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a b s t r a c t

Small-scale gold mining is important to rural livelihoods in the developing world but also a
source of environmental externalities. Incentives for individual producers are the classic
policy response for a socially efficient balance between livelihoods and the environment.
Yet monitoring individual miners is ineffective, or it is very costly, especially on frontiers
with scattered small-scale miners. We ask whether monitoring at a group level effectively
incentivizes cleaner artisanal mining by combining lower-cost external monitoring with
local collective action. We employ a mining-framed, threshold-public-goods experiment in
Colombia's Pacific region, with 640 participants from frontier mining communities. To
study compliance with collective environmental targets, we vary the target stringency,
including to compare increases over time in the stringency versus decreases. We find that
collective incentives can induce efficient equilibria, with group compliance e and even
inefficient overcompliance e despite the existence of equilibria with zero contributions.
Yet, for demanding targets in which the reward for compliance barely outweighs the cost,
compliance can collapse. Those outcomes improve with past successes for easier targets,
however, so our results suggest gain from building coordination via graduated stringency.

© 2019 Elsevier Inc. All rights reserved.
1. Introduction

Small-scale gold mining (SSGM) is an important economic activity within the developing world, including for many poor
rural households living far out on the frontier. Yet it has many negative environmental consequences (Hinton, 2005; Hentschel
et al., 2003; Hilson, 2003). It is the world's largest mercury polluter, putting ~100 million people at risk (Wade, 2013), and a
leading driver of landscape change in environmentally critical regions such as the Amazon (Asner et al., 2013; Swenson et al.,
2011). Alluvial mining removes significant quantities of sand, gravel and rock, contributing to sedimentation and acidification of
important rivers that, in turn, carry emissions downstream, sometimes to large populations. In addition, open pits filled with
water can be sources of mosquito-borne diseases like malaria (Castellanos et al., 2016; Crompton et al., 2002).

Regulation has not addressed these issues on the frontier. Command-and-control policies suitable for interactions with
large firms have been applied to small-scale mining, despite states' inability to enforce for scattered small-scale miners
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(Hinton, 2005). This has yielded chaotic, open-access, poorly organized mining (Shoko, 2002). Further, unlike for common-
pool resourceswhere only local users are affected negatively by neighbors’ resource appropriations (e.g., Ostrom,1990), SSGM
generates distant externalities that do not motivate local communities to act collectively to reduce environmental impacts
(Saldarriaga-Isaza et al., 2013). Local rights alone, then, will not necessarily internalize most externalities from mining. Yet,
local interaction may aid governance.

Given the strengths and the weaknesses of state and local institutions for addressing such issues, we used a decision
experiment in the field to explore the impacts of a collective-rewards policy, for which success depends on local interactions.
Incentives are external, due to states or NGOs, yet rewards are conditioned on group compliance,1 using group metrics more
feasible or cheaper for non-locals to monitor. Thus, incentives are focused not on individuals but instead on groups (see
Kotchen and Segerson, 2019). Collective incentives create a local public good for such groups, so successes depend on the
group's ability to solve a policy-induced collective-action problem.2 Thus, pre-existing local norms, social capital, and prior
interactions should affect the outcomes. Even if miners are hard to monitor, observable aggregates (e.g., forest cover or water
quality) may still provide a sufficient basis for incentives which spur group interactions and compliance.

Our experimental design� drawing upon frontier fieldwork with miner interviews and surveys� is a threshold-public-
good experiment with 640 inhabitants of frontier mining communities in Colombia's Pacific region, one of the country's
poorest and also most biodiverse regions. We study group compliance and individual behaviors, while varying the stringency
of aggregate or group environmental targets. We compare different stringency sequences, specifically sequences with falling
stringency versus rising or graduated stringency. We find that collective rewards can induce efficient group compliance, and
even inefficient overcompliance, despite the existence of an equilibrium involving no contributions. For demanding targets, in
which collective rewards barely outweigh compliance costs, coordination and compliance can collapse completely. Yet, if a
group has succeeded previously, facing an easier target, that improves the outcomes formore demanding targets. This implies
the importance of building coordination via prior successful local interactions, supporting graduated stringency in the design
of such incentives. Our results indicate that such collective environmental incentives can support environmental-and-
economic local ‘win-wins’, based on lower-cost aggregate monitoring that can spur local collective action.

The paper is organized as follows. Section 2 discusses relevant literature, both theoretical and experimental. Section 3
describes our local setting, and Section 4 our experimental design and implementation. Section 5 presents our results and,
finally, Section 6 provides further discussion.
2. Relevant literature

2.1. Theory concerning collective incentives with environmental targets

When it is difficult or impossible to observe individual behavior or to infer it from the outcomes, and outcomes depend on
joint decisions by a group, there exists a moral hazard (Holmstrom, 1982). Such incentives to free ride arise in numerous
situations such as teamwork, contributions to public goods (e.g., paying taxes), the management of common-pool-resources
and non-point-source pollution. Each features a difference between individually and socially optimal actions. Some insti-
tution, exogenous or endogenous, is required to induce the socially optimal decisions.

Proposed institutions include incentives based on group performance. Levi (1988), for example, argues that states can
induce citizens to pay taxes through coercion (“compulsory compliance”), social norms (“voluntary compliance”), or ideology
backed by the use of coercion should a target not be collectivelymet (“quasi-voluntary”, conditional compliance). Even people
willing to pay voluntarily may require assurance that others also will pay in order for them to make payments. Public goods
based on group compliance can induce ‘quasi-voluntary’ coordinated compliance.

Despite relatively little attention to group performance in the environmental economics literature, groups feature inwater
quality, air quality, fisheries, and land use (Kotchen and Segerson, 2019). Non-point pollution in particular has been a key
focus for the theoretical development of group-based policies.3 A seminal paper by Segerson (1988) proposes a policy for
ambient quality with a fixed fine, or subsidy, plus an incentive proportional to the difference between pollution and, for
example, optimal emissions.4 This is analogous to Holmstrom (1982), where free riding on team or joint production can be
removed using incentives for collective compliance. In these schemes, a principal administers incentives that break the
1 Conditioning outcomes upon measurable aggregate behaviors follows other collective liability institutions such as microcredit in developing coun-
tries�where banks cannot monitor households (Armend�ariz de Aghion and Morduch, 2005) e and related designs for moral hazard in groups (Holmstrom,
1982), for non-point source pollution (Segerson, 1988; Xepapadeas, 1991) and for threshold public goods (e.g., Bagnoli and McKee, 1991; Cadsby and
Maynes, 1999).

2 Using rewards, as for poor developing frontiers, sanctions might yield social unrest. SSGM is a subsistence activity for most rural poor, thus it is hard to
expect them to incur additional cost based on their choices. Collective rewards can include financial transfers, as within PES, official permits for miners in a
village, certifications for associations (Fairmined Standard) or funding for local development projects such as for roads, schools, and productive activities.

3 Kotchen and Segerson (2019) discusses several types of group-performance policies in a unifying framework. Examples include entire industries
threatened with costly regulations or taxes if they fail to meet pollution control targets voluntarily; regulations to protect air or water based on ambient
rather than individual pollution; payments for ecosystem services made to groups or communities; total allowable catch of bycatch limits, among others.

