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Abstract: Egypt, akin to many countries in the global South, has striven to promote collective
management to overcome the challenges of irrigation management since the 1990s. Establishing
shared pumping stations (SPSs) has been one of the cornerstones helping farmers better manage
water for irrigation. Operating SPSs successfully poses collective action problems, for which there is
no single set of solutions. This paper utilizes fuzzy set qualitative comparative analysis (fsQCA) to
identify which conditions or configurations are sufficient or necessary for well-operated SPSs. The
study draws on empirical data gathered through semi-structured interviews from 45 cases, located
in Kafr El-Sheikh Governorate in Egypt’s Nile Delta. Results show that three different paths are
sufficient to ensure well-operated SPSs. These are: (1) the condition of effective rules related to
allocation, monitoring, and sanctions; (2) the configuration of small group size of SPSs and large
irrigated sizes of SPSs; or (3) the configuration of adequate water supply and appropriate location of
the SPS command area. The paper concludes that neither group size nor resource size alone explains
the outcome of collective action, while a combination of both factors does. Similarly, an adequate
water supply is essential to enhance users’ engagement in collective actions only when resource
location characteristics do not provide alternative water sources for irrigation.

Keywords: Egypt; collective action; irrigation systems; fuzzy set qualitative comparative analysis

1. Introduction

Over the past few decades, it has become clear that the performances of common pool
resources (CPRs), such as irrigation systems, are shaped by the combinations of biophysical,
social, and institutional factors [1–6]. The literature on the governance of CPRs identifies
many factors that are associated with the successful management of CPRs. Based on a meta-
analysis of multiple small-scale case studies of CPR management worldwide, Ostrom [2]
suggests eight design principles found with the robust management of CPRs. However,
scholars have debated the interpretation of Ostrom’s design principles and their role in the
evaluation (or design) of CPR governance. For example, Cox et al. [7] and Dell’Angelo [8]
support the idea of applying these principles as a diagnostic tool to explore the core factors
influencing a CPR setting. Yu et al. [9] find that Ostrom’s design principles in a totalitarian
context such as China are not enough to understand local irrigation institutions, and more
attention should be paid to contextual factors. Wang et al. [10] also suggest that it is vital to
examine the configuration between these principles in context when applying Ostrom’s
design principles.

To evaluate the governance of CPRs, one should think about other elements, in addi-
tion to the eight design principles, such as applying sophisticated research methods [11]
or leaving more room for the influences of technical infrastructure [12]. More varying
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combinations of research methods and empirical settings are also necessary to evaluate
outcomes of CPR governance [11,13,14]. It is also crucial to consider the configurational
nature of factors, proposed to explain the sustainable use of CPRs—that is, the effect of one
factor depends on the state of one or more factors [15]. In his influential work, Agrawal [5]
presents examples of how one can investigate these explanatory factors in the format of
configurational relationships. Schlager [16] also indicates that the CPR theory seems simple
on the surface, but it involves considerable complexity, which can be disentangled by
examining configurational relationships between factors contributing to the theory.

Nonetheless, limited empirical research, in terms of configurational thinking, has been
conducted to discern how the interaction effect between multiple CPR factors influences
the likelihood of success in governing CPR [10,17,18]. For example, understanding the
interaction effect between a resource system’s geographical area and its number of users
is overlooked in the CPR literature [19]. The influence of how much water available
for irrigation on collective irrigation management has been much investigated without
paying enough attention to the effect of water quality on collective actions. This paper
contributes to the issues mentioned above by employing fuzzy set qualitative comparative
analysis (fsQCA). The fsQCA unpacks CPR factors and their different configurations that
are more likely to achieve successful collective actions to manage collective irrigation
systems in Egypt, a less represented country in the field of comparative studies on water
governance [14].

Specifically, through a process of iterative refinement informed by theoretical predic-
tions and our empirical knowledge, we specify five factors as influential CPR concepts for
the performance of shared pumping stations (SPSs), i.e., collective irrigation systems, in the
Nile Delta. These factors include institutions (understood as rules of the game), group size
(conceptualized as the number of users), resource size (conceptualized as the geographical
area), water supply (conceptualized as water quantity and quality), and resource location
attributes. In this paper, we investigate these factors at the farmers’ level and treat other
levels, e.g., national water policies’ politics, as constant since our comparable cases/SPSs
are located in the same geographical area. Briefly, our study focuses on the following
questions: (1) Under what circumstances do SPSs operate well in a collective manner?
(2) How do the five investigated factors interact with each other and stimulate farmers
to sustain the operation of SPSs? By addressing these questions, we aim to: (1) advance
existing knowledge about how the variation in both group size and resource size impacts
on CPR governance; (2) provide a deeper understanding of how varying degrees of water
quantity and quality affect individual incentives to participate in collective actions; (3)
understand the challenges of collective actions in a context where irrigation systems have
been managed for decades on an individual basis.

The remainder of this article is structured as follows. Section 2 provides a background
on irrigation management in Egypt and identifies the hypothesized conditions linked
to CPR performance. Section 3 describes the research method, tools, and analysis. We
then present the results of the fsQCA in Section 4 and discuss them in Section 5. In the
conclusion, we outline the implications of this study.

2. Literature Review
2.1. Egyptian Irrigation Management Context

Agriculture in Egypt’s Nile Delta and Valley is entirely irrigated agriculture, represent-
ing 2.25 million hectares [20]. Nile water is delivered to farmers’ fields through extremely
complex irrigation canals networks. According to Law 12/1984 on irrigation and drainage,
the Ministry of Water Resources and Irrigation (MWRI) is responsible for formulating
national water policies and managing irrigation canals until branch canals (BCs), preceding
tertiary canals (a tertiary canal is called Mesqa) in the hierarchical order of irrigation canals.
The Mesqa is owned by a group of farmers who benefit from irrigation and are responsible
for its maintenance [21]. Farmers, also on their own costs, have to pump water from Mesqas
or in some cases from BCs to their farm-ditches (a farm-ditch is called Marwa).
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Since the 1950s, farmers in the Nile Delta have mainly applied three local pumping
technologies to deliver water to their fields. Firstly, farmers used an animal-driven wheel
(called Saqia) to lift water from Mesqas to Marwas, which conveys water to their fields by
gravity. A group of farmers owns the Saqia. Its operation and maintenance entirely depend
on collective actions between farmers. Secondly, after around two decades, farmers, driven
by socioeconomics and institutional changes [21] (Ch. 4), gradually started to replace Saqias
with individual irrigation pumping machines (IPMs). Unlike Saqias, the operation and
maintenance of IPMs are achieved individually by farmers. Additionally, using Saqias for
irrigation was among MWRI policies to regulate irrigation at the local level while using
IPMs for irrigation has been by farmers and under the absence of MWRI control over local
water management [21]. Therefore, thirdly, MWRI with recommendations and financial
support of various international donors has intervened since the 1990s to replace IPMs with
shared pumping stations (SPSs). MWRI involves farmers in the design and establishment
of SPS through Water Users’ Associations (WUAs) and transfers the management of SPS
to WUA members. MWRI’s intervention has been driven by its interest to control over-
pumping associated with IPMs, “improve” local irrigation management, and recover its
control over it [22]. Moreover, MWRI has adopted the diffusion of SPSs throughout the
country as a national policy to “modernize” irrigation in the Nile Delta and Valley [23].

SPS infrastructure is mainly composed of a buried pipe (SPS intake), an underground
cement tank, central diesel or electric pump(s), and a buried distribution network controlled
by shared valves. The SPS is linked to a Mesqa or a BC through the SPS intake [21]. As a part
of establishing the SPS, MWRI changes the Mesqa structure from an open earthen canal to
an underground pipe, but this change does not always take place for all Mesqas due to some
difficulties beyond MWRI’s capacity (for more details, see [20] (p. 15)). By law 213/1994,
the SPS is recognized as a common property belonging to a group of farmers whose lands
are irrigated via the SPS, and each SPS has its own WUA in charge of managing it.

The performance of WUAs and their role in governing SPSs in the Nile Delta is highly
controversial in the literature. Some studies argue that WUAs make a significant contri-
bution for better water allocation and equity between farmers due to the rules of WUAs,
stimulating farmers to participate in collective activities. Additionally, WUAs strengthen
communication between farmers and MWRI officials [24,25]. In contrast, Gouda [21] finds
that the performance of WUAs in the Nile Delta is poor due to the deterioration of social
capital and changes in state, water, and agricultural policies since the 1950s. Molle et al. [23]
find WUAs in the central Delta are inactive in practice and do not have a crucial role in
managing SPSs. Instead, farmers opt to craft their own institutions to operate SPSs. In
the context of this study, we do not also observe a significant function played by WUAs
in governing SPSs. Therefore, our primary focus is on analyzing collective actions in the
domain of SPSs and not WUAs.

2.2. Theoretical Arguments on the Determinants of Performance of CPR

The central attention of CPR theory is on the attributes of the physical world, the
community, and the rules in use to elucidate collective actions, which is essential to handle
CPRs’ problems of appropriation and provision [2,16]. Appropriation problems arise as
the resource units, generated from a CPR and characterized by their subtractability, are
overharvested by resource users who have intense rivalries. Provision problems occur
when it is costly to exclude those who do not contribute to sustaining the continuity of
resource units from a CPR [26]. Ostrom and her colleagues clarify that as the resource
users have the incentives to engage in collective actions, such as crafting water allocation
rules, they can address the demonstrated CPR problems. In the context of this study, we
view the SPS as a CPR. This SPS is a human-made irrigation system and is jointly used
by multiple farmers (a collective-managed irrigation system) to pump irrigation water
(subtractable resource unit) from the branch canal to farmers’ fields, and it is nontrivial
(but not impossible) to control irrigation rights of SPS farmers [26]. This research draws
on CPR and collective action theories to decide on the factors that might explain well-
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operated SPSs. The empirical knowledge is simultaneously considered to refine and specify
these theoretically informed factors. In the following, these explanatory factors, causal
conditions, are briefly discussed.

