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Center for Behavior, Institutions and the Environment, Arizona State University

John M. Anderies
Center for Behavior, Institutions and the Environment, School of Sustainability, School of Human Evolution and Social

Change, Arizona State University

Marco Janssen
Center for Behavior, Institutions and the Environment, School of Sustainability, Arizona State University

October 30, 2015

The Center for Behavior, Institutions and the Environment is a research center located within the Biosocial Complexity
Inititive at ASU. CBIE can be found on the internet at: http://csid.asu.edu. CBIE can be reached via email at
cbie@asu.edu.

c©2015 D. J. Yu. All rights reserved.

http://csid.asu.edu
mailto:cbie@asu.edu


Learning for Resilience-Based Management: Generating Hypotheses from a Behavioral
Study

David J. Yua, Hoon C. Shinb, Irene Pérezc John M. Anderiesd Marco Janssene
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Abstract:
Encouragement of learning is considered central to resilience of complex systems such as
social-ecological systems (SESs). However, despite the consensus on the centrality of learning, our
understanding of the details of how learning should be encouraged remains far from settled. This
study investigates that puzzle by examining existing data of a behavioral experiment of a SES that
involves endogenous group learning. We generate new hypotheses regarding how learning should be
encouraged by comparing the learning process undergone by 21 groups of human-subjects. Our
findings suggest that under environmental stability, groups may be able to perform well without
frequent outer-loop (or double-loop) learning. As long as they tightly coordinate for shared strategies
with active monitoring and reflection and user participation, they can still succeed. However, such
groups may be fragile under environmental variability. Only groups that experienced active outer-loop
learning and monitoring and reflection may remain resilient under environmental variability.
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 12 
ABSTRACT. Encouragement of learning is considered central to resilience of complex systems 13 
such as social-ecological systems (SESs). However, despite the consensus on the centrality of 14 
learning, our understanding of the details of how learning should be encouraged remains far from 15 
settled. This study investigates that puzzle by examining existing data of a behavioral experiment 16 
of a SES that involves endogenous group learning. We generate new hypotheses regarding how 17 
learning should be encouraged by comparing the learning process undergone by 21 groups of 18 
human-subjects. Our findings suggest that under environmental stability, groups may be able to 19 
perform well without frequent outer-loop (or double-loop) learning. As long as they tightly 20 
coordinate for shared strategies with active monitoring and reflection and user participation, they 21 
can still succeed. However, such groups may be fragile under environmental variability. Only 22 
groups that experienced active outer-loop learning and monitoring and reflection may remain 23 
resilient under environmental variability. 24 
 25 
Key Words: loop learning; resilience; social-ecological system; behavioral experiment; adaptive 26 
management; adaptive co-management. 27 

 28 
 29 
1. Introduction 30 
  31 
Knowledge of social-ecological systems (SESs) is always incomplete and unsettled because of 32 
their inherent complexity and because SESs change over time (Dietz et al. 2003). Maintaining 33 
the productivity of SES over time (or its general resilience) therefore requires continuous 34 
learning through feedback process that allows timely revision of outdated knowledge and 35 
assumptions. Learning helps resilience via its positive influence on decision-making (Polasky et 36 
al. 2011, Biggs et al. 2015). This recognition of importance of learning gave rise to several 37 
learning-focused management approaches that have garnered considerable interest over the years, 38 
such as adaptive management (Walters and Holling 1990), adaptive co-management (Plummer 39 
and Armitage 2007), adaptive governance (Folke et al. 2005), and resilience engineering 40 
(Hollnagel et al. 2006). These approaches all embrace encouragement of learning as a means to 41 
operationalize resilience-based management. 42 
 43 
Yet, while there is a general agreement about the importance of learning, there is unsettled 44 
discussion over the details of how learning should be encouraged to enhance resilience 45 
(Fabricius and Cundill 2014). This puzzle, referred to as the question of “what type of learning is 46 



most appropriate and under what conditions” (Biggs et al. 2012, 2015), arises because a host of 47 
different learning-related conditions can interact to shape outcomes of learning. For example, 48 
different types of learning can be present, such as multiple-loop learning and individual and 49 
social learning (Reed et al. 2010, Biggs et al. 2015). Learning can be also influenced by 50 
conditions such as the presence of diverse participation (Armitage et al. 2009), monitoring and 51 
reflection (Armitage et al. 2008), leadership and collaboration (Folke et al. 2005), and 52 
knowledge sharing (Berkes 2009), to name a few. Which combination or configuration of such 53 
learning-related conditions helps resilience most? While it is obvious that the presence of each 54 
such condition will likely be beneficial, a more nuanced insight can be gained by examining how 55 
such conditions combine to shape outcomes and which configurations of them are more essential 56 
to resilience than others. This study tackles that question by conducting comparative analysis of 57 
empirical data from a behavioral experiment that entails endogenous learning. Although not 58 
designed to study learning process, the experiment facilitated 21 groups of human-subjects to 59 
manage a SES through learning-by-doing. Through comparison of the learning processes 60 
undergone by 21 groups, we tried to uncover empirical patterns and generate hypotheses 61 
regarding how learning should be encouraged to enhance resilience.  62 
 63 
Our comparative analysis is based on an existing laboratory behavioral experiment of an 64 
irrigated agricultural system (Anderies et al. 2013a). Designed to study how humans solve 65 
collective action problems in the face of disturbances, the irrigation experiment poses human-66 
subjects a set of decision problems on collective management of shared infrastructure under 67 
environmental variability. A large number of undergraduate students in a U.S. university (21 68 
groups of five human-subjects) participated in the experiment in 2010. Behavioral experiments 69 
such as the one used here are typically used to test a specific hypothesis about human behavior, 70 
i.e., test a precise conjecture about how humans would behave under a certain condition by 71 
designing a controlled action situation (Poteete et al. 2010). Our approach of applying 72 
comparative analysis to existing experimental data to generate new hypotheses (as opposed to 73 
designing an experiment to test a hypothesis) is, therefore, an unusual research path to take, but 74 
is not without precedent. In particular, Charles Pavitt (2011) analyzed group chat data of existing 75 
public good experiments to uncover patterns of human communication linked to increased 76 
cooperation. More recently, Pérez et al. (2015) took a similar approach to generate hypotheses 77 
about combinations of social roles linked to improved collective action. In essence, our approach 78 
reflects the methodological challenge raised by Basurto and Ostrom (2009) to advance theory 79 
development in the diagnostic SES approach, i.e., compare rich details across multiple cases and 80 
combine theories to generate new hypotheses. Here we generate new hypotheses about learning 81 
for resilience by comparing 21 groups in terms of the following details: types of loop-learning 82 
and several supporting conditions such as user participation, monitoring and reflection, group 83 
coordination, knowledge sharing, and initial knowledge level from individual learning.  84 
 85 
The action situation of the experiment reflects the fundamental notion that SESs are feedback 86 
systems (Liu et al. 2007, Anderies et al. 2013b) and that human learning can occur through the 87 
feedback processes in SESs (Pahl-Wostl 2009). In a partly-engineered SES in which humans 88 
maintain infrastructure to sustain an output, feedback typically occurs through the following 89 
sequence of steps (Fig. 1). Actors sense information about a system (e.g., system outputs, 90 
behaviors of actors, biophysical conditions, etc.), translate that information into a set of social 91 
arrangements (strategies or goals), and feed those arrangements back into the system to control 92 



subsequent outputs or behaviors. The irrigation experiment clearly mirrors the sequences of steps 93 
described above. A group of five human-subjects enter into group discussion to assess past 94 
information and to plan next strategies, make decisions on the core problems of irrigated system 95 
management (infrastructure maintenance and water distribution), and sense outputs or outcomes 96 
of those decisions. Participants of the experiment faced 20 rounds of that action situation while 97 
facing environmental variability (fluctuations in infrastructure damage or water supply from 98 
river) in rounds 11 to 20. Repeating the sequence of steps above through 20 rounds most likely 99 
facilitated group members to undergo endogenous learning-by-doing. That is, repetitive problem-100 
solving activities based on group communication and interactions with one another can reinforce 101 
shared knowledge (Ostrom 1992). Our experimental data, therefore, provide empirical clues to 102 
identifying how learning should be encouraged to sustain SES under environmental variability. 103 
 104 

 105 
Figure 1. A conceptual diagram of how learning unfolds in the feedback process of a SES. The 106 
inner-loop (or single-loop) learning entails fine-tuning of specific strategies or actions to better 107 
meet existing goals or assumptions. The outer-loop (or double-loop) learning involves updating 108 
of goals or assumptions that underlie specific strategies. The circle with letter R represents the 109 
process of reflection on past outcomes. The arrow denoted by di represents internal issues (e.g., 110 
opportunistic behavior). Environmental variability is represented by the arrows denoted by do 111 
(e.g., natural disasters). Several conditions, e.g., user participation, knowledge sharing, etc., 112 
influence outcomes of learning. This figure is adapted from Anderies (2014). 113 

 114 
Two types of loop learning can occur through the feedback process shown in Figure 1: inner-115 
loop (or single-loop) and outer-loop (or double-loop) learning (Argyris and Schön 1978, Pahl-116 
Wostl 2009). Inner-loop learning is defined as involving updating of specific practices or actions 117 
to better meet existing goals and assumptions. This learning focuses on the question: are we 118 
doing things right? Outer-loop learning entails changes in goals or assumptions shared by actors 119 
that guide specific actions. This type of learning concerns the question: are we doing the right 120 
things? These two types of loop learning, visualized in Figure 1, involve iterations of decision-121 
making and learning that enable adaptation in response to change (Biggs et al. 2012). Note that 122 
there is another higher level of loop learning (triple-loop learning) which involves changes in 123 



deep-seated beliefs and mental models (Pahl-Wostl 2009). Triple-loop learning is not considered 124 
here because of the ambiguity associated with interpreting one’s values and beliefs.  125 
 126 
Learning can also be either individual or social depending on how learning takes place (Armitage 127 
et al. 2008, Newig et al. 2010). When knowledge is obtained by an individual and not by a 128 
collective, individual learning is present. This contrasts with social learning which goes beyond 129 
individuals to become situated within wider social units through social interactions (Reed et al. 130 
2010, Rodela 2011). Given that human-subjects of 21 groups repeatedly communicated with one 131 
another to solve the decision problems, social learning was probably dominant in the experiment. 132 
Individual learning was also present in the pre-experiment stage of the experiment. A moderator 133 
explained the rules of the experiment (the logic of how the irrigation system works) to the 134 
participants and their knowledge was measured using a short quiz in the pre-experiment stage. 135 
This individual learning was externally driven and imposed on individuals, which contrasts with 136 
the endogenous loop learning that played out during the actual rounds of the experiment.  137 
 138 
Several conditions can influence how learning occurs through the feedback process (Fig. 1). In 139 
the context of the irrigation experiment, we observed that the following conditions matter: user 140 
participation, knowledge sharing, monitoring and reflection, and group coordination. User 141 
participation, defined as process whereby diverse individuals, groups, or organizations actively 142 
engage in decision-making, is considered central to co-management (Olsson et al. 2004). 143 
Broader user participation is known to stimulate group learning, and thus likely has a positive 144 
influence on governance and decision-making (Danielsen et al. 2005). Sharing of and access to 145 
knowledge, i.e., knowledge transmission, probably influence how effectively groups learn and 146 
adapt (Berkes 2009, Stiglitz and Greenwald 2014). Groups with more active exchange of 147 
knowledge will likely be more resilient because of its positive influence on learning (Newig et al. 148 
2010). Monitoring and reflection are central to adaptive management because they connect 149 
learning and decision-making in a reciprocal relationship (Fabricius and Cundill 2014). 150 
Tightness of monitoring and reflection, i.e., the degree of promptness in sensing and evaluation 151 
of information, influence how effectively SESs deal with change. 152 
 153 
Finally, how well individuals coordinate among themselves as a group likely represents the level 154 
of collaboration or social cohesion in a group. Tight group coordination for management action 155 
can help resilience because it positively influence how a group effectively responds to change 156 
(e.g., Cifdaloz et al. 2010). But there may also be negative externalities from tight group 157 
coordination (Aldrich 2013). In the context of our irrigation experiment, this “dark side” of 158 
group coordination can be dominance of a single person or blind conformance of actions to one 159 
person’s opinion which can hinder group learning. Hence, an important related question we 160 
explore here is whether or not tight group coordination can weaken SES resilience under certain 161 
conditions. 162 
 163 
The current study compares the details of the learning processes undergone by 21 experimental 164 
groups in terms of the learning-related conditions discussed above: types of loop learning, user 165 
participation, monitoring and reflection, group coordination, knowledge sharing, and knowledge 166 
level from individual learning. Various configurations of the conditions emerged in the groups, 167 
e.g., some groups frequently exhibited group coordination and user participation with little loop 168 
learning while others relied more on loop learning. While all of the conditions discussed above, 169 