4 Different values for parameters within this policy generate the different options for collective incentives instruments: a pure ambient tax-and-subsidy
scheme, a pure ambient tax scheme, a group fine (or subsidy), or a mixed scheme.
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budget-balance constraint.5 Xepapadeas (1991) adds to this toolbox a random fine with subsidies, which can avoid breaking
the budget balance.

A key feature of group-performance policies is that they create a local public good for the group, since getting the reward
or avoiding the sanction depends on group interactions and expectations. If expecting others to contribute, one may comply.
This may be pivotal in collective compliance. Yet, if others contribute enough, then one might prefer to free ride. Group
responsibility for such collective targets may induce agents to jointly ensure aggregate standards are met voluntarily
(Segerson, 1998), with incentives for peer monitoring and sanctioning (Miceli and Segerson, 2007). This suggests comple-
mentarities between “top-down” group policies and “bottom-up” incentives for self-governance, similar to common-pool-
resource management (Kotchen and Segerson, 2019).

Group policies can be voluntary, mandatory, or a combination of both (Segerson,1999; Segerson andWu, 2006; Suter et al.,
2010). In mandatory settings, the compliance burden falls on the agents. Regulators can impose fines or taxes for failure to
meet a target. In voluntary settings, the burden is on regulators to induce participation (e.g., PES or green certifications)
(Segerson, 2013, 1999). Voluntary and mandatory approaches can be complements, as not meeting environmental goals
voluntarily can trigger taxes or sanctions (Segerson,1999; Segerson andWu, 2006). Such taxes can be fixed (Segerson andWu,
2006) or vary with the degree of non-compliance (Suter et al., 2010). Appropriate targets and incentives can induce cost-
minimizing abatement without imposing a tax due to the threat of the tax (Kotchen and Segerson, 2019; Segerson and
Wu, 2006). Yet, this need not be the only subgame-perfect Nash equilibrium. Compliance can also be reached at higher
costs. Given heterogeneous firms, some obtain a net gain of voluntary participation, which can induce self-enforcing equi-
libria6 that do involve some level of free riding (Dawson and Segerson, 2008).

In sum, success for group-based policies depends on how the policies are designed, i.e., external incentives, and how well
groups function, i.e., an ability to act collectively (Kotchen and Segerson, 2019).7 Factors that affect the performance of col-
lective incentives have been studied empirically mainly through the use of lab experiments. Below, we summarize main
topics and conclusions.
2.2. Experiments for coordination games (threshold public goods and ambient instruments)

Collective incentives transform a social dilemma into a form of coordination problem. However, while they canmake social
gains achievable within subgame-perfect Nash equilibria, lump-sum group fines or rewards can also be subject to coordi-
nation failure due to multiple Nash equilibria. The achievement of positive solutions to such coordination problems depends
on expectations. For instance, using a lab experiment, Barrett and Dannenberg (2017) find a significant proportion of groups
end up facing a prisoner's dilemma situation despite having the opportunity to switch to playing a tipping (coordination)
game. In light of the game's design, and how expectations were formed, it seems those participants who choose to play the
coordination game had lower expectations about the potential for cooperation within a prisoner's dilemma game and also
had higher expectations about coordination on mutually preferred equilibria within a ‘tipping’ game.

Factors that affect expectations and thus outcomes in coordination games include: dimensions of policy (stringency,
incentive type), information, learning, and uncertainty. Lab experiments used to study collective incentives can be divided
into those exploring ambient instruments (see, for instance, Cochard et al., 2005; Alpízar et al., 2004; Spraggon, 2002) and
those studying contribution to threshold public goods (e.g., Barrett & Dannenberg 207; Dannenberg et al., 2014; Bagnoli and
McKee, 1991; Suleiman and Rapoport, 1992; Cadsby and Maynes, 1999). Among the results relevant to our study are that
higher thresholds raise contributions yet also the chance that a target will not be reached (Ledyard, 1995; Suleiman and
Rapoport, 1992; Cadsby and Maynes, 1999). Uncertainty and ambiguity regarding thresholds hinder cooperation, making
initial contributions key to group performance (Dannenberg et al., 2014; Barrett and Dannenberg, 2012). Learning has an
ambiguous effect on efficiency. Some studies find deviations from efficiency fall with experience (Alpízar et al., 2004). Others
find the opposite (Suleiman and Rapoport,1992).While communication can help to achieve such coordination, it can also lead
to strategic overcompliance due to collusion when facing marginal tax or subsidy policies (Vossler et al., 2006; Poe et al.,
2004; Suter et al., 2008).

Most such experiments have been conducted with students. Some had field subjects. Alpízar et al. (2004) test for dif-
ferences between mill managers and students and they reject equal behavior. Reichhuber et al. (2009) test Segerson, 1998's
non-point mechanisms in a common-pool resource experiment with Ethiopian farmers whose harvest of non-timber forest
5 The budget-balance constraint refers to the limit imposed by the sum of society members' valuations, or resources. Within the group-performance
scheme, an external actor (the principal) could charge fines or taxes, or could provide subsidies or rewards, that shift what is available to society such
that total payments differ from society's valuation.

6 In this self-enforcing equilibrium: (1) each participant firm earns a profit at least as high as it would have earned if no firms participate; and (2) no firm
will be able to benefit by unilaterally changing its decision to join or to leave.

7 Group-based approaches have also been proposed, as well as implemented, for small loans to poor households who lack collateral (Armend�ariz de
Aghion and Morduch, 2005). Borrowers can be guarantors for each other: if a group member defaults, all members are denied subsequent loans. The
roots of such microfinance are in ROSCAs (rotating savings and credit associations), informal financial institutions found mainly in developing countries and
immigrant communities in the developed world (Besley et al., 1993). Social ties, trust, peer monitoring are central to the functioning of these schemes and
help to explain re-payment rates (see, for instance, Stiglitz, 1990; Karlan, 2007; Hadi and Kamaluddin, 2015, Griffin and Husted, 2015; Feigenberg et al.,
2013; Feigenberg et al., 2014).
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products is not observed. They conclude that to a great extent initial decisions determine behaviors in all following periods
(regardless of the instrument used) and that a high-tax mechanism is more effective in achieving the target than a tax-
subsidy mechanism, mainly because the latter could generate tacit collusion. Saldarriaga-Isaza et al. (2015), in the context
of SSGM and a threshold-public-goods experiment, examine ‘associative entrepreneurship’, or the creation of associations of
small-scale miners, as a way to access costly environmentally friendly technologies. They find that miners' contributions
alone were not sufficient to acquire the technologies. However, when there existed interventions by third-party advisors,
then participants were able to achieve efficient levels of contributions.

Given the concern that students’ behaviors cannot be counted on to equal those in the field, our experiments are con-
ducted with members of small-scale gold-mining communities in Colombia. Our main contribution is to vary the stringency
of targets, in particular the order of stringency: we compare policies that increase the stringency of targets with policies that
decrease stringency.

2.3. Collective incentives within PES (payment for environmental services) programs

Collective payments in PES are a form of a group-based voluntary policy (Kotchen and Segerson, 2019; Segerson, 2013).
‘Collective PES’ can describe various arrangements, such as: groups must agree to establish a PES contract and supervise each
other (Kerr et al., 2014), the conditions for payment require group performance (e.g., Kaczan et al., 2017; Salk et al., 2017), PES
are applied within communal lands (e.g., Hayes et al., 2015; 2017), or whatever payments are made are received by the group
instead of by the individual actor (e.g., Agrawal et al., 2015; Clements et al., 2010).

