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Abstract 
 

 

The two-way feedback between societies and water systems is 

investigated using the socio-hydrology framework. This study evaluates 

how climate change and wetlands governance, as well as feedbacks, 

generate socio-hydrological pathways in the human–water system. The 

paper draws comparative lessons from six contrasting basins: Ganga–

Brahmaputra, Kuttanad and Bundelkhand within India, and the 

Mississippi, Murray–Darling and Rhine outside of it to highlight how 

floods, droughts, wetland degradation and responses of institutions 

produce diverse adaptation and maladaptation trajectories. Results of this 

analysis indicate that, alongside hydroclimatic variability, resilience 

outcomes also result from governance structures, institutional path 

dependence, unequal access to water, and conflict–cooperation dynamics 

shaping water allocation and long-term vulnerability. Wetlands, playing 

an important role as ecological buffers, are under-represented in socio-

hydrological studies despite their significance for agricultural 

sustainability, ecological resilience, and water security. The review has 

identified four major gaps in the existing approaches: limited 

incorporation of cultural and institutional dynamics, weak 

characterisation of ecological thresholds, weak integration of multi-level 

governance, and neglect of hydro-political and conflict–cooperation 

processes. In this regard, we present an expanded socio-hydrological 

framework that can link hydrological science to governance analysis, 

remote sensing and dynamic modelling in order to further understand 

resilience pathways of wetland-dependent and agri-food systems under 

climate change. 
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Introduction 
Human activities are capable of altering hydrological 

processes, ultimately threatening the stability of food 

and water systems across the globe. Increased 

frequency of hydroclimatic extreme events, resulting 

in floods and droughts, not only hampers agricultural 

production but also degrades wetland systems that 

provide crucial ecosystem services and buffering 

capacity. The pressures tend to be most severe in 

developing regions. There, demographic transitions, 

urban growth, and institutional hindrances combine 

with environmental pressures to produce 

complicated human–water risks. In such contexts, 

water stress is not just a biophysical issue but also a 

governance and political challenge caused by uneven 

access, contested institutions, and competing social 
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priorities (Pande and Sivapalan, 2017; Ross and 

Chang, 2020; Prakash et al., 2025). The rise of the 

concept of the water-driven society has brought 

greater relevance to the socio-hydrology framework, 

which studies two-way feedbacks between society 

and water (Sivapalan et al., 2012). 

 

In contrast to conventional hydrology, social 

hydrology studies coupled human-water systems in 

which hydrological processes co-evolve with social 

behaviour, institutions, infrastructure, and decision-

making. Recent scholarship goes further by arguing 

that socio-hydrological analysis should go beyond 

behavioural response and risk perception to 

governance structures and power relations, justice, 

and hydrosocial relations (Ross and Chang, 2020; 

Basel et al., 2022; Ricart et al., 2025). Wetlands and 

agricultural landscapes are a priority because of 

climatic variability, but also because of institutional 

path dependence, allocation regimes, and uneven 

access to water and ecosystem benefits. These shape 

resilience outcomes. New research from South Asia 

has illustrated that socio-hydrological frameworks 

are good for understanding issues of climate 

uncertainty, adaptive governance and regional 

vulnerability in rapidly changing water systems 

(Prakash et al., 2025). 

 

Worldwide, socio-hydrological research has shown 

how feedbacks between floods, droughts, 

infrastructure and social memory can produce 

adaptive and maladaptive trajectories. More recent 

research has built on these insights to cover resilience, 

groundwater governance and multilevel water 

management (Wei et al., 2022; Wang and Huang, 

2025). The literature increasingly points out that 

water interaction often involves cooperation and 

contestation at the same time, especially in 

transboundary and institutionally fragmented 

settings. As can be seen in the case of Wei et al. (2022), 

conflict and cooperation in river basins emerge from 

the interplay of hydrological variability, social 

motives, and power relations, not scarcity alone. A 

related hydrosocial research accentuates 

stakeholders’ roles, institutional legitimacy and 

power asymmetries as significant factors influencing 

water governance outcomes (Ricart et al., 2025). In 

India, the Ganga–Brahmaputra, Bundelkhand and 

wetland–agriculture systems such as Kuttanad that 

are impacted by hydrological stress, poor 

governance, livelihood insecurity, and social 

differentiation are home to the problems. 

