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Abstract

:

This article discusses systems-based interdisciplinary research that seeks to understand interactions between natural and social dimensions of hazards. The discussion in this paper is motivated by two objectives. First, to present a novel methodology—Systems-Interactions Maps—for an integrated systems-based assessment of the linked social and natural causes, pathways, and consequences of climate related hazards, such as drought in the UK. Second, the article seeks to contribute to discussion of an under-explored topic: the actual process of developing and applying conceptual frameworks in interdisciplinary research groups, here for the purposes of mapping relationships between successive historical drought episodes. The findings based on data from the 1976 and 1995 droughts in the UK show that identified drivers, responses, and impacts can differ between natural and social science disciplines; that there is a degree of independence of social from natural dimensions of a hazard; and that the relative emphasis on social or natural drivers of a drought is shaped by the institutional and governance structure of the water sector.
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1. Introduction: Frameworks for Analyzing Natural Hazards as both a ‘Natural’ and ‘Social’ Phenomenon


Most hazards observed in the natural world—such as droughts, floods, fires, or even earthquakes—have ‘natural’ (ecological) and ‘social’ causes, responses, and impacts. Recognition that hazards can involve interactions between social and natural systems has led to an increasing emphasis on interdisciplinary research in academia and within the policy sphere, including by the European Commission [1], the US National Science Foundation [2], and both natural and social scientific Government Research Councils in the UK (UK Research and Innovation (UKRI)) [3,4] (p. 3).



This article begins by critically reviewing two key systems-based frameworks, often applied for analysing hazards from an interdisciplinary perspective, Ostrom’s Social-Ecological System (SES) and the Drivers, Pressures, States, Impacts and Responses (DPSIR) framework, including recent further developments and applications of these in the context of floods and droughts. These frameworks include tightly coupled, cause-effect models applied to quantitative data as well as non-deterministic conceptualisations of nature-society interactions for interpreting qualitative data [5,6]. Systems-based frameworks are particularly apt for examining links between the ‘natural’ and ‘social’ dimensions of hazards. They relate the various natural and social dimensions of a hazard in structured, patterned, specific, and sometimes path-dependent and therefore ‘systemic’ ways. For instance, during various drought episodes occurring over a number of years, the same link between particular drivers of drought, such as changing rainfall patterns, and distinct responses, such as temporary water use restrictions for domestic householders, may be observed. However, such systemic links can also change and adjust in response to external disturbances [7] (p. 246).



1.1. Elinor Ostrom’s Social-Ecological System (SES) Framework


Ostrom’s [8,9,10] influential SES framework was developed for complex adaptive systems. It is a generalised, multi-tier, nested framework for analysing interactions and outcomes in natural resources, such as fisheries or forests, or in a focused SES, e.g., a specific episode of drought [9] (p. 420). There are four core internal sub-systems in the first tier: resource systems, governance systems, resource units, and actors. The two external sub-systems are, on the one hand, the social, economic, and political context, and, on the other hand, related ecosystems. Outcomes of a SES are the result of the interactions between each of these internal and external sub-systems. Each sub-system comprises a group of multiple second-tier variables, such as property rights systems for governance; or the size or location of the resource system. Hence, Ostrom’s framework enables to understand the dynamic features of a SES by conceptualising these as part of an integrated regime, i.e., a system, without neglecting the agency of people inhabiting a SES [10] (p. 30). The framework can be applied, for instance, when aspects of an SES are shaped dynamically by globalisation [11] (p. 2). The SES framework and its variants are system-based also, because they enable to identify properties of the system as a whole, such as redundancy or diversity. Trade-offs between such characteristics can then be identified, for instance between narrowly focused efficiency in achieving outcomes (e.g., intensive agriculture at the cost of diversity), and robustness of the SES system, e.g., food production and supply as a whole [12] (pp. 517, 528).



