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Abstract 

k 

SoGiohydrology is the study of coupled human-wa te r systems with the premise that 

water and human systems co-evolve, often with two-way coupl ing. A recent special 

issue in HESS/ESD, "Predict ions under change: water, ear th , and biota in the Anthro-

5 pocene," includes a number of sociohydrologic publ icat ions that al low for a survey of 

the current state of understanding of sociohydrology and the coupled system dynam

ics and feedbacks, the research methodologies available, and the norms and ethics in

volved in studying sociohydrologic systems. A l though sociohydrology is concerned with 

coupled human-wa te r systems, it is critical to consider the sociohydrologic sys tem as 

10 embedded in a larger, complex soc ia l -ecologica l system through which human-wa te r 

feedbacks can occur and f rom which the sociohydrologic system cannot be isolated. As 

such, sociohydrology can draw on tools developed in the socia l -ecological and com

plex systems literature to fur ther our sociohydrologic knowledge, and this is identif ied 

as a ripe area of future research. 

15 1 Introduction 

Many of the major improvements in hydrology in the past decades are grounded in the 

understanding of natural systems. The signif icant modif ication of the water cycle by 

human activity has primari ly been treated as an external perturbat ion to such natural 

systems. External izing the dependenc ies between human action and the avai labi l i ty 

20 quality and dynamics of water clearly poses l imitations to making predict ions about 

water within the Anthropocene (Thompson et al . , 2013) . To address these l imitations, 

a new generat ion of studies now focus on sociohydrology, which aims to understand 

the dynamics and co-evolut ion of coupled human-wa te r systems (Sivapalan et a l . , 

2012) . Within sociohydrology, humans and their activit ies are considered as part of the 

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

cause and effect between human activity and hydrologie dynamics becomes a pr imary 
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topic of researct i interest. Improved understanding of tfie relat ionships between human 

decis ion-making (as it pertains to water systems) and the condit ion of the water system 

itself may lead to better predict ion, and thus management , of water systems. 

This joint Hydrology and Earth System Sciences/Earth System Dynamics special 

5 issue, "Predict ions under change: water, ear th , and biota in the Anthropocene," con

tains a number of sociohydrology-focused studies, which can be taken to represent the 

current state of this emerging f ield. Here we take the opportuni ty to use these studies 

as a basis for a synthesis of the emerg ing quest ions and chal lenges that the research 

communi ty faces as it grapples wi th the nature and pract ice of sociohydrology. Three 

10 major themes emerge for further considerat ion: (i) the state of our understanding of 

the coupl ing between human society and hydro logy (ii) the strengths and new oppor

tunities in the suite of research approaches used within soc iohydro logy and (iii) the 

normat ive and ethical quest ions that arise in the context of sociohydrologic research, 

which are of ten neglected in research on the hydrology of natural systems. 

15 2 State of understanding of soc iohydro logy: water - soc ie ty d y n a m i c s 

Sociohydrology is conceptual ized as the study of how water systems and human so

ciety develop in tandem. This conceptual izat ion is condi t ioned on there being con

nect ions, coupl ing and feedback between elements of the water cycle and e lements 

of the society being studied. In this sense, sociohydrology isolates a suite of spe-

20 cific processes f rom within a broader socia l -ecological system (SES) compr is ing the 

resources, users, and governance subsystems relevant to a given society (Os l rom, 

2009) . An SES is a type of complex sys tem, which can be differentiated f rom other 

dynamical systems by the presence of mult iple interacting components , local connec

tions and nonl inear relationships between the components (Levin, 1998; Sole and Bas-

25 compte , 2006) . As a consequence of these features, complex systems can display 

a wide variety of dynamical behaviors, including thresholds, self organizat ion, chaos, 

mult i-stabi l i ty and path dependence (i.e. a dependence on history). Complex sys tems 
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pose major chal lenges to model ing, inference and analysis in general . Sociohydrology 

therefore faces the chal lenge of identi fying the pathways of inf luence between water 

and social responses within a broader and more complex web of cause-and-effect 

represented by a society and its dependence on and regulation of the use of natural 

resources. 

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

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

relationship may arise directly - for example a direct relationship between reduced 

wel lbeing and water scarcity (Sr inivasan, 2015) - or indirect ly for example a relat ion

ship between economic output f rom a f ishery and water qual i ty Fundamenta l ly the 

presence of mult iple pathways for coupl ing between water and society, and for these 

pathways to occur indirectly and to be inf luenced by other components of the sys tem, 

suggests the study of sociohydrology is prototypical of complex systems science. Typi

cal of complex systems, sociohydrologic systems are likely to exhibit nonlinear dynam

ics and thresholds (Liu et a l . , 2007) with scale mismatches between the two sys tems 

(Gumming et a l . , 2006) . Examples of these effects as revealed by the studies presented 

in the Special Issue are out l ined below. Methodological ly f raming sociohydrology as an 

SES suggests that techniques used in the SES and coupled natural-human systems 

research f ields should advance sociohydrology (see Sect. 3) . 

In an ideal ized sense, sociohydrology a ims to understand the co-evolut ion of hu

man and water systems and thus posits that a two-way coupl ing exists between these 

systems. Individual case studies, however, exhibit t remendous variability in terms of 

strength of the relat ionships between water and society, in the pert inent response 

t imescales, and in one-way vs. two-way coupl ing. Two-way coupl ing becomes evident 

only when an observat ion window is long enough to reveal s low changes in either sys

tem, and when the inf luence of water on soc ie ty or v ice-versa, is sufficiently direct that 

it can be isolated as a driver of change. Because observat ions windows are often con

strained, and because sociohydrologic dynamics are nested in a broader SES and can 

often be indirect, many specific examples are able to explore only the one-way inf lu-
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ence of w a t e r - » t i u m a n s and h u m a n s - > X a t e r , and it is possible that in some cases 9 

one-way inf luences are all that exists. 

