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Unravelling water sustainability: a
decentralised, data-driven model
for water governance
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Despite global efforts, many communities fail to deliver water sustainability due to lack of context-
sensitive solutions, community awareness, stakeholder coordination, and reliable ground-level data.
To combat this, this study proposes a geo-enabled, participatory, digital governance platform—"Mera
Gaon Hamara Jal"—for decentralised water management through empowered multi stakeholders.
Itintegrates a multi-level, multi-stakeholder decision module (MMDM) that utilises 50 water
sustainability indicators to perform evidence-based diagnostics. The module operationalises water
security as a composite outcome, derived from two complementary dimensions—water poverty, which
captures multidimensional deprivation across resources, access, use, capacity, and environment, and
water quality, which reflects the physicochemical and microbial integrity of drinking-water sources.

It uniquely integrates localised indicator development approaches, heterogeneous data collection
approaches and data driven decision models to derive threshold-based risk classification, index
computation, and composite risk scoring. Validated across ten rural communities (1,039 households),
Alappad emerged as the highest-risk cluster (~ 37% risk). The platform identified spatial and thematic
vulnerabilities, mapped hotspots, and enabled real-time decisions, context specific intervention, multi-
stakeholder collaboration, and actionable strategies for water sustainability, contributing to advancing
SDG 6.
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Despite being Earth’s most abundant surface resource, water continues to pose one of the most pressing
sustainability and governance challenges of the 21st century!. More than 2.2 billion people worldwide lack
access to safely managed drinking water, and this crisis is intensifying due to population growth, climate
change, ecosystem degradation, and industrial expansion®. Water systems are increasingly overexploited
and contaminated, forcing vulnerable communities—especially in rural and low-income regions—to rely on
unreliable, unsafe sources that often fail to meet minimum health standards®. The resulting impacts on human
health, ecosystem integrity, and socio-economic stability are profound, hindering progress toward Sustainable
Development Goal 6 (SDG 6).

Water governance in India is a complex interplay of hydro-ecological, socio-economic, and institutional
systems, each contributing distinct and interrelated challenges that shape the sustainability of water resources.
The hydro-ecological context is characterized by high variability and stress, including erratic monsoon rains,
the persistent decline of groundwater tables due to over-extraction, widespread contamination of both surface
and subsurface water bodies, and increasing impacts of climate change manifested through floods, droughts,
and temperature extremes (Yang et al., 2025; Dinka, 2018; Drishti IAS, 2024). These ecological pressures disrupt
water availability and quality, posing direct risks to agriculture, ecosystems, and human health, especially in
rural and peri-urban regions heavily dependent on groundwater and monsoon-fed surface waters. Socio-
economic inequalities exacerbate these environmental vulnerabilities; marginalized and low-income households
disproportionately bear the burden of limited water access, affordability constraints, and higher exposure to
waterborne diseases and inadequate sanitation infrastructure (Nath et al., 2024; India Water Portal, 2025). Such
disparities underscore the need for targeted interventions sensitive to local contexts and vulnerable populations.
On the institutional front, governance challenges persist due to fragmented and overlapping jurisdictional
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authorities, weak coordination across government departments and agencies, limited enforcement capacity, and
the uneven implementation of decentralized policies such as the Jal Jeevan Mission aimed at universal potable
water access (Pahl-Wostl, 2012; UN-Water, 2023; NITI Aayog, 2024). Furthermore, traditional top-down water
management frameworks have struggled to incorporate community knowledge and responsiveness, resulting in
gaps between policy and practice. The evolving consensus in scholarship advocates for integrated, community-
embedded, and data-driven governance frameworks that reconcile ecosystem realities with social equity and
institutional efficacy. Anchored in these insights, the present study develops and validates a participatory,
decentralized digital platform that operationalizes sustainable water governance by linking granular data
collection, multi-stakeholder engagement, and tiered decision-making across hydro-ecological, socio-economic,
and institutional dimensions.

Building on these contextual challenges, water governance in many regions remains constrained by
decentralised infrastructure, fragmented policies, and limited institutional capacity*. Top-down water
management strategies, while well-intentioned, often fail to capture localised vulnerabilities or translate
community knowledge into adaptive responses. Frameworks such as Integrated Water Resources Management
(IWRM)®and water safety planning®’offer useful theoretical guidance but remain difficult to operationalise
at the community level. These approaches often lack dynamic feedback systems, adequate data granularity, or
sustained stakeholder participation—particularly in rural settings®.