A major benefit of Ostrom’s framework is a common classification of features of a hazard which make it possible to examine a single focal SES at different spatial and temporal scales. Moreover, by highlighting interactions between social and natural systems, SES frameworks go beyond an ecology perspective that understands resilience as the return time of an ecosystem, such as the return of a coral reef to equilibrium after bleaching [13] (pp. 256, 7). Hence, the promise of systems-based frameworks is better precautionary planning to mitigate impacts [14] (p. 1536) [15] (p. 11). However, Ostrom’s framework may be best suited to examining intersections between ‘natural’ and ‘social’ dimensions of hazards in small-scale, locally governed settings rather than large, such as regional commons, which are also governed at a national scale. Trust and reciprocity are conditions of the self-governance of commons which is advocated by Ostrom, but these can be more difficult to establish and maintain on the scale of regional and global commons [16] (pp. 16–17). Hence, SES frameworks may not be best suited to analyse a historic drought episode (see e.g., [17]) and to capture its complex interdependencies between different internal and external sub-systems, particularly where the scale is large, such as in the UK. Anderies and Janssens’ [12] approach entails to focus on one particular aspect of SES interactions, such as system wide impacts which can be linked back to public policies, and changes in these. They identify opportunities for experimentation and adaptation, pointing out that making and implementing policies is linked back to slow feedback from the biophysical context [12] (pp. 513–515). A further challenge in applying Ostrom’s SES framework for quantitative analysis and in interdisciplinary research groups is to define and agree some measure of the relative importance of each of the potential variables used for measuring aspects of governance or resource systems, both during a specific drought episode and across different drought episodes. Are each of the variables measuring aspects of an internal and external sub-system equally relevant to a drought? Do some variables have a larger effect than others? Does water storage have the same impact on a drought as a specific distribution of property rights in relation to water and/or land? Ostrom’s framework and its variants enable flexible applications by providing for a whole range of potential variables, such as nine indicators of ‘resource systems’, seven variables for measuring ‘resource units’, eight for operationalising the notion of a governance system, and eight further variables for capturing different dimensions of ‘actors’, with an additional ten indicators of ‘activities and processes’ constituting action situations, and three criteria for assessing ‘outcomes’ of an ‘action situation’ [18] (p. 156). However, SES frameworks do not provide criteria for selecting from these variables. This can lead to inconsistency in the application and measurement of variables, making it more difficult to replicate and compare different case studies [18] (pp. 152, 4, 6). In contrast to this, the other main systems-based and widely applied Drivers, Pressures, States, Impacts, and Responses (DPSIR) framework pares down core concepts for analysing systems interactions. This can be particularly appropriate for the historical analysis of a focal SES that recurs over time, and thus generates many data points.




1.2. The DPSIR Framework


The DPSIR framework adopts a causal approach to examining a hazard by connecting a series of drivers, e.g., of a drought or flood, to pre-existing pressures on the environment, to states of the natural environment, and finally to impacts and responses [19]. However, connecting the elements of the causal chain can be complex. For example, the causes and consequences of hazards such as drought can depend on myriad, non-static factors including the available water resources, the water efficiency of different users (such as industry, farmers, and households) as well as the degree to which they change their water use in response to restrictions.



Like SES, traditional DPSIR frameworks have been considered as not linking closely enough natural and social drivers, responses, and impacts of hazards. Moreover, DPSIR has been criticised for neglecting that drivers, impacts, and responses may vary according to the particular type and scope of spatial scale at which a hazard manifests, such as jurisdictional, geographical, policy, and social community scales [20] (pp. 871–873). However, specifying in interdisciplinary research groups the temporal and spatial scales at which the most important drivers, pressures, states, impacts, and responses of a natural hazard operate is difficult because each disciplinary lens can steer towards a different scale. Hydrological and social data are often collected at different scales [21] (p. 231). In light of this, debate about how best to analyse links between natural and social dimensions of water-related hazards is ongoing, in particular in hydro-sociology and socio-hydrology literature (e.g., [22]).




1.3. Linking Natural and Social Dimensions of Water-Related Hazards


A key link between natural and social dimensions of water-related hazards is the impact of human responses to floods and droughts, including their unintended consequences [23] (p. 2, 5) [24]. One of these is the ‘Peak Water Paradox’. It entails that actions taken to reduce vulnerability to drought can enhance drought effects, because communities come to rely on the extra water made available, e.g., through reservoirs, thereby off-setting initial water-saving behaviours [23] (p. 5). These further developments of systemic frameworks seek to achieve depth in the analysis of linked social and natural worlds through a focus often on only one of the DSPIR elements, such as responses to or impacts of floods and droughts, e.g., [23,25,26,27]. Di Baldassarre et al. [21] focused on two elements. They examined responses, i.e., operating rules that increase the flow of water out of a reservoir during drought, and their non-stationary impact, which was in 2011 to exacerbate floods in Brisbane, Australia. The resilience of communities was lowered because they thought that the reservoirs had made flooding unlikely [21] (p. 227). In a further study, Albertini et al. [28] developed an integration of natural and social dimensions of floods and droughts through a socio-hydrological model that examines links between reservoir management strategies, societal flood risk adaptation, and mitigation strategies, as well as flood impacts. The study found that memories of floods matter since they shape flood risk. Flood impacts decrease if natural flood management is adopted, while they increase in flood plain management systems that rely on infrastructure measures for reducing flood risk which, in turn, are associated with lower levels of flood memory [28] (p. 20).



Similarly, Gonzales and Ajami [29] (p. 10620) have identified a ‘rebound effect’ over the last decades in California. There has been increased water use post drought when there are no water scarcity cues, such as restrictions, and citizens therefore do not perceive water to be in short supply. Similarly, Kam et al.’s [25] research shows in the context of various Californian droughts that social triggers, such as government announcements, generated longer lasting interest of citizens in drought than natural triggers, such as the peak of actual drought severity. Some frameworks make it possible to add a historical perspective to DPSIR, since their modelling recognizes the impact of social memories of previous occurrences of drought in their analysis of responses to it [29] (p.10,626). The Drivers, Responses, and Impacts (DRI) framework, a modification of DPSIR, builds on this in layering analysis of successive drought episodes, and including oral histories as a distinct source of qualitative data about social memories, but how was this DRI framework developed in an interdisciplinary research group, and what more generic methodological lessons did this process generate?





