
additional assumptions are included in our experiments: (1) the incentive will be
distributed among poor subjects in proportion to their contributions to ER; (2) the
incentive received from rich subjects cannot be used for ER.

Assumption (1) seems reasonable provided the amount of ER can be monitored;
moreover, the distribution rule according to ER is promising and fair. Assumption (2)
is motivated by the fact that the game framework that we setup is budget balanced. This
assumption naturally imposes a harder constraint on the capability of developing

countries to mitigate. In other words, removing assumption (2) is likely to increase the



overall capability of countries to solve the climate change problem, insofar as the funds

are used exclusively for mitigation.

1.3. Sample instruction
In the following, we shall use the Treatment 1 version of the experiment as the

experimental template.

General notice

Welcome and thanks for participating in this game. Please read the game
instructions carefully. If you have any question please raise your hand. One
experimenter will then come to you and answer your questions. From now on,
communication with other participants is not allowed. Please switch off your mobile
phones and keep quiet during the experiment. You will play a decision-making game.
In the game, you do not know the other persons’ true identity. Your scores will depend
on you and your partners’ decisions. In the end, your income will be calculated in the
following way:

Your final income = fixed income 30 Chinese Yuan + your total score.

Climate change

This game intends to simulate the mitigation of greenhouse gas emissions. Global
warming is seen as a serious environmental problem faced by mankind. The recent Paris
Agreement is a landmark agreement dealing with mitigation of greenhouse gas
emissions. It aims to respond to the global climate change threat by keeping an average
global temperature rise this century below 2°C above pre-industrial levels and to pursue
efforts to limit this temperature increase by no more than 1.5°C. As of October 2017,
195 members of the United Nations Framework Convention on Climate Change
(UNFCCC) have signed the agreement.

In the Paris Agreement, each country voluntarily determines its own contribution
to mitigate global warming. The contributions should be reported and evaluated every
5 years, but there is no mechanism to force a country to set a specific target by a specific

date.

Rules of the game Treatment 1 (T,s,rg,rr)=(6,2,0.5,0.5)

6 subjects are involved in a group, and play a game for 6 periods. In each group,



1 subject is randomly assigned to play the role of a rich country and the other 5 will
play the role of poor countries. Assigned subject roles do not change during the
experiment. A rich subject has 120 initial points and can use 0 to 20 points each period.
A poor subject has 24 initial points and can use 0 to 4 points each period.

Each period has two stages: The FI stage and the ER stage. In the FI stage, a rich
subject can contribute I € [0,20] points to a climate fund that will be used to incentivize
the poor subjects. This contribution will be distributed among the 5 poor subjects
proportionally to their contributions in the next ER stage. In the ER stage, a rich subject
can contribute Cg € [0,20 — I] points to reduce emission with a cost factor s = 2, and a
poor subject can contribute Cp € [0,4] points to reduce emission without discount (s =
1). Important: In each period a rich subject can use at most 20 points in both stages (FI
and ER).

If the total emission reduction achieved by the group after 6 periods reaches 90,
then your final scores are your left points. If not, then with probability 50% your final

scores are your left points; and with probability 50% your final scores are 0.

Supplemental Note 2. Theoretical model
In the following we setup a general theoretical model that we shall use to analyze
the experiments just described. They constitute a particular case of the model

introduced below.

2.1. Control

Control is an N-person multi-period Threshold Public Goods Dilemma with two
types of subjects in a group of size N, where N; of them represent rich countries and
N, of them represent poor countries (with N; + N, = N). The initial endowments for a
rich subject and a poor subject are Eg and Ep, respectively, with Eg > Ep. In each of T
periods, a rich subject can contribute at most Eg/T to ER, and a poor subject can
contribute at most Ep /T to ER. Denoting the contribution of the poor subject j in period
tby Cpje G =1,..,Np, t=1,..., T, 0 < Cpj < Ep/T), then the corresponding ER is
Cpjc- Let us denote the contribution of the rich subject i in period t by Cg¢ (i = 1, ..., Ny,
t=1,..,T, 0 < Cgit < Er/T). Because the abatement cost for a rich country is often
higher than that for a poor country, the resulting ER is Cg;¢/s, where s>1 is the

abatement cost factor. At the end of the T periods, the total ER of the N countries is



E= ZiN=11 ZtT=1 CRi,t/S + Z]-N=21 ZtT=1 CPj,t~

We denote the target for the ER by D, and assume D > max{Eg/s,Ep}, i.c., a
single country cannot attain the target even if it contributes all its endowments. At the
end of T periods, if the total ER reaches the target (i.e.,E = D), then all subjects will
retain whatever they did not contribute. Thus, the payoffs for a rich subject and a poor
subject are fg; = Eg — Y Cpit i=1,...,Nq) andfp; = Ep — P Cpit G =1,...,Np),
respectively. If the group failed to reach the target, then rich subjects lose all their
savings with probability rg and poor subjects lose their savings with probability rp (i.e.,
rr and rp are the risks of failure). Consequently, the expected payoffs for a rich subject

and a poor subject are fp; = (1 — rp)(Er — Xi=; Cric (i=1,...,N;) and fpj=(1-

rp)(Ep — 2_1 Cpje) (G = 1, ..., Ny), respectively.

2.2. Treatment

In Treatment, rich subjects can indirectly transfer their endowments to poor
subjects, in addition to what was already in place in the Control sessions. To be precise,
in each of T periods, there is an FI stage before the ER stage, in which rich subjects
can contribute points to FI that will be later distributed by the poor subjects. Denote
the contribution of the rich subjectiin period tby I;¢ i=1,..,N;, t =1,...,T). It will
be distributed among the poor subjects proportionally to their contributions, i.e., the
poor subject j who contributes Cp; in period t receives I (Cpj ¢/ lejil Cpk  from the rich
subject i, and receives Z?I:ll I;,¢Cpj,¢ / lejil Cpk in total in period t. If all poor subjects
contribute 0, then they will share the contribution equally. We further assume that 0 <
Iit + Crit < ER/T, i.e., a rich subject can use at most 1/T of its initial endowment in
each period.

