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Some of the most persistent challenges facing society and the environment arise from an intricate coupling of natural and human systems (CNHS). These challenges resist traditional expert-driven problem-solving approaches and require a careful synthesis of both “explanation” and “understanding” to achieve equity and sustainability. Whereas, explanations tend to be the domain of scientific experts who seek generalizable solutions through theory building, modeling, and testing, understandings represent the wisdom of practitioners that enables real-world problem solving to proceed by accounting for contextual values, capacities, and constraints. Using a case study from Bangladesh as an illustrative case of CNHS, we take an explanatory approach in using the extended case study method to show why and how an expert-led response to remediation of arsenic-contaminated wells led to unintended outcomes, which could have been accounted for if a complexity science informed framework of the problem was in place. The complexity frame keeps one alert to emergent patterns that otherwise remain unanticipated, and thereby, form the basis of adaptive actions. For a path forward in addressing complex CNHS problems, we introduce a novel problem-solving approach that combines pragmatic explanations and interpretive understandings with attention to emergent patterns. We argue that this problem-solving approach – which we term principled pragmatism – can effectively synthesize and apply scientific knowledge and local practical knowledge to develop and implement adaptive, actionable, and sustainable interventions.
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INTRODUCTION

The lines that demarcate environmental problems from societal problems are getting thinner. Processes such as industrialization, urbanization, and agricultural intensification muddle our ability to partition phenomena into neat categories such as natural or human-made. Indeed, a growing body of literature suggests that many natural and human systems have become coupled in ways that are intrinsically complex. The resulting coupled natural and human systems (CNHS) often exhibit behaviors dominated by non-linear interactions and feedback that cross multiple scales (Maguire et al., 2006; Ramalingam et al., 2008; Jeffrey, 2011; Li, 2012; Binder et al., 2013; Allen, 2014; Cooper and Islam, 2015). The inherent irreducibility, unpredictability, and non-controllability of complex systems stymie many traditional problem-solving techniques, which often assume that the elements of a system (e.g., variables, processes, actors, and institutions) can be studied in isolation to arrive at conclusions about the system as a whole. Such approaches are not appropriate for complex systems, where the high degree of interconnectedness and interactions between system elements leads to emergent behaviors that cannot be predicted from their constituent parts (Holland, 2002; Fromm, 2005; Palash et al., 2019).

Certainly, interest in the interactions between natural and human systems, and especially human-water systems, is not new. For decades, researchers in natural and social sciences as well as in engineering have been studying this interface and exploring the question of how to mediate these coupled dynamics to improve both social and environmental outcomes. The last decade, however, has seen a tremendous increase in the interest of researchers and funding agencies to bring CNHS into the water domain through the lenses of social-ecological systems thinking, socio-hydrology, the hydro-social cycle, adaptive water management, etc. A recently published paper aptly summarizes the current debates in the literature: “The socio-hydrology community has been very successful in promoting the need for taking the human factor into account in the mainstream hydrology literature since 2012. However, the interest in studying and modeling human-water systems is not new and pre-existed the post-2012 socio-hydrology. So, it is critical to ask what socio-hydrology has been able to offer that would have been unachievable using the existing methods, tools, and analysis frameworks” (Madani and Shafiee-Jood, 2020).

Therefore, while there are several competing frameworks for exploring the dynamics of CNHS, there remains doubt about their ability to address real-world CNHS problems. Moreover, while the terms “complexity” and “contingency” are now in frequent use in discussions about how to address CNHS problems (e.g., Bazilian et al., 2011; RAND Corporation, 2016; Islam and Susskind, 2018), a generally accepted framework for problem-solving in these contexts remains elusive (Lloyd, 2001; Bonabeau, 2008; Cilliers et al., 2013). Contentious debates surround attempts to understand, explain, and manage CNHS problems by employing commonly available deterministic or statistical characterizations. After all, how do we move forward if the answer is always contingent?

While complex systems do not offer Newtonian certainty or generalizable predictability (e.g., Bar-Yam, 1997; Holland, 1998; Pahl-Wostl, 2004; Islam and Susskind, 2018), they produce emergent patterns that are not entirely random either. By examining these patterns, one can identify appropriate technical and societal interventions in light of the capacities and constraints imposed by the problem context. These patterns are neither deterministic nor random, neither perfectly predictable nor totally unpredictable, neither reducible from the macroscale nor scalable from the microscale. We suggest that an insistence on causality-based explanations and a lack of adequate appreciation for emergent phenomena have contributed to inadequacies in previous attempts to address complex CNHS challenges.

Consequently, we argue that equitable and sustainable responses to problems arising from the complexity of CNHS will require a careful synthesis of both “explanation” and “understanding” that are operant in a given context. To support our claim, we first explore a well-documented arsenic pollution case from Bangladesh to serve both as our context as well as an illustrative example of a complex CNHS. Using this case study, we show why and how an expert-led response to remediation of arsenic-contaminated wells was inadequate. Then, we suggest how the inadequacies of this approach led to unintended outcomes, which could have been accounted for if a complexity science informed problem-solving framework was in place. Such an approach pairs pragmatic explanations with interpretive understandings and pays attention to emergent patterns. We refer to this problem-solving approach as a principled pragmatic framework; the principles constitute the rigor of scientific methods and attention to value considerations (based on the understanding and interpretations of the stakeholders in a given context), while the pragmatism constitutes the factual considerations in a given context (based on explanations provided by the stakeholders using the rigor of scientific methods). On the basis of effective synthesis and application of rigorous scientific methods and nuanced local knowledge, our proposed principled pragmatic framework can lead to adaptive, actionable, and sustainable interventions in complex CNHS contexts.