2. Methods


2.1. Steps for Developing Conceptual Frameworks


Published research often goes straight to the presentation of a neat, ready-made, finished model. However, as Di Baldassarre et al. [21] (p. 230) pointed out, there are five steps for developing knowledge about natural hazards: (1) data collection and analysis; (2) examination of these data to determine salient facts that still need a formal explanation; (3) theory development via formulation of models capturing the salient facts; (4) model calibration, validation, and uncertainty analysis; and (5) application of models to support the decision-making process.



This Section 2 focuses on steps 1 to 3 and draws out some implications for step 5. Given the challenges of developing and applying systemic frameworks identified in Section 1 above, this section seeks to provide a transparent account of the genesis of the DRI framework, also in order to facilitate future interdisciplinary research. The DRI framework was developed for an interdisciplinary research project about historic drought episodes in the UK as they manifested in seven sectors: meteorology/hydrology (referred to for the purposes of the System Interaction Maps (SIMs) below as “Groundwater/Surface water”), governance, print and social media, oral history, ecology, agriculture, and water resources (http://historicdroughts.ceh.ac.uk). The project collated historical data in order to capture information about actual responses and impacts that did occur, in contrast to modelling on the basis of assumptions about potential human responses, such as whether farmers would be prepared to pay a higher fee for per acre irrigation [26] (p. 713). The research involved developing a set of concepts and a database in order to collect—independently by researchers from each sector but with reference to a common framework—relevant data on social and ecological systems. Various contextual considerations led to the choice of the DRI, a modified version of the DPSIR framework. These contextual considerations included: the scale of the social and ecological system under examination; how the ecological and social systems are conceptualized (does the ecological system provide utility for humans or is the focus on its own internal functioning?); and the assumed interaction between the social and ecological systems (does the ecological system influence the social system or vice-versa, or is there a two way interaction?) [30]. So, how did the seven sectors—represented by different groups of researchers—then orient their research activities to the common DRI framework?



2.1.1. Agreement on Common Language and Key Concepts


The first step consists of obtaining some agreement across a consortium of researchers on key foundational concepts and terminology used in the project. This can reduce the risk of selectively and too quickly fitting into a model human dimensions of a natural hazard that are amenable to quantitative measuring. Some approaches steer towards quantitative modelling of human features of drought in order to render them compatible with quantitative modelling of the biophysical aspects of a drought. An example of this is reference, e.g., to ‘human systems’ captured through measurable preferences, constraints, and processes, such as market mechanisms for allocating land, water, and other resources [26]. Apart from avoiding a default choice of quantitatively defined concepts, critically reflecting and agreeing on key foundational concepts and terminology can enable effective communication between consortium members with different disciplinary backgrounds [31].



Hence, definitions of drought that avoid rigid sectoral distinctions between hydrological, socio-cultural, regulatory, and agricultural drought are apt for interdisciplinary research groups. Drought can be defined as a linked natural-social phenomenon involving a marked decrease in precipitation over a period of time, coupled with various forms of damage, such as economic losses for communities and harm to natural environments [23] (pp. 1–2) [27] (p. 3429) [32]. Droughts are systemic and, in Ostrom’s terms, polycentric, because “many elements are capable of making mutual adjustments for ordering their relationships with one another within a general system of rules where each element acts with independence of other elements” [7] (p. 255).




2.1.2. Developing Conceptual Frameworks Deductively or Inductively?


Another strategic choice is whether data are collected, classified, and analysed inductively or deductively. For a deductive approach, theoretical propositions, or hypotheses, are developed, and then ‘tested’ using data collected about a specific hazard. Here, data are collected, classified, and analysed in a particular way with reference to a pre-existing conceptual framework. Such an approach is quite structured and systematic because it starts from a set of a priori assumptions about the interactions between social and ecological systems. However, the assumed interactions may be inaccurate, and a wider range of interactions between social and ecological systems may be overlooked, because relevant data have not been collected [23] (p. 12).



In contrast to this, inductively generated frameworks start with data collection and researchers then seek to identify patterns in the data in order to draw out conceptual, more generalized insights about sector interactions. An inductive approach can be particularly relevant for the analysis of historic droughts, because it traces how different social and ecological drivers interact over a sequence of specific drought episodes. A ‘social’ driver of a drought might involve consumer/citizen behaviour with respect to water use or government policy for investment in, or sharing of, water resources. A ‘natural’ driver might be low rainfall or flow characteristics of surface or ground water. Without specific variables for collecting and classifying data about such natural and social dimensions of a hazard it may be difficult to develop insights about interactions between different sectors during a drought. It may be more difficult to identify what sectors in particular cause drought, what sectors generate relevant responses to drought, and in which sectors the main impacts of drought manifest, especially where that analysis is conducted over several decades. As further discussed in Section 3 below, the article therefore suggests to combine inductive and deductive approaches.