if frequently present, will likely lead to better learning outcomes, a more nuanced understanding 170 
can be gained by uncovering which configurations of them are more essential to resilience than 171 
others. Of special interest is whether there is a configuration that works well under 172 
environmental stability but fails to do so under environmental variability.  173 
 174 
We now provide more details about the irrigation experiment. It is designed to capture the 175 
essence of collective action problems associated with maintaining a farmer-managed irrigation 176 
system in a developing country context. In a typical setting, farmers produce crop by bringing 177 
water through production infrastructure (water diversion structure) and distribution infrastructure 178 
(canals). But this built environment poses two types of decision problems on farmers: the 179 
provision and appropriation problems (Ostrom and Gardner 1993). First, farmers must mobilize a 180 
substantial level of collective labor to repair the infrastructure each year (canals must be cleaned 181 
of debris and damaged water diversion structures must be repaired). If too few farmers 182 
participate in the endeavor, the performance of irrigation system will decline and everyone loses 183 
out (a threshold provision problem). Second, farmers must coordinate for fair distribution of 184 
water, which can be difficult under the presence of upstream-downstream asymmetry (an 185 
asymmetric appropriation problem). Too much water collection by upstream farmers can subtract 186 
from what is available to others. When this happens, downstream farmers who do not get enough 187 
water often retaliate by not contributing labor to infrastructure maintenance in subsequent stages 188 
(Ostrom and Gardner 1993, Janssen et al. 2011). 189 
 190 
The irrigation experiment is amenable to studying resilience because of the presence of 191 
environmental variability. In the first half of the experiment (rounds 1 to 10), human-subjects 192 
solve the decision problems under environmental stability, i.e., the rate of water supply feeding 193 
the infrastructure and the annual decline rate of the infrastructure remain fixed. However, in the 194 
second half (rounds 11 to 20), they face the same action situation under environmental variability, 195 
i.e., one of the two conditions above fluctuate unpredictably. If the performance of a group 196 
(tokens earned from the irrigation system) is maintained through both the stable and unstable 197 
rounds (Fig. 2A), we can safely assume that the irrigation system is resilient. If the performance 198 
drops under the unstable rounds (Fig. 2B), the system is probably fragile. 199 
 200 
 201 

 202 
Figure 2. An illustration of the resilience and fragility of the irrigation system performance. The 203 
performance can be expressed in terms of amount of tokens earned from growing crops in the 204 
irrigation experiment. Panel A illustrates persistence or resilience of the performance under 205 
environmental variability, i.e., tokens earned from growing crops remain more or less consistent 206 



through both stable and unstable rounds. Panel B illustrates drop or fragility of the performance 207 
under environmental variability, i.e., tokens earned from growing crops declines significantly in 208 
unstable rounds.  209 

 210 
Several previous studies exist that are based on the same core design of the irrigation experiment. 211 
These studies found that individuals in small groups (five participants) can successfully manage 212 
the irrigation system if allowed to communicate (Janssen et al. 2011), individuals are willing to 213 
tolerate some level of inequality in the appropriation of irrigated water as long as there is some 214 
proportional equivalence between investments in and benefits from the irrigation system (ibid), 215 
and that unequal sharing of irrigation water under environmental stability may lead to reduced 216 
collective action under environmental variability (Anderies et al. 2013a). It was also found that 217 
the presence of certain combinations of social roles (e.g., leader, knowledge-generator, moralist) 218 
may affect the level of collective action achieved under environmental stability (Pérez et al. 219 
2015). The current study builds on these earlier studies by uncovering empirical patterns related 220 
to the puzzle of “what type of learning is most appropriate and under what conditions” to 221 
enhance resilience (Biggs et al. 2012, 2015).  222 
 223 
This study progresses through two stages of analysis. First, we analyzed which configurations of 224 
learning process may be linked to improved group performance under environmental stability. 225 
Second, we explored which configurations may be linked to the resilience of the group 226 
performance under environmental variability. We used fuzzy-set qualitative comparative analysis 227 
(fsQCA) to compare the learning processes across 21 groups. In a nutshell, our results suggest 228 
that resilient SESs are characterized by frequent outer-loop (or double-loop) learning and 229 
monitoring and reflection. We hypothesize that social capacity to learn and flexibly revise 230 
underlying goals or assumptions through continuous monitoring and reflection is necessary for 231 
persistent SES performance. 232 
 233 
2. Methods 234 
 235 
We analyzed existing data from the irrigation experiment conducted in 2010 (Anderies et al. 236 
2013a) to uncover empirical patterns regarding learning process linked to SES resilience. This 237 
section discusses the design of the experiment, the variables that we measured, and the analytical 238 
method used. 239 
 240 
2.1 Experimental action situation 241 
 242 
The irrigation experiment was conducted at Arizona State University in 2010. A randomly-243 
recruited sample of 105 undergraduate students (21 groups of five participants) from various 244 
majors participated in the experiment. The experiment was administered through a computer 245 
interface that emulates the action situation associated with maintaining a farmer-managed 246 
irrigation system, i.e., the interdependent problems of threshold provision of infrastructure and 247 
asymmetric access to water (Ostrom and Gardner 1993). Each participant was seated in a study 248 
cubicle with a computer during the course of the experiment, and was instructed not to verbally 249 
speak with others or see others’ computer screens. How a participant performed in the 250 
experiment (tokens earned from using the irrigation system) was directly linked to monetary 251 
rewards he or she received at the end of the experiment ($0.05 per token). Each participant 252 



therefore faced a salient incentive to make decisions that increase his or her tokens. Participants 253 
earned on average $21.66 which includes a show up fee of $5 plus rewards for their play (made 254 
in private). The minimum and maximum earnings at the end of the experiment were $12.85 and 255 
$26.55, respectively. 256 
 257 
The experiment began with a moderator reading out instructions to the participants regarding the 258 
rules and procedures of the experiment, followed by a short quiz that tested how well they 259 
understood the experiment. Each correct answer in the quiz was rewarded with $0.50. This step 260 
facilitates individual learning regarding the logic of how the irrigation system works. Next, each 261 
group of five members played two rounds of the experiment as practice to familiarize themselves 262 
with the computer interface. After the two practice rounds, each group played 20 rounds of the 263 
action situation linked to actual monetary rewards. Each round is comprised of the following 264 
three steps. In the first step, group members use computer chat interface to communicate with 265 
one another for 40 seconds. All communicated messages are saved into a text file. Typically 266 
discussed topics include, among others, conditions of the irrigation infrastructure, outcomes or 267 
behaviors of individuals or the whole group in previous rounds, specific group strategies to be 268 
used in the second step (how much tokens to invest for infrastructure maintenance) and the third 269 
step (how to coordinate water distribution), shared goals or assumptions to follow, supporting 270 
information or knowledge about the action situation, and how to correct non-conforming 271 
behaviors of specific members. In essence, group discussion is the social arena through which 272 
members interact with one another to devise social arrangements and resolve conflicts regarding 273 
infrastructure maintenance and water distribution. 274 
 275 
In the second step, each group member is initially endowed with 10 tokens. He or she must 276 
decide how much of this endowment to invest to infrastructure maintenance or to private account 277 
(tokens in private account yield a fixed return of $0.05 per token). Investments are regularly 278 
needed to repair the infrastructure because its efficiency declines by some amount in each round. 279 
The efficiency decline rate is fixed (25% per round) under environmental stability. Investment of 280 
one token restores the efficiency by 1%. This means that, in a stable round, at least 25 tokens are 281 
needed to offset 25% decline. After group members make investment decisions, the computer 282 
interface displays information on a total number of tokens invested by whole group, how many 283 
tokens are invested by each member, and the resulting updates to the infrastructure efficiency. 284 
Note that in round 1, the infrastructure is initialized to 75% efficiency. 285 
 286 
The relationship between infrastructure efficiency and water delivery capacity of the 287 
infrastructure (cubic feet of water per second) is of sigmoid shape (Fig. 3A). The infrastructure 288 
starts to deliver water to farmers from 46% efficiency. Between the interval of 61% and 80% 289 
efficiency, the infrastructure faces diminishing return in delivery capacity as additional 290 
investments are made to increase the efficiency. Beyond 81% efficiency, there is no further gain 291 
in the delivery capacity. Note that a water source such as river supplies 30 cubic feet of water per 292 
second to the infrastructure under environmental stability. This means that, in a stable round, it is 293 
optimal to maintain the infrastructure at 66% efficiency—the point at which the water delivery 294 
capacity of the infrastructure and the water supply rate of river are matched—and invest 25 295 
tokens every round to offset 25% infrastructure decline.  296 
 297 



This investment decision problem is essentially a threshold public good problem. To make the 298 
infrastructure perform, collective investments are needed because no one can single-handedly 299 
maintain the infrastructure, i.e., 25 tokens are needed to offset 25% decline but the maximum 300 
investment a single person can make is 10 tokens. This means that at least 3 group members need 301 
to cooperate to maintain the infrastructure. The resulting benefit of investment, however, is open 302 
to all members regardless of their investment levels (although upstream players are able to 303 
control the water delivery to downstream players). Thus, self-interested rational actors would 304 
attempt to free-ride by taking water without investment. 305 
 306 
 307 

 308 
Figure 3. The logic of how the irrigation system works. Panel A shows that the relationship 309 
between infrastructure efficiency and water delivery capacity is of sigmoid shape. Panel B shows 310 
that the relationship between water intake and tokens earned from growing crops is of inverted-U 311 
shape. This figure is adapted from Anderies et al. (2013a) and Janssen et al. (2011). 312 