Digital platforms have emerged as promising tools to support water sustainability through real-time
monitoring, community engagement, and data-driven planning’. However, recent studies reveal persistent
shortcomings. Several platforms ranging from community reporting tools like mWater and Akvo Caddisfly, to
institutional monitoring systems such as the Jal Jeevan Mission (JJM) IMIS dashboard, and risk assessment tools
like TEVA-SPOT and RISKNOUGHT have attempted to address these challenges yet they continue to struggle
with integrating advanced analytics, enabling predictive decision-making, and adapting to rapidly changing
local contexts'’. Limitations in scalability, interoperability, and algorithmic transparency further hinder their
uptake by institutions!!. Moreover, community engagement is frequently reduced to passive data collection, with
limited empowerment or ownership over decisions'?. These gaps point to a critical need for a new generation of
digital tools—ones that are decentralised, participatory, and analytically robust.

The overarching objective of this study is to develop and validate a decentralised, data-driven platform
that assesses rural water sustainability using household-level indicators and translates these diagnostics into
stakeholder-specific decision support across multiple governance levels. To achieve this, the study addresses the
following research questions:

RQ1: How can data from households, participatory tools, and sensors be systematically integrated to generate
reliable assessments of water sustainability at micro (household and community) scales?

RQ2: How can these assessments be operationalised within a Multi-level, Multi-stakeholder Decision Module
(MMDM) to provide actionable recommendations for decentralised water governance?

This paper presents the design, deployment, and field validation of Mera Gaon Hamara Jal (My Village,
Our Water)—a geo-enabled, community-centric digital platform for decentralised water governance. Built on
participatory rural appraisal, real-time sensor monitoring, and household surveys, the platform integrates over
50 sustainability indicators across social, economic, environmental, and institutional dimensions. Its architecture
is designed to convert raw data into stakeholder-specific insights through threshold-based diagnostics,
composite scoring, and spatial-temporal risk mapping. Dynamic visualisations and analytics support co-design
of interventions and real-time feedback across governance layers.

The platform was implemented across ten rural communities, encompassing data from 1,039 households. By
linking citizen-sourced insights with institutional frameworks and policy feedback loops, Mera Gaon Hamara
Jal operationalises a scalable, inclusive model for water governance. This paper demonstrates how participatory,
data-driven digital systems can bridge the gap between policy and practice, strengthen community resilience,
and advance sustainable water management at the last mile.

Main

A geo-enabled architecture for decentralised water governance

To address the limitations of top-down water management approaches, the Mera Gaon Hamara Jal platform
incorporates a Multi-level, Multi-stakeholder Decision Module (MMDM) as its core analytical and decision-
support engine. The MMDM is designed to operationalise decentralised water governance by transforming
granular household-level data into stakeholder-specific insights and recommendations across five governance
levels: household, community, district, state, and national.

The overall operational architecture of the platform is illustrated in Fig. 1, which depicts the complete
workflow from data collection to recommendation and feedback. The framework begins with a multi-source data
collection layer, integrating participatory rural appraisal (PRA) tools, household surveys, human-centred design
methods, and sensor-based monitoring to capture over fifty indicators across social, economic, environmental,
and institutional dimensions. These data feed into the Decision Module, which processes household-level inputs
through successive analytical layers:

(1) generation of household-level binary matrices based on indicator thresholds; (2) identification of
correlated indicators and clustering into sustainability domains; and (3) formation of composite indices that
reflect multidimensional water sustainability profiles.

The outputs of these analytical layers enable problem derivation, where spatial hotspot maps and risk
clusters highlight critical vulnerabilities within and across communities. The subsequent recommendation layer
translates these diagnostic results into actionable, stakeholder-specific insights. Recommendations are structured
across three axes—multi-spatial (household to national), multi-stakeholder (household, community, NGO, local
government, expert domain), and multi-dimensional (social, economic, environmental, institutional)—ensuring
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Fig. 1. Operational architecture of the Mera Gaon Hamara Jal platform. The multi-level, multi-stakeholder
decision module (MMDM) transforms household-level data into threshold-based binary matrices, computes
composite risk scores, and routes insights to stakeholders through dynamic decision logic across five
governance levels. (PRA - Participatory Rural Appraisal; HCD - Human-Centred Design; FGD - Focus
Group Discussion; MMDM - Multi-level, Multi-stakeholder Decision Module; NGO - Non-Governmental
Organisation).
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contextual relevance and decision coherence. These tailored, role-specific outputs ensure that each governance
layer—households, community institutions, NGOs, and government agencies—receives information relevant to
its operational scope, whether diagnostic alerts, community-level summaries, or policy-oriented reports.

