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Abstract. Resilience is a widely applied and diversely interpreted concept in freshwater science with applications that span 

disciplines, analytical frameworks, scales of analysis, and system delineations. This diversity leads to an equally rich variety 

of resilience insights which are difficult to compare, aggregate, synthesize, and apply in decision-relevant contexts. Here, we 

seek to support greater critical and reflexive awareness of how freshwater resilience insights are generated by proposing 

three social-ecological orientations: 1) freshwater resilience as a shared physical and social reality; 2) the necessity of 30 

multiple knowledge production systems; 3) the emergence of freshwater resilience through open systems with cross-scale 

dynamics. We demonstrate the benefit of holding these orientations through four case studies spanning the almond debate of 

California's Central Valley, the Sahelian paradox, the seasonal flood pulse in the Mekong River Basin, and hydropower in 

the Amazon Basin. We envision that these orientations can serve as a shared foundation for holistic freshwater resilience 

research and better understanding of processes that generate resilience insights. To advance beyond perspectives of 35 

freshwater resilience that capture only one or few dimensions, we argue that freshwater resilience science should embrace a 
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sustained commitment to inclusion of multiple perspectives, provision of context-rich descriptions of resilience processes, 

and transparency in documenting how resilience is conceptualised in the research that produces claims about it. 

1 Introduction 

Resilience is a widely applied and diversely interpreted concept in the social-ecological, sustainability, and Earth system 40 

sciences, as well as in policy and practice (Anderies et al., 2023; Cumming and Peterson, 2017; European Union, 2025; 

Folke et al., 2016; Schellnhuber, 2009; Turner, 2010). Freshwater scholarship represents a broad and substantial contingent 

of these communities (Rodina, 2019), and major themes in freshwater science have encouraged a wide uptake of the 

language and concepts of resilience (Falkenmark et al., 2019; Rockström et al., 2014). These encouraging themes include the 

recognition of non-stationarity in hydrological processes (Milly et al., 2008), the understanding that human activity is the 45 

dominant driver of global hydrological change (Abbott et al., 2019; Chandanpurkar et al., 2025; Virkki et al., 2026; 

Vörösmarty and Sahagian, 2000), and the perspective that freshwater is inseparably embedded in social and ecological 

systems that reciprocally shape and are shaped by freshwater (Falkenmark, 1977; Folke, 2003; Kaandorp et al., 2026; 

Ostrom, 1990). While a breadth of freshwater resilience scholarship has generated a rich literature, it has not necessarily 

generated one that is internally coherent. The variety of disciplinary norms and specialisations, analytical frameworks, scales 50 

of analysis, system delineations, knowledge systems, and working definitions of resilience create a mixture of insights that 

are difficult to compare, aggregate, synthesize, and apply in decision-relevant contexts including science, policy, and 

practice. 

Resilience has typically been defined as the capacity of a system to absorb, adapt, reorganize, or otherwise continue 

functioning in the face of external shocks (Folke, 2006). Yet, this general definition takes different forms upon application. 55 

A catchment hydrologist may study the capacity of a freshwater system (e.g., an aquifer, river, or watershed) to absorb 

climate or anthropogenic shocks while maintaining key ecological and hydrological functions such as flow regulation, 

habitat, and storage (Lotcheris et al., 2026; Mao et al., 2017; Zipper et al., 2022) and describe this ability as freshwater 

resilience. Simultaneously, a water governance scholar might assess the ability of formal or informal institutions to 

anticipate, adapt, and transform in response to freshwater-related stresses (Clarvis et al., 2014; Moore et al., 2024; Rodina, 60 

2019) and describe these abilities as institutional resilience. A global climate modeller may quantify future precipitation 

trends under different shared socioeconomic pathways (Schleussner et al., 2021) and describe persistent regional 

precipitation patterns as resilient under global change, whereas a disaster risk response expert may consider resilience based 

on their lived experience with community responses to extreme events (Graveline and Germain, 2022; Hochrainer-Stigler et 

al., 2020). While all these approaches are correct and valid to support finding solutions to different freshwater resilience 65 

challenges, yet effective dialogue amongst them remains difficult. 

This challenge is not benign: freshwater underpins global sustainability goals (Gain et al., 2016; Jaramillo et al., 

2019), senses of place for individuals and communities (Anderson et al., 2019; Scaini et al., 2021), and biophysical processes 
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that maintain Earth system stability (Gleeson et al., 2020). Resilience insights offer an important knowledge base for actors 

to decide how to understand, intervene and shape freshwater systems towards desired social and ecological system states. 70 

These insights correspond well with management-relevant concepts, such as thresholds and targets, through explicit 

considerations of regime shifts, system state boundaries, and non-linear dynamics. Thus, resilience insights are not only 

external descriptions of system behaviour but also active participants that shape possible future system states based on how 

these insights are used by actors. While the scientific processes involved in comparing, aggregating, and synthesizing 

freshwater resilience insights are consequential, they have, to our understanding, received little attention in freshwater 75 

systems science. 

In this Perspective, we argue for a more critical and reflexive analysis of the processes and norms through which 

freshwater resilience insights are presented and synthesized. Rather than introduce new methods, models, or frameworks, we 

consider that transformative advances towards better synthesis of freshwater resilience insights are already possible through 

mobilising current knowledge and methods. Generating more coherent and holistic assembled bodies of evidence is, 80 

however, a tall order for which there is no single remedy. Yet, we propose here a set of fundamental orientations that can 

help foster a better integrative understanding of freshwater resilience across disciplines and aid in more holistic evidence 

synthesis pertaining to freshwater change. 

Firstly, we provide an overview of some existing approaches used to understand aspects of freshwater resilience in 

social-ecological systems (Section 2). Secondly, we detail the three orientations we argue provide useful context to 85 

communities and studies populating the freshwater resilience literature (Section 3). Thirdly, we demonstrate tangible benefits 

of holding these three orientations through a set of four case studies (Section 4). Finally, we conclude with discussing 

opportunities and open problems related to working with these orientations (Section 5). We contribute this Perspective as a 

research collective of freshwater academics who have been convening informally over recent years 

(https://freshwatersystemsworkshop.org/) and write with a primary audience of physical Earth system and quantitative 90 

social-ecological systems scientists in mind, which are the communities that most authors of this work associate with. Our 

goal is to share how adopting these orientations have beneficially shifted our own thinking and ability to work together 

across differences in our disciplinarity, scales of analysis, and freshwater systems of study. 

2 Freshwater resilience is in the eye of the beholder 

Freshwater is the bloodstream of the biosphere (Falkenmark and Biswas, 1995) and an intrinsic part of the Earth system 95 

(Gleeson et al., 2020), social systems (Linton, 2010), and social-ecological systems (Falkenmark and Folke, 2002; Sivapalan 

et al., 2012). As a result, there is a practically endless set of interactions that can be studied between freshwater and other 

processes and systems, and whose resilience may be conceptualised and potentially quantified. While the scope of freshwater 

resilience applications may be large, this variety is not unique to freshwater systems and is, rather, a defining characteristic 

of resilience science. That is, when resilience is not simply used as a metaphor but as a specific and definable attribute, it 100 
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must necessarily be conditional to a specific relationship within a specific system and over a specific time scale (Carpenter et 

al., 2001). Further, there is no comprehensive model for resilience that accounts for the interdependence of resilience 

processes within systems (Ungar, 2018), and efforts to synthesise resilience insights are limited by the frequent absence in 

resilience assessments of specifying key features such as the systems of interest, their boundaries, disturbance regimes, or 

even working definitions of resilience (le Polain de Waroux et al., 2024). 105 

Freshwater resilience in social-ecological systems builds on various disciplines. These include, for instance, water 

security analysis (Falkenmark et al., 1989; Kummu et al., 2016; Vörösmarty and Sahagian, 2000), Earth system science 

(Gerten et al., 2005; Gleeson et al., 2020; Meybeck, 2003), social-ecological systems science (Berkes and Folke, 1998; Gain 

et al., 2021; Ostrom, 2009), systems ecology and resilience theory (Falkenmark et al., 2019; Folke, 2003; Grantham et al., 

2019), political ecology and human geography (Boelens et al., 2016; Swyngedouw, 2009), and coupled infrastructure 110 

systems (Anderies et al., 2019; Ferguson et al., 2013; Krueger et al., 2022, 2025). Efforts within and between these and other 

disciplines related to freshwater resilience have generated a tremendous set of approaches, practices, and paradigms, which 

consider a wide range of focal processes, system boundaries, knowledge systems, and spatial and temporal scales (Fig. 1). 

Yet, they share a focus on how entities or relationships between them in freshwater systems can persist or transform. Further, 

the decisions regarding conceptual boundaries and process representations strongly shape how resilience is perceived, 115 

conceptualised, and characterised. In this way, we argue that “resilience is in the eye of the beholder”. This fully corresponds 

with the adage of “resilience of what to what” (Carpenter et al., 2001) and emphasizes that how resilience is defined is 

strongly shaped by disciplines, methods, and their embedded assumptions. 