 313 
In the third step, group members collect water over the period of 50 seconds to earn tokens from 314 
growing crops. They open and close gates to water their fields in the computer interface (Fig. 4). 315 
The maximum rate of water intake through a gate is 25cf/s (cubic feet per second). The 316 
relationship between water intake and tokens earned from crop production is of inverted-U shape 317 
(Fig. 3B). Crop production is maximized at 500-549 cf of water intake. Beyond this interval, 318 
additional water intake leads to reduced crop production because of adverse effects, e.g., water 319 
logging. After 50 seconds pass, the computer interface displays information on how much tokens 320 
and dollars are earned by each group member from growing crops and private account. 321 
 322 
Note that there are five human-subjects (denoted as A, B, C, D and E in the computer interface) 323 
in a group, and that they are heterogeneously located along the irrigation canal (Fig. 4). Player A 324 
is the head-ender or at the most upstream location, while player E is the tail-ender or at the most 325 
downstream location. This heterogeneity in location leads to the so-called asymmetric commons 326 
dilemma, i.e., benefit is available to all, but individuals are heterogeneous in their capacity to 327 
obtain the benefit. In such a setting, advantaged individuals are tempted to take more benefit than 328 
others, which subtracts from what is available to others. Thus, self-interested rational players in 329 
upstream locations would take as much water as they can (500~549cf of water), and leave little 330 
or no water to downstream players.  331 
 332 



 333 
Figure 4. Computer interface for water collection in the irrigation experiment. Five players in a 334 
group (A, B, C, D and E) are heterogeneously located along the canal (the blue-colored water 335 
pipe with white bubbles). Players open their gates to collect water and close them to let water 336 
flow for downstream players. Note that player A is the head-ender or at the most upstream 337 
location. Player E is the tail-ender or at the most downstream location. This figure is adapted 338 
from Anderies et al. (2013a) and Janssen et al. (2011). 339 

Each group played rounds 1 to 10 under environmental stability, i.e., the rate of water supply and 340 
the infrastructure decline rate are fixed at 30cf/s and 25% per round, respectively. In rounds 11 to 341 
20, however, each group faced one of four treatments of environmental variability. Note that the 342 
infrastructure efficiency is re-initialized to 75% at the start of round 11. The first two treatments 343 
relate to variability in the infrastructure decline rate (Fig. 5A). In the infrastructure high 344 
variability (I-HV) treatment, the decline rate fluctuates between 10% and 80% with the mean 345 
rate of 25% over rounds 11 to 20. In the infrastructure low variability (I-LV) treatment, the 346 
decline rate fluctuates between 15% and 35% with the mean rate of 25%. A high decline rate, 347 
e.g., 80%, mimics a severe flashflood that significantly damages the irrigation infrastructure. The 348 
latter two treatments relate to variability in the rate of water supply feeding the infrastructure 349 
(Fig. 5B). In the water supply high variability treatment (W-HV), the supply rate fluctuates 350 
between 20cf/s and 40cf/s with the mean rate of 30cf/s over rounds 11 to 20. This variability is 351 
reduced to the range of 25cf/s and 35cf/s with the same mean under the water supply low 352 
variability (W-LV) treatment. A low supply rate, e.g., 20 cf/s, might represent a drought and 353 
reduced water flow in river. These experimental treatments, therefore, compelled group members 354 
to dynamically adjust their decisions to maintain the irrigation system.  355 



 356 
Figure 5. Four treatments of environmental variability are introduced in rounds 11 to 20. Panel A 357 
shows high and low variability in the infrastructure decline rate. Panel B shows high and low 358 
variability in the water supply rate. The tally of the groups that played the four treatments are 359 
five groups for I-LV (groups 1 to 5), six groups for I-HV (groups 6 to 11), five groups for W-LV 360 
(groups 12 to 16), and five groups for W-HV treatments (groups 17 to 21). This figure is adapted 361 
from Anderies et al. (2013a). 362 

 363 
2.2 Outcome variables: Performance and resilience 364 
 365 
We considered two outcome variables: group performance in terms of tokens earned from 366 
growing crops in rounds 6 to 10 (stable rounds) and the resilience of that performance through 367 
rounds 11 to 15 (unstable rounds, Table 1). We only considered rounds 6 to 10 to measure the 368 
performance under environmental stability because players typically take a few early rounds to 369 
stabilize their behavior. While little crop production in rounds 1 to 5 may be of a transient nature, 370 
the same phenomenon in rounds 6 to 10 is a clearer sign of poor group performance. Note also 371 
that we considered only rounds 11 to 15 for the resilience of performance because it is less 372 
susceptible to an “end-of-game” effect compared to rounds 16 to 20.  373 
 374 
The resilience of group performance under environmental variability is assessed by comparing 375 
tokens earned from growing crops between the stable and unstable rounds. We derived the ratio 376 
of tokens earned from growing crops in rounds 11 to 15 to those in rounds 6 to 10. The ratio 377 
values around 1.0 indicate little or no change in group performance despite the introduction of 378 
environmental variability (thus, a sign of resilience). The ratio values considerably below 1.0 379 
signify a large drop in group performance under variability (thus, a sign of lack of resilience). 380 
Note that groups that performed poorly in rounds 6 to 10 but performed better or similarly in 381 
rounds 11 to 15 will likely have a ratio value close to or above 1.0. Groups 5 and 12 belong to 382 
such groups. We excluded these groups in our analysis for resilience because their ratio values 383 
are misleading for interpreting resilience. Because of their failure in rounds 6 to 10, the 384 
maintenance of their performances in rounds 11 to 15 has no meaning for understanding the 385 
persistence of good performance. See Appendix A for more details on the outcome variables. 386 
 387 
2.3 Causal conditions: Features of learning process 388 
 389 
We considered several conditions to characterize the learning processes undergone by 21 groups 390 
of human-subjects. These conditions include different types of loop learning (inner- and outer-391 



loop), user participation in decision-making process, knowledge sharing, monitoring and 392 
reflection, group coordination, and initial knowledge from individual learning (Table 4). We 393 
estimated these conditions by analyzing the content of group communication and group members’ 394 
decisions. 395 
 396 
To estimate loop learning, we need to clearly define two levels of social arrangements: 1) social 397 
goal or assumption and 2) group strategy. A social goal or assumption is a general aim or a 398 
normative guideline shared within a group that guide group members’ specific actions or 399 
practices. An example would be group members agreeing on fair distribution of water or optimal 400 
maintenance of infrastructure. Group strategy is specific actions or practices shared within a 401 
group that are devised to meet a specific social goal or assumption. An example would be group 402 
members agreeing on investing 6 tokens each to reach 80% infrastructure efficiency. Another 403 
example would be group members agreeing on rotating the opening of water gate for 10 seconds 404 
each to achieve equal distribution of water. 405 
 406 
With that definition in mind, we can see that existence of a group strategy and whether there is a 407 
change in that strategy is a sign of loop learning in action. If the majority of group members 408 
(three or more) follow a same rule for either the investment or water distribution in a given round, 409 
we assumed that a group strategy is present in that round. For example, a group strategy likely 410 
exists when three or more members invest a same amount of tokens or collect a same amount of 411 
water based on agreements made through group discussion. Whenever such a group strategy is 412 
revised in a given round to better meet an existing goal, we treated it as an occurrence of inner-413 
loop learning. For example, if a shared goal is to collect water equally, group members will try 414 
various water distribution strategies and learn from the experience to reach that goal. Likewise, if 415 
a shared goal is to maintain the infrastructure efficiency around 66%, they will try various 416 
investment strategies and learn from the experience to reach that goal. Similarly, an outer-loop 417 
learning may be in action when a group strategy is revised to meet a new goal or assumption. For 418 
example, if the content of group discussion reveals that members share a revised assumption that 419 
66% infrastructure efficiency is better than 81% efficiency and if their subsequent investment 420 
patterns parallel that new goal, an outer-loop learning is probably in action. See Appendix A for 421 
the protocol we used to estimate the occurrence of loop learning.  422 
 423 
We acknowledge, however, that a change in group strategy does not necessarily mean that loop 424 
learning is present. Conversely, continuation of a group strategy does not necessarily mean that 425 
loop learning is absent. Nevertheless, given that loop learning typically revolves around the 426 
recursive process of reflecting on past outcomes and adjusting subsequent goals or strategies, we 427 
argue that a change in group strategy is the next best proxy for detecting loop learning. We also 428 
acknowledge that it can be arguable to assume that a strategy or goal is shared within a group on 429 
the ground that three or more members make a same decision or particular statements are made 430 
during group discussion. That is, these can occur by chance and it is impossible to ascertain from 431 
analyzing group communication whether everyone is in the same boat regarding a goal or 432 
strategy. But we argue that these are a relatively good proxy for detecting a group strategy or 433 
social goal because of their precision and relevance, i.e., we know exactly which decisions are 434 
made by how many people as well as which verbal expressions are exchanged. 435 
 436 



Next, we inferred that user participation is present in a given round whenever two or more 437 
members propose a unique group strategy regarding investment or water distribution during 438 
group discussion. For example, if player A asks everyone to invest 5 tokens while player B and 439 
C counter that with alternative investments of 4 and 6 tokens respectively, we assumed that user 440 
participation is present in that round. All unique strategy proposals are counted regardless of 441 
whether or not they are followed by other members.  442 
 443 
Similarly, we estimated that monitoring and reflection is ‘tight’ in a given round whenever one 444 
or more of the following comments are observed in group communication. First, comments are 445 
made about outcomes or behaviors of certain individuals or the whole group, e.g., "that was a 446 
bad round", " well, A, B and C are getting the most water”, etc. Second, comments are made to 447 
raise issues with certain individuals to correct their behavior, e.g., "yeah E please don’t waste 448 
water", "A needs to share because otherwise we won’t earn money.” Third, comments are made 449 
about a biophysical condition, e.g., "efficiency at 60%." These kinds of comments clearly 450 
suggest that information feedback is not passive. Group members actively sense and evaluate 451 
information and give feedback to social arena to influence outcomes or behavior.  452 
 453 
We inferred that knowledge-sharing is present in a given round whenever one or more 454 
participants give some kind of supporting information, explanation, or knowledge about the 455 
experimental action situation, regardless of accuracy. Examples are comments such as "81~100% 456 
efficiency all delivers the same water", "we only need to invest enough tokens to offset the -25% 457 
deterioration", etc. This kind of information transmission occurs when a knowledgeable group 458 
member answers a question asked by another member or tries to persuade others to follow his or 459 
her strategy proposal.  460 
 461 
We deduced that that tight group coordination is present in a given round whenever the majority 462 
of members follow same rules for both investment and water distribution decisions. Partial 463 
coordination (coordinate for investment or water distribution but not both) is not counted. 464 
Frequent occurrences of such a tight coordination likely imply a significant level of collaboration 465 
or social cohesion in a group. We analyzed both the decisions of group members and the content 466 
of group communication to estimate this variable.  467 
 468 
We aggregated the round-level occurrences of the conditions above through rounds 1 to 10 as 469 
well as the last practice round to estimate their overall frequency levels. The last practice round 470 
is included because shared goals or strategies often emerge in that round and are carried onto 471 
subsequent rounds. Readers should note that, although our measurements of the outcome 472 
variables exclude rounds 1 to 5 and the last practice round, we include these rounds for our 473 
measurements of the causal conditions. We do this the ground that social arrangements 474 
frequently arise in these early rounds while their effects turn up more clearly in rounds 6 to 10. 475 
The overall levels of these conditions are expressed in a discrete scale of four levels (clearly 476 
often =1.0, more often than not=0.67, seldom=0.33, clearly never=0.0). See Appendix A for the 477 
aggregation rule we used.  478 
 479 
Finally, initial level of knowledge from individual learning was assessed based on the quiz 480 
scores of group members (the average of all group members’ scores). The quiz tested five 481 
questions regarding the basic working logic of the irrigation system. The average quiz score was 482 



converted into a discrete scale of four levels (excellent understanding=1.0, good 483 
understanding=0.67, some understanding=0.33, poor understanding=0.0).  484 
 485 
Two of the authors used a mutually agreed upon coding protocol to independently estimate the 486 
seven conditions (Appendix A). After the coding, the two coders compared their results to 487 
identify where the results mismatched. They re-analyzed the experimental data to reach 488 
consensus on the mismatched results. Two measures of inter-coder reliability were derived to 489 
assess the consistency of our coding work: percent agreement and Cohen's Kappa (Cohen 1960). 490 
Cohen's Kappa score is thought to be more reliable than percent agreement because it takes into 491 
consideration coding agreement occurring by chance. In our case, percent agreement came out to 492 
be 75%. The average of the Cohen's Kappa scores came out to be 59%. This score is on the 493 
borderline between being 'moderate' and 'substantial’ agreement (Landis and Koch 1977) or falls 494 
in the range for 'fair to good' agreement (Fleiss 1981).  495 
 496 
Table 1. Definitions of the outcome variables and the learning-related conditions that may affect 497 
the resilience of SES. 498 

Variables Definitions 
Outcome variables:  
Group performance 
(PERFORM) 

The level of group tokens earned from growing crops using 
irrigated water in rounds 6 to 10 (stable rounds). The amount of 
tokens earned by a group from growing crops in rounds 6 to 10 is 
calibrated† using the standard QCA software tool. The resulting 
measure has a continuous scale of 0–1.0 (clearly low 
performance=0, clearly high performance=1.0). 

