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Abstract	  23 

Sociohydrology is the study of coupled human-water systems, building on the premise 24 

that water and human systems co-evolve: the state of the water system feeds back on the 25 

human system, and vice versa, a situation denoted as “two way coupling”. A recent 26 

special issue in HESS/ESD, "Predictions under change: water, earth, and biota in the 27 

Anthropocene," includes a number of sociohydrologic publications that allow for a 28 

survey of the current state of understanding of sociohydrology and the dynamics and 29 

feedbacks that couple water and human systems together, of the research methodologies 30 

being employed to date, and of the normative and ethical issues raised by the study of 31 

sociohydrologic systems. Although sociohydrology is concerned with coupled human-32 

water systems, the feedback may be filtered by a connection through natural or social 33 

systems, for example the health of a fishery or through the global food trade, and 34 

therefore it may not always be possible to treat the human-water system in isolation. As 35 

part of a larger complex system, sociohydrology can draw on tools developed in the 36 

social-ecological and complex systems literature to further our sociohydrologic 37 

knowledge, and this is identified as a ripe area of future research.  38 

 39 

  40 
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1	  	   Introduction	  41 

Many of the major improvements in hydrology in the past decades have been grounded in 42 

the understanding of natural systems. The significant modification of the water cycle by 43 

human activity has primarily been treated as an external perturbation to such natural 44 

systems. However, externalizing the dependencies between human action and the 45 

availability, quality and dynamics of water clearly poses limitations to making 46 

predictions about water within the Anthropocene (Thompson et al., 2013). To address 47 

these limitations, a new generation of studies now focus on sociohydrology, which aims 48 

to understand the dynamics and co-evolution of coupled human-water systems (Sivapalan 49 

et al., 2012). Within sociohydrology, humans and their activities are considered as part of 50 

the water cycle, rather than as an external driver (Sivapalan et al., 2012). The interplay of 51 

cause and effect between human activity and hydrologic dynamics therefore becomes a 52 

primary topic of research interest. Improved understanding of the relationships between 53 

human decision-making (as it pertains to water systems) and the condition of the water 54 

system itself may lead to better prediction, and thus management, of water systems.  55 

 56 

This joint Hydrology and Earth System Sciences/Earth System Dynamics special issue, 57 

"Predictions under change: water, earth, and biota in the Anthropocene," contains a wide 58 

range of studies, from the impact of climate change on water resources to large-sample 59 

hydrology. In particular, it contains a number of sociohydrology-focused studies, which, 60 

along with other recent publications, can be taken to represent the current state of this 61 

emerging field. Here we take the opportunity to use these sociohydrologic studies as a 62 

basis for a synthesis of the emerging questions and challenges that the research 63 

community faces as it grapples with the nature and practice of sociohydrology. Three 64 

major themes emerge for further consideration: (i) the state of our understanding of the 65 

coupling between human society and hydrology, (ii) the strengths and new opportunities 66 

in the suite of research approaches used within sociohydrology, and (iii) the normative 67 

and ethical questions that arise in the context of sociohydrologic research, which are 68 

often neglected in research on the hydrology of natural systems.   69 
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2	   State	  of	  Understanding	  of	  Sociohydrology:	  Water	  -‐	  Society	  dynamics	  70 

Sociohydrology is conditioned on the existence of connections, coupling and feedback 71 

between elements of the water cycle and the society being studied. In this sense, 72 

sociohydrology isolates a suite of specific processes from within a broader social-73 

ecological system (SES) comprising the resources, users, and governance subsystems 74 

relevant to a given society (Ostrom, 2009). An SES is a type of complex system, which 75 

can be differentiated from other dynamical systems by the presence of multiple 76 

interacting components, local connections and nonlinear relationships between the 77 

components (Levin, 1998; Solé and Bascompte, 2006). As a consequence of these 78 

features, complex systems (and SES) can display a wide variety of dynamical behaviors, 79 

including thresholds, self-organization, chaos, multi-stability, and path dependence (i.e. a 80 

dependence on history). Complex systems pose major challenges to modeling, inference 81 

and analysis in general. Sociohydrology therefore faces the challenge of identifying the 82 

pathways of influence between water and social responses within a broader and more 83 

complex web of cause-and-effect represented by a society and its dependence on and 84 

regulation of the use of natural resources.    85 

 86 

Isolating the sociohydrologic components of an SES is non-trivial since water resources 87 

affect many of the other resources within the SES. Thus, a sociohydrologic relationship 88 

may arise directly - for example a direct relationship between reduced wellbeing and 89 

water scarcity (Srinivasan, 2015) - or indirectly, for example a relationship between 90 

economic output from a fishery and water quality. Changes in flow regimes can affect 91 

fish species richness (Yoshikawa et al., 2014), and regions dependent on fishing may 92 

become sensitive to hydrologic change through the impact on fish rather than water 93 

quantity. Fundamentally, the presence of multiple pathways for coupling between water 94 

and society, and the potential for these pathways to occur indirectly and to be influenced 95 

by other components of the system, suggests the study of sociohydrology is prototypical 96 

of complex systems science. Typical of complex systems, sociohydrologic systems are 97 

likely to exhibit nonlinear dynamics and thresholds (Liu et al., 2007) with scale 98 

mismatches between the two systems (Cumming et al., 2006). For example, there can be 99 

a spatial scale mismatch between small farmers’ perception of the impacts of their 100 
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irrigation activities and the overall large-scale hydrologic change in the region, where the 101 

farmers’ impacts might be experienced downstream. More specific examples of these 102 

effects as revealed by the studies presented in the special issue are outlined below. 103 

Methodologically, framing sociohydrology as an SES suggests that techniques used in the 104 

SES and coupled natural-human systems research fields have the potential to advance 105 

sociohydrology (see Section 3). 106 

 107 

In an idealized sense, sociohydrology aims to understand the co-evolution of human and 108 

water systems and thus posits that a two-way coupling exists between these systems. 109 