For example, the planetary boundaries framework (Rockström et al., 2009) places the biophysical Earth system and 

its resilience dynamics within its scope but omits consideration of social systems and their dynamics, such as positive social 120 

tipping points (Otto et al., 2020). In contrast, community-based participatory research (CBPR) (Roque et al., 2022; Seiferth 

et al., 2024) accommodates diverse knowledge production modes to enable a holistic view of intertwined processes. CBPR is 

thus capable of capturing place-based mechanisms of social adaptive capacity (Ruiz-Mallén and Corbera, 2013) but is unable 

to represent global dynamics and potential drivers of local regime shifts, such as teleconnections. Predominantly quantitative 

approaches, such as the Food-Energy-Water (FEW) nexus (D’Odorico et al., 2018), may focus on a limited set of key 125 

components across multiple systems to enable a comparable level of abstraction and generalization across spatial and 

temporal scales. Conversely, hydro-social systems research (Nakamura et al., 2025; Ross and Chang, 2020) maintains broad 

conceptual boundaries when considering the co-constitution of water and society, and resists reduction to a fixed set of 

components. Instead, it prioritises contextual details over generalisation and typically operates at local to regional scales. 
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Figure 1: An illustration of some of the approaches, practices, and paradigms that contribute to understanding freshwater resilience. Each 130 
entry is represented by a sphere positioned according to three axes: 1) the horizontal axis (x-axis) reflects the balance between water-

ecosystem and water-human focus (focus axis), 2) the vertical axis (z-axis) reflects the degree to which systems are conceptualised as 

coupled or intertwined (mode axis), and 3) the diagonal axis (y-axis) reflects the typical spatial scale of analysis (scale axis). The faded 

ellipses beneath each circle are a projection of each example’s position along the horizontal and diagonal axes. Vertical dashed lines 

connect each circle to its ellipse as a visualisation aid to locate the entry’s position on the mode axis. These representative but non-135 
exhaustive examples are located as points for visualisation simplicity but in practice are applied across a range along each axis and are 

plotted here based on subjective perceptions of our authorship group. On the right-hand side, general descriptions of how resilience is 

defined and approached are provided. 

3 Social-ecological orientations to navigate freshwater resilience science 

The variety of focuses, modes, scales, and understandings of freshwater resilience (Fig. 1) reveals that no single approach is 140 

comprehensive, unbiased, and sufficient to capture the breadth of processes relevant to freshwater resilience insights. For 

this reason, we argue that more attention needs to be afforded to considering how to work within this rich but messy 

landscape of diverse assessments. As a first step in this direction, we present here a set of orientations that can enable better 

contextualisation, framing, and synthesis of freshwater resilience insights (Fig. 2). With the orientations, however, we seek 

to avoid forced integration that would compress or homogenise studies on freshwater resilience but rather attempt to provide 145 

a common foundation to enhance mutual understanding and collaboration across research communities. These orientations 

are presented in conceptual forms here in Section 3, and they are exemplified and summarised using four applied case 

studies in Section 4 and Table 1 therein. 
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Figure 2: The relationship between freshwater systems (centre of diagram) and an illustrative, non-exhaustive selection of existing 150 
approaches, practices, and paradigms that are often applied to generate freshwater resilience insights (top of diagram). Integrative 

understandings of freshwater resilience in social-ecological systems (centre of diagram) can be facilitated by holding the social-ecological 

orientations listed below the diagram (three pillars). 

Freshwater resilience is both a physical and a social reality in which resilience emerges from dynamic interactions 

among ecological processes, hydrological stores and fluxes, institutions, technologies, knowledge systems, and lived 155 

experiences (Linton, 2010; Zwarteveen et al., 2017). From a physical science perspective, resilience can be quantified 

through measurable indicators of hydrological variability, ecological integrity, and system state, their observable thresholds, 

and regime shifts that signal fundamental changes in system function. From a hydro-social perspective, resilience can be 

understood as an evolving property of the relationships between people and water that are shaped by culture, power, 

memory, social relations and meanings of place; these considerations cannot be fully captured through physical metrics. 160 

Thus, holistic approaches to freshwater resilience require holding both imperatives in a productive tension (Baird et al., 

2024). 

There are multiple valid realities of freshwater resilience across physical, social, and cultural contexts. That is, 

freshwater resilience should rest on a pluralistic ontology (Cornell et al., 2013; Tengö et al., 2014; Yates et al., 2017), 

meaning that what freshwater resilience is, and what it is for whom, cannot be asserted by any individual framework, 165 

methodology, or knowledge system. In line with this ontology, there are many ways to generate valid knowledge claims 

about freshwater resilience. These range from modelling and remote sensing to histories, narratives, and analyses of power; 

and their relationships and interactions. In intertwined realities, these different ways of knowing co-exist, and holistic 

approaches to freshwater resilience should not force integration by collapsing them into a single worldview, theory, or 
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model. Acknowledging the existence of multiple ways to generate knowledge thus necessarily requires an understanding that 170 

all knowledge is contingent and situated (Zwarteveen et al., 2026). 

Freshwater resilience emerges from radically open social-ecological system processes, which are characterized by 

multi- and cross-scalar dynamics, feedback mechanisms, teleconnections, and cross-sector interactions (Bennett and Reyers, 

2024; Levin et al., 2013). While freshwater resilience can build from small spatial scales and be affected by rapid systemic 

changes, it can also be latently dependent on large-scale (including global) trends that may change at a slow pace but also 175 

persist across long timescales. Practically, this means that freshwater resilience cannot be fully understood at any single scale 

or for any single process or relationship. Further, assessments or interventions fixed to a single scale risk misattributing 

causes and may fail to anticipate transitions driven by processes operating at different scales or at distal locations. 

4 Holistic system descriptions of freshwater resilience enabled through social-ecological orientations 

We provide four case examples to demonstrate how holding the social-ecological orientations (Fig. 2) may be useful to work 180 

with diverse resilience insights in distinct freshwater systems. Furthermore, we summarise how each of the three orientations 

applies to the four cases in Table 1. 

4.1 The almond debate in California’s Central Valley 

A large share of the global almond supply is cultivated in California, leading to pressures on regional water resources in a 

hot and dry climate. This highlights how global markets and demand can drive and control the use and consumption of 185 

(scarce) regional water resources for the benefit of few consumers and agri-food businesses. Knowledge on this subject is 

developed through a range of complementary research approaches, in which each contributes a unique perspective. 

Hydrological modeling and remote sensing are tracking both agricultural expansion and intensification, revealing that 

almond acreage grew despite ongoing droughts (Alam et al., 2019; Schauer and Senay, 2019). Similar quantitative water-

focused approaches include e.g. analysing trade-related virtual water exports and quantifications of the consumptive blue and 190 

green water use of almond production, which relate to its water footprint (Fulton et al., 2019; Marston and Konar, 2017). 

Economically oriented approaches analyze how drivers like prices, water costs, and policy constraints shape almond 

production and decision-making (Gebremichael et al., 2021). Critical and constructivist perspectives can characterise the 

same case in very different ways: Reisman (2019), for example, identifies the almond debate in California as a 

problematization shaped by discourse, power and anxieties about markets, not just as an objective biophysical fact. Studies 195 

grounded in political ecology often center around global agrarian capitalism narratives and show how existing policies tend 

to reproduce existing power asymmetries (Dobbin, 2020). 

The Californian almond production exemplifies that freshwater is a hybrid system that is equally a physical and a 

social reality. The availability of blue water resources in California is increasingly threatened by climate change, for example 

through prolonged droughts and a declining water supply from the Sierra Nevada (Belmecheri et al., 2016; Mann and Gleick, 200 
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2015). But it is also a social realm where human water use and the exceptional economic value of almonds drive the reliance 

on groundwater for irrigation (Gebremichael et al., 2021; Mall and Herman, 2019). The system is further shaped by bi-

directional cross-scale interactions; global decisions are increasingly driving local impacts since global markets, trade 

agreements, and demand influence and indirectly control the use of regional water resources. At the same time, a small 

number of large agribusinesses and private investors secure water resources and drive large land-use transformations 205 

(Reisman, 2019), often externalizing resulting environmental burdens onto local communities. 

4.2 The Sahelian paradox 

The "Sahelian paradox" describes a counterintuitive pattern in which runoff and river discharge have increased across parts 

of the Central Sahel despite prolonged meteorological drought and only partial recovery in rainfall (Descroix et al., 2009; Le 

Roux et al., 2026; Mahe et al., 2005). Rather than a hydrological anomaly, this paradox reveals a deeper issue. Intense, short-210 

duration rainfall events generate more surface runoff that enhances greenness, which is captured by remotely sensed 

indicators, without improving soil infiltration (Epule et al., 2018; Pase et al., 2025). 

Local knowledge offers a critical counterpoint to remote sensing. Farmers consistently report that "wetter is not 

better", describing rainfall as more erratic, intense, and less usable for agriculture (Porkka et al., 2021). This alternative 

perspective captures processes, such as intra-seasonal variability, soil crusting, and rapid runoff, that neither satellites nor 215 

standard hydrological models directly measure. As farming expands and soils degrade, rainfall increasingly runs off rather 

than infiltrates, raising flood risks instead of supporting crops (Elagib et al., 2021; Le Roux et al., 2026; Pase et al., 2025). 

Local agricultural practices like Zaï pits and half-moons reflect a different relationship with water, one that aims to slow it 

down, work with the soil, and rebuild moisture over time. In doing so, these practices reveal soil-water feedbacks that remote 

sensing cannot resolve, but resilience in agriculture management and climate adaptation relies upon (Lèye et al., 2021; 220 

Partey et al., 2018; Zougmoré et al., 2023). Moreover, the impacts of floods and droughts are uneven. Land tenure, water 

rights, and political power determine who gains access to irrigation and who is exposed to displacement and damage (Pase et 

al., 2025). Hence, viewing freshwater resilience solely through a technical lens is insufficient. It is inextricably linked to 

social and cultural relations, colonial legacies, and governance structures (Pase et al., 2025). 