The effects of collective PES on cooperation, motivations and environmental performance have been studied both in the
field, i.e., within actual PES programs, and within experimental settings. Looking at actual programs implemented in the
developing world, Agrawal et al. (2015) find that participants in northern India who had engaged in communal conservation
activities and received collective livelihood benefits from communal assets were less likely to shift from environmental to
economic motivations for forest conservation, relative to those who receive private economic benefits. Consistent with that
impact on orientation, Hayes et al. (2015) explore howa program in communal lands in Ecuador is related to the development
of rules to manage common lands. They find that most communities have strengthened land-use rules since the imple-
mentation of a PES program. In a later study, Hayes et al. (2017) find PES reduced the number of households grazing livestock
in collective land. They conclude that participation in PES programs reinforces communal resource-management arrange-
ments. They also find collective PES might be more effective in groups with more of a history of collective institutions for
management of resources.

Clements et al. (2010) compared PES programs in Cambodia which vary in the type of payment, i.e., whether it is made to
individuals or villages. They find that the collective PES contracts are more institutionally effective and more widely sup-
ported locally than individual-based contracts. Sommerville et al. (2010) examine community-based programs in
Madagascar, finding that the participants expressed perceptions of fairness within and, except for high opportunity costs, also
net benefits from the PES programs. For some, poor governance diminished perceived benefits. Finally, Narloch et al. (2017)
study pilot programs in the Bolivian and Peruvian Andes and find that collective PES may in fact yield better conservation
incentives than individual payments. They also find that collective payments could mitigate some possible rent-seeking
behaviors.

Experimental studies have produced amix of results. Some find that collective payments to be ineffective and even crowd-
out social norms by encouraging free riding (Narloch et al., 2012 for the Bolivian and Peruvian Andes; Midler et al., 2015).
Moros et al. (2007), in contrast, find that responding to collective incentive payments enhances social motivations to protect
forests. Using collective PES contracts with collective penalties for non-compliance, Kaczan et al. (2017) find, if anything,
crowding-in of contributions by collective PES. Finally, Salk et al. (2017) find that group payments resulted in more significant
short-term reductions in resource uses, comparedwith individual payments, due to communication and coordination and the
perception of fairness.

Thus, as pointed out by Kotchen and Segerson (2019), the performance of group-based policies depends on designs and
group interactions. Studies about collective PES highlight both points: the effect of a given policy based on environmental
outcomes depends on local institutions; and the details of the policy can affect local trust, social capital, and motivations.
Thus, there can be ‘virtuous’ or ‘vicious’ interactions between policies and the effective local institutions: a design may
enhance or hinder cooperation, given local incentives to free-ride; and, given that, trust and coordination building are
affected by the designs. In line with this, our experiment explores the effect of policy stringency on the potential for coor-
dination through learning and trust building.

3. Setting

Small-scale gold mining is often de facto open access, lacking strong property rights (Shoko, 2002). That is the case in
Colombia. The state owns the subsoil, and grants concessions,8 yet according to the ColombianMining Census, 86% of metallic
mineral production occurs in small production units without mining titles (Cabrera and Fierro 2013). Most of those are
8 In Colombia, there are approximately 9400 mining concessions (43% for gold), which cover 5.6 million hectares.
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informal, i.e., lack permits and other requirements such as environmental licenses (Sarmiento et al., 2013). It is said that
Colombia has about 180,000 small-scale gold miners (Cremers and de Theije, 2013) and, further, that they generate the
highest per-capita mercury emissions in the world (Siegel, 2013).

About 40% of gold production in Colombia is in the Pacific region inhabited mainly by Afro-Colombian communities with
collective land titles.9 They are managed by community councils e collective organizations required by law to request titles e
with locally elected representatives who are responsible for management of natural resources (Velez, 2011)10. Over 90% of the
gold produced in the Pacific region comes from small-scale informal mining by locals andmigrants, the latter often connected
with armed groups (Sarmiento et al., 2013, Giraldo and Mu~noz, 2012).

In the Pacific region, SSGM is a culturally embraced and traditional economic activity practiced since colonial times
(Sarmiento et al., 2013). While in the past most mining was carried out using artisanal tools such as pans, since the superficial
gold has been depleted, traditional tools have been combined with machines such as pumps, for small miners, or far bigger
machines such as backhoes and dredges which help tomove land and other materials in the search for gold.11 Pumps are used
to take water from mines or to separate material containing gold from riverbanks by using water pressure to flush out gold
deposits. Their impacts on forests, sedimentation, and the paths of rivers increase with their number. In Colombian law, the
only ‘artisanal’ mining e not requiring concessions� is via pans (barequeo). Thus, small miners face the same regulations as
larger-scale mechanized miners. Yet communities consider low-horsepower pumping to be ‘artisanal’. Community councils
craft SSGM rules on, for example, revenue sharing and allowedmining techniques. They are also the local actors who could try
policy with collective incentives.

Weworkedwith mining communities in the rural areas of the municipality of Buenaventura, Colombia's main Pacific port.
Despite the port's economic importance, poverty is rife. About 80% of people are below the poverty line and SSGM is the only
economic alternative formany. Communities are organized in councils on the coast, along rivers, and along roads that connect
to inner cities. River and road communities have significant mining. We focus on the seven mining communities located
nearer to roads and, therefore, more closely connected to markets in cities.

Most of the communities we visited have migrant miners, who use heavy machines and mercury and compete for re-
sources with local, less mechanized miners. Given the challenge of exclusion, encroachment by migrants is a feature of al-
luvial mining. Formal rights for subsoil resources contrast with de facto open access to alluvial deposits, though external
miners often negotiate with councils to enter into their territories. As we were told in interviews, in some agreements
councils required a share of the gold extracted to be paid as compensation to the community, with a portion of that going to
the council and a portion going to landholders.12 Such agreements are certainly not formally ‘legal’, as the Colombian legal
framework very clearly establishes that all mineral resources belong to the state. However, given the states' incapacity to
regulate SSGM on the frontier, community councils play de facto regulatory roles in controlling mining impact� albeit with
mixed success, since power can be asymmetric in confrontations with external actors.

Given the significant differences between types of miners, and the existing security concerns, only local miners who are
traditional members of Afro-Colombian communities with collective land titles participated in our ‘field laboratory’ exper-
iments on collective incentives. Out of about four thousand total inhabitants within these communities, 640 adults partici-
pated in our experiments.
4. Experimental design & implementation

4.1. Design

We framed individual miners’ choices in terms of pumps used� a measure of intensity distinct from mercury (or other
pollution), as community members expressly oppose the use of mercury. Pumps serve as a metaphor for mining intensity,
understood as a proxy for sedimentation, land degradation and deforestation. Such impacts are directly proportional to the
number of pumps.13 Our experiment refers to external damage, a downstream externality such as of sedimentation.14

Participants played in groups of fiveminers, each deciding on a number of pumps, i.e., choosing between 0,1, 2 or 3 pumps.
The collective target for a group is a number of pumps for the group. We varied this number according to the treatment:
specifically, total targets of 0, 5 or 10 pumps. If the group's total pumps are at or below this maximum number, a collective
reward is granted to the group and distributed equally among group members, regardless of the members' choices.
9 Collective land titles do not exist everywhere in Colombia (but high monitoring costs can drive a collective approach).
10 To date, almost 6 million ha have been collectively granted to more than 170 communities in the Pacific region.
11 Techniques vary widely. Mercury is used by migrant miners but some Afro-Colombian and other communities have social norms against its use
(Sarmiento et al., 2013 and our interviews, focus groups, and surveys in 2013/14).
12 Collectively titled communities allow de facto forms of individual land holding based on kinship relationships.
13 This brings us back to non-point pollution, where input taxes are an alternative to ambient taxes when the inputs are individually observable and are a
dependable indicator of emissions. Pumps are an input that is observable but the cost for the state to observe them and determine who owns them is
enormous, within such distant communities.
14 Putting this in terms of Giordana and Willinger (2013)'s survey of experiments on non-point pollution, there is no internal damage to group members
from the negative externalities (e.g., Cochard et al. 2005). Damage is purely external, implying no interactions among these firms other than those created
by the incentive (e.g., Spraggon, 2002).



