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Over 30 y ago, Elinor Ostrom published Governing
the Commons (1), a demonstration by counterexam-
ple that the successful management of common pool
resources requires neither individual private property
rights nor central government control. Her contribution
and subsequent research identify more than a dozen
institutional features, or “design principles,” purported
to make successful community-based, common pool
resource management more likely (2, 3). Examples of
these features include clearly defined group and re-
source boundaries, graduated sanctions, conflict-
resolution mechanisms, enabling policy environments,
and accountable monitoring systems. But after decades
of theoretical and empirical studies, little is known
about whether external interventions can enhance
these features where they are weak or absent, or
whether enhancing these features individually—rather
than collectively—causes resource conditions to im-
prove (4). These questions have long been identified
as important for advancing sustainability science and
practice (5).

In this Special Feature on “Sustaining the Com-
mons,” the authors try to answer these questions by
developing and testing mechanism-based theories of
institutions in complex socio-ecological systems. The
Special Feature makes three contributions to advanc-
ing sustainability science. It offers an exemplar of
multiteam, harmonized research to accelerate the ac-
cumulation of generalizable knowledge in sustainabil-
ity science. In addition, it sheds light on the causal
relationship between community monitoring and
common pool resource outcomes, a relationship that
has long been of interest in the sustainability science
literature (1, 6, 7). Finally, it offers a theoretically in-
formed approach to guide synthesis of research findings
from diverse contexts. Through these contributions, the
Special Feature aims to stimulate discussion and debate
among different communities of scholarship and prac-
tice in sustainability science. These communities include

researchers and practitioners interested in common
pool resource governance, adaptive management, co-
management and decentralization, citizen science, and
democratic accountability, as well as those interested in
applying new approaches for empirical research on
causal relationships in complex systems.

The Special Feature comprises six, coordinated
country-level studies (8-13) and a metaanalysis of these
studies (14). Accompanying these empirical contribu-
tions are two perspectives essays authored by scholars
outside of the coordinated research project (15, 16). This
introductory article first discusses how multisite, harmo-
nized approaches can advance sustainability science.
We then turn to the multifaceted, multimechanism con-
struct of “community monitoring” and the role it plays in
four different sustainability science literatures on citi-
zen science, adaptive management, common pool re-
sources, and democratic accountability. By highlighting
its role in these different literatures and how the empir-
ical studies included in the Special Feature take the in-
sights of these literatures into account, we hope for
greater cross-fertilization across these literatures. Finally,
we examine challenges to developing generalizable
knowledge about the role of institutions in complex
social-ecological systems and show how mechanism-
based tests of theories can help generate and synthesize
empirical evidence in sustainability science.

Harmonized Studies (Metaketas) in
Sustainability Science

Sustainability science promises to address the chal-
lenges of sustainable development, which can be
defined as “enhancing human well-being to more eg-
uitably meet the needs of both current and future
generations” (17). But the promise of sustainability
science will be hard to deliver without a deeper, causal
understanding of how humans and the environment
change in mutual interaction. Ideally, we want to know
whether (and why) a relationship such as “a change in A
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leads to a change in B” holds in general. If the relationship only
holds under some conditions, we want to know under what
conditions it holds.

When seeking to shed light on causal relationships using data,
sustainability scientists often face tradeoffs between internal val-
idity (“Do my inferences approximate the truth?”) and external
validity (“Do my inferences generalize to other settings?”). Studies
that use the entire Earth as a case study (“a global analysis”) offer
insights on causal relationships that may generalize across space
and, with longitudinal data, time. These global studies also allow
scholars to assess how relationships vary across space and time.
Yet the myriad assumptions that go into such analyses make it
difficult to assess the credibility of the authors' causal inferences
(i.e., the study’s internal validity). Smaller-scale studies may yield
more credible inferences, but the specifics of the study location,
measures, and analyses make generalizability and extrapolation of
those inferences more challenging.

One path toward resolving these tradeoffs is to aggregate the
results from comparable smaller-scale studies. When smaller scale
studies sample from a wide range of conditions, aggregating their
results can yield a clearer picture of the nature and magnitude of a
causal relationship, the generalizability of the relationship and its
magnitude across contexts and, in some cases, the factors that
lead to heterogeneity in magnitude across contexts. For empirical
studies, the most common form of aggregation is a metaanalysis.
Yet in sustainability science, like in other scientific fields, there are
two obstacles to metaanalyses.

First, the studies that serve as inputs for metaanalyses may be
unsuitable. Metaanalyses take studies with high internal validity
and enhance their external validity and statistical power. Meta-
analyses do not, however, correct for hidden biases in studies with
weak internal validity. In the sustainability sciences, hidden biases
are widespread and advanced approaches to addressing them
remain rare (18). Problems of hidden bias are compounded by
widely acknowledged and documented problems associated with
“researcher degrees of freedom” (19, 20). Researchers in many
disciplines face incentives to generate dramatic findings with few
rival explanations. Such incentives lead to a wide range of selec-
tive reporting behaviors, including publication biases (not pub-
lishing studies that fail to find clear, dramatic results), p-hacking
(selectively reporting statistically significant results), and HARKing
(changing the hypotheses after the results are known) (21, 22).
These behaviors impede clearer understandings of how the world
works. Aggregating studies affected by these behaviors through a
metaanalysis cannot yield accurate, generalizable knowledge.

Second, even when metaanalyses draw on multiple studies
with high internal validity, they generally assume that the included
studies focus on the same construct (e.g., community monitoring)
and that their outcome measures are comparable after standard-
ization for differences in units (e.g., resource extraction). However,
researchers are rarely rewarded for replicating prior studies. Thus,
new studies often use designs that differ from prior designs in
meaningful ways, including what research question is posed, what
constructs are measured, how constructs are measured, and how
data are analyzed. These variations make comparing studies—and
thus accumulating knowledge—difficult. Solving this problem re-
quires changing the incentives that researchers face by reducing
the rewards for novelty and increasing them for harmonization of
measures and methods across studies.

Even when scholars can successfully aggregate the results of
smallersstudies;thesindividualsstudiessaresstillsimportant in their
own right. Generalizability is enhanced when we understand why
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a causal relationship was found. Such an understanding is often
best provided by individual studies. Moreover, individual studies
provide contextual details that are missing from metaanalyses.
These details not only help scholars make better sense of a meta-
analysis, but they also are critical fodder for theory refinement and
hypothesis development.