Resilience of group 
performance 
(RESIL) 

The level of continuity in group performance under environmental 
variability. This measure is derived by calculating the ratio of 
group tokens earned from growing crops in rounds 11 to 15 
(unstable rounds) to those in rounds 6 to 10. The resulting measure 
is then calibrated‡ to have a continuous scale of 0–1.0 (clearly 
fragile=0, clearly resilient=1.0). 

Causal conditions: §  
Inner-loop learning 
(INNER) 

How often group strategies for either infrastructure investment or 
water collection decisions are revised to meet an existing goal or 
assumption. This measure has a discrete scale of four levels (clearly 
often=1.0, more often than not=0.67, seldom=0.33, clearly 
never=0.0). 

Outer-loop learning 
(OUTER) 

How often goals or assumptions regarding infrastructure 
investment or water collection decisions are revised. This measure 
has a discrete scale of four levels (clearly often=1.0, more often 
than not=0.67, seldom=0.33, clearly never=0.0). 

User participation 
(UPART) 

The level of user participation in the decision-making process for 
group strategies. This measure has a discrete scale of four levels 
(clearly often=1.0, more often than not=0.67, seldom=0.33, clearly 
never=0.0). 

Knowledge-sharing The level of information exchange regarding the knowledge of the 



(KNOW) experimental action situation. This measure has a discrete scale of 
four levels (clearly often=1.0, more often than not=0.67, 
seldom=0.33, clearly never=0.0). 

Group coordination 
(COORD) 

The level of coordination among participants for group strategies in 
both the investment and water collection decisions. This measure 
has a discrete scale of four levels (clearly often=1.0, more often 
than not=0.67, seldom=0.33, clearly never=0.0). 

Monitoring and 
reflection 
(MOREF) 

The level of monitoring and reflection regarding (1) group- or 
individual-level outcomes, (2) conditions of biophysical 
components, or (3) correcting of non-conforming behaviors. This 
measure has a discrete scale of four levels (clearly often=1.0, more 
often than not=0.67, seldom=0.33, clearly never=0.0). 

Knowledge from 
individual learning 
(QUIZ) 

The level of knowledge of the irrigation system obtained through 
individual learning. It is based on the average of the pre-experiment 
quiz scores of group members. The variable is expressed in a 
discrete scale of four levels (excellent understanding=1.0, good 
understanding=0.67, some understanding=0.33, poor 
understanding=0.0). 

†,‡ The standard QCA software tool (fs/QCA) developed by Charles Ragin (2008) was used to 499 
conduct the calibration. For more details on the criteria we used for calibration, see Appendix A. 500 
§ The measurements of INNER, OUTER, UPART, KNOW, COORD, are MOREF are based on 501 
the opinion of coders who shared a same coding protocol. For more details, see Appendix A. 502 
 503 
2.4 Analytical approach 504 
 505 
We used fuzzy-set qualitative comparative analysis (fsQCA) to compare 21 groups. Our 506 
objective was to find multiple explanatory paths or causal configurations of the conditions linked 507 
to the two outcome variables. Given the middle range N sample size (21 groups) and our goal of 508 
addressing the issue of multi-causality, fsQCA was identified as the best analytical method 509 
available to us. fsQCA, which is based on Boolean algebra, treats an empirical case as a logical 510 
configuration of set-memberships to different conditions and outcomes (Ragin 1987, 2000). 511 
Researchers can use fsQCA to identify all possible configurations of conditions that may be 512 
causally associated with an outcome of interest (Basurto 2013). The set-theoretic assumption 513 
allows researchers to establish the conditions of necessity and sufficiency (Ragin 2008). A 514 
condition is necessary but not sufficient if it appears in all configurations tied to an outcome. A 515 
condition is sufficient but not necessary if its presence is associated with an outcome in a certain 516 
configuration but is not the only condition with that association, i.e., there is another condition in 517 
a different configuration associated with that outcome. A condition is both necessary and 518 
sufficient if it is tied to an outcome and is the only condition with that linkage. See Ragin (2000, 519 
2008) for more details on the method. Several exemplary applications of fsQCA exist in the 520 
study of the commons (e.g., Basurto 2013, Pérez et al. 2015).  521 
 522 
Our analysis proceeds through two stages. First, we conducted fsQCA to identify potential causal 523 
configurations of the conditions linked to group performance under environmental stability. The 524 
standard QCA software tool (fs/QCA) developed by Charles Ragin (2008) was used. Second, we 525 
used fs/QCA to identify which configurations may be causally linked to the resilience of group 526 



performance under environmental variability. We applied two sub-samples of the data in the 527 
second stage: groups with high or low variability treatments and groups with only high 528 
variability treatments. The first sub-sample allowed us to identify potential causal configurations 529 
linked to more general coping capacity, irrespective of the differences in the degree of variability. 530 
With the second sub-sample, we focused more on configurations linked to resilience under 531 
severe environmental shocks. If the results based on the two sub-samples show a consistent 532 
pattern, we can have more confidence in the results obtained. 533 
 534 
3. Results 535 
 536 
In this section, we first show trends in the two outcome variables, group performance and its 537 
resilience, using Figure 6. Table 2 shows a cross-table comparison between the two outcome 538 
variables and the learning-related conditions. Next, we show causal configurations linked to the 539 
two outcome variables (Table 3).  540 
 541 
3.1 Trends in group performance and its resilience 542 
 543 
Figure 6 displays the change in the group performance between the stable rounds (rounds 6 to 10) 544 
and the unstable rounds (rounds 11 to 15). In the stable rounds, the mean and the median group 545 
earnings from crop production are 249 and 268 tokens, respectively, with the minimum earnings 546 
of 58 tokens and the maximum earnings of 301 tokens. Among 21 groups, 16 groups earned at 547 
least 250 tokens in the stable rounds. Hence, most of the groups showed more or less similar 548 
performance, earning tokens close to the average values.  549 
 550 
Note that groups 5 and 12 failed to perform well in the stable rounds. Barring these two groups, 551 
the mean and the median percentage change in tokens earned between the stable and unstable 552 
rounds (a ratio of tokens earned in rounds 11 to 15 over those in rounds 6 to 10 subtracted by 1.0) 553 
came out to be -18% and -14%, respectively, i.e., group performance generally declined under 554 
environmental variability. The most severe drop in performance is -64% (group 13, W-LV 555 
treatment). The largest gain in performance is +6% (group 2, I-LV treatment). Figure 6 also 556 
reveals that the groups with high variability treatments (I-HV and W-HV) more consistently 557 
experienced decline in group performance in rounds 11 to 15. The average of percentage change 558 
in group performance for the I-HV, I-LV, W-HV, and W-LV treatment groups are -24%, +1%, -559 
28%, and -2%, respectively. This pattern is, of course, expected because high variability 560 
treatments posed more adversity to the affected groups. 561 
 562 



 563 
Figure 6. Trends in group performance and its resilience in the irrigation experiment. Panels A 564 
and B show the changes in group performance between rounds 6 to 10 (stable rounds) and 565 
rounds 11 to 15 (unstable rounds) for the infrastructure low variability (I-LV) and the 566 
infrastructure high variability (I-HV) treatment groups, respectively. Panels C and D show the 567 
changes in group performance between rounds 6 to 10 and rounds 11 to 15 for the water supply 568 
low variability (W-LV) and the water supply high variability (W-HV) treatment groups, 569 
respectively. Note that groups 5 and 12 performed poorly in rounds 6 to 10. 570 

 571 
Cross-table comparison was also done between the two outcome variables and the learning-572 
related conditions. Table 2 shows that "monitoring and reflection" is frequently present in all 573 
groups. This suggests that "monitoring and reflection" is a necessary condition for both group 574 
performance and its resilience. Further, it can be seen that "outer-loop learning" is frequently 575 
present in all of the groups with resilient performance. That is, 14 groups have set-memberships 576 
to the outcome of resilient group performance, and among these 14 groups, all have set-577 
memberships to "outer-loop learning" in their logical configurations. The same pattern occurs 578 
when only the groups with high variability treatments are considered. Seven groups are resilient 579 
in this category and all of them also have set-memberships to "outer-loop learning.” 580 
 581 
Table 2. Cross-table frequency of groups between the outcome variables and the learning-related 582 
conditions. Where a row and a column intersect, we show the count and percentage of groups 583 
that belong to the corresponding outcome and condition levels. The outcome variables are group 584 
performance (PERFORM) and resilience of group performance (RESIL). The causal conditions 585 
are inner-loop learning (INNER), outer-loop learning (OUTER), user participation (UPART), 586 
knowledge-sharing (KNOW), group coordination (COORD), monitoring and reflection 587 
(MOREF), and knowledge from individual learning (QUIZ). The occurrence of each condition is 588 
measured in four discrete levels (clearly often  =  1.0,  more often than not  =  0.67,  seldom  =  589 



0.33,  clearly never  =  0.0). The outcome variables have a continuous scale of 0–1.0 (clearly low 590 
= 0, clearly high = 1.0) and are partitioned into two intervals: [0, 0.5) and (0.5, 1]. The interval [0, 591 
0.5) indicates a low outcome. The interval (0.5, 1] indicates a high outcome. The value 0.5 592 
means an inconclusive outcome, i.e., neither high nor low.  593 

Conditions Levels 

PERFORM  RESIL 

 
(N=21) 

Low and high 
variability† 

(N=19) 

High variability 
(N=11) 

[0, 0.5) (0.5, 1] [0, 0.5) (0.5, 1] [0, 0.5) (0.5, 1] 
N % N % N % N % N % N % 

INNER 0 2 9.52 1 4.76 1 5.26 0 0.00 0 0.00 0 0.00 
0.33 0 0.00 5 23.81 3 15.79 2 10.53 3 27.27 2 18.18 
0.67 0 0.00 10 47.62 1 5.26 9 47.37 1 9.09 4 36.36 
1.0 0 0.00 3 14.29 0 0.00 3 15.79 0 0.00 1 9.09 