At the end of T periods, if the total ER reaches the target, then all countries keep
whatever they had not contributed. Thus, the payoffs for a rich subject and a poor

subject are
fri = Er — ZtT=1(CRi,t + Li), (S1)
fpj = Ep — 221 (Cje — Zicy IiCrye/ T2y Corco)s (82)
respectively (i =1, ...,Nq,j = 1, ..., N,). If the target is not met, then rich subjects lose
all their savings with probability rg and poor subjects lose their savings with

probability rp. Consequently, the expected payoffs for a rich subject and a poor subject



are
fRi = (1 - rR) (ER - ZtT=1(CRi,t + Ii.t))’ (83)

N N
ij =1 —rp)(Ep— Z?:l(CPj,t - Zizll Ii,tCPj,t/Zkil CPk,t))a (54)
respectively i=1,...,N;,j =1,...,N,).

Supplemental Note 3. Subgame Perfect Nash equilibrium analysis
Given the multi-period structure of this game, individual strategies can be very
complicated and the existence of asymmetric Subgame Perfect Nash Equilibria (SPNE)
is possible. In the following, instead of attempting to perform a full analysis of the
game, we focus on a specific subset of SPNE that we designate as Quasi-symmetric
SPNE (QSPNE); at a QSPNE all rich subjects use the same strategy and all poor
subjects use the same strategy throughout all periods. Furthermore, in the following we
shall restrict the SPNE analysis to the 6 experimental settings of Control and Treatment
(see Figure 1B), that is, we consider a subset of the general game defined above,
involving T-periods and groups with 6 subjects, one of which is rich and the remaining
5 are poor subjects. In each period, a rich subject can contribute between 0 to 20 points
(always integer values) to ER (with an abatement cost factor s>1), and a poor subject
can contribute 0 to 4 points (with an abatement cost factor s=1). Thus, the initial
endowments for a rich and a poor subject are Eg = 20T and Ep = 4T, respectively. The
ER target is setto D = 10(1/s + 1)T. To achieve the ER target, each subject needs to
contribute on average half of the initial endowment (i.e., the rich contributes 10T and
each poor subject contributes 2T). If the total ER target is attained at the end, then
subjects’ final scores are their remaining points. If not, then rich subjects lose their
remaining points with probability rg and poor subjects lose their remaining points with

probability rp.

3.1. Control

Previous studies have identified numbers of SPNE strategies that can sustain
cooperation under repeated social dilemma game, such as GRIM and Tit-for-Tat
(Sigmund, 2010). In this paper, we focus on the sustaining of cooperation in the multi-
period Threshold Public Goods Dilemma through GRIM strategy (Abou Chakra,
Traulsen, 2012). That is, a subject (denoted by i) using GRIM will contribute to ER in

period t only if the total ER in the previous t — 1 periods in not less than a predefined



value Dj_;. If the total ER is less than Dj._;, then subject i will not contribute in
period t and all later periods.

Following SI Note 2 above, we denote a poor subject j's strategy by Cp; =
(Cpj1, --» Cpj1 Dpj1, Dpjr—1) With j = 1,2,3,4,5 and Cpj, = 0,1,2,3,4, where Cp;, is
the contribution in period t if the total ER in the previous t — 1 periods in not less than
Dpj—1, and the rich subject's strategy by Cg = (Cr}y, ---, Cr 1, Dr 1, Dr 7—1) With Cge =
0,1, ...,20 (the subscript i of Cg;¢ and Dyg; is omitted, as there is only one rich subject),
where Cg is the contribution in period t if the total ER in the previous t — 1 periods in
not less than Dgr._; . Thus, a strategy profile for Control can be written as
(Cpy, -, Cps, CRr).

Let fpj(Ci:)lepl, ...,Cps, Cr) denote the payoff for poor subject j if she/he
unilaterally changes her/his strategy from Cp; to C;:)]'. Therefore, a strategy profile
(Cpy, -, Cps, CR) is a (plain) NE only if for all C;:)]' # Cpj and Ci; #* Cg,

(i) fp;(Cpj|Cp1, -, Cps, Cr) < fpj(Cpy, -, Cps, Cgr) and

(ii) fr(Cpy, .-, Cps, Cr) < fr(Cpy, -.., Cps, CR).-

These two conditions allow us to check whether a strategy is a NE for the Control.
Furthermore, SPNE can be refined from the set of NE by the one-shot deviation
principle, i.e., a NE is also a SPNE if all players have no incentive to deviate in any
period. Up to this point, poor subjects in the same group might employ different
strategies. We now focus on the QSPNE, which we denote by (Cp, Cg), such that at all
the 5 poor subjects use the same strategy Cp = (Cp 1, ..., Cpr, Dp 1, Dpr—1).

Similar to other social dilemma games, the defective state (Cp, C}) where Cpjt =
Cre=0forallj=1,23,45and t = 1,..., T is always a SPNE. The reason is that any
single subject cannot attain the ER target by its own effort.

In contrast to the defective SPNE, we are more interested in the cooperative
QSPNE, where both rich and poor subjects contribute. We next provide the SPNE
conditions for (Cp, Cy) with Cgy,Cp, >0 forallt=1,...,T.

Theorem S1. A strategy profile (Cp, Cg) with Cgy,Cpy >0 for allt=1,..,Tis a
SPNE for the Control game if (i) X{;(Ci¢/s+5Cp) =D, (ii) DryDpe <
Yk=1(Cii/s+5Cpy) for all t=1,.., T—1, (iii) Y= Cp < rpEp, X1 Ce <

rrER. At this equilibrium, payoffs for poor and rich subjects are fpj(C;,CE) =Ep —



Y-, Cp. and fr(Cp, Cr) = Eg — X{_; Cr, respectively.
Proof: We prove the three conditions one by one.

(i) On the one hand, if ¥{—;(Cg /s + 5Cp ) < D, i.e., the maximum ER is less
than the target D, then rich and poor subjects will lose their remaining points with
certain probabilities. In this case, a rich (or a poor) subject can get a higher payoff by
deviating to the defective strategy CR (or CP).

On the other hand, if $,{_;(Cg /s + 5Cp,) > D, i.e., the maximum ER exceeds
the target D, then a rich (or a poor) subject can get a higher payoff by decreasing the
contribution in the last period Cg 1 (or Cp 1) (note that decreasing the contribution in
the last period does not trigger the GRIM strategy).

Thus, at a cooperative QSPNE, we must have Y.{_;(Cg /s + 5Cp ) = D.

(ii) If Dg > Zf<=1(cl*2,k/5 + 5Cp) (or Dp; > Zf<=1(cl*2,k/5 +5Cpy)), then the
rich (or the poor) subject will not contribute in period t — 1 and later periods even if all
the players contribute in the previous t periods. From condition (i), the group will fail
to reach the target. In this case, a rich (or a poor) subject can get a higher payoff by
deviating to the defective strategy CR (or Cp).