These local dynamics interact with climate change. Increases in extreme precipitation under climate change leads to 225 

more blue water dominated landscapes (i.e., larger shares of rainfall turn into runoff rather than transpiration) in the Sahel 

(Heselschwerdt et al., 2026). Moreover, in transboundary basins, such as the Niger and the Nile, flood waves are growing 

stronger and can arrive weeks after rains have ceased (Elagib et al., 2021; Pase et al., 2025). These flood pulses reach 

landscapes where degraded soils have diminishing capacity to absorb them, amplifying flood risk even where vegetation 

appears to recover. Inept local and regional water management, combined with conflicts between herders and farmers, 230 

further worsen water scarcity (Denisova & Kostelyanets, 2024). 
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4.3 The flood pulse in the Mekong 

A core biophysical feature of the Mekong River is a large seasonal flood pulse (Adamson et al., 2009). Each wet season, 

monsoonal rainfall causes water to rise, spread across floodplains, and recede. This flood pulse acts as the metronome that 

has historically coordinated and structured everyday life, supporting smallholder production, determining fishing practices, 235 

shaping transport and settlement, simultaneously synchronising food production, labour, and livelihood strategies (Tiwari et 

al., 2023). In Tonle Sap, Cambodia, people quite literally live with this pulse, adapting homes and routines to the lake's 

annual expansion and contraction (Arias et al., 2013; Keskinen, 2006). Flood pulse dynamics become proverbs that not only 

dictate when to mend nets, or when the first reliable rains arrive, but also guide fishing practices and technologies attuned to 

specific fish, currents, and water levels (Tran et al., 2025). The seasonal calendars, proverbs, and craft knowledge embedded 240 

in floodplain communities represent a distinct and valid way of knowing the river, built from generations of observation and 

practice (Tran et al., 2025). 

However, widespread hydropower development has resulted in flow alterations that are as much a re-writing of a 

calendar as they are a change to a hydrograph (Dang and Pokhrel, 2024; Grumbine et al., 2012; Xue et al., 2011). Since the 

1990s, dam construction in the river has been enabled and normalised by a basin governance architecture centred around the 245 

Mekong River Commission (Mekong River Commission, 2024). A political ecology reading of hydropower development 

highlights that beyond changing flow regimes (Räsänen et al., 2012), these developments embody a style of river 

management that prioritises control, predictability, and engineered optimisation (Middleton, 2022; Middleton and Allouche, 

2016). The MRC has helped to codify and institutionalise the river’s present material form, as much an outcome of 

diplomatic processes and investment priorities, as of hydrology (Sneddon and Fox, 2006; Sopera, 2022). In this way, 250 

physical and social realities are mutually constitutive. Understanding the multiple drivers of change and layered social-

ecological effects on river ecosystems and dependent communities requires perspectives across hydrology, political ecology, 

and political economy. 

These changes emerge through interactions within and across scales, where financing, governance, hydropower 

development, and its consequences unfold at fundamentally different scales, and interact with land use change, agricultural 255 

commodification, and dietary shifts (Burbano et al., 2020; Liu et al., 2020; Pittock et al., 2017; Ziv et al., 2012). These 

dynamics are further shaped by global market forces and climate change (Räsänen and Kummu, 2013), compounding 

pressures on and reconfiguring both the physical rhythms of the river and the livelihoods that depend on them. 

4.4 Indigenous livelihoods and hydropower expansion in the Amazon Basin 

The Amazon River basin is a grand social-ecological system. Home to unparalleled biodiversity and species richness, the 260 

Amazon is also the home of various Indigenous and ribeirinho (river people) communities. Along tributaries such as the 

Xingu River, they have organised their livelihoods around the river's seasonal flood pulse, which sustains fisheries critical to 

their food security and cultural identity (Ioris, 2020; Juruna et al., 2025). The Amazon's water cycle is strongly coupled to 
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regional vegetation: evapotranspiration from forest cover drives substantial moisture recycling, contributing roughly 30% of 

precipitation within the basin, while the remainder is primarily supplied by moisture advected from the Atlantic Ocean, 265 

making forest loss a critical threat to both ecological and human systems (Lima et al., 2014; Marengo, 2006; Dominquez et 

al. 2022). 

No single disciplinary lens can capture the full complexity of Amazonian freshwater systems. Hydrological 

modelling, economic cost-benefit analysis, and ecological assessment each illuminate different dimensions of the same 

reality (Cabral de Sousa Junior and Reid, 2010; Caravaggio et al., 2017). Community-based monitoring programmes, such as 270 

the Independent Territorial Environmental Monitoring Program (MATI-VGX), contribute granular, place-specific 

observations that formal monitoring often misses (Juruna et al., 2025). As Fearnside (2005) argues, robust decision-making 

requires integrating this full range of perspectives before committing to irreversible infrastructure; a condition that, in 

practice, is rarely met. 

The Belo Monte dam illustrates how a single infrastructure decision propagates across scales and sectors in ways that 275 

no single perspective could have anticipated alone. Hydrologically, diverting over 80% of the Xingu's flow has reshaped the 

river's flood pulse, inundating over 400 km² of land with downstream consequences for biodiversity and water quality 

(Diamond and Poirier, 2010; Marengo, 2006). Economically, the dam's performance has proven weaker than projected, with 

Ioris (2020) noting the resulting pressure to expand hydropower capacity elsewhere in the basin, contributing to proposals 

for additional dams that compound environmental and social impacts. Socially, the disruption of seasonal hydrology has 280 

undermined communities whose livelihoods and cultural practices are inseparable from river dynamics, while the forced 

relocation of between 20,000 and 40,000 people has severed the territorial relationships on which those practices depend 

(Fearnside, 2016; Jaichand and Sampaio, 2013; Juruna et al., 2025). These impacts are shaped by cross-scale dynamics, 

where decisions made at national and international levels interact with local ecological processes and are experienced most 

directly by affected communities. 285 
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Table 1: Envisioned implications and case study examples of holding the presented social-ecological orientations. 

 Freshwater as a physical 

and a social reality 

Many valid knowledge systems 

exist and multiple perspectives 

are necessary 

Freshwater as an open 

social-ecological system 

Envisioned 

implications for 

freshwater 

resilience 

science 

Freshwater resilience in social-

ecological systems cannot be 

reduced to biophysical indicators 

alone. Approaches must reflect both 

social and ecological conditions. 

These conditions are co-constituted 

and not linearly additive. 

No single discipline, dataset, 

framework, research community, or 

knowledge system can offer a 

complete and authoritative picture 

of freshwater resilience. 

Understanding freshwater resilience 

rests on holding together multiple 

perspectives that are not necessarily 

reducible to common terms or 

metrics. 

Freshwater resilience emerges from 

multiple processes that cross and 

shape system boundaries. These 

processes operate across a wide 

range of spatial and temporal scales. 

 Examples from case studies 

The almond 

debate in 

California’s 

Central Valley 

(Section 4.1) 

Water scarcity arises from a 

combination of physical trends 

(increasing droughts, reduced 

snowpack), economic incentives 

(crop markets), and regulatory 

regimes (water laws). 

Hydrological models, virtual water 

assessments, economic analysis, and 

political ecology each contribute a 

unique analysis on the almond 

debate. 

Global market demands and trade 

networks drive local groundwater 

depletion. Control of local water 

resources drives large land system 

transformations. 

The Sahelian 

paradox 

(Section 4.2) 

Increasing runoff despite prolonged 

drought demonstrates that 

hydrological signals cannot be 

explained without accounting for 

land-use change, social 

organisation, and governance. 

Satellite indicators suggest 

landscape re-greening, yet farmers 

consistently report that "wetter is 

not better". This contradiction 

reveals that remote sensing and 

local knowledge capture 

fundamentally different dimensions 

of the same system. 

Colonial-era (technocratic) 

governance legacies shape local 

flood and drought exposure and 

define who bears the burden. 

The flood pulse 

in the Mekong 

(Section 4.3) 

 

The flood pulse structures both 

hydrological functioning and social 

organisation. Flow alterations 

disrupt both biophysical and 

sociocultural systems. 

Flow gauges can quantify the 

magnitude change in flow regimes. 

Craftsmanship, seasonal calendars, 

and oral histories constitute a 

distinct, practice-based 

epistemology of the river. Full 

characterisation of Mekong 

resilience requires interaction across 

hydrology, political ecology, and 

political economy. 

Hydropower financing, governance, 

and downstream consequences 

operate at fundamentally different 

scales, and propagate through basin 

hydrology to reshape livelihoods 

and ecological functions. Erosion of 

traditional ecological knowledge 

reflects the cumulative interaction 

of transboundary infrastructure, 

global market forces, and shifting 

local practice. 

Indigenous 

livelihoods and 

hydropower 

expansion in the 

Amazon Basin 

(Section 4.4) 

Flow alteration disrupts fisheries, 

seasonal mobility, and livelihoods 

of Indigenous and ribeirinho 

communities, while dam 

infrastructure inundates land and 

drives displacement. 

Hydrological modelling and 

economic analysis prioritise 

infrastructure performance, while 

community-based monitoring 

captures place-based ecological 

change, livelihood impacts, and 

culturally embedded knowledge. 

National energy policy and 

international investment drive dam 

construction, while impacts are 

experienced locally, highlighting 

cross-scale dynamics and limited 

influence of affected communities 

in decision-making. 
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5 Contextualised freshwater resilience in the Anthropocene 

Freshwater resilience is a useful concept to seek increasingly comprehensive knowledge about freshwater systems, their 

dynamics, possible system regimes and configurations, and their stability. However, the wide variety in how freshwater 290 

resilience insights are generated (Fig. 1) hinders their synthesis. Building on our proposed social-ecological orientations (Fig. 

2), we argue that applications of freshwater resilience could benefit from providing increasingly context-rich descriptions of 

how freshwater resilience is represented and critically reflecting on potential biases that relate to this. In this way, we 

envision that freshwater resilience science may be more practically applicable in decision-relevant contexts, such as in 

supporting decision-makers in understanding cost-benefit trade-offs in managing complex systems for normatively 295 

determined outcomes, identifying potential intervention points for desired system transformation (Anderies et al., 2006), and 

exploring mechanisms through which multiple desired system states can co-occur. 