Table 1
Payoffs.

My decision (number of pumps) Mark with an X Earnings from mining Collective reward Total earnings

0 0 $1 þ$7 $8
1 $3 þ$7 $10

2 $5 þ$7 $12

3 $7 þ$7 $14
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Table 1 shows the payoffs, as they were shown to participants. The first column shows mining earnings for any number of
pumps used. The second column shows the individuals' gain from the collective reward if the group complies with the target.
The third column adds the earnings across the first two columns to show the individuals’ earnings if the group does meet the
target.

In each period, participants marked their decisions on a sheet containing Fig. 1, marking the number of pumps they chose
with an X. A facilitator collected all the sheets, added up the total number of pumps, and communicated that total and in-
dividual earnings to each participant on the same sheet. Participants did not have previous knowledge of the number of
rounds to be played, nor that the target might shift. We ran sessions with four or five groups, avoiding contamination among
the groups by communicating totals in writing, using decision sheets (as just explained). Each facilitator was responsible for
one group. Participants knewwhowere the other members of their group. At session's end, participants did a survey on their
socioeconomic characteristics.

This type of coordination game features multiple symmetric and asymmetric Nash equilibria. A first pure-strategy,
symmetric Nash equilibrium is zero contributions for all participants, which means that all individuals choose the
maximum number of pumps. In the literature on threshold-public-good games, this is known as the ‘strong free-riding’
equilibrium (see Cadsby and Maynes, 1999). The second pure-strategy symmetric Nash equilibrium involves equal decisions
by all that sum up to the threshold, i.e., the ‘threshold symmetric’ equilibrium. Unlike strong free-riding, it is efficient.
Symmetries may create focal points (Cadsby and Maynes, 1999). In our game, a target of zero pumps has only the two
symmetric Nash equilibria e i.e., zero or three pumps per person e while targets 10 or 5 have ‘strong free riding’ and
‘threshold symmetric’ as well as a number of asymmetric pure-strategy Nash equilibria. The latter are threshold equilibria,
with total pumps at the group target, which maximizes the group's joint profits (given that both under- and over-compliance
are inefficient).15 However, the number of pumps and thus the contributions differ.

Individual incentives are affected by others' choices. If all others in a group choose a behavior that is one of the Nash
equilibrium actions, then a player's best response is to choose that action, for inefficient or efficient equilibria. However, one
deviation could imply that it is in everyone's interest to deviate. As the target decreases, the risks from others' possible
deviations increase, in light of greater costs of compliance for each individual but the same benefit from compliance.
15 For linear payoffs, an efficient Nash equilibrium in a threshold-public-goods game is any vector of individual contributions that: sums to the contri-
bution threshold (efficiency constraint); and does not involve any individual contributing more than her benefits from the public good (rationality
constraint) (Croson and Marks 1998, 2000).



Fig. 1. Means per treatment of group totals.
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Consequently, as the target decreases the efficient equilibria should become more unstable as even a ‘small’ deviation by one
participant can move all others towards the 3-pump or inefficient equilibrium. For a zero target in particular, even a one-
pump deviation by a single member ruins the group's effort, as no other member can counter this effect through her own
choice of pumps.

In Table 2, for any total target (the rows), we show best responses, for any individual member, to any expectation theymay
hold about the number of total pumps chosen by others (the columns). The cells highlighted in blue are the symmetric and
efficient Nash equilibria. The cells in orange are the asymmetric and efficient Nash equilibria. Finally, cells in green are
inefficient equilibria.
4.2. Treatments

We explore collective rewards by varying the environmental targets, and their sequencing, across treatment groups. We
want to study the potential for these communities to solve the coordination problems that such group-performance in-
struments involve. Some types of collective incentives, such as lump-sum group fines or rewards that we use, face coordi-
nation problems due to multiple Nash equilibria. Some kind of collective action, or coordination, is required to make them
work. We hypothesize that coordination within groups rises if a group succeeds in meeting a target. Failures, however
(including when they are likely due to more difficult targets, all else equal), could hinder the building of bonds and thus also
lower the coordination to achieve future targets.

To test such dynamics, we randomly selected groups for sessions that employed different targets, which could vary over
time e increasing or decreasing in stringency (vs. remaining constant)� using a between-subjects design with six treat-
ments: a no-target baseline and five treatments that employ increasing, decreasing or constant stringency of environmental
targets. In each treatment, group members made decisions for ten rounds in total. From the sixth round onward, though,
sometimes we changed the target, i.e., the required contributions threshold, as is specified below:

- five rounds of target¼ 10 followed by five rounds of target¼ 05 (labeled "10/ 05")
- five rounds of target¼ 10 followed by five rounds of target¼ 00 (labeled "10/ 00")
- five rounds of target¼ 05 followed by five rounds of target¼ 10 (labeled "05/10")
- five rounds of target¼ 00 followed by five rounds of target¼ 10 (labeled "00/10")
- five rounds of target¼ 00 followed by five rounds of target¼ 00 (labeled "00/ 00")

The last treatment explores how groups converge, or diverge, if facing the strictest total target. The target ‘00’was framed
as exclusive use of panning, i.e., literally using no pumps. For some groups, we framed changes in the targets as being due to
either the entrance or the departure of external miners. For the other groups, we framed changes in targets as a decision by
the state agency. We did not find any effects that were caused by framing differences, so we pooled each treatment across the
external-miner and the agency framings. Table 3 summarizes our treatments.
4.3. Participants

We recruited 640 inhabitants of seven mining communities in the rural area of Buenaventura, via open invitations to all
adults in these communities, including community leaders. Each session included 20e25 participants (4 or 5 groups). We
split the participants randomly across groups and allowed one member per household in each group. Table 4 shows



Table 2
Individual best responses to others’ behavior.

Table 3
Treatments and number of participants.

Treatments: Ordering of Stringency in Aggregate Pump Targets No Policy

10/ 05 10/ 00 05/ 10 00/ 10 00/ 00

Framing with change in target as cause by externals
miners entrance or departure

60 people (12
groups)

40 people (8
groups)

55 people (11
groups)

e e e

Framing with change in target as cause by government
decision (no external miners)

120 people (24
groups)

55 people (11
groups)

60 people (12
groups)

100 people (20
groups)

100 people (20
groups)

50 people (10
groups)
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participants’ characteristics: 60% were women; average age was 36 years; and 68% had participated regularly in voluntary
Table 4
Socio-demographic characteristics road communities.