(i11) Under conditions (i) and (ii), the total contributions of a poor subject and a
rich subject at (Cp, Cg) are Yi—; Cp and Y,[_; Ck (, respectively. Thus, the payoffs for
a poor subject and a rich subject are fp;(Cp, Cr) = Ep — ¥{—; Cp and fr(Cp, Cr) = Eg —
Y, Cry respectively.

Now suppose that a poor subject j deviates from the GRIM in period t. Clearly,
this player has no incentive to increase Cp; because this cannot lead to a higher payoff.
Thus, we only need to consider that this player decreases Cp to 0. In this case, the
group fails to meet the target and the maximum expected payoff for subject j is
fp;(Cp;’|Cp, CR) = (1 — rp)(Ep — Zf_] Cpy). Thus, the poor subject j will not deviate in
period t if fp;(Cp, CR) = fp;(Cp;’|Cp, Cr), which is equivalent to rpEp = rp XE_] Cp +
YE, Cp k- Similarly, the rich subject will not deviate in period t if rREg = rg PO Crx +
Yr—; Crx. By the one-shot deviation principle, (Cp, Cg) is a SPNE if all players have
no incentive to deviate in any period. This requires rpEp > rp Yi_1 Cpx + Yi_, Cpx and
rRER = rp X522 Cric + i Cry for all t=1,..,T. Thus, (Cp,C}) is a SPNE if

T T
2t=1Cp < rpEp and X¢—; Cg¢ < rgEr. U



Since the payoffs of poor and rich subjects at a QSPNE depends only on their total
contribution, we may characterize their strategies by their total contributions ij =
¥, Cpjr and Cg = ¥{_; Cry, respectively. Theorem S1 implies that at a QSPNE, rich
and poor subjects contribute at most rg and rp of the initial endowment, respectively.
Notice that since C/s + 5C; = 10(1/s + 1)T at a cooperative QSPNE, the QSPNE
exists only if 10(1/s + 1)T < rgEr/s + 5rpEp. In Control 1, 2, 5, and 6 (i.e.,
(T,s,rg, rp) = (6,2,0.5,0.5),(6,3,0.5,0.5),(10,2,0.5,0.5) and (10,3,0.5,0.5) ),
rrEr/s + 5rpEp is exactly 10(1/s + 1)T. Therefore, there is a unique class of
cooperative QSPNE (C;, Cfi) = (rpEp, rgrER) = (2T, 10T), where at this QSPNE
each subject contributes half of its initial endowment. In Control 3 and 4 (i.e.,
(T,s, rg, rp) = (6,3,0.5,0.7) and (6,3,0.7,0.7) ), 10(1/s + 1)T < rgEg/s + 5rpEp .
Thus, these games exhibit multiple cooperative QSPNE, where the classes of QSPNE
in Control 5 (or Control 6) can be denoted by (C}*;, Cf{) with C; < rpEp = 2.8T, C*R <
rrEgr = 10T (or 14T), and C%/s + 5C; = 10(1/s + 1)T. In particular, the QSPNE in
Control 1, 2, 5, and 6 (C;, Cfi) = (2T, 10T) are also QSPNE in Control 3 and 4.

3.2. Treatment

We follow closely the goals of the experimental design, namely, that in the
experiment, rich subjects may employ FI to 1) incentivize poor subjects to invest in
ER, this way 2) encouraging them to contribute in subsequent periods.

In line with SI Note 2.2 above, we capture the first effect by defining a rich
subject's strategy as (Cg 1, ..., Cr 1,11, -.., I, Dr 1, Dr 7—1), Where I is the contribution
to FI in period t. Specifically, poor subject j receives I;Cpj ¢/ >, Cpk in period t.
Thus, a defective poor subject who contributes 0 does not receive anything. In addition,
we assume that no more contributions to FI take place when the group reaches the
target, because in this case no further contribution is needed.

To capture the second effect, we define a poor subject j's strategy as
(Cpj,1, > Cpj,1, Dpj,1, Dpjr—1, Lpj1, -, Lpjr) . Like Dpj¢, Lpj, is also a contribution
threshold. Specifically, subject j contributes Cp; in period t only if the total ER in the
previous t — 1 periods in not less than Dpj_; and the total amount contributed in the
FI stage in period t, Iy, is not less than Lpj,. If X—; (Cry/S + Zf;l Cpjx) < Dpj or

I < Lpjs, then the poor subject will contribute 0 in period t and all later periods.



The defective SPNE (Cp, C) (denoted by Cpj = 0 and Cry = O for all j and t)
and the cooperative QSPNE (denoted by Y{_; Cp;, = Cp, If = 0, ¥ {_; Cg, = Cg and
Lpj = 0 forall j and t from Theorem 1) in Control remain SPNE in Treatment. Besides
these two classes of SPNE, Treatment also exhibits a new class of cooperative QSPNE
that we designate as incentive QSPNE (Cp", Cg"), where only poor subjects contribute
to ER and the rich subject incentivizes poor subjects by contributing to FI. Specifically,
a rich subject’s strategy at an incentive QSPNE has the form Cg =
O,..,0,1I1%, ..., 17, DR’1, DR'r—1) with If* > 0 for all t =1, ..., T. In contrast, a poor
subject at an incentive QSPNE should not contribute the maximum possible in the early
periods of the game, because they will not get any incentive once the group attains the
goal. Furthermore, we assume that poor subjects will stop contributing once the ER
target is reached. Therefore, the total contribution of a poor subject at an incentive
QSPNE should be D = 2(1/s + 1)T, and the QSPNE strategy for a poor subject can
be denoted by Cp* = (C5y, ..., Cp'r, Dpy, Dpir—1, Lpy, -, Lpp) with ¥, 5%, = D and
Cpy >O0forallt=1,..,T.

Let us now discuss for which values of Cx" and Cp' the strategy pair of poor and

rich subjects is a QSPNE.

Theorem S2. A strategy profile (Cp", Cg") with Cxy =0, Cp, If* > 0 for all t =
1,..,T is a SPNE for the Treatment game if (i) 5X{-; Cp;; = D, (ii) Dxy, Dpi <
5 ko1 Cpi forallt=1,..,T—1, (iii)) [* =Ly, forallt=1,..,T, (iv) T, [[* <
rrEr , 2t1(Cpy — I7*/5) < rpEp, and II* <5Cp, for all t=1,..,T. At this
equilibrium, payoffs for poor and rich subjects are fp;(Cp*, Cx") = Ep — Y=, (Cpy —
I;*/5) and fr(C*, Cx") = Eg — Yoz, It*, respectively.