This Special Feature offers one solution to the tradeoffs be-
tween internal and external validity and between a metaanalysis's
big picture from a 10,000-m view and a smaller-scale study'’s
detailed picture from a 10-m view. The teams’ solution is called a
“metaketa,” derived from the Basque word for “accumulation.” A
metaketa, according to The Evidence in Governance and Politics
(EGAP) network that developed and championed the idea, is “a
collaborative research model aimed at improving the accumula-
tion of knowledge from field experiments on topics where academic
researchers and policy practitioners share substantive interests”
(defined in the Metaketa Initiative, https://egap.org/our-work-0/the-
metaketa-initiative/). Metaketas are similar in some key respects to
“coordinated networks” and “distributed experiments” in ecology
(e.g., refs. 23 and 24), or multisite randomized controlled trials
(RCTs) in health and social policy fields (e.g., ref. 25). Metaketas are
also similar in important ways to the “most similar systems” and
“most different systems” designs used to explain social phenomena
in comparative analysis (26, 27). The metaketa’s randomization of a
treatment allows the researcher to contrast two similar groups that
have different values of a causal variable (“most similar”); its repli-
cations across contexts allow the research to contrast diverse groups
that have the same value of a causal variable ("most different”).

Yet metaketas expand on these existing approaches by
grounding themselves in eight principles (see https://egap.org/
our-work-0/the-metaketa-initiative/ and ref. 28 for further details),
which we distill into four principles:

1) Harmonization: Harmonize research questions and study
designs across study sites.

2) Constraints on researcher degrees of freedom: Preregister de-
signs, create preanalysis plans, execute independent, third-
party replication of analyses, and archive data and analysis
code in public repositories.

3) Synthesis: Execute a preregistered metaanalysis organized
around the harmonized research questions and designs.

4) Integrated publication: Present results on a common timeline,
and ideally in a common venue, to reduce the risks associated
with publishing a second, or subsequent, study on a topic (i.e., to
reduce the premium on “novelty” in scientific publications).

Adherence to these principles forced the study teams to harmo-
nize their designs in multiple dimensions prior to implementing their
field interventions. First, the teams had to pose the same research
questions, guided by a common overarching theory (i.e., every team'’s
theory of change had to be nested within a larger, common theo-
retical framework). Second, the teams had to design comparable
community monitoring interventions and select comparable measures
of mechanisms and outcomes, as well as variables hypothesized to
moderate the intervention'’s effects. Each team could pose additional
research questions and study additional interventions or variables but
had to adopt a core set of harmonized study design attributes.*

*The entire project (six country projects plus metaanalysis) cost USD $1.47 mil-
lion, of which about $912,000 was for the interventions and the rest for mea-
surement. Based on conversations with EGAP leadership, we estimate that the
cost of harmonization represented less than 5% of measurement expenditures.
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This harmonization process facilitated the aggregation of the
country-level results in a metaanalysis, which synthesized the es-
timated effect sizes and greatly improved the modest statistical
power of the country-level studies. Yet, even in the absence of the
metaanalysis, the harmonization process enhanced the external
validity of the studies in two ways.

First, because the studies had an overlapping set of research
questions, interventions and measures, a reader can more easily
compare the results from the individual studies. This benefit,
however, comes at a cost: a harmonized design can limit the di-
versity of interventions that can be implemented across sites. Each
team must create an intervention that is recognizable as the
“same” across many countries. If the “best” intervention at a site
deviates too far from the underlying construct that the metaketa
wishes to test, some sites may not get the best intervention. For
example, if the best community-monitoring programs require
codesign by community members, that requirement may be in-
compatible with the metaketa’s requirement that the monitoring
programs be harmonized across sites (codesign of interventions
may also be incompatible with creating an intervention that can
be easily scaled across many communities).

The second way in which harmonization enhances external
validity is through the process by which teams agree on a trans-
parent theory that motivates an intervention. To address prior
critiques that experimental designs are often atheoretical and
fail to shed light on mechanisms (29, 30), the teams developed a
clear theory of change. A theory of change is a hypothesized,
mechanism-based causal path from the intervention to the out-
comes. To shed light on whether the mechanisms along the hy-
pothesized causal path were operative in the anticipated directions,
the teams also engaged in complementary data collection. Ensur-
ing the analysis was well integrated with theory allows readers to be
more confident in extrapolating the results to other contexts.
Moreover, integration with prespecified theory enhances internal
validity. As noted by Barrett and Carter (29), “results are credible
not just because they are statistically significant, intemally unbiased
parameter estimates, but because they conform with a compelling
model of behavior.”

To enhance the internal validity of the studies, all teams used a
mixed-methods approach that relied on randomization of the in-
tervention by the researchers (by “mixed methods,” we mean a
mixing of quantitative and qualitative data). As with the benefits of
harmonization of designs across sites, the benefits of randomiza-
tion do not come without cost. In a perspective essay in this
Special Feature (16), Barrett discusses the strengths and limita-
tions of experimental designs in the context of sustainability sci-
ence and what we can learn from other fields to improve the
application of experimental designs in sustainability science.
Moreover, randomized experimental designs are subject to ethical
assessments that are often not applied in nonexperimental imple-
mentations of similar interventions (31). In another perspective essay
in this Special Feature (15), Asiedu et al. discuss ethical aspects of
social policy experiments and propose steps that study teams can
take to assess the ethical dimensions of their studies prior to imple-
mentation and to communicate these dimensions when reporting the
results [Barrett (16) also discusses the ethics of social experiments].

The metaketa harmonization process also helped to constrain
“researcher degrees of freedom” at the analysis stage, whereby a
study’s purpose and target parameter can be reinterpreted after
observing the initial results. The harmonization process required
the teams to develop and preregister their research questions, their
analysis plans, and their motivating theory of change prior to the
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analysis, rather than during or after the analysis. Preregistration
required the teams to operationalize theoretical constructs in ad-
vance: What is the causal variable (the treatment), what is the target
casual effect (the estimand), what are mechanisms that may medi-
ate the causal effect, and what are the moderators that may en-
hance or diminish the causal effect? The study teams also committed
to third-party replication of the results (part of the metaanalysis) and
archiving of data and analysis code in a public repository (https://osf.
io/). Equally important, the authors agreed to report in their publi-
cations any deviations from their preregistered plans.

In some ways, the apparent "noisiness” of the results in the
country-level studies (i.e., imprecise or conflicting estimates) may
not be simply a function of modest statistical power. [t may also be
a function of the degree to which the details of the randomized
designs and data analyses were prespecified in advance and
could not be “massaged” after the data had been evaluated,
unless such massaging took place in clearly marked exploratory
research sections of the articles (rather than in the introductions,
masquerading as confirmatory research). The preregistration en-
sured that authors could not, for example, see that an outcome
variable generated a null result, or yielded a puzzling result that
did not conform to the original theory, and then decide, unob-
served by readers, that the outcome variable was a “poor mea-
sure” and should be dropped from the analysis.