Pooled by treatment

none 10/ 05 10/ 00 05/ 10 00/ 10 00/ 00

Age (years) 35.7 36.4 36.0 31.3 36.4 38.2 35.9
Women (%) 60.1 54.0 63.9 62.8 63.5 60.0 50.0
Voluntary participation (%) 67.9 66.0 66.1 53.2 66.9 73.0 81.8
Education (%)
none 6.9 10.0 8.3 5.3 7.0 5.0 6.0
Primary Incomplete 21.4 22.0 25.6 14.9 20.0 20.0 23.0
Primary Complete 12.4 14.0 11.7 7.4 16.5 14.0 11.0
Secondary Incomplete 25.2 18.0 23.9 29.8 24.3 31.0 22.0
Secondary Complete 23.9 20.0 24.4 28.7 26.1 15.0 27.0
Technical or College 10.2 16.0 6.1 13.9 6.1 15.0 11.0

Artisanal/Small Miner (%) 75.0 76.0 76.1 80.0 71.3 77.0 70.0
Income, good week (US$) 153.4 115.7 153.0 212.1 116.3 161.9 149.8
Income, bad week (US$) 22.1 21.2 17.0 31.5 19.4 19.6 29.2
community activities. In terms of formal education: 7% had none, 21% did not complete primary school, 12% had completed
primary school but no more, 25% had entered but did not complete secondary school, 24% completed secondary school, and
10% went beyond secondary education. The mainwork activity is artisanal or small-scale gold mining for 75% of participants.
Their average reported income in a good week is about US$150, and in a bad week it is about US$20.16

Looking at the differences in the participants’ sociodemographic variables across our treatments (that were randomly
assigned but, nonetheless, could differ somewhat given small numbers): the baseline and the 00/ 00 sessions featured a
lower percentage of women; the 10/ 00 participants happened to participate less in community activities; the 00/ 00
participants happened to have the highest rates of participation in community activities; and the 10/ 00 participants
happened to havemore years of formal education as well as higher earnings than did the other participants. We controlled for
these differences using regressions that are presented in the following section.
16 To select communities, as well as the framing for the experiment, we first characterized the mining communities near Buenaventura using secondary
information. Next, we interviewed the leaders of those communities as well as local authorities to elucidate relevant characteristics of those communities
and the features of small-scale mining.



Table 5
Mean total pumps & compliance rates, across groups, by treatment and by stage.

1st Stage
Target

First Stage (rounds 1e5) 2nd Stage
Target

Second Stage (rounds 6e10)

Mean
Pumps

Compliance
Rate

Mean
Pumps

Compliance Rate

No Targets (baseline) — 11.74 (2.32) e — 11.84 (2.61) e

(1) 00/ 00 00 9.54 (5.14) 15.0% (0.36) 00 11.14** (5.0) 14.0% (0.35)
(2) 00/ 10 00 9.38 (5.47) 20.0% (0.4) 10 9.38 (2.48) 76.0% (0.43)
(3) 05/ 10 05 5.65 (1.98) 65.2% (0.48) 10 8.71*** (1.41) 92.2% (0.27)
(4) 10/ 05 10 8.97 (1.75) 86.1% (0.35) 05 5.15*** (1.4) 66.7% (0.47)
(5) 10/ 00 10 9.58 (1.45) 75.8% (0.43) 00 1.73*** (2.99) 55.8% (0.5)

Standard deviations in parentheses ***p < 0.01, **p < 0.05, *p < 0.1 for comparison of mean group total pumps between stages.
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5. Results

5.1. Legacy building & average treatment effects

While our core question is whether collective rewards can induce groups to use fewer pumps, the corollary question is
whether they achieve stated targets. Table 5 shows average pumps e seen by round in Fig. 1 e and success in compliance by
treatment and by stage. In our baseline, groups averaged about 12 pumps, above all targets but significantly lower than the 15
maximum. The maximum is predicted, lacking any collective reward, since the largest individual earnings arise when each
group member has chosen three pumps. Baseline choices lower than 15 pumps may be due to motivations of participants
other than economic earnings. For example, we stated in the instructions that more pumps imply greater earnings but also
more environmental damage. Relative to the baselines, total pumps were always lower with targets and collective incentives
(except for late rounds in the toughest possible sequence 00/ 00, when they are about the same).

5.1.1. Challenging target (00): short-run failure, negative legacy, yet efficient and symmetric
Table 5's rows (1) and (2) convey the overall failures of these groups to overcome challenges posed by the most stringent

targets of zero pumps. Even if successful, this treatment has payoffs ($8 each) only slightly above those ($7 each) from the
inefficient Nash of three pumps each. Further, success can be ruined by a single one-pump deviation. Perhaps it is not sur-
prising, then, that compliance is under 20% in first stages and total pumps are far above zero, in fact over nine.

Table 5 also shows that groups that faced a zero target during the first stage carried forward a negative legacy of lack of
coordination, due to prior failures. First, if the target remains at zero, in (1), the total for pumps rises significantly, effectively
achieving a total treatment failure, since the pump total rises to become basically equal to the baseline. Second, comparing (2)
and (3), both of which have the easiest target of 10 pumps in the second stage, we see that the successes are considerably
higher for 10 given more successes for 05 than for 00. Further suggesting such a negative legacy of prior failure, most of those
differences occurred early in 2nd stages (Fig. 1).

Table 6 highlights two issues that could matter from the perspective of these miners’ preferences. First, if compliant,
miners do not want to be overcompliant but at the efficient Nash equilibrium equal to the target: once a group reward is
achieved, any overcompliance lowers their earnings.17 Second, some may prefer that any efficient Nash equilibrium be
symmetric, i.e., the same for all.

Recall that for zero pumps, compliance is always both efficient and symmetric (rows 1&2). There is only one efficient Nash
equilibrium: all zeros. Yet the rate of compliance for zero is low compared to the other treatments. Thus, while compliance is
always efficient, it is also the case that non-compliance is high. Overall, then, efficiency is lower than for the less stringent
targets.

5.1.2. Medium target (05): short-run success, yet less often efficient or symmetric
Intermediate stringency of the environmental target, i.e., five (05), is seen in Table 5's row (3), for 05 in the 1st stages, and

row (4), for 05 in the 2nd stages. These rows communicate a fair bit of success and thus impact. About two thirds of groups
manage to comply, obtaining the collective reward. Some do not. Yet, still the total numbers of pumps are under six on
average, i.e., almost down to 05. These outcomes are also clear in Fig. 1, while the dynamics by round are clearer.

Further, as noted, if a target of 10 followed a target of 05 (row 3), then almost 92% of the groups achieved compliance, not
suggesting any negative legacy if comparing to 10 in rows (4) or (5). If anything, there may have been a positive legacy of
coordination, frommanaging to achieve 05: in rows (4) and (5) the initial target was the easier 10 and the average compliance
was only 80%.

However, Table 6 shows that options for groups in ways to achieve five yields overcompliance (total pumps below target)
and asymmetric compliance (some participants have more pumps). For rows (3) and (4), about half of compliant cases (the
17 If payments depend on distance between pollution and the threshold, overcompliance can be beneficial to firms leading to collusion (e.g., Suter et al.,
2008). With fixed fines or rewards, there are no such gains in overcomplying.



Table 6
Compliance across groups, by treatment and by stage.