The spatial scale on which a sociohydrologic system is conceptual ized can also influ- ^ 

ence the way that coupl ing emerges. For example, national food prices can inf luence ° 

the number of acres planted for agricultural product ion, with f low-on effects on irri- ^ 

gation water demands and st reamf low availabil i ty Energy extraction technology and ^ 

market dynamics have made hydraulic tracking much more attractive in many regions, _ 

which may then impact the local sociohydrologic system through water requirements 

and pollution concerns. Whi le regional or global models can internalize these dynam- ° 

ies, smal ler-scale models may be forced to treat them as external, and thus one-way | 

drivers of soc iohydro logy | 

Final ly several examples where human and water systems are tightly coup led, but ^ 

only develop on an intermittent basis, can be found. Kumar (2011) call this intermit- -g 

tency "dynamic connectivi ty", ar is ing along a cont inuum or as threshold behavior. This ™ 

appears to be part icularly true for human-wa te r interactions in the f looding context, but — 

hydrology also appears to be dynamical ly connected to society under condit ions that ^ 

can lead to condit ions of water crisis. The clear chal lenge, of course, is predict ing when « 

such cr ises - and thus tight sociohydrologic coupl ing - will 3r is6. ^ 

2.1 F e e d b a c k s within a soc iohydro iog ic s y s t e m 

Sociohydrologic systems are embedded within complex socio-ecologic systems, and 

the clear identif ication of the pathways by which water inf luences social change, and 

social act ions alter the water cycle is compl icated by separat ion in t imescales, in spa

tial scales, and by the presence of indirect pathways of inf luence through other compo

nents of the SES. Unsurpr is ing ly therefore, only a susbet of the studies in the literature 

descr ibe the ideal ized, fu l ly-coupled sociohydrologic system (Sivapalan et a l . , 2012) . 

Instead, a suite of dynamica l structures are descr ibed, as i l lustrated conceputal ly in 

Fig. 1. In some cases, the coupl ing is direct; in others it is indirect through another 

system, such as institutions, economic factors, or even infrastructure (Fig. 1b and c) . 
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In others, an element of the coupl ing may be dynamic and the feedback can only oc

cur under certain condit ions (Fig. 1 d ) . Table 1 provides a summary of feedbacks in the 

studies in this Special Issue. 

2.1.1 One-direct ional Inf luence 

The majori ty of the papers in the special issue focus on one-way inf luences, with many 

studies remaining within the "natural systems paradigm" in which human act ion is ex

ternal ized and treated as a perturbat ion to a natural hydrologie regime. For exam

ple, studies considered the effects of land use change altering the hydrologie regime, 

through increased irr igation in the Heihe River in China (Zhang et a l . , 2014) , alterations 

to the wa te rcyc le through tile dra inage (Yaeger et al . , 2013) , irrigation from groundwa

ter in the midwestern US (Zeng and Cai , 2013) , and deforestat ion in eastern Mexico 

(Murioz-Vil lers and McDonnel l , 2013) . The one-way nature of inf luence in these stud

ies likely results from a t imeseale separat ion between the rapid t imescales of human 

intervention in the water cycle, and the longer t imescales on which these interventions 

alter agricultural productivity. It is a lso possible ir| water-r ich ai'eas that the feedback 

f rom w a t e r - > humans is very weak or non-ex is tentShis- rsmains an open quest ion in 

sociohydrology. 

The spatial-scale separat ion chal lenge also results in some sociohydrologic s tud

ies in the special issue focusing pr imari ly on one-way inf luences. For example, Konar 

et a l . (2013) examined how chang ing spatial patterns of crop yield would affect the wa

ter footprint of trade in the coming decades. However, the separat ion in spatial scale 

between international t rade and local farmer decis ion-making highlights the need to 

understand interactions of human act ions at different scales, which remains a chal

lenge in the fields of micro- and macro-economics. In other words, it is important to 

evaluate how our understanding of " top-down" (i.e. relatively large spatial scale) and 

"bottom-up" (i.e. relatively smal l spatial scale) human processes can be reconci led. 

Al ternat ively changes in water availabil i ty were treated as an external driver of the pat

tern of human sett lement in the Tarim River basin in China, prior to the development of 
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water infrastructure (Liu et al . , 2014) . Tf i is basin's extreme aridity l imited human set

t lements, and it is reasonable to hypothesize that this has a lso occurred in other arid 

regions of the wor ld . 

2.1.2 Two-directional coupl ing 

Several studies explored two-way coupl ing: in Chennai , India (Srinivasan, 2015) ; Port

land, Oregon in the US (Chang et al . , 2014) ; the Murrumbidgee in eastern Austral ia 

(Elshafei et al . , 2014; Kandasamy et a l . , 2014; van Emmer ik et a l . , 2014) ; the Toolibin 

catchment in western Austral ia (Elshafei et al . , 2014) ; and Saskatchewan in Canada 

(Gober and Wheater , 2014) . In the majori ty of these studies, the focus was on water 

scarcity due to human water demands, but some studies focused on the human-wa te r 

systems coupl ing in the context of f looding (Di Baldassarre et a l . , 2013b; O'Connel l and 

O'Donnel l , 2014) . Many of these examples conform to the not ion of a sociohydrologic 

system that is embedded in a larger SES, resulting in an indirect coupl ing between 

water and society (Fig. 1c). Identifying the complete suite of interactions that constitute 

the pathways of inf luence between changes in water and changes in a social metric 

remains a signif icant chal lenge in these studies. For example, Chang et a l . (2014) ex

plored the feedback between water quality and house prices, and land use policy and 

water qual i ty A l though there is likely to be a relationship between home prices and land 

use policy as wel l , which would al low the feedback loop to be "closed", this relationship 

is not yet identi f ied, mak ing it difficult to determine the complete set of relat ionships 

between land use, house pr ices and water quality. 