Finally, the architecture incorporates a feedback and evaluation loop, where implemented interventions
and local responses are reintegrated into the platform through co-design and continuous learning. This cyclical
design ensures analytical rigour, local relevance, and operational adaptability. Unlike static dashboards, the
platform continuously performs real-time data transformations and updates, facilitating dynamic, context-
aware decision support for sustainable water governance.

The platform was deployed across 1,039 households in ten rural communities: Batwari Sunar (Uttarakhand),
Dongarampur (Karnataka), Juna Kathiwada (Madhya Pradesh), Ratanpur (Bihar), Sarai Nooruddinpur (Uttar
Pradesh), Harirampura (Rajasthan), Kalinagar (West Bengal), Alappad and Chingoli (Kerala), and Nagercoil
(Tamil Nadu)—representing diverse hydro-ecological, socio-economic, and institutional contexts. The following
sections demonstrate how the MMDM identifies household-level vulnerabilities, derives composite insights, and
generates stakeholder-specific recommendations for sustainable water management.

Indicator based household level risk

To diagnose household-level water sustainability vulnerabilities, the platform constructs a binary risk matrix
F of dimensions n x m, where n is the number of households and m is the number of water sustainability
indicators. Each element f;; is assigned based on threshold exceedance:

[ 1, if indicator j exceeds threshold for household 1 1
f(@) = 0, otherwise 1

The matrix is represented as:
fu o fim
F= Do :
fnl e fnm

The household-level risk score Ri is calculated as the row sum of F, indicating the total number of sustainability
parameters for which a household exceeds defined thresholds:

R; =Z:;1fij ()

This score represents the total number of sustainability indicators for which a household is at risk. Since it
is a count-based measure, higher values indicate greater multidimensional vulnerability. The R, values were
interpreted in a relative, rather than absolute, manner to compare households within each community and
to identify high-risk (hotspot) clusters. In this context, “risk clusters” refer to households whose R, values are
comparatively higher than the community average. These households were highlighted to prioritise areas where
multiple sustainability issues coexist simultaneously. In Alappad, Ri ranged from 2 to 18 across households.
The platform identifies such variations and generates tailored, stakeholder-specific recommendations. For
instance, the highest-risk household (H22), which exceeded 18 thresholds, exhibited vulnerabilities across
multiple domains, including water treatment, composting, groundwater awareness, and disaster preparedness.
Meanwhile, households (H2) with only 2 indicators above threshold primarily faced issues related to drinking
water safety and recharge practices. Figure 2a shows the household-level risk distribution for 69 households
from Alappad village, used here as a representative subset to illustrate the method.

Indicator-based community-level risk

To identify spatial patterns of water sustainability vulnerability, the platform aggregated household-level
indicator threshold exceedances to compute risk percentages for each community. For a given community C,,
with 7, households and m indicators, the community risk score S, is defined as the ratio of observed exceedances
to the total possible exceedances across all households and indicators.

1
Sk = 3)

e Sk S ™ fis

Thus, S, € [0,1], and represents the percentage of sustainability indicators that are at risk across all households
in a community. The analysis conducted in Alappad revealed significant spatial variation, with risk percentages
ranging from 18.79% to 37.21% (Fig. 2.b). The highest risk levels were observed in C6 (Cheriyazhekkal ), C10
(Parayakadavu), and C11 (Perumpally), each exceeding 36.9%, indicating concentrated sustainability burdens.
In contrast, C8 (Kuzhithura), C2 (Azheekkal), and C9 (Mookkumpuzha) reported the lowest risk values, all
below 19.3%, suggesting comparatively stronger sustainability performance. This spatial risk profiling enables
evidence-based prioritization of communities for targeted interventions.

Index based analysis - household & community based risk
The Water Poverty Index (WPI) was computed for seven communities using community-derived indicators
across five dimensions: access, resource, usage, capacity, and environment- adapted from Sullivan et al. (2003)
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Fig. 2. Indicator relationships (a) Number of indicators exceeding thresholds per household in Alappad, (b)
Community-level water sustainability risk based on threshold, (c) WPI of seven communities by dimension,
(d) Water source classification using WQI, (e) Comparative distribution of household water usage.

(Fig. 2¢). Each dimension was normalised using min-max scaling and assigned equal weights, as expressed
below:

E > wiXi
WPI = i, where X. denotes the normalised value of each subcomponent and w. represents its weight.
5 i p i p g

i=1%1

The resulting WPI values ranged from 0 (severe water poverty) to 1 (sustainability). As depicted in Fig. 2c,
Ratanpur had the lowest WPI, indicating greater sustainability, while Kalinagar recorded the highest, reflecting
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critical vulnerability. Access showed the widest disparity, with scores ranging from 0.0264 (Juna Katthiwada) to
0.20 (Kalinagar). Capacity had the lowest average (0.0384), suggesting stronger institutional readiness.