1st Stage
Target

First Stage (rounds 1e5) 2nd Stage
Target

Second Stage (rounds 6e10)

Compliance Efficient
Compliance

Symm. Effic.
Compliance

Compliance Efficient
Compliance

Symm. Effic.
Compliance

(1) 00/ 00 00 15.0% 15.0% 15.0% 00 14.0% 14.0% 14.0%
(2) 00/ 10 00 20.0% 20.0% 20.0% 10 76.0% 21.7% 6.0%
(3) 05/ 10 05 65.2% 39.1% 28.7% 10 92.2% 30.5% 3.5%
(4) 10/ 05 10 86.1% 30.6% 10.0% 05 66.7% 38.3% 15.6%
(5) 10/ 00 10 75.8% 29.5% 12.6% 00 55.8% 55.8% 55.8%
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~66% seen in Table 5) are efficiently achieving a five target. Thus, about as many cases involved some overcompliance. Further,
only half of the efficient cases are symmetric (varying by row). At least some members overcomply; i.e., choose no pumps,
perhaps reflecting worries that others may not select the efficient 1 pump.

5.1.3. Easy target (10): short-run success, positive legacy, yet less often efficient or symmetric
Table 5's rows (2e5) show that groups solved the coordination challenge posed by a target of 10. Averaging across the 2nd

stages in rows (2) and (3), as well as the 1st stages in rows (4) and (5), we can see that over 80% of groups managed to comply
in terms of total pumps. Even average pumps ‘are compliant’ at about 9, for the 2nd stages, or just above 9 for the 1st stages.
This does not imply much impact in relation to the baseline but, still, clearly does imply some coordination.

Despite being small, the impacts from succeeding for this easiest target had a positive legacy. Table 5 finds that groups
facing 10 did as well or far better later on. When the 2nd target was 05, in row (4), total pumps are lower and compliance
higher that for target 05 in the 1st stages. Even clearer are the choices for 00: row (5) finds, in contrast to under 20%
compliance in (1) and (2), that facing 00 in 2nd stages, compliance was over 55% after 1st-stage success for 10. In Fig. 1,
coordination falls yet is far better than in 00-00. Half the groups fail yet average pumps fell to 2.

Table 6 shows again that flexibilitye here inways that a group can meet a target of 10e lowers efficiency and symmetry if
compliant. Around one third of compliant groups are efficient for 10. Further, on average, only about one third of the cases of
efficient compliance are also symmetric. This raises dynamics. If compliance is inefficient, it can lead to adjustments towards
efficiency, which can lead to non-compliance that can undermine a positive legacy. The same can occur for asymmetry, i.e.,
inequity within efficient compliance, although Fig. 2 indicates some stability.

5.1.4. Average treatment effects
Table 7 examines compliance in a probit regression, clustered by group, with robust standard errors and a dummy for each

target (logit confirms robustness). As the baseline has no target, the omitted treatment is 10 in the 2nd stage. As above, greater
stringency yields lower compliance: 05 is worse than 10, 00 is worse than 05, worse still if 00 is first, and worst of all if 00
continues.

Table 8 presents an OLS regression for total pumps, clustered by group with robust standard errors, with the baseline as
the omitted treatment and a dummy for each target (for robustness we have a Poisson regression for total pumps in Appendix
1). Regressions confirmwhat the tables suggested. For example, in relation to the baseline, the average number of pumps per
group falls by 2e3 pumps for a target of 10 and 6e7 pumps for a target of 5. Thus, across the relatively more feasible
environmental targets (i.e., not 00), raising the stringency lowers the number of pumps.
Fig. 2. Means for baseline and treatments starting with zero.



Table 7
Explaining groups’ compliance rates.

Probit regressions (1) (2) (3)

1 if target¼ 0 s �1.340***
(0.256)

�1.006***
(0.254)

�1.069***
(0.254)

1 if target¼ 5 s �0.697***
(0.226)

�0.696***
(0.227)

�0.626***
(0.228)

1 if target¼ 0 first �0.563**
(0.224)

�0.575**
(0.225)

�0.570**
(0.223)

1 if target¼ 5 first �0.000600
(0.251)

�0.000875
(0.251)

�0.0548
(0.254)

1 if target¼ 10 first �0.115
(0.206)

�0.114
(0.206)

�0.0800
(0.206)

1 if target¼ 0 first & second �0.739*
(0.381)

�0.749**
(0.381)

Women in the group (%) �0.434
(0.335)

Less than primary education (%) �0.664
(0.407)

Constant 1.345***
(0.241)

1.343***
(0.241)

1.746***
(0.286)

Observations 1180 1180 1180

Robust standard errors (clustered by groups) in parentheses e Includes controls per session.
***p < 0.01, **p < 0.05, *p < 0.1 (& omitted category is a target of 10 in the second stage).
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Table 8 also confirms that a 00 target works quite differently and illustrates conditions in which it works particularly
poorly.18 In Table 8, model (5), the effect of a 00 target in the second stage is estimated to be a reduction in pumps of 7.7,
compared to the baseline. Yet the effects of facing a zero target in the first stage and, worse still, facing zero in all rounds,
cancel the target's gains.
5.2. Legacy building & group dynamics

5.2.1. Divergent paths facing the toughest challenge
Most groups facing the toughest target of zero, in initial rounds, were not able to comply despite it being the sole efficient

equilibrium: three out of twenty groups in 00/ 00; and four out of twenty in 00/10 (the same treatment for early rounds,
as participants did not expect a change). Table 9 and Fig. 2 separate initially compliant from initially non-compliant. In each
treatment, we see that for 00, initial rounds reveal, or determine, the subsequent ability of groups to comply. Table 9's top
rows show that first-stagemean total pumps are essentially equal to the baseline for initially non-compliant groups. For these
groups, the points above are more severe. When the challenging target of 00 continues (row 1), a negative legacy of failure is
seen in the 2nd stage, with 13 pumps, i.e., significantly larger compared to the 1st stage and a more inefficient outcome.

If the target 00 is followed by theweakest target 10 (row 2), there is a striking and significant reduction in themean pumps
per group, even though the target has gone from hardest to weakest. This can result from restoring small but clear expec-
tations versus a collapse of ambitious hopes. However, a negative legacy remains to some extent, as that average is still above
the target of 10, while the success rate is only 71%, contrasting with the high 2nd-stage success in rows 3 and 4. Thus, the
initially compliant groups that achieved the tough target to earn the collective reward appear to generate a positive legacy of
ongoing coordination despite a very small individual gain.

5.2.2. Searching for efficiency in coordinated compliance
Table 10 considers the dynamics over rounds, as groups react to prior successes and failures. A groupmember can never be

sure whether her group will comply or whether her decisions affect compliance. In each round, members try to learn
something about other members, via decisions. Groups above targets may adjust to comply. Those below targets may raise
numbers of pumps.

To examine such dynamics, Table 10 explores the change in the number of pumps from one round to the next (pumpst e
pumpst-1). The key independent variable for exploring the dynamics is distance from the target in the previous round (target
minus total pumps, � 0 when compliant). Consistent with efficient adjustment, its effect is positive. Thus, when inefficiently
compliant, i.e., below the target as members were ‘too responsible’, a group's mean number of pumps rises. Yet if being
18 It is worth noting one additional result: pumps chosen rise with the expectations one has for others' pump choices (see Appendix 2). That suggests a
prevalence among our participants of ‘conditional cooperation’ (Chaudhuri, 2010).



Table 8
Explaining groups’ total pumps.