COMPLEXITY, EMERGENCE, AND THE NEED FOR BOTH EXPLANATION AND UNDERSTANDING TO ADDRESS CNHS CHALLENGES


Complexity and Emergence

The term complexity has been applied to water systems in myriad ways, creating a “lack of clarity between theory and practice as well as assertion and outcome” (Islam and Choudhury, 2018, p. 5). It finds pervasive use in the water literature as an adjective to describe systems that are exceedingly intricate, high-dimensional, or difficult to control. In this sense of the word, complexity is a challenge to be overcome through advances in data acquisition (e.g., Chen et al., 2018; Zounemat-Kermani et al., 2018), computational modeling (e.g., Berger et al., 2007; Hadka and Reed, 2015), and technologies that improve the efficiency of resource production, distribution, and consumption (e.g., Fereres et al., 2011; Stokes-Draut et al., 2017). In addition to this colloquial usage, complexity is found in multiple distinct and domain-specific senses within the water literature. For example, hydrologists have recently started to use complexity as a quantifiable statistical property of hydrologic systems (e.g., Mihailović et al., 2019; Wang et al., 2020). In this sense of the word, complexity is a measure of entropy and apparent randomness within the system or a quantification of the non-predictability inherent in deterministic chaos. Here quantifying complexity is “motivated by the fact that anthropogenically impacted basins … are coupled natural-human systems” and that complexity in CNHS is “assumed but rarely quantified” (Jovanovic et al., 2017).

In this paper, complexity is not used in a colloquial sense or to describe a quantifiable measure. Rather, our use of complexity refers to a particular condition of a system that arises when elements (i.e., variables, processes, actors, and institutions) are coupled in non-linear, ambiguous, and non-prescriptive ways and “emergent” surprises often dominate system dynamics and responses (Cilliers, 1998; Holland, 2002; Fromm, 2005; Cilliers et al., 2013). Complex systems often cross multiple domains (e.g., natural, societal, political) and scales (e.g., space, time, jurisdictional, institutional) (Islam and Repella, 2015). One popular taxonomy of complexity science refers to this as “aggregate complexity” (i.e., emergent patterns from interactions) in contrast with “algorithmic complexity” (i.e., the subject of information theory) or “deterministic complexity” (i.e., the subject of chaos theory) (Manson, 2001). We don't object to such a classification, but one misleading aspect of the phrase “aggregate complexity” is that it implies the possibility for system simplification through disaggregation, while our usage of complexity refers to systems that are not amenable to disaggregation.

Indeed, one of the most important ideas about our usage of complexity is that it lies between order (deterministic) and randomness (e.g., Bar-Yam, 1997; Holland, 1998; Pahl-Wostl, 2004; Islam and Susskind, 2018). In this sense, neither entirely ordered nor entirely random systems qualify as complex. Ordered and random systems are amenable to description in an algorithmic and predictable sense using the notion of cause and effect. However, this is not a reliable method for complex system characterization, which exhibit emergent phenomena that cannot be pre-specified or forced to reoccur. Therefore, it is nearly impossible to predict the behavior of a complex system by reducing it to its constituent elements and studying them in isolation. This inadequacy of reductionist approaches to describe system complexity is at the heart of the distinction we make between complex systems and those that are simple or complicated (Islam and Repella, 2015; Smith and Islam, 2019).

Categorizing systems as either simple, complicated, or complex provides a useful taxonomy for problem-solving (Snowden and Boone, 2007; Islam and Repella, 2015; Smith and Islam, 2019). While simple and complicated systems can be intricate, their behavior can be ascertained from the properties of their constituent parts. Such an assessment is not possible for complex systems which exhibit “emergence” – a key feature that distinguishes a system as complex rather than simple or complicated (see Table 1 for details). Emergence challenges the traditional notion of deterministic causality because the outcomes of some interactions within a system are inherently unpredictable. As a result, some macroscale phenomena emerge in complex systems that cannot be traced back to any particular element at the microscale, a condition known as equifinality. This suggests the conventional notion of cause-effect relationships may not be an appropriate framework for problem-solving in complex contexts because cause-effect relationships are often too ambiguous to be useful. At the same time, it is not practically possible to prespecify a particular response from a complex system or force such a response to occur.


Table 1. Comparison and contrasts of different aspects of simple, complicated, and complex systems [adapted from the Cynefin framework initially proposed by Snowden and Boone (2007)].
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We view complexity as the condition underlying these “emergent surprises,” but not their cause. As such, one cannot hope to control the response of a complex system by simply controlling its inputs. Therefore, causal reasoning in complex systems needs to be framed with the expectation of and appreciation for emergence rather than determinism. Indeed, such an appreciation of complexity and the conditions for emergence is critical to explain, understand, and resolve complex CNHS problems (Islam and Choudhury, 2018). Keeping such an emergence in mind, recent work addressing problems in complex water systems has highlighted the importance of adaptive governance (e.g., Pahl-Wostl et al., 2012), as well as the need to blend “hard” infrastructure-based approaches with “soft” knowledge-based approaches (Kumar, 2015). However, operationalizing these ideas within complex CNHS requires us to also confront a disconnect between the observation-based technical facts (what is) from the values (what ought to be) dimensions of emergent problems. To bridge this gap, we build on this recent work by introducing “understanding” and “explanation” as mutually reinforcing concepts essential to addressing CNHS challenges. We then describe a problem-solving framework that combines pragmatic explanations and interpretive understandings with attention to emergent patterns – a framework we call “principled pragmatism.”