Requiring preregistration of study designs, as well as third-
party replication and public posting of all data and code, can
thus constrain the questionable research practices that undermine
the internal validity of empirical analyses in many fields (32, 33).
However, although preanalysis constraints may be a good thing in
the long run because they make science more credible, they
could, in the short run, further marginalize science in the policy
process because they often reduce the certainty about the infer-
ences that can be delivered to policy makers (34).

Afinal feature of the metaketa in this Special Feature may have
further enhanced the internal validity of the designs. The research
question was arrived at via a competitive process created by
the funder, the United Kingdom'’s Department for International
Development, and managed by EGAP. In this process, the funder
identified two broad classes of interventions, information provi-
sion and community monitoring, and indicated it was interested in
funding experimental evaluations of these interventions in the
common pool resource contexts of forests and water. Teams
competed in a preliminary proposal phase, after which a subset of
teams was selected to move to a harmonization phase around a
single intervention. This process led to an interesting outcome:
none of the study authors in this special issue are leaders in the
four overlapping literatures that have reported on the successes of
community monitoring (Table 1). This outcome offers advantages
(e.g., new perspectives) and disadvantages (e.g., mischaracteriz-
ing the literature), but one important advantage is that none of the
study teams had a horse in this race and thus they may have felt
less pressure to deliver a particular result. We next turn to the
topic of the Special Feature studies: community monitoring.

Multifaceted, Multimechanism Community Monitoring

All monitoring generates information. This information can im-
prove science, solve coordination problems, generate compli-
ance, strengthen institutions, and support adaptive management
(35). Indeed, the large literature on monitoring documents the
diversity of uses that information from monitoring enables (36).
Monitoring is the foundation for a better understanding of social
and environmental systems. Without the information monitoring
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Table 1. Key features of writings on community monitoring

Feature Citizen science

Adaptive management

Common pool resources Democratic accountability

Central puzzle to Improve scientific knowledge

address via of resource systems and
community environment
monitoring

Role of monitoring
scientific knowledge
management

Target of monitoring  Species, ecosystems,
ecosystem processes

Monitoring
mechanisms campaigns, species counts
and lists, mapping games,
smartphone apps

Changes in scientific
knowledge, higher citizen
participation, more effective
data collection tools

Anticipated effects
processes

Ultimate outcomes Improved science

outcomes

Improve system performance
through better management

Provide information for better Provide information on system Provide information on rule
outcomes to improve system

System performance and its
relationship to interventions
Volunteer monitoring networks, User-provided information,
specialized monitors,
automated sensors

Changes in management
interventions and system

Improved resource system

Secure and promote user Hold authorities accountable

compliance with rules

Increase transparency of
compliance to better target  decision-making
sanctions and to resolve
disagreements
User behavior, match between Authorities, actions of
user behavior and rules authorities
In-person direct and indirect  Citizen scorecards, community
observations, remote meetings, community audits,
sensing data community-based budgeting

Increased rule compliance Greater transparency

Improved resource system
outcomes

Lower corruption

affords, it would be difficult to assess the speed of climate change,
challenging to understand the effects of socio-environmental
changes, and impossible to assess the performance of people
or programs (37).

In the context of social-ecological systems such as resource
commons, community monitoring generates three types of in-
formation. It produces information about the state of ecosystems,
resources, and species. It produces information about the actions
of members of a community or organization, especially whether
and how their actions align with explicit or implicit rules governing
their behaviors. Finally, it produces information about the actions
of elected or appointed authorities and the effects of their actions
on people and ecosystems. Individuals, communities, and orga-
nizations use these types of information to improve scientific un-
derstanding of systems as well as to improve system performance
and outcomes via better-designed interventions.

Information from community monitoring is a focus of inquiry in
four distinct literatures: citizen science, adaptive management,
common pool resource governance, and democratic account-
ability. As mentioned above, each seeks to achieve information-
oriented objectives but to differing degrees and in different ways
(Table 1). Their insights also informed the design of the metaketa
and the specification of the mechanisms through which the ex-
perimental treatment in the studies—community monitoring—
could affect resource outcomes.

The citizen-science literature highlights how community
monitoring by citizen volunteers can advance scientific goals of
data collection, discovery, engagement, and scientific education
(38, 39). Scientific monitoring of the status and trends of ecolog-
ical systems, and the threats to these systems, is costly. Involve-
ment of citizen volunteers reduces costs, but the resulting data
may be noisy or biased. A substantial proportion of citizen science
research investigates how data collected by volunteer participants
can be made more reliable (consistent) and valid (accurate) (40,
41). This literature has expanded considerably in recent years with
the emergence of novel partnerships that seek to improve the
quality of citizen science by combining large-scale data collection
byscommunitysmembersswithmnewssensors;minstruments, and
analysis techniques (42, 43). Information provided by citizen
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monitors is improving the quality of science and promising to
yield better-designed interventions in fields as diverse as eco-
system services, disease surveillance, sustainable development,
climate action, disasters, environmental (air and water) quality,
agriculture, urban ecology, and invasive species (44, 45).

In contrast to the emphasis of the citizen-science literature on
the use of community monitoring to improve science, the litera-
ture on adaptive management emphasizes the role of monitoring
in helping elected and appointed authorities make better deci-
sions, thereby improving system outcomes (46, 47). Information
about social-ecological system changes, including changes that
occur as a result of management interventions, helps resolve un-
certainties and change management direction as needed (48).
Information is thus of central importance to all adaptive man-
agement (49). Although information may be available from di-
verse sources, community monitors can have an edge over
external monitors because they can be less expensive and be-
cause they often possess better time- and place-specific infor-
mation about system changes. In addition, the participation of
community stakeholders in monitoring can change their beliefs
and resource use behaviors directly (50).

Whereas the adaptive management literature implicitly as-
sumes that decision-makers act in the public’s best interests and
need better information to do so, two other literatures focus on
the role of information under conditions where the private in-
centives of decision-makers are not aligned with the provision of a
public good. The common pool resource governance (or com-
mon-property) literature emphasizes how monitoring can align
the behaviors of resource users with rules for resource use, while
the democratic accountability literature emphasizes how monitor-
ing can change the behaviors of elected or appointed authorities. In
small decentralized resource use and management contexts, au-
thorities and users are distinguished mainly by the roles they play
with respect to resources: authorities create and enforce rules for
the use and governance of the resource system; users rely on the
resource system for their needs and are expected to follow
collectively agreed-upon rules.