2.1.3. Quantitative or Qualitative Analysis?


Different sectors that can feature in an interdisciplinary analysis of natural hazards, such as drought, e.g., meteorology/hydrology, governance, print and social media, oral history, ecology, agriculture, and water resources, place different emphasis on qualitative and quantitative analysis. This makes it more difficult to ‘narrate’ a coherent inter-disciplinary story using the data collected. Too much emphasis on quantitative data about the natural environment overlooks the value of qualitative data in filling gaps that are not covered by more macro-level quantitative analysis. Social actors’ perceptions of natural hazards, which can be analysed with the aid of qualitative interview data, can supplement characterisations on the basis of natural science indicators, such as river levels, precipitation indices, and soil moisture levels in the case of drought [33] (p. 4807). For example, in some UK catchments droughts are experienced by some residents as sunny weather conditions or business opportunities for animal feed retailers [7] (p. 245) [34]. Hence, in an interdisciplinary project it can be important to enable each sector to collect data in the most appropriate form, either quantitative or qualitative or both. Each sector can then classify and analyse that data using common concepts that form part of a standard framework. Agreeing on definitions of key concepts, such as drivers, impacts, and responses, provides some opportunity for comparing both quantitatively and qualitatively, e.g., impacts and responses from various sectors, e.g., the impact of longer term crop change patterns in the agricultural sector, and more short-term responses, such as changes in irrigation times. Section 3 examines further how the DRI framework seeks to facilitate such comparisons.





2.2. Applying the DRI Framework


2.2.1. The Drivers, Responses, and Impacts (DRI) Conceptual Framework


The DRI framework focuses on drivers, responses, and impacts by considering ‘pressures’ as a sub-category of ‘drivers’ and ‘states’ as a sub-category of ‘impacts’. This more parsimonious version of DPSIR is intended to focus data collection on drivers, responses, and impacts, and thereby to keep data sets manageable, given the wide, and in terms of disciplinary perspective, diverse range of sectors in which drought can manifest. The DRI framework defines each of its elements, drivers, responses, and impacts, and the sub-categories of states and pressures as capable of being shaped by linked natural and social hybrid factors. Sometimes only the combination of both natural and social processes contributes to the creation of, e.g., a driver of drought. For example, transport policies that rely on energy sources associated with high levels of greenhouse gas emissions have been associated with a changing climate [35] (p. 8), which, in turn, may lead to rainfall deficiencies that cause a drought. Recognising linked natural and social, thus ‘hybrid’ drivers, or responses, or impacts further promotes an integrated perspective of natural hazards.



In contrast to this, some frameworks discussed in the literature include both natural and social factors shaping a hazard, but natural factors are considered to be distinct from social ones, possessing their own specific characteristics. For instance, existing DPSIR models often see responses and impacts as located mainly in the social world, while states are confined to the natural environment. A further illustration of this is an understanding of drought as manifested in soil moisture deficits that then are further modified by distinct and thus ‘complementary’ human factors, such as a change in crops planted, or altered abstraction patterns [36] (pp. 3631, 3635, 3638).



Similarly, a framework for understanding droughts in the Willamette River Basin (WRB) in the western part of the US state Oregon draws on separate models of the ‘biophysical world’ and ‘human systems’. These models represent discrete natural and social dimensions of drought without specifying the degree of human shaping required to turn a particular system into a human one, distinguishable from a biophysical world [26] (p. 712). For instance, why should we consider agriculture as part of the human systems element of the model, while forests are categorized into the biophysical world? Figure 1 below illustrates the DRI framework and its definitions, and how this framework takes into account hybrid natural-social factors.



How can the purpose that informs the DRI framework, i.e., to identify various types of links between social and natural dimensions of natural hazards, be further operationalised when we try to understand—across various sectors—what causes a natural hazard, what its impacts are and what responses it engenders?




2.2.2. Developing Systems Interactions Maps (SIMs)


This section discusses how the DRI framework can be applied through the development of innovative Systems Interaction Maps (SIMs) for different sectors and for specific drought episodes, such as the 1976 and 1995 droughts in the UK. The SIMs draw on the core concepts of the DRI framework and visualise its application to different sectors. They are a mapping tool that can be utilised by each sector for selected drought episodes. Data about each historical drought episode can be collated in a common drought inventory [38]. SIMs can be produced by a small group or one researcher associated with each sector, who has in-depth knowledge of the specific sector data. Small groups of researchers who share a disciplinary background can help to settle different views of what should be considered as a key driver, impact, and response to a drought in a particular sector. The SIMs developed for each drought episode can then be collated and compared by a sub-group of project researchers in order to identify key interactions between sectors within a given drought, and where possible, interactions between sectors across different droughts. This comparison of SIMs for each sector enables questions to be addressed, such as whether the impacts of drought on agriculture are a key driver of regulatory responses to drought. Such comparisons should identify how much intersection there is, in practice, between different sectors in drought management. Moreover, comparing SIMs for each sector over time can address questions such as “did the introduction of sustainable leakage targets for water companies in England and Wales in the aftermath of the 1995 drought reduce the need for regulatory responses during the next drought episode of 2003–2006?” Figure 2 and Figure 3 illustrate the SIMs developed for the 1976 drought for the ground/surface water sector and the governance sector using the common DRI conceptual framework.