Holding the social-ecological orientations comes, however, with major challenges that can be illustrated through two 

metaphors. Studying freshwater resilience from multiple perspectives maps analogously onto the classic parable of the blind 

scientists studying an elephant (Fig. 3a), in which each scientist is interacting with parts of the elephant and arriving at 300 

contrasting conclusions when being blind to the whole animal: for instance, the tail is thought to be a rope and the tusk is 

thought to be a spear. Only by connecting these fragmented insights is the elephant properly identified. In freshwater systems 

that are our elephants; social and physical dimensions, the variety of disciplines and knowledge systems, and the cross-scalar 

dynamics represent the anatomy we need to consider as being a part of a greater whole. 

305 
Figure 3: Envisioned benefits and implications of holding the presented social-ecological orientations for freshwater resilience studies. (a) 

Fostering the capacity to work across and integrate fragmented insights. (b) Fostering the capacity to hold multiple perspectives at once. 

(c) Fostering the capacity to situate one’s work within a network of broader disciplines working to study different aspects of the same 

system. 

Nevertheless, connecting fragmented insights should not mean forcibly integrating them into a single understanding 310 

as a rule. In our second metaphor of the rabbit-duck illusion (Fig. 3b), the same ambiguous drawing can be perceived as 

either a duck or a rabbit depending on the orientation and perception of the viewer. While neither understanding is wrong, 
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the two cannot be reconciled into a single coherent account. The challenge here is not in how completely a system can be 

observed, but rather in how disciplinary orientations reveal different aspects of the same reality. Unlike the blind scientists’ 

parable where integration of fragmented and partial insights leads to a collective clarity, the rabbit-duck illusion 315 

demonstrates the dangers of forcing integration across incompatible knowledge systems. Forced integration can come with 

risking both usability and representativeness of the resulting resilience insights, and we see that resolving this structural 

tension is one of the grand challenges for future freshwater resilience science to address. 

Working with multiple partial perspectives and resolving tensions between them has recently been discussed across 

other Earth system science domains, as well. For instance, it is increasingly accepted that reproducing high fidelity “digital 320 

twins” of the human-Earth system is untenable (Saltelli et al., 2024), and the endless pursuit of representing all physical 

features at a level of detail matching reality is allegorized as the “map maker’s dilemma” (Reinecke et al., 2024). Rather, 

approaches to address a complex problem may become “fit-for-purpose”, meaning they are developed to reflect specific 

dynamics or system interactions, at a given spatial and temporal scale of analysis, and with explicitly or implicitly defined 

boundary conditions and limitations for a given problem statement. The development of a sustained commitment to 325 

explicitly clarify which resilience aspects are considered in generating freshwater resilience insights would be wise, while 

further considering how the representations of social positions, values, and power shape study outcomes (Fallon et al., 2022). 

In addition to promoting integration across fragmented insights (Fig. 3a) and holding multiple perspectives at once 

(Fig. 3b), adopting our proposed core orientations may unlock cognitive and perceptual barriers that have hindered more 

collaborative forms of freshwater resilience science. The orientations can equip individual researchers and communities with 330 

the conceptual scaffolding to situate their work relative to other disciplines (Fig. 3c), which corresponds directly with social-

ecological research guides generally calling for a richer diversity of methods, knowledge systems, and collaboration across 

disciplines and communities (Levin et al., 2013; Preiser et al., 2018; Reyers and Selomane, 2018; Tengö et al., 2014). While 

the orientations are grounded on established social-ecological systems literature, we here articulate them explicitly in the 

context of freshwater resilience. With this, we may anticipate wider uptake of social-ecological perspectives in freshwater 335 

science, even independent of whether a study is explicitly focused on resilience. 

Finally, the orientations we have proposed are squarely suited to support freshwater resilience in the Anthropocene. 

Following Ellis’ (2023) description of the “Anthropocene condition” as a reference point (“[the] coupling of socially 

produced environmental challenges with disruptive social changes”), we argue that the orientations presented can support 

freshwater science in the Anthropocene. By incorporating the integrative nature of social-ecological systems in our proposed 340 

orientations, we promote moving beyond studying predominantly the physical dimensions of Earth system change and with 

that, favouring the representation of those social dimensions that can conveniently be integrated with quantitative 

approaches. Although the orientations presented here offer no template solutions for freshwater science and resilience, they 

advocate for reflection about perspective, bias, and limitations. Thus, a wider adoption of social-ecological perspectives can 
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encourage greater reflexivity in freshwater resilience, and in doing so, equip the field to better navigate the tensions between 345 

rigour and pluralism that freshwater resilience challenges in the Anthropocene demand. 

Code and data availability 

No code or original data were used in preparing this Perspective. 

Author contributions 

This manuscript was produced collaboratively through iterative working sessions of the Global Freshwater Systems Science 350 

Workshop (https://freshwatersystemsworkshop.org/). XH and VV led facilitation of group brainstorming activities, but all 

authors contributed to these activities and thus the formulation of this Perspective. XH and VV led manuscript drafting with 

support from EK and CK. HD, PV, RL, BV, SF, and EP led case study writing. All authors contributed to manuscript 

conceptualisation, writing, editing, and revising. 

Competing interests 355 

Authors have no competing interests to disclose. 

Acknowledgements 

Figures were produced by XH in Affinity Designer (https://www.affinity.studio/). Parts of Fig. 1–3 were sourced from the 

Integration and Application Network (https://ian.umces.edu/media-library/) under CC BY NC SA, and the Noun Project 

(https://thenounproject.com/) under CC BY NC. 360 

 



This is a non-peer reviewed preprint submitted to EarthArXiv and is currently in review with Ecology & Society. 

15 

 

Financial support 

XH acknowledges a fellowship from the Natural Sciences and Engineering Research Council of Canada (NSERC) and a 

financial contribution from the Canadian Space Agency. VV, MP, EP, and RB acknowledge funding from European 

Research Council (ERC) grant AQUAGUARD (grant no. 101118083). VV and MP additionally acknowledge funding from 365 

Strategic Research Council (SRC) established within the Research Council of Finland (grant no. 365752, 365754). EK 

acknowledges funding from UvA’s Sustainability Platform (mid-sized grant project Blueprint for Glocal Water Security). 

CK acknowledges financial support from the Marianne and Marcus Wallenberg Foundation (2022.0149) and the Marcus and 

Amalia Wallenberg Foundation (2022.0097). SF and LSA are part of the Planetary Boundaries Science Lab's research effort 

at the Potsdam Institute of Climate Impact Research (PIK). This study was partly funded by the Grantham Foundation for the 370 

Protection of the Environment. BV acknowledges financial support from Digital Waters (DIWA) PhD Pilot. HD 

acknowledges financial support from the Heinrich-Böll foundation in the form of a PhD scholarship. RL, PV, and LWE are 

supported by Formas with grant number 2022-02089, as part of the SAFER project. IF and LWE acknowledge support by 

the FORMAS projects 2023-00310 and 2023-00321. FJ was funded by Projects 2022‐02148 and 2022‐01570 of the Swedish 

Research Council for sustainable development. MK acknowledges financial support from European Research Council under 375 

the European Union’s Horizon 2020 research and innovation program grant 819202, the Strategic Research Council’s project 

‘Water & Food’ 365512, the Research Council of Finland’s Flagship Programme under project Digital Waters 359248, and 

Sven Hallin Foundation sr. 

References 

Abbott, B. W., Bishop, K., Zarnetske, J. P., Minaudo, C., Chapin, F. S., Krause, S., Hannah, D. M., Conner, L., Ellison, D., 380 

Godsey, S. E., Plont, S., Marçais, J., Kolbe, T., Huebner, A., Frei, R. J., Hampton, T., Gu, S., Buhman, M., Sara Sayedi, 

S., Ursache, O., Chapin, M., Henderson, K. D., and Pinay, G.: Human domination of the global water cycle absent from 

depictions and perceptions, Nat. Geosci., 12, 533–540, https://doi.org/10.1038/s41561-019-0374-y, 2019.  

Adamson, P. T., Rutherfurd, I. D., Peel, M. C., and Conlan, I. A.: The Hydrology of the Mekong River, in: The Mekong, 

Elsevier, 53–76, https://doi.org/10.1016/B978-0-12-374026-7.00004-8, 2009.  385 

Alam, S., Gebremichael, M., and Li, R.: Remote Sensing-Based Assessment of the Crop, Energy and Water Nexus in the 

Central Valley, California, Remote Sensing, 11, 1701, https://doi.org/10.3390/rs11141701, 2019.  

Anderies, J., Walker, B., and Kinzig, A.: Ecology and Society: Fifteen Weddings and a Funeral: Case Studies and 

Resilience-based Management, Ecology and Society, 11, https://doi.org/10.5751/ES-01690-110121, 2006.  

Anderies, J. M., Barreteau, O., and Brady, U.: Refining the Robustness of Social-Ecological Systems Framework for 390 

comparative analysis of coastal system adaptation to global change, Reg Environ Change, 19, 1891–1908, 

https://doi.org/10.1007/s10113-019-01529-0, 2019.  

Anderies, J. M., Barfuss, W., Donges, J. F., Fetzer, I., Heitzig, J., and Rockström, J.: A modeling framework for World-Earth 

system resilience: exploring social inequality and Earth system tipping points, Environ. Res. Lett., 18, 095001, 

https://doi.org/10.1088/1748-9326/ace91d, 2023.  395 



This is a non-peer reviewed preprint submitted to EarthArXiv and is currently in review with Ecology & Society. 

16 

 

Anderson, E. P., Jackson, S., Tharme, R. E., Douglas, M., Flotemersch, J. E., Zwarteveen, M., Lokgariwar, C., Montoya, M., 

Wali, A., Tipa, G. T., Jardine, T. D., Olden, J. D., Cheng, L., Conallin, J., Cosens, B., Dickens, C., Garrick, D., 

Groenfeldt, D., Kabogo, J., Roux, D. J., Ruhi, A., and Arthington, A. H.: Understanding rivers and their social relations: 

A critical step to advance environmental water management, WIREs Water, 6, e1381, https://doi.org/10.1002/wat2.1381, 

2019.  400 

Arias, M. E., Cochrane, T. A., Norton, D., Killeen, T. J., and Khon, P.: The Flood Pulse as the Underlying Driver of 

Vegetation in the Largest Wetland and Fishery of the Mekong Basin, AMBIO, 42, 864–876, 

https://doi.org/10.1007/s13280-013-0424-4, 2013.  