Scholarship on common property has focused on the role of
monitoring to address information gaps about user behavior, and
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how such information may solve the key problem of user com-
pliance with rules (51). Information helps authorities shape user
incentives so that users adjust their resource-related behaviors. In
this context, monitoring activities are typically nested in institu-
tional arrangements that include sanctions and adjudication (1).
Yet studies, especially those based on laboratory experiments,
also suggest that shared information by itself can affect what users
do, even without changes in sanctioning and adjudication. The
Special Feature studies take this insight a step further in diverse
empirical contexts, showing how and to what extent monitoring in
common pool resource systems by itself affects outcomes. In
addition, the studies elaborate on how monitoring works, a
missing piece in writings on common property despite their at-
tention to the importance of community monitoring.

Monitoring in groups—of both users and authorities—raises
the complex question of who will monitor the monitor (52). Most
groups address this monitoring dilemma through a combination
of strategies: role specialization, supervision, and recursivity. With
role specialization, a much smaller number of group members—
those performing the task of monitoring—need supervision and,
in many instances, additional incentives. Elected or appointed
authorities often serve as supervisors of monitors. Recursivity oc-
curs when officeholders are accountable to their constituents. In
such arrangements, widespread in small-scale common property
systems across the low and middle-income world (53, 54), spe-
cialized monitors observe and report on the status of the resource
and actions of resource users, authorities at different levels su-
pervise monitors, and group members can observe and seek in-
formation on the decisions of authorities.

This last form of monitoring—of authorities by group members—is
the focus of the literature on democratic accountability (55-57),
especially in decentralized contexts. Decentralization of decision-
making itself has attracted substantial attention, with some ob-
servers calling it “the quiet revolution” (58) and others referring to it
as the most important governance trend in the last half century
apart from democratic transitions (59). Monitoring for democratic
accountability focuses on using information, and transparency
through information sharing, to improve governance outcomes
(60). Advocates of community monitoring suggest that elected and
appointed authorities care about who knows what about their ac-
tions and how citizens perceive and judge their actions. Greater
transparency and more information about decision-making are
thus viewed as critical to hold authorities to account by limiting
the use of public goods for private benefits.

Community monitoring approaches in writings on democratic
accountability include a variety of mechanisms that may advance
transparency of decision-making (61, 62). In studies on the ef-
fectiveness of these mechanisms in improving accountability of
authorities, the mechanisms may be studied as standalone inter-
ventions or as part of a set (63). At the community level, these
mechanisms include information meetings, community project
monitoring and reporting, participatory budgeting, community
scorecards, and grassroots audits (64, 65). Some of these mech-
anisms may activate greater accountability of authorities through
channels other than information acquisition and sharing.

Viewed through the lens of these four distinct literatures on
community monitoring (Table 1), the empirical context of the six
RCTs in the metaketa most closely resembles the contexts that
scholars of common pool resources analyze. But the metaketa's
underlying theory of change linking monitoring to resource
outecomes;drawssuponsinsights-fromsallfour,eommunity monitor-
ing literatures. The literatures on citizen science and adaptive
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management both emphasize the role of monitoring in uncover-
ing information to address knowledge gaps of managers and the
use of information to improve decision-making. Scholarship on
common pool resources highlights the importance of monitoring
information and its public availability for changing user behavior,
even without externally imposed sanctions. Finally, the democratic
accountability literature highlights how information can prompt
authorities to make decisions, such as to enforce resource-use rules,
for greater public benefit.

What Can the Special Feature Tell Us about Community
Monitoring?

The fundamental challenge confronting the study of institutional
interventions like community monitoring is that such interventions
are inevitably heterogeneous. In each of the four distinct litera-
tures described in the previous section, community monitoring
has different objectives, forms, target outcomes, and hypothe-
sized mechanisms. Compounding these differences are the many
potential variations in how community-monitoring programs are
operationalized in field settings. Community monitoring may vary
across study sites in terms of: 1) the types of information monitors
collect; 2) the costs of monitoring; 3) the means of monitoring
(how information is collected); 4) the timing, frequency, and se-
quencing of monitoring activities; 5) how monitoring information
is aggregated and analyzed; and 6) who receives the information
(Table 2). Other potentially consequential differences in commu-
nity monitoring interventions may concern the characteristics of
monitors, the reliability of monitoring information, or the uses to
which the monitoring information is put.

Researchers using observational designs have little control
over these variations. But even in harmonized, experimental de-
signs, the implemented intervention may differ across study
settings as a result of the variations in the resource system, the
socio-economic and political features of communities, and how
field teams interpret and implement the harmonized theory of
change. The six teams in this Special Feature sought to implement
the same community-monitoring intervention, basing their inter-
vention designs on how community monitoring is described in
writings on common pool resources and democratic account-
ability. Nonetheless, as illustrated in Table 2, the interventions
vary across many dimensions (for other variations across the
studies, and also the key common features, see table 1 in ref. 14).

The challenge for sustainability scientists is to understand the
implications of such treatment variation for study designs and
analyses (we use the word “treatment” as a synonym for “causal
variable,” regardless of whether the variable is manipulated in an
experiment or not). The challenge for practitioners is to under-
stand the implications of treatment variation for the design and
implementation of field interventions. For community-monitoring
programs, the observable variations can easily be documented, as
in Table 2. Indeed, many metaanalyses aiming to make broad
generalizations from quantitative work in a subject area recognize
that variations in implemented treatments can explain variations in
study findings (so-called “clinical heterogeneity”) (66). But to
generalize a causal relationship from multiple studies where the
implemented treatment is not exactly the same across studies—in
this case the effect of community monitoring on common pool
resources—more than a taxonomy of treatment variations is neces-
sary. We need to know whether these variations are “consequential”
in terms of the relationship between the treatment and the outcomes
of interest.
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Table 2. Variations in community monitoring interventions in the Special Feature studies