2.2.1. Rules Related to Allocation, Monitoring and Sanction

Under Law 213/1994, farmers are required to develop their own set of rules for
irrigation management in the SPS arena. The focus here is on the set of rules used by farmers
to allocate water (water allocation rules), monitor individuals’ actions during irrigation
(monitoring rules), and impose punishment on the wrongdoers (sanctioning rules).

Failure to establish water allocation rules between appropriators, especially in a con-
dition where water is valuable, is that of significant cause for collective action problems
in irrigation systems [2]. Baldwin el al. [27] find distributional rules are more associated
with water insufficiency conditions. Theesfeld [28] reports that misallocation of water
between Bulgarian irrigators results in the failure of collective actions in managing irrigation
systems.

Having well-agreed rules is not enough to ensure rule compliance between community
members. Thus, as the community can invest in effective monitoring and sanction arrange-
ments, CPR’s appropriation and provision become more sustainable over opportunistic
behaviors [29–32]. However, Cleaver [33] and Yu et al. [9] argue that well-built social
capital may substitute for the function performed by monitoring and sanction devices to
achieve better collective irrigation management. In the Nile delta, weakened social capital
and a lack of leadership are observed between farmers in collective action for irrigation.

The political context also has a vital role in shaping local irrigation institutions [10,34].
Gouda [22] shows how water and agricultural policy changes since the 1950s significantly
affect local water management in the Nile Delta. Nonetheless, this study concerns how
rules and biophysical and social attributes may affect collective irrigation management
(Table 1).

2.2.2. Group Size

Group size has been frequently studied in the CPR literature with heterogeneity. In
this study, however, we only consider group size since we could not find an important role
played by heterogeneity. Scholars disagree on how group size affects collective outcomes.
Some scholars argue that as the group size governing CPRs decreases, the chances to
achieve high levels of collective action are increased owing to overriding free-riding
problems and lowering transaction costs—e.g., Olson [35] Araral [19], Zhang et al. [36],
Huang [37], McCord et al. [12], and Miao et al. [38]. In contrast, other scholars argue
that a large group size may have the advantage of potential economies of scale by which
the average costs associated with resource provision and incurred by resource users may
decrease as the number of users increases (Meinzen-Dick et al. [39], Wang et al. [40], and
Wang and Wu [41]). This disagreement shows that group size has mixed roles. It is crucial
to determine which influences collective outcomes in a particular context and how other
contextual factors might mediate the influence of group size [42,43].

Moreover, as noted by Meinzen-Dick et al. [39] and Araral [19], researchers, studying
the effect of group size on CPR governance, do not differentiate group size conceptualized
as the number of actors from group size conceptualized as geographical area—i.e., resource
system size. This mis-conceptualization of group size weakens the analysis, as indicated by
Araral [19], because, for example, an irrigation system may be utilized by a large number
of irrigators having small land sizes, while another may be used by a smaller number of
irrigators having larger land sizes.

Therefore, this paper distinguishes between group size as the number of users and
resource system size as the geographical area. We consider both factors in the fsQCA
analysis to discover how they may have a configurational effect on the SPS performance
and how they may interact with other studied factors to affect collective actions in SPSs. In
Table 1, we formulate the research hypothesis in terms of group size.
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2.2.3. Resource Size

There is a lack of consensus on how the resource size, in terms of geographical
area, affects the likelihood of collective action in the context of CPR governance. Some
studies clarify that farmers can engage in collective irrigation activities as the irrigated size
decreases because of a higher ability to observe free riders and less coordination needed
to craft rules [19,44,45]. Other studies, however, show that large irrigation systems have a
higher opportunity of supporting successful managing CPR [46–48]. The authors indicate
that higher demand for water and higher expected income owing to scale economies
provide incentives for individuals to develop cooperation required for collective irrigation
management. Interestingly, some authors argue that irrigation systems in hectares do
not affect irrigation collective actions [3,36,49]. In this study, we formulate the research
hypothesis about resource size, as shown in Table 1.

2.2.4. Water Supply

There is much consensus among scholars on how much water available in the irriga-
tion canal affects collective irrigation performance. The emergence of collective action is
observed when water is moderately scarce and neither extremely abundant nor severely
scarce [19,40,44,50,51]. Scholars apply different concepts, e.g., water scarcity, water avail-
ability, and water supply, to describe how water quantity differences affect the collective
action outcome. In a setting such as the Nile Delta, water quantity in the irrigation canals is
much influenced by drain water reuse (this point is elaborated more in Section 3.3.1). Focus-
ing on the differences in water quantity without paying attention to its quality differences
is not enough to explain the collective action outcome [52,53].

In the CPR literature, the concept of water quality is mostly discussed from the angle
of institutional arrangements or policy instruments that are (not) found ameliorating water
quality—e.g., [54–57]. However, here we do not examine such an angle to understand
resource users’ or the state’s efforts to improve water quality. We do not find that the
resource community or the state plays any role in improving irrigation water quality in
the study area. Some interviewed respondents report “improving the quality of irrigation
water is the responsibility of our state and not our task because it is the state who has to
do it”. From the state side, improving water quality in the study area demands financial,
technological, and institutional capabilities which are beyond the state capacity [52]. In-
stead, we conceptualize differences in water quality and its quantity as crucial inputs for
the factor of water supply in order to understand how both inputs may affect collective
irrigation management (Table 1).

2.2.5. Resource Location

The influence of resource location on collective irrigation management has been
mostly explained in the literature from two angles. The first one compares the performance
of collective actions between upstream and downstream users. It has been found that
upstream users perform better than downstream users because the latter has a lower
water quantity, providing less incentive to participate in collective actions [40,41]. In
contrast, some other studies (e.g., [49] (p. 15) and [34]) argue that downstream users have a
higher level of collective actions than upstream users because insufficient water stimulates
tailenders to be involved in collective actions to increase water supply. The second angle
investigates the cooperation between upstream and downstream users to manage their
common resource (e.g., [58–60]). It has been found that different factors might explain why
upstream users cooperate with downstream users, such as the degree of interdependency
between them or the interest of upstream users to maintain the resource infrastructure
against the potential vandalism of downstream users.
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Table 1. Research hypotheses.

Factor Hypothesis

Rules related to allocation,
monitoring, and sanction

The presence of rules—devised to allocate water, monitor actions, and sanction noncompliance—is
paramount to sustain the CPR appropriation and maintain the resource system infrastructure.

Group size In terms of a group number, small group size increases users’ willingness to engage in collective
activities.

Resource size In terms of geographical area, small resource size may be more likely to support users in
participating in collective irrigation management.

Water supply When resource users have sufficient (neither abundant nor severely scarce) water quantity and
quality, the likelihood of collective action increases.

Resource location In the context where resource location does not provide alternative sources for extracting water,
resource users are more likely to engage in collective actions [31,61].

In sum, it might be concluded that the effect of resource location on collective irrigation
management has been viewed as the classification of upstream and downstream locations,
which reflects how much water is available at each location. Therefore, we would argue
that the effect of resource location on users’ behavior might be examined by looking at
how the spatial attributes of resource location generate differences in how much water is
available between users. In our study, we view the factor of resource location as the spatial
attribute of resource location, providing alternative methods for extracting water. We
assume the existence of alternative sources for irrigation is a latent factor for the resource
location (Table 1).

3. Materials and Methods
3.1. Study Region

The study was conducted in Kafr El-Sheikh (KES) Governorate, located in the Nile
Delta of Egypt and overlooking the Mediterranean Sea. KES is the largest governorate
within the Nile Delta. It is one of the three important agricultural governorates in the
country, with a total cultivated area of around 0.25 million hectares. The strategic crops
in KES are rice, cotton, sugar beet, and wheat. The total population of KES in 2018
was approximately 3.4 million, and nearly 76% of this estimate live in rural areas [20].
Agriculture in KES entirely relies on irrigation, with about 70% of irrigated land of KES
depending on the Meet Yazid (MYZ) canal for irrigation water. The length of MYZ is
approximately 63 km, and it starts in another adjacent Delta governorate and flows north
into El-Burullus Lake in KES.

We selected KES and specifically the irrigated region of MYZ within it for our research
as: (a) KES is well-known for its complexity of irrigation systems and experiences with
water shortage problems as it is located at the tail-end of the River Nile [21]; (b) the
irrigated region of MYZ has a moderate history of operating SPSs compared to other areas
in the country. Therefore, this study region provides wide and diverse empirical cases
to unravel—from an institutional perspective—under what conditions farmers approach
collective challenges of irrigation, especially in the summer season during which water is
hardly available.

3.2. Cases Selection Approach and Data Collection

The selection of SPSs draws on the most similar systems designs approach (MSSD) [62].
In MSSD, the cases are chosen based on variations in their outcomes that might result from
differences in some explanatory factors, but meanwhile they share some commonalities.
In the study region, there are about 1080 SPSs, as indicated by the director of the Irriga-
tion Advisory Services department (IAS) who was interviewed in 2017 (IAS is among the
Ministry of Water Resources and Irrigation (MWRI) representatives in KES and theoreti-
cally responsible for forming and monitoring WUAs). Selecting a purposeful sample of
intermediate-N cases out of this population was quite challenging, particularly as IAS
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does not have information on the performance of SPS operations (note: for best practices,
fsQCA is commonly applied to small- or intermediate-N cases, so that one can employ
in-depth case knowledge—which might not be available in large-N cases—to elucidate
the causality relations observed in the findings. However, the discussions about applying
large-N fsQCA are still open in the literature [63]). Alternatively, we found that agricultural
extension engineers (AEEs) of the Ministry of Agriculture and Land Reclamation (MALR)
have local knowledge by which they could aid us in case selection. This local knowledge
has been acquired due to their closeness to farmers, an integral part of their work that
does not include managing water supplied to SPSs. Hence, we considered AEEs as neutral,
who might have no interest in providing distorted information on the performance of SPS
operations. Accordingly, with the assistance of AEEs, forty-five SPSs were chosen in the
study region based on the following criteria: the performance of SPSs varied between well-
and not well-operated SPSs and the SPSs showed differences in irrigated size, group size,
location of the command area, water supply, and rules. Additionally, the chosen SPSs had
similarities such as the technology of establishing and operating the SPS, local irrigation
knowledge of pre-SPSs (i.e., Saqias and individual irrigation pumping machines), and
geographical and climatic characteristics. Table A1 in Appendix A provides a summarized
description of the studied SPSs.