Baird, J., Blythe, J. L., Murgu, C., and Plummer, R.: A scoping review of how the seven principles for building social-

ecological resilience have been operationalized - Ecology & Society, Ecology and Society, 29, 405 

https://doi.org/10.5751/ES-15114-290220, 2024.  

Belmecheri, S., Babst, F., Wahl, E. R., Stahle, D. W., and Trouet, V.: Multi-century evaluation of Sierra Nevada snowpack, 

Nature Clim Change, 6, 2–3, https://doi.org/10.1038/nclimate2809, 2016.  

Bennett, E. M. and Reyers, B.: Disentangling the complexity of human–nature interactions, People and Nature, 6, 402–409, 

https://doi.org/10.1002/pan3.10611, 2024.  410 

Berkes, F. and Folke, C.: Linking Social and Ecological Systems for Resilience and Sustainability, in: Linking Social and 

Ecological Systems: Management Practices and Social Mechanisms for Building Resilience, Cambridge University 

Press, 1998.  

Boelens, R., Hoogesteger, J., Swyngedouw, E., Vos, J., and Wester, P.: Hydrosocial territories: a political ecology 

perspective, Water International, 41, 1–14, https://doi.org/10.1080/02508060.2016.1134898, 2016.  415 

Burbano, M., Shin, S., Nguyen, K., and Pokhrel, Y.: Hydrologic changes, dam construction, and the shift in dietary protein 

in the Lower Mekong River Basin, Journal of Hydrology, 581, 124454, https://doi.org/10.1016/j.jhydrol.2019.124454, 

2020.  

Cabral de Sousa Junior, W. and Reid, J.: Uncertainties in Amazon Hydropower Development: Risk Scenarios and 

Environmental Issues around the Belo Monte Dam, Water Alternatives, 3, 2010.  420 

Caravaggio, N., Costantini, V., Iorio, M., Monni, S., and Paglialunga, E.: The challenge of hydropower as a sustainable 

development alternative: Benefits and controversial effects in the case of the Brazilian Amazon, in: Inequality and 

Uneven Development in the Post-Crisis World, Routledge, 2017.  

Carpenter, S., Walker, B., Anderies, J. M., and Abel, N.: From Metaphor to Measurement: Resilience of What to What?, 

Ecosystems, 4, 765–781, https://doi.org/10.1007/s10021-001-0045-9, 2001.  425 

Chandanpurkar, H. A., Famiglietti, J. S., Gopalan, K., Wiese, D. N., Wada, Y., Kakinuma, K., Reager, J. T., and Zhang, F.: 

Unprecedented continental drying, shrinking freshwater availability, and increasing land contributions to sea level rise, 

Science Advances, 11, eadx0298, https://doi.org/10.1126/sciadv.adx0298, 2025.  

Cornell, S., Berkhout, F., Tuinstra, W., Tàbara, J. D., Jäger, J., Chabay, I., de Wit, B., Langlais, R., Mills, D., Moll, P., Otto, 

I. M., Petersen, A., Pohl, C., and van Kerkhoff, L.: Opening up knowledge systems for better responses to global 430 

environmental change, Environmental Science & Policy, 28, 60–70, https://doi.org/10.1016/j.envsci.2012.11.008, 2013.  

Cumming, G. S. and Peterson, G. D.: Unifying Research on Social–Ecological Resilience and Collapse, Trends in Ecology 

& Evolution, 32, 695–713, https://doi.org/10.1016/j.tree.2017.06.014, 2017.  

Dang, H. and Pokhrel, Y.: Evolution of river regimes in the Mekong River basin over 8 decades and the role of dams in 

recent hydrological extremes, Hydrol. Earth Syst. Sci., 28, 3347–3365, https://doi.org/10.5194/hess-28-3347-2024, 2024.  435 

Descroix, L., Mahé, G., Lebel, T., Favreau, G., Galle, S., Gautier, E., Olivry, J.-C., Albergel, J., Amogu, O., Cappelaere, B., 

Dessouassi, R., Diedhiou, A., Le Breton, E., Mamadou, I., and Sighomnou, D.: Spatio-temporal variability of 

hydrological regimes around the boundaries between Sahelian and Sudanian areas of West Africa: A synthesis, Journal of 

Hydrology, 375, 90–102, https://doi.org/10.1016/j.jhydrol.2008.12.012, 2009.  



This is a non-peer reviewed preprint submitted to EarthArXiv and is currently in review with Ecology & Society. 

17 

 

Diamond, S. and Poirier, C.: Brazil’s Native Peoples and the Belo Monte Dam: A Case Study, NACLA Report on the 440 

Americas, 43, 25–29, https://doi.org/10.1080/10714839.2010.11725513, 2010.  

Dobbin, K. B.: “Good Luck Fixing the Problem”: Small Low-Income Community Participation in Collaborative 

Groundwater Governance and Implications for Drinking Water Source Protection, Society & Natural Resources, 33, 

1468–1485, https://doi.org/10.1080/08941920.2020.1772925, 2020.  

D’Odorico, P., Davis, K. F., Rosa, L., Carr, J. A., Chiarelli, D., Dell’Angelo, J., Gephart, J., MacDonald, G. K., Seekell, D . 445 

A., Suweis, S., and Rulli, M. C.: The Global Food-Energy-Water Nexus, Reviews of Geophysics, 56, 456–531, 

https://doi.org/10.1029/2017RG000591, 2018.  

Elagib, N. A., Zayed, I. S. A., Saad, S. A. G., Mahmood, M. I., Basheer, M., and Fink, A. H.: Debilitating floods in the Sahel 

are becoming frequent, Journal of Hydrology, 599, 126362, https://doi.org/10.1016/j.jhydrol.2021.126362, 2021.  

Ellis, E. C.: The Anthropocene condition: evolving through social–ecological transformations, Philos Trans R Soc Lond B 450 

Biol Sci, 379, 20220255, https://doi.org/10.1098/rstb.2022.0255, 2023.  

Epule, T. E., Ford, J. D., and Lwasa, S.: Climate change stressors in the Sahel, GeoJournal, 83, 1411–1424, 

https://doi.org/10.1007/s10708-017-9831-6, 2018.  

European Union: COMMUNICATION FROM THE COMMISSION TO THE EUROPEAN PARLIAMENT, THE 

COUNCIL, THE EUROPEAN ECONOMIC AND SOCIAL COMMITTEE AND THE COMMITTEE OF THE 455 

REGIONS European Water Resilience Strategy, https://eur-lex.europa.eu/legal-

content/EN/TXT/?uri=celex:52025DC0280 (last access: 29 June 2026), 2025.  

Falkenmark, M.: Water and Mankind: A Complex System of Mutual Interaction, Ambio, 6, 3–9, 1977.  

Falkenmark, M. and Biswas, A. K.: Further Momentum to Water Issues: Comprehensive Water Problem Assessment in the 

Being, Ambio, 24, 1995.  460 

Falkenmark, M. and Folke, C.: The ethics of socio-ecohydrological catchment management: towards hydrosolidarity, 

Hydrology and Earth System Sciences, 6, 1–10, https://doi.org/10.5194/hess-6-1-2002, 2002.  

Falkenmark, M., Lundqvist, J., and Widstrand, C.: Macro-scale water scarcity requires micro-scale approaches, Natural 

Resources Forum, 13, 258–267, https://doi.org/10.1111/j.1477-8947.1989.tb00348.x, 1989.  

Falkenmark, M., Wang-Erlandsson, L., and Rockström, J.: Understanding of water resilience in the Anthropocene, Journal of 465 

Hydrology X, 2, 100009, https://doi.org/10.1016/j.hydroa.2018.100009, 2019.  

Fallon, A., Jones, R. W., and Keskinen, M.: Bringing resilience-thinking into water governance: Two illustrative case studies 

from South Africa and Cambodia, Global Environmental Change, 75, 102542, 

https://doi.org/10.1016/j.gloenvcha.2022.102542, 2022.  

Fearnside, P. M.: Brazil’s Samuel Dam: Lessons for Hydroelectric Development Policy and the Environment in Amazonia, 470 

Environmental Management, 35, 1–19, https://doi.org/10.1007/s00267-004-0100-3, 2005.  

Fearnside, P. M.: Environmental and Social Impacts of Hydroelectric Dams in Brazilian Amazonia: Implications for the 

Aluminum Industry, World Development, 77, 48–65, https://doi.org/10.1016/j.worlddev.2015.08.015, 2016.  

Ferguson, B., Brown, R., and Deletic, A.: Ecology and Society: A Diagnostic Procedure for Transformative Change Based 

on Transitions, Resilience, and Institutional Thinking, Ecology and Society, 18, https://doi.org/10.5751/ES-05901-475 

180457, 2013.  

Folke, C.: Freshwater for resilience: a shift in thinking, Philos Trans R Soc Lond B Biol Sci, 358, 2027–2036, 

https://doi.org/10.1098/rstb.2003.1385, 2003.  

Folke, C.: Resilience: The emergence of a perspective for social–ecological systems analyses, Global Environmental 

Change, 16, 253–267, https://doi.org/10.1016/j.gloenvcha.2006.04.002, 2006.  480 



This is a non-peer reviewed preprint submitted to EarthArXiv and is currently in review with Ecology & Society. 

18 

 

Folke, C., Biggs, R., Norström, A., Reyers, B., and Rockström, J.: Social-ecological resilience and biosphere-based 

sustainability science, Ecology and Society, 21, https://doi.org/10.5751/ES-08748-210341, 2016.  