When identifying interactions between drivers, impacts, and responses during a particular drought episode, or across different drought episodes, there are important questions about causality to be addressed. These are particularly complex when multiple sectors are examined. The qualitative judgement of a researcher immersed in the data of a particular sector can be helpful to address questions such as, “was it governance or cultural changes in relation to water use that lead to a drought episode in comparison to natural/ecological factors, such as low rainfall or low resilience of aquatic flora or fauna?” (see also [5]). There is also the challenge of identifying inter-temporal causality. Given a wide range of variables at play, how can we arrive at firm conclusions about changes introduced in a social system, such as legal reforms as the impact of one drought episode, shaping impacts occurring during a subsequent drought?



Given these significant challenges to identifying and mapping the causal interactions between drivers, impacts, and responses both across sectors and over time, it may be necessary to modify a positivist research approach focused on causality. Hence, SIMs, in particular for those sectors reliant on qualitative interview data, reflect perceptions of actors and thus political, interest based dimensions of drought systems. These matter because it is perceptions of the state of water resources, rather than their actual state which shapes how they are managed before, during, and after a drought [23] (p. 6). Moreover, where the boundaries around a drought system are drawn, and what are considered as key drivers, impacts, and responses is not just a matter of objective facts but also of subjective understandings based on how drought affects various individual and groups of actors. So, how can SIMs contribute to examining interactions between drivers, impacts, and responses within a drought?






3. Results


3.1. Examining System Interactions Within a Drought


How can key systems interactions within a specific drought be examined? This article focuses on the 1976 drought in the UK, which followed the driest 16-month period in the UK for 250 years. It is considered as one of the worst droughts experienced in the country. It offers a rich case study of systems interactions, as it covered a large part of the UK’s geography, and affected many sections of society. It involved standpipes and rota cuts in some parts of the country, changes in ecology, and some companies, such as British Steel, had to reduce production [39].



3.1.1. Developing Questions


An analysis of systems interactions begins with identifying questions regarding the focus and scope of the exercise:




	
At what spatial and temporal scale will the analysis be conducted? Should there be a uniform scale for data collection applicable for all sectors, or should the spatial or temporal scale at which data are collected be different and thus responsive to the specific characteristics of particular sectors? For instance, which regions in the UK were most affected by the 1976 is not uniform across all sectors, and different sectors have slightly different time lines for the 1976 drought. For some sectors the drought lasted from 1975 to 1977.



	
Among a whole range of drivers, responses, and impacts, which ones should be chosen as the most important ones, on the basis of what criteria? Whose interests, and thus which stakeholders’ views of the importance of a particular driver, response, or impact of a drought should count?



	
Should the relative importance of different drivers of drought and water scarcity in various sectors be assessed? For example, what is the significance of regulatory changes in relation to the reduction of leakage by water companies in comparison to hydrological conditions influencing drought risk?








Qualitative specialist judgement by researchers working within each of the sectors represented in an interdisciplinary project can be key to answering the questions raised above. Researchers may thus develop for each sector their own short list of what they consider as the most important drivers, impacts, and responses, e.g., to the 1976 drought.



Once sectors have prepared an SIM, the second step involves combining the individual sectoral SIMs into a single database. The raw entries for each sector, i.e., governance (legal/regulation); groundwater/surface water; oral history; print and social media; and agriculture, can be collated under the common headings of driver, impact, and response. Setting out the data in this way enables the identification of drivers, impacts, and responses of the 1976 drought that are common across sectors. This provides some pointers to the most significant drivers, impacts, and responses, i.e., those most frequently mentioned by a range of, and not just one sector.



The third step involves developing a high-level common classificatory framework to be applied across sectors. For example, in a number of sectors, high temperatures are a key driver of the 1976 drought. A common label of “high temperature” can therefore be applied to these observations. This enables the building up of a more integrated picture of drivers, impacts, and responses. This, in turn, helps to identify claims that specific drivers are associated with particular drought events. These claims can be substantiated, with reference to quantitative science data and statistical analysis of these, e.g., for the meteorology/hydrology sector. For a cross-sectoral analysis qualitative data, e.g., from oral history, print, and social media as well as governance, can be included. This enables to address inter-temporal questions, such as: how much lower was rainfall in 1976 relative to the long-term average? What was the scale of rota cuts introduced in 1976 in comparison to the 1995 drought?




3.1.2. Insights about System Interactions from the 1976 Drought


Results of the analysis of the SIMs for the 1976 UK drought across five sectors are presented in Table 1 and the accompanying text. Table 1 sets out key impacts of the 1976 drought as identified across the five sectors. The most frequently identified impacts of the 1976 drought were low river flows, as well as low water availability across the sectors, including for agriculture.