Despite these developments, important gaps remain. 

Socio-hydrological models are first criticized for 

omitting cultural value, informal institutions, and 

socially differentiated vulnerability. Second, wetland 

collapse, groundwater over-extraction, and 

irreversible ecological damage, all of which are 

threshold-type dynamics, are still under-

incorporated in resilience evaluation. Another point 

is that many literatures continue to privilege 

biophysical feedbacks over hydro-political ones and 

conflict-cooperation dynamics, as well as questions of 

justice and legitimacy in water governance (Basel et 

al., 2022; Grasham et al., 2022; Taylor et al., 2026). The 

restrictions outlined above are particularly important 

for conducting reviews of wetlands and agro-

hydrological systems, where the long-term 

sustainability of the practices depends both on 

ecological robustness and a socially equitable 

governance regime. Consequently, the study 

proposes an integrative review that considers socio-

hydrological pathways to water-food resilience and 

the role that climatic variables, wetlands, governance 

and conflict-cooperation play in it. An improved 

approach for concurrent human-water systems is to 

be established through adaptive and maladaptive 

trajectories from six different basins. These basins are 

Ganga–Brahmaputra, Kuttanad, Bundelkhand, 

Mississippi, Murray–Darling, and Rhine. Further, the 

approach will involve a better socio-hydrology, 

which talks about governance, power, and resilience. 

 

Conceptual and Analytical Basis of 

Socio-Hydrological Pathways 
Socio-hydrology is a growing and increasingly 

recognized field which seeks to explain coupled 

human-water systems. Socio-hydrology differs from 

traditional hydrology. The latter often treats society 

as a ‘forcing’ impacting water systems. Socio-

hydrology, instead, places human behaviour, 

institutions, cultural responses and governance 

processes within the water system. This change is 

particularly important in the Anthropocene, which 

refers to the period in which human activity is 

deemed to have a significant impact on climate and 

the environment. Climate, land-use changes, 

environmental stress and institutional arrangements 

interact across scales related to water and food 

resilience, among other disciplines. So, socio-

hydrological pathways are seen as an interplay of 

environmental change, social response and 

institutional action, which can produce outcomes of 
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adaptation or maladaptation. Everyone impacted by 

hydrological extremes, including wetland 

degradation, droughts, floods and groundwater 

stress. However, they do not happen in isolation. 

Furthermore, their impacts are mediated through 

feedback among policy choices, infrastructure 

development, social memory, ecological thresholds, 

access to water and so on. Consequently, resilience in 

the human-water system depends not only on bio-

physical conditions, but also on governance 

structures, institutional path dependence, and the 

ability of societies to respond to change in fair and 

adaptive ways. 

 

This paper’s conceptual framework (Fig. 1) integrates 

climate change, society, wetlands and water systems 

to identify the key pathways that determine water–

food resilience. The framework, which builds on 

existing socio-hydrological models, places 

hydrological extremes within broader socio-

ecological contexts and highlights the relevance of 

governance, feedbacks, thresholds, and resilience 

trade-offs. In the context of the newly considered 

scope of this review, socio-hydrological systems are 

not only shaped by power relations but are also about 

competing interests and conflict–cooperation 

dynamics that shape and are shaping water access, 

allocation and long-term resilience outcomes. 