Concerning data collection, Yin [64] recommends using a bundle of tools for the
case study data collection. This study used public documents, observations, and mainly
semi-structured interviews to collect the required data. We utilized public documents, e.g.,
gray reports completed by international donors and local research institutes, to understand
different factors affecting local water management. Observations provided knowledge
about SPSs infrastructure conditions, location characteristics, and interviewees’ interactions
during the interviews. Semi-structured interviews were conducted with key informants—
farmers who were most involved in the SPS activities. The content of the semi-structured
interviews was guided by factors discussed in Section 2.2. All farmers’ interviews were
conducted in isolation from MALR helpers at the field site to minimize the risk of distorting
farmers’ responses. We also asked representatives of MWRI and MALR at the KES level
about their opinions on SPSs’ roles in irrigation water management. Data collection was
undertaken in three phases: the first phase in March 2017, the second phase in August
2017, and the last one between February and April 2018. After collecting data, we coded,
summarized, and prepared the data for the analysis, demonstrated in the following section.

3.3. Fuzzy Set Qualitative Comparative Analysis

This study focuses on understanding the configurational nature of factors, hypothe-
sized to explain well-operated SPSs. Ragin [65] shows the configurational nature is one
central feature of causal complexity, which is defined by three attributes: equifinality, con-
junctural/combinatorial causation, and causal asymmetry and is assumed to result in the
observed phenomenon. Therefore, set-theoretic methods such as fsQCA are appropriate
methodological approaches to address the causal complexity explaining the outcome of
interest. More precisely, the existing study utilizes fsQCA to identify causal conditions or
their different configurations linked with well-operated SPSs.

The fsQCA is a set-theoretic method and originates from qualitative comparative
analysis. In fsQCA, the relations between causal conditions and the outcome are concep-
tualized as fuzzy set relations. Fuzzy set relations are assessed using fuzzy algebra. A
fuzzy set can be a causal condition, i.e., an explanatory factor or an outcome. Each case
study has a continuous membership score (between 0 and 1), expressing the degree of
membership in the fuzzy sets and simultaneously reflecting the degree of the qualitative
difference between the investigated cases [66]—this book is recommended by authors
for comprehensive knowledge about the fsQCA. These relations are analyzed to identify
individual conditions or configurations necessary or sufficient for an outcome [67]. For
the sake of simplicity, a condition (X) is sufficient for (a subset of) the outcome (Y) when
across all cases the membership score of (X) is smaller than or equal to the membership
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score of outcome (Y)—i.e., X ≤ Y. Conversely, a condition (X) is necessary for (a superset
of) the outcome (Y) when X ≥ Y. To evaluate the fuzzy set relations, Ragin [65] mainly
introduces two measures: consistency and coverage measures. The consistency measure
indicates the degree of fuzzy set relation—i.e., a subset or superset relation between a
tested condition and an outcome. The coverage measure shows the empirical importance
of a tested condition for explaining an outcome.

3.3.1. Operationalizing the Conditions and the Outcome

One of the key features of fsQCA is that it enables researchers to iteratively move be-
tween their theoretical and empirical knowledge [67,68]. By doing so, one can identify and
refine the conditions and their measures explaining the investigated social phenomenon
in terms of set-theoretic relations (ibid). The number of conditions should be controlled
in fsQCA [62], so that one can alleviate the issue of logical remainders—that is, logically
possible configurations of conditions in the analysis that are not observed empirically [69].
Accordingly, we identify five conditions explaining our outcome of interest.

• Measuring the outcome: well-operated SPS (WOS)

Using qualitative interview data, we measured the outcome WOS as the number
of provision activities observed in the SPS. When resource users are willing to invest in
provisioning activities, e.g., maintenance work, to sustain their resource system’s capacity,
they can perform collective actions needed to overcome the provisions problems, indicated
in Section 2.2. We assumed that the more provisioning activities that are provided, the
greater farmers’ abilities to govern the SPS operation [2]. Table 2 shows the provision
activities used to evaluate WOS.

• Measuring the five conditions

The first condition, effective rules related to allocation, monitoring, and sanction (EFR),
was evaluated by three measures as illustrated in Table 2: water allocation rule (WAL);
monitoring rules for shared valves of irrigation network (MON); sanction rule (SAN).

The second and third conditions, small group size (SGZ) and small irrigated size (SIZ),
are the only conditions which had measures, shown in Table 2, relying on quantitative data,
collected from SPSs’ official records.

The fourth condition, adequate water supply (AWS), is measured by two measures:
adequate water quantity (AWQ) and adequate water quality (AWL). In the study area,
water is not an abundant resource, and there is a lack of quantitative data to measure the
degree of water shortage. After summarizing qualitative interview data, however, we
noticed that SPS farmers exercise four actions to cope with water shortage (also indicated
by Molle et al. [21]). We used these actions, listed in Table 2, as sub-measures for measuring
AWQ. Tang [3] indicates that when CPR users face insufficient water supply, additional
costs generated by this water insufficiency hinder the cooperation between users and lessen
collective action necessary for a successful CPR. Therefore, we assume that the more actions
exercised to discipline water shortage, the more information and communication between
farmers are required to resolve water inadequacy and emerged conflicts, the lower the
value of AWQ assigned to the case. As to AWL, we find that the state reuses untreated
agriculture drain water at two sequential phases to substitute water shortage [52]. Phase
(A): at the main level Meet Yazid canal (MYZ); Phase (B): at different levels of branch
canals (BCs) of MYZ, depending on the BC water shortage degree, i.e., the state does
not need to implement Phase (B) in some BCs. Farmers are concerned about the BC
water quality because poor water quality decreases the agricultural production, affects the
usage of pesticides, and makes farm produce less marketable [21,52,53]. The interviewed
respondents also confirmed these consequences of poor water quality, which affect their
engagement in the SPS collective actions. Despite a lack of quantitative data on the BC
water quality, we operationalize AWL based on whether or not the state implements Phase
(B). The interviewed farmers perceive that the less drain water combined with BC water,
the better the water quality.
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The fifth condition, appropriate location of SPS command area (LOC), is estimated
by two measures as indicated in Table 2: proximity to an open irrigation canal (OIC) and
proximity to an agricultural drain canal (ADC).

Table 2. Measures of the outcome and the five conditions.

Measures

WOS

Provision activity (A): Contribution to operation and maintenance fees (presence/absence). The presence of (A) means
that farmers contribute to (A) regularly and perceive it as an unchallenging task, while the absence of (A) means that
farmers contribute to (A) irregularly and perceive it as a challenging task.
Provision activity (B): Contribution to cleaning the stand tank and intake pipe of SPS (presence/absence). The presence
of (B) means that farmers collectively contribute to (B) based on a clear plan, while the absence of (B) means that there is
no clear plan for providing (B); farmers clean the stand tank and intake pipe of SPS individually and accidentally.
Provision activity (C): Contribution to sustaining the proper discharge capacity of pumps 1 and/or protecting pumps
from burglary 2 (presence/absence). The presence of (C) means that farmers are willing to provide (C), while its absence
means that farmers are unwilling to provide (C).

EFR

Water allocation rule (WAL):
WAL acknowledges variations in the topography of farmers’ lands within an SPS (yes/no). WAL acknowledges
exogenous problems 3 (yes/no).
Monitoring rules for shared valves of irrigation network (MON):
The existence level of water stealing action (high, medium, low, not found).
Sanction rules (SAN):
Willingness to institutionalize SAN (very high, high, medium, low).

SGZ Number of farmers within the SPS.

SIZ Total irrigated area by the SPS, feddans (1 feddan = 0.42 ha).

AWS

Adequate water quantity (AWQ):
Action (A): Farmers cultivate their summer crops early or lately (presence/absence).
Action (B): Farmers utilize individual irrigation pumping machines (IPMs) either collectively or individually to extract
shallow water from the BC. Water is shallow when its level in the BC is lower than the SPS intake level—meaning that it
is technically impossible to pump through the SPS (presence/absence).
Action (C): Farmers utilize IPMs collectively or individually to extract water directly from the agricultural drain canal
(presence/absence).
Action (D): Farmers ask the local irrigation authority to increase water quantity in the BC (presence/absence).
Adequate water quality (AWL):
High: The BC water is not combined with drain water after Phase (A).
Low: The BC water is combined with drain water after Phase (A)—i.e., Phase (B) is implemented.

LOC Open irrigation canal (OIC): The location of SPS command area does not have access to an OIC (yes/no).
Agricultural drain canal (ADC): The location of SPS command area does not have access to an ADC (yes/no).

1 Examples: (1) replacing the insufficient pumps, in terms of discharge capacity, with sufficient pumps; (2) providing electricity to the SPS
room; or (3) buying additional pump as an auxiliary pump which is used only in emergencies, such as sudden electricity cut, a sudden
breakdown of pumps. 2 Examples: (1) transferring the diesel pumps to farmers’ houses to protect them against burglary or (2) reinforcing
the building of the SPS room and the gate of the SPS room to protect pumps from burglary. 3 Exogenous problems are sudden problems
that may take place during an irrigation turn, such as electricity cut, pump failure, or explosion of a pipeline of irrigation network.