Attributes of Bernedo del

intervention Buntaine et al. (8) Carpio etal. (9) Cooperman etal. (11)  Eisenbarth etal. (12)  Slough etal. (13)  Christensen et al. (10)
Resource Surface water in Groundwater in Groundwater in Forests in Uganda Forests in Peru  Forests in Liberia
system China Costa Rica Brazil
Type of Odor, color, chemical Service quality, Well pump electricity Tree and branch cutting, Deforestation Scale and types of user
information  composition of water quality, use, depth to well grazing, charcoal incidents and activities in forests
water leaks, illegal water making, clear-cutting, amounts
water/land infrastructure
uses expansion, wildfires
Cost of $2 per session to $3 perreportto  $3 to $5 per month  $2.79/d $80 per month  $1.75 per month per
monitoring  monitor monitors monitor
How Volunteers collect Smartphone Water committee In-person patrols Satellite data, Remote sensed data,
information  data and monitoring members collect along transects patrols nongovernmetal
is collected  transmit it application; electricity use and organizations and
WhatsApp water level data, monitors undertake
chat group send WhatsApp patrols in forests
reports
Frequency ~ Semimonthly Weekly reports Semimonthly visits ~ Monthly patrols Satellite-based ~ Quarterly reporting
volunteer to wells along transects alerts; field
monitoring patrols follow
Aggregation/ Semimonthly Summary report Summary Poster based on Paper reports and Monitors share
analysis information generated by the  infographics monitoring digital records information from
aggregated into smartphone app  generated by information; of monitoring patrols (no
quarterly reports research teams Discussion of forest effort and aggregation except at
and posters use (trends) in monthly  dynamics end of experiment)
community meeting of  over time
village households
Information  Local and provincial =~ Water managers ~ WhatsApp messages Monthly community Community, who Community members in
sharing governments via and users sent among water meetings of village then decides group meeting after
quarterly reports, committee households whether each patrol
public and users members, to share with
via posters community government

members, and

research team

Consequential Variation in the Treatment. All treatments are
heterogeneous. Consider an experimental vaccine, which, at first
glance, appears to be a simple, homogenous treatment. But its
administration will likely vary in multiple dimensions. For example,
the same vaccine can vary across individuals in ways such as po-
tency, the quantity injected, and the timing of the injection. Most
such variations are minor, sufficiently minor to be ignored when
assessing efficacy of the vaccine. In contrast, the administration of
an institutional intervention designed to affect the status and tra-
jectory of a coupled human-natural system is both complex and
heterogeneous: its variations may not be as easily ignored. How do
we know when variation in the treatment is consequential?

We propose a mechanism-based, conceptual approach to
understanding consequential variation in treatment. A treatment
variation is consequential if different versions of the treatment
create variations in mechanism effects. This approach to deter-
mining consequential variation is illustrated in Fig. 1.

In Fig. 1A, a version of a community monitoring-program, C,,
has heterogeneous effects on resource status, R, conditional on-
site conditions, S. This heterogeneity stems from moderating
conditions at the sites that affect the channels, M, through which
C.; affects R. For example, preexisting norms or institutions may
moderate the degree to which management authorities perceive
pressure to change their behaviors (i.e., these preexisting condi-
tions moderate an accountability mechanism). The moderating
conditions-either-affect-how Cys-affects- M-or-how M affects R, or
both (i.e., those causal pathways are represented in the figure by
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the arrows from treatment to mechanism and the arrows from
mechanism to outcome). Fig. 1A thus illustrates what researchers
mean by the phrase "heterogeneous treatment effects” or
“conditional treatment effects”; that is, a community-monitoring
program has different effects in different subgroups of the target
population of communities (i.e., site conditions).”

Fig. 1B portrays a second version of the community-monitoring
program, C,, which affects the mechanisms in the same ways that
C,1 affects them under the same site conditions. In this case, the
variation in the two monitoring programs is inconsequential. In
other words, a policymaker could expect a similar average effect on
resource status from the two versions of the monitoring program.

Other versions of the treatment intervention, however, may
not generate the same effects. In Fig. 1C, a third version of the
community-monitoring program, C,s, affects the mechanisms in
the same way as C,; at site Sy, but not at site S,. In this context, the
moderating conditions at the site interact with the version of the
monitoring program to create consequential variation. For ex-
ample, whether a monitoring program has a mission statement
that explicitly states the expected effects of the program on re-
source status may not matter at site S4, where the population is

"The scale of the “site” in Fig. 1 is left undefined. One may be interested in how
differences in conditions across communities in the same RCT may moderate
the effect of C on R (within-study heterogeneity) or how differences in condi-
tions across RCTs may moderate the effect of C on R (across-study heterogeneity).
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Inconsequential Variation
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Consequential Variation

Fig. 1. Consequential variation. A version of a community-monitoring program (C,) can affect a resource status (R) through different mechanism
channels (M) under different site conditions (S). Site conditions can moderate how C affects M and how M affects R. Directed arrows indicate the
path of causality and the (+) or () symbols indicate direction and magnitudes of the causal effects. (A) C,; (version 1) has heterogeneous
treatment effects based on site conditions. The other panels are contrasted with this panel. (B) C,, affects R in the same way that C,, affects R,
and thus the treatment variation is inconsequential. (C) C, 3 affects Rin the same way that C,; affects Rat S4, but not at S, and thus the variation is
conditionally consequential (conditional on S). (D) At all sites, C,4 affects R in ways that differ from the ways that C,; affects R, and thus the

variation is consequential. See text for more details.

largely illiterate. Yet, at site S, the presence of a written mission
statement changes the expectations of the players in the moni-
toring program (e.g., users, monitors, management authorities) in
ways that affect the accountability channel. In other words, the
variation is conditionally consequential, and a policymaker should
not expect a similar effect from the two versions unless imple-
menting both versions under similar conditions.

In Fig. 1D, a fourth version of the community-monitoring
program, C,4, affects the mechanisms differently at all sites. In
fact, at site S, one of the mechanisms is not operative at all. This
variation in the program attributes is thus consequential: it creates
policy-relevant variation in the mechanism effects and thus in the
overall effect of community monitoring on resource status.*

In all four panels of Fig. 1, we see heterogeneity in the post-
intervention status of the resource. The effect of a specific version of
a community-monitoring program differs depending on where the
version is implemented (i.e., the effects of a version are heteroge-
neous, also known as heterogeneous treatment effects). In Fig. 1 C
and D, the effects of two versions of a community-monitoring pro-
gram also differ at the same locations (i.e., the programs themselves
are heterogeneous, also known as heterogeneous treatments).

This subtlety in terminology reflects a subtlety in interpretation
when scientists describe heterogeneous outcomes within a single
study or across studies. Does the heterogeneity arise from varia-
tion in moderating conditions across locations or from variation in
the versions of the treatment implemented in the locations?

*One could imagine an indeterminate case, in which two versions affect R via
different mechanisms or different magnitude effect sizes, but countervailing
effects cancel each other out and the overall effect is the same. Given that
such cases are unlikely in practice, we ignore them here.
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Consequential variation in the treatment is a problem for scientists
interested in causal inference, whether they rely on observational
or experimental data. In other words, it is a threat to the internal
validity of individual studies [when the variation is within-study
(67)] and a threat to the internal validity of metaanalyses (66).