Individual case studies, however, exhibit tremendous variability in terms of the strength 110 

of the relationships between water and society, in the pertinent response timescales, and 111 

in one-way vs. two-way coupling. Figure 1 conceptually illustrates a suite of coupling 112 

structures. In some cases, the coupling is direct; in others it is indirect and is mediated by 113 

other systems, including institutions, economic drivers, or infrastructure (Figure 1b and c). 114 

In others, an element of the coupling may be dynamic and the feedback can only occur 115 

under certain conditions (Figure 1d). Table 1 provides a summary of feedbacks in the 116 

studies in this special issue. In systems with slow changes, two-way coupling may only 117 

become evident when an observation window is long enough to reveal the changes in 118 

either system and when the influence of water on society, or vice-versa, is sufficiently 119 

direct that it can be isolated as a driver of change. Because observational periods are 120 

often constrained and because sociohydrologic dynamics are nested in a broader SES and 121 

can often be indirect, many studies are able to explore only the one-way influence of 122 

wateràhumans or humansàwater. It is also possible that in some cases one-way 123 

feedbacks are all that exists.  124 

 125 

The spatial scale at which a sociohydrologic system is conceptualized can also influence 126 

the way that coupling emerges. For example, national food prices can influence the 127 

number of acres planted for agricultural production, with flow-on effects on irrigation 128 

water demands and streamflow availability. Energy extraction technology and market 129 

dynamics have made hydraulic fracking much more attractive in many regions, which 130 

may then impact the local sociohydrologic system through water requirements and 131 
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pollution concerns. While regional or global models can internalize these dynamics, 132 

smaller-scale models may be forced to treat them as external, and thus one-way, drivers 133 

of sociohydrology. 134 

 135 

Furthermore, several examples where human and water systems are tightly coupled, but 136 

only develop on an intermittent basis, can be found. Kumar (2011) call this intermittency 137 

"dynamic connectivity", which can either arise along a continuum or emerge as a 138 

threshold behavior. Such threshold dynamics clearly arise for human-water interactions 139 

when considering the strong coupling that emerges during extreme events (such as 140 

flooding or extreme drought), while water availability during “normal” conditions may 141 

have limited influence on a society. Continuum examples of dynamic connectivity 142 

include the long-term emergence of water crises as a combination of environmental 143 

constraints, infrastructure development and changing demand.  The challenge, of course, 144 

is predicting when such crises - and thus tight sociohydrologic coupling - will arise.   145 

2.1	  	   Feedbacks	  within	  a	  Sociohydrologic	  System	  146 

Understanding the feedbacks within sociohydrologic systems can be furthered by 147 

exploring the range of coupling structures found in the special issue, including one-148 

directional influence, two-way coupling, and dynamic connectivity. 149 

2.1.1	  	   One-‐directional	  influence	   	  150 

The majority of the papers in the special issue focus on one-way influences, and many 151 

studies remain within the “natural systems paradigm” in which human action is 152 

externalized and treated as a perturbation to a natural hydrologic regime.  For example, 153 

several studies considered the effects of land use change altering the hydrologic regime, 154 

through increased irrigation in the Heihe River in China (Zhang et al., 2014), alterations 155 

to the water cycle through tile drainage (Yaeger and Sivapalan, 2013), irrigation from 156 

groundwater in the midwestern US (Zeng and Cai, 2014), and deforestation in eastern 157 

Mexico (Muñoz-Villers and McDonnell, 2013). The one-way nature of influence in these 158 

studies possibly results from a timescale separation between the rapid timescales of 159 

human intervention in the water cycle, and the longer timescales on which these 160 

interventions alter agricultural productivity.  161 
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 162 

The spatial-scale separation challenge also results in some sociohydrologic studies in the 163 

special issue focusing primarily on one-way influences. For example, Konar et al. (2013) 164 

examined how changing spatial patterns of crop yield would affect the water footprint of 165 

trade in the coming decades, and O'Bannon et al. (2014) examined how agricultural trade 166 

concentrates water pollution in only a handful of countries. The separation in spatial scale 167 

between international trade and local farmer decision-making highlights the need to 168 

understand the interactions and effects of human actions at different scales, which 169 

remains a challenge in the fields of micro- and macro-economics, and the scale separation 170 

may make it inevitable that only one-way interactions can be evaluated. However, it may 171 

be possible to link processes across scales to reveal the full suite of feedbacks if we 172 

reconcile “top-down” (i.e. relatively large spatial scale) and “bottom-up” (i.e. relatively 173 

small spatial scale) human processes. If the full range of processes across scales is 174 

understood, it may be possible to move from studying only one-way interactions to two-175 

way couplings at different scales. 176 

2.1.2	  Two-‐directional	  coupling	  177 

Several studies explored two-way coupling in specific regions: in Chennai, India 178 

(Srinivasan, 2015); Portland, Oregon in the US (Chang et al., 2014); the Murrumbidgee 179 

in eastern Australia (Elshafei et al., 2014; Kandasamy et al., 2014; van Emmerik et al., 180 

2014); the Toolibin catchment in western Australia (Elshafei et al., 2014); and 181 

Saskatchewan in Canada (Gober and Wheater, 2014). In the majority of these studies, the 182 

focus was on water scarcity generated primarily by human water demands. Other studies 183 

focused on the human-water systems coupling in the context of flooding (Di Baldassarre 184 

et al., 2013b; O'Connell and O'Donnell, 2014). Many of these examples conform to the 185 

notion of a sociohydrologic system that is embedded in a larger SES, resulting in an 186 

indirect coupling between water and society (Figure 1c). Identifying the complete suite of 187 

interactions that constitute the pathways of influence between changes in water and 188 

changes in a social metric remains a significant challenge in these studies. For example, 189 

Chang et al. (2014) explored the feedback between water quality and house prices, and 190 

land use policy and water quality. Although there is likely to be a relationship between 191 
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home prices and land use policy as well, which would allow the feedback loop to be 192 