3.3.2. Calibrating Data as Fuzzy Sets

Calibration is at the core of fsQCA, and its final result is that each case has a mem-
bership score per fuzzy set, i.e., a condition or an outcome, [67]. In this study, we applied
two different calibration methods: a qualitative calibration method (QCM), introduced by
Basurto and Speer [70], and a direct calibration method (DCM), introduced by Ragin [67].
The main difference between QCM and DCM is that the former can only be used to calibrate
qualitative data as fuzzy sets. However, the latter is developed to calibrate quantitative
data as fuzzy sets. Thus, we used the DCM to calibrate the measures of the conditions:
effective rules related to allocation, monitoring and sanction (EFRs), adequate water supply
(AWS), and location of SPS command area (LOC) and the outcome of well-operated SPSs.
The measures of the conditions of small group size and small irrigated size were calibrated
based on DCM. Generally, there are the key principles that should be considered during
the calibration process in QCM and DCM: (1) the entire calibration should be transparent,
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replicable, and informed by the theoretical and cases’ knowledge; (2) labeling the fuzzy sets
should be consistent with their content and their scale arrangement; (3) before translating
the data into fuzzy set scales with their definitions, the main qualitative anchors should
be specified. These include: the point of full membership (a score of 1), the point full
non-membership (a score of 0), and the crossover point (a score of 0.5). For illustration,
the condition of small group size of SPS could be scored 1 (fully small group size), 0 (fully
non-small group size), or 0.5 (neither small group size nor non-small group size).

Following Ragin [67] and Basurto and Speer [70], we labeled the fuzzy sets, formulated
the definitions to their fuzzy-scale range, and specified the locations of qualitative anchors
in line with our theoretical concepts of interest and empirical insights, as shown in Table A2.
After that, we assigned membership scores for all measures of the five conditions and the
outcome (Table A3).

Each case, shown in Table A3, must have a single membership score per condition
and an outcome to make the data ready for the analysis. However, conditions such as EFR,
AWS, and LOC have more than one membership score per case. We aggregated, therefore,
the membership scores of all measures of each condition into a single membership score
for each case. As indicated by Goertz [71], selecting the proper method of aggregating
measures was mainly guided by the examined research hypotheses and the theoretical
concepts. We chose to apply the minimum aggregation method by which the minimum
score of aggregated measures is calculated [67]. The reason lies in our research hypotheses,
previously presented in Section 2.2. For example, the location of the SPS command area
is considered as an appropriate location (i.e., LOC = 1) only when farmers do not have
access to both an open irrigation canal (OIC = 1) and an agricultural drain canal (ADC = 1).
To fulfill this requirement, the minimum value of both aggregated measures should be
considered—i.e., LOC = min (OIC, ADC). Although taking the average of these measures
gives the same result, we stuck to the minimum value because for other measurements,
that have continuous scores, taking their average may give results that contradict the
theoretical assumptions of our tested conditions. Similarly, water supply is adequate only
when farmers have access to adequate water quantity (AWQ) and adequate water quality
(AWL), formulated as AWS = min (AWQ, AWL). Rules related to allocation, monitoring,
and sanction are observed as effective rules only when farmers craft rules to allocate water
(WAL) and enforce them by monitoring rules for shared valves of irrigation network (MON)
and sanction rules (SAN), formulated as EFR = min (WAL, MON, SAN). As a result, we
generated the final membership scores for all cases, as illustrated in Table A4.

Although taking the average of these measures gives the same result, we stuck to
the minimum value because for other measurements with continuous scores, taking their
average may provide results that contradict the theoretical assumptions of our tested
conditions.

4. Results

After calibration, we used the R package QCA [72] to perform fsQCA and identify
the individual conditions and the configuration that may cause the outcome of a well-
operated SPS (WOS). According to Ragin [65] (p. 20) and Schneider and Wagemann [66]
(p.231), firstly, we examined cases with the necessary conditions followed by the sufficient
conditions for the outcome WOS. The findings from the analysis are presented in the
following subsections.

4.1. Necessary Conditions for Well-Operated SPS

Table 3 presents findings from the analysis of necessity. To decide which hypothesized
condition is necessary for the outcome to occur, Schneider and Wagemann [66] (p. 278) and
Greckhamer et al. [69] emphasize the consistency values for potential necessary conditions
should not be less than 0.90. Therefore, we applied the consistency value of 0.90 as a
threshold to decide on the necessary conditions. It is clear from Table 3 that all consistency



Sustainability 2021, 13, 1103 11 of 29

values are less than 0.90; therefore, neither the presence of the hypothesized conditions nor
their absence is necessary for the well-operated SPS.

Table 3. Analysis of individually necessary and sufficient conditions.

Hypothesized Conditions 1
Necessity Analysis Sufficiency Analysis

Consistency Coverage Consistency Coverage

The presence of effective rules related to allocation,
monitoring and sanction (EFR) 0.688 0.902 0.902 0.688

The presence of small group size (SGZ) 0.699 0.613 0.613 0.699
The presence of small irrigated size (SIZ) 0.536 0.597 0.597 0.536

The presence of adequate water supply (AWS) 0.550 0.786 0.786 0.550
The presence of location of SPS command area (LOC) 0.438 0.731 0.731 0.438

The absence of effective rules related to allocation,
monitoring and sanction (efr) 0.473 0.512 0.512 0.473

The absence of small group size (sgz) 0.341 0.623 0.623 0.341
The absence of small irrigated size (siz) 0.573 0.727 0.727 0.573

The absence of adequate water supply (aws) 0.499 0.506 0.506 0.499
The absence of location of SPS command area (loc) 0.562 0.517 0.517 0.562

1 In fsQCA, uppercase letters refer to the presence of the condition (e.g., effective rules related to allocation, monitoring and sanction (EFR)),
while lowercase letters refer to the absence of the condition (e.g., efr).

4.2. Sufficient Conditions for Well-Operated SPS

The next step in fsQCA is the sufficiency analysis, conducted in two phases. The first
phase investigates which individual condition is sufficient for the outcome of a WOS. The
second phase aims to find out the different configuration of conditions that are sufficient
for the same outcome. The results from the analysis are illustrated in the next subsections.

4.2.1. Individual Conditions

Table 3 shows the results of the individual sufficiency analysis. Ragin [73] (p. 121)
indicates that a consistency threshold of 0.80 or higher is recommended to assess the
sufficient relations. Hence, conditions that qualify as sufficient for the outcome of a WOS
are determined based on their consistency scores being higher than or equal to 0.80. As
can be seen from Table 3, only one condition, the effective rules related to allocation,
monitoring, and sanction (EFR), is sufficient for a well-operated SPS, with a consistency
score of 0.902. The coverage value (0.688) of EFR shows relatively high empirical relevance.
That is, the coverage of WOS by EFR accounts for around 70% of the sum of membership
scores in WOSs.

As a triangular form, one should plot the sufficient conditions (or configurations
thereof) against the outcome [65] (p. 47). Therefore, for each case, we plotted the member-
ship score in the EFR against the membership score in the WOS, as depicted in Figure 1.
In this figure, SPSs, located on or above the main diagonal, are consistent with sufficiency
since they fulfill the requirement for sufficiency (EFR ≤ WOS) as indicated in Section
3.3. Nonetheless, not all of these cases are relevant to discussing why EFR is sufficient for
WOSs since some cases show weak rules (cases with EFR < 0.50). Thus, we focused on the
cases located in the upper right corner of Figure 1 (0.50 < EFR ≤WOS) to clarify how EFR
accounts for WOS, as shown in Section 5.1.

By contrast, it reveals from Figure 1 that five cases are below the main diagonal.
These cases are responsible for the lower level of consistency (0.902). However, Ragin [73]
highlights that in fsQCA, it is usually challenging to obtain ideal sufficiency relations due
to the nature of social science data—some flexibility should be considered. Hence, we
suggest that SPS22, being closest to the main diagonal, supports the sufficiency relation. It
is also worth noting that SPS25 and SPS44 are contradictory cases since they contradict the
sufficiency relation—that is, although EFR is present, a WOS is not achieved. Schneider
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and Wagemann [66] emphasize that researchers should draw attention to contradicted
cases. In Section 5.1, we discuss why such contradicted cases exist.
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station (SPS) (WOS)).

4.2.2. Configurations of Conditions

The analysis of configurations of conditions that might be sufficient for the outcome
begins with generating the truth table, listing all possible configurations of conditions. The
results, obtained from the truth table, are minimized through logical minimization analysis
(LMA) to yield the overall solution formula, including the sufficient configurations for the
outcome.

Since only one out of five conditions, the condition EFR, on its own is sufficient for
the outcome WOS, we utilized the remaining conditions (i.e., SGZ, SIZ, AWS, and LOC)
to build the truth table and find out which is an INUS condition for the same outcome
(an INUS condition is a “single condition that is insufficient for producing the outcome
on its own but which is a necessary part of a conjunction that, in turn, is unnecessary but
sufficient for producing the outcome” [66] (p. 343). Note: INUS is an acronym for the first
letter of the italicized words). The truth table results are presented in Table A5. As in
Section 4.2.1, we employed the consistency threshold of 0.80 in the truth table to evaluate
potential sufficiency relations between configurations of conditions and the outcome. As
a result, five configurations of conditions (i.e., the first five rows of the truth table) are
found to be linked to the WOS outcome. It is also noted that the last four rows of the
truth table are logical remainders, indicated in Section 3.3.1. Ragin [67] suggests two
alternative approaches, applied in LMA, to process the issue of logical remainders, i.e.,
“limited diversity”: (a) one can carry out LMA without incorporating logical remainders. In
this situation, the solution formula is complex and might be difficult to understand—which
is the case found in this study; or (b) logical remainders can be incorporated in LMA
by making assumptions about them. The assumptions, corresponding to the theoretical
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expectations (“easy counterfactuals”), lead to the intermediate solution formula, while
assumptions not corresponding to the theoretical expectations (“difficult counterfactuals”),
lead to the parsimonious solution. This study rests on the intermediate solution formula
because it is the most interpretable based on our theoretical expectations.