The Function of Understanding and Explanation in Addressing CNHS Challenges

Historically, it has been common to draw conceptual boundaries between “natural” systems and “human” systems. Roughly speaking, this distinction has been made between systems governed by invariant physical laws (natural systems) and those involving norms and values (human systems). Natural systems are often taken to be describable in objective ways, while descriptions of human systems are woven with subjective meanings. While we think it is important that readers are aware that such distinctions remain prevalent in theory and practice today, we will not examine the problematics of these disciplinary “border zones” (Brown, 1963) in detail here as the precision of such distinctions between natural and human systems is not critical to our argument at this moment. Nor do we require that readers accept the designations of natural and human as the appropriate system signifiers. Rather, we adopt these terms as a colloquial shorthand that allows us to distinguish between the physical laws that suggest that water flows downhill (natural) and the societal facts that may create conditions for water to flow uphill to money and power (human).

Addressing problems that arise from a complex coupling between natural and human systems (i.e., CNHS) requires both the ability to explain natural phenomena (water flows downhill) and to develop a value-based understanding of societal facts (water may flow uphill toward money). Here “understanding” and “explanation” serve distinct but mutually reinforcing roles. Understanding enables actors in a given context to address the problems they face in terms of the values they hold and the tools or knowledge they have. Both values and tools together constitute the local capacities and constraints that determine the feasibility of particular actions in addressing the problems they face. Such an understanding is different from explanation, which is the domain of scientific experts who seek theory building, modeling, and testing. These practices also provide knowledge of capacity and constraints that are qualitatively different from those based on understanding. Experts usually consider a given context to be an instance or a variation of a general phenomenon. The challenge here lies in translating general models to local settings, as this cognitive process tends to overlook distinct patterns that emerge locally. Yet, relying on local understanding alone may artificially restrict the availability and applicability of potentially transferable knowledge. To address the complexity of CNHS problems, we suggest that both understanding and explanation are needed to develop actionable outcomes based on the constraints and capacities that operate in a given context.

As an illustrative pedagogical example, we will make a distinction between floods as a natural phenomenon and flooding as a coupled natural and human process. Here, the word “flood” is used to describe a natural process involving a large number of variables and processes from hydrology, meteorology, river morphology, terrestrial ecology, and hydraulics. We use the word “flooding,” on the other hand, to describe the consequences of a CNHS involving socio-ecological processes, interactions, and responses that influence and are influenced by floods (i.e., the natural process).

Two important conditions dictate a flood's space-time scale and magnitude as a natural process: a river basin condition that controls the state of the basin (e.g., soil, land use, and vegetation, etc.) and an atmospheric condition that provides the key forcing mechanism (e.g., precipitation) (Palash et al., 2018). However, as soon as rising waters begin to overtop embankments, the natural process of a flood may turn into the coupled phenomena of flooding, as dikes begin to erode, populated floodplains are washed out, and nearby communities are inundated. Through interactions with human settlements and involvement of actors and institutions, it is, therefore, possible that a natural process (e.g., a flood) can become inseparably coupled to societal elements and turn into a CNHS problem (e.g., flooding).

When dealing with flood as a natural phenomenon, understanding and explanation go hand in hand. In these situations, the conventional logic of cause and effect prevails, and objective measures and metrics can be used to design, track, and measure outcomes for a given intervention (e.g., building floodwalls, reservoirs, retention ponds, etc.). On the other hand, when managing a response to complex CNHS problems, such as flooding, the relationships between explanation and understanding become ambiguous because of non-prospective cause-effect relationships and emergent surprises for a chosen intervention (e.g., waterlogging, community displacement, ecological degradation, people's resistance, etc.). Such surprises can occur at different scales, from a local community mobilizing to create temporary flood mitigation barriers to international campaigns to raise aid money for victims. In both of these examples, the surprises may manifest with emergent outcomes resulting from human compassion, which is not a variable that can be easily plugged into a predictive model. Thus, both objective explanations (e.g., of floods as natural phenomena) and subjective interpretation and understanding (e.g., societal responses to flooding) are needed to address the system complexity of a CNHS.

The difference between understanding and explanation forms the basis of distinguishing the purpose and practice of social science from natural science. Social science is primarily interested in describing the understanding that people show in their actions, while natural science is primarily characterized by the search for and validation of explanation of how nature functions. Max Weber pioneered the effort to align the two in practice. Weber did so by keeping the subjective understanding of the researcher in check while trying to explain social actions and events in terms of the subjective understanding of actors and the patterns of history. Thus, understanding becomes the “social facts” which functions as causal conditions in the explanation of social action or event (Kim, 2017). In elaborating this coupling of understanding and explanation, Peter Winch reinforced the Weberian argument with a non-reductive and contextually embedded understanding of social behavior that is simultaneously rule-based, practical, and participatory (Winch, 1990).

Thus, addressing problems arising from complex systems requires the joint consideration of understanding and explanation as mutually reinforcing. This is particularly critical in addressing CNHS problems where emergent patterns often dominate system behavior. Causality-based explanatory reasoning is usually based on past patterns; hence, most interventions derived from this form of reasoning simply seek to overcome the constraints based on capacities that were embedded in those past patterns. Consequently, an explanatory approach at most may help to address the strengths and shortcomings of those capacities and constraints that were based on past patterns and derived from causal explanations. As complex CNHS problems are likely to create emergent patterns, our aim in addressing CNHS problems is not to provide a causal explanation based on past patterns, but to take action based on the present capacity and constraints in light of emergent patterns. An arsenic case study from Bangladesh further underscores and clarifies the importance of explanation and understanding as mutually reinforcing factors in addressing CNHS problems.