OUTER 0 1 4.76 2 9.52 2 10.53 0 0.00 1 9.09 0 0.00 
0.33 1 4.76 1 4.76 1 5.26 0 0.00 1 9.09 0 0.00 
0.67 0 0.00 10 47.62 2 10.53 8 42.11 2 18.18 4 36.36 
1.0 0 0.00 6 28.57 0 0.00 6 31.58 0 0.00 3 27.27 

UPART 0 0 0.00 0 0.00 0 0.00 0 0.00 0 0.00 0 0.00 
0.33 1 4.76 5 23.81 2 10.53 3 15.79 2 18.18 1 9.09 
0.67 1 4.76 9 42.86 3 15.79 6 31.58 2 18.18 4 36.36 
1.0 0 0.00 5 23.81 0 0.00 5 26.32 0 0.00 2 18.18 

KNOW 0 0 0.00 0 0.00 0 0.00 0 0.00 0 0.00 0 0.00 
0.33 1 4.76 9 42.86 3 15.79 6 31.58 2 18.18 3 27.27 
0.67 1 4.76 9 42.86 2 10.53 7 36.84 2 18.18 3 27.27 
1.0 0 0.00 1 4.76 0 0.00 1 5.26 0 0.00 1 9.09 

COORD 0 2 9.52 1 4.76 1 5.26 0 0.00 0 0.00 0 0.00 
0.33 0 0.00 6 28.57 3 15.79 3 15.79 3 27.27 1 9.09 
0.67 0 0.00 11 52.38 1 5.26 10 52.63 1 9.09 5 45.45 
1.0 0 0.00 1 4.76 0 0.00 1 5.26 0 0.00 1 9.09 

MOREF 0 0 0.00 0 0.00 0 0.00 0 0.00 0 0.00 0 0.00 
0.33 0 0.00 0 0.00 0 0.00 0 0.00 0 0.00 0 0.00 
0.67 1 4.76 14 66.67 5 26.32 9 47.37 4 36.36 4 36.36 
1.0 1 4.76 5 23.81 0 0.00 5 26.32 0 0.00 3 27.27 

QUIZ 0 0 0.00 0 0.00 0 0.00 0 0.00 0 0.00 0 0.00 
0.33 2 9.52 10 47.62 4 21.05 6 31.58 1 9.09 2 18.18 
0.67 0 0.00 9 42.86 1 5.26 8 42.11 3 27.27 5 45.45 
1.0 0 0.00 0 0.00 0 0.00 0 0.00 0 0.00 0 0.00 

† Two groups (groups 5 and 12) that performed poorly in rounds 6 to 10 are excluded. 594 
 595 
3.2 Causal configurations for performance 596 
 597 
Our fsQCA results suggest two explanatory paths or causal configurations linked to group 598 
performance under environmental stability. These configurations are (C1) "group coordination" 599 
combined with "user participation" and "monitoring and reflection" and (C2) "inner-loop 600 
learning" combined with "outer-loop learning" and "monitoring and reflection" (Table 3). As 601 



expected, "monitoring and reflection" appears in both causal configurations, suggesting that it is 602 
a necessary condition for the outcome. C1 signifies that if group members frequently exhibit 603 
diverse participation and follow shared strategies while regularly evaluating past outcomes, they 604 
can achieve good performance (even if loop learning seldom occurs). C2 suggests that if 605 
individuals frequently experience both inner- and outer-loop learning while regularly evaluating 606 
past outcomes, they can also achieve good performance. Note that “knowledge from individual 607 
learning” and “knowledge-sharing” are absent in both configurations. For more details on the 608 
fsQCA results, see Appendix B. 609 
 610 
3.3 Causal configurations for resilient performance 611 
 612 
The fsQCA results also show multiple causal configurations linked to the resilience of group 613 
performance. We identified two causal configuration based on high or low variability treatment 614 
groups: (C3) "inner-loop learning" combined with "outer-loop learning" and "monitoring and 615 
reflection" and (C4) "group coordination" combined with "outer-loop learning", "user 616 
participation", and "monitoring and reflection" (Table 3). Note that C1 and C3 are identical. C2 617 
and C4 differ by only one condition, i.e., C4 has set-membership to “outer-loop learning”. As 618 
expected, "monitoring and reflection" appears in all of the configurations. Especially interesting 619 
from our point of view is that all of the configurations now include the condition of "outer-loop 620 
learning."  621 
 622 
The same analysis based on the groups with high variability treatments reveals four causal 623 
configurations. They are (C5) "group coordination" combined with "outer-loop learning", “inner-624 
loop learning”, "user participation", and "monitoring and reflection", (C6) "inner-loop learning" 625 
combined with "outer-loop learning",  "user participation", "knowledge-sharing", "monitoring 626 
and reflection", and “knowledge from individual learning”, (C7) “group coordination” combined 627 
with "inner-loop learning", "outer-loop learning", "knowledge-sharing", "monitoring and 628 
reflection", and “knowledge from individual learning”, and (C8)  “group coordination” combined 629 
with “outer-loop learning”, “user participation”, “monitoring and reflection”, and little or no 630 
“knowledge from individual learning” (Table 3). Note that these four configurations are almost 631 
indistinct, i.e., they have set-memberships to almost all of the learning-related conditions with 632 
only slight variations. Nonetheless, we can make two observations. First, all four configurations 633 
have set-memberships to "outer-loop learning" and "monitoring and reflection". This regularity 634 
reinforces our earlier observation regarding necessary conditions for resilient group performance. 635 
Second, the condition of “knowledge from individual learning” finally appears in some of the 636 
configurations (C6 and C7), though one configuration (C8) has set-membership to the 637 
complement of that condition. The condition “knowledge from individual learning” is still 638 
neither necessary nor sufficient for the outcome. “Knowledge sharing” also appears in some of 639 
the conditions (C6~8). For more details on the fuzzy-set truth table construction and the 640 
consistency and coverage scores of the logical configurations, see Appendix B.  641 
 642 
Table 3. Comparison of explanatory paths linked to group performance (PERFORM) under 643 
environmental stability and the resilience of group performance (RESIL) under environmental 644 
variability. The causal conditions considered are inner-loop learning (INNER), outer-loop 645 
learning (OUTER), user participation (UPART), knowledge-sharing (KNOW), group 646 



coordination (COORD), monitoring and reflection (MOREF), and knowledge from individual 647 
learning (QUIZ). For more details on the fsQCA outputs, see Appendix B.  648 

PERFORM RESIL 
(N=21) Low and high variability 

(N=19) 
High variability 

(N=11) 
Three configurations: Two configurations: Four configurations 

(C1) INNER and OUTER and 
MOREF 
 

(C3) INNER and OUTER and 
MOREF 
 

(C5) COORD and INNER  and 
OUTER and UPART and 
MOREF 

OR OR OR 
(C2) COORD  and UPART 
and MOREF 
 

(C4) COORD  and UPART 
and MOREF and OUTER 
 

(C6) INNER and OUTER and 
UPART and KNOW and 
MOREF and QUIZ 

  OR 
  (C7) COORD and INNER and 

OUTER and KNOW and 
MOREF and QUIZ 

  OR 
  (C8) COORD and OUTER and 

UPART and KNOW and 
MOREF and not QUIZ 

 649 
4. Discussions and conclusion 650 
 651 
There is increasing awareness that continuous learning is central to the resilience of complex 652 
systems such as social-ecological systems (SESs). For example, it has been recently suggested 653 
that encouragement of learning is one of seven key principles for enhancing the resilience of 654 
ecosystem services in the face of disturbances and change in SESs (Biggs et al. 2015). Learning 655 
helps resilience via its positive influence on decision-making under uncertainty (Polasky et al. 656 
2011, Biggs et al. 2015). Motivated by this recognition, several learning-focused management 657 
approaches have emerged over the years and have been popularized as a means to operationalize 658 
resilience-based management (e.g., Walters and Holling 1990, Folke et al. 2005, Plummer and 659 
Armitage 2007).  660 
 661 
Yet, despite the consensus on the importance of learning, our understanding of the details of how 662 
learning should be encouraged remains far from settled (Fabricius and Cundill 2014). This 663 
puzzle, referred to as the question of “what type of learning is most appropriate and under what 664 
conditions” (Biggs et al. 2012, 2015), remains a major challenge for theory development in the 665 
SES resilience literature. The current study took a small step in bridging that gap by using 666 
existing data of a laboratory behavioral experiment to uncover new hypotheses about the puzzle. 667 
We analyzed the experimental data to measure several learning-related conditions (Table 1). Our 668 
objective was to find multiple causal configurations of the learning-related conditions linked 1) 669 
group performance under environmental stability and 2) the resilience of group performance 670 
under environmental variability (Table 1).  671 
 672 



Using fuzzy-set qualitative comparative analysis (fsQCA), we identified two causal 673 
configurations for group performance under environmental stability (C1 and C2, Table 3). Two 674 
interesting points emerge from this result: monitoring and reflection is a necessary condition for 675 
the group performance, and one configuration involves frequent loop learning (C2) while the 676 
other is based on tight group coordination and user participation (C1). This suggests that there 677 
are two very different paths leading to the same outcome under the condition of stable 678 
environment. In one path, group members seldom experiment with different social arrangements 679 
(goals or strategies) and thus experience little learning by “doing.” Instead, they tightly hold on 680 
to some initially chosen goals or strategies and constrain non-conforming behaviors. Some 681 
members may actively suggest alternative social arrangements but these are rarely accepted 682 
because there is often a dominant opinion leader who directs the whole group. In the other path, 683 
group members show less coordination for shared strategies but they are willing to try different 684 
social arrangements. They actively monitor and reflect on the outcomes of those trials and gain 685 
substantial learning by “doing.” Both paths work well under environmental stability because 686 
managing SES under stability is probably an easy task that does not require much learning-by-687 
doing. 688 
 689 
We also found multiple causal configurations for the resilience of group performance under 690 
environmental variability: two configurations for all variability treatments (C3 and C4) and four 691 
configurations for high variability treatments (C5 to C8, Table 3). All of these configurations 692 
have set-memberships to "outer-loop learning" in addition to "monitoring and reflection." This 693 
regularity implies that both conditions are necessary for resilience. C3 and C4 indicate that the 694 
mode of governance based on tight group coordination alone is no longer effective when groups 695 
come under environmental shocks. Group coordination needs to be combined with outer-loop 696 
learning, user participation, and monitoring and reflection to maintain group performance. C5 to 697 
C8 show indistinct patterns that are difficult to interpret, possibly because of the small size of the 698 
sub-sample (N=11) used for fsQCA. Nonetheless, all four configurations have set-memberships 699 
to "outer-loop learning" and "monitoring and reflection" as well, and therefore reinforce our 700 
interpretation of C3 and C4 that these two conditions are necessary for resilience.  701 
 702 
Outer-loop learning and monitoring and reflection merit more discussion. We learn by “doing”—703 
we renew our knowledge and acquire best practices to complex tasks by constantly adjusting our 704 
decisions and evaluating the outcomes of those adjustments (Stiglitz and Greenwald 2014). 705 
Monitoring and reflection enable this interplay between “doing” and learning which forms the 706 
basis of adaptive management. We have shown that this key principle is supported by our 707 
experimental data. The importance of monitoring and reflection is concordant with the systems 708 
thinking that all SES are feedback systems that operate via regulatory control networks 709 
(Anderies et al. 2013b). The Institutional Analysis and Development Framework (Ostrom et al. 710 
1994) further makes a similar point by including feedback processes as an essential component 711 
of how institutions operate and change over a period of time.  712 
 713 
Especially interesting from our point of view is the importance of outer-loop learning under 714 
environmental variability When environmental conditions are stable, groups may still be able to 715 
perform well without frequent loop learning—as long as they tightly coordinate for shared 716 
strategies with active monitoring and reflection and user participation, they can still succeed. 717 
This may occur, for example, in a group that settles early on some shared goals and strategies 718 