In sum, the cross-sectoral analysis of the SIMs for the 1976 drought provides some insights about the system interactions during that drought. First, although there are some common responses and impacts across the five sectors, they are not identical. Responses range from the operational, such as water pumping and water use restrictions, to the more structural, such as financial compensation for farmers and changes in agricultural production. Some drought responses, e.g., agricultural crop management, have higher visibility, and thus are referred to in the SIM of more than one sector, in comparison to more technical regulatory measures, such as drought orders which enable to increase some abstractions, e.g., for water utilities or reduce compensation flows from reservoirs into rivers. Second, the range of responses and impacts comprises a mix of social and natural factors. This enables the exploration of questions such as how social factors like financial compensation for farmers may enhance the risk of water scarcity subsequent to a drought. Farmers may continue with existing farming methods rather than change crops in the knowledge that they are compensated for crop losses. Third, seeing the range of impacts of the 1976 drought on the natural environment and on a social sphere enables the examination of how perceptions of the drought are constructed. For instance, what is the relative significance of impacts on the natural environment for shaping citizens’ and regulators’ views of what actually is a drought?




3.1.3. Challenges


Applying the DRI conceptual framework via the intermediate step of SIMs raises a number of challenges. First, in some sectors it can be difficult to draw a dividing line between an impact and a response. Some data may be classified in either category. Providing longer and more detailed definitions of the key concepts, such as impacts, responses, and drivers, illustrated by examples from both the natural and social world may tackle this [37]. A further strategy can be respondent validation, i.e., to invite comments from research participants who provided data, such as water resource managers in utilities, farmers, and regulator scientists. They could confirm or question whether a particular data point should be considered as an impact or a response. Another strategy is to code some of the data by two rather than one researcher, and on the basis of discrepancies in coding practice to further refine and specify the concepts of, e.g., impact and response.



Second, it may not be possible to extract the key, or most significant, driver, response, or impact of the drought from the data collected. Here the challenge consists of too many data points or observations, and the practical difficulties in identifying patterns or trends in that data. This can be particularly an issue for humanities and social science researchers, who often collect large amounts of qualitative unstructured empirical data. This data may not lend itself to quick, pared-down classifications along the lines of “this was the most important driver of the 1976 drought from our sector” perspective. This challenge is not simply a matter of research technique, but reveals that natural hazards can be deeply politically contentious issues. Thus, different social actors seek to take responsibility for or attribute blame to a whole range of stakeholders for having made a drought more or less likely.





3.2. Interactions between Sectors across Drought Episodes


3.2.1. Challenges


Examining interactions between the natural environment and a social sphere in droughts across time raises a number of challenges. First, while drought episodes are in some respects discrete events, their causes and consequences are on-going and build up cumulatively over time. Second, the social and natural/ecological contexts are not static. They, too, evolve over time. Changes in culture, regulation, or industrial processes between drought episodes can affect their contribution to the likelihood and severity of a drought. For instance, new production technologies can reduce the water dependency of certain agricultural or industrial processes, and thereby reduce or eradicate certain impacts of drought. Hence, it may not be possible to identify specific indicators of drivers, pressures, responses, states, and impacts of drought that are the same for two or more drought episodes. A change in the magnitude of these indicators may therefore not be measurable in relation to two or more historic drought episodes. The next section discusses further how systems interactions can be examined for multiple drought episodes.




3.2.2. How to Examine Systems Interactions for Multiple Drought Episodes?


The first step entails considering various questions about the focus and scope of the analysis:




	
Which drought episodes should be examined? Should the focus be on sequential droughts to determine if there is any apparent linkage between a response to a prior drought leading to some change, e.g., on the impacts in a subsequent drought?



	
How do we account for changes in other factors which can contribute to changes in drivers, responses, and imapcts of droughts over time, such as cultural factors, e.g., enhanced emphasis on water efficiency or changes in agricultural policy?








In order to develop an analysis of systems-interactions across multiple droughts, this article focuses on complementing the SIM work for the 1976 drought with an SIM for the 1995 drought. The 1995 drought is the next most significant drought on record in the UK following the 1976 drought. The year of 1995 is considered to have had the driest summer ever in the UK. Moreover, both the 1976 and 1995 droughts affected large parts of the UK and numerous sectors. The 1995 drought was also the first to occur after the privatisation of the water industry in England and Wales. There is some evidence that the associated changes in the institutional and regulatory structure may have influenced the drivers, impacts, and responses of the 1995 drought [40]. The analysis of various historical drought episodes drew on the raw, primary original empirical data collated in a Historic Droughts Inventory (https://historicdroughts.ceh.ac.uk/content/drought-inventory). Having identified a set of key drivers, impacts, and responses for the 1995 drought for the three sectors, the next step involved comparing the 1995 drought with the 1976 drought to see if any patterns could be observed across the two droughts. For example, are there commonly observed interactions between natural and social systems over time? This may detect unusual links or patterns against the background of more frequently occurring links between, e.g., a particular driver and a specific impact.