"closed", this relationship was not identified by the researchers, making it difficult to 193 

determine the complete set of relationships between land use, house prices and water 194 

quality.    195 

 196 

Two-way coupling is more evident in studies that outline the history of human-water 197 

systems, illustrating how the systems changed together over time. A common inference 198 

drawn from these studies is that two-way coupling between the human and water systems 199 

has tended to strengthen over time as human water demands grew in relation to the 200 

available water supply (analogous to the nonlinear dynamics situation in which a forward 201 

process becomes progressively inhibited by a strengthening negative feedback). For 202 

example, Pande and Ertsen (2014) found that water scarcity triggered complex, 203 

cooperative agreements in two ancient societies. In the Tarim River in China, the arid 204 

hydroclimatology of the basin initially limited human settlement. People could only settle 205 

along oases and the river; the mean annual precipitation of 50-100 mm/yr was 206 

insufficient to support human development elsewhere in the basin. During the 19th and 207 

20th centuries, irrigated agriculture and its associated infrastructure allowed human 208 

activities to affect the hydrologic regime, with the infrastructure releasing the water 209 

resources constraints previously placed on human settlement. Growing population and 210 

water demands eventually outpaced the water availability, leading to environmental 211 

degradation and a re-prioritization of water resources (Liu et al., 2014), in a situation 212 

where water is strongly managed by people and where water limitations strong limit 213 

human activity in the region. Other basins displayed similar transitions. In the 214 

Murrumbidgee in Australia during the first half of the 20th century, human water 215 

appropriation for irrigation was the dominant dynamic. Only when water stress and 216 

environmental degradation reached an unacceptable threshold were legislative and social 217 

norms applied to modulate water use, resulting in a tightly coupled sociohydrologic 218 

system (Kandasamy et al., 2014). Notably, the effect of changing hydrology on social 219 

systems in these studies emerged on decadal to century timescales (Kandasamy et al., 220 

2014), and frequently has only manifested in social change in recent years. Typically, 221 

these social changes occurred in response to some form of heightened social “sensitivity” 222 
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to the condition of the water system. This sensitivity takes the form of a normative shift 223 

towards increased societal valuation of the environment and the water system, typically 224 

in response to the experience of degradation or scarcity. In New Mexico, traditional 225 

communities have adapted to hydrologic variability for centuries while simultaneously 226 

affecting the hydrologic cycle through irrigation, and this coupling has led to a resilient 227 

system (Fernald et al., 2015). 228 

2.1.3	  	   Dynamic	  connectivity	  229 

In many of the papers studying two-way coupling, the strength and, in some cases, the 230 

existence of the feedbacks between human and water systems changed with time. This 231 

dynamic connectivity is an important consideration when studying these systems with 232 

two-way coupling, as it implies that if one was to study the feedbacks between different 233 

system components as static in time, important transitions and evolutions in the coupled 234 

human-water system would be missed. Gober and Wheater (2014) showed that hydrology 235 

is continually modified by human activity, with these modifications increasing as 236 

populations grow and water resources become fully allocated. Not until drought revealed 237 

the extent of water scarcity crisis was a feedback to decision-making about water 238 

activated. Under drought crisis conditions, decision-makers were willing to explore 239 

changes to the infrastructure and governance used to manage the water resources. 240 

Similarly, Di Baldassarre et al. (2013a) showed that flooding significantly reduced the 241 

floodplain population density for some years afterwards; however with the fading 242 

memory of the flood, population growth in the floodplain resumed. In this case, there was 243 

an immediate feedback (population decline) whose importance diminished over time. 244 

O'Connell and O'Donnell (2014) indirectly examined the effects of this intermittency in 245 

floodplains, exploring how flood-rich (when water→society feedbacks are stronger) and 246 

flood-poor periods (when these feedbacks are eroded) might affect the decisions made 247 

about flood management. Intermittency in coupling appears to arise when thresholds are 248 

crossed: thresholds related to changing community values about the environment 249 

(Elshafei et al., 2014), water scarcity (Gober and Wheater, 2014), infrastructure 250 

development (Liu et al., 2014), or acute environmental damage (Di Baldassarre et al., 251 

2013a). This intermittency could be viewed as another manifestation of social sensitivity 252 
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to the state of the water system - but in this case induced by the experience of extreme 253 

events, and often non-stationary, decreasing in strength and importance over time (Di 254 

Baldassarre et al., 2013b). 255 

 256 

Ribeiro Neto et al. (2014) laid out a hypothesized sequence of coupled human-water 257 

system development. First human water demands exceed the locally available water 258 

supply, leading to infrastructure development to stabilize and/or enhance the local supply. 259 

Eventually, the water demands grow beyond the infrastructure capacity, leading to new 260 

infrastructure that captures the non-local supplies. They point out that this leads to 261 

sociohydrologic system transitions: in their study, this involved a reconfiguration of 262 

spatial and sector water demands in response to water availability. Their hypothesized 263 

sequence allows for dynamic connectivity, with the system switching between one-way 264 

and two-way feedbacks depending on the balance between supply and demand.  The rate 265 

at which sensitivity develops, and the extent to which social uses of water respond to this 266 

sensitivity, is strongly socially mediated. 267 

2.2	   What	  comprises	  a	  sociohydrologic	  system?	  268 

The definition of sociohydrology as the study of a two-way coupling between human and 269 

water systems is clearly challenged by the observation that sociohydrologic systems are 270 

embedded in a broader SES, subject to time and spatial scale separations and to 271 

intermittency in the very existence of a two-way coupling. With this background, a case 272 

can be made that studies considering exogenous effects of people on hydrologic systems, 273 

without a consideration of feedback mechanisms, should form part of the scope of 274 

sociohydrologic research - and indeed, important insights about the nature of human-275 

imposed change on water systems can be derived from such studies. Clearly, however, 276 

sociohydrology cannot be limited to studies within such a "natural systems" paradigm. 277 