and faithfully follow them without much learning-by-doing. Some degree of inner-loop learning 719 
may occur because of user participation, but the group as a whole essentially relies on tight 720 
coordination to operate. Our results suggest that while such a group may able to perform well 721 
under stable conditions, it will likely be unable to adapt pertinently under unstable conditions. 722 
This situation possibly represents the “dark side” or double-edged nature of tight group 723 
coordination with little learning-by-doing. Although tight group coordination brings benefits of 724 
efficient and undivided group response, it may also invite the negative externality of rigidity in 725 
social capacity to adapt and innovate. Based on our findings, we suggest that 1) non-resilient 726 
groups are those that have not developed enough flexibility or adaptive capacity to dynamically 727 
adjust their actions and that 2) their lack of experience with loop learning have contributed to 728 
that rigidity. 729 
 730 
The importance of outer-loop learning is also consistent with the notions of transformability of 731 
SES and multiple levels of nested institutions in the study of commons. Transformability, 732 
defined as the capacity of SES to change system structure and identity and patterns of 733 
interactions when existing system becomes untenable (Walker et al. 2004, Folke et al. 2010), 734 
likely requires renewal of shared goals and assumptions. This probably was the case when group 735 
members of the experiment faced environmental variability—they needed to transform shared 736 
goals and assumptions that had been fine-tuned to the stable conditions. Groups that had not built 737 
enough transformability through frequent outer-loop learning probably could not easily break 738 
away from their conventional modes of governance and decision-making when the shocks 739 
arrived later. Put differently, they could have missed the window of opportunity to transform 740 
their management because they didn’t have enough outer-loop learning experience.  741 
 742 
Further, the study of institutions stipulates that multiple-levels of nested institutions (operational, 743 
collective, and constitutional level) exist and that these levels influence each other (Ostrom 744 
2005). Operational-level rules guide day-to-day actions of participants in an action situation. 745 
Collective-level rules affect operational-level action situations through their effects in 746 
determining underlying rules to be used to change operational-level rules. Indeed, long-lived 747 
commons systems are characterized not only by pertinent operational-level rules but also by 748 
collective-level arrangements that allow participants to flexibly adapt their daily operational-749 
level rules (Ostrom 1990). This theoretical background may explain why resilient groups in our 750 
experiment are those that experienced active outer-loop learning. The presence of active outer-751 
loop learning could be interpreted as a sign of well-functioning collective-level choice arena.  752 
 753 
A prime example of a group that actively engaged in outer-loop learning is group 7. Despite 754 
facing severe environmental variability (I-HV), this group was able to perform well under both 755 
stable and unstable rounds. At the outset, group members quickly tested the goals of maintaining 756 
the infrastructure near 100% efficiency and of equal sharing of water. In the subsequent rounds, 757 
they managed to revise their goals through outer-loop learning: maintain the infrastructure at a 758 
moderate level (around 81% efficiency) and use water both equally and efficiently (each member 759 
should get an equal amount of water and player E always leave his or her gate open to prevent 760 
water wastage). This experience might have helped group capacity to cope with environmental 761 
shocks. This improved capacity was indeed demonstrated because members of group 7 762 
anticipated that a catastrophic infrastructure damage might be on the way and revised their 763 



investment target to 100% efficiency. They reasoned that 100% efficiency would create a larger 764 
cushion to counter a large efficiency decline. 765 
 766 
Group 11 is an example of a group that performed well without active loop learning in the stable 767 
rounds but failed to continue that trend when the shocks (I-HV) arrived later. Our data show that 768 
group 11 experienced little or no outer-loop learning in the stable rounds. Although some inner-769 
loop learning occurred from user participation, it primarily relied on tight group coordination and 770 
monitoring of non-conforming behaviors to achieve performance. The “dark side” or fragility of 771 
this configuration was later exposed when the shocks began to apply from round 11. This group 772 
could not adequately adjust its strategies in response to the changes probably because of their 773 
rigidity stemming from little experience with outer-loop learning.  774 
 775 
Finally, it should be noted that none of the learning-related conditions are either sufficient or 776 
both necessary and sufficient. In particular, contrary to expectations, our findings suggest that 777 
knowledge from individual learning and knowledge sharing are not necessary conditions for the 778 
group performance and its resilience. This implies the limitations of individual learning or mere 779 
exchange of knowledge for solving problems in a group setting. That is, imposed learning from 780 
outside or mere exchange of knowledge does not necessarily lead to improved social capacity to 781 
adapt in response to disturbances. Endogenous social learning by “doing” (as opposed to 782 
imposed individual learning), therefore, may be more crucial for ensuring resilient performance 783 
under environmental variability.  784 
 785 
Our findings may also have some implications for the study on the resilience of complex 786 
infrastructure systems (e.g., Fiksel 2003, Hollnagel et al. 2006, Park et al. 2011, Chang et al. 787 
2014, Linkov et al. 2014). One of the key messages that have emerged from this line of research 788 
is that recursive processes involving anticipation, adaptation, and learning and innovation are 789 
central to operationalizing resilience-based management of such systems (Klein 2003, 790 
Gunderson 2010, Zhou 2010, Park et al. 2013). While studies in this field generally accept the 791 
importance of learning, the technicalities of how learning should be encouraged remains a 792 
largely unexplained aspect. The empirical patterns that we found may contribute to 793 
understanding that puzzle as well. Because irrigation systems are a partly-engineered SES with 794 
clear presence of infrastructure, our finding about the importance of outer-loop learning and 795 
monitoring and reflection may be applicable to how learning should be encouraged in complex 796 
infrastructure systems.  797 
 798 
In summary, we suggest that active outer-loop learning and monitoring and reflection are key 799 
conditions to achieving the resilience of essential functions in SESs. Systems characterized by 800 
rigidity of goals and assumptions from the lack of experience with loop learning may be 801 
vulnerable to environmental shocks. Policy-makers interested in improving resilience therefore 802 
should consider fostering the culture of outer-loop learning and monitoring and reflection in their 803 
focal SESs. We also suggest some directions for the future studies. Our research is based on a 804 
laboratory behavioral experiment participated by undergraduate students of a U.S. university. 805 
Future studies may consider conducting a similar field experiment participated by actual farmers 806 
to incorporate more contextual considerations into the analysis. Furthermore, another experiment 807 
could be designed and conducted to incorporate between-group social learning. Multiple groups 808 
may simultaneously play such an experiment and communicate at group level, which enables 809 



social learning both within and across groups. Insights learned from different contexts and their 810 
comparisons, including ours, will help us build a more complete understanding of how learning 811 
should be encouraged to enhance resilience.  812 
 813 
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Appendix A: Outcome variables and causal conditions 1 
 2 
I. Outcome variables 3 
 4 
1. Group performance under environmental stability (PERFORM) 5 
 6 
This variable is measured by the amount of tokens earned by a group from growing crops in 7 
rounds 6 to 10. The mean and the median values of this measure are 249 and 268 tokens, 8 
respectively, with the minimum of 58 tokens and the maximum of 301 tokens. Among 21 groups, 9 
16 earned at least 250 tokens or more during that round interval. Hence, we used our educated 10 
judgment to decide that 250 tokens is the threshold for high group performance. For the 11 
threshold of poor group performance, we used our judgment to decide that earnings below 100 12 
tokens is clearly a sign of poor performance. This threshold is consistent with the two groups that 13 
plainly failed in maintaining the irrigation system (groups 5 and 12). These two groups earned 14 
less than 100 tokens. We used these two thresholds to calibrate the variable into a continuous 15 
scale of 0–1.0 (0 being 'clearly low performance'; 1.0 being 'clearly high performance'). We used 16 
fs/QCA (a software tool for QCA analysis developed by Charles Ragin) to do the calibration. 17 
 18 
2. Resilience of group performance under environmental variability (RESIL) 19 
 20 
This variable is represented by the ratio of tokens earned from growing crops in rounds 11 to 15 21 
to those in rounds 6 to 10. The ratio values around 1.0 indicate little or no change in group 22 
performance under environmental variability. If the ratio is considerably below 1.0, it means a 23 
large drop in group performance under variability. Barring the two groups that performed poorly 24 
in rounds 6 to 10 (groups 5 and 12), the mean and the median values of the ratio are 0.82 and 25 
0.86, respectively, with the maximum of 1.06 and the minimum of 0.36. We used our educated 26 
judgment to set the thresholds for 'clearly resilient' and 'clearly fragile' outcomes. We decided 27 
that a ratio value above 0.9 indicates a 'clearly resilient' outcome, i.e., 10% or less drop in 28 
performance under variability. We also decided that a ratio value below 0.5 indicates a 'clearly 29 
fragile' outcome, i.e., 50% or more drop in performance under variability. We used these two 30 
thresholds to calibrate the variable into a continuous scale of 0–1.0 (0 being 'clearly fragile'; 1.0 31 
being 'clearly resilient'). We used fs/QCA to do the calibration. 32 
 33 
II. Coding rules for the causal conditions at the round-level 34 
 35 
1. Group coordination (COORD) 36 
 37 
We analyzed both the content of group communication and group members’ decisions (how 38 
much tokens are invested and how much tokens are earned from growing crops) in a given round. 39 
If the data suggest that a majority of group members (three or more) followed shared strategies 40 
for both the investment and water collection decisions, we assumed that group coordination is 41 
present in that round.  42 
 43 
Consider the following example. If group members proposed an investment of 5 tokens and 10-44 
tokens-worth of water collection during the preceding group communication and their actual 45 



decisions show that three or more of them indeed followed BOTH proposals (see the table 46 
below), we assumed that group coordination is present in that round. 47 
 48 
Table A1: An example of group coordination. Three or more group members follow shared 49 
strategies for both the investment and water collection decisions. 50 
 Tokens for investment Tokens earned from collecting water 
Player A B C D E A B C D E 
Decisions 5 5 4 5 5 15 10 10 10 4 
 51 
Consider another example. If group members proposed an investment of 5 tokens and 10-tokens-52 
worth of water collection during the preceding group communication and their actual decisions 53 
show that three or more of them followed ONLY one of the proposals (see the table below), we 54 
assume that group coordination is not present in that round. 55 
 56 
Table A2: An example of absence of group coordination. A shared group strategy is present in 57 
infrastructure investment.  58 
 Tokens for investment Tokens earned from collecting water 
Player  A B C D E A B C D E 
Decisions 5 5 4 5 5 15 15 10 4 4 
 59 
Consider the same example. If actual decisions show that three or more of them followed 60 
NEITHER of the proposals (see the table below), we assumed that group coordination is not 61 
present in that round. 62 
 63 
Table A3: An example of absence of group coordination. A shared group strategy is absent in 64 
both infrastructure investment and water collection decisions. 65 
 Tokens for investment Tokens earned from collecting water 
Player  A B C D E A B C D E 
Decisions 1 3 4 5 5 15 15 10 4 4 
 66 
Some caveats or exceptions apply: 67 

a) If some members invested slightly more tokens than others voluntarily or slight less 68 
tokens than others based on approval from others (plans for such deviations are stated 69 
during group communication and are made to complement existing strategies), their 70 
decisions are still counted toward group coordination. 71 

b) We excluded cases where upstream members (players A, B, and C) and downstream 72 
members (players D and E) are in conflict. For example, players A, B, and C invest a 73 
same amount of tokens but players D and E invest none in retaliation to inequality in 74 
water distribution. 75 

c) We excluded cases in which three or more members (especially those in upstream 76 
locations) earned only 4 tokens from collecting water even if available water is 30 cf/s or 77 
more. This means that lots of water is being wasted and deliberated group coordination is 78 
absent. 79 

d) We considered for rotating investment patterns, e.g., group members agree to alternate 80 
who invest more and how invest less in a given round. As long as alternating patterns are 81 
observed, we counted them toward group coordination. 82 