Two-way coupl ing is more evident in studies that outl ine the history of human-wa te r 

systems, i l lustrating how the systems changed together over t ime. A common inference 

drawn from these studies is that two-way coupl ing between the human and water sys

tems has tended to st rengthen over t ime as human water demands grew (analogous to 

the nonlinear dynamics si tuat ion in which a forward process becomes progressively in

hibited by a st rengthening negat ive feedback). For example, in the Tarim River, the arid 

hydrocl imatology of the basin initially l imited human sett lement. People could only settle 
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along oases and the river; the mean annual precipitation of 5 0 - 1 0 0 m m y r " was insuf

ficient to support human development elsewhere in the basin. Dur ing the 19th and 20th 

centur ies, irr igated agriculture and its associated infrastructure al lowed human activi

ties to affect the hydrologie regime, with the infrastructure releasing the water resources 

constraints previously p laced on human sett lement. Growing populat ion and water de

mands eventual ly outpaced the water avai labi l i ty leading to environmental degradat ion 

and a re-priorit ization of water resources (Liu et al . , 2014) , in a situation where water 

is strongly managed by people and where water l imtiations strong limit human activity 

in the region. Other basins displayed similar transit ions. In the Murrumbidgee in Aus

tralia dur ing the first half of the 20th century, human water appropr iat ion for irrigation 

was the dominant dynamic. Only when water stress and environmental degradat ion 

reached an unacceptable threshold were legislative and social norms appl ied to modu

late water use, result ing in a tightly coupled sociohydrologic sys tem (Kandasamy et al . , 

2014) . Notab ly the effect of changing hydrology on social sys tems in these studies 

emerged on decadal to century t imescales (Kandasamy et a l . , 2014) , and frequently 

only mani fested in social change in recent years. Typically, these social changes oc

curred in response to some form of social "sensitivity" to the condit ion of the water 

sys tem. This sensit ivity takes the form of a normat ive shift towards increased societal 

valuat ion of the environment and the water system, typically in response to the experi

ence of degradat ion or scarc i ty 

Ribeiro Neto et a l . (2014) laid out a hypothesized sequence of coupled human-wa te r 

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

supp ly leading to infrastructure development to stabil ize and/or enhance the local sup

p ly Eventual ly the water demands grow beyond the infrastructure capac i ty leading to 

new infrastructure that captures the non-local suppl ies. They point out that this leads 

to sociohydologic sys tem transit ions. This hypothesized sequence al lows for dynamic 

connect iv i ty with the sys tem switching between one-way and two-way feedbacks de

pending on the balance be tween supply and demand. The rate at whióh sensit ivity 

o r e 
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develops, and the extent to which social uses of water respond to this sensitivity, Is 

strongly socially mediated. 

2.1.3 Dynamic connect iv i ty 

Dynamic connect iv i ty between human and water systems was evident in several of the 

studies in the special issue. Gober and Wheater (2014) showed that hydrology is con 

tinually modif ied by human activity, with these modif ications increasing as populat ions 

grow and water resources become fully al located. Not until drought revealed the extent 

of water scarcity crisis was a feedback to decis ion-making about water act ivated. Un 

der drought crisis condit ions, decis ion-makers were will ing to explore changes to ' the 

infrastructure and governance used to manage the water resources. Simi lar ly Di Bal 

dassarre et a l . (2013a) showed that f looding signif icantly reduced the t loodplain popu

lation density for some years aftenwards; however with the fading memory of the f lood, 

the populat ion did eventual ly return to a state of growth in the t loodplain. In this case, 

there was an immediate feedback (population decl ine) whose impor tance d imin ished 

over t ime. O'Connel l and O'Donnel l (2014) indirectly examined the effects of this inter-

mittenoy in f loodplains, explor ing how flood-rich (when water -> society feedbacks are 

stronger) and f lood-poor per iods (when these feedbacks are eroded) might affect the 

kinds of decisions made about f lood management . Intermi l tency in coupl ing appears 

to arise when thresholds are crossed: thresholds related to changing communi ty va l 

ues about the environment (Elshafei et a l . , 2014) , water scarcity (Gober and Wheater , 

2014) , infrastructure development (Liu et al . , 2014) , or acute environmental damage 

(Di Baldassarre et a l . , 2013a) . This intermittency could be v iewed as another mani fes

tation of social sensit ivity to the state of the water system - but in this case induced by 

the experience of extreme events, and often non-stat ionary decreasing in strength and 

impor tance over t ime (Di Baldassarre et al . , 2013b) . 

V 
( P 
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2.2 What c o m p r i s e s a soc iohydro log ic s y s t e m ? 

The definit ion of sociohydrology as the study of a two-way coupl ing between human 

and water systems is clearly chal lenged by the observat ion that sociohydrologic sys

tems are embedded in a broader SES, subject to t ime and spatial scale separat ions 

and to intermittency in the very existence of a two-way coupl ing. Wi th this background, 

a case can be made that studies consider ing exogenous effects of people on hydro-

logic sys tems, without a considerat ion of feedback mechan isms, should form part of the 

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

human- imposed change on water systems can be derived f rom such studies. Clearly, 

however, sociohydrology cannot be l imited to studies within such a "natural sys tems" 

parad igm. 