A METHODOLOGICAL FRAMEWORK FOR THIS STUDY

The choice and justification of a methodology rest on the nature of the research question or problem (Siggelkow, 2007; Yin, 2014, 2015; Ragin, 2015). The research question pursued in this paper is to explore the reasons for unanticipated and unintended outcomes often associated with purely technical reasoning in CNHS contexts and identify the nature of decision-making that can minimize such outcomes. To address these two questions, we will first examine the introduction of tube well technology for solving rural water problems in Bangladesh, and then subsequently explore the discovery of arsenic contamination and the approach of color-coding the wells that was used as a mitigation. Both stand as examples of expert-led technical approaches that created unanticipated social consequences. We hold that such unanticipated consequences are rooted in a lack of appreciation of the coupling of natural and human systems and related complexity. To minimize such consequences, we suggest a complexity science informed framework. The complexity frame keeps one alert to emergent patterns that otherwise remain unanticipated, and thereby, form the basis of adaptive actions. For a path forward in addressing complex CNHS problems, we introduce a principled pragmatic framework to address the complexity of CNHS problems.

The coupling of natural and human systems means that their interaction is what gives rise to knowledge and learning that can be adaptively used in a given context to find appropriate interventions. This is why we framed knowledge and learning as a synthesis of explanation (scientific and technical reason) and understanding (value laden fact and contextual meaning). Operating from this frame we argue that neither expert knowledge nor local understanding operating alone can resolve a complex problem like arsenic contamination in wells.

No established methodology has yet emerged for studying the research questions that arise in a CNHS. This is because, such questions can neither be fully explored by the positivist (e.g., hypothesis testing or survey) nor the interpretivist (ethnography or interview) methods. Therefore, a key goal for this study is not to seek generalizable theory but to explore the efficacy of our principled pragmatic framework to explain and understand the dynamics of arsenic contamination. This led us to use the case study method of research. In this case-based research methodology, our approach falls under the illustrative/explanatory (Kuiken, 2010; Tulodziecki, 2011; Yin, 2014) and extended (Anderson et al., 2005; Schritt, 2019) case research methods. A classic example of such an approach is Graham Allison's study of the Cuban Missile Crisis (Allison and Zelikow, 1999). In this classic study, Allison extended the same events to examine three different theoretical frameworks of executive decision making.

In the case study method, an illustrative case is used to describe in details the actors' experience of events that is typical of a given context. The point of using such a case is to provide an example of what occurs or tends to occur in similar contexts. In the literature, such an illustrative case is also labeled as an exemplary case. Such use of case is comparable to the use of a sample in quantitative research, of which there may be several explanations that may be inferred from a sample. The illustrative case functions as supporting a theory in specific contexts, but it can't validate a theory. The extended case method, on the other hand, does more than illustrate, it incorporates facts from the case in terms of the logic of a theory. When the illustration provided by the case is extended to explain a theory (that is independent of the case), then, an illustrative case becomes an extended case.

Our study utilized the features of both illustrative and extended case analysis. The expert-driven intervention to provide drinking water in villages constituted a typical illustrative case of solving a natural resource problem. Later, when wells were found to be contaminated, experts labeled the wells according to a binary categorization of safe or unsafe, and the problem was considered resolved from a technical perspective. However, soon a new problem emerged in an unexpected way, when it was found that people who drank the water became socially shunned. The illustrative case of expert-led technical intervention neither anticipates nor accounts for these unexpected social outcomes. Furthermore, while these social problems originated from a technical intervention, there is no technical remedy that can resolve them. One way to address such unanticipated outcomes is to be aware of the interlinkages of facts and values in the coupling of natural and human systems. We use an extended case methodology to show how a complexity informed principled pragmatic framework - that integrates social and cultural elements in designing appropriate technical strategies - may address CNHS problems independent of this particular case study of arsenic contamination.

The literature cited reflects: (1) a theoretical account of understanding complexity in CNHS; (2) a historical account of both the original intent in drilling tube wells and the delay recognition and response to arsenic contamination; (3) a factual account of the measured improvements in agricultural yields and infant mortality (intended outcome of original intervention) as well as the rules set forth for designating wells safe or unsafe (mitigation of unintended outcome of original intervention); (4) an illustrative account of the unintended outcomes arising from an expert-led mitigation of a complex problem.



A CLOSER LOOK AT A CNHS PROBLEM FROM BANGLADESH

To make the abstract notion of CNHS clear, let us have a closer look at a CNHS problem from southwest Bangladesh. The geography, hydrology, and climate of this region (Figure 1) are highly diverse and often described as a dynamic co-evolutionary system within the Ganges-Brahmaputra-Meghna (GBM) basin (e.g., Brammer, 2014; Nicholls et al., 2016; Roy et al., 2017) with numerous socio-environmental challenges. A range of problems exists, including: arsenic contamination and related effects (Paul and De, 2000; Clarke, 2001; Harvey et al., 2002; Chakraborti et al., 2010; Flanagan et al., 2012; Edmunds et al., 2015; Naser et al., 2017); upstream water withdrawal (Mirza, 1998; Gain and Giuponni, 2014); management of coastal polders (Dewan et al., 2015; Gain et al., 2017a,b); impacts related to increasing shrimp aquaculture (Swapan and Gavin, 2011; Shameem et al., 2014; Islam et al., 2018); climate change induced sea level rise and salinity (Brammer, 2014; Nicholls et al., 2016); cyclonic storm surges and natural disasters (Akter and Mallick, 2013); preserving critical Sundarbans ecosystems (Akber et al., 2018); and an increasing number of non-eco-friendly developmental initiatives including the mega Rampal power plant construction (Chowdhury, 2017; Mahmud et al., 2020). In Figure 2, we present a hypothetical and conceptual network diagram that describes various interconnections and interactions among system elements critical to some water issues in southwest Bangladesh. Past studies (e.g., Szabo et al., 2015; Hossain et al., 2016; and Borgomeo et al., 2017) used a similar looped network for household food security and social-ecological system problems in southwest Bangladesh.