To evaluate source-level safety, the Water Quality Index (WQI) was calculated for 30 sources in Alappad
using the weighted arithmetic mean method (Brown et al., 1972). The WQI was calculated as:

i—Vo
S, is the permisgible standard (BIS 10500:2012), V,is the ideal value, and W; = sﬁ is the relative weight of each

parameter. Ten parameters were considered—TDS, EC, pH, turbidity, fluoride, chloride, alkalinity, hardness,
iron, and total coliforms—measured using standard APHA (2017) procedures.

Median WQI scores were 38.47 for piped water, 155.8 for open wells, and 73.62 for borewells, as shown in
Fig. 2d. Based on standard thresholds, all open wells were classified as ‘Unsuitable] while piped and borewell
sources showed mixed results ranging from ‘Excellent’ to ‘Unsuitable. Although WQI effectively flagged high-risk
sources, it did not reveal underlying causes such as infrastructure failure or proximity to pollution, underscoring
the need for integrated, context-aware diagnostics.

W - . . . . :
WQI = ZLW, where Q; = ? Yo 4 100 is the quality rating of the i-th parameter, V. is the observed value,

Community level risk distribution
To characterise intra-community disparities, the platform generates a spatial summary matrix S for each
community by aggregating key descriptive statistics across all water sustainability indicators:

M1 01 qul P1q2 P1q3 mini maxi R1
S = . . . .

Hm Om qul qu2 qu3 mznm maxm Rm

Here, for each indicator je {1, 2,...,m}:

 Wj=mean value across households.

« oj=standard deviation.

« DPj,25, Pj,50, Pj,75=25th, 50th (median), and 75th percentiles.

« minj, maxj=minimum and maximum observed values.

« Rj=number of households exceeding the risk threshold (from matrix F).

This matrix enables direct comparison of statistical profiles across communities, and identification of disparities,
outliers, and risk concentration zones.

Figure 2e presents the distribution of household water usage in Alappad (C1) and Srayikkad (C12) using
descriptive statistics such as mean, median, percentiles, and standard deviation. Comparatively Srayikkad (C12)
showcased consistently high water usage levels, a stable and uniform pattern of access as reflected in a mean of
221.5 L per person per day, median of 250 L per person per day, and relatively narrow variation (SD: 125.1 L
per person per day). Conversely, Alappad (C1) demonstrates a more uneven usage distribution, with a mean
of 186.0 L per person per day, median of 200 L per person per day, and a broader standard deviation (130.9 L
per person per day). The minimum usage as 10 L and the 25th percentile as 100 L at Alappad (C1) points
to significant intra-community disparities in water access or storage capacity. This highlights the necessity for
supply-side interventions aimed at enhancing infrastructure reliability and ensuring equitable distribution.

Indeed, the mean household water use in both Alappad (186 LPCD) and Srayikkad (221 LPCD) significantly
exceeds the 55 LPCD norm prescribed by the Ministry of Jal Shakti under the Jal Jeevan Mission for rural
domestic water supply'®. When viewed in a broader context, this also surpasses the minimum human rights
standard of 50-100 LPCD recommended by WHO/UN for basic health and hygiene, as well as average rural
water consumption levels reported in global studies (typically 60-120 LPCD). Such elevated consumption
levels indicate potential overuse, particularly in groundwater-dependent households, which may compromise
long-term sustainability. This highlights the importance of proactive demand-side management, behavioural
awareness, and water-use efficiency measures rather than focusing solely on supply-side solutions.

Inter-indicator relationships

To explore underlying relationships among key water sustainability indicators, a Spearman rank correlation
analysis was conducted as shown in Fig. 3. The objective was not only to identify statistically significant
relationships but also to uncover how multiple indicators interact within the broader system of water sustainability.

A moderate positive correlation (p=0.53) was observed between perceived local government support
(Indicator 38) and the implementation of restoration activities (Indicator 37). In Alappad (Cl1), 72.4% of
respondents reported active engagement by local authorities in water resource management, alongside visible
groundwater restoration efforts. This suggests that institutional involvement may play a crucial role in mobilizing
timely environmental responses, particularly in ecologically vulnerable areas facing aquifer stress. In contrast, in
Srayikkad (C12), 81% of respondents (47 out of 58) reported limited government support, while 48.3% identified
local aquifers as overexploited (Indicator 30). The lack of formal restoration efforts in Srayikkad (C12) appears to
coincide with signs of groundwater depletion and limited community-level mitigation.