Fulton, J., Norton, M., and Shilling, F.: Water-indexed benefits and impacts of California almonds, Ecological Indicators, 96, 

711–717, https://doi.org/10.1016/j.ecolind.2017.12.063, 2019.  

Gain, A. K., Giupponi, C., and Wada, Y.: Measuring global water security towards sustainable development goals, Environ. 485 

Res. Lett., 11, 124015, https://doi.org/10.1088/1748-9326/11/12/124015, 2016.  

Gain, A. K., Hossain, S., Benson, D., Di Baldassarre, G., Giupponi, C., and Huq, N.: Social-ecological system approaches 

for water resources management, International Journal of Sustainable Development & World Ecology, 28, 109–124, 

https://doi.org/10.1080/13504509.2020.1780647, 2021.  

Gebremichael, M., Krishnamurthy, P. K., Ghebremichael, L. T., and Alam, S.: What Drives Crop Land Use Change during 490 

Multi-Year Droughts in California’s Central Valley? Prices or Concern for Water?, Remote Sensing, 13, 650, 

https://doi.org/10.3390/rs13040650, 2021.  

Gerten, D., Lucht, W., Schaphoff, S., Cramer, W., Hickler, T., and Wagner, W.: Hydrologic resilience of the terrestrial 

biosphere, Geophysical Research Letters, 32, https://doi.org/10.1029/2005GL024247, 2005.  

Gleeson, T., Wang-Erlandsson, L., Porkka, M., Zipper, S. C., Jaramillo, F., Gerten, D., Fetzer, I., Cornell, S. E., Piemontese, 495 

L., Gordon, L. J., Rockström, J., Oki, T., Sivapalan, M., Wada, Y., Brauman, K. A., Flörke, M., Bierkens, M. F. P., 

Lehner, B., Keys, P., Kummu, M., Wagener, T., Dadson, S., Troy, T. J., Steffen, W., Falkenmark, M., and Famiglietti, J. 

S.: Illuminating water cycle modifications and Earth system resilience in the Anthropocene, Water Resources Research, 

56, e2019WR024957, https://doi.org/10.1029/2019WR024957, 2020.  

Grantham, T. E., Matthews, J. H., and Bledsoe, B. P.: Shifting currents: Managing freshwater systems for ecological 500 

resilience in a changing climate, Water Security, 8, 100049, https://doi.org/10.1016/j.wasec.2019.100049, 2019.  

Graveline, M.-H. and Germain, D.: Disaster Risk Resilience: Conceptual Evolution, Key Issues, and Opportunities, Int J 

Disaster Risk Sci, 13, 330–341, https://doi.org/10.1007/s13753-022-00419-0, 2022.  

Grumbine, R. E., Dore, J., and Xu, J.: Mekong hydropower: drivers of change and governance challenges, Frontiers in Ecol 

& Environ, 10, 91–98, https://doi.org/10.1890/110146, 2012.  505 

Heselschwerdt, S. P., Wagener, T., Wang-Erlandsson, L., Ukkola, A. M., Markonis, Y., Yang, Y., and Greve, P.: Large 

impact of extreme precipitation on projected blue–green water partitioning, Earth System Dynamics, 17, 811–827, 

https://doi.org/10.5194/esd-17-811-2026, 2026.  

Hill Clarvis, M., Allan, A., and Hannah, D. M.: Water, resilience and the law: From general concepts and governance design 

principles to actionable mechanisms, Environmental Science & Policy, 43, 98–110, 510 

https://doi.org/10.1016/j.envsci.2013.10.005, 2014.  

Hochrainer-Stigler, S., Laurien, F., Velev, S., Keating, A., and Mechler, R.: Standardized disaster and climate resilience 

grading: A global scale empirical analysis of community flood resilience, Journal of Environmental Management, 276, 

111332, https://doi.org/10.1016/j.jenvman.2020.111332, 2020.  

Ioris, A. A. R.: Water and Energy Frontiers in the Amazon, in: Frontier Making in the Amazon, Springer International 515 

Publishing, Cham, 101–124, https://doi.org/10.1007/978-3-030-38524-8_5, 2020.  

Jaichand, V. and Sampaio, A. A.: Dam and Be Damned: The Adverse Impacts of Belo Monte on Indigenous Peoples in 

Brazil, Human Rights Quarterly, 35, 408–447, 2013.  



This is a non-peer reviewed preprint submitted to EarthArXiv and is currently in review with Ecology & Society. 

19 

 

Jaramillo, F., Desormeaux, A., Hedlund, J., Jawitz, J. W., Clerici, N., Piemontese, L., Rodríguez-Rodriguez, J. A., Anaya, J. 

A., Blanco-Libreros, J. F., Borja, S., Celi, J., Chalov, S., Chun, K. P., Cresso, M., Destouni, G., Dessu, S. B., Di 520 

Baldassarre, G., Downing, A., Espinosa, L., Ghajarnia, N., Girard, P., Gutiérrez, Á. G., Hansen, A., Hu, T., Jarsjö, J., 

Kalantari, Z., Labbaci, A., Licero-Villanueva, L., Livsey, J., Machotka, E., McCurley, K., Palomino-Ángel, S., Pietron, 

J., Price, R., Ramchunder, S. J., Ricaurte-Villota, C., Ricaurte, L. F., Dahir, L., Rodríguez, E., Salgado, J., Sannel, A. B. 

K., Santos, A. C., Seifollahi-Aghmiuni, S., Sjöberg, Y., Sun, L., Thorslund, J., Vigouroux, G., Wang-Erlandsson, L., Xu, 

D., Zamora, D., Ziegler, A. D., and Åhlén, I.: Priorities and Interactions of Sustainable Development Goals (SDGs) with 525 

Focus on Wetlands, Water, 11, 619, https://doi.org/10.3390/w11030619, 2019.  

Juruna, J. J. P., Da Cruz E Silva, R., Dos Reis, O. B., Moura Assunção, A., Sampaio Da Silva, A., Bezerra Da Silva, H., 

Pereira Juruna, J. J., Abreu Nunes, J., Souza Santos Kleme, M., Passos Ferreira, P., Txakui Viana Da Silva Juruna, R., 

Sousa Dos Santos, R., Rodrigues Lima, S., Bezerra Lima, S., Juruna Da Cruz Pereira, T., Quaresma, A., Cunha De 

Queiroz, A., Oliveira Sawakuchi, A., Ribas, C. C., Duarte Ritter, C., Costa Carneiro, C., Mileno Silva De Paula, E., 530 

Zuquim, G., Palmquist, H., Wahnfried, I., Silva De Jesus, J., Muriel‐Cunha, J., Zuanon, J., Pezzuti, J. C. B., Silva De 

Medeiros, M. S., Lopes, P. F. M., and Mantovanelli, T. R.: Socioenvironmental impacts of the Belo Monte hydroelectric 

power plant as revealed by Indigenous and ribeirinho monitoring, Conservation Biology, 39, e70043, 

https://doi.org/10.1111/cobi.70043, 2025.  

Kaandorp, C., Wang-Erlandsson, L., Hattle, A., Folke, C., Gelves-Gomez, F., Rocha, J., Davies, O. H., Daily, G., Donges, J. 535 

F., Flores-Santana, C., Galbraith, E., Goldin, S., Jobbágy, E., Jørgensen, P. S., König, A., Lambin, E. F., Leeuw, S. van 

der, Milo, R., Ningrum, D., Nyström, M., Reyers, B., Schill, C., Senneby, J., Taniguchi, M., and Österblom, H.: 

Opportunities to foreground human embeddedness in the Anthropocene biosphere, Cell Reports Sustainability, 0, 

https://doi.org/10.1016/j.crsus.2026.100734, 2026.  

Keskinen, M.: The Lake with Floating Villages: Socio-economic Analysis of the Tonle Sap Lake, International Journal of 540 

Water Resources Development, 22, 463–480, https://doi.org/10.1080/07900620500482568, 2006.  

Krueger, E. H., McPhearson, T., and Levin, S. A.: Integrated assessment of urban water supply security and resilience: 

towards a streamlined approach, Environ. Res. Lett., 17, 075006, https://doi.org/10.1088/1748-9326/ac78f4, 2022.  

Krueger, E. H., Ma, Z., Kassab, G. N., and Schulte-Römer, N.: Reframing resilience-oriented urban water management: 

learning from social–ecological–technological system interactions and uncertainties in a water-scarce city, Global 545 

Sustainability, 8, e18, https://doi.org/10.1017/sus.2025.17, 2025.  

Kummu, M., Guillaume, J. H. A., de Moel, H., Eisner, S., Flörke, M., Porkka, M., Siebert, S., Veldkamp, T. I. E., and Ward, 

P. J.: The world’s road to water scarcity: shortage and stress in the 20th century and pathways towards sustainability, Sci 

Rep, 6, 38495, https://doi.org/10.1038/srep38495, 2016.  

Le Roux, E., Wendling, V., Panthou, G., Dubas, O., Vandervaere, J.-P., Hector, B., Favreau, G., Cohard, J.-M., Pierre, C., 550 

Descroix, L., Mougin, E., Grippa, M., Kergoat, L., Demarty, J., Rouche, N., Etchanchu, J., and Peugeot, C.: Hydrological 

regime shifts in Sahelian watersheds: an investigation with a simple dynamical model driven by annual precipitation, 

Hydrology and Earth System Sciences, 30, 929–944, https://doi.org/10.5194/hess-30-929-2026, 2026.  

Levin, S., Xepapadeas, T., Crépin, A.-S., Norberg, J., Zeeuw, A. de, Folke, C., Hughes, T., Arrow, K., Barrett, S., Daily, G., 

Ehrlich, P., Kautsky, N., Mäler, K.-G., Polasky, S., Troell, M., Vincent, J. R., and Walker, B.: Social-ecological systems 555 

as complex adaptive systems: modeling and policy implications, Environment and Development Economics, 18, 111–

132, https://doi.org/10.1017/S1355770X12000460, 2013.  