Proof: The proofs for Conditions (i) and (ii) are similar to the proofs for Theorem S1
(1) and (i1). We next prove conditions (iii) and (iv).

(iii) On the one hand, if If* < Ly}, i.e., the incentive in period t does not meet the
contribution threshold, and thus poor subjects will not contribute in period t and later
periods. From condition (i), the group will fail to reach the target. In this case, the rich
subject can get a higher payoff by deviating to the defective strategy C3.

On the other hand, if I{* > Lp, i.e., the incentive in period t is higher than the

contribution threshold, the rich subject can get a higher payoff by decreasing I{* to L.



Thus, at an incentive SPNE, we must have If* = Ly forallt =1,..., T.

(iv) Under conditions (i), (i), and (iii), the total contributions of a poor subject and
arich subject at (Cy', Cy*) are Y.{_; Cp; and Xi—, I{*, respectively. Thus, the payoffs for
a poor subject and a rich subject are fp;(Cy", Cg") = Ep — Xi_1(Cpy — I1*/5) and
fr(Ch, Cx) = Eg — XL, I}*, respectively.

We first suppose that the rich subject deviates from the GRIM in period t. Clearly,
this player no incentive to increase I{* because this cannot lead to a higher payoft. Thus,
we only need to consider that this player decreases I{* to 0. In this case, poor subjects
will not contribute and the group will fail to meet the target. The maximum expected
payoff for the rich subject would be g (Cp*, C") = (1 — rg)(Eg — Xy 1I)- Thus, the
rich subject will not deviate in period t if fr(Cp", CR) = fr(Cp", CR"), which is
equivalent to rgEg = rp Xh2h I + Yho I

Now suppose that a poor subject j deviates from the GRIM in period t. If this
player increases Cp to Cpj,', he/she will get If*Cp;.'/(Cp;t + 4Cp’) from FIL Thus,
the payoff change is

fp; (C5", C&) — fpi (Cpy’
= —Cpy +1{"/5— (—Cfvj,t + I;*CPj,t/(CPj,t +4C5%))
= (Chje — Co[1 — 1" /5(Cpje/4 + Ci)]. (S3)
Notice that fpj(Cp’, CR") — fp; (Cp]',

k% k%
Cp, Cr

C;,Cy) >0 for I;* < 5Cpy ; increasing Cp

cannot lead to a higher payoff. In contrast, if subject j decreases CpY to 0, the group will

fail to meet the target and her/his maximum expected payoff is fpj(CP]', Cp,CR) =
(1 —rp)(Ep — X2 (Chx — I§/5)). Thus, the poor subject j will not decrease the

contribution in period t if fp;(Cp", CR") = fp]-(Cp]-'

Cp', CR'), which is equivalent to
rpEp = 1p Xt (Coke — 1/5) + Xiee(Cox — I /5).

By the one-shot deviation principle, (Cp", Cg") is a SPNE if all players have no
incentive to deviate in any period. This requires rgEg = rg YL A I + IF_ [, I;* <
5Cp, and rpEp = 1p i (Chx — 117/5) + Ti—e(Chie — 17 /5) for all t=1,...,T.
Thus, (C5", Cy") is a SPNE if X{_; Ii* < rgEg, X{-1(Cpe — I;*/5) < rpEp, and I{* <
5Cpi forallt=1,..,T.

Since the payoffs of poor and rich subjects at a SPNE depend only on Y, Cpt



and Y_,I;*, we may characterize their strategies by parameters CP]- =YL, Cpjt »
=YL, Crt» and [ = YL, I,. With these notations, the strategies for poor and rich
subjects at the incentive QSPNE can be denoted by Cp* = 2(1/s + 1)T, Ci = 0, and
I** with 10(1 — 2rp + 1/s)T < I** < 20rgT.

Supplemental Note 4. Evolutionary stability of Nash equilibria
4.1. The Control Case

Following SI Note 3 above, we now discuss the evolutionary stability of the
equilibria found there. In Control we identified, besides the defective SPNE, a class of
cooperative QSPNE. Specifically, Control 1, 2, 5, and 6 have a unique cooperative
QSPNE (Ci‘;, Ci‘i) = (2T, 10T), while Control 3 and 4 can have multiple equilibria. In
this section, we focus on the cooperative QSPNE (Ci‘;, (A:fi) = (2T,10T) and the
defective SPNE (C9, C2) = (0,0).

Suppose that poor subjects have two strategies A;: Cp = 2T and A,:Cp = 0, and
rich subjects have two strategies B;: Cg = 10T and B,:Cg = 0. Thus, (A4, B;) and
(A,, B,) correspond to the cooperative QSPNE and the defective SPNE, respectively.
Let us denote the frequencies of strategies A; and B; in poor population and rich
population by x and y, respectively. At each time step, 1 rich subject and 5 poor subjects
are randomly chosen to form a 6-person T-period Threshold Public Goods Dilemma. A
poor subject using strategy A, can always get 4(1 — rp) each period no matter the
group composition. But a poor subject using strategy A, gets 2 each period if and only
if the other 4 poor subjects are also using strategy A; and the rich subject is using
strategy B;. To be precise, the single-period expected payofts for a poor subject using

strategy A has the form

FoAs %) = Zioo () X1 = 0K [yfp(As; KB + (1= 9)p(Assk By, (S6)
where fp (A1 i Bj) is the single-period expected payoff for a poor subject playing A,
in a group with k other poor subjects playing A; and the rich playing B;. Consequently,
fp(Al; k, B]-) = 2 onlyif k = 4 and j = 1; otherwise fp(Al;k, B]-) = 1. Thus,

Plaixy) = ) () ¥50=0" Ky + 1= yI+ 2y +x* (1L ~)

4 _
=Yt (k) xK(1 —x)* K+ xty =1+ x%y. (S7)



Analogously, a rich subject using strategy B, can always get 20(1 — rg) each period,
and a rich subject using strategy B gets 10 each period only if all the 5 poor subjects
are using strategy A;. The single-period expected payoffs for a rich subject using

strategy B, has the form

. 5 R

f(Biix) = Zico () X1 = 0° M (By; ), (S8)
where fz (By; k) is the single-period expected payoff for a rich subject playing B; in a

group with k poor subjects playing A;. Specifically, fr(B;; k) = 10 for k = 5 and
fr(By; k) = 5 for k = 0,1,2,3,4. Thus,

4
fr(By;x) = Z (i) 5xX(1 — x)> K + 10x5
k=0

= 55, (D)5 -5k 5xE =54 5x% (39)

The replicator dynamics equations for this asymmetric game read

&= x(1— )1+ x*y — 4(1 — 1p)),

;‘; (S10)

¥ = 5y(1 =P +x° — 4(1 - w),
where both the cooperative QSPNE (x,y) = (1,1) and the defective SPNE (X,y) =
(0,0) are equilibria of the replicator dynamics.