It wou ld be equal ly problematic, however, to conf ine sociohydrologic studies to con

siderat ion of si tuations where consistent, strong two-way human-wa te r feedbacks 

ar ise. Based on the studies in the special issue, such "tight coupl ing" is a special case 

- ar is ing only in systems with very simple water and social infrastructure - such as 

irr igated subsistence agriculture in a water- l imited region - or in si tuat ions where some 

form of water crisis (or other threshold) is reached. Below such a threshold, most so

ciohydrologic systems appear to be strongly one-way in te rms of human inf luence on 

hydro logy with little or weak coupl ing f rom water to human systems. Thresholds may be 

stochast ical ly determined - e.g. by drought (Gober and Wheater , 2014) or by f looding 

(Di Baldassarre et a l . , 2013b) . Moreover, it is not inevitable that thresholds exist - they 

are presumably a funct ion of the socio-ecological system that is being considered. For 

example, the Aral Sea retreat that began under the Soviet Union and has since cont in

ued imposes signif icant costs on the communi t ies and envi ronments near the former 

shorel ine, yet this environmental catastrophe has not been suff icient to alter patterns 

of water use (Micklin, 2007) . The fact that no feedback on the water use mechan isms 

has occurre'd reflects the relative political weight given to the environment and local 

populat ion v^. the maintenance of upstream irrigated agriculture. Social responses to 
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hydrologie cr ises may be signif icantly delayed (Kandasamy et a l . , 2014) , and different 

societ ies and political systems may be more sensit ive to certain hydrologie impacts 

than others. Yet the lack of an evident two-way feedback mechan ism should not ex

clude such important examples from being considered soeiohydrological . Instead, the 

f ramework of v iewing sociohydrology as a subset of a broader socio-ecological sys

tem, a complex system in which multiple pathways of inf luence link hydrological and 

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

of inf luence between human and water systems. 

3 R e s e a r c h methodologies 

If sociohydrology should be conceived of as a field of study that focuses on one set 

of components of a complex sys tem, a suite of methodological consequences arise. 

The field of complex sys tems science has developed empir ical , model ing and analyt i

cal techniques that apply to complex systems. Some of these approaches are already 

being appl ied by researchers in soc iohydro logy while other kinds of methodologies 

represent new opportuni t ies for d iscovery More fundamenta l ly however, sociohydrol

ogy poses signif icant chal lenges for data col lect ion and data generat ion. 

3.1 Soc iohydro log ic data 

Detai led hydrologie data has a finite h is tory with the majori ty of the instrumented hy

drological record having been col lected in the past 100 years. Longer term analyses 

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

torical (e.g. tax records, oral histories of f looding). Social datasets are broader in their 

potential scope, and whi le they may extend for long per iods of t ime, data availabil

ity is likely to place a strong constraint on the kinds of sociohydrologic quest ions that 

can be addressed. Given the observat ion that evidence of social changes in response 

to changing water dynamics typically emerges over long t imescales, or in response 
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to specif ic episodes, the availability of long-term records of both water and people's 

interaction with water is likely to be essent ial . 

To date two different approaches have been used to address data availabil i ty The 

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

over sufficiently long t imescales to reveal key dynamics (Dermody et al . , 2014) . Phys

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

into historical or even deep t ime. Even where the data are not speficial ly hydrologie, 

a combinat ion of paleoel imatological methods and hydrologie model ing can provide 

a plausible representat ion of historical f low regimes and hydrologie behavior (French 

et a l . , 2012) . 

Data regarding social dynamics may need to be p ieced together from multiple 

sources, such as narrative informat ion, numerical records (crop planting dates, flood 

levels), pictorial informat ion, and archaeological information (flood levels and excava

tions) (Brazdil and Kundzewicz, 2006; Brazdil et a l . , 2012) . Parker (2008) refer to the 

development of these mult i -sourced datasets as the creat ion of a "human archive" for 

the historical per iod. Robust and reliable techniques to generate physical and human 

historical archives represents an important area of methodological development in so

ciohydrology: for example. Ertsen et a l . (2014) detail several different ways to collect 

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

tion in the canals and cl imate reconstruct ion with tree-r ing data. Simi lar ly Zl inszky and 

T imar (2013) laid out a methodology for the analysis of historical maps that specifically 

addresses the correct ion ( ^ e r r o r s result ing from car tography in the pre-photographio 

era. Even when detai led data are unavailable, historical studies can i l luminate sensi

tivity and correlation in a broad sense. For example, social and economic contract ion, 

simpli f icat ion, and per iods of destruct ion in the K ingdom of Angkor (in present day 

Cambodia) coincided wi th droughts of sufficient severity and durat ion to deplete the 

kingdom's water storage and supply mechanisms (Buckley et a l . , 2010) ; while wor ld

wide incidents of rebell ion in the seventeenth century were of ten coincident with ex

treme weather phenomena (Parker, 2008) . The diversity of potential approaches and 
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data sources suggests that methodological quest ions in the compi lat ion of sociohydro

logic datasets will be a rich and chal lenging component of the f ield. 