 278 

It would be equally problematic, however, to confine sociohydrologic studies to 279 

consideration of situations where consistent, strong two-way human-water feedbacks 280 

arise. Based on the studies in the special issue, we hypothesize such "tight coupling" is a 281 

special case: arising in systems with simple water and social infrastructure - such as 282 
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irrigated subsistence agriculture in a water-limited region - or in situations where some 283 

form of water crisis (or other threshold) is reached. Below such a threshold, the coupling 284 

in most sociohydrologic systems appears to be strongly one-way in terms of human 285 

influence on hydrology, with little or weak coupling from water to human systems. 286 

Thresholds may be stochastically determined - e.g. by drought (Gober and Wheater, 287 

2014) or by flooding (Di Baldassarre et al., 2013b). The exception may be in extremely 288 

arid basins, where human development is constrained by available water if there is a lack 289 

of infrastructure (water to human rather than the opposite), which was seen in the Tarim 290 

River (Liu et al., 2014). Moreover, it is not inevitable that thresholds exist - they are 291 

presumably a function of the socio-ecological system that is being considered. For 292 

example, the Aral Sea retreat that began under the Soviet Union and has since continued 293 

imposes significant costs on the communities and environments near the former shoreline, 294 

yet this environmental catastrophe has not been sufficient to alter patterns of water use 295 

(Micklin, 2007). The fact that no feedback on the water use mechanisms has occurred 296 

potentially reflects the relative political weight given to the environment and local 297 

population versus the maintenance of upstream irrigated agriculture. Social responses to 298 

hydrologic crises may be significantly delayed (Kandasamy et al., 2014), and different 299 

societies and political systems may be more sensitive to certain hydrologic impacts than 300 

others. Yet the lack of an evident two-way feedback mechanism should not exclude such 301 

important cases from being considered within the umbrella of sociohydrology. Instead, 302 

the framework of viewing sociohydrology as a subset of a broader socio-ecological 303 

system, a complex system in which multiple pathways of influence link hydrological and 304 

social dynamics, offers a conceptual model that can encompass many different forms, and 305 

directions, of influence between human and water systems. 306 

3	   Research	  methodologies	  and	  data	  needs	  307 

The sociohydrologic studies discussed above have used a range of research 308 

methodologies, including historical analysis, simplified systems of differential equations, 309 

and statistical-empirical analyses. Based on these studies, some data and methodological 310 

challenges arise. If one views sociohydrology as a field of study that focuses on particular 311 

components of a complex system, then complex systems science has developed empirical, 312 
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modeling and analytical techniques that apply to complex systems and can be utilized in 313 

sociohydrologic research. Some of these approaches are already being applied by 314 

researchers in sociohydrology, while other methodologies represent new opportunities for 315 

discovery. More fundamentally, however, sociohydrology poses significant challenges 316 

for data collection and data generation. Long-term datasets of both social and 317 

hydrological data can be difficult to find, but alternative sources and approaches may fill 318 

this gap. 319 

3.1	  	   Sociohydrologic	  data	  320 

Detailed hydrologic data has a finite history, with the majority of the instrumented 321 

hydrological record having been collected in the past 100 years. Longer-term analyses 322 

typically require the use of proxy data, whether physical (e.g. sedimentology) or 323 

historical (e.g. tax records, oral histories of flooding). Social datasets are broader in their 324 

potential scope, and while they may extend for long periods of time, data availability is 325 

likely to place a strong constraint on the kinds of sociohydrologic questions that can be 326 

addressed post hoc. Given the observation that evidence of social changes in response to 327 

changing water dynamics typically emerges over long timescales or in response to 328 

specific episodes, long-term records describing water and people's interactions with water 329 

are likely to be essential. 330 

 331 

To date, two different approaches have been used to address data availability. The first of 332 

these is an attempt to assemble a historical archive of physical and human data over 333 

sufficiently long timescales to reveal key dynamics (Dermody et al., 2014). Physically, 334 

there is a broad suite of proxy data that can be used to extend physical records into 335 

historical or even deep time. Even where the data are not specifically hydrologic, a 336 

combination of paleoclimatological methods and hydrologic modeling can provide a 337 

plausible representation of historical flow regimes and hydrologic behavior (French et al., 338 

2012).  339 

 340 

Data regarding social dynamics may need to be pieced together from multiple sources, 341 

such as narrative information, numerical records (crop planting dates, flood levels), 342 



   

 

 13 

pictorial information, or archaeological information (flood levels and excavations) 343 

(Brazdil and Kundzewicz, 2006; Brazdil et al., 2012; 2006). Parker (2008) refers to the 344 

development of these multi-sourced datasets as the creation of a "human archive" for the 345 

historical period. Robust and reliable techniques to generate physical and human 346 

historical archives represents an important area of methodological development in 347 

sociohydrology: for example, Ertsen et al. (2014) detail several different ways to collect 348 

data from archaeological data on irrigation systems, including looking at the 349 

sedimentation in the canals and climate reconstruction with tree-ring data. Similarly, 350 

Zlinszky and Timár (2013) laid out a methodology for the analysis of historical maps that 351 

specifically addresses the correction of errors resulting from cartography in the pre-352 

photographic era. Even when detailed data are unavailable, historical studies can 353 

illuminate broad sensitivities and correlations between society and hydrology. For 354 

example, social and economic contraction, simplification, and periods of destruction in 355 

the Kingdom of Angkor (in present day Cambodia) coincided with droughts of sufficient 356 

severity and duration to deplete the kingdom's water storage and supply mechanisms 357 