 

Hence, the analytical basis of this review is organized 

into four dimensions that are interrelated. Section on 

climate change and water systems, i.e. the interaction 

of hydroclimatic variability generating vulnerability 

as well as adaptive response. The next section 

examines how institutions, policy interventions and 

governance structures determine resilience or 

maladaptation, which in turn feeds back to society 

and governance. This section talks about wetlands 

and ecosystem resilience. It examines ecological 

buffering, pathways of degradation, and 

consequences for agricultural systems. The further 

section discusses more broadly socio-hydrological 

feedbacks, i.e. interaction of social memory, 

institutional set-up, ecological threshold, and long-

term adaptation trajectories. The conceptual, 

analytical basis of the socio-hydrological pathways 

must be multiscale, dynamic, and deeply embedded 

in the ecological and social system. 

 
Fig. 1 Conceptual framework of socio-hydrological pathways 

linking climate change, society, wetlands, and water systems 

 

Climate Change and Water Systems 
The most direct impact of climate change on water 

systems occurs through hydroclimatic variability in 

rainfall, temperature and evapotranspiration 

(Kundzewicz et al., 2018). Worldwide socio-

hydrological studies show that climate extremes do 

not occur in isolation. Instead, these extremes 

generate cascading feedbacks that shape long-term 

vulnerability, social response and adaptation 

trajectories (Di Baldassarre et al., 2019). In this regard, 

climate change is not just an external hydrological 

disturbance but one that interacts with human 

decisions, ecological systems, and institutional 

responses to affect water–food resilience. In India, the 

Bundelkhand region exemplifies how prolonged 

droughts and drought-like scenarios lead to 

groundwater recharge, soil degradation, and out-

migration; thus, reinforcing long-term socio-

hydrological vulnerability (Rani, 2025; Jain et al., 

2025). Similarly, when it comes to the Ganga–

Brahmaputra floodplains, climate variability 

performs a dual function as floods generate negative 

agricultural impact and immediate social disruption, 

but also enhance the resilience of wetlands along with 

replenishing ecological functions (Bhuyan and Deka, 

2024). The contrasting cases illustrate how climate 

extremes not only modify the hydrological baseline 

but also invoke social responses, including water 

reservoir expansion, crop diversification, livelihood 

adjustment and migration. 

 

Other socio-hydrological settings show similar trends 

around the world. The prolonged events of drought 

and climate change in the Murray–Darling Basin 

revealed vulnerability in the water allocation system 

as it concentrates water for commercial uses, 

marginalising smallholders and weakening social 

resilience (Grafton et al., 2019). In the Rhine Basin, 

adaptive flood management reduced threat but at the 

same time created increasing reliance on engineered 

infrastructure, which increases the chance of 
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maladaptive outcomes over time (Di Baldassarre et 

al., 2018). These illustrations highlight an important 

insight from socio-hydrology: while responses to 

climate shocks may enhance resilience in the short-

term, they may also create new dependencies, trade-

offs and vulnerabilities in the longer term. An 

increasing amount of literature points to the need to 

capture threshold dynamics, including irreversible 

groundwater depletion, wetland collapse and 

delayed ecological responses in socio-hydrological 

models (Kreibich et al., 2025). Several existing studies 

continue to be strongly biophysical in orientation, 

and as a result fail to fully take into account the 

cultural, institutional and governance dimensions 

through which climate-water interactions are 

experienced and managed (Buytaert, 2016; Borah et 

al., 2022). Addressing these shortcomings is crucial if 

socio-hydrology is to emerge as a powerful 

mechanism for understanding adaptation and 

maladaptation pathways under climate change in 

wetland– and agricultural water systems. 

 

Society and Governance Feedbacks 
The primary interface between society and water 

systems takes place through policies (and governance 

arrangements and institutional arrangements) that 

mediate climate and hydrological variability. 

Governance is increasingly considered a principal 

driver of resilience or maladaptation in socio-

hydrology because it influences preparation, 

response, and recovery to hydroclimatic extremes 

(Pahl-Wostl, 2019). Nevertheless, governance is more 

than a mere administrative context to hydrological 

change, reflecting institutional priorities, the unequal 

access to resources, and competing social interests 

that matter for how water is governed, accumulated 

and contested. Because of this, socio-hydrological 

pathways are shaped not only by environmental 

stress but also by the quality of the institutions, the 

inclusiveness of decision-making and governance 

systems that foster cooperation or reinforce 

vulnerability. 