An alternative approach that c i rcumvents the chal lenges in assembl ing a long data 

record is to undertake comparat ive studies over relatively short t ime periods but across 

multiple sites. In the absence of control led exper iments, comparat ive studies provide 

opportunit ies to generate insights based on systematic dif ferences ar is ing in different 

locations and watersheds. Comparat ive studies can be primarily qualitative, investi

gating a l imited number of sites in great detail, wi th the goal of generat ing conceptual 

understanding. In this mode, Scott et a l . (2014) compared three agricultural catchments 

to understand the relationship between irrigation eff iciency improvements and basin re

sil ience. Across three cases, they find that expanding irrigation eff iciency without limits 

on use or irr igated area may increase product ion,but it could worsen resil ience to water 

scarci ty Simi lar ly Wescoat Jr. (2013) presented a comparat ive analysis of the "duty of 

water" concept, a standard governing application of irrigation water. A l though the duty 

of water concept was appl ied in both British India and the US in order to maximize 

the util ization of irrigation water, its use evolved in opposi te directions, because of the 

different social condit ions prevail ing in each nat ion. 

An alternative comparat ive methodology leverages the greater statitsical power as

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

heterogeneity of catchments. Comparat ive hydrology was initiated in the late 1980s 

(Falkenmark and Chapman, 1989). For sociohydrologic analysis, the approach is ex

tended to incorporate social variables in addit ion to environmental and cl imatic dr ivers, 

ideally exploring behavior across important gradients in social factors. Wut ich et a l . 

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

ter scarcity and per capita income. They found that people in less developed sites 

favored smal l-scale, decentral ized, communi ty based water management solut ions, 

while people in more developed sites favored large-scale, central ized, infrastructure 

and regulatory solut ions. A conceptual f ramework for undertaking such comparat ive 

studies was presented in Thompson et a l . (2013), al though the chal lenges inherent in 
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this approach have also been highl ighted, such as data availability and shar ing pro

tocols (Gupta et al . , 2014) . Comparat ive studies may be most effective where they 

can be used to test specific hypotheses. For example, the hypothesis proposed for the 

Murrumbidgee of irrigation moving upstream and then back downst ream due to devel

opment and then a re-priorit izing of water usage (Sivapalan et al . , 2012 ; Kandasamy 

et al . , 2014) could be explored across many locations to evaluate if it is an evolut ionary 

pattern specif ic to the case study or whether it is illustrative of a broader phenomenon 

arising as a consequence of the intersection of development pathways, water usage 

priorities, and environmental att i tudes dur ing the past cen tury Whi le potential ly power

ful, comparat ive studies are data intensive, and the generat ion of appropriately curated, 

quality assured and meaningful social datasets that could be included in such studies 

remains a major chal lenge to widespread use of such aproaches. 

3.2 C a u s a l Inference 

If the data availabil ity and reliability chal lenges associated with sociohydrology can be 

overcome, there are a broad swathe of techniques that are available to analyze the 

data. Of part icular interest are the tools available to recognize the complex-systems 

nature of the problem. Complex system studies have developed a very broad toolkit for 

data analysis, including techniques to evaluate causal relat ionships (e.g. information 

theory synchronici ty and t ime-delays, and entropy based measures; Thompson et a l . , 

2013) , to reconstruct the under ly ing complex sys tem based on t imeser ies measures 

(e.g. attractor reconstruct ion, recurrence metrics, etc., Shalizi , 2006) , and even to an 

alyze t imeseries based on object-or iented occurrences of "patterns" in the t imeser ies 

(an approach that may be suitable to use when quantitat ive data are unavailable) (Das 

et a l . , 1998). This is an enormous and growing f ield, summar ized in both the "big data" 

and "complex systems science" l iterature. The key benefits to sociohydrology are likely 

to be in the determinat ion of the direct ional i ty delays and strenght of the networks 

of cause and effect between components of a sys tem. The major l imitation to these 

methods, however, is that they tend to be highly data demand ing (Shalizi, 2006) . 
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An alternative pathway towards the determinat ion of causality can be drawn from the 

medical science and economic l iterature. A l though randomized control led trials (RCT) 

form a gold s tandard for inference in these f ields, they are frequently impossible to 

implement (Stock and Watson, 2010) . Econometr ic methods - a suite of empir ical -

statistical techniques to identify causal understanding - are becoming increasingly im

portant as an alternative basis for causal inference (Angrist and Pischke, 2009) . The 

main goal of econometr ic methods for causal inference is to employ an "identif ication 

strategy" to approx imate an RTC with real-wor ld, empir ical data. When select ion is ran

dom (i.e. as in an RCT), the difference in ou tcomes across treatment groups represents 

the causal impact of the treatment. This differs from a statistical regression in that se

lection within a regression is not random, mean ing that regressions provide information 

only about correlat ions but not causat ion. 

Causal inference employs statistical methods in an attempt to try to force random se

lection onto a dataset in which random select ion does not clearly exist. In other words, 

the goal of causal inference is to overcome select ion bias (which is present wi thout ran

dom sampl ing) in order to determine the causal effect of the treatment of interest. The 

core econometr ic techniques are regression discontinuity designs, instrumental var i 

ables methods for the analysis of natural exper iments, and dif ferences-in-dif ferences 

methods that take advantage of changes in policy (Angrist and Pischke, 2009) . Econo

metric methods for causal inference were original ly developed to gain intuit ion in com

plex socio-economic systems, which share many similarit ies with sociohydrologic sys

tems. Econometr ic methods are not yet widely used in the sociohydrologic studies 

represented by the special issue, but could potential ly provide a powerful al ternat ive fo 

the data- intensive causal i ty metr ics developed in nonl inear science f ields. 

3.3 Modeling 

The final methodological area for sociohydrology is mathemat ical model ing. Mathemat

ical models were proposed for several specif ic coupled human-wa te r sys tems in the 

special issue (see Table 1). Model ing approaches range f rom "toy" models consist ing of 
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a few coupled differential equat ions, to detai led, region-specif ic models. A broad review 

of coupled human-envi ronmenta l models can be found in Kelly et a l . (2013). In most 

studies, the model was developed or parameter ized for a specific location, al lowing for 

specificity but not necessari ly generalizabil ity. 