(Buckley et al., 2010); while worldwide incidents of rebellion in the seventeenth century 358 

were often coincident with extreme weather phenomena (Parker, 2008). The diversity of 359 

potential approaches and data sources suggests that methodological questions in the 360 

compilation of sociohydrologic datasets will be a rich and challenging component of the 361 

field. 362 

 363 

An alternative approach that circumvents the challenges in assembling a long data record 364 

is to undertake comparative studies over relatively short time periods but across multiple 365 

sites. In the absence of controlled experiments, comparative studies provide opportunities 366 

to generate insights based on systematic differences arising in different locations and 367 

watersheds. Comparative studies can be primarily qualitative, investigating a limited 368 

number of sites in great detail, with the goal of generating conceptual understanding. In 369 

this mode, Scott et al. (2014) compared three agricultural catchments to understand the 370 

relationship between irrigation efficiency improvements and basin resilience. Across 371 

three cases, they find that expanding irrigation efficiency without limits on use or 372 

irrigated area may increase production, but it could worsen resilience to water scarcity. 373 
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Similarly, Wescoat (2013) presented a comparative analysis of the "duty of water" 374 

concept, a standard governing application of irrigation water. Although the duty of water 375 

concept was applied in both British India and the United States in order to maximize the 376 

utilization of irrigation water, its use evolved in opposite directions, because of the 377 

different social conditions prevailing in each nation. 378 

 379 

An alternative comparative methodology leverages the greater statistical power 380 

associated with a large number of data points as a technique to overcome the inherent 381 

heterogeneity of catchments. Comparative hydrology was initiated in the late 1980s 382 

(Falkenmark and Chapman, 1989). For sociohydrologic analysis, this approach is 383 

extended to incorporate social variables in addition to environmental and climatic drivers, 384 

ideally exploring behavior across important gradients in social factors. Wutich et al. 385 

(2014) compared cross-cultural water management choices across gradients of water 386 

scarcity and per capita income. They found that people in less developed sites had small-387 

scale, decentralized, community based water management solutions, while people in 388 

more developed sites favored large-scale, centralized, infrastructure and regulatory 389 

solutions. A conceptual framework for undertaking such comparative studies was 390 

presented in Thompson et al. (2013), although the challenges inherent in this approach 391 

have also been highlighted, such as data availability and sharing protocols (Gupta et al., 392 

2014). Comparative studies may be most effective where they can be used to test specific 393 

hypotheses. For example, the hypothesis proposed for the Murrumbidgee of irrigation 394 

moving upstream and then back downstream due to development and then a re-395 

prioritizing of water usage (Kandasamy et al., 2014; Sivapalan et al., 2012) could be 396 

explored across many locations to evaluate if it is an evolutionary pattern specific to the 397 

case study or whether it is illustrative of a broader phenomenon arising as a consequence 398 

of the intersection of development pathways, water usage priorities, and environmental 399 

attitudes during the past century. While potentially powerful, comparative studies are 400 

data intensive, and the generation of appropriately curated, quality assured and 401 

meaningful social datasets that could be included in such studies remains a major 402 

challenge to widespread use of such approaches. 403 
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3.2	   Causal	  inference	  404 

If the data availability and reliability challenges associated with sociohydrology can be 405 

overcome, a broad range of techniques are available to analyze the data. Of particular 406 

interest are the tools available to recognize the complex-systems nature of the problem.  407 

Complex system studies have developed a very broad toolkit for data analysis, including 408 

techniques to evaluate causal relationships (e.g. information theory, synchronicity and 409 

time-delays, and entropy based measures (Thompson et al., 2013)), to reconstruct the 410 

underlying complex system based on timeseries measures (e.g. attractor reconstruction, 411 

recurrence metrics, etc. (Shalizi, 2006)), and even to analyze timeseries based on object-412 

oriented occurrences of "patterns" in the timeseries (an approach that may be suitable to 413 

use when quantitative data are unavailable) (Das et al., 1998). This is an enormous and 414 

growing field, summarized in both the “big data” and “complex systems science” 415 

literature. The key benefits to sociohydrology are likely to be in the determination of the 416 

directionality, delays and strength of the networks of cause and effect between 417 

components of a system. The major limitation to these methods, however, is that they 418 

tend to be highly data demanding (Shalizi, 2006).    419 

 420 

An alternative pathway towards the determination of causality can be drawn from the 421 

medical science and economic literature. Although randomized controlled trials (RCT) 422 

form a gold standard for inference in these fields, they are frequently impossible to 423 

implement (Stock and Watson, 2010). Econometric methods - a suite of empirical-424 

statistical techniques to identify causal understanding - are becoming increasingly 425 

important as an alternative basis for causal inference (Angrist and Pischke, 2009). These 426 

tools of causal inference do not make assumptions about the underlying system 427 

microeconomics or dynamics. The main goal of causal inference is to employ an 428 

“identification strategy” to approximate an RTC with real-world, empirical data. When 429 

selection is random (i.e. as in an RCT), the difference in outcomes across treatment 430 

groups represents the causal impact of the treatment. This differs from a statistical 431 

regression in that selection within a regression is not random, meaning that regressions 432 

provide information only about correlations but not causation.   433 

 434 
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Causal inference employs statistical methods in an attempt to try to obtain “pseudo-435 

randomization” in a dataset in which random selection does not clearly exist. In other 436 

words, the goal of causal inference is to overcome selection bias (which is present 437 

without random sampling) in order to determine the causal effect of the treatment of 438 

interest. The core techniques are regression discontinuity designs, instrumental variables 439 

methods for the analysis of natural experiments, and differences-in-differences methods 440 

that take advantage of changes in policy (Angrist and Pischke, 2009). These statistical 441 

tools for causal inference were originally developed to gain intuition in complex socio-442 

economic systems, which share many similarities with sociohydrologic systems. Methods 443 

of causal inference are not yet widely used in the sociohydrologic studies represented by 444 

the special issue, but could potentially provide a powerful alternative to the data-intensive 445 

causality metrics developed in nonlinear science fields. 446 

3.3	   Modeling	  447 

The final methodological area within sociohydrology is mathematical modeling. 448 

Mathematical models were proposed for several specific coupled human-water systems in 449 

the special issue (see Table 1). Modeling approaches range from "toy" models consisting 450 

of a few coupled differential equations, to detailed, region-specific models. A broad 451 

review of coupled human-environmental models can be found in (Letcher et al., 2013).  452 

 453 

Existing models used in the special issue, such as the Soil and Water Assessment Tool 454 

(SWAT) (Zeng and Cai, 2014; Zhang et al., 2014), land surface hydrologic models 455 