A second moderate correlation (p=0.58) was found between local government support (Indicator 38) and
household composting practices (Indicator 19). In Alappad (C1), 84.1% of respondents noted consistent local
government involvement, and 67.3% reported practicing composting. This alignment indicates that long-
term governance presence not only provides infrastructure but also encourages environmentally responsible
behavior at the household level. In contrast, in Srayikkad (C12), where government support was perceived as
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Fig. 3. Spearman rank correlation analysis to identify inter- indicator relationship.

weak, only 39.7% of households engaged in composting. This disparity reinforces the importance of institutional
engagement in shaping both environmental infrastructure and sustainable practices at the grassroots level.

Composite score derivation - multi - indicator relationship
To synthesize multidimensional household-level vulnerabilities, the platform grouped significantly correlated
indicators (p>0.5) into thematic domains and computed composite risk scores per household for each group.
Let Ig represent the set of indicators in group g, and F;; € {0,1} the binary risk flag for household i and indicator
j. The composite score Sig was derived as a weighted average of binary exceedances:

Sy = gl @)

Z Jeig wj
The weights w; were computed using the entropy weighting method to reflect each indicator’s discriminative
power. Indicator values w;; were first normalized into probabilities:
Tij

P.. = 5
R DR ®)

Entropy for indicator j was then calculated as:
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. 1
€j = —kZ i=1 Pyl (pij) , where k = - o) (6)
The divergence d; = 1 — e; and normalized entropy weight:
d .
wy = 7)
Z j=igd;

Aggregating household scores across communities yielded a community-level multidimensional
profile: Sc = [Sec1, Se2, -..Scc]-where S, is the aggregated composite score for group g in community c. This
structure was extended to district S; and state levels S_through hierarchical aggregation.

To validate these groupings, a principal component analysis (PCA) was conducted on the 50 +indicators
(Fig. 4). Five principal components (PC1-PC5) were retained based on eigenvalue and loading thresholds (|L|
> 0.20), ensuring thematic coherence. Each component captured a distinct dimension of water sustainability.
Figure 4 presents the distribution of household-level composite scores across the five principal components
(PC1-PC5), derived through Principal Component Analysis (PCA) of water sustainability indicators.
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PCI: community-based groundwater management & collective action

This component exhibits a right-skewed distribution, with most households scoring between 0.02 and 0.12. PC1
reflects active participation in water management committees (I-45,L-0.21), awareness of groundwater recharge
and restoration (I-42,L-0.23), familiarity with local groundwater infrastructure(I-44.L-0.2), and adoption of
energy-efficient technologies like solar pumps (-37,L-0.24). The small group of households scoring above 0.15
represents those with strong engagement in community-led water management and sustainable practices. The
overall pattern indicates that while a few households are highly proactive, the majority have moderate or limited
involvement, highlighting significant potential for scaling up community engagement and participatory water
governance.

PC2: traditional water practices & basic infrastructure

PC2 displays a pronounced left-skewed distribution, with the majority of households clustered at lower scores
(0.02-0.08) and only a few exceeding 0.25. This component is driven by reliance on traditional water management
methods(I-26,L-0.2), basic sanitation facilities (I-12,10.22), participation in village water committees (I-45,0.19),
and perceptions of water quality (I-32,L0.2). The concentration at the lower end suggests that most households
either lack access to robust infrastructure or primarily depend on traditional methods, underscoring the need
for infrastructure upgrades and integration of traditional knowledge with modern solutions.

PC3: technological adoption & water access efficiency

The distribution for PC3 is bell-shaped and approximately normal, centered between 0.2 and 0.35. This
component captures household adoption of solar/energy-efficient water pumps (I-37,L0.2), proper drainage
systems (I-25,L-0.27), awareness of composting (I-14,L-0.2), and efficient water access (shorter waiting times)
(I-35,L-0.3). The wide spread indicates variability in technological adoption and water access efficiency among
households. While many are making moderate progress, there are both high-performing households with
advanced practices and others lagging behind. This suggests opportunities for targeted promotion of efficient
technologies and infrastructure.