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

Tool (SWAT) (Zhang et a l . , 2014; Zeng and Cai , 2014) , land surface hydrologie models 

(Kummu et al . , 2014) , or policy models (van Soesbergen and Mul l igan, 2014) , can be 

used to provide detai led descript ions of hydrological response to exogenous human 

drivers. Clearly these model ing approaches, whi le informative, do not strictly depart 

10 from the current hydrological paradigm. 

In an effort to treat human systems as part of the water cycle, sys tems dynam-

\^ ies models have been proposed to descr ibe the sociohydrologic sys tem. Srinivasan 

^ / r (2015) developed a model for how wafer -human systems developed in Chenna i , India. 

Elshafei et a l . (2014) developed a conceptual model that accounted for water demands 

and evolving communi ty awareness to environmental condit ions, test ing it over two 

idealized catchments. A dynamical model ing approach al lows for full coupl ing, either 

directly between the human and water systems, as in water withdrawals, or indirectly. 

For example, several models conceptual ized a dynamic social awareness of the envi

ronment (Elshafei et al . , 2014; Di Baldassarre et a l . , 2013b; van Emmerik et al . , 2014) . 

The representat ion of complex aspects of a social system is clearly a major chal lenge 

to these models, a l though empir ical observat ions of the modeled system can incorpo

rate specif ic details of household behavior, the water distr ibution sys tem, pricing and 

their inf luence on water use Srinivasan (2015). 

Understanding sociohydrology through the lens of complex systems suggests an 

expanded role for model ing in future work. Features such as dynamic connect iv i ty 

threshold behavior, and multiple stable states are characterist ic of nonl inear systems, 

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

into potential modes of sociohydrologic behavior. To date, model ing studies suffer a lit

tle from either being too specif ic - and thus hard to general ize beyond a given case 
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study - or too general , and thus dependent upon the construct ion of "environmental 

sensitivity" metrics, which are chal lenging to measure, model or descr ibe in concrete 

terms. In future studies, the use of data analyt ics to unravel networks of cause and 

effect, in conjunct ion with numerical model ing to explore the potential behaviors that 

such networks can produce, could provide a robust and general izable approach to un

derstanding these systems. 

4 Norms and e th ics 

Sociohydrology presents many new chal lenges for hydrologists, one of which being 

that sociohydrologic research now explicitly explores and inf luences the lives of peo

ple within a studied sys tem. Traditionally, hydrologists have tended to v iew themselves 

as impartial observers of the systems they study, avoiding the need to address ethi

cal quest ions about their role as researchers. In at least some sociohydrologic studies, 

this posit ion is likely to become untenable. Instead, sociohydrologists may need to con

front quest ions about social norms (collectively held beliefs on how individuals should 

behave in a part icular context) , values (benefit der ived by an individual f rom a par

ticular good or service) and their inf luence in sociohydrologic research (Lane, 2014; 

Wescoat Jr., 2013; Ertsen et a l . , 2014) . These chal lenges are most pressing for re

searchers studying contemporary systems at small spatial and temporal scales. These 

researchers are necessari ly both part icipants and observers, because their research 

could influence decis ion-making and policy and therefore social futures. The poten

tial for the research outcomes to directly impact people's lives raises i i clear ethical 

d imension to soc iohydro logy This d imension is less urgent for researc hers studying 

historical sociohydrologic systems over t imescales of hundreds or thou: ands of years 

can investigate dynamics and feedbacks as impartial observers. A l though some would 

argue that any research reflects the researcher's own values and blasés, in this case 

the researcher's f raming arguably has less direct real-world implications. 

3335 / 

HESSD 
12, 3319-3348, 2015 

Moving 

soc iohydro logy 

forward: a s y n t h e s i s 

a c r o s s s tud ies 

T. J. Troy el al. 

Ti l le P a g e [ 

[ ^ A b s t r a c t I [ in l roduct ion | 

C o n c l u s i o n s I j R e f e r e n c e s | 

R g u r e s 

Ful l S c r e e n / E s c 

PrrnterTrienrily Vers ion 

^ ' j lnlerat:tivB D i s c u s s i o n 

4.1 R e s e a r c h e r s a s part ic ipant -observers 

When researchers study contemporary sociohydrologic systems, the issue of norms 

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

hydrologists make on what fo study and therefore what information to provide decis ion

makers are not "scientif ic" or object ive. This raises two concerns: the f raming of re

search quest ions, and the validity and legit imacy of the research under taken. 

4.1.1 Value- laden framing of research ques t ions 

Many studies in the hydrologie literature are motivated by studying water problems 

faced by soc ie ty f rom f loods and drought , to the impacts of c l imate change, to pre

dicting water resource avai labi l i ty W h e n sociohydrologists engage in research with the 

objective of informing decis ion makers, their research outputs could affect the trajec

tory of the coupled human-wa te r sys tem. Prediction in hydrologie model l ing must be 

thought through careful ly because of "the power that it has to shape the landscape" 

(Lane, 2014) . However, despi te good intentions, researchers, part icularly natural sci

entists, of ten do not acknowledge the values implicit in their study des ign . 

This subjectivity raises ethical quest ions because decis ions on what to study are 

value laden. This is part icular ly important when the hydrologist is an outsider to the 

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

those of the majori ty of the local communi ty at the research site. For instance, some 

scholars have cr i t iqued western researchers for imposing their v iews on large dams on 

the developing wor ld , arguing that it has constrained them from developing their own 

infrastructure to developed wor ld levels (Muller, 2010) . 