 

In India, governance responses often produce 

contradictory outcomes. Flood protection 

embankments in the Brahmaputra basin decreased 

flood exposure in the short term. However, they 

stopped the natural sediment movement and wetland 

dynamics. As a result, they caused ecological 

degradation and increased long-term vulnerability 

(Chakraborty et al., 2024). Canal irrigation and 

groundwater subsidies in semi-arid regions such as 

Bundelkhand and Punjab enhanced food production 

in the short term. But they also led to over-extraction 

of groundwater, declining baseflows and increasing 

dependence on unsustainable practices (Shah, 2021). 

All these examples show where policy-driven 

interventions inadvertently reinforce risk pathways. 

Governance results are rarely neutral, the studies 

show. While certain users or sectors profit from 

infrastructure and subsidies, long-term socio-

hydrological costs tend to be offloaded onto 

ecosystems, smallholders or downstream users. 

 

Similar governance challenges are evident at the 

global level. An example of a market-based water 

allocation that generated economic efficiencies but 

reduced the agency of smallholder farmers, 

exacerbating social inequities and resilience, is the 

Murray–Darling Basin (Grafton et al., 2019).  In the 

Mississippi Basin, large, artificial levee systems may 

have limited flood risk within protected areas, but 

they have increased vulnerability further 

downstream. This is because levees cut a river off 

from its floodplain (Di Baldassarre et al., 2018). In 

both scenarios, the governance structures influenced 

adaptive capacity as well as creating maladaptation 

traps. On the whole, such case studies demonstrate 

that in becoming good water users, governments 

tend to shed their roles and responsibilities as water 

suppliers. Usually, water governance entails the 

interplay between cooperation and contestation. 

 

By embedding social memory, risk perception and 

institutional inertia in hydrological analysis, tools can 

be provided for analyzing these feedbacks (Sivapalan 

et al., 2012). The most recent developments employ 

agent-based models to further capture how 

household decisions interact with policy regimes, 

and system-dynamics approaches to simulate 

governance trade-offs under uncertainty (Wang et al., 

2025). Governance continues to be underrepresented 

in many socio-hydrological models that still 

emphasise physical feedbacks and oversimplify 

cultural, political and institutional processes 

(BUYTAERT, 2016). In India, the constraint matters a 

lot owing to rapid urbanization, federal–state water 

disputes and the duality of formal-informal 

institutions which engender layered governance 

contexts. The resilience here is conditioned not only 

by water stress but also by negotiation, institutional 

path dependence and unequal access to water. 

 

To advance socio-hydrology, there is a need to 
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develop an analytical focus. This development 

involves the governance issue. The issue will further 

expand from being technical management to a 

dynamic process. The dynamic process has varied 

interactions. These include institutions, trade-offs, 

power relations and conflict–cooperation outcomes. 

If these dimensions are omitted, socio-hydrological 

analysis may underestimate the role of socio-political 

processes in water-food resilience as much as 

hydrological uncertainty. A framework that is more 

socially grounded and politically aware must be 

developed to understand resilience trajectories for 

wetland and agrohydrological systems. 

 

Wetlands and Ecosystem Resilience 
Wetlands play an important role in socio-

hydrological systems as they regulate hydrological 

extremes and sustain biodiversity and agricultural 

livelihoods. Wetlands provide floodwater storage, 

groundwater recharge, local microclimate 

moderation, and essential ecosystem functions, 

acting as a natural buffer enhancing ecosystem-based 

resilience (Davidson et al. 2018). Tropical forests rank 

as the most biologically diverse terrestrial ecosystems 

on our planet. Simultaneously, they are one of the 

most degraded ecosystems in the world. The loss of 

tropical forests is due to land conversion, urban 

expansion, and climate change (Ramsar Convention 

2022). Wetlands are critical to socio-hydrology, given 

changes in wetland condition influence ecological 

integrity, water security, food production and the 

adaptive capacity of human communities. 