3.2.3. Findings from a Comparison of the 1976 and 1995 Droughts


On the basis of available data, this article focuses on the interactions between three sectors in the 1976 and 1995 droughts: governance, oral histories, and agriculture (for this reason the drivers, impacts, and responses shown in Table 2, Table 3 and Table 4 can differ from those shown in Table 1). Table 2 sets out the most frequently occurring drivers of the 1976 and 1995 droughts identified across the three sectors, ranked according to how often they were referred to in the sectoral data sets. Various insights can be gleaned from Table 2 below. First, while two drivers, high temperature and low rainfall, were common to both droughts, the other drivers identified were specific to each drought. In particular, while the drivers of the 1976 drought included poor planning, coordination, and management as well as low levels of investment, the drivers of the 1995 drought included the absence of a water grid and interconnection, poor leakage control, and inadequate storage. Second, while the most frequently recurring drivers of the 1976 drought were high temperatures and low levels of rainfall, in 1995 the most frequently cited driver relates to poor water company management and poor leakage control. This is particularly interesting given that 1995 was also a dry, indeed a hotter year than 1976. Hence, the main focus of the 1995 drought, the first major drought in the post-privatisation period, was not on natural conditions, but rather on the social factors, such as how water companies manage and prepare for drought. This may be due to post-privatisation public policy debate having shifted to inquiring into what could be done through the new and developing regulatory framework for the private water companies to ensure that water supplies were both un-interrupted and affordable for consumers.



Table 3 details the most frequently occurring impacts of the 1976 and 1995 droughts across the three sectors, ranked in the columns according to how frequently the particular impact was referred to in the sectoral data sets. Four of the impacts of the 1995 drought also feature among the five most frequently cited impacts of the 1976 drought. This implies that notwithstanding the differences in the drivers, for these sectors the main types of impact are similar across the two droughts. A related observation is that the three most frequently recurring impacts in both droughts are the same: low water for agricultural activities, low water availability more generally, and changes to law and regulations (this insight may be skewed by the fact that there were only three sectors analysed for the comparison between the 1976 and 1995 droughts (agriculture, oral histories and governance) and each of these impacts can be assumed to be particularly associated with these sectors).



Table 4 below details the most frequently occurring responses to the 1976 and 1995 droughts in the three sectors, ranked in the columns according to how frequently the particular response was referred to in the sectoral data sets. Four responses were identified as common to both the 1976 and 1995 droughts, including changes to agriculture production and composition; the imposition of water restrictions; the use of drought orders; and the publication of new policy and guidance. A key insight from Table 4 is that during the 1995 drought the response focused on efforts to try and change user behaviour, particularly through the use of the media by the private water companies. Interestingly, according to the data collected, this response did not feature as prominently during the 1976 drought. During that drought there was a greater focus on ‘supply-side’ measures, as well as changes in patterns of demand, e.g., by changes to industrial and agricultural crop and livestock production, and through the imposition of water use restrictions.





3.3. Discussion of Challenges


For a number of reasons, examining system interactions across multiple drought episodes is difficult. First, it is challenging to obtain sufficient and homogenous sectoral coverage of multiple drought events. Some sectors do not have data available for all of the drought episodes. In part, this may reflect that droughts are often localized both spatially and temporally, and that some sectors may experience the effects of drought more than others. Second, in many sectors it can be challenging to disaggregate all of the observations into either a driver, impact, and response, with the result that the same data observation can be classified under multiple headings. However, more overarching categorisations can make it even more difficult to compare data across sectors because quite different dimensions of drought may be captured by a broad category of, e.g., ‘consequences’ of drought. This article suggests that it is better to differentiate more short-term responses during a drought from longer-term, fundamental impacts of a drought that have an effect even after a specific drought episode has ended.





4. Conclusions


This article provided a discussion of the steps involved in applying the DRI conceptual framework with the aid of innovative Systems-Interaction Maps (SIMs) in order to examine social-ecological interactions in the context of historic drought episodes in the UK. The article sought to render transparent the methodological challenges encountered in doing so in the context of a large, interdisciplinary research project. Academic literature has pointed out that we do not know enough about how methodologies in practice frame collaborations between natural and social scientists [41].



Two empirical insights of the research emerged. First, the identified drivers, impacts, and responses of a specific drought can differ between the natural and social spheres. Hence, different social actors can place emphasis on certain drivers and impacts that are not identified, or less critical, in the natural sector analysis of drought. There is thus some degree of independence of a social from a natural sphere in the propagation of drought. This nuances literature findings which point to the dominance of social over natural factors because characterisations of the biophysical realm can be limited [18] (p.159). There are various implications of this finding. Qualitative and quantitative empirical studies are particularly apt to shed light on how and why social actors such as water utilities, environmental and economic regulators, politicians, and different groups of citizens vary in their identification of drivers and impacts of drought, and how this may differ from a natural sector analysis of drought. Hence, one aspect of the search for integrated, systemic accounts of hazards is, as a first step, ‘compare and potentially contrast’ accounts of their social and natural dimensions. Such accounts may further inform the selection of variables when building socio-hydrological models that seek to gauge the impact of particular strategies for managing water resources.



The second empirical finding generated by our research is that the institutional and governance structure of the water sector in the UK also shapes whether there is more or less emphasis on social or natural drivers of drought. This points to internal feedback loops, e.g., from understandings of the natural drivers of drought to how they are governed. One implication of this is a need to further examine through comparative studies how the institutional and governance structure of the water sector in other countries, such as those that, e.g., have publicly owned water utilities, may shape whether social or natural drivers of drought are considered as more salient. For policy-makers and those with an interest in the practical reform of water resources management, and drought management in particular, it may be worthwhile to consider that governance reform may have further not usually recognized consequences: institutional and governance structures for the water sector can also shape what we consider as drivers of drought, which, in turn, are intended to be managed by the water sector.