(Kummu et al., 2014), or policy models (van Soesbergen and Mulligan, 2014), can be 456 

used to provide detailed descriptions of hydrological response to exogenous human 457 

drivers. These modeling approaches, while informative, do not clearly depart from the 458 

current hydrological paradigm. 459 

 460 

In an effort to treat human systems as part of the water cycle, systems dynamics models 461 

have been proposed to describe the sociohydrologic system. For example, Srinivasan 462 

(2015) developed a model for how water-human systems developed in Chennai, India. 463 

Pande et al. (2014) built a theoretical model about how technology and human water 464 
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demands can evolve in a water-scarce society. Elshafei et al. (2014) developed a 465 

conceptual model that accounted for water demands and evolving community awareness 466 

to environmental conditions, testing it over two idealized catchments. A dynamical 467 

modeling approach allows for full coupling, either directly between the human and water 468 

systems, as in water withdrawals, or indirectly. For example, several models 469 

conceptualized a dynamic social awareness of the environment (Di Baldassarre et al., 470 

2013b; Elshafei et al., 2014; van Emmerik et al., 2014). The representation of complex 471 

aspects of a social system is clearly a major challenge to these models, although 472 

empirical observations of the modeled system can incorporate specific details of 473 

household behavior, the water distribution system, pricing and their influence on water 474 

use (Srinivasan, 2015). These models allow for asking questions about the coupled 475 

system’s behavior that cannot be asked of historical data, given that a region’s history 476 

followed one fixed trajectory. For example, Di Baldassarre et al. (2015) explored the 477 

effect of choosing infrastructure or adapting to floods on flood damages. As Loucks 478 

(2015) points out, “ human behavior can be surprising, and we would like to be 479 

forewarned about and prepare for such possible surprises.” 480 

 481 

Understanding sociohydrology through the lens of complex systems suggests an 482 

expanded role for modeling in future work. Features such as dynamic connectivity, 483 

threshold behavior, and multiple stable states are characteristic of nonlinear systems, and 484 

models that can reproduce these behaviors are likely to provide useful insights into 485 

potential modes of sociohydrologic behavior. To date, modeling studies tend towards 486 

being very specific - and thus hard to generalize beyond a given case study - or very 487 

general, and thus dependent upon the construction of "environmental sensitivity" metrics, 488 

which are challenging to measure, model or describe in concrete terms. In future studies, 489 

the use of data analytics to unravel networks of cause and effect, in conjunction with 490 

numerical modeling to explore the potential behaviors that such networks can produce, 491 

could provide a robust and generalizable approach to understanding these systems. 492 
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4	   Norms	  and	  ethics	  493 

Sociohydrology presents many new challenges for hydrologists, one of which is that 494 

sociohydrologic research may explicitly explore and influence the lives of people within 495 

a studied system. Traditionally, hydrologists have tended to view themselves as impartial 496 

observers of the systems they study, avoiding the need to address ethical questions about 497 

their role as researchers. In at least some sociohydrologic studies, this position is likely to 498 

become untenable. Instead, sociohydrologists may need to confront questions about 499 

social norms (collectively held beliefs on how individuals should behave in a particular 500 

context), values (benefit derived by an individual from a particular good or service) and 501 

their influence on sociohydrologic research (Ertsen et al., 2014; Lane, 2014; Wescoat, 502 

2013). These challenges are most pressing for researchers studying contemporary 503 

systems over constrained spatial scales. These researchers are necessarily both 504 

participants and observers, because their research could influence decision-making and 505 

policy and therefore social futures. The potential for the research outcomes to directly 506 

impact people's lives raises a clear ethical dimension to sociohydrology. This dimension 507 

is less urgent for researchers studying historical sociohydrologic systems over timescales 508 

of hundreds or thousands of years, who can investigate dynamics and feedbacks as 509 

impartial observers. Although some would argue that any research reflects the 510 

researcher's own values and biases, in this case the researcher’s framing arguably has less 511 

direct real-world implications. 512 

4.1	   Researchers	  as	  participant-‐observers	  513 

When researchers study contemporary sociohydrologic systems, the issue of norms arises 514 

because the research itself could influence real-world outcomes. The choices hydrologists 515 

make about what to study and therefore what information to provide decision-makers are 516 

not “scientific” or objective. This raises two concerns: the framing of research questions, 517 

and the validity and legitimacy of the research undertaken. 518 

4.1.1	   Value-‐laden	  framing	  of	  research	  questions	  519 

Many studies in the hydrologic literature are motivated by studying water problems faced 520 

by society, from floods and drought, to the impacts of climate change, to predicting water 521 
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resource availability. When sociohydrologists engage in research with the objective of 522 

informing decision makers, their research outputs could affect the trajectory of the 523 

coupled human-water system. Prediction in hydrologic modeling must be thought 524 

through carefully because of "the power that it has to shape the landscape" (Lane, 2014). 525 

Despite good intentions, researchers, particularly natural scientists, often do not 526 

acknowledge the values implicit in their study design.  527 

 528 

This subjectivity raises ethical questions because decisions about what to study are value 529 

laden. This is particularly important when the hydrologist is an outsider to the region of 530 

study; there may be a divergence between the hydrologist's own values and those of the 531 

majority of the local community at the research site. For instance, some scholars have 532 

critiqued western researchers for imposing their views on large dams on the developing 533 

world, arguing that it has constrained them from developing their own infrastructure to 534 

developed world levels (Muller, 2010). This critique is ongoing: development efforts in 535 

Afghanistan after three decades of war still focus on large dams, regardless of the 536 

practicality of such plans or the existence of the institutional capacity needed to manage 537 

the dams (Ahlers et al., 2014). 538 

 539 

There is also a tendency to assume that model equations and variables are “scientifically 540 

chosen”. However, model structure and spatial and temporal scale of variables represent a 541 

choice by researchers that may implicitly privilege some water users. For instance, the 542 

decision to focus on aggregate measures, such as water resources at the basin scale and 543 

availability to a “representative” water user, overlooks the fact that low streamflows in 544 

dry years may disproportionally affect poorer, more vulnerable populations. Others may 545 

focus on preserving ecological flows and fail to recognize that dry season flows for 546 

agriculture are the biggest constraint. Many researchers do not openly acknowledge the 547 

implications of the choice of model variables and the value judgments implicit in them.  548 