OLS regressions (1) (2) (3) (4) (5)

1 if target¼ 10 s �2.678***
(0.700)

�2.463***
(0.726)

�2.603***
(0.764)

�2.629***
(0.754)

�2.617***
(0.773)

1 if target¼ 5 s �6.444***
(0.705)

�6.030***
(0.739)

�6.172***
(0.739)

�6.246***
(0.722)

�6.451***
(0.751)

1 if target¼ 0 s �3.765***
(1.025)

�3.924***
(1.054)

�5.416***
(1.212)

�7.750***
(1.019)

�7.601***
(1.034)

1 if target¼ 10 first 0.259
(0.323)

0.243
(0.319)

0.157
(0.318)

1 if target¼ 5 first 0.390
(0.392)

0.408
(0.388)

0.567
(0.408)

1 if target¼ 0 first 2.940***
(1.000)

2.994***
(0.922)

2.947***
(0.906)

1 if target¼ 0 first & second 4.606***
(1.281)

4.614***
(1.263)

Women in the group (%) 1.176
(0.828)

Less than primary education (%) 2.048*
(1.215)

Constant 11.79***
(0.685)

10.65***
(0.872)

10.62***
(0.873)

10.80***
(0.818)

9.639***
(0.952)

Observations 1280 1280 1280 1280 1280
R-squared 0.193 0.212 0.253 0.352 0.367

Robust standard errors (clustered by groups) in parentheses.
***p < 0.01, **p < 0.05, *p < 0.1 (& omitted category is the baseline without a target).
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inefficiently non-compliant, e.g., just above a target, the group's total pumps falls (Appendix 3 presents assemblages, by
treatment, of figures showing each round for each group).

Oncewe control for such adjustment, we see that for the severe (zero) target, the core dynamic is to increase pumps, as we
would expect if members lose confidence in a group. The members' lack of confidence in their groups' abilities to coordinate
efficiently at zero pumps affects the efficient-adjustment dynamic. Models (3) and (4) in Table 8 interact a zero target with the
prior distance of the group's total of pumps from the target. Adding those two coefficients shows that the efficient adjustment
is essentially not happening for the more severe (zero) target. Further, having separated that out, we can see stronger
adjustment dynamics for other treatments (again see our Appendix 3, with figures by round for each group, for an illustration
of this difference).
6. Discussion

When individual producers’ behaviors are impossible or very costly to monitor, interventions based on aggregate mea-
sures, when paired with local collective action, could provide incentives for collective compliance. We proposed a rewards
mechanism for mining groups, conditional on aggregate environmental compliance. Our focus is on rewards since artisanal
gold mining occurs far out on frontiers, where there are high levels of poverty that complicate fine-based solutions. Instead of
individual behaviors, a state would need to observe an aggregate measure, such as the total mercury content in a sample of
river water, total deforested area within satellite data, or perhaps simply the numbers and maybe also the types of machines
observed in any mining area.

We explored collective compliance and individual choice for group targets of varied stringency�with different stringency
sequences, i.e., treatments that increase in stringency versus decrease. We did not provide any mechanisms to support the
groups’ coordination, instead outsourcing that completely to local collective action (and without even allowing group
communication, though adding communication may be a useful extension for robustness concerning sequences).

We found that collective conditional rewards were able to induce efficient group compliance and even overcompliance,
sometimes meeting even the most stringent targets. However, the more stringent targets could be counterproductive in the
‘short’ and ‘long’ term.Most groups starting with themost severe target were not able to comply. Further, a complete collapse
of coordination can yield environmental outcomes that are even worse than in the baseline. These results echo threshold-
public-goods results in which hard thresholds raise contributions but also the chance for a target not to be met (Ledyard,
1995; Suleiman and Rapoport, 1992; Cadsby and Maynes, 1999). However, they contrast with lower emissions levels for
harder targets in Suter et al. (2010).

The key novelty in our results is the dynamic effects of changing the stringency level over time, with apparent learning by
groups via successful experiences that build a capacity to coordinate. Concretely, initial success for an easier target seems to
help with a later more challenging target. Expectations of other participants’ behaviors play key roles and are more positive
after success.



Table 9
Average total pumps & overall compliance rates, across groups. given an initial target of zero and splitting by initial compliance.

# of groups First Stage (rounds 1e5) Second Stage (rounds 6e10)

Mean
Pumps

Success
Rate

Mean
Pumps

Success
Rate

00/ 00 (initially non-compliant) 17 11.19 (3.57) 1.2% (0.11) 13.07*** (2.05) 0.0% (0.0)
00→ 10 (initially non-compliant) 16 11.69 (3.24) 1.3% (0.11) 10.05*** (1.99) 71.3% (0.45)

00/ 00 (initially compliant) 3 0.2 (0.77) 93.3% (0.26) 0.2 (1.99) 93.3% (0.26)
00/ 10 (initially compliant) 4 0.15 (0.67) 95.0% (0.22) 6.7*** (2.52) 95.0% (0.22)

Standard deviations in parentheses. ***p < 0.01, **p < 0.05, *p < 0.1 for comparison of mean group total pumps between stages.

Table 10
Regressions for group behavior: change in pumps between rounds.

OLS regressions (1) (2) (3) (4)

1 if target¼ 5 s 0.0609
(0.103)

0.155
(0.121)

0.588***
(0.196)

0.559***
(0.196)

1 if target¼ 0 s 0.207
(0.125)

1.027***
(0.281)

0.929***
(0.251)

0.975***
(0.260)

1 if target¼ 10 first �0.0677
(0.0843)

�0.125
(0.0991)

�0.0301
(0.169)

�0.0427
(0.169)

1 if target¼ 5 first �0.0835
(0.110)

�0.0303
(0.125)

0.158
(0.212)

0.186
(0.214)

1 if target¼ 0 first 0.0435
(0.158)

0.469**
(0.232)

0.230
(0.186)

0.233
(0.184)

Distance from target t-1 0.131***
(0.0246)

0.490***
(0.0721)

0.495***
(0.0724)

Distance from target t-1 * target ¼ 0 �0.434***
(0.0733)

�0.435***
(0.0737)

Women in the group (%) 0.184
(0.229)

Less than primary education (%) 0.333
(0.254)

Constant 0.0517
(0.0874)

�0.132
(0.135)

�0.554***
(0.202)

�0.743***
(0.246)

Observations 974 904 904 904
R-squared 0.004 0.064 0.161 0.163

Robust standard errors (clustered by groups) in parentheses e and including controls per session.
***p < 0.01, **p < 0.05, *p < 0.1.
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Our results are relevant for mining in Colombia and other countries with similar challenges, such as Peru and Brazil. In
international agreements, mercury is the main concern regarding SSGM. For example, the Minamata Convention states that
the only appropriate mercury target is zero, and stringent mandates have also been linked to limits on the use of machines in
mining. Indeed, even a small machine such as a pump can trigger the application of policies designed for larger mechanized
miners, yet such strong limitations have been ineffective, consistent with our results. Gradually increasing stringency, to build
coordination, could make compliance more feasible.

Such an approach could be crafted to respect local heterogeneity and choice. A menu of options could offer lower or higher
rewards for lower or higher stringency. We believe that actual mining authorities can implement policies such as those we
studied. However, as seen within our results, for strict targets, benefits of collective incentives could be offset by financial
costs of compliance alongside risk aversion concerning coordination as well as costs of monitoring and coordination.