[image: Figure 1]
FIGURE 1. The GBM River basins and southwest Bangladesh delta.
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FIGURE 2. A scenario of interconnectedness and interactions of different elements of a CNHS from the southwest Bangladesh delta. The positive and negative signs indicate positive and negative contributions, respectively, not the positive and negative feedback [after Palash et al. (2019)].


There is a general consensus that these interlinked challenges threaten equitable access to natural resources as well as their long-term sustainable management. Yet, there is no general consensus on how to proceed, as highlighted by several problems from the southwest Bangladesh delta identified and discussed in existing literature (Harvey et al., 2002; Chakraborti et al., 2010; Hossain et al., 2013; Gain and Giuponni, 2014; Palash et al., 2014, 2019; Sala and Bocchi, 2014; Auerbach et al., 2015; Kirby et al., 2015; Szabo et al., 2015; Borgomeo et al., 2017; Parvin et al., 2017). These experiences suggest the traditional approach of generating causality based “reliable scientific knowledge” is likely to have limited success unless we incorporate “socially acceptable robust knowledge” that reflects a local understanding of the problem and work to identify interventions that are sensitive to local capacities and constraints. We will use a case study of an expert-led response to remediation of arsenic-contaminated wells in Bangladesh to highlight the risks of treating a complex CNHS as a simple system with generalizable interventions. This case study will also illustrate the need for an operational framework to define and refine CNHS interventions that are technically robust as well as socially and politically feasible.


Case Study: Promotion of Groundwater Use and Arsenic Contamination

We have argued that both explanations and understandings are required to address complexity and emergence in a CNHS. To contextualize this further, let us examine a policy intervention in the 1960s in Bangladesh: the promotion of groundwater usage to increase agricultural productivity and reduce infant mortality. During the era of the green revolution, the then East Pakistan government encouraged people to use more and more groundwater to increase crop production and cropping intensity. During the same period, there was also a massive campaign to encourage people to drink tube well water to reduce exposure to microbiologically contaminated surface water (Naser et al., 2017). While both of these initiatives succeeded in fulfilling their respective policy objectives (i.e., increasing crop production and reducing infant mortality), extensive use of groundwater created a massive public health tragedy that started emerging from the mid-1980s. No one could have “predicted” the emergence of arsenic contamination when the promotion of groundwater usage was prescribed as a scientifically reasonable policy in the 1960s.

The increased extraction of groundwater created environmental conditions that exposed a large number of people to arsenic-contaminated water and food (Paul and De, 2000; Edmunds et al., 2015; Naser et al., 2017). Over 20 million people in 59 out of 64 districts of the country were affected by arsenic contamination, and the southwest delta and southeast region are the two most affected areas in Bangladesh (Figure 3) (Chakraborti et al., 2010; Flanagan et al., 2012). The dynamics of arsenic contamination in Bangladesh is a prototypical example of emergence in a complex CNHS. A key lesson: it was nearly impossible to predict the emergence of widespread arsenic contamination when the use of groundwater was initiated and promoted with two reasonable and attainable objectives in the 1960s.


[image: Figure 3]
FIGURE 3. Arsenic contamination in tube well water during the late 1990s [data source: BGS and DPHE (2001)].


The evolution of unanticipated emergence continues with new interventions to address the problem. In 1999, UNICEF initiated a multimillion-dollar campaign to screen wells for arsenic contamination and educate communities about the dangers of consuming arsenic-contaminated water (Chappell et al., 2001). Within 5 years, the majority of shallow tube wells in rural Bangladesh were painted either red or green; red rims indicated high levels of arsenic contamination, while wells with green rims were considered safe for use (Hanchett et al., 2002; Sultana, 2007). More than 20 percent of the shallow tube wells were painted red (Chappell et al., 2001). Suddenly, the primary water source for roughly 1 in 5 households was no longer considered safe (Field et al., 2011).

However, limited access to clean water was not the only consequence that emerged from the 1999 UNICEF campaign. With the red-rimmed tube wells came tremendous stigmatization, and to this day, individuals with arsenicosis face discrimination both financially and socially (Ahmad et al., 2007; Brinkel et al., 2009). Many Bangladeshi women suffer disproportionately (Ahmad et al., 2007; Sultana, 2007; Brinkel et al., 2009); for example, women from households with red-rimmed wells are faced with diminished prospects for marriage because of suspected arsenicosis (Majumder, 2017). Some communities with red wells switched to more distant green wells facing higher levels of microbial contamination both at point-of-source and point-of-use which in some cases led to an increase in diarrheal disease. For example, it has been found that arsenic concentration in shallow tube wells is inversely related to microbial contamination which increases pathogen exposure at point-of-source (Leber et al., 2011; van Geen et al., 2011). On the other hand, less arsenic-contaminated water from distant tube wells may lead to higher microbial contamination at the point-of-use due to poor transportation and storage facilities, and water storage time (Wu et al., 2011; Ercumen et al., 2015; Buchmann et al., 2019).

To sum, the policy promoting increased groundwater use was successful in creating greater agricultural productivity and reducing infant mortality, but it also exposed millions to arsenic contamination. Later, another expert-led response to this crisis created new forms of social stigma and socioeconomic division. While we would not suggest these detrimental “side effects” could have been predicted or entirely avoided, there is evidence to suggest that their impacts were intensified by a lack of appreciation of emergence and system complexity. Indeed, arsenic exposure was largely treated as a purely natural phenomenon, and the chosen interventions reflect an assumption of a simple, rather than a complex system. Limiting exposure – the experts explained – was simply a matter of locating and identifying contaminated wells. This led to a generalized response with little room for localized understandings or adaptive responses to failed interventions. Of course, recognizing the need for both explanations and understandings is only the first step; we also need a framework for operationalizing these ideas to identify adaptive, actionable, and sustainable interventions.