 

Wetlands are vital building blocks of many wetland–

agriculture systems in India whose resilience is 

dependent on hydrology, land use and governance 

interactions. The Kuttanad wetlands, a rice and 

wetland cultivation area below sea level, are 

recognized for their global significance. Still, it has 

been increasingly vulnerable to floods as well as sea 

level rise due to land reclamation, urban 

encroachment and saline water intrusion.  The 

hydropower development and land encroachment in 

Loktak Lake, Manipur, a Ramsar site of considerable 

socio-ecological significance, have been adversely 

affecting its viability as a means of livelihood and 

ecological support system (Ningombam et al., 2019). 

The East Kolkata Wetlands, facing huge pressure 

from urbanization and weak enforcement of 

governance mechanisms, are critical for wastewater-

based agriculture and aquaculture (Ghosh et al., 

2020). 

 When wetlands are degraded, it is not only because 

water disappears from them. This process also 

involves policies, institutions, and how we use 

resources, which can be hydrological. 

 

Similar trends can be seen globally. Wetland 

degradation in the Murray–Darling wetlands in 

Australia and the Mississippi delta in the USA has led 

to the erosion of the long-term resilience and 

ecological buffering capacity and threatens food and 

livelihood security (Finlayson et al., 2017). In the 

Rhine Basin, governance did adapt to nature. 

Floodplain restoration has helped reconnect rivers to 

wetlands and improve their ecological resilience. 

However, this only happened due to much governing 

coordination across many administrative levels (Kern 

et al., 2019). Wetlands are not just passive landscape 

features, according to these cases. They are part of the 

resilience pathways. Also, they are what determines 

whether water systems absorb disturbance, recover 

from shocks, etc. 

 

Even though wetlands are important, they are still 

lacking in many socio-hydrological models. Existing 

frameworks focus primarily on water demand, land-

use change, and infrastructure, neglecting key 

ecological thresholds like salinity intrusion, 

biodiversity loss, and irreversible wetland collapse 

(McMillan et al., 2016). Because of this absence, socio-

hydrology cannot capture longer-term resilience 

dynamics in agro-hydrological systems where the 

decline of wetlands feeds back into agricultural water 

stress, livelihood insecurity and ecosystem 

instability.  Full inclusion of wetlands in socio-

hydrological analysis requires taking a remote 

sensing, hydrological modelling, and participatory 

governance approach. For example, satellite-based 

land-use and land-cover monitoring can quantify 

wetland shrinkage, while system-dynamics 

approaches can simulate how wetland degradation 

interacts with water allocation, agricultural stress, 

and institutional response. Embedding these 

ecological processes into socio-hydrology is essential 

for understanding the water–food–ecosystem nexus 

under climate change and for developing more 

robust pathways to long-term resilience. 

 

Socio-Hydrology and Feedback Loops 
The feedback between human decisions and water 

systems regulates long-term socio-hydrological 

resilience as understood in socio-hydrology. In 

contrast to conventional models that focus on linear 
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cause-and-effect relationships, socio-hydrological 

approaches involve conceptualising bidirectional 

interactions where social memory, risk perception, 

cultural values and institutional responses shape 

hydrological outcomes, while the hydrological 

change shapes social behaviour and decision-making 

in response (Sivapalan et al., 2012; Pande and 

Sivapalan, 2017). This view is essential to 

understanding why similar climate or hydro events 

cause different adaptations or maladaptations in 

different places and times. 

 

This feedback is illustrated clearly by Indian history. 