Consequential variation is also relevant to policy. Policymakers
interested in designing interventions need to understand whether
they are contemplating variations in the design of the intervention
that may be consequential. From this perspective, the notion of
consequential variation in the treatment design relates to the notion
of external validity. Both notions are aspects of the broader notion
of generalizability. When scientists refer to “generalizability,” they
typically mean external validity in the sense of whether the treat-
ment, C, can be expected to affect the outcome, R, in the same way
under different conditions. Scientists are not typically referring to
generalizability across different versions of C itself. But because
policy treatments can be highly heterogeneous, policy makers also
want to know whether variants of C also affect R, and by how much
and under what conditions. Unlike pharmaceutical treatments, for
example, policy treatments aimed at affecting outcomes in coupled
human-natural systems will typically vary across time and space. As
we have seen, even a construct as seemingly simple as community
monitoring can be implemented in myriad ways.®

SThe source of exogenous variation in treatment exposure may also lead to
consequential variation. For example, in an experimental design, the mecha-
nisms may operate differently if the attributes of the agent offering the program
send a signal to communities about the magnitude of expected benefits from
the program and thus affects their investment in the program (e.g., differing
signals from a local nonprofit, an international nonprofit, a local government
agency, or a national government agency).

PNAS | 7 of 12
https://doi.org/10.1073/pnas.2106489118
Www

.manaraa.com


https://doi.org/10.1073/pnas.2106489118

Downloaded at Palestinian Territory, occupied on December 28, 2021

The metaketa teams’ use of preregistered, randomized
experimental designs made it less likely that their treatment
interventions varied consequentially within each country. The
metaketa harmonization process, with its emphasis on a common
theory of change and similar field implementation, also made it
less likely that the treatment interventions varied in consequential
ways across countries. Despite these precautions, variation in the
implemented version of the community monitoring did occur
(e.g., in China, monitors did not send monitoring reports to
management authorities, thus potentially weakening the ac-
countability channel). The authors and their readers are thus
forced to make untested (and potentially untestable) assumptions
about the consequentiality of treatment variations within and
across countries.

How does one judge whether a variation is consequential? Our
definition and elaboration of consequential variation makes clear
that such judgement is impossible in the absence of an elabo-
rated, mechanism-based model of how the treatment can affect
an outcome. Such models are clearly necessary to guide judge-
ments about consequential variation in science, when aiming to
infer causality within a setting or to generalize causal relationships
across settings. But they are also critical to policy, when aiming to
determine whether an anticipated variation in the program design
will be consequential. Neither empirical science nor policymaking
can afford to be atheoretical.¥

Assessing consequential variation through the lens of elabo-
rate, mechanism-based theories can help in the design of single
studies and in harmonization across studies. The study teams in
this Special Feature used a harmonized, mechanism-based theory
of change, which they used to judge whether proposed treatment
variations would be consequential. This theory also guided the
teams’ selection of relevant intermediate variables and their re-
lationships (mechanisms), allowing the teams to assess whether
the treatment was working in similar ways in the six countries.
Based on analyses of these intermediate variables, the account-
ability channel seemed to be most influential in this set of studies,
suggesting that the variations in treatment design were not con-
sequential unless they affected the accountability channel (the
smallest treatment effect on resource use was in the China con-
text, where monitoring reports did not go directly to authorities).
This mechanism analysis at the level of individual studies was
complemented by analysis of heterogeneity in the metaanalysis
(14). The authors found no statistical evidence of heterogeneity in
the effect sizes from the six country studies, a finding that further
strengthens the assumption of no consequential variation in
treatment across the studies (however, given there are only six
studies, the metaanalysis is only powered to detect substantial
heterogeneity). In other words, readers may plausibly assume that
the metaketa teams have implemented six inconsequential vari-
ations of the treatment, each assigned to a different country in 35
to 80 communities per country.

If a metaanalysis detects evidence of heterogeneity in the
estimated effect sizes across the studies, one cannot necessarily
infer that the treatments vary in consequential ways. This is be-
cause although metaanalyses can provide statistical evidence of

The importance of mechanistic theorizing (also known as the elaboration of
generative mechanisms) to support the interpretation of causal analyses has
been long asserted by social scientists (e.g., refs. 68 and 69), statisticians (e.g.,
ref. 70),"and philosophers of science (e:g:; refs. 717and 72); see summary in
chapter 10 of ref. 73.
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heterogeneity in treatment effects across studies, they cannot
easily identify the sources of heterogeneity. Heterogeneity across
studies can arise from random error, heterogeneous treatment
effects (Fig. 1A), consequential variation in treatments (Fig. 1 B
and Q), different outcome measures, or different designs and
methods. Without an elaborate, mechanism-based theory, re-
searchers cannot credibly distinguish among these explanations.
For example, the metaketa used similar designs and methods and
thus could rule out those explanations, but each context had a
different resource status measure. The explanation that treatment
effects vary by resource status can only be ruled out if the team is
correct that the theory of change is independent of the resource:
the mechanisms would work in the same way for groundwater as
for a forest. If the metaanalysis had produced evidence of het-
erogeneity, the authors would thus have to determine whether
that heterogeneity arose because of variations in the study con-
texts or because of consequential variations in the treatment, or
both. The authors could have chosen to simply make an assertion
(e.g., ruling out consequential variations in treatment based on
the harmonization process) or to run an empirical analysis (e.g.,
metaregression) that identifies potentially consequential features
of the contexts and treatments and estimates how each feature
contributes to variation in the estimated effect sizes (an approach
that typically requires more studies than six). Yet, to be credible,
assertions and choices of features to include in an empirical analysis
can only be justified when based on an elaborate, mechanism-
based theory. In fact, such theory is required for any attempt to
synthesize empirical data, regardless of whether the synthesis is
done through a meta-analysis or other comparative approach.

Thus, sustainability science is going to be most successful
when it is practiced as an iterative process between theory de-
velopment and empirical analyses, whereby theory-driven hy-
potheses about what variations are consequential are first posed
and then tested empirically. The constraints to knowledge accu-
mulation posed by consequential variation exist in any empirical
study of sustainability interventions, whether the study is experi-
mental or nonexperimental or whether it is preregistered and
harmonized. Ultimately, in science, assessing whether a treatment
variation is consequential requires shared assumptions about the
underlying model that characterizes the system being studied.
This set of shared assumptions allows scholars to determine
whether a theory is sufficiently deep: that is, whether the mech-
anisms are sufficiently elaborated at their lowest level to assess if a
treatment variation is consequential.