ACTIONABLE RECOMMENDATIONS


Operationalizing Explanations and Understandings to Adaptively Manage CNHS

The debate related to differences between understanding and explanation and their relationship with one another continues to be contentious. We recognize the importance of such debates from philosophical perspectives but suggest that both understanding and explanation are needed to deal with emergent CNHS responses. As discussed earlier, in our view, both explaining observed phenomena (water flows downhill based on physical laws) and developing a system-level understanding (water may flow uphill based on societal norms and values) are integral to effective problem-solving for any complex CNHS.

Whichever operational technique is used for CNHS problem solving, we need to recognize and account for the coupling of understanding with explanation. A key attribute of such a recognition is a dialogical process that involves all affected stakeholders in a given context. Such a context-driven dialogical process is essential to explore and implement strategies that are relevant and adaptive to changing circumstances. We recognize that the resolution of complex CNHS issues usually involves interactions of many parties with conflicting values and interests operating across multiple boundaries and scales to make decisions. The interdependence and feedback among interacting variables, processes, actors, and institutions are hard to model and difficult to forecast, as we have documented in this case study of arsenic contamination.

It follows that any decision-making related to complex CNHS problems needs to be contingent and adaptive. Drawing on a number of ideas from complexity science and negotiation theory, following Islam and Susskind (2018), we suggest using three key ideas from complexity science (interdependence and interconnectedness; uncertainty and feedback; emergence and adaptation) and three from negotiation theory (stakeholder identification and engagement; joint fact-finding; and value creation through option generation) to explain and understand emergent CNHS responses and show how to operationalize these ideas to enhance the effectiveness of CNHS management.

Currently, the dominant mode of addressing CNHS problems is what we would call primarily theory driven. It starts from the premise that the problem under study is systemic in nature. In turn, it is taken for granted that solving the problem requires a theory that can predict, or at the very least, explain the behavior of the system with causality-based reasoning. For example, attributing widespread arsenic exposure to a lack of knowledge about which wells are contaminated suggests a simple and generalizable intervention: locating and identifying contaminated wells. In our assessment, such explanation-based approaches work well for uncoupled natural systems where prediction and control are possible because system behavior is governed by fundamental laws of nature. We would categorize most of these systems as simple or complicated, but not complex [for details of these distinctions, please see Smith and Islam (2019)].

If reliance on underlying laws of nature or society is a prerequisite for theory-driven problem solving, one must question whether such a premise can serve us well in addressing our most pressing social, political, and economic challenges where natural and human systems are coupled. There are no generalizable laws that can govern the dynamics of a CNHS. Attribution of causality in such systems is fraught with practical and philosophical difficulties. We challenge the dominant premise that any amount of synthesis and incremental tweaking of disparate subject matter is likely to improve this condition. Rather, in the case of complex CNHS issues, we heed Karl Popper's advice to be “not students of some subject matter, but students of problems” (Popper, 2002, p. 88).

Therefore, our proposed approach to operationalizing explanation and understanding begins by pairing a problem-driven question (understanding) with a dynamic hypothesis of observed signals (explanation). Leading with a specific problem-driven question rather than a general theory allows us to better contextualize the problem, evaluate feasible interventions, and identify locally-relevant outcome metrics. A dynamic hypothesis is developed to explain the behavior of the outcome metrics over time; a framework can then be put to use to guide and communicate the development, testing, and refinement of ideas into actionable outcomes.

Another reason for starting with a problem-driven question and hypothesis is that there are inherent trade-offs among generality, realism, and precision (Levins, 1966). Levins argued that to maximize any one of the three requires sacrifices to the other two. For example, an approach designed to explain an observed behavior may have poor predictive performance compared to an approach explicitly designed for prediction (Bokulich, 2013). Sterman (2000) goes one step further, arguing that, in the context of socio-technical systems, useful models must represent a problem and not a system. He notes that the selected explanation and understanding of observed response need to be justified by a problem to be solved or the intervention to be tested. We argue that operationalizing a problem-driven approach that incorporates both understanding and explanation requires attention to both principles and pragmatism.



A Principled and Pragmatic Approach

Many contemporary CNHS problems will require professionals to engage in inclusive conversations on the contextual relationship between facts and values, and on collective decision-making processes involving experts from other disciplines as well as stakeholders with local knowledge. We argue that effective synthesis and application of these domains of knowledge requires principled pragmatism, where the principles constitute value considerations (which shapes understanding), and pragmatism constitutes the factual considerations (explanation based on objective facts in a given action context). The meaning of principled pragmatism we offer here seeks to move away from the dichotomy of being either “pragmatic” or “normative” and to focus on their interaction.

In methodological terms, this means respecting both the need to (slowly) cultivate understandings (i.e., to identify shared values, establish “social facts,” agree on acceptable risks, and pinpoint areas of irreconcilable disagreement) and the importance of (quickly) arriving at actionable “experiments” to test and revise possible explanations (i.e., identify physical system constraints, establish “scientific facts,” and elucidate “knowable unknowns” through joint fact-finding). In practical terms, this involves a focus on the most effective means of generating scientifically defensible ideas and transforming them into action, given the constraints and capacities available or applicable in the problem context. It recognizes that strict adherence to principles without pragmatism is often not actionable and that pure pragmatism exercised without guiding principles is not likely to be sustainable and equitable.

Thus, for a pattern of action to be considered as principled and pragmatic, it needs to be value-based, that is, purposeful or intentional. The efficacy of such purposive action arises jointly from the understanding of the actors involved and expert explanations that are based on scientifically defensible facts and metrics. With expert knowledge, one can quantify certain measures of sustainability, the limits of resource use, or the limits of knowledge for a given problem. Yet such knowledge may not be actionable without the value-based understanding of the social actors involved. For example, the primacy of sustainability and equity as guiding principles need to enter into the meaning of purpose in order for any scientific explanations of the observed natural processes to provide a principled and pragmatic solution.