In Control 1, 2, 5, and 6, the payoffs of the cooperative strategies A; and B; are
almost always lower than those associated with the defective strategies A, and B, i.e.,
the cooperative QSPNE (A;,B;) is (weakly) dominated by the defective SPNE
(A,,B,) . In these cases, the defective SPNE (x,y) = (0,0) is the only stable
equilibrium and any initial state with x # 1 and y # 1 will converge to it (left panel in
Figure S1). In Control 3, strategy B; is dominated by B,. Therefore, the defective
SPNE (x,y) = (0,0) is the only stable equilibrium (center panel in Figure S1). Finally,
in Control 4, the cooperative QSPNE (x,y) = (1,1) and the defective SPNE (x,y) =
(0,0) are both stable, exhibiting a narrow basin of attraction towards to the cooperative
QSPNE (right panel in Figure S1). These results confirm that increasing the risks of

failure for both rich and poor subjects promote ER.

4.2. Treatment

As shown in SI Note 3 above, we identified Treatment has three classes of SPNE
in treatment: The cooperative QSPNE, the defective SPNE and the incentive QSPNE.
Since the cooperative QSPNE is dominated by the defective SPNE in Control 1, 2, 5,



and 6 and is unstable in Control 3, we shall only consider here the competition between
the defective SPNE and the incentive QSPNE. We keep here the same level of analysis
carried out in the Control.

Suppose that poor subjects have the following two strategies A;: Cp = 2(1/s +
1)T and A,: Cp = 0. While rich subjects have the following two strategies Bj :
(CR, T) = (0,1*) and B,: (CR, T) = (0,0). Let us denote the frequencies of strategies
A; and B; in poor population and rich population, respectively, by x and y. A poor
subject using strategy A, can always get 4(1 — rp), which is independent of x and y. In
contrast, a poor subject using strategy A; will contribute on average 2(1/s + 1) each
period if the rich subject is using strategy B;, and do not contribute if the rich subject
is using strategy B,. In contrast, a rich subject using strategy B; will contribute ["* =
[**/T each period. Thus, the single-period expected payoffs for a poor subject using
strategy A, is given by

FoAsi %) = Zioo () X1 = 0 M [yfo(As kB + (1 = »)ip(Assk BY], (S11)
where fp(A;;k By) =2(1—1/s)+1*/5 for k=4, fp(A;kB)=1—1/s+
["*/(2 + 2k) for k =0,1,2,3 (i.e., k+ 1 poor subjects using strategy A; share the
contribution I"), and fp(A;; k, B,) = 4(1 — rp) for all k. We obtain

Bp(AsxY) = Zi 0 (2) ¥t = 0* Ky = 1/s + 1/ + 2) + 401
—rp)(1 =] +x*y(2(1 - 1/5) +1"/5) + 4(1 — rp)x*(1 —y)
=4(1—-rp)(1 —y) + (1 — 1/s)y(1 + x*) + I**y[1 + x> — (1 — x)°]/(10x).
(S12)
Analogously, a rich subject using strategy B, can always get 20(1 — rg) each period,

and the single-period expected payoff for a rich subject using strategy B; depends on

the number of poor subjects using strategy A,, which is given by
R 5 i
f(Biix) = Bioo () ¥(1 = 0° ¥ (B1; ), (813)

where fz(B;; k) = 20 — I** for k = 5, and fz(B;; k) = 10 — I**/2 for k = 0,1,2,3,4.

Thus, we obtain

fr(By;x) = 10 = I**/2 + [10 — I** /2]x°. (S14)
The resulting replicator dynamics equations read
S = x(1 - 0y[—4(1 —1p) + (1 = 1/5)(L + x4 + I [1 +x° — (1 —x)%]/(10)],

2= y(1 - y)[10(2rg — 1) — 1"/2 + [10 — 1" /2]%°],



(S15)
The incentive QSPNE (x,y) = (1,1) is locally asymptotically stable if 10(1 — 2rp +
1/s) < I"* < 20rg, and the defective SPNE (x,y) = (0,0) is unstable if 6 — 8rp +
2/s < I"*. Thus, larger rg and rp lead to an increase in the stability of the incentive
QSPNE. It is worth noting that, Eq.(S15) is independent of T, which means that, at this
level of analysis, the effectiveness of FI is not affected by the number of periods but
depends on the average incentive per period I"*. From the first equation of Eq.(S15),

the direction of evolution of x is independent of y. Furthermore, increasing the I"™* and

rp will promote an increase of contributions by poor subjects. For small [ and rp, d—)t( <
. . * % : * * d
0 for all x. For intermediate I~ and rp, there may exist 0 < x; < x; < 1 such that d—)t( >
* * d * * *% d
0 for x < xj and X > x5, and d—)t( < 0 forx] <x<Xx,. For large I'" and rp, d—)t( > 0 for

D d
all x. On the other hand, the second equation indicates that d—i’ > 0 for x > x* =

—20(2rg-1\ /5 . ) ) . - . )
(W) with x** an increasing function of I "and a decreasing function of rg.
Thus, as shown in SI Figure S2, most trajectories starting from x > x™* will converge

to the incentive QSPNE for 10(1 — 2rp + 1/s) < I"* < 20rp.

Supplemental Note 5. Data analysis

SI Table S1 shows the total ER and average relative contributions of rich and poor
subjects in different groups. In Control and Treatment with (rr, 1p)=(0.5,0.5), the
differences obtained for the total ER when comparing experiments with s=2 and s=3 as
well as T=6 and T=10 are not statistically significant. The same occurs when we
compare the contributions of the poor to ER and of the rich to FI (see SI Table S2).
Similarly, in Control and Treatment sessions with (T,s)=(6,3), the differences in total
ER among experiments with (rr, rp) = (0.5,0.5), (0.5,0.7), and (0.7,0.7), respectively,
are not statistically significant. Furthermore, only increasing the risk of poor subjects
does not affect the behaviours of the rich and poor, but increasing the risk of rich
subjects could encourage them to contribute more to ER in Control and FI in Treatment
(see SI Table S3).