PC4: institutional engagement & sanitation outcomes

PC4 is right-skewed, with most scores between 0.05 and 0.25, and a tail extending to 0.4. It reflects participation
in irrigation water management meetings(I-47,L-0.2), access to improved toilet facilities (I-12,L-0.185), use
of traditional water-saving strategies(I-27,L-0.182), and overall engagement with local water governance
(1-43,L-0.182). The distribution suggests a core group with intermediate institutional engagement and sanitation
outcomes, while the upper tail identifies potential community leaders or model households. Households at the
lower end may benefit from increased support for institutional participation and sanitation improvements.

PC5: health, infrastructure reliability & water quality perception

PC5 shows a flattened, slightly right-skewed, or bimodal distribution, with clusters at both low (0.02-0.08) and
mid (0.15-0.25) scores. This component is shaped by self-reported water-related health issues (I-10,L-0.293),
infrastructure failures (such as leakages) (I-30,L-0.247), and household perceptions of water quality(I-
32,L-0.209). The spread indicates that while some households face persistent health and infrastructure challenges,
others perceive their water situation as adequate. This divergence points to the need for targeted interventions
addressing both physical infrastructure and health education, as well as responsive maintenance services.

Conclusion

This study introduces a decentralised, data-driven model for rural water sustainability assessment that addresses
major limitations of conventional top-down approaches. Implemented through the Mera Gaon Hamara Jal
(My Village, Our Water) platform across ten rural Indian communities, the model integrates participatory data
collection, empirical analytics, and stakeholder-specific decision support to generate granular and actionable
insights.

Traditional frameworks such as the WPI and WQI provide useful aggregated scores but often mask intra-
community disparities and disconnect local-level vulnerabilities from policy action. By contrast, the proposed
platform operationalises a bottom-up diagnostic system, treating each household as an independent analytical
unit. Threshold-based binary matrices, entropy-weighted composite scoring, and correlation/PCA-based
indicator clustering allow the platform to identify micro-level vulnerabilities, interdependencies, and risk
hotspots that are otherwise overlooked.

This architecture reveals patterns of inequality, hidden governance failures, and unsustainable water use,
translating them into stakeholder-specific outputs for households, community institutions, NGOs, and
policymakers. Unlike static dashboards, the system facilitates continuous monitoring, feedback learning, and
context-aware interventions, aligning with national and global frameworks such as Jal Jeevan Mission, SDG 6,
WHO, and BIS standards.

Limitations and future scope

While the platform demonstrates strong potential, certain limitations remain. First, the reliability of outputs
depends on active household participation and local acceptance, which varied across communities. Second,
data need to be periodically updated to remain accurate, as household conditions and water sources change
over time. Third, the current version does not integrate hydrological models or long-term climate projections,
limiting its ability to simulate future scenarios. Connectivity constraints in rural regions also restrict real-time
data synchronisation in some sites.
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Future research will focus on expanding deployment to new hydro-ecological contexts, integrating advanced
IoT sensors for continuous monitoring, and coupling the system with predictive models for droughts, salinity
intrusion, and groundwater depletion. Enhancing interoperability with government databases and strengthening
institutional adoption will further support its transition from pilot to policy instrument. By bridging community
knowledge, scientific analytics, and governance processes, Mera Gaon Hamara Jal offers a replicable pathway for
inclusive, data-driven, and adaptive water management.

Methodology

Recognising the limitations of existing digital platforms in achieving water sustainability, the need for an
integrated and comprehensive platform is evident. Therefore, this section details the methodology incorporated
in developing such a platform to overcome current challenges and propel grassroots water sustainability.

This study adopts a structured, five-phase methodology to design, implement, and validate a decentralised,
data-driven platform for rural water governance. Grounded in participatory design, the approach integrates
community engagement with spatio-temporal analytics and statistical modelling to co-generate localised water
sustainability insights. The five phases include:, (1) indicator development, (2) data collection, (3)data analysis,
(4) problem derivation and (5) Recommendations - Interventions & Policy. The integrated methodology is
illustrated in Fig. 5.

Phase 1: indicator development & localisation
The first step involved a comprehensive literature review to identify appropriate water sustainability indicators.
Scopus was selected as the primary database due to its extensive repository of peer-reviewed research. A
systematic keyword-based search was conducted, beginning with the broad term “Water Management,” which
returned over 530,000 articles. This was progressively refined by appending “Sustainability,” “Community;” and
“Indicators,” ultimately narrowing the set to 395 relevant articles. To ensure recent contextual relevance, only
publications from 2020 onward were considered, yielding a final pool of 207 articles for in-depth analysis.
Critical review of the shortlisted articles yielded 49 indicators categorised across four key sustainability
dimensions:

Water Sustainability Assessment

Indicator Development

( Literature Review ) ( Multi stakeholder Varification )
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Fig. 5. Platform’s development methodology.
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« Social (e.g., drinking water access time, household size).