A principled approach is essential when taking future action when outcomes are uncertain and mostly unknowable. In these cases, an assessment of only past actions may not be very helpful in guiding actions in light of emergent patterns. This is because we do not and cannot have any facts (as facts are yet to happen) about the emergent future. Hence, principled pragmatism, as conceived here, rests on focused experimentation and exploration as modes of action. The use of contextual principles provides the focus for such experiments. Thus, trial and error and tacit understanding are likely to be more useful to address CNHS problems than relying exclusively on causality-based explanation, top-down expert guidelines (plans), and standard operating procedures (precedents).

For a principled pragmatic action to be effective, experimentation and adaptation to changing situations are more important than compliance and expert direction. Best practices have to be adapted to local conditions and capacities. Developing the capacity of actors to affect this mode of action also requires addressing their understanding rather than simply imposing an explanation on them based on authority or resource enticement. The response to arsenic-contaminated groundwater in Bangladesh presents a cautionary tale of imposed explanations, generalized interventions, and a lack of understanding of local capacities and constraints.



Revisiting the Response to Arsenic Contamination Through the Lens of Principled Pragmatism

When the rapid growth in drilling first started in the 1960s, and for the two decades that followed, the promotion of groundwater for both agricultural and potable household use was seen as non-controversial. With the widespread availability of fertilizers and pesticides, obtaining the required quantities of water was the last hurdle of the impending “green revolution.” At the same time, the intensification of agriculture and the densification of population led to increasingly contaminated surface waters, a source of disease and a leading cause of infant mortality. Groundwater was seen as a vast source of water that was protected from the abundant sources of pollution at the surface. The system was taken to be simple, separable, and repeatably addressable with an off-the-shelf solution: the tube well. The results were impressive: agricultural yields increased, and infant mortality was reduced. The best available knowledge in the hydrogeological literature in the 1960s did not suggest there was a risk of arsenic presence in riverine or deltaic plains, so it simply wasn't tested for (Clarke, 2001).

If one were to drill a well in the southwest Bangladesh delta today and failed to test it for arsenic – we would call that an act of professional negligence. However, it is unfair to make such accusations today with regard to what happened in the 1960s when there was no evidence of neglect. There will always be “unknown unknowns,” and it is impossible to eliminate the risk of overlooking something one didn't know to look for. Where we can be critical of the situation, and provide possible suggestions, is in how the response to the recognition of arsenic contamination was handled. That is to say, while the surprise of arsenic contamination could not have been foreseen, the subsequent surprises that came out of the well-painting campaign may have been anticipated, or at the very least, adaptively managed through a synthesis of principles and pragmatism.

The first published indications of arsenic groundwater contamination in the region were available in 1984 (Garat et al., 1984), and by 1988 there were six journal publications on the topic, including one in the WHO Bulletin (Chakraborti et al., 2015). In 1995, an international conference on arsenic was held in West Bengal, India, and “representatives of international agencies in Bangladesh and Bangladesh government attended the conference but they denied the groundwater arsenic contamination in Bangladesh” (Chakraborti et al., 2015, p. 237). It was not until 1998 when the international arsenic conference was held in Dhaka that the problem was widely acknowledged (ibid). It is hard to describe exactly why it took nearly 15 years after the first alarms were sounded for the problem to be acknowledged (nearly doubling the exposure time for many users). There was, of course, political resistance to acknowledging a mistake, and this should not be discounted. However, there was also the initial assumption that the system was simple and well-understood. In such cases, there are few provisions made upfront for assimilating and responding to new information; that is, there was no capacity for adaptive management, a situation that continues to this day.

Once the signal of an emerging crisis was too strong to ignore, the assumption that the system was simple was carried forward into the response, that is, the repetition of a past pattern. A simple, generalizable, and causal solution was sought. A bureaucratic decision-making process involving government officials and international NGOs came to a conclusion: a static threshold of 50 ppb arsenic would be used to assess the safety of tube wells; wells found to be above this concentration would be painted red and wells below this concentration would be painted green. This formula was simple enough that it could be deployed rapidly on a massive scale. And why shouldn't it work? Didn't John Snow manage to stop a cholera epidemic in London simply by removing the handle of the Broad Street pump in 1854? Why wouldn't warning users of arsenic-contaminated wells have the same effect?

However, simple approaches to complex problems are bound to be inadequate. For complex problems, interventions in one context are not immediately transferable to another. In particular, John Snow's approach was effective because it eliminated one water source among many safe alternatives. However, the well-painting campaign in Bangladesh was carried out without considering that the availability of safe alternatives is a local, site-specific condition. The lack of nuance meant it was possible for all wells in a community to be painted red, leaving little practical guidance about the safest possible sources of available water.

If the system had been recognized as complex, the response to the discovery of arsenic contamination could have been approached with both principles and pragmatism. A principled approach would have avoided a top-down form of bureaucratic management, on the understanding that, while such forms of management may be well-equipped for simple and complicated contexts, they are inadequate in the complex contexts presented by this CNHS. The assumption of simplicity led to an intervention “designed for rural Bangladeshi communities instead of with them” (Majumder, 2017, p. xiv). A principled approach would have opted for a more horizontal and inclusive process, where impacted communities could be consulted, and shared understandings of acceptable risk could have been developed.