Altogether, the total ER in Control is significantly below the target, whereas the
total ER in Treatment is not statistically different from the target (see SI Table S1).

These results show that FI constitutes a robust mechanism of promoting ER.



Specifically, poor subjects contribute significantly more in Treatment compared to
Control (two-side Mann-Whitney U-test, p-values <0.001). In contrast, rich subjects
contribute significantly less to ER in Treatment compared to Control (two-side Mann-
Whitney U-test, p-values <0.001), but the total contributions (i.e., ER+FI) are
significantly higher compared to Control (two-side Mann-Whitney U-test, p-values
<0.001). Finally, the wealth of poor subjects at the end of the game in Treatment is
significantly higher compared to Control, which means that FI effectively reduces the

net ER cost of poor subjects (two-side Mann-Whitney U-test, p-values <0.001).

Supplemental Note 6. Robustness test

To test the robustness of the results, namely, to which extent the presence of more
than 1 rich subject in each group may affect the performance of FI, we carried out 2
additional sessions of experiments (Control 2R and Treatment 2R), involving 5 groups
of 12 subjects. In the Control 2R and Treatment 2R sessions, each group has 2 rich
subjects and 10 poor subjects. Results of the experiments show that having more than
one rich subject in the group will contribute to “dilute” each one’s responsibility,
rendering coordination towards the goal more difficult. As shown in SI Table S4, all the
5 Control groups failed, and only 1 out of the 5 Treatment groups successfully reached
the target. Although adding the FI still improves both ER and the rates of success, both
quantities are lower compared to groups of half the size and with 1 rich subject only.
Besides the group size effect that also contributes to render more difficult the
probability of success, it is worth pointing out that, in the only group that reached the
target under Treatment, both rich subjects contributed about half of their endowment to
FI. On the other hand, in failed groups, rich subjects either free-rode or contributed
more to ER rather than FI (SI Figure S5). This suggests that it is crucial that rich

subjects assume their role and responsibility for the success of global ER.
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Figure S1. Control: Evolutionary dynamics of (Q)SPNE Strategies. The arrows
indicate the direction of the gradient of selection whose projections, at any point in the
phase space (x,y) — where x represents the fraction of poor subjects playing strategy
B1=2T and y the fraction of the rich playing strategy A1 =10T — are given by the right
hand sides of SI Eq.(S10). Each panel corresponds to different values for rr and rp as
indicated. The colour scale shown applies to the rate of change of the evolutionary
dynamics that fills the background of the plot. Note that, in this analysis, group
compositions always have a single rich subject and 5 poor subjects. The defective
SPNE (A, By) is globally stable in the left and the center panels. However, as risk goes
up (both for the poor and for the rich) the stability of this defective SPNE weakens, and
the cooperative QSPNE becomes stable in the right panel.
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Figure S2. Treatment: Evolutionary dynamics of (Q)SPNE Strategies. We use the
same conventions of SI Figure S1 (in all cases rr = rp = 0.5). Each corner of the phase
space corresponds to a pair of strategies. The defective SPNE (A2, B2) =(0,0) is always
locally stable. For the average incentive per period I** > 10/s, the incentive QSPNE
(See Methods and SI Eq.(S15)) becomes locally stable.
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Figure S3. Percentage values for total ER and contributions to ER and FI of each
group. We use the same notation and conventions as in Figure 2 and Figure 3 of main

text. Upper panels: Control. Lower panels: Treatment.
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Figure S4. Correlation between ER of the poor and FI of the rich at the group
level. We analyze the correlation between the contribution to ER by the poor and the
contribution to FI by the rich through linear regression and Pearson correlation. (a) The
correlation between the contribution of rich subjects to FI in the FI stage in period t
and the total contributions of poor subjects to ER in the ER stage of the same period.
(Y=6.26+0.59X, F-test, R>=0.64, p-value<0.001; Pearson correlation coefficient is
0.7986). (b) The correlation between the total contributions of poor subjects to ER in
the ER stage in period t and the contribution of rich subjects to FI in the FI stage in
period t+ 1 (Y=0.94+0.78X, F-test, R>=0.25, p-value<0.001; Pearson correlation
coefficient is 0.5015). Comparisons between regression results and Pearson correlation
coefficients for the two situations suggest that it is more reasonable that the FI starts

being smaller first and then the poor ER follows.



Control Treatment

140% 140%;

120% 120%-

W%t- — — g — — — — — — — — — — —

8
8

80%

g
R

60%

@
I+
ES

Contribution

40%

B~
2
ES

20% 20%

0% -

0% U
1 2 3 4 5 1 2 3 4 5

Group ID
[JER IPoor ER [llRichl ER [JRich2 ER [lRichl FI [_]Rich2 FI

Figure S5. Average percentage values for total ER and contributions to ER and
FI in Control 2R and Treatment 2R. We use the same notation and conventions as in

Figure 2 and Figure 3 of main text. Left panel: Control. Right panel: Treatment.
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Figure S6. Screen shots of experimental

Current round: 1 Left time: 60 Remaining points: 40
Last round
—_— Emission 2 “This round
Contribution | ction | "™="® | The total incentive in the
Rich country first stage = 10
Dedide your contribution:
Foor country A(me]

Ty Alme} Qo 01 Oz O3 Oa
Poor country &
Poor country C
Poor country D
Poor country E

interfaces. All screenshots refer

to

Treatment with T=10-period, used here as an example. Interface of rich subjects in the

FI stage (top) and in the ER stage (middle), and poor subjects in the ER stage (bottom).

Left panels provide screenshots of the original interface (in Chinese), whereas right

panels provide direct English translations.