Future research could consider various other types of policies, e.g., combining carrots and sticks, as proposed by Segerson
and Wu (2006): if miners do not comply voluntarily with the limit, they would face credible mandatory punishment (we are
not sure whether, in fact, external sanctions can be credible on these frontiers). A combination of internal monitoring and
sanctioning across groupmembers, which could facilitate coordinationwith the tough policies, could also be tested. As noted,
exploring the impacts on results of within-group communication seems worthwhile.

Research could also addressmore applied practical questions, exploring not only these concepts but also themost effective
parameters for implementation, such as the type and size of rewards. Rules for distributing rewards within groups may be
critical, with payments to individuals versus the provision of local public goods from which all individuals benefit (perhaps
equally, perhaps not). Collective in-kind payments may provide stronger conservation incentives in cases where collective
action is robust (Narloch et al., 2017). In-kind payments are relevant here, as miners in the field have expressed that local
development projects (including productive activities, roads, or schools), or even regional permits for mining, could be
desirable forms of collective rewards.
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Uncertainty, as is inherent for any aggregated measures employed by a state, is likely to matter. Socially speaking, un-
predictable arrivals of migrant miners in a region seem critical in Colombia. Mining damage is perceived by the mining
communities themselves and also can be important, e.g., mercury is a stock pollutant that might affect miners as it accu-
mulates in the environment. However, we suspect that there is a lack of sufficient information on these potential damages and
more generally that there exist uncertainties regarding the effects of mercury on human health.

In sum, our results suggest that conditional collective incentives have the potential to allow for production by small-scale
miners, which can generate a significant portion of their livelihoods, and yet also improve their health as well as their regions’
environmental performance. Collective incentives or rewards for compliance could take various forms such as mining per-
mits, access to certified goldmarkets, payments for ecosystem services, and public goods. Successes, however, will depend on
the abilities of groups to build effective local strategies to coordinate decisions.
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Appendix 1. Explaining groups' total pumps (here Poisson version of Table 8)
Poisson regressions
 (1)
 (2)
 (3)
 (4)
 (5)
1 if target¼ 10 s
 �0.258***
(0.0602)
�0.232***
(0.0645)
�0.249***
(0.0695)
�0.252***
(0.0677)
�0.252***
(0.0714)
1 if target¼ 5 s
 �0.791***
(0.0659)
�0.740***
(0.0716)
�0.771***
(0.0704)
�0.783***
(0.0675)
�0.812***
(0.0717)
1 if target¼ 0 s
 �0.385***
(0.111)
�0.406***
(0.116)
�0.611***
(0.161)
�0.955***
(0.159)
�0.941***
(0.160)
1 if target¼ 10 first
 0.0301
(0.0363)
0.0275
(0.0355)
0.0150
(0.0358)
1 if target¼ 5 first
 0.0790
(0.0688)
0.0819
(0.0686)
0.104
(0.0701)
1 if target¼ 0 first
 0.371***
(0.141)
0.377***
(0.129)
0.373***
(0.127)
1 if target¼ 0 first & second
 0.593***
(0.171)
0.599***
(0.168)
Women in the group (%)
 0.167
(0.104)
Less than primary education (%)
 0.262*
(0.145)
Constant
 2.467***
(0.0580)
2.327***
(0.0922)
2.324***
(0.0920)
2.352***
(0.0826)
2.192***
(0.107)
Observations
 1280
 1280
 1280
 1280
 1280
Robust standard errors (clustered by groups) in parentheses.
***p < 0.01, **p < 0.05, *p < 0.1 (& omitted category is the baseline without a target).
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Appendix 2. Initial individual pumps decision (Tobit & Poisson versions below)
Tobit regressions
 Pooled
 Baseline
 Limit¼ 0
 Limit¼ 5
 Limit¼ 10
1if limit¼ 10
 �0.703**
(0.288)
�0.675***
(0.249)
1if limit¼ 5
 �1.595***
(0.303)
�0.576**
(0.262)
1if limit¼ 0
 �1.099***
(0.348)
�0.316
(0.283)
Expectations total pumps
 0.273***
(0.0165)
0.270***
(0.0643)
1.265***
(0.268)
0.117**
(0.0474)
0.108***
(0.0185)
Age (years)
 �0.0101**
(0.00444)
�0.00110
(0.0162)
�0.156***
(0.0568)
0.00690
(0.0066)
�0.00145
(0.00443)
Gender (1 if female)
 0.182
(0.113)
0.876
(0.620)
0.829
(1.137)
0.361*
(0.192)
0.160
(0.0989)
Less than primary education
 0.332**
(0.147)
0.493
(0.588)
2.382
(1.520)
�0.271
(0.219)
0.210
(0.131)
1 if voluntary work
 �0.199*
(0.111)
0.114
(0.615)
�1.046
(1.238)
�0.0328
(0.154)
�0.166
(0.102)
1 if mining primary activity
 �0.124
(0.108)
�0.289
(0.489)
�0.0441
(1.169)
�0.0607
(0.160)
�0.146
(0.100)
Constant
 2.300***
(0.313)
0.631*
(0.348)
�0.236
(1.137)
�0.144
(2.308)
0.0979
(0.423)
1.022***
(0.237)
Sigma
 1.665***
(0.0831)
1.213***
(0.0626)
1.343***
(0.265)
4.946***
(0.968)
0.811***
(0.0974)
0.779***
(0.0517)
Observations
 640
 624
 46
 189
 115
 274

Lower censored observations
 110
 108
 4
 80
 15
 9

Upper censored observations
 171
 162
 24
 88
 8
 42
Robust standard errors in parentheses e Includes controls per session.
***p < 0.01, **p < 0.05, *p < 0.1.
Poisson regression
 Pooled
 Baseline
 Limit¼ 0
 Limit¼ 5
 Limit¼ 10
1if limit¼ 10
 �0.143**
(0.0665)
�0.0152
(0.0645)
1if limit¼ 5
 �0.633***
(0.0870)
�0.177*
(0.0948)
1if limit¼ 0
 �0.323***
(0.0880)
�0.0822
(0.0708)
Expectations total pumps
 0.0897***
(0.00634)
0.0603***
(0.0163)
0.109***
(0.0102)
0.0844***
(0.0319)
0.0527***
(0.00911)
Age (years)
 �0.00461***
(0.00161)
�0.00323
(0.00275)
�0.0151***
(0.00429)
0.00478
(0.00439)
�0.00121
(0.00200)
Gender (1 if female)
 0.0781*
(0.0423)
0.135
(0.137)
0.124
(0.107)
0.239
(0.152)
0.0655
(0.0463)
Less than primary education
 0.133**
(0.0536)
0.108
(0.115)
0.349**
(0.154)
�0.176
(0.160)
0.0925
(0.0581)
1 if voluntary work
 �0.0672
(0.0416)
0.0327
(0.109)
�0.0547
(0.131)
�0.0359
(0.108)
�0.0756*
(0.0456)
1 if mining primary activity
 �0.0681*
(0.0400)
�0.0366
(0.0860)
�0.0770
(0.105)
�0.0179
(0.118)
�0.0697
(0.0446)
Constant
 0.626***
(0.0815)
�0.00767
(0.122)
0.250
(0.278)
0.0536
(0.250)
�0.613**
(0.267)
0.195*
(0.109)
Observations
 640
 624
 46
 189
 115
 274
Robust standard errors in parentheses e Includes controls per session.
***p < 0.01, **p < 0.05, *p < 0.1.
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Appendix 3. Total pumps by round for each group, organized by treatment
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