Lèye, B., Zouré, C. O., Yonaba, R., and Karambiri, H.: Water Resources in the Sahel and Adaptation of Agriculture to 

Climate Change: Burkina Faso, in: Climate Change and Water Resources in Africa, edited by: Diop, S., Scheren, P., and 

Niang, A., Springer International Publishing, Cham, 309–331, https://doi.org/10.1007/978-3-030-61225-2_14, 2021.  560 

Lima, L. S., Coe, M. T., Soares Filho, B. S., Cuadra, S. V., Dias, L. C. P., Costa, M. H., Lima, L. S., and Rodrigues, H. O.: 

Feedbacks between deforestation, climate, and hydrology in the Southwestern Amazon: implications for the provision of 

ecosystem services, Landscape Ecol, 29, 261–274, https://doi.org/10.1007/s10980-013-9962-1, 2014.  



This is a non-peer reviewed preprint submitted to EarthArXiv and is currently in review with Ecology & Society. 

20 

 

Linton, J.: What is Water?: The History of a Modern Abstraction, UBC Press, 352 pp., 2010.  

Liu, S., Li, X., Chen, D., Duan, Y., Ji, H., Zhang, L., Chai, Q., and Hu, X.: Understanding Land use/Land cover dynamics 565 

and impacts of human activities in the Mekong Delta over the last 40 years, Global Ecology and Conservation, 22, 

e00991, https://doi.org/10.1016/j.gecco.2020.e00991, 2020.  

Lotcheris, R. A., Knecht, N., Wang-Erlandsson, L., and Rocha, J. C.: Global assessment of terrestrial water cycle resilience, 

EarthArXiv [preprint], https://doi.org/10.31223/X5275B, 11 January 2026.  

Mahe, G., Paturel, J.-E., Servat, E., Conway, D., and Dezetter, A.: The impact of land use change on soil water holding 570 

capacity and river flow modelling in the Nakambe River, Burkina-Faso, Journal of Hydrology, 300, 33–43, 

https://doi.org/10.1016/j.jhydrol.2004.04.028, 2005.  

Mall, N. K. and Herman, J. D.: Water shortage risks from perennial crop expansion in California’s Central Valley, Environ. 

Res. Lett., 14, 104014, https://doi.org/10.1088/1748-9326/ab4035, 2019.  

Mann, M. E. and Gleick, P. H.: Climate change and California drought in the 21st century, Proceedings of the National 575 

Academy of Sciences, 112, 3858–3859, https://doi.org/10.1073/pnas.1503667112, 2015.  

Mao, F., Clark, J., Karpouzoglou, T., Dewulf, A., Buytaert, W., and Hannah, D.: HESS Opinions: A conceptual framework 

for assessing socio-hydrological resilience under change, Hydrology and Earth System Sciences, 21, 3655–3670, 

https://doi.org/10.5194/hess-21-3655-2017, 2017.  

Marengo, J. A.: On the Hydrological Cycle of the Amazon Basin: A historical review and current State-of-the-art, Revista 580 

Brasileira de Meteorologia, 2006.  

Marston, L. and Konar, M.: Drought impacts to water footprints and virtual water transfers of the Central Valley of 

California, Water Resour. Res., 53, 5756–5773, https://doi.org/10.1002/2016WR020251, 2017.  

Mekong River Commission: Lower Mekong River Basin Atlas 2023, MRC Secretariat, Vientiane, 

https://doi.org/10.52107/mrc.bjk3zl, 2024.  585 

Meybeck, M.: Global analysis of river systems: from Earth system controls to Anthropocene syndromes, Philos Trans R Soc 

Lond B Biol Sci, 358, 1935–1955, https://doi.org/10.1098/rstb.2003.1379, 2003.  

Middleton, C.: The Political Ecology of Large Hydropower Dams in the Mekong Basin: A Comprehensive Review, Water 

Alternatives, 15, 2022.  

Middleton, C. and Allouche, J.: Watershed or Powershed? Critical Hydropolitics, China and the ‘Lancang-Mekong 590 

Cooperation Framework,’ The International Spectator, 51, 100–117, https://doi.org/10.1080/03932729.2016.1209385, 

2016.  

Milly, P. C. D., Betancourt, J., Falkenmark, M., Hirsch, R. M., Kundzewicz, Z. W., Lettenmaier, D. P., and Stouffer, R. J.: 

Stationarity Is Dead: Whither Water Management?, Science, 319, 573–574, https://doi.org/10.1126/science.1151915, 

2008.  595 

Moore, M.-L., Wang-Erlandsson, L., Bodin, Ö., Enqvist, J., Jaramillo, F., Jónás, K., Folke, C., Keys, P., Lade, S. J., Mancilla 

Garcia, M., Martin, R., Matthews, N., Pranindita, A., Rocha, J. C., and Vora, S.: Moving from fit to fitness for governing 

water in the Anthropocene, Nat Water, 2, 511–520, https://doi.org/10.1038/s44221-024-00257-y, 2024.  

Nakamura, S., Kreibich, H., Haeffner, M., Mukherjee, J., Di Baldassarre, G., Sakamoto, M., Sugiura, M., Blöschl, G., Oki, 

T., and Sivapalan, M.: Expanding and mainstreaming sociohydrology toward transdisciplinary praxis, Front. Water, 7, 600 

https://doi.org/10.3389/frwa.2025.1629905, 2025.  

Ostrom, E.: Governing the Commons: The Evolution of Institutions for Collective Action, Cambridge University Press, 

Cambridge, https://doi.org/10.1017/CBO9780511807763, 1990.  

Ostrom, E.: A General Framework for Analyzing Sustainability of Social-Ecological Systems, Science, 325, 419–422, 

https://doi.org/10.1126/science.1172133, 2009.  605 



This is a non-peer reviewed preprint submitted to EarthArXiv and is currently in review with Ecology & Society. 

21 

 

Otto, I. M., Donges, J. F., Cremades, R., Bhowmik, A., Hewitt, R. J., Lucht, W., Rockström, J., Allerberger, F., McCaffrey, 

M., Doe, S. S. P., Lenferna, A., Morán, N., van Vuuren, D. P., and Schellnhuber, H. J.: Social tipping dynamics for 

stabilizing Earth’s climate by 2050, Proceedings of the National Academy of Sciences, 117, 2354–2365, 

https://doi.org/10.1073/pnas.1900577117, 2020.  

Partey, S. T., Zougmoré, R. B., Ouédraogo, M., and Campbell, B. M.: Developing climate-smart agriculture to face climate 610 

variability in West Africa: Challenges and lessons learnt, Journal of Cleaner Production, 187, 285–295, 

https://doi.org/10.1016/j.jclepro.2018.03.199, 2018.  

Pase, A., García, A. K., Pepa, M., Gianoli, F., Bertoncin, M., and Braga, C. (Eds.): Water and Land in the Sahel: Mapping 

the Flow, Routledge, London, 418 pp., https://doi.org/10.4324/9781003429111, 2025.  

Pittock, J., Dumaresq, D., and Orr, S.: The Mekong River: trading off hydropower, fish, and food, Reg Environ Change, 17, 615 

2443–2453, https://doi.org/10.1007/s10113-017-1175-8, 2017.  

le Polain de Waroux, Y., Carignan, M.-C., del Giorgio, O., Díaz, L., Enrico, L., Jaureguiberry, P., Lipoma, M. L., Mazzini, 

F., and Díaz, S.: How do we study resilience? A systematic review, People and Nature, 6, 474–489, 

https://doi.org/10.1002/pan3.10603, 2024.  

Porkka, M., Wang-Erlandsson, L., Destouni, G., Ekman, A. M. L., Rockström, J., and Gordon, L. J.: Is wetter better? 620 

Exploring agriculturally-relevant rainfall characteristics over four decades in the Sahel, Environ. Res. Lett., 16, 035002, 

https://doi.org/10.1088/1748-9326/abdd57, 2021.  

Preiser, R., Biggs, R., De Vos, A., and Folke, C.: Social-ecological systems as complex adaptive systems: organizing 

principles for advancing research methods and approaches, Ecology and Society, 23, https://doi.org/10.5751/ES-10558-

230446, 2018.  625 

Räsänen, T. A. and Kummu, M.: Spatiotemporal influences of ENSO on precipitation and flood pulse in the Mekong River 

Basin, Journal of Hydrology, 476, 154–168, https://doi.org/10.1016/j.jhydrol.2012.10.028, 2013.  

Räsänen, T. A., Koponen, J., Lauri, H., and Kummu, M.: Downstream Hydrological Impacts of Hydropower Development in 

the Upper Mekong Basin, Water Resour Manage, 26, 3495–3513, https://doi.org/10.1007/s11269-012-0087-0, 2012.  

Reinecke, R., Pianosi, F., and Wagener, T.: How to use the impossible map – Considerations for a rigorous exploration of 630 

Digital Twins of the Earth, Socio-Environmental Systems Modelling, 6, 18786–18786, 

https://doi.org/10.18174/sesmo.18786, 2024.  

Reisman, E.: The great almond debate: A subtle double movement in California water, Geoforum, 104, 137–146, 

https://doi.org/10.1016/j.geoforum.2019.04.021, 2019.  

Reyers, B. and Selomane, O.: Social-ecological systems approaches: Revealing and navigating the complex trade-offs of 635 

sustainable development, in: Ecosystem Services and Poverty Alleviation (OPEN ACCESS), Routledge, 2018.  