Supplemental Tables

Type Poor Rich

Control/Treatment Total ER | ¢ontribution FI Wealth | Contribution | Contribution | Wealth

(T, s, v, 17) in ER received | atend in ER in FI at end
Control 1 (6, 2, 0.5, 0.5) 75%** 34% - 67% 46% - 54%
Treatment 1 (6, 2, 0.5, 0.5) 100% 70% 64% 94% 11% 64% 25%
Control 2 (6, 3, 0.5, 0.5) 79%* 35% - 65% 54% - 46%
Treatment 2 (6, 3, 0.5, 0.5) 96% 61% 59% 97% 8% 59% 33%
Control 3 (6, 3, 0.5, 0.7) 88%* 40% - 60% 58% - 42%
Treatment 3 (6, 3, 0.5, 0.7) 92% 58% 44% 86% 11% 44% 45%
Control 4 (6, 3, 0.7, 0.7) 90%* 37% - 63% 68% - 32%
Treatment 4 (6, 3, 0.7, 0.7) 105% 69% 64% 95% 4% 64% 32%
Control 5 (10, 2, 0.5, 0.5) 88%* 35% - 65% 62% - 39%
Treatment 5 (10, 2, 0.5, 0.5) 96% 65% 54% 89% 13% 54% 33%
Control 6 (10, 3, 0.5, 0.5) T1%** 32% - 68% 45% - 55%
Treatment 6 (10, 3, 0.5, 0.5) 98% 64% 57% 93% 3% 57% 40%
Control 1to 6 82%** 36% 65% 56% 44%
Treatment 1 to 6 98% 65% 57% 92% 8% 57% 35%

Table S1. Total ER and average relative contributions in different types of
experiments. The second column gives the percentage values (relative to the target
ER) in each game. The statistical results of two-side Wilcoxon signed rank test indicate
that the total ER in Treatment groups is not significantly different from the target. P-

value<0.05 and <0.01 are indicated by * and **, respectively. Values provided for the

poor and for the rich are represented as the fraction of their initial endowments.




(rr, rp) = (0.5,0.5) Type (6,2) vs (6,3) |(10,2) vs (10,3) | (6,2) vs (10,2) | (6,3) vs (10,3)

Control 0.623 0.089 0.151 0.427

Total ER
Treatment 0.791 0.384 0.910 0.520
Control 0.705 0.650 0.521 0910

Poor ER
Treatment 0.045 0.345 0.385 0.570
Control 0.449 0.121 0.121 0.344

Rich ER
Treatment 1.000 0.052 0.616 0.114
Rich FI Treatment 0.325 0.940 0.241 1.000

Table S2. p-values of two-side Mann-Whitney U-test. In each of Control and

Treatment with (rr, 1p)=(0.5,0.5), the differences in total ER in experiments with s=2

and 3 as well as T=6 and 10 are not statistically significant, the same occurring for the

contributions of the poor and the rich to ER and of the rich to FI.




(T, s) = (6, 3) Type (0.5,0.5) vs (0.5,0.7) | (0.5,0.5) vs (0.7,0.7) | (0.5,0.7) vs (0.7,0.7)

Control 0.650 0.406 0.734

Total ER
Treatment 0.880 0.880 0.150
Control 0.272 0.569 0.254

Poor ER
Treatment 0471 0.160 0.048*
Control 0.623 0.041* 0.112

Rich ER
Treatment 0.668 0.668 0.284
Rich FI Treatment 0.059 1.000 0.010*

Table S3. p-values of two-side Mann-Whitney U-test. In each of Control and

Treatment groups with (T, s)=(6, 3), the differences in total ER in experiments among

(rr, rp) = (0.5,0.5), (0.5,0.7), and (0.7,0.7) are not statistically significant. In addition,

when both rich and poor subjects have higher risks, rich subjects contribute more to ER

in Control, and rich subjects contribute more to FI and poor subjects contribute more

to ER in Treatment. P-value<0.05 is indicated by *.




Poor Rich
Successful
Type Total
(T. s. 1w, 19) groups/ gRr | Contribution FI Wealth | Contribution | Contribution | Wealth
Total groups in ER received at end in ER in FI at end
Control 2R (6,3,0.5,0.5) 0/5 78% 34% - 66% 55% - 45%
Treatment 2R (6,3,0.5,0.5) 1/5 86% 50% 33% 83% 24% 33% 43%

Table S4. Total ER and average relative contributions in Control 2R and

Treatment 2R. The second column shows the number of successful groups and the

total number of groups employed. The third column gives the percentages relative to

the target ER values in each game. Values provided for the poor and for the rich are

represented as the fraction of their respective initial endowments.




Type and number Parameters (Nr=1, Np=5)
(QNE
of groups T S ER Ep D TR Ip
Control 1 10 (Cg = Cp = 0);
6 2 1120 24 | 90 | 0.5 ] 0.5
Treatment 1 | 10 (Cgr = 10T, Cp = 2T)
Control 2 10 (Cg = Cp = 0);
6 3 120 24 | 80 | 0.5 | 0.5
Treatment 2 | 10 (Cr = 10T, Cp = 2T)
Control 3 10 (Cr = Cp = 0);
6 3 120 | 24 | 80 | 0.5 | 0.7
Treatment 3 | 10 (Cr = 10T, Cp = 27T)
Control 4 10 (Cr = Cp = 0);
6 3 120 | 24 | 80 | 0.7 | 0.7
Treatment 4 | 10 (Cr = 10T, Cp = 27T)
Control 5 10 (Cgr = Cp = 0);
10 2 1200 40 | 150 0.5 ] 0.5 _ _
Treatment 5 | 10 (Cr = 10T, Cp = 2T)
Control 6 | 10 (CR=Cp =0);
10 3 1200] 40 | 133 ]| 05| 0.5
Treatment 6 | 10 (Cr = 10T, Cp = 2T)

Table S5. Details of experimental settings. Each group consists of 6 subjects, 1 rich
subject and 5 poor subjects. Er and Ep are the initial endowments of a rich and a poor
subject, respectively. D is the ER target, T is the number of periods, and s is the
abatement cost factor for the rich. If a group fails to reach the target, rich and poor
subjects will lose all of their savings with probability rr and rp, respectively. Let Cg and
Cp denote the total contributions of a rich and a poor subject in a T-period game,
respectively. All settings are predicted to exhibit similar equilibria structure: A non-
cooperative equilibrium, where no one invests (i.e., Cg = Cp = 0), and a cooperative
equilibrium, where both rich and poor subjects invest half of their endowments (i.e.,
Cr = 10T, Cp = 2T). In addition, Control 3 and 4 can have multiple cooperative
equilibria, and Treatment groups also exhibit a class of incentive equilibria, where only

the poor invest in ER whereas the rich contribute solely to FI.