Table 4 summarizes the results of minimizing the truth table. The intermediate
solution formula identifies two alternative and sufficient configurations of conditions
for well-operated SPSs: configuration1 includes cases with a small group size coupled
with a large irrigated size as sufficient for a WOS; configuration2 includes cases with
adequate water supply coupled with the appropriate location of the SPS command area as
sufficient for a WOS. The coverage of WOS by the overall solution accounts for 52% of the
membership in WOS. The raw coverage values are small in both configurations because
when more than one configuration shares the same outcome, the calculated coverage values
may be small, as indicated by Ragin [65] (p. 44). Additionally, the unique coverage values
reveal that both configurations have similar unique contributions to covering the outcome.
Similar to Section 4.2.1, we plot the results graphically as in Figure 2.

Sustainability 2021, 13, x FOR PEER REVIEW 14 of 31 
 

assumptions about them. The assumptions, corresponding to the theoretical expectations 
(“easy counterfactuals”), lead to the intermediate solution formula, while assumptions not 
corresponding to the theoretical expectations (“difficult counterfactuals”), lead to the par-
simonious solution. This study rests on the intermediate solution formula because it is the 
most interpretable based on our theoretical expectations.  

Table 4 summarizes the results of minimizing the truth table. The intermediate solu-
tion formula identifies two alternative and sufficient configurations of conditions for well-
operated SPSs: configuration1 includes cases with a small group size coupled with a large 
irrigated size as sufficient for a WOS; configuration2 includes cases with adequate water 
supply coupled with the appropriate location of the SPS command area as sufficient for a 
WOS. The coverage of WOS by the overall solution accounts for 52% of the membership 
in WOS. The raw coverage values are small in both configurations because when more 
than one configuration shares the same outcome, the calculated coverage values may be 
small, as indicated by Ragin [65] (p. 44). Additionally, the unique coverage values reveal 
that both configurations have similar unique contributions to covering the outcome. Sim-
ilar to Section 4.2.1, we plot the results graphically as in Figure 2.  

 
Figure 2. Sufficient configurations of conditions for the outcome (WOS). 

  

Figure 2. Sufficient configurations of conditions for the outcome (WOS).

Table 4. Analysis of sufficient configuration of conditions for well-operated SPSs.

Intermediate Solution Formula 1 Configuration1 Configuration2

SGZ*siz + AWS*LOC→WOS SGZ*siz→WOS AWS*LOC→WOS

Consistency 0.890 0.917 0.881
Raw coverage 0.518 0.298 0.275

Unique coverage 0.243 0.220

Covered cases SPS5, SPS18, SPS30, SPS32, SPS36 SPS7, SPS9, SPS10, SPS14, SPS22,
SPS23 SPS35, SPS36, SPS37

1 The multiplication and additions signs represent the logical “AND” and the logical “OR”, respectively. The arrow represents the assumed
link between the configurations of conditions and the outcome.
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5. Discussion

This section discusses the results obtained in Section 4.2. As fsQCA is principally a
case-oriented approach, we drew on case-level evidence to interpret the results.

5.1. Effective Rules Related to Allocation, Monitoring, and Sanction (EFR)

As depicted in Figure 1, the EFR condition is found to be sufficient for the outcome
of a well-operated SPS (WOS) in twenty cases. Here, we discuss eleven cases, uniquely
covered cases, while other cases, i.e., multicovered cases, will be discussed later under their
relevant sufficient relations. These unique cases are SPS1, SPS3, SPS5, SPS6, SPS11, SPS19,
SPS20, SPS26, SPS29, SPS39, and SPS42.

To allocate water between farmers in the highlighted cases, farmers crafted three types
of water allocation rules (WAL). In each SPS, we found that farmers exercised only one WAL
type (called Warshat). How farmers choose between different WAL types seems accidental
or depends on the trial and error method. The primary similarity between WALs is that
fixed time is assigned per unit area. Thus, each farmer has an irrigation time depending
on his land size, while the essential difference between WALs is in the way that farmers
organize irrigation turns between them. Accordingly, the first type of WAL includes the
rule of “first come, first serve” and was found in SPS1, SPS11, SPS26, and SPS29. Farmers,
exercising this simple rule, depend on mobile phones, a cheap way of communication, to
organize irrigation turns. In the second type of WAL, observed in SPS3, SPS6, SPS19, and
SPS39, farmers organize irrigation turns based on the crop type where priority is given to
rice plots, and then other crops come later. The implementation of this rule type depends
on the SPS operator, who is often selected by SPS farmers and is paid a monthly salary. The
role of farmers is to monitor and make sure that water is delivered to their fields. Hence,
farmers are not allowed to open the shared valves without prior permission from the SPS
operator. Unlike the second type, in the third type of WAL, farmers of SPS5, SPS20, and
SPS42 organize irrigation turns regardless of the crop pattern type. They split the SPS
irrigated area into two or three subgroups, based on land topography or family relations.
Each farmer within a subgroup has a number of irrigation hours. Unlike the second type of
WAL, implementing the third WAL type is decentralized, where farmers of each subgroup
arrange the time of opening and closing the shared valve.

To enforce Warshat, we found that farmers have crafted one of two key mechanisms of
monitoring shared valves of irrigation networks (SVNs): a decentralized mechanism (in
SPS26, SPS29, and SPS42); a centralized and decentralized mechanism (in the other eight
SPSs). In the former, farmers on their own are responsible for monitoring SVN without
locking SVN nor paying a watchman as is common in other SPSs. In the latter, in contrast,
monitoring SVN is centrally mandated to the SPS operator while a farmer’s role here is
to observe whether or not the SPS operator monitors SVN. Additionally, only in SPS5
and SPS20 did we find that farmers put locks on SVNs to facilitate the SPS operator’s
monitoring task.

In all indicated SPSs, farmers crafted two basic sanction rules: the first rule is for
those who do not contribute to the irrigation and maintenance fees, and this rule states
that “no fees, no water through the SPS”; the second rule is for those who open the SVN
without permission and steal water, and it states that “a water thief must pay a fine which
is allocated to maintain pumps”. However, the imposition of these rules differs between
SPSs. For example, farmers of SPS5, SPS39, and SPS42 crafted a higher sanction rule, which
is applied when they cannot enforce the sanction rules mentioned earlier. This sanction
rule includes a written agreement between farmers by which violators pay a huge amount
of money. We found that writing such an agreement is common practice for communities of
these SPSs to enforce the rules. On the contrary, in the other cases, crafting such a sanction
rule was found to be socially unacceptable. One respondent said that, “[ . . . ] it will be a
shame to write an agreement between us [the SPS community] for punishing wrongdoers”.
Instead, farmers depend on pressure, exerted by people such as wise men in the village, to
enforce the rules.
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As indicated previously in Section 4.2.1, there are two contradictory cases: SPS25
and SPS44. The performance of these SPSs is low despite the existence of effective rules.
Farmers of SPS25 were unwilling to improve their pumping capacity due to the fact that
when the Ministry of Water Resources and Irrigation (MWRI) established this SPS, a group
of farmers, representing 40% of irrigated land, did not want to share the SPS with the rest
of farmers due to old conflicts between them. Hence, as highlighted by respondents, this
conflict impedes their collective endeavors to increase the pumping capacity even in the
presence of rules. In SPS44, uncontrolled urban expansion—especially after the 25 January
2011 revolution—has resulted in an increase in land prices that reduces farmers’ motivation
to invest in agriculture and collective actions of SPSs. Additionally, farmers of SPS44 have
inferior access to water quantity and quality because the SPS is located downstream of the
Meet Yazid canal (MYZ). Hence, as indicated by one of the respondents, these factors have
an adverse effect on the expected benefits from agriculture and SPS performance despite
the existence of rules.

5.2. Configuration of Small Group Size (SGZ) and Large Irrigated Size (ssz)

As shown in Section 4.2.2, small group size, of less than the average of 45 farmers, and
large irrigated size, larger than the average of 50 feddans, are both linked to the outcome
of well-operated SPSs. Five cases share this specific configuration (SGZ*ssz): SPS5, SPS18,
SPS30, SPS32, and SPS36 (note: SPS18 and SPS30 are uniquely covered by this configuration
while other cases are also covered by other sufficient relations. Thus, these multicovered
cases are not discussed here except SPS32 because its positive outcome is strongly associated
with this configuration). The first part of this configuration (SGZ) corresponds with our
theoretical expectation that a small group size enhances users’ willingness to engage in
collective actions. However, the second part (ssz) deviates from our theoretical prediction
posited in Section 2.2. Alternatively, this result might confirm the argument that a large
irrigated size benefits from the economics of scale by which users can provide more
resources to sustain their system [47,74]. Below, we draw the empirical data of some cases
to give a better interpretation of these findings.

SPS32 has 25 farmers who have irrigated 64 feddans together since the year 2000. After
receiving the SPS from the Ministry of Water Resources and Irrigation (MWRI), respondents
said they faced difficulties in allocating water between them during the periods of limited
water availability in the BC (mainly in the summer). The reason was that the two-diesel
pump’s low pumping capacity obstructed farmers from acquiring the required water
quantity at the agreed irrigation time. Thus, farmers held several ad hoc meetings and
agreed to raise funds by which they could buy an additional diesel pump, hence enlarging
the pumping capacity of their SPS. Two key factors, as indicated by respondents, facilitate
farmers to invest in enlarging the pumping capacity: (1) farmer’s group size makes it
easier for them to reach a consensus on raising funds to enlarge their pumping capacity;
(2) farmers raise their mutual funds based on the irrigated size, and thus with a larger
irrigated size and little cash contribution, they are more willing to provide earmarked
funds to expand their ability to pump or fund other activities (for example, farmers were
unhappy with the quality of the pumps’ cement bases, which was built by MWRI. Hence,
they were also able to raise funds to rebuild them). Farmers also reported that farming
larger area makes them very keen to meet their water demand, maintain their expected
benefits, and lessen the irrigation costs incurred due to reducing irrigation time.