4.1.2	   Validity	  and	  legitimacy	  of	  research	  549 

Most hydrologic research is designed to incorporate data and assumptions in forms that 550 

scientists recognize - stream gage data, groundwater level data from water level sensors, 551 
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hydro-climatic data from weather stations etc. But often sociohydrologic knowledge is 552 

distributed and held by people who live within the water system. Scientific studies have 553 

no way of incorporating sometimes profound knowledge of the water system that “lay” 554 

people have (Lane, 2014). Particularly in data-scarce regions, modelers often prefer to 555 

use simplistic assumptions that turn out to be incorrect, rather than risk relying on 556 

unconventional sources of information.  557 

 558 

To address these concerns, Gober and Wheater (2014) suggest that sociohydrology can 559 

play a role in considering community values and local knowledge in scientific studies by 560 

eliciting the views of stakeholders. Lane (2014) recommends calling on "non-certified" 561 

experts; local resources users who have tremendous understanding of the system who 562 

could validate and contribute to such assumptions arguing that such "co-production" of 563 

knowledge between researchers and society could result in more robust hydrologic 564 

prediction. Several previous studies have highlighted how such collaborative modeling 565 

exercises between stakeholder communities and researchers could be undertaken. 566 

4.2	   Researchers	  as	  impartial	  observers	  567 

When researchers study the historical dynamics of sociohydrologic systems over long 568 

time scales of hundred of years (Di Baldassarre et al., 2013a), the assumption of an 569 

impartial observer is probably a reasonable one. Here, the research cannot influence the 570 

social outcomes observed and so the concerns are more pedantic. Several papers have 571 

used stylized or toy models to study the dynamics of sociohydrologic systems. In the 572 

majority of these modeling studies norms are not explicitly discussed; rather they are 573 

implicit in model equations and derived from secondary literature. Only a few studies 574 

have attempted to empirically investigate social norms using primary data or textual 575 

analysis of historical or linguistic records. 576 

4.2.1	   Values	  as	  model	  feedbacks	  577 

In these studies, social norms express how societies adapt themselves to environmental 578 

change. Di Baldassarre et al. (2013a) examine sociohydrologic responses to flood over 579 

long periods of time. In their sociohydrological model of flooding, social norms are 580 

expressed through the “awareness” variable. The memory of devastation gets imprinted 581 
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in collective social memory and prevents societies from settling close to the river in the 582 

aftermath of a flood. As the memory fades, the norms weaken and societies once again 583 

settle closer to the river.  584 

 585 

Several studies have highlighted how changing values in favor of the environment have 586 

resulted in water being reallocated from human uses to restore ecological flows. In fact, 587 

hydrologic flows in these systems could not be predicted without understanding how 588 

preferences have changed. Kandasamy et al. (2014) analyze the dynamics of the 589 

Murrumbidgee over a 100-year time period. They find that social values and norms have 590 

shifted in favor of preserving the environment. This has resulted in reductions in 591 

anthropogenic water abstractions and more water being reallocated to the environment. 592 

Liu et al. (2014) report similar dynamics in the Tarim River Basin in China, where they 593 

refer to changing norms as a balancing or restorative force. Elshafei et al. (2014) propose 594 

a general model to capture the dynamics in such systems using a “community sensitivity 595 

state variable”, which captures the perceived level of threat to a community’s quality of 596 

life. The community sensitivity variable reflects social norms about the environment; 597 

economists and policy researchers have extensive experience in designing research tools, 598 

including surveys, which might be suitable to measure social values and norms. 599 

4.2.2	   Values	  emergent	  from	  empirical	  analysis	  600 

In the papers described above, both social values and norms are deduced from the 601 

decisions societies make in response to environmental variables (floods or ecosystem 602 

decline). However, the norms and values themselves are not the subject of study. Only a 603 

few studies have investigated social norms over water empirically. Wescoat (2013) 604 

examines how norms vary, by examining how the same norm – “duty of water” – was 605 

applied very differently in colonial India (as a maximum amount of water applicable to a 606 

given amount of land) versus western USA (as the minimum standard for private water 607 

rights appropriation and use.) In a contemporary setting, Wutich et al. (2014) examine 608 

how both environmental and socio-economic variables influence community perceptions 609 

of what types of infrastructure solutions are feasible. The study finds that community 610 

norms and therefore how communities invest in infrastructure are shaped by water 611 
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resource availability. Chang et al. (2014) take an economic approach (hedonic value 612 

estimation) using property sales as a proxy to estimate how people value water quality 613 

improvements and consequently enforcement of water quality regulations. 614 

 615 

The modeling and empirical approaches are somewhat complementary. One potential 616 

shortcoming of many of the toy or stylized models is the difficulty in validation of the 617 

system dynamics. This difficulty can be bridged by the methods used by these empirical 618 

studies to justify or derive model equations and parameters. For instance, the behavior of 619 

the “community sensitivity” variable might be verified by analyzing newspaper articles 620 

or government documents over time to analyze the frequency and usage of key words.  621 

5	   Discussion	  &	  Future	  Directions	  622 

The special issue provided an opportunity to reflect on current research in sociohydrology, 623 

as well as the state of the field more generally. The papers in the special issue are varied, 624 

but they all focus on improving our knowledge of coupled human-water systems to 625 

address important societal challenges, a key aspect of sociohydrology. These papers have 626 

highlighted some of the important issues that must be explored as the field continues to 627 

grow and develop.  628 

 629 

In a survey of econometric studies, McDonald (1989) laid out the five steps towards 630 

creation of new knowledge: data collection, examination of the data to determine the 631 

facts that require explanation, theory and model development to explain the pertinent 632 

facts, model calibration and validation, and model application. One could argue that this 633 

knowledge creation process is universal across disciplines, and it already occurred in 634 

traditional hydrology. Based on the special issue, sociohydrology is currently focused on 635 

the first three steps as theories are posed about the coupled behavior of human-water 636 

systems, particularly the feedbacks between the two systems and when these feedbacks 637 

occur. For those coming to sociohydrologic research from the hydrology discipline, step 638 