There is also a tendency to assume that model equat ions and var iables are "sci

entif ically chosen" . However, the model structure and spatial and temporal scale of 

variables may implicit ly privi lege some water users. For instance, the decis ion to focus 

on aggregate measures like water resources at the basin scale and availabil ity to a 

"representat ive" water user, over looks the fact that low stream-f lows in dry years may 

3336 

. o r 

HESSD 
12, 3319-3348, 2015 

Moving 

soc iohydro logy 

forward: a s y n t h e s i s 

a c r o s s s tud ies 

T. J. Troy el al. 

P Prtnler-lr iendly Vers ion 

Inleractive D i s c u s s i o n 



disproport ional ly affect poorer, vulnerable populat ions. Ott iers may focus on preserv

ing ecological f lows and fail to recognize that dry season f lows for agriculture are the 

biggest constraint. IVlany researchers do not openly acknowledge the impl icat ions of 

the choice of model variables and the value judgements implicit in them. 

5 4.1.2 Validity and legitimacy of research 

Most hydrologie research is designed to incorporate data and assumpt ions in forms that 

scientists recognize - stream gage data, groundwater level data from water level sen

sors, hydro-cl imatic data from weather stat ions etc. But of ten sociohydrologic knowl

edge is distr ibuted. Scientif ic studies have no way of incorporat ing somet imes profound 

10 knowledge of the water system that "lay" people have (Lane, 2014) . Particularly in data 

scarce regions, model lers often prefer to use simplistic assumpt ions that turn out to be 

incorrect, rather than risk relying on unconvent ional sources of information. 

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

can play a role in consider ing communi ty values and local knowledge in scientif ic s tud-

i s Ies by elicit ing the v iews of stakeholders. Lane (2014) recommends cal l ing on "non-

cert i f ied" exper ts ; local resources users who have t remendous understanding of the 

system who could validate and contr ibute to such assumpt ions arguing that such "co-

product ion" of knowledge between researchers and society could result in more robust 

hydrologie predict ion. Several previous studies have highl ighted how such col labora-

20 five model l ing exercises between stakeholder communi t ies and researchers could be 

under taken. 

4.2 R e s e a r c h e r s a s impartial o b s e r v e r s 

When researchers study the historical dynamics of sociohydrologic systems over long 

t ime scales of hundred of years (Pande and Ertsen, 2014; Ertsen et a l . , 2014; Kan-

25 dasamy et a l . , 2014; Liu et al . , 2014; Di Baldassarre et al . , 2013a) , the assumpt ion of 

an impart ial observer is probably a reasonable one. Here, the research cannot influ-
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ence the social ou tcomes observed and so the concerns are more pedant ic. Several 

papers have used stylized or toy models to s tudy the dynamics of sociohydrologic sys

tems. In the majori ty of these model l ing studies norms are not explicitly d iscussed; 

rather they are implicit in rnodel equat ions and derived from secondary l i terature. Only 

a few studies have at tempted to emp/rica/Zy investigate social norms using pr imary data 

or textual analysis of historical or linguistic records. 

4.2.1 Va lues a s model f eedbacks 

In these studies, social norms express how societ ies adapt themselves to env i ronmen

tal change. Di Baldassarre (2013a) examine sociohydrologic responses to f lood over 

long per iods of t ime. In their soeiohydrological model of f looding, social no rms are ex

pressed through the "awareness" variable. The memory of devastat ion gets imprinted 

in collective social memory and prevents societ ies f rom sett l ing close to the river in 

the af termath of a f lood. As the memory fades, the norms weaken and societ ies once 

again settle c loser to the river. 

Several studies have highl ighted how changing values in favor of the environment 

have resulted in water being real located from human uses to restore ecological f lows. 

In fact, hydrologie f lows in these systems could not be predicted without understand

ing how preferences have changed. Kandasamy et a l . (2014) analyze the dynamics of 

the Murrumbidgee over a 100year t ime per iod. They f ind that social values and norms 

have shif ted in favour of preserving the environment. This has resulted in reduct ions 

in anthropogenic water abstract ions and more water being real located to the environ

ment. Liu et a l . (2014) report similar dynamics in the Tarim River Basin in Ch ina, where 

they refer to changing norms as a balancing or restorative foree. Elshafei et a l . (2014) 

propose a general model to capture the dynamics in such systems using a "communi ty 

sensit ivity state variable", which captures the perceived level of threat to a commu

nity's quality of life. The communi ty sensit ivity variable reflects social norms about the 

environment. 
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. 1 

4.2.2 Va lues emergent from empir ical a n a l y s i s 

In the papers descr ibed above, both social values a n d norms are deduced from the 

decisions societies mal<e in response to environmental variables (f loods or ecosystem 

decl ine). However, the norms and values themselves are not the subject of study. Only 

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

examines how norms vary, by examining how t h ^ same norm - "duty of water" - was 

appl ied very differently in colonial India (as a max imum amount of water appl icable 

to a given amount of land) vs. western USA (ds the min imum standard for private 

water rights appropr iat ion and use.) In a contemporary sett ing, Wut ich et a l . (2014) 

examine how both environmental and socio-economic variables inf luence communi ty 

perceptions of what types of infrastructure solut ions are feasible. The study finds that 

communi ty norms and therefore how communi t ies invest in infrastructure are shaped 

by water resource avai labi l i ty Chang et a l . (2014) take an economic approach (hedonic 

value est imation) using property sales as a proxy to est imate how people value water 

quality improvements and consequent ly enforcement of water qual i ty regulat ions. 