The Metaketa Design and Implications for Accumulating
Knowledge. All causal effects are defined as a contrast be-
tween two states of the world. What are the two states of the world
being contrasted in the RCTs in this Special Feature? In the sim-
plest terms, the RCTs measure differences in outcomes between
the status quo and a state in which a community monitoring in-
tervention is added to the status quo. However, the status quo in
these RCTs is not “the absence of any community monitoring.”
The communities in which the monitoring programs were assigned
had some monitoring prior to the RCT intervention (see SI Ap-
pendix, Section S6 in ref. 14). In fact, it's hard to imagine any
community that uses a common pool resource but has zero com-
munity monitoring. For example, even without formal, specialized
monitoring roles, community members observe each other while
carrying out their daily routines. Community monitoring is thus
best viewed as a continuous construct that varies by the intensity
or extent of the monitoring.
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From this perspective, the studies in the Special Feature con-
trast “enhanced community monitoring” (treatment) to “status
quo community monitoring” (control). The estimated effects in
the RCTs may thus best be viewed as lower-bound estimates of
the expected effects of adding a maximal community-monitoring
program to a condition of no monitoring at the same study sites
(unless the function that maps doses of monitoring intensity to
outcomes is nonmonotonic).

We can further unpackage the construct of enhanced com-
munity monitoring. A community-monitoring program can be en-
hanced via intemnal forces (i.e., endogenously) or via external forces
(i.e., exogenously). In the common pool resource literature, most
community-monitoring programs seem to arise endogenously: that
is, the communities that are most likely to adopt enhanced moni-
toring systems are the ones that perceive the most gain from de-
veloping them and, perhaps, have extemal agents to assist them in
setting up the programs. That endogenous selection into moni-
toring makes studying the effects of monitoring a challenge in
nonexperimental designs. The challenge arises because the com-
munities that adopt monitoring are different from the communities
that do not adopt monitoring in ways that may also affect resource
conditions and community welfare, making it difficult to estimate
what would have happened in the monitored communities had
they not had monitoring (i.e., counterfactual outcomes).

The metaketa in this Special Feature solves this endogenous
selection challenge by using an experimental design. The teams
randomized their monitoring interventions within a group of
communities recruited from a population of communities that had
not yet implemented a formalized monitoring program but were
interested in implementing such a program.

However, this solution to the endogenous selection challenge
affects the nature of the causal effect that the teams can estimate.
The teams estimate the expected effect of an “external actor-
initiated” enhancement of community monitoring, rather than of
a community-initiated enhancement of monitoring. Furthermore,
they estimate this causal effect in a subgroup of communities. This
subgroup comprises communities that are willing to accept ex-
ternal support for establishing an externally designed, enhanced
community-monitoring system. This subgroup excludes commu-
nities that already have an enhanced system of monitoring that they
designed and adopted on their own (i.e., the focus on much of the
common pool resource management literature) and communities
that express no interest in adopting such a monitoring system
(i.e., part of the population that policymakers care most about).

Thus, without more assumptions, the RCTs in the Special
Feature do not shed light on the expected impact of endoge-
nously generated community monitoring or the expected impact
of community monitoring in communities that are not interested
in adopting monitoring without more incentives or coercion. One
could extrapolate to those groups if, for example, one is willing to
assume that all communities have good information about the
returns to monitoring. In that case, one could assume that the
average “already have it” community would have an average
treatment effect (ATE) higher than the ATE for the average “don’t
have it but want it” community. The “don‘t have it but want it”
community would, in turn, have an ATE higher than the average
“don’t have it and don't want it” community (i.e., if that commu-
nity were forced to have a monitoring program via, for example, a
government rule or regulation). But without assumptions like
these, such extrapolations are not possible.

Nevertheless;fromsaspolicy;perspectiveptheseffect in the “don’t
have it but want it” communities may be the most relevant effect.
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Viewed from this perspective, the study contexts in the Special
Feature may be more relevant to the decentralization, comanage-
ment, and state-recognized community-based management con-
texts (74, 75), and perhaps less relevant to contexts where
community monitoring emerges endogenously, as was the case
with the original common pool research studies included in (1).

Further unpacking the construct of community monitoring in
these trials, one ought to consider how monitors were incentivized
in these trials. Monitors were paid conditional on submitting their
reports because the study teams wanted to reduce the likelihood
of noncompliance by the monitors. In other words, the RCTs were
designed to ensure that monitoring took place. One could thus
think of these RCTs as “efficacy trials,” in which atypical efforts are
taken to enhance compliance, rather than “effectiveness trials,” in
which compliance may be more variable in space and time under
so-called “natural” conditions. Understanding the first-order
problem of whether a monitoring program can affect resource
outcomes is important, but that understanding does not provide
guidance on solving the second-order problem of how to moti-
vate monitors without outside aid or how outside aid from dif-
ferent sources may lead to different rates of compliance (e.g.,
coming from a government rather than nonprofit organization).
Solving that second-order problem is a separate research agenda.

Finally, we want to highlight the limitations of using short-term
interventions to draw inferences in sustainability science. The
postintervention period in the six RCTs is roughly 1 y. Sustainable
common pool resource management, however, requires persis-
tentimprovement in management. The estimated average effects
reported in the Special Feature are likely to differ from the aver-
age effects of a persistent change in community monitoring. But
predicting how they may differ depends on assumptions about
long-term mechanisms. The estimates in the Special Feature
could be lower-bound estimates of a persistent change in com-
munity monitoring if there were learming-by-doing (maturation)
within the monitoring programs or if norms change slowly over
time. However, the same estimates could be upper-bound esti-
mates if shirking of monitoring effort (free riding) increases over
time. Moreover, the RCTs shed no light on the question of how to
institutionalize the monitoring programs into the broader gover-
nance processes in civil society.