In the other cases covered by the configuration (SGZ*ssz), a small group size and
large irrigated size have positive roles in well-operated SPSs. In SPS18, the group size
(28 farmers) did not hinder farmers from raising ad hoc funds to construct the power grid
in the SPS house to operate the electric pump provided by MWRI and buy a new diesel
pump instead of the stolen one. According to respondents, the raised funds could not have
been possible without the reasonable payment made by farmers based on the irrigated size
(54 feddans) and their interest to secure their water needs associated with their irrigated
size—that is, the large irrigated size supported farmers to sustain their SPS. Akin to SPS32,
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the group size and irrigated area of SPS30 (28 farmers and 54 feddans, respectively) played
a significant role in enlarging the pumping capacity and thus supporting good operation
of the SPS.

The previous findings suggest that the configuration (SGZ*ssz) has two features:
less transaction costs associated with small group size and reflected in rule agreement
on pooling resources to maintain the CPR, and economies of scale associated with large
irrigated size reflected in users’ capabilities to provide more resources to support their
good CPR governance.

We find the empirical data of some cases such as SPS2, SPS8, and SPS28 might provide
insights into how the variation in group size and irrigated size influences the likelihood of
collective actions within the SPS arena. We decided to discuss these cases, although our
solution formula does not cover these cases, as shown in Table 4.

We compared SPS2 with SPS32, as both have the same large irrigated sizes (64 feddans).
Unlike SPS32, SPS2 farmers could not raise funds to improve their pumps’ insufficient
pumping capacity, received from MWRI, because their large group size, 73 farmers, impedes
their efforts to expand their pumping capacity. This indicates that the advantage of the
scale of economies generated by a large irrigated size may only enhance the collective
actions in the SPS arena if the SPS group size is small.

In SPS8, respondents reported that they could not enforce the water allocation rules,
monitor shared valves of the irrigation network, and impose fines on infringers. Con-
sequently, the stealing of water was prevalent in the summer season. One respondent
indicated, “we fail most of the time to enforce our agreed rules. [ . . . ] We make huge
efforts to raise station [SPS8] expenditures and mobilize farmers to participate in the station
maintenance work because our number [52 farmers] in the station is large”. This suggests
that a larger group size makes the process of enforcing rules cumbersome.

Interestingly, the diesel pump of SPS28 fell down many times because many farmers
have poor experience in the pumping operation. Each time, farmers were able to fix the
pump failure as long as it was not costly to fix the pump. However, when a considerable
increase in fees was needed to fix a huge pump failure, farmers refused to pay to fix the
pump and stopped using it. Instead, farmers linked their individual irrigation pumping
machines (IPMs) with the SPS underground irrigation network. This is because the SPS
diesel pump does not irrigate a large area (20 feddan) and farmers could not afford
its maintenance costs. This suggests that small-irrigated sizes generate smaller-scale
economies, which is reflected in the farmers’ inability to incur high pump maintenance
costs. Meanwhile, less water demand associated with a small irrigated size does not
provide more incentives, in comparison to large irrigated sizes, for farmers to maintain the
SPS pump.

5.3. Configuration of Adequate Water Supply (AWS) and the Appropriate Location of the SPS
Command Area (LOC)

The results presented in Section 4.2.2 show that the configuration (AWS*LOC) has
a causal relationship with well-operated SPSs. Nine cases, listed in Table 4, cover this
configuration, each of which is also covered by the sufficient condition EFR, except SPS23,
which is uniquely covered by this configuration. Therefore, we discuss the nine cases
in general and focus on the unique one to explain how the configuration (AWS*LOC) is
sufficient for the studied outcome to occur.

Both parts of the configuration correspond to our theoretical predictions: access to
adequate water supply makes users more motivated to engage in collective actions nec-
essary for successful CPRs; the location of CPRs attributed to the nonalternative source
for irrigation has a positive impact on its good governance. All SPSs sharing the config-
uration (AWS*LOC) have access to neither an open irrigation canal nor an agricultural
drain canal. This means that farmers of these SPSs do not have the opportunity to use
their individual irrigation pumping machines (IPMs)—in addition to the SPS—to obtain
water from these alternative water sources. Meanwhile, the water quantity in these SPSs
is moderately available in the summer season, as indicated by respondents. Its quality is
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relatively good since it does not produce the negative externalities, previously stated in
Section 3.3.1. However, how do both conditions work in a combination in a manner that
enhances a positive outcome?

In SPS23, the water supply is adequate. Farmers always make a trade-off between the
SPS and the IPM to obtain water. The SPS’s key benefit is that its irrigation costs are less
than those of the IPM—also indicated by Abou Kheira [75]—while the latter is associated
with fewer transaction costs because it does not require collection actions as in the SPS.
Since farmers of SPS23 do not have access to alternative irrigation sources, the only choice
is to engage in the SPS collection action to obtain water. This suggests that the nonexistence
of alternative irrigation sources increases farmers’ dependence on the SPS as the water
supply is adequate.

Furthermore, some empirically relevant observations offer insights into how different
degrees of water supply and/or (non)existence of alternative irrigation sources affect the
performance of SPSs. We elaborate on these observations in the next three points.

First, poor water quality of “El-Mesk” canal does not incentivize farmers of SPS43
to invest their time into organizing collective actions. The poor water quality originates
as the state has started to supply this canal with agricultural drain water to overcome
severe water shortage. As a consequence, farmers’ agricultural costs increased because
farmers had to apply pesticides intensively to treat diseases—that they never experienced
before—and sold their products in remote markets where consumers did not know the
irrigation source. These claims are also indicated by some studies conducted in the Nile
Delta [21,52,53]. This suggests that the poor quality of irrigation water generates lower
payoffs which in turn have an adverse effect on collective irrigation management.

Second, although water is relatively available in the case of SPS13, the existence of
alternative irrigation sources—two Saqia wells—reduces farmers’ dependence on the SPS
and in turn weakens its performance. According to respondents, famers do not have
common interest in increasing their low pumping capacity of two electric pumps and
enforcing rules as they always use their IPMs to obtain water from Saqia wells when
there are conflicts over managing the SPS. This finding is consistent with the theoretical
prediction of Lam [49], who posits that in a system where the water is sufficient, and its
users are able to effectively govern it, the presence of alternative water sources may make
users less dependent on this system.

Third, it is worth noting that in a scenario where both inadequate water and alternative
water sources exist—which is the opposite of configuration (AWS*LOC)—users may be
more able to contribute to collective activities of the CPR. This is because the alternative
water source may supplement the insufficient water supply and expand users’ expected
payoffs of engaging in collective actions [49]. Interestingly, this scenario is observed in
some empirical cases in which the outcome of WOS is present. More precisely, these cases
are SPS5, SPS30, and SPS32, located in the fifth row of the truth table in Table A5. According
to the respondents of these cases, the locational attributes of SPSs provide at least one
alternative source for irrigation, which farmers use to cope with their water shortage in the
summer season and which in turn increases farmers’ willingness to participate in collective
actions. Meanwhile, it is important to note that the sufficient condition effective rules
related to allocation, monitoring, and sanction and/or the configuration small group size
and large irrigated size can also explain the presence of the outcome WOS in these three
cases. This suggests that it is very hard to argue that specific conditions or configurations
are only important as opposed to other criteria to explain CPR performance. Instead,
one should expect that the CPR performance is shaped by many factors intervening in a
complex manner. It is still challenging to find a research method capturing this complexity.

6. Conclusions

This study examines the conditions and configurations linked to successful collective
actions governing common pool resources (CPRs). The study involves collecting data from
forty-five cases, chosen purposively within Egypt’s Nile Delta. Fuzzy set qualitative compar-
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ative analysis (fsQCA) was applied as an approach to analyze the necessary and sufficient
relationships between five conditions and the outcome of well-operated SPSs. Through
an iterative process, informed by theoretical and empirical knowledge, we determined the
conditions that may be more likely to support the well-operated SPS. These conditions
are: effective rules related to allocation, monitoring, and sanction; small group size; small
irrigated size; adequate water supply; appropriate location of SPS command area.

In the CPR literature, scholars, e.g., Kimmich and Villamayor-Tomas [15], emphasize
the importance of investigating configurational relations between factors that might explain
the outcomes of governing the CPR. We believe this study contributes to this aspect
since our approach tests different configurations of conditions that may be sufficient for
successful local management of CPR. Moreover, when one investigates resource size’s role
in the collective outcomes, it would be more beneficial for the collective action and CPR
theories to discern how the variation in both the number of resource users and the irrigated
land affects CPR governance [5,19,43,74]. We think this study provides empirical support
for this argument. We find a causal link between irrigation systems, irrigating large areas
and utilized by a small number of farmers, and good local governance.

The fsQCA results show that none of the tested conditions alone are necessary for
the well-operated SPS to occur. However, only the condition of effective rules related to
allocation, monitoring, and sanction on its own was found to be sufficient for achieving the
well-operated SPS.

The configurational analysis shows that the configuration of small group size and
large irrigated size is sufficient for a well-operated SPS. This finding suggests that farmers
of SPSs, characterized by a small group size and large irrigated size, have the ability
to engage in successful collective actions because a small group size benefits from fewer
transaction costs associated with rule agreements. Meanwhile, a large irrigated size benefits
from economies of scale by which farmers can provide more resources to maintain the
SPS. Furthermore, another sufficient configuration was obtained: the configuration of
adequate water supply and appropriate location of the SPS command area. This result
implies that well-operated SPSs may be achieved as farmers have adequate water supply,
and simultaneously the SPS location attributes do not provide alternative water sources,
which in turn increase farmers’ dependence on the SPS.

These findings may have important implications for the ongoing national policy
of diffusing the SPSs throughout Egypt to “modernize” irrigation [23]. Firstly, farmers’
participation in the design and implementation of future SPSs in Egypt should be more
tangible and effective, particularly in discussing farmers’ group size and the SPS irrigated
size. Secondly, in the locations where the water supply is adequate, the state should
effectively regulate the use of alternative water sources because this weakens the SPS’s
social performance.