In areas where most or all of the wells were above the strict 50 ppb limit, experts and stakeholders could have worked together to establish a rating system that identified the safest possible sources for drinking water, rather than strictly marking them all as red. While a bureaucratic process is unable to compromise in this way (no allowable deviation from the 50 ppb rule), a consultative and collaborative process can come to a shared understanding and make a pragmatic compromise (e.g., a well-contaminated with 60 ppb arsenic may be deemed preferable with a minimal consumption schedule than relying on surface water that is likely to be contaminated with water-borne pathogens). Such a compromise does not entail a compromise of the community's values (e.g., maximizing the safety of drinking water available and accessible to all), but rather represents a pragmatic compromise between alternatives that acknowledges contextual constraints.

Moreover, through an open and inclusive consultative process, the most vulnerable communities would have had a more direct channel to aid organizations regarding the acquisition of expensive but safe technological alternatives, such as deep tube wells. However, in the absence of such a forum, the distribution of publicly financed deep tube wells appears to have suffered from “elite capture,” where the siting decisions for deep tube wells were made largely at the discretion of the political elite. One study found that a more equitable distribution of the same number of wells “would have brought almost three times as many exposed households within walking distance of a [low arsenic] source” (van Geen et al., 2016, p. 148).

Acknowledging system complexity also means accepting that the situation is dynamic, and any choice of action is likely to be contingent. That is, there are no static “solutions” in complex systems; rather, there is a need for ongoing observations and collaborative adaptive management. In a very simple sense, the concentration of arsenic in groundwater is not a static feature of an aquifer, but the wells were painted so as to suggest they were permanently safe or unsafe. In one follow-up survey, “17% of wells marked green in 2001 were marked red in 2005” and “12% of wells marked red in 2001 were marked green in 2005” (Johnston and Sarker, 2007, p. 1894). However, such sampling has been piecewise, and today there are no formal institutions driving any systematic effort for long-term well monitoring or maintaining up-to-date records about which wells are above the 50 ppb limit and which are not. In contrast to this, an essential part of any collaborative and adaptive management process is routine monitoring, assessment, and provisional response managed by local stakeholders in a local context.

As mentioned earlier, principled pragmatism requires that we acknowledge that understanding and explanation are mutually reinforcing and that both are critical aspects of managing complex sustainability issues. In addition to providing spaces for arriving at a shared understanding of values, inclusive processes that engage experts and stakeholders also provide mechanisms for identifying and correcting commonly held factual misunderstandings. For example, an expert-informed explanation of the biochemical mechanisms of arsenicosis is an essential step in reducing social stigma around the disease, which is widely misunderstood to be contagious (Hassan et al., 2005). Of course, the explanations of experts are not enough. Expert-provided explanations must be coupled with a shared understanding of contextually effective ways to communicate the relevant facts so that they are received as both trustworthy and important. In this way, a principled and pragmatic approach appreciates the mutually reinforcing mechanisms of understanding and explanation in a CNHS and acknowledges that it is their interaction that leads to actionable and equitable interventions, rather than relying on one approach isolated from the other.




DISCUSSION

Some of the most persistent challenges facing society and the environment arise from an intricate coupling of natural and human systems. We have argued that this complex coupling creates emergent problems that resist traditional expert-driven problem-solving approaches, which rely primarily on causality-based reasoning about previously observed patterns. Effective responses to the complexity and emergence of CNHS requires a careful synthesis of both “explanations” and “understandings” to achieve equitable and sustainable outcomes in a concrete problem context.

In making our arguments, we've attempted to avoid unnecessarily describing the attributes of complex systems purely in the abstract (e.g., as systems that possess non-linear boundary-crossing feedbacks at multiple scales, etc.). Too often, these abstract descriptions lead to semantic debates about what is and isn't complex. While valuable in some academic contexts, within the scope of the present work these debates serve as a distraction from the more important question: why do such distinctions matter?

Our key takeaway is this: the way that we characterize a system shapes our response to its problems. As summarized in Table 1, if we see the system as simple, we expect that we can rely on experts (or the marketplace) to develop repeatable solutions that treat root causes and adopt widely available and tested “best practices.” If we identify the system as complicated, we might seek diverse expertise to create locally tailored interventions that meet a required level of service. However, if we identify the system as complex, we recognize that expert informed explanations must be paired with understandings derived from inclusive, early, and ongoing stakeholder engagement. Achieving sustainable and equitable outcomes requires mobilizing both explanation and understanding in a way that that is responsive to emergent patterns and reflective of local capacities and constraints.

To this end, we have offered problem-driven principled pragmatism as a framework for operationalizing the application of explanation and understanding in complex CNHS contexts. The vision of principled pragmatism we offer seeks to move away from the dichotomy of “being pragmatic” or “being ideological” by focusing on how to transform ideas to action given the constraints and capacities of the problem context. It recognizes that strict adherence to principles without pragmatism is often not actionable and that pure pragmatism exercised without guiding principles is not sustainable and unlikely to be equitable. Sustainability in complex problem contexts requires adaptation, and equity demands that this adaptation be consultative. Through a consultative process, experts and stakeholders can arrive at a shared vision of the problem, identify areas for experimentation and joint fact-finding, and ultimately build a portfolio of actionable interventions with measurable outcomes.

Our case study on arsenic poisoning highlights just one of the many ongoing CNHS issues impacting the southwest Bangladesh delta. Our aim in reflecting on these issues is not to place blame or to suggest that it was possible to foretell all of the unintended and emergent detrimental outcomes. Rather, our goal is to understand how failures to recognize system complexity contributed to interventions and forms of management that were ill-suited for the dynamic and adaptive contexts posed by the CNHS. We use the evolution of arsenic contamination and associated interventions to show how the recognition of system complexity and a commitment to both principles and pragmatism could have improved – and still could improve – the management of this complex and emergent CNHS crisis of arsenic contamination.
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