« Economic (e.g., water expenditure, irrigation water volume).
 Environmental (e.g., well location, groundwater quality).

« Institutional (e.g., pollution sources, committee participation).

Subsequently, the second level of indicator development consisted of indicator validation and refinement
through extensive stakeholder engagement, were conducted with households, environmentalists, water
managers, health workers, and NGOs; thus ensuring relevance across communities. These community insights
directly informed the development of context-specific indicators across four sustainability dimensions—social,
economic, environmental, and institutional. Each indicator was linked to a predefined value type (binary, Likert,
or quantitative) and mapped to potential risks and interventions.

While indicators were identified across all four dimensions, the distribution varied in scope and number.
Based on the literature review and stakeholder consultations, a larger set of indicators emerged under the
social, economic, and environmental dimensions, reflecting their household-level variability. In contrast, three
core institutional indicators—local government support, participation in water committees, and frequency of
institutional meetings—were finalised to capture governance capacity, participation, and responsiveness. This
balance ensured analytical consistency across dimensions while avoiding redundancy.

The selection of these four sustainability dimensions was guided by global and national frameworks that
conceptualise water sustainability as a multidimensional construct integrating ecological, socio-economic, and
governance aspects. The structure aligns closely with the Water Poverty Index (Sullivan et al., 2003; Garriga &
Foguet, 2010), which defines the five key components of water sustainability—resources, access, capacity, use,
and environment—each operationalised through multiple indicators. Similar multidimensional frameworks are
employed by UN-Water (2018) for SDG 6 monitoring and by NITI Aayog (2018) in India’s Composite Water
Management Index, which together validate the inclusion of social, economic, environmental, and institutional
dimensions as reliable measures of water sustainability. These references collectively establish the theoretical
grounding for the indicator framework adopted in this study while allowing contextual localisation through
participatory refinement. Table 1 lists the indicators identified along with their corresponding sources.

Phase 2: data collection & validation

The platform was implemented in a phased manner to generate insights into rural water sustainability across
ten communities in India. Field engagement and data collection were carried out through the Live-in-Labs’
programme, employing participatory methods to capture community-level realities. Sensors were deployed
at selected water sources to enable real-time monitoring of physicochemical and microbial parameters. The
study areas were strategically selected to reflect diverse hydro-ecological conditions, socio-economic profiles,
institutional capacities, and water sustainability challenges (Table 2). This diversity allowed the platform to be
tested and validated under real-world conditions with distinct problem profiles across different hydro-ecological
and governance contexts.

To operationalise the indicator framework and capture both spatial and behavioural granularity, the study
adopted a mixed-method data collection design integrating household surveys, participatory approaches, and
sensor-based monitoring.

PRA tools were employed to capture community perceptions, behavioural practices, and institutional linkages
related to water sustainability. Each tool was applied once in every community, ensuring comparable coverage
and representativeness across sites. These were conducted as part of a phased engagement, where field teams
stayed in each community for approximately 20-25 days. The sessions engaged households, women’s self-help
groups (SHGs), local governance representatives, and village water management committees, facilitating both
horizontal (community-level) and vertical (institutional-level) perspectives. For household surveys and PRA
participation, approximately 10% of total households in each community were selected as the representative
sample, following proportional sampling based on village size. The participatory tools employed in this
study, along with the key parameters captured and the corresponding stakeholder-specific insights derived at
household, community, local government, water authority, and domain expert levels, are summarised in Table 3.

The following tools were used:

o Water resource mapping - This GIS-integrated tool mapped water and sanitation sources, distances to house-
holds, and linked data to relevant indicators, causes, and drivers, providing accurate spatial representations”.

 Income-expenditure - This tool quantifies income and expenditure at community and household levels, offer-
ing a comprehensive view of economic dynamics, enabling optimal decisions for targeted interventions and
resource allocation®,

« Inflow-outflow - This tool offers a detailed understanding of water resource usage, the community’s degree
of dependence, and seasonal inflow and outflow dynamics. This tool will assess usage burden and devise sus-
tainable water management strategies®’.

o Seasonal calendar - This tool aids in analyzing the temporal patterns of water sustainability parameters such
as water usage, availability, quality, and consumption®.

 Venn diagram - This tool visualizes the accessibility of multi-stakeholders such as water authorities, local ad-
ministrators, and change agents, who influence water usage patterns and address water-related challenges®’.
This tool provides insights into the community’s accessibility to decision-makers, offering a clearer under-
standing of the challenges involved in implementing recommendations effectively within the community.