Although our empirical insights are derived from a limited geographic area in Egypt,
we believe that testing the hypotheses associated with this study in a less represented
context in CPR governance research [14] provides valuable insights for CPR theory and
water governance studies. Furthermore, looking at different contexts in other countries
of the global South facing similar challenges to Egypt, the research findings may have
implications for local CPR governance. Future research should focus on understanding
how both the group size and resource size at different hydrological levels and contexts
may affect collective actions and CPR management.
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SPS Shared pumping station
fsQCA Fuzzy set qualitative comparative analysis
CPR Common pool resource
MWRI Ministry of Water Resources and Irrigation
BC Branch canal
IPM Individual irrigation pumping machine
WUA Water Users’ Association
KES Kafr El-Sheikh Governorate
MYZ Meet Yazid canal
IAS Irrigation Advisory Services department
AEE Agricultural extension engineers
MALR Ministry of Agriculture and Land Reclamation
WOS Well-operated SPS
EFR Effective rules related to allocation, monitoring, and sanction
WAL Water allocation rule
MON Monitoring rules for shared valves of irrigation network
SAN Sanction rules
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SIZ Small irrigated size
AWS Adequate water supply
AWQ Adequate water quantity
AWL Adequate water quality
LOC Location of SPS command area
OIC Open irrigation canal
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SVN Shared valves of irrigation network
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Appendix A

Table A1. A summarized description of the studied SPSs.

Case Creation Year Name of Branch Canal (BC) 1 Position of BC 2 Distance from Intake (km) Group Size Irrigated Size 3 Total No. of
Interviewees

SPS1 2011 Mares El-Gamal 2nd 38.40 25.00 33.00 2
SPS2 2010 Mares El-Gamal 2nd 38.40 73.00 64.00 2
SPS3 2011 Mares El-Gamal 2nd 38.40 52.00 70.00 2
SPS4 2011 Mares El-Gamal 2nd 38.40 14.00 38.00 3
SPS5 2011 Mares El-Gamal 2nd 38.40 37.00 54.00 2
SPS6 2010 Left Ganabia No. 3 2nd 42.20 24.00 22.00 2
SPS7 2013 Right Ganabia No. 3 2nd 43.60 26.00 36.00 2
SPS8 2013 Right Ganabia No. 3 2nd 43.60 52.00 47.00 3
SPS9 2013 left Ganabia No. 4 2nd 44.00 24.00 42.00 3
SPS10 2013 Right Ganabia No. 4 2nd 46.30 25.00 30.00 3
SPS11 2011 El-Shorafa 3rd 41.30 29.00 46.00 2
SPS12 2011 El-Shorafa 3rd 41.30 24.00 33.00 2
SPS13 2013 El-Mafroza 3rd 41.90 31.00 28.00 2
SPS14 2013 El-Mafroza 3rd 41.90 41.00 35.00 3
SPS15 2012 El-Bashair 3rd 47.40 27.00 30.00 3
SPS16 2012 El-Bashair 3rd 47.40 7.00 24.00 3
SPS17 2013 El-Bashair 3rd 47.40 80.00 66.00 2
SPS18 2003 Dakalt 1st 41.00 28.00 54.00 2
SPS19 1999 Dakalt 1st 41.00 23.00 35.00 2
SPS20 1998 Dakalt 1st 41.00 49.00 90.00 2
SPS21 2003 Dakalt 1st 41.00 45.00 82.00 3
SPS22 2011 El-Mohet 3rd 49.15 20.00 42.00 2
SPS23 2010 El-Mohet 3rd 49.15 15.00 30.00 2
SPS24 2011 El-Mohet 3rd 49.15 31.00 43.00 3
SPS25 2014 El-Gemiza 2nd 55.90 15.00 36.00 3
SPS26 2014 Old Kom El-Roz 3rd 51.10 21.00 33.00 3
SPS27 2014 Old Kom El-Roz 3rd 51.10 36.00 30.00 2
SPS28 2014 Old Kom El-Roz 3rd 51.10 12.00 20.00 3
SPS29 2014 Old Kom El-Roz 3rd 51.10 30.00 37.00 2
SPS30 1999 El-Sant 3rd 55.30 28.00 52.00 2
SPS31 2006 El-Sant 3rd 55.30 46.00 58.00 2
SPS32 2000 El-Sant 3rd 55.30 25.00 64.00 3
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Table A1. Cont.

Case Creation Year Name of Branch Canal (BC) 1 Position of BC 2 Distance from Intake (km) Group Size Irrigated Size 3 Total No. of
Interviewees

SPS33 2000 Bahr Abo Mostafa 2nd 51.20 52.00 61.00 3
SPS34 1998 Dal El-Qased 1st 42.60 96.00 126.00 2
SPS35 2000 Bosees 1st 47.50 65.00 90.00 2
SPS36 2000 Bosees 1st 47.50 42.00 91.00 2
SPS37 2000 Bosees 1st 47.50 79.00 118.00 2
SPS38 2000 Bosees 1st 47.50 56.00 88.00 3
SPS39 2002 El-Monshaa 2nd 54.90 72.00 105.00 3
SPS40 2002 El-Monshaa 2nd 54.90 129.00 130.00 2
SPS41 2004 Shalma 1st 50.10 18.00 48.00 2
SPS42 2002 Shalma 1st 50.10 52.00 122.00 3
SPS43 2004 El-Mesk 1st 59.50 68.00 130.00 2
SPS44 2007 Sidi Salam 2nd 58.30 30.00 22.00 2
SPS45 2006 East Sidi Salem 1st 63.00 40.00 41.00 2

Source: Data were collected from the respondents during the interviews while data of fourth and fifth columns were collected and calculated from Molle et al. [52]. 1 The branch canal is the irrigation canal
branching off from the Meet Yazid canal (MYZ) and feeding water to the shared pumping station. 2 The position of branch canal (BC) is specified in proportion to MYZ. 3 Irrigated size is measured by feddan
(1 feddan = 0.42 ha).
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Table A2. Fuzzy set scales of the outcome and the five conditions.

Outcome/Conditions Measures Fuzzy Set Scale Definitions

Well-operated SPS (WOS)

• Provision activity (A): Contribution to operation and
maintenance fees.

• Provision activity (B): Contribution to cleaning the stand
tank and intake pipe of SPS.

• Provision activity (C): Contribution to sustaining the
proper discharge capacity of pumps and/or protecting
pumps from burglary.

1.00: All provision activities are observed.
0.67: Two provision activities are observed.
0.33: One provision activity is observed.
0.00: No provision activities are observed.

Effective rules related to
allocation, monitoring, and

sanction (EFR)

1. Water allocation rules (WAL)

1.00: SPS farmers craft WAL acknowledging both variations in the topography of farmers’ land
and exogenous problems during irrigation turns.
0.50: SPS farmers craft WAL acknowledging either variations in the topography of farmers’ land
or exogenous problems during irrigation turns.
0.00: SPS farmers craft WAL acknowledging neither variations in the topography of farmers’
land nor exogenous problems during irrigation turns.

2. Monitoring rules for shared valves of irrigation
network (MON)

1.00: SPS farmers put locks on some of the shared valves of irrigation network (SVNs), pay a
watchman (mostly the SPS operator), and/or conduct monitoring by themselves, with the result
that they effectively prevent water stealing action.
0.67: SPS farmers put locks on some SVNs, and/or conduct monitoring by themselves, but
water stealing action exists at low levels.
0.33: Although SPS farmers put locks on some of SVNs and/or conduct monitoring by
themselves, water stealing action exists at a medium level.
0.00: Water stealing action exists at a high level because SPS farmers are not able to
institutionalize any rule for monitoring SVNs.

3. Sanction rules (SAN)

1.00: SPS farmers craft different levels of sanction rules, i.e., graduated sanction, and they are
frequently willing to impose sanctions on wrongdoers.
0.67: SPS farmers craft a simple sanction rule at one level, such as enforcing provision rules or
water appropriation rules, and they are frequently willing to impose sanctions on wrongdoers.
0.33: SPS farmers craft sanction rules, but they are moderately unwilling to enforce them.
0.00: SPS farmers craft sanction rules, but they are rarely willing to enforce them.

Small group size (SGZ)+ Number of farmers within the SPS
1.00: Number of farmers is less than or equal to the average of 30 farmers.
0.50: Number of farmers is equal to the average of 45 farmers.
0.00: Number of farmers is large than or equal to the average of 60 farmers.
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Table A2. Cont.

Outcome/Conditions Measures Fuzzy Set Scale Definitions

Small irrigated size (SIZ) + Total irrigated area by the SPS, feddans (1 feddan = 0.42 ha)
1.00: SPS size is less than or equal to the average of 30 feddans.
0.50: SPS size is equal to the average of 50 feddans.
0.00: SPS size is large than or equal to the average of 75 feddans.

Adequate water supply
(AWS)

1. Adequate water quantity (AWQ)

1.00: No action is taken because water is barely sufficient during the study period.
0.67: One action is taken to control the problem of water shortage during the study period.
0.33: Two actions are taken to control the problem of water shortage during the study period.
0.00: More than two actions are taken to control the problem of water shortage during the
study period.

2. Adequate water quality (AWL) 1.00: The BC water is not combined with drain water after Phase (A).
0.00: The BC water is combined with drain water after Phase (A).

Appropriate location of SPS
command area (LOC)

1. Proximity to an open irrigation canal (OIC) 1.00: The location of SPS command area does not have access to an OIC.
0.00: The location of SPS command area has access to an OIC.

2. Proximity to an agricultural drain canal (ADC) 1.00: The location of SPS command area does not have access to an ADC.
0.00: The location of SPS command area has access to an ADC.

+ For small group size and small irrigated size, we specify the point of full membership (a score of 1) and the point full non-membership (a score of 0) based on the local knowledge of the agricultural extension
engineers of Ministry of Agriculture and Land Reclamation. Schneider and Wagemann [61] indicate that when assigning thresholds of the fuzzy set scale, researchers should rely on knowledge that is external to
the data at hand. The crossover point (a score of 0.5) is specified as the middle point between both thresholds.
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Table A3. Assigned membership scores of all measures of the conditions and the outcome.