The SIMs can identify further barriers to a more integrated understanding and management of drought. For instance, while in the ground/surface water sector responses to drought are understood to be about the movement of water to places where abstractors or the environment most need it, the governance sector portrays drought management more explicitly as a political, contested issue. A comparative analysis of SIMs for different sectors can help to explain why the political and fairness dimensions of access to water are not recognised by all sectors affected by drought.



A further implication of the research discussed here is that the methodological tools presented here can be taken forward in various directions. For instance, comparing the SIMs for the 1976 drought for governance and groundwater/surface water in Figure 2 and Figure 3 enables to identify further specific questions about systems-interactions: How were assessments of the more local and short-term responses observed in the groundwater/surface water sector, related, if at all, to understandings of drivers of the drought in the governance sector? Were changes in compensation releases from reservoirs and increased groundwater pumping in some areas of the UK related to what was identified as drivers in the governance sector, such as insufficiently centralized water resource planning and a lack of a more integrated water network? Moreover, the SIMs can provide the basis for modelling, where quantitative data are available for specific sectors, with further analysis of model uncertainty as referred to in step 4 of Di Baldassarre’s [21] (p. 230) account discussed above.
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Figure 1. The Drivers, Responses, Impacts (DRI) Framework (adapted from Lange et al. [37]). 
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Figure 2. Example of 1975-76 SIM: Groundwater/Surface water. 
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Figure 3. Example of 1975-76 SIM: governance. 
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Table 1. Key impacts of the 1976 drought.






Table 1. Key impacts of the 1976 drought.





	Impact
	Number of Times Identified in SIMs as a Key Impact of the 1976 Drought





	Low water availability
	4



	Low river flows
	4



	Low water availability for agriculture
	3



	Reductions in groundwater
	2



	Changes to laws and regulations, such as the introduction of the Water Charges Equalisation Act 1977

(which sought to reduce large differences between charges levied for water for customers in different parts of England and Wales).
	2



	New water use planning requirements
	1



	Impact on recreation, i.e., closure of sporting grounds that could not be watered.
	1



	Fires
	1



	Decreased infiltration rate of water into soil.
	1
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Table 2. Key drivers of the 1976 and 1995 droughts *.
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1976

	
1995




	
Driver

	
No. of Times Identified in SIM (as % of Total)

	
Driver

	
No. of Times Identified in SIM (as % of Total)






	
Low rainfall

	
25%

	
Poor water company management

	
27%




	
Poor planning

	
25%

	
Poor leakage control

	
20%




	
High temperature

	
13%

	
Absence of water grid/interconnection

	
13%




	
Poor coordination, including absence of water grid and management

	
13%

	
Low rainfall

	
13%




	
Low levels of investment

	
13%

	
Lack of storage

	
13%




	
Legal/governance framework for the agricultural sector

	
13%

	
High temperature

	
7%




	

	

	
Limited metering

	
7%








* As identified in the three sectors and ranked in the columns according to how frequently the particular driver was referred to in the sectoral data sets.
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Table 3. Key impacts of the 1976 and 1995 droughts.
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1976

	
1995




	
Impact

	
No. of Times Identified in SIM (as % of Total)

	
Impact

	
No. of Times Identified in SIM (as % of Total)






	
Low water for agriculture

	
33%

	
Low water for agriculture

	
59%




	
Low water availability for domestic and industrial customers

	
22%

	
Low water availability for domestic and industrial customers

	
11%




	
Changes to laws and regulations

	
22%

	
Changes to laws and regulations

	
6%




	
New planning of water resources and hydrological boundaries

	
11%

	
Delays to sporting events and recreational activities

	
3%




	
Fires

	
11%

	
Impacts on water quality

	
3%




	

	

	
Low storage

	
3%




	

	

	
Fires

	
3%




	

	

	
Limited ability to move water around

	
2%




	

	

	
Tankering

	
2%




	

	

	
Drought order

	
2%




	

	

	
Emergency committees

	
1%




	

	

	
Higher prices

	
1%




	

	

	
New capital expenditure

	
1%
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Table 4. Key responses to the 1976 and 1995 droughts.
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1976

	
1995




	
Response

	
No. of Times Identified in SIM (as % of Total)

	
Response

	
No. of Times Identified in SIM (as % of Total)






	
Agriculture changes to production and composition

	
33%

	
Attempts to change water user behaviour more generally

	
27%




	
Increase in number of fire units deployed day and night

	
22%

	
Agriculture changes to production and crop/livestock composition

	
23%




	
Water restrictions (and rota cuts)

	
11%

	
Water restrictions and planning for rota cuts

	
28%




	
Legal change, e.g., Drought Act 1976.

	
11%

	
Tankering

	
7%




	
New guidance in relation to water efficiency

	
11%

	
Drought orders

	
6%




	
Drought orders

	
11%

	
Focus on leakage policy

	
5%




	

	

	
Changes to policy and guidance

	
4%
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