« Brainstorming/focused group discussions (FGDs) - This activity fosters active engagement with stakeholders
to explore water-related challenges, scenarios of water sustainability challenges, and examine their immediate
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ID Reference
Indicators (social dimension)

SDO1 | Location of the house 14
SD02 | Sanitation Facilities 15
SD03 | No. of Toilets at your home 1o
SD04 | Type of Toilet 16
SD05 | Sharing of toilet with other families 1o
SD06 | Using soap and water after toilet use 17
SD07 | Drinking water access: Distance to source 18,19
SD08 | Drinking water access: Time spent for water collection 18,19
SD09 | Water Access: who collects water B
SD10 | Sufficiency of drinking water at household level 20
SD11 Frequency of non-availability of drinking water 19
SD12 Number of months per year with water availability v
SD13 | Water treatment at household level 2
SD14 | Traditional methods to conserve water 2
SD15 | Water-borne diseases 2t
SD16 | Wastewater management 2
SD17 | Sharing mentality among community to address water challenges 2
SD18 | Presence of culturally significant water bodies near house 3
SD19 | Festivals related to water 24
Indicators (economic dimension)

EDO1 Volume of purchased drinking water (in liters) (in a week) 25
EDO02 | Expenditure on drinking water (in weeks) 18
ED03 | Economic capacity to purchase drinking water 18
EDO04 | Types of water sources and water usage for specific purposes 1
EDO5 | Number of months per year with water availability 2
ED06 | Pipeline connection at home 18
ED07 | Water loss due to poor infrastructure 7
EDO08 Adoption of water-efficient irrigation techniques 20
ED09 | Expenditure on water per hectare 2
ED10 | Change in income after adopting efficient irrigation techniques 2
Indicators (environmental dimension)

EvDO1 | Location of septic tank 1
EvDO02 | Types and number of water sources at your home »
EvDO03 | Locations of water sources 1
EvD04 | Water availability at different sources 30
EvDO5 | Purposes of water use from different sources »
EvDO06 | Quality of water at different sources 2
EvDO07 | Protection of water sources from pollutants 3
EvDO08 | Presence of pollution points near water resources 3
EvD09 | Household connected to sewage system 2
EvD10 | Drainage facilities for rainwater and surface run-off 32
EvD11 | Practice of composting 3
EvDI12 | Separation of organic waste for composting 3
EvD13 | Disposal method of hazardous waste materials 3
EvD14 | Presence of restored water bodies 0
EvD15 | Groundwater recharging methods practiced 34
EvD67 | Changes in groundwater level 34
EvD17 | Type of water-related disasters faced »

Indicators (institutional dimension)

IDo1

Participation in the water management committee in the village

1D02

Frequency of meetings of committee to discuss water management

1D03

Support provided by local government to address water related challenges

Table 1. Indicators identified for the digital platform.

Scientific Reports |

(2026) 16:11150

| https://doi.org/10.1038/s41598-026-39927-0

nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Community
name & state

Social characteristics

Economic conditions

Environmental context

Institutional factors

Impact on water sustainability

Dependent on

Seasonal water stress due to unstable

Batwari Sunar, | High literacy (95%); Agrarian economy; unstable | . " . Multi-institutional presence; | ;.. AR
. K M irrigation; rainfall L livelihoods and irrigation demand;
Uttarakhand cohesive community seasonal livelihood ¢ decentralised governance P oT
variable institutional coordination aids response
Dongarampur, Low literacy (25%); Agriculture and wage labour; | Fluoride contamination; | Active SHGs; local doctor; F;) S(Z; Elilael:l)t,hdlg:res;:tl?;iigv?(:e;oisrece
Karnataka limited awareness low-income groundwater reliance decentralised leadership o

contamination

Juna Kathiwada,
M. Pradesh

Low literacy (40%);
migration common

Daily wage-based economy

Well water dries up in
summer

Weak institutional support;
informal structures

Severe summer scarcity; low institutional
capacity limits mitigation planning

Ratanpur, Bihar

Medium literacy (75%);
basic awareness

Mixed livelihoods; low
economic mobility

Storage issues; open
wells

Active SHGs and local
bodies; semi-centralised

infrastructure gaps affect both water
quality and access

Sarai . Low literacy (50%); Affordability constraints; Sand and contamination | Decentralised governance; EC.O nomic vulnergblhty and qua_hty'lssues
Nooruddinpur, | affected by waterborne . : drive underuse; disease burden is high-
. health expenditure in handpumps PHC engagement .
UP. diseases