Cases
Conditions

Outcome
WOS

EFR
SGZ SIZ

AWS LOC

WAL MON SAN WQN WQL OIC ADC

SPS1 1.00 1.00 0.67 0.98 0.92 0.33 1.00 1.00 0.00 1.00
SPS2 0.00 0.33 0.00 0.00 0.16 0.67 1.00 0.00 1.00 0.00
SPS3 1.00 1.00 0.67 0.40 0.09 1.00 1.00 0.00 0.00 1.00
SPS4 0.00 0.00 0.33 1.00 0.85 0.67 1.00 0.00 0.00 0.00
SPS5 1.00 1.00 1.00 0.83 0.38 0.33 1.00 1.00 0.00 1.00
SPS6 1.00 1.00 0.67 1.00 0.98 0.67 1.00 0.00 1.00 1.00
SPS7 1.00 0.67 0.67 0.98 0.89 1.00 1.00 1.00 1.00 0.67
SPS8 0.50 0.00 0.33 0.20 0.61 1.00 1.00 0.00 1.00 0.33
SPS9 1.00 0.67 1.00 0.98 0.76 1.00 1.00 1.00 1.00 1.00
SPS10 1.00 1.00 0.67 0.98 0.95 1.00 1.00 1.00 1.00 0.67
SPS11 1.00 1.00 0.67 0.96 0.64 1.00 1.00 0.00 1.00 0.67
SPS12 1.00 0.33 0.33 0.98 0.92 0.67 1.00 1.00 0.00 1.00
SPS13 0.50 0.33 0.33 0.99 0.96 1.00 1.00 0.00 1.00 0.33
SPS14 1.00 1.00 0.67 0.98 0.90 1.00 1.00 1.00 1.00 1.00
SPS15 0.00 0.33 0.33 0.99 0.95 0.00 1.00 0.00 0.00 0.00
SPS16 0.50 0.33 0.33 1.00 0.98 0.00 1.00 0.00 0.00 0.00
SPS17 0.00 0.00 0.00 0.00 0.13 0.00 1.00 0.00 0.00 0.00
SPS18 0.50 1.00 0.33 0.97 0.38 0.67 1.00 0.00 1.00 0.67
SPS19 1.00 1.00 0.67 0.99 0.90 1.00 1.00 0.00 1.00 1.00
SPS20 1.00 1.00 0.67 0.31 0.01 1.00 1.00 0.00 1.00 1.00
SPS21 0.50 1.00 0.33 0.48 0.02 0.33 1.00 0.00 0.00 0.33
SPS22 1.00 1.00 1.00 0.99 0.76 0.67 1.00 1.00 1.00 0.67
SPS23 0.50 0.33 0.33 1.00 0.95 1.00 1.00 1.00 1.00 0.67
SPS24 0.50 1.00 0.33 0.94 0.74 0.00 1.00 0.00 0.00 0.00
SPS25 1.00 1.00 0.67 1.00 0.89 1.00 0.00 0.00 1.00 0.33
SPS26 1.00 1.00 0.67 0.98 0.92 1.00 0.00 0.00 0.00 0.67
SPS27 0.00 0.33 0.33 0.99 0.95 1.00 0.00 0.00 1.00 0.00
SPS28 0.50 0.00 0.00 1.00 0.99 1.00 0.00 0.00 0.00 0.00
SPS29 1.00 1.00 0.67 0.95 0.87 0.67 0.00 1.00 1.00 0.67
SPS30 1.00 0.67 0.00 0.97 0.44 0.67 0.00 0.00 1.00 0.67
SPS31 0.50 0.67 0.00 0.45 0.28 1.00 0.00 1.00 1.00 1.00
SPS32 1.00 1.00 0.67 0.98 0.16 0.00 0.00 0.00 0.00 1.00
SPS33 0.50 0.67 0.00 0.20 0.21 0.67 0.00 1.00 1.00 0.67
SPS34 0.00 0.00 0.00 0.00 0.00 0.00 1.00 0.00 0.00 0.33
SPS35 1.00 1.00 1.00 0.04 0.01 1.00 1.00 1.00 1.00 1.00
SPS36 1.00 1.00 1.00 0.64 0.01 1.00 1.00 1.00 1.00 1.00
SPS37 1.00 0.67 0.67 0.00 0.00 0.67 1.00 1.00 1.00 0.67
SPS38 1.00 0.67 0.33 0.10 0.01 0.33 0.00 1.00 0.00 1.00
SPS39 1.00 1.00 1.00 0.00 0.00 0.67 0.00 1.00 1.00 1.00
SPS40 0.50 0.33 1.00 0.00 0.00 0.33 0.00 1.00 0.00 0.33
SPS41 0.50 0.67 0.00 1.00 0.57 0.67 0.00 1.00 1.00 0.67
SPS42 1.00 1.00 1.00 0.20 0.00 1.00 0.00 1.00 0.00 1.00
SPS43 0.00 0.00 0.33 0.01 0.00 0.67 0.00 1.00 1.00 0.00
SPS44 1.00 1.00 1.00 0.95 0.98 1.00 0.00 1.00 1.00 0.33
SPS45 1.00 0.67 0.33 0.97 0.79 0.33 0.00 0.00 1.00 0.33
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Table A4. Final membership scores of the conditions and the outcome for all cases.

Cases
Conditions Outcome

EFR SGZ SIZ AWS LOC WOS

SPS1 0.67 0.98 0.92 0.33 0.00 1.00
SPS2 0.00 0.00 0.16 0.67 0.00 0.00
SPS3 0.67 0.40 0.09 1.00 0.00 1.00
SPS4 0.00 1.00 0.85 0.67 0.00 0.00
SPS5 1.00 0.83 0.38 0.33 0.00 1.00
SPS6 0.67 1.00 0.98 0.67 0.00 1.00
SPS7 0.67 0.98 0.89 1.00 1.00 0.67
SPS8 0.00 0.20 0.61 1.00 0.00 0.33
SPS9 0.67 0.98 0.76 1.00 1.00 1.00
SPS10 0.67 0.98 0.95 1.00 1.00 0.67
SPS11 0.67 0.96 0.64 1.00 0.00 0.67
SPS12 0.33 0.98 0.92 0.67 0.00 1.00
SPS13 0.33 0.99 0.96 1.00 0.00 0.33
SPS14 0.67 0.98 0.90 1.00 1.00 1.00
SPS15 0.00 0.99 0.95 0.00 0.00 0.00
SPS16 0.33 1.00 0.98 0.00 0.00 0.00
SPS17 0.00 0.00 0.13 0.00 0.00 0.00
SPS18 0.33 0.97 0.38 0.67 0.00 0.67
SPS19 0.67 0.99 0.90 1.00 0.00 1.00
SPS20 0.67 0.31 0.01 1.00 0.00 1.00
SPS21 0.33 0.48 0.02 0.33 0.00 0.33
SPS22 1.00 0.99 0.76 0.67 1.00 0.67
SPS23 0.33 1.00 0.95 1.00 1.00 0.67
SPS24 0.33 0.94 0.74 0.00 0.00 0.00
SPS25 0.67 1.00 0.89 0.00 0.00 0.33
SPS26 0.67 0.98 0.92 0.00 0.00 0.67
SPS27 0.00 0.99 0.95 0.00 0.00 0.00
SPS28 0.00 1.00 0.99 0.00 0.00 0.00
SPS29 0.67 0.95 0.87 0.00 1.00 0.67
SPS30 0.00 0.97 0.44 0.00 0.00 0.67
SPS31 0.00 0.45 0.28 0.00 1.00 1.00
SPS32 0.67 0.98 0.16 0.00 0.00 1.00
SPS33 0.00 0.20 0.21 0.00 1.00 0.67
SPS34 0.00 0.00 0.00 0.00 0.00 0.33
SPS35 1.00 0.04 0.01 1.00 1.00 1.00
SPS36 1.00 0.64 0.01 1.00 1.00 1.00
SPS37 0.67 0.00 0.00 0.67 1.00 0.67
SPS38 0.33 0.10 0.01 0.00 0.00 1.00
SPS39 1.00 0.00 0.00 0.00 1.00 1.00
SPS40 0.33 0.00 0.00 0.00 0.00 0.33
SPS41 0.00 1.00 0.57 0.00 1.00 0.67
SPS42 1.00 0.20 0.00 0.00 0.00 1.00
SPS43 0.00 0.01 0.00 0.00 1.00 0.00
SPS44 1.00 0.95 0.98 0.00 1.00 0.33
SPS45 0.33 0.97 0.79 0.00 0.00 0.33
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Table A5. Truth table for analysis of sufficient conditions for the well-operated SPS.

SGZ SIZ AWS LOC Outcome Consistency Cases

1 0 1 1 1 1.000 SPS36
0 0 1 1 1 1.000 SPS35, SPS37
1 0 1 0 1 0.950 SPS18
1 1 1 1 1 0.849 SPS7, SPS9, SPS10, SPS14, SPS22, SPS23
1 0 0 0 1 0.834 SPS5, SPS30, SPS32
1 1 1 0 0 0.778 SPS4, SPS6, SPS11, SPS12, SPS13, SPS19
0 0 1 0 0 0.754 SPS2, SPS3, SPS20
1 1 0 1 0 0.744 SPS29, SPS41, SPS44
0 0 0 1 0 0.704 SPS31, SPS33, SPS39, SPS43
0 1 1 0 0 0.630 SPS8
0 0 0 0 0 0.520 SPS17, SPS21, SPS34, SPS38, SPS40, SPS42

1 1 0 0 0 0.392 SPS1, SPS15, SPS16, SPS24, SPS25, SPS26, SPS27,
SPS28, SPS45

0 1 0 0 - - -
0 1 0 1 - - -
0 1 1 1 - - -
1 0 0 1 - - -
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