In Rajasthan, recurrent droughts promoted the 

evolution of indigenous tank systems as adaptive 

water management technologies. The expansion of 

tube wells and groundwater pumping in later years 

led to the cultivation of high-water-use crops, making 

the groundwater situation more vulnerable as well as 

accelerating depletion (Shah, 2021). As a socio-

hydrological regime shift, adaptive practices become 

maladaptive dependencies when governance and 

institutions fail to limit extraction. These instances 

show that feedback loops are not only hydrological or 

economic but also moulded by institutions, social 

choices, and patterns of resource use over the longer 

term. 

 

In every part of the world, feedback loops are both 

used in a positive way and as a negative one as well. 

Water markets in the Murray–Darling Basin initially 

afforded flexibility during drought, but they ended 

up entrenching inequities and eroding the resilience 

of smallholder farmers (Grafton et al., 2019). Flood-

control infrastructure investments in the Rhine Basin 

reduced flood risk but also increased confidence and 

settlement in floodplains, leading to increased 

potential catastrophic loss for extreme events (Di 

Baldassarre et al., 2018). Path dependence is a 

signature characteristic of socio-hydrological 

systems. Once societies are locked into specific 

technological, policy, or institutional pathways, 

maladaptation soon becomes irreversible. 

Recent advances have stressed the significance of 

nonlinear feedback and threshold effects. Agent-

based socio-hydrological models show how 

individual decisions and actions can lead to 

adaptations such as migration, land-use change, 

agricultural transformation or wetland degradation 

(Wang et al., 2025). Models based on system 

dynamics provide further insight into how risk may 

be concealed for a time by delayed feedback, for 

example, the gap between groundwater depletion 

and drop in crop yields. Kreibich et al. (2025) use such 

models to demonstrate how the realisation of risk 

may be postponed until we reach certain ecological or 

social thresholds. These approaches are useful 

because they clarify how resilience can seem stable in 

the short-term even if systemic vulnerability builds 

up underneath. 

 

Advances notwithstanding, cultural, institutional 

and governance feedback is limitedly represented so 

far. The Indian economy, with respect to water 

management, is not simply a product of economic 

calculations and physical shortage. Rather, it is 

influenced by factors such as religion, caste relations, 

informal institutions and varying access to resources 

by different social groups. Feedback in systems is not 

only biophysical; they are also social and political in 

nature. If these dimensions are not included, socio-

hydrology will only be able to partially explain 

resilience and vulnerability. To advance the field, we 

need to move away from the analysis of water 

systems in isolation, toward more holistic socio-

ecological feedback frameworks that explicitly 

capture adaptation, maladaptation, institutional path 

dependence, and the long-term consequences of 

human–water interactions. 

 

Conclusions 
This review indicates that socio-hydrology provides 

a powerful lens for the interacting forces of climate 

change, wetlands, governance, and society in shaping 

water-food resilience. Floods and droughts do not act 

alone. That is the conclusion drawn from evidence 

from the six basins. It is the impact of floods and 

droughts that is mediated by land use, institutions, 

and governance responses. All these could produce 

adaptation or maladaptation. Wetlands are important 

features that can combat ecological degradation, but 

are themselves vulnerable and underrepresented in 

socio-hydrological analysis.  The study states that 

robustness cannot be solely due to biophysical 

feedbacks. Four different known factors play a role in 

determining the long-term outcomes of coupled 

human-water systems. These are governance quality, 

institutional path dependence, unequal access to 

water, and conflict-cooperation dynamics. This is 

particularly the case in wetland-reliant and agro-

ecological settings, where ecological stress collides 

with social vulnerability and governance 

fragmentation. To sum up, the paper identifies four 

main gaps: limited consideration of cultural and 
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institutional dynamics and insufficient 

representation of ecological thresholds, weak 

integration of multi-level governance, as well as lack 

of hydro-political and conflict–cooperation processes. 

To manage these gaps more effectively, we need more 

integrated socio-hydrological approaches using 

hydrological science, governance analysis, remote 

sensing and dynamic modelling. This framework is 

vital for wetland sustainability, adaptive water 

governance, and improved water-food resilience 

under the impact of climate change. 
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