The Future of Common Pool Resource Management and
Empirical Sustainability Science
Despite the limitations described in the previous section, this
Special Feature makes three contributions to advance sustain-
ability science. The first is an assessment of community monitoring
from the perspective of four sustainability science literatures. The
second contribution is an exemplar of a research design, the
metaketa, that can strengthen empirical sustainability science.
The third contribution lies in an illustration of the challenges
for sustainability scientists hoping to synthesize prior research to
better understand causal relationships in socio-ecological systems.
Scholarship on community monitoring in common pool re-
source systems reaches divergent conclusions about whether
community monitoring is effective only when it emerges endog-
enously in a community, or whether it can also be effective when
introduced by external agents, such as a central government.
Related to this argument is whether community monitoring is ef-
fective as a standalone intervention or only when it is nested in a
set of institutional features that include sanctions on rule breakers
and arrangements for adjudicating disputes. Intervening in this
debate, the studies in this special issue show that institutional
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design features, such as community monitoring, can be manipulated
individually in common pool resource settings, and that communities
are willing to adopt enhanced monitoring interventions when ac-
companied by technical and financial support (but see ref. 11).
This empirical evidence is important because prior theory and
empirical analyses offer little guidance to scholars or policymakers
on whether the dozens of identified design principles for effective
resource governance have to be enhanced simultaneously to
change outcomes, or if they can be manipulated independently.
Additionally, the fact that community monitoring can be intro-
duced as an individual institutional intervention also means that
the intervention can be scaled across communities whose insti-
tutions may differ from each other, making it relevant across a
larger set of literatures in sustainability science: for example, on
decentralization, community-driven development, or payments
for ecosystem services (76). Indeed, one benefit of harmonized,
experimental designs is that they require the treatments to be
scalable. However, the metaketa studies do not provide evidence
on whether one should expect additive impacts from multiple
changes in institutional design features. Future studies could ex-
plore whether multiple changes to institutional design features
have additive or multiplicative effects, are substitutes for one an-
other, or worse, interfere with each other. The metaketa highlights
how large—and thus expensive—such studies will be to have suf-
ficient power to detect policy-relevant differences across multiple
treatment arms (although adaptive designs may lower that cost).
Knowing that an institutional intervention like community
monitoring can be deployed individually is important but insuffi-
cient. For both scientific advances and policy actions, knowing if
the intervention has an effect on outcomes is also important. The
second major finding of this Special Feature is that, on average,
externally driven enhancements of community monitoring in
social-ecological systems cause reductions in resource extraction
and increases in user satisfaction [however, see cautions on in-
terpretation expressed by Barrett (16)]. In addition, the meta-analysis
of the six studies detects no statistical evidence of heterogeneous
effects (14). This lack of statistical evidence, in combination with the
theory and evidence about the operative mechanisms (see below),
suggests that the variations in monitoring programs across the six
countries were not consequential and that the programs had com-
parable effects despite being implemented in different contexts.
The summary estimated effect size on reductions in resource
extraction is 0.10 SDs (14), which is comparable to the summary
estimated effect sizes in metaanalyses of interventions in other
sustainability settings: payments for environmental services (77),
information-based strategies in energy conservation (78), and
climate change mitigation (79). It is also comparable to the
magnitudes of estimated effect sizes in evaluations of protected
areas that address the nonrandom location of the areas (80). An
effect size of 0.10 SD across a range of interventions has an im-
portant implication for sustainability scientists: they need to think
more about statistical power. Only one of the studies in the
Special Feature was designed to detect an effect of 0.10 SD with
power near the conventional level of 80%. Had we only had one or
a few of the six studies, we may have failed to detect the effect of
monitoring. Perhaps worse, if only the Amazonian study that had
the largest estimated effect size was published (13), researchers
and policymakers may have interpreted community monitoring as
much more impactful than it likely is [the problem of exaggeration
biases in literatures with underpowered designs and publication
biases against statistically or scientifically “insignificant” results is
slowly being understood across disciplines (81)]. The problem of
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low statistical power is relevant beyond experimental designs.
Multicountry, nonexperimental studies of community-based nat-
ural resource management also tend to base their findings on a
relatively small number of cases, with only a couple of hundred
observations or fewer being common (e.g., refs. 82-85).

The third major insight related to community monitoring is that
the effects of community monitoring on resource status and ex-
traction appear to be mediated primarily through accountability
channels. This insight has two implications. First, monitoring
programs implemented in other common pool resource contexts
are most likely to have similar effects to the programs in the
Special Feature when those contexts include management au-
thorities whose behaviors have important effects on resource
status and user satisfaction. Second, variations in program design
are most likely to be consequential when they affect account-
ability channels. For example, the way in which monitoring in-
formation is collected and presented to other users (e.g., through
remote sensing or in-person patrols, digitally or paper-and-pen)
may not matter as much as ensuring the information is delivered
to the relevant management authorities. Guidance on conse-
quential variation in the treatment is important because, for insti-
tutional treatments relevant to sustainability, empirically assessing
the consequentiality of potential variations in a treatment design
would be costly.

Nevertheless, despite the important insights provided by the
metaketa, it is worth noting that institutions are complex, mea-
sures of institutional features remain in their infancy, and knowl-
edge about how features of institutions interact with each other
and with their resource, socioeconomic, and political contexts is
inadequate at best. While the metaketa provides systematic evi-
dence on community monitoring, practitioners interested in
changing institutions need also to rely on a mix of: 1) prior evi-
dence; 2) a shared, elaborated, mechanism-based theory of the
relationships among the treatment, the units of analysis, inter-
mediate outcomes, and contextual covariates; and 3) a commit-
ment to pursuing new evidence where it is missing. Ultimately,
generalizability requires that scientists uncover not only the av-
erage effects of changes in institutional features of systems, but
also whether institutional effects work through the mechanisms in
the ways scholars and practitioners hypothesize they do.

In addition to insights related to community monitoring, the
second major contribution of the Special Feature lies in the example
it offers for a novel approach to empirical research in sustainability
science to improve causal inference. Although randomized con-
trolled trials and replications are rare in the sustainability science
literature on coupled human-natural systems, they do exist (e.g.,
refs. 86-92). But preregistered, harmonized replications across
heterogeneous contexts are absent. Such replications enhance the
reliability of research findings by emphasizing common research
designs (with an emphasis on comparable causes, theories of
change, and outcomes), constraints on researcher degrees of
freedom (through preregistration of implementation and analysis
plans and third-party analyses), synthesis across studies, and coor-
dinated publications. Indeed, these principles are relevant to the
conduct of nonexperimental studies as well. They promise to yield
substantial benefits for advancing empirical sustainability science.

The third contribution of the Special Feature concerns how it
highlights the challenges faced by researchers who seek to syn-
thesize heterogeneous research findings and by policymakers
who seek to apply the research findings in heterogeneous cir-
cumstances. Precisely because institutions and social-ecological
systems are complex, heterogeneity will likely be the rule rather
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than the exception. For sustainability science to fulfill its promise,
sustainability scientists and policymakers need to understand the
driving forces and implications of this heterogeneity. Although
this understanding can be informed by ex ante efforts to limit the
variation of causes and contexts under study and ex post efforts to
statistically assess the importance of different driving forces, these
efforts are expensive: they require estimates of causal effects from
multiple iterations of different versions of a causal factor and dif-

and contexts. When scientists and policymakers regularly propose
elaborate, mechanism-based theories through which their pro-
posed causes have effects, the prospects for more credible
synthesis and more successful field applications in sustainability
science will grow.
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