 83 
2. Inner-loop learning (INNER) 84 
 85 
(1) Presence of a group strategy adhered by group members and (2) whether there is a change in 86 
such a strategy are a sign of inner-loop learning. If the data show that a majority of group 87 
members (three or more) follow a same rule for either the investment or water collection 88 
decision in a given round, we assumed that a group strategy is present in that round. If both the 89 
content of group communication and members’ decisions suggest that there is a change in a 90 
group strategy to better meet an existing goal, we assumed that inner-loop learning is present in 91 
that round. The box below lists cues for detecting inner-loop learning. For more details on 92 
examples of goals, see the coding rules for outer-loop learning. 93 
 94 
Box A1: Cues for detecting inner-loop learning 95 
Investment Any change in the number of tokens invested in group strategy to 

better meet an existing goal. For example, group strategy switches to 
'each must invest 5 tokens' from 'each must invest 8 tokens' to move 
toward 66% infrastructure efficiency. 
 

Water collection Any change in the following aspects of group strategy for water 
collection to better meet an existing goal.  
1) How much to collect. 

§ Time-based (e.g., collect for 10 seconds). 
§ Quantity-based (e.g., stop at 250 units of water, stop at earning 10 

tokens from growing crops). 
2) Method of water collection. 

§ Sequential: Players take sequential turns in opening gates to 
collect water  

§ Rotation: Players rotate which player(s) get most of the water in a 
given round 

3) Order of collection. 
§ Forward: Water is collected from player A to player E. 
§ Reverse: Water is collect from player E to player A.  

4) Other. 
§ Water wastage prevention: Player E always leaves gate open. 
§ Rotation of extra water: Players rotate which player(s) get little 

more water than others in a given round. 
 96 
Some caveats or exceptions apply: 97 

a) A coordinated group strategy may exist and change without a clear reference to 98 
underlying assumption or goals in the content of group communication. We do not 99 
consider such a situation as an occurrence of inner-loop learning. 100 

b) If group members adopt a strategy that involves rotations in the method of water 101 
collection or investments for infrastructure maintenance, the amount of invested tokens or 102 
collected water will change every round. We do not consider such changes as an 103 
occurrence of inner-loop learning. 104 

 105 



3. Outer-loop learning (OUTER) 106 
 107 
Outer-loop learning can be detected when the content of group communication shows that group 108 
strategies for either the investment or water collection decision is revised or updated to meet a 109 
new goal or assumption. The box below lists typical goals or assumptions that can be shared by 110 
members of a group. 111 
 112 
Box A2: Typical goals or assumptions shared by group members 113 
Investment The following goals or assumptions are generally observed as group 

members deliberate for investment decisions. 
1)  Invest for high infrastructure efficiency: Group members aim to reach 

and stay around 100% infrastructure efficiency. 
2) Invest for optimal infrastructure efficiency: Group members aim to 

reach and stay around 66~70% infrastructure efficiency. 
3) Invest for moderate infrastructure efficiency: Group members aim to 

reach and stay somewhere between 66~70% and 100% efficiencies. 
4) One of above three & proportionate investment: Group members 

expect those with slightly more (or less) water collection should be 
balanced by investing slightly more (or less). 

5) Invest for resilience: Group members aim to invest more tokens than 
usual to prepare for a catastrophic damage to the infrastructure.  

6) None 
 
Note that the efficiency levels specified above is based on the 
relationship between infrastructure efficiency and water delivery 
capacity (Figure 3A in the main manuscript).  
 

Water collection The following goals or assumptions are generally observed as group 
members deliberate for water collection decisions. 
1) Equality: Group members aim to collect an equal amount of water. 
2) Equality & Efficiency: In addition to collecting water equally, group 

members want to reduce or prevent water wastage (i.e., unused water 
that exit the system). 

3) Proportionality: Group members generally agree those who do not 
invest should get zero water or vice versa (e.g., “I am not investing, so 
I am OK with getting little or no water”). 

 114 
Some caveats or exceptions apply: 115 

a) Repeatedly going over 100% for the infrastructure efficiency likely means that there is no 116 
underlying goals or assumptions for investment. 117 

b) We assumed that underlying goals or assumptions tend to have a continuing presence 118 
once established. Hence once we detect a clear sign of shared goal or assumption in a 119 
round, we assumed that goal or assumption stays on in the subsequent rounds unless we 120 
clearly see that there is a change. 121 

 122 
4. User participation (UPART) 123 



 124 
We analyzed the content of group communication to assess user participation in decision-making 125 
process in a given round. If two or more participants propose a unique group strategy for either 126 
the investment or water collection decision (regardless of whether or not such a proposal is 127 
followed by others), we assume that multiple users are participating in the decision-making 128 
process in that round. For example, statements such as "we should invest 5 tokens each" count as 129 
a proposal. Simply repeating a proposal already mentioned by someone else does not count as a 130 
unique proposal. Note that we only consider proposals for shared group strategy, not plans for 131 
individual actions. For example, statements like "I will invest 5 tokens" do not count as a 132 
proposal for group strategy, unless the context of the group discussion reveals that such a 133 
statement is in fact intended for a group strategy. 134 
 135 
5. Knowledge-sharing (KNOW) 136 
 137 
We analyzed the content of group communication to detect sharing of a knowledge in a given 138 
round. Shared knowledge concerns the rules of the experiment, some insight about how the 139 
experiment should be played, or any answer given to a question asked by someone else regarding 140 
investment or water collection decisions. For example, statements such as "it could be at 80% or 141 
90% efficiency and still be ok" count as an occurrence of knowledge-sharing. 142 
 143 
6. Monitoring and reflection (MOREF) 144 
 145 
We analyzed the content of group communication to detect monitoring and reflection. If a group 146 
member gives some comments related to one or more of the following items, we count it as an 147 
occurrence of monitoring and reflection in that round. 148 
 149 

a) Outcomes or behaviors of individuals or the whole group (e.g., "A is hogging water", 150 
"that was a bad round", "it didn't work") 151 

b) Current biophysical conditions (e.g., "current infrastructure efficiency is 55%") 152 
c) Raising issues or trying to correct mistakes or non-conforming behaviors of specific 153 

individuals (e.g., " hey A, close your gate ", "I'm not investing because upstream guys are 154 
not giving us water"). 155 

 156 
 157 
7. Knowledge from individual learning (QUIZ) 158 
 159 
This variable is based on group members’ scores of the pre-experiment quiz which tests their 160 
understanding of the experimental action situation. The content of group communication is 161 
therefore not analyzed to measure this variable. 162 
 163 
 164 
III. Aggregating the round-level coding results 165 
 166 
The seven causal conditions are measured in a discrete scale of four levels (0, 0.33, 0.67, and 167 
1.0). The ranges for the four levels are given by the figure below. Note that the range for 0.67 is 168 
slightly larger than that of 0.33, but this has no effect on the outcomes. 169 



 170 
Figure A1. A discrete scale of four levels (0, 0.33, 0.67, 1.0) used in this study with their ranges. 171 
 172 

 173 
 174 
 175 
1. Did this group frequently show group coordination (COORD)? 176 
(Clearly never=0, seldom=0.33, more often than not=0.67, clearly often=1.0) 177 
  178 
Count the number of rounds with group coordination through rounds 1 to 10 and the last practice 179 
round. Divide this count by 11 to derive the average occurrence of group coordination per round. 180 
 181 
If this average is in the interval [0, 0.165), result is 0.  182 
If this average is in the interval [0.165, 0.495), result is 0.33.  183 
If this average is in the interval [0.495, 0.835), result is 0.67. 184 
If this average is in the interval [0.835, 1], result is 1.0. 185 
 186 
2. Did this group frequently engage in inner-loop learning (INNER)? 187 
(Clearly never=0, seldom=0.33, more often than not=0.67, clearly often=1.0) 188 
 189 
Count the number of rounds with inner-loop learning through rounds 1 to 10 and the last practice 190 
round. Divide this count by 11 to derive the average occurrence of inner-loop learning per round. 191 
 192 
If this average is in the interval [0, 0.165), result is 0. 193 
If this average is in the interval [0.165, 0.495), result is 0.33.  194 
If this average is in the interval [0.495, 0.835), result is 0.67. 195 
If this average is in the interval [0.835, 1], result is 1.0. 196 
 197 
3. Did this group frequently engage in outer-loop learning (OUTER)? 198 
(Clearly never=0, seldom=0.33, more often than not=0.67, clearly often=1.0) 199 
 200 
Result is 0 if one of the following conditions are met: 201 

§ There was no change in general strategy in rounds 1 to 10 and the last practice round. 202 
§ There was only one change in goals or assumptions regarding water collection throughout 203 

rounds 1 to 10 and the last practice round. 204 
 205 
Result is 0.33 if the following condition is met: 206 

§ There was little or no change in goals or assumptions in the early rounds (rounds 1 to 5 207 
and the last practice round). However, in the later rounds (rounds 6 to 10), there was one 208 
or two changes in goals or assumptions. 209 

 210 
Result is 0.67 if the following condition is met: 211 

§ There were changes in goals or assumptions for BOTH the investment and water 212 
collection decisions in the early rounds (rounds 1 to 5 and the last practice round). 213 



However, in the later rounds (rounds 6 to 10), there was no change in goals or 214 
assumptions. 215 

 216 
Result is 1.0 if the following condition is met: 217 

§ There were changes in goals or assumptions for BOTH the investment and water 218 
collection decisions in the early rounds (rounds 1 to 5 and the last practice round). In 219 
addition, there were one or two more changes in goals or assumptions in the later rounds 220 
(rounds 6 to 10). 221 