Rockström, J., Steffen, W., Noone, K., Persson, Å., Chapin, F. S. I., Lambin, E., Lenton, T., Scheffer, M., Folke, C., 

Schellnhuber, H. J., Nykvist, B., de Wit, C., Hughes, T., van der Leeuw, S., Rodhe, H., Sörlin, S., Snyder, P., Costanza, 

R., Svedin, U., Falkenmark, M., Karlberg, L., Corell, R., Fabry, V., Hansen, J., Walker, B., Liverman, D., Richardson, 

K., Crutzen, P., and Foley, J.: Ecology and Society: Planetary Boundaries: Exploring the Safe Operating Space for 640 

Humanity, Ecology and Society, 14, https://doi.org/10.5751/ES-03180-140232, 2009.  

Rockström, J., Falkenmark, M., Allan, T., Folke, C., Gordon, L., Jägerskog, A., Kummu, M., Lannerstad, M., Meybeck, M., 

Molden, D., Postel, S., Savenije, H. H. G., Svedin, U., Turton, A., and Varis, O.: The unfolding water drama in the 

Anthropocene: towards a resilience‐based perspective on water for global sustainability, Ecohydrology, 7, 1249–1261, 

https://doi.org/10.1002/eco.1562, 2014.  645 

Rodina, L.: Defining “water resilience”: Debates, concepts, approaches, and gaps, WIREs Water, 6, e1334, 

https://doi.org/10.1002/wat2.1334, 2019.  

Roque, A., Wutich, A., Quimby, B., Porter, S., Zheng, M., Hossain, M. J., and Brewis, A.: Participatory approaches in water 

research: A review, WIREs Water, 9, e1577, https://doi.org/10.1002/wat2.1577, 2022.  



This is a non-peer reviewed preprint submitted to EarthArXiv and is currently in review with Ecology & Society. 

22 

 

Ross, A. and Chang, H.: Socio-hydrology with hydrosocial theory: two sides of the same coin?, Hydrological Sciences 650 

Journal, 65, 1443–1457, https://doi.org/10.1080/02626667.2020.1761023, 2020.  

Ruiz-Mallén, I. and Corbera, E.: Ecology and Society: Community-Based Conservation and Traditional Ecological 

Knowledge: Implications for Social-Ecological Resilience, Ecology and Society, 18, https://doi.org/10.5751/ES-05867-

180412, 2013.  

Saltelli, A., Gigerenzer, G., Hulme, M., Katsikopoulos, K. V., Melsen, L. A., Peters, G. P., Pielke Jr, R., Robertson, S., 655 

Stirling, A., Tavoni, M., and Puy, A.: Bring digital twins back to Earth, WIREs Climate Change, 15, e915, 

https://doi.org/10.1002/wcc.915, 2024.  

Scaini, A., Stritih, A., Brouillet, C., and Scaini, C.: Flood Risk and River Conservation: Mapping Citizen Perception to 

Support Sustainable River Management, Front. Earth Sci., 9, https://doi.org/10.3389/feart.2021.675131, 2021.  

Schauer, M. and Senay, G. B.: Characterizing Crop Water Use Dynamics in the Central Valley of California Using Landsat-660 

Derived Evapotranspiration, Remote Sensing, 11, 1782, https://doi.org/10.3390/rs11151782, 2019.  

Schellnhuber, H. J.: Tipping elements in the Earth System, Proceedings of the National Academy of Sciences, 106, 20561–

20563, https://doi.org/10.1073/pnas.0911106106, 2009.  

Schleussner, C.-F., Pfleiderer, P., Andrijevic, M., Vogel, M. M., Otto, F. E. L., and Seneviratne, S. I.: Pathways of climate 

resilience over the 21st century, Environ. Res. Lett., 16, 054058, https://doi.org/10.1088/1748-9326/abed79, 2021.  665 

Seiferth, C., Tengö, M., and Andersson, E.: Designing for collective action: a knowledge co-production process to address 

water governance challenges on the island of Öland, Sweden, Sustain Sci, 19, 1623–1640, 

https://doi.org/10.1007/s11625-024-01531-4, 2024.  

Sivapalan, M., Savenije, H. H. G., and Blöschl, G.: Socio-hydrology: A new science of people and water, Hydrological 

Processes, 26, 1270–1276, https://doi.org/10.1002/hyp.8426, 2012.  670 

Sneddon, C. and Fox, C.: Rethinking transboundary waters: A critical hydropolitics of the Mekong basin, Political 

Geography, 25, 181–202, https://doi.org/10.1016/j.polgeo.2005.11.002, 2006.  

Sopera, D.: Corruption and water governance in the Mekong River Basin, Chr. Michelsen Institute, 2022.  

Swyngedouw, E.: The Political Economy and Political Ecology of the Hydro-Social Cycle, Journal of Contemporary Water 

Research & Education, 142, 56–60, https://doi.org/10.1111/j.1936-704X.2009.00054.x, 2009.  675 

Tengö, M., Brondizio, E. S., Elmqvist, T., Malmer, P., and Spierenburg, M.: Connecting Diverse Knowledge Systems for 

Enhanced Ecosystem Governance: The Multiple Evidence Base Approach, AMBIO, 43, 579–591, 

https://doi.org/10.1007/s13280-014-0501-3, 2014.  

Tiwari, A. D., Pokhrel, Y., Kramer, D., Akhter, T., Tang, Q., Liu, J., Qi, J., Loc, H. H., and Lakshmi, V.: A synthesis of 

hydroclimatic, ecological, and socioeconomic data for transdisciplinary research in the Mekong, Sci Data, 10, 283, 680 

https://doi.org/10.1038/s41597-023-02193-0, 2023.  

Tran, T. A., Rigg, J., Pham, V. H. T., Yong, M. L., Van Vo, O., Pham, P. X., Dang, P. T., Van Tran, H., Nguyen, C. H. T., 

and Vo, T. D.: Erosion of traditional ecological knowledge under conditions of hydrosocial rupture: Insights from the 

Mekong floodplains communities, Ambio, 54, 1666–1682, https://doi.org/10.1007/s13280-025-02172-2, 2025.  

Turner, B. L.: Vulnerability and resilience: Coalescing or paralleling approaches for sustainability science?, Global 685 

Environmental Change, 20, 570–576, https://doi.org/10.1016/j.gloenvcha.2010.07.003, 2010.  

Ungar, M.: Ecology and Society: Systemic resilience: principles and processes for a science of change in contexts of 

adversity, Ecology and Society, 23, https://doi.org/10.5751/ES-10385-230434, 2018. 

Virkki, V., Andersen, L.S., te Wierik, S., Gerten, D., Porkka, M.: Regionally divergent drivers behind transgressions of the 

freshwater change planetary boundary. Nature Communications. https://doi.org/10.1038/s41467-026-73051-x, 2026.  690 



This is a non-peer reviewed preprint submitted to EarthArXiv and is currently in review with Ecology & Society. 

23 

 

Vörösmarty, C. J. and Sahagian, D.: Anthropogenic Disturbance of the Terrestrial Water Cycle, BioScience, 50, 753–765, 

https://doi.org/10.1641/0006-3568(2000)050%5B0753:ADOTTW%5D2.0.CO;2, 2000.  

Xue, Z., Liu, J. P., and Ge, Q.: Changes in hydrology and sediment delivery of the Mekong River in the last 50 years: 

connection to damming, monsoon, and ENSO, Earth Surf Processes Landf, 36, 296–308, 

https://doi.org/10.1002/esp.2036, 2011.  695 

Yates, J. S., Harris, L. M., and Wilson, N. J.: Multiple ontologies of water: Politics, conflict and implications for governance, 

Environ Plan D, 35, 797–815, https://doi.org/10.1177/0263775817700395, 2017.  

Zipper, S., Popescu, I., Compare, K., Zhang, C., and Seybold, E. C.: Alternative stable states and hydrological regime shifts 

in a large intermittent river, Environ. Res. Lett., 17, 074005, https://doi.org/10.1088/1748-9326/ac7539, 2022.  

Ziv, G., Baran, E., Nam, S., Rodríguez-Iturbe, I., and Levin, S. A.: Trading-off fish biodiversity, food security, and 700 

hydropower in the Mekong River Basin, Proc. Natl. Acad. Sci. U.S.A., 109, 5609–5614, 

https://doi.org/10.1073/pnas.1201423109, 2012.  

Zougmoré, R., Segnon, A. C., and Thornton, P.: Harnessing indigenous knowledge and practices for effective adaptation in 

the Sahel, Current Opinion in Environmental Sustainability, 65, 101389, https://doi.org/10.1016/j.cosust.2023.101389, 

2023.  705 

Zwarteveen, M., Kemerink-Seyoum, J. S., Kooy, M., Evers, J., Guerrero, T. A., Batubara, B., Biza, A., Boakye-Ansah, A., 

Faber, S., Cabrera Flamini, A., Cuadrado-Quesada, G., Fantini, E., Gupta, J., Hasan, S., ter Horst, R., Jamali, H., Jaspers, 

F., Obani, P., Schwartz, K., Shubber, Z., Smit, H., Torio, P., Tutusaus, M., and Wesselink, A.: Engaging with the politics 

of water governance, WIREs Water, 4, e1245, https://doi.org/10.1002/wat2.1245, 2017.  

Zwarteveen, M., Barreteau, O., Ogilvie, A., Kuper, M., and Venot, J.-P.: A situated proposal for a grounded approach to 710 

socio-hydrology, Journal of Hydrology, 667, 134828, https://doi.org/10.1016/j.jhydrol.2025.134828, 2026. 


	1 Introduction
	2 Freshwater resilience is in the eye of the beholder
	3 Social-ecological orientations to navigate freshwater resilience science
	4 Holistic system descriptions of freshwater resilience enabled through social-ecological orientations
	4.1 The almond debate in California’s Central Valley
	4.2 The Sahelian paradox
	4.3 The flood pulse in the Mekong
	4.4 Indigenous livelihoods and hydropower expansion in the Amazon Basin

	5 Contextualised freshwater resilience in the Anthropocene
	Code and data availability
	Author contributions
	Competing interests
	Acknowledgements
	Financial support
	References