4, model calibration and validation, will be a different process with different standards as 639 

compared to traditional hydrologic models (Troy et al., 2015).  640 

 641 
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Our assessment of the literature highlights two major themes that need to be reconciled 642 

by future researchers. The first of these relates to the observation that sociohydrology 643 

cannot focus on two-way feedbacks between human and water systems without 644 

acknowledging that these feedbacks are embedded in a complex web of cause and effect 645 

represented by socio-ecologic systems. This recognition suggests that the modes of 646 

interaction between hydrologic variables and social variables will be multifaceted, 647 

difficult to isolate, variable from system to system, and nested in terms of both spatial 648 

and temporal scales. Thus, definitions of sociohydrology that focus on the clear 649 

identification of two-way feedbacks between human and water systems are likely to be 650 

challenging to work with in practice, because the identification of such two-way 651 

feedbacks is itself a non-trivial problem, and are potentially an inappropriate way to 652 

frame the relationship between society and water systems.  653 

 654 

The second consequence of recognizing that sociohydrology arises from a complex 655 

system is the opportunity to draw on the huge developments in complex-systems science 656 

and data analysis. While we have not comprehensively reviewed this field, the range of 657 

tools for inferring causality and for reconstructing elements of a nonlinear dynamical 658 

system from incomplete observations are highly pertinent to analyzing the behavior of 659 

sociohydrologic systems – provided data limitations can be overcome. Alternative 660 

interpretations of causality, as embodied by econometric approaches, offer further 661 

approaches towards analyzing these systems. These data analysis techniques have not 662 

been implemented in sociohydrologic studies to date, and they represent a significant 663 

opportunity to formalize understanding of the relationship between human activity and 664 

hydrologic variability. 665 

 666 

While the theme of sociohydrology as a complex systems science identifies opportunities 667 

at the cutting edge of quantitative analysis and modeling, the other emergent theme - that 668 

of sociohydrologic research as a value-laden, human activity - pulls researchers in the 669 

opposite direction. While social scientists routinely address the ethical implications of 670 

their work - particularly work that incorporates intervention and experimentation - 671 

hydrologists typically lack awareness and a framework for evaluating the ethical 672 
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consequences of their studies. The human implications of the research choices that 673 

hydrologists make may need to be incorporated into the research toolkit of 674 

sociohydrologists. 675 

 676 

Sociohydrology as a science of people and water has emerged primarily from the 677 

hydrological literature. This poses numerous oppositional challenges: the desire to be 678 

quantitative but to incorporate (often qualitative and specific) knowledge from social 679 

science disciplines; the challenge of reconciling numerical data with descriptive histories; 680 

the need to base analyses on empirical facts but to develop generalizable understanding; 681 

the desire to observe and predict the behavior of a system while being a part of that 682 

system.  As Ertsen et al. (2014) lays out, there are two potential approaches to modeling 683 

human agency. One approach is to start at the largest scale possible, society itself, with 684 

time steps of years to decades, depending on the time scale of decisions/changes made by 685 

society; we can think of this as a top-down approach. The other approach is start at the 686 

level of human beings themselves, with institutions developing in the model through 687 

personal relationships of the individual humans; this would be a bottom-up approach. 688 

These are choices that are going to be confronted in many sociohydrologic studies, 689 

particularly those focused on modeling.  690 

 691 

Sociohydrology aims to be a use-inspired science to inform the complex water 692 

sustainability challenges faced in the Anthropocene (Sivapalan, 2015; Sivapalan et al., 693 

2014). “Use-inspired” means it may encompass both the fundamental and applied 694 

sciences. Quantifying and understanding the feedbacks in sociohydrologic systems, 695 

essentially understanding the fundamentals of the systems, is needed before it can be 696 

applied for policy-making. In addition, simply developing the science is insufficient: how 697 

the knowledge is disseminated to policy-makers may determine the utility of 698 

sociohydrology and its models (Gober and Wheater, 2015). As Sivapalan (2015) points 699 

out, the natural sciences and social sciences can mutually benefit from working together 700 

on sociohydrologic problems, each with their respective strengths; as Gober and Wheater 701 

(2015) discuss, there is a rich literature and a need to include policy-makers and policy 702 

scientists in sociohydrology.   703 
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 704 

The breadth, depth and sheer number of papers contributed to the special issue suggests 705 

that sociohydrology is vibrant, exciting and relevant to many authors working at the 706 

interface of hydrology and social systems.  While data, methodologies, norms, ethics and 707 

the hurdles of interdisciplinarity present non-trivial challenges to achieving the vision of 708 

understanding coupled human-water systems, there are also tremendous opportunities to 709 

be seized by drawing on social-ecological systems thinking, complex systems science, 710 

econometrics, and the detailed disciplinary expertise required to describe these systems in 711 

isolation. These opportunities have the potential to greatly increase our understanding of 712 

sociohydrologic systems, thereby allowing for better understanding and prediction of 713 

water problems. 714 

 715 
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910 
Figure 1: Multiple forms of coupling between a water system and a target study 911 
population of people can arise. In the simplest case (A) both the water system and the 912 
target population are tightly and directly coupled to each other - as might arise for 913 
subsistence farmers in a water limited system. In many other cases (B) the target 914 
population is not only affected by changes in the water system, but also by a suite of 915 
other issues, meaning that changes to the target population in response to water issues 916 
occur slowly. This is complicated (C) when the effects of water on the target population 917 
are indirect and filtered through other institutions, spatial scales and social or 918 
environmental systems, meaning that isolating the effects of water from the whole 919 
complex system is difficult. Because of the time, spatial and institutional separations in 920 
scale between water and human populations, tight coupling between water systems and 921 
human responses often arises only intermittently (D) as a “dynamic connectivity” (sensu 922 
Kumar (2011)), often in response to a crisis (e.g. critical water scarcity or severe 923 
flooding). 924 
 925 
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