 222 
4. Did this group frequently have user participation (UPART)? 223 
(Clearly never=0, seldom=0.33, more often than not=0.67, clearly often=1.0) 224 
 225 
Count the number of rounds with user participation through rounds 1 to 10 and the last practice 226 
round. Divide this count by 11 to derive the average occurrence of user participation per round. 227 
 228 
If this average is in the interval [0, 0.165), result is 0.  229 
If this average is in the interval [0.165, 0.495), result is 0.33.  230 
If this average is in the interval [0.495, 0.835), result is 0.67. 231 
If this average is in the interval [0.835, 1], result is 1.0. 232 
 233 
5. Did this group frequently share knowledge (KNOW)? 234 
(Clearly never=0, seldom=0.33, more often than not=0.67, clearly often=1.0) 235 
 236 
Count the number of rounds with knowledge-sharing through rounds 1 to 10 and the last practice 237 
round. Divide this count by 11 to derive the average occurrence of knowledge-sharing per round. 238 
 239 
If this average is in the interval [0, 0.165), result is 0.  240 
If this average is in the interval [0.165, 0.495), result is 0.33.  241 
If this average is in the interval [0.495, 0.835), result is 0.67. 242 
If this average is in the interval [0.835, 1], result is 1.0. 243 
 244 
6. Did this group frequently monitor and reflect on outcomes (MOREF)? 245 
(Clearly never=0, seldom=0.33, more often than not=0.67, clearly often=1.0) 246 
 247 
Count the number of rounds with monitoring and reflection through rounds 1 to 10 and the last 248 
practice round. Divide this count by 11 to derive the average occurrence of monitoring and 249 
reflection per round. 250 
 251 
If this average is in the interval [0, 0.165), result is 0.  252 
If this average is in the interval [0.165, 0.495), result is 0.33.  253 
If this average is in the interval [0.495, 0.835), result is 0.67. 254 
If this average is in the interval [0.835, 1], result is 1.0. 255 
 256 



7. What is the level of knowledge of the experiment gained by group members from individual 257 
learning before the start of the experiment (QUIZ)?  258 
(Poor understanding=0, some understanding=0.33, good understanding=0.67, excellent 259 
understanding=1.0) 260 
 261 
Derive the average of the quiz scores of all group members.  262 
 263 
If this average is in the interval [0, 0.165), result is 0.  264 
If this average is in the interval [0.165, 0.495), result is 0.33.  265 
If this average is in the interval [0.495, 0.835), result is 0.67. 266 
If this average is in the interval [0.835, 1], result is 1.0. 267 
 268 



Appendix B: The fsQCA results 1 
 2 
Table B1. Fuzzy-set values of all conditions and the outcome for the group performance under 3 
environmental stability. See Appendix A for the definitions of the variables. 4 
Group 

# Treatment Outcome Conditions 
PERFORM COORD INNER OUTER UPART KNOW MOREF QUIZ 

1 I-LV 0.99 0.67 1 1 1 0.33 0.67 0.33 
2 I-LV 0.98 0.33 0.67 0.67 0.67 0.67 1 0.67 
3 I-LV 0.92 0.67 0.67 1 1 0.67 1 0.67 
4 I-LV 0.98 0.67 0.67 1 1 0.67 0.67 0.33 
5 I-LV 0.01 0 0 0 0.33 0.33 0.67 0.33 
6 I-HV 0.97 0.33 0.33 0.33 0.33 0.67 0.67 0.67 
7 I-HV 0.98 0.67 0.67 1 1 1 1 0.67 
8 I-HV 0.85 0.67 0.33 0.67 0.67 0.33 0.67 0.67 
9 I-HV 0.99 0.67 1 1 1 0.33 1 0.67 
10 I-HV 0.95 0.67 0.67 0.67 0.33 0.67 1 0.67 
11 I-HV 0.98 0.67 0.33 0 0.67 0.33 0.67 0.33 
12 W-LV 0.03 0 0 0.33 0.33 0.67 1 0.33 
13 W-LV 0.96 0 0 0 0.67 0.33 0.67 0.33 
14 W-LV 0.98 0.67 1 0.67 0.67 0.33 0.67 0.33 
15 W-LV 0.99 0.67 0.67 0.67 0.33 0.67 0.67 0.67 
16 W-LV 0.98 0.33 0.67 0.67 0.33 0.33 0.67 0.33 
17 W-HV 0.94 0.33 0.67 0.67 0.67 0.67 0.67 0.67 
18 W-HV 0.98 0.33 0.67 0.67 0.67 0.67 0.67 0.33 
19 W-HV 0.98 0.33 0.33 0.67 0.33 0.33 0.67 0.33 
20 W-HV 0.97 0.67 0.33 0.67 0.67 0.33 0.67 0.33 
21 W-HV 0.99 1 0.67 1 0.67 0.67 0.67 0.33 
 5 
Table B2. Fuzzy-set values of all conditions and the outcome for the resilience of group 6 
performance under environmental variability. See Appendix A for the definitions of the variables. 7 
Group 

# Treatment Outcome Conditions 
RESIL COORD INNER OUTER UPART KNOW MOREF QUIZ 

1 I-LV 0.99 0.67 1 1 1 0.33 0.67 0.33 
2 I-LV 1 0.33 0.67 0.67 0.67 0.67 0.33 0.67 
3 I-LV 0.96 0.67 0.67 1 1 0.67 0.67 0.67 
4 I-LV 0.99 0.67 0.67 1 1 0.67 0.67 0.33 
6 I-HV 0.32 0.33 0.33 0.33 0.33 0.67 0.33 0.67 
7 I-HV 0.99 0.67 0.67 1 1 1 0.67 0.67 
8 I-HV 0.51 0.67 0.33 0.67 0.67 0.33 0.67 0.67 
9 I-HV 0.92 0.67 1 1 1 0.33 0.67 0.67 
10 I-HV 0.89 0.67 0.67 0.67 0.33 0.67 0.67 0.67 
11 I-HV 0.03 0.67 0.33 0 0.67 0.33 0.67 0.33 
13 W-LV 0.01 0 0 0 0.67 0.33 0 0.33 
14 W-LV 0.99 0.67 1 0.67 0.67 0.33 0.67 0.33 
15 W-LV 0.99 0.67 0.67 0.67 0.33 0.67 0.67 0.67 
16 W-LV 0.97 0.33 0.67 0.67 0.33 0.33 0.33 0.33 
17 W-HV 0.77 0.33 0.67 0.67 0.67 0.67 0.33 0.67 
18 W-HV 0.04 0.33 0.67 0.67 0.67 0.67 0.33 0.33 
19 W-HV 0.22 0.33 0.33 0.67 0.33 0.33 0.33 0.33 
20 W-HV 0.96 0.67 0.33 0.67 0.67 0.33 0.67 0.33 
21 W-HV 0.84 1 0.67 1 0.67 0.67 1 0.33 

8 



Table B3. Truth table for the analysis of sufficiency for the group performance under 9 
environmental stability. The cutoff consistency of 0.95 is chosen because there is a significant 10 
drop in the consistency score from 1.0 to 0.924433. 11 

COORD INNER OUTER UPART KNOW MOREF QUIZ PERFORM N Consist. Group # 
1 1 1 1 1 1 1 1 2 1 3,7 
1 1 1 1 1 1 0 1 2 1 4,21 
1 1 1 0 1 1 1 1 2 1 10,15 
1 1 1 1 0 1 0 1 2 1 1,14 
0 1 1 1 1 1 1 1 2 1 2,17 
1 1 1 1 0 1 1 1 1 1 9 
1 0 1 1 0 1 1 1 1 1 8 
1 0 1 1 0 1 0 1 1 1 20 
1 0 0 1 0 1 0 1 1 1 11 
0 1 1 1 1 1 0 1 1 1 18 
0 1 1 0 0 1 0 1 1 1 16 
0 0 1 0 0 1 0 0 1 0.924433 19 
0 0 0 0 1 1 1 0 1 0.875 6 
0 0 0 1 0 1 0 0 1 0.875 13 
0 0 0 0 1 1 0 0 1 0.806452 12 
0 0 0 0 0 1 0 0 1 0.806452 5 

Cutoff consistency: 0.95 12 
 13 
Table B4. Truth table for the analysis of sufficiency for the resilience of group performance 14 
under environmental variability. Groups with high- or low-variability treatments (N=19) are 15 
considered. The cutoff consistency of 0.85 is chosen because there is a significant drop in the 16 
consistency score from 0.866548 to 0.793956. 17 
COORD INNER OUTER UPART KNOW MOREF QUIZ RESIL N Consist. Group # 

1 1 1 1 1 1 1 1 2 0.934817 3,6 
1 1 1 1 1 1 0 1 2 0.934817 4,21 
1 1 1 1 0 1 0 1 2 0.931208 1,14 
0 1 1 1 1 1 1 1 2 0.931208 2,17 
1 1 1 1 0 1 1 1 1 0.927046 9 
1 1 1 0 1 1 1 1 2 0.911638 10,15 
1 0 1 1 0 1 0 1 1 0.911447 20 
0 1 1 0 0 1 0 1 1 0.896726 16 
1 0 1 1 0 1 1 1 1 0.87689 8 
0 1 1 1 1 1 0 1 1 0.866548 18 
0 0 1 0 0 1 0 0 1 0.793956 19 
1 0 0 1 0 1 0 0 1 0.735516 11 
0 0 0 0 1 1 1 0 1 0.681395 6 
0 0 0 1 0 1 0 0 1 0.681395 13 

Cutoff consistency: 0.85 18 
 19 
  20 



Table B5. Truth table for the analysis of sufficiency for the resilience of group performance 21 
under environmental variability. Groups with only high-variability treatments (N=11) are 22 
considered. The cutoff consistency of 0.85 is chosen because there is a significant drop in the 23 
consistency score from 0.862416 to 0.773414. Under this cut-off consistency, the resilience of 24 
groups 8 and 18 is set to 0. This contrasts with their resilience value derived in Table B4 (N=19) 25 
which is set to 1.0.  26 
COORD INNER OUTER UPART KNOW MOREF QUIZ RESIL N Consist. Group 

# 
1 1 1 1 1 1 1 1 1 0.887363 6 
1 1 1 1 1 1 0 1 1 0.887363 21 
1 1 1 1 0 1 1 1 1 0.876133 9 
0 1 1 1 1 1 1 1 1 0.876133 17 
1 1 1 0 1 1 1 1 1 0.862416 10 
1 0 1 1 0 1 0 1 1 0.862416 20 
1 0 1 1 0 1 1 0 1 0.808725 8 
0 1 1 1 1 1 0 0 1 0.773414 18 
0 0 1 0 0 1 0 0 1 0.716981 19 
1 0 0 1 0 1 0 0 1 0.647651 11 
0 0 0 0 1 1 1 0 1 0.647651 6 

Cutoff consistency: 0.85 27 
 28 
Table B6. Tests for the analysis of sufficiency for the group performance, the resilience of group 29 
performance based on high- and low-variability treatments, and for the resilience of group 30 
performance based on high-variability treatment only. 31 
Presence of outcome fsQCA results† 
Performance (PERFORM) 
(N=21) 

Intermediate solution: 
(C1) INNER*OUTER*MOREF 
(C2) COORD*UPART*MOREF 
 
Solution  coverage: 0.635870 
Solution  consistency: 0.999146 

Resilience (RESIL): 
High- and low-variability 
(N=19) 

Intermediate solution: 
(C3) INNER*OUTER*MOREF 
(C4) COORD*OUTER*UPART*MOREF 
 
Solution  coverage: 0.750560 
Solution  consistency: 0.910326 

Resilience (RESIL): 
High-variability  
(N=11) 

Intermediate solution: 
(C5) COORD*INNER*OUTER*UPART*MOREF 
(C6) INNER*OUTER*UPART*KNOW*MOREF*QUIZ 
(C7) COORD*INNER*OUTER*KNOW*MOREF*QUIZ 
(C8) COORD*OUTER*UPART*KNOW*MOREF*!QUIZ 
 
Solution coverage: 0.759630  
Solution consistency: 0.923221 

†As recommended by Ragin (2008), we based our results on the ‘intermediate’ solutions computed by the tool 32 
fs/QCA which account for our specification about the direction of influence of the causal conditions on the outcome 33 
variables. We specified that all of the seven causal conditions have positive influence on the two outcome variables. 34 