Experiment

Parameters

Average values
and standard
deviations

Period 1

Period 2

Period 3

Period 4

Period 5

Period 6

(6,2,0.5,0.5)

AV of poor ER

0.385

0.390

0.340

0.360

0.315

0.220

SD of poor ER

0.074

0.114

0.116

0.086

0.160

0.155

AV ofrich ER

0.525

0.465

0.525

0.440

0.370

0.440

SD of rich ER

0.075

0.187

0.087

0.246

0.313

0.383

(6,3,0.5,0.5)

AV of poor ER

0.395

0.370

0.435

0.295

0.305

0.295

SD of poor ER

0.082

0.121

0.090

0.119

0.154

0.180

AV of rich ER

0.540

0.630

0.555

0.600

0.635

0.285

SD of rich ER

0.092

0.216

0.324

0.265

0.246

0.385

Control

(6,3,0.5,0.7)

AV of poor ER

0.410

0.440

0.395

0.370

0.355

0.400

SD of poor ER

0.111

0.077

0.079

0.133

0.163

0.216

AV of rich ER

0.525

0.550

0.545

0.500

0.655

0.710

SD of rich ER

0.108

0.195

0.207

0.291

0.289

0.311

(6,3,0.7,0.7)

AV of poor ER

0.370

0.385

0.380

0.365

0.345

0.400

SD of poor ER

0.071

0.084

0.090

0.148

0.162

0.116

AV of rich ER

0.520

0.640

0.665

0.770

0.740

0.725

SD of rich ER

0.040

0.118

0.157

0.178

0.296

0.384

(6,2,0.5,0.5)

AV of poor ER

0.705

0.755

0.675

0.730

0.660

0.675

SD of poor ER

0.140

0.106

0.142

0.219

0.200

0.214

AV of rich ER

0.125

0.105

0.055

0.130

0.120

0.120

SD of rich ER

0.223

0.165

0.091

0.282

0.194

0.239

AV of'rich FI

0.640

0.675

0.670

0.680

0.570

0.580

SD of rich FI

0.201

0.178

0.154

0.286

0.286

0.311

(6,3,0.5,0.5)

AV of poor ER

0.630

0.635

0.605

0.675

0.660

0.480

SD of poor ER

0.125

0.192

0.215

0.187

0.203

0.299

AV of rich ER

0.015

0.010

0.080

0.085

0.130

0.145

SD of rich ER

0.045

0.030

0.158

0.148

0.234

0.299

AV of'rich FI

0.590

0.635

0.580

0.650

0.635

0.445

SD of rich FI

0.214

0.236

0.212

0.184

0.158

0.378

Treatment

(6,3,0.5,0.7)

AV of poor ER

0.585

0.555

0.580

0.675

0.580

0.490

SD of poor ER

0.170

0.215

0.183

0.159

0.200

0.228

AV of rich ER

0.105

0.100

0.065

0.135

0.080

0.160

SD of rich ER

0.140

0.116

0.107

0.227

0.114

0.244

AV of'rich FI

0.520

0.465

0.450

0.550

0.465

0.175

SD of rich FI

0.198

0.286

0.266

0.285

0.192

0.225

(6,3,0.7,0.7)

AV of poor ER

0.370

0.385

0.380

0.365

0.345

0.400

SD of poor ER

0.071

0.084

0.090

0.148

0.162

0.116

AV of rich ER

0.520

0.640

0.665

0.770

0.740

0.725

SD of rich ER

0.040

0.118

0.157

0.178

0.296

0.384

AV of rich FI

0.655

0.690

0.715

0.770

0.715

0.590

SD of rich FI

0.113

0.170

0.095

0.095

0.074

0.226

Table S6. Details of the 6-period experiments. Average relative contributions and the
corresponding standard deviations.




Experiment

Parameters

Average
values and
standard
deviations

Period
1

Period
2

Period
3

Period
4

Period
5

Period
6

Period
7

Period
8

Period
9

Period
10

(10,2, 0.5,
0.5)

AV of poor
ER

0.355

0.400

0.405

0.335

0.370

0.345

0.350

0.315

0.335

0.315

SD of poor
ER

0.042

0.134

0.115

0.112

0.162

0.160

0.100

0.134

0.182

0.182

AV of'rich
ER

0.560

0.545

0.530

0.550

0.630

0.515

0.615

0.640

0.895

0.730

SD of rich
ER

0.151

0.079

0.100

0.092

0.200

0.276

0.316

0.301

0.152

0.385

Control

(10,3, 0.5,
0.5)

AV of poor
ER

0.410

0.400

0.345

0.325

0.320

0.375

0.325

0.270

0.255

0.205

SD of poor
ER

0.099

0.095

0.146

0.135

0.158

0.165

0.152

0.162

0.162

0.171

AV of'rich
ER

0.490

0.505

0.520

0.520

0.490

0.450

0.355

0.440

0.330

0.440

SD of rich
ER

0.308

0.272

0.282

0.346

0.317

0.277

0.320

0.254

0.372

0.444

(10,2, 0.5,
0.5)

AV of poor
ER

0.680

0.655

0.645

0.605

0.650

0.675

0.660

0.670

0.645

0.625

SD of poor
ER

0.105

0.181

0.144

0.217

0.202

0.218

0.200

0.215

0.243

0.276

AV ofrich
ER

0.075

0.070

0.120

0.100

0.130

0.120

0.100

0.090

0.105

0.430

SD of rich
ER

0.098

0.108

0.194

0.184

0.205

0.199

0.167

0.164

0.203

0.415

AV of rich FI

0.535

0.555

0.570

0.530

0.550

0.620

0.565

0.585

0.590

0.330

SD of rich
FI

0.237

0.295

0.269

0.261

0.210

0.230

0.249

0.228

0.301

0.354

Treatment

(10,3, 0.5,
0.5)

AV of poor
ER

0.680

0.655

0.645

0.605

0.650

0.675

0.660

0.670

0.645

0.625

SD of poor
ER

0.105

0.181

0.144

0.217

0.202

0.218

0.200

0.215

0.243

0.276

AV ofrich
ER

0.060

0.050

0.015

0.015

0.030

0.075

0.030

0.040

0.015

0.015

SD of rich
ER

0.137

0.100

0.045

0.045

0.090

0.160

0.075

0.083

0.045

0.045

AV of rich FI

0.645

0.710

0.630

0.660

0.645

0.625

0.555

0.570

0.545

0.130

SD of rich
FI

0.163

0.077

0.225

0.261

0.282

0.227

0.283

0.292

0.308

0.254

Table S7. Details of the 10-period experiments. Average relative contributions and
the corresponding standard deviations.
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