The model l ing and empir ical approaches are somewhat comp lemen ta ry One weak

ness of many of the toy or styl ized models, is the absence of val idation against real-

world observat ions. The methods used by these empir ical studies could be used by 

model lers to justify or derive model equat ions and parameters. For instance, the be

haviour of the "communi ty sensit ivity" variable might be veri f ied by analyzing newspa

per art icles or government documents over t ime to analyze the f requency and usage 

of key words. 

5 D i s c u s s i o n and future direct ions 

The special issue provided an unique opportuni ty to reflect on current research in so

c iohydrology as well as the state of the field more genereal ly The papers in the special 

issue are var ied, but they all focus on improving our knowledge of coupled h u m a n -
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water systems to address important societal chal lenges, a key aspect of sociohydrol

o g y These papers have highl ighted some of the important issues that must be explored 

as the field cont inues to grow and develop. 

Our assessment of the literature highlights two major themes that need to be rec

onci led by future researchers. The first of these relates to the observat ion that so

ciohydrology cannot focus on two-way feedbacks between human and water systems 

without acknowledging that these feedbacks are embedded in a complex web of cause 

and effect represented by socio-ecologic systems. This recognit ion suggests that the 

modes of interaction between hydrologie variables and social var iables will be mul-

t i faceted, difficult to isolate, variable f rom system to sys tem, and nested in terms of 

both spatial and temporal scales. Thus , definit ions of sociohydrology that focus on the 

clear identif ication of two-way feedbacks between human and water systems are likely 

to be chal lenging to work with in practice, because the identif ication of such two-way 

feedbacks Is a non-trivial problem. 

The second consequence of recognizing that sociohydrology ar ises f rom a complex 

system is the opportuni ty to draw on the huge developments in complex-systems sci

ence and data analysis. Whi le we have not comprehensive ly reviewed this f ield, the 

range of tools for inferring causal i ty and for reconstruct ing e lements of a nonlinear 

dynamical system from incomplete observat ions are highly pert inent to analyzing the 

behavior of sociohydrologic systems - provided data l imitations can be overcome. Al 

ternative interpretat ions of causality, as embodied by econometr ic approaches, offer 

further approaches towards analyzing these systems. These data analysis techniques 

have not been implemented in sociohydrologic studies to date, and they represent 

a significant opportuni ty to formalize understanding of the relationship between human 

activity and hydrologie variability. 

While the theme of sociohydrology as a complex systems science identif ies oppor

tunities at the cutt ing edge of quantitat ive analysis and model ing, the other emergent 

theme - that of sociohydrologic research as a value- laden, human activity - pulls re

searchers in the opposite direct ion. Whi le social scientists routinely address the ethical 
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impl icat ions of their work - part icularly work that incorporates intervention and exper

imentat ion - hydrologists typically lack awareness and a f ramework for evaluating the 

ethical consequences of their studies. The human implicat ions of the research choices 

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

hydrologists. 

Sociohydrology as a science of people and water has emerged primari ly f rom the 

hydrological l i terature. This poses numerous opposi t ional chal lenges: the desire to be 

quantitat ive but to incorporate (often quali tat ive and specif ic) knowledge f rom social sci

ence discipl ines; the chal lenge of reconci l ing numerical data with descript ive histories; 

the need to base analyses on empir ical facts but to develop general izable understand

ing; the desire to observe and predict the behavior of a system whi le being a part of that 

sys tem. As Ertsen et a l . (2014) lays out, there are two potential approaches to model 

ing human agency One approach is to start at the largest scale possible, society itself, 

with t ime steps of years to decades, depend ing on the t ime scale of decis ions/changes 

made by society; we can think of this as a top-down approach. The other approach is 

start at the level of human beings themselves, with institutions developing in the model 

through p e r ^ j i a l relationships of the individual humans; this would be a bot tom-up 

approach. These are choices that are going to be confronted in many sociohydrologic 

studies, part icularly those focused on model ing. 

The breadth, depth and sheer number of papers contr ibuted to the special issue 

suggests that sociohydrology is vibrant, excit ing and relevant to many authors work ing 

at the interface of hydrology and social systems. Whi le data, methodologies, norms, 

ethics and the hurdles of interdisciplinarity present non-trivial chal lenges to achieving 

the vision of understanding coupled human-wa te r systems, there are also t remendous 

opportuni t ies to be seized by drawing on soc ia l -ecologica l systems thinking, complex 

systems science, econometr ics, and the detai led discipl inary expert ise required to de

scr ibe these sys tems in isolation. These opportuni t ies have the potential to greatly 

increase our understanding of sociohydrologic systems, thereby al lowing for better un

derstanding and predict ion of water problems. 

p . . 
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Table 1. Site-specific coupled human-water models. HESSD 
12,3319-3348,2015 

WaliT QuiJ- Ĝ jVÊR-i 
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Figure 1. Multiple forms of coupling between a water system and a target study popultion of 
people can arise. In the simplest case (a) both the water system and the target population are 
tightly and directly coupled to each other - as might arise for subsistence farmers in a water 
limited system. In many other cases (b) the target population is not only affected by changes 
in the water system, but also by a suite of other issues, meaning that changes to the target 
population in response to water issues occur slowly This is complicated (c) when Ihe effects 
of water on the target population are ihdirecf and littered through other institutions, spatial 
scales and social or environmental systems, meaning that isolating the effects of water from 
the whole complex system is difficult. Because of the time, spatial and insilutionlal separations 
in scale between water and human populations, tight coupling between water systems and 
human responses often arises only intermittently (d) as a "dynamic connclion" (sensu Kumar, 
2011), often in response to a crises (e.g. critical water scarcity or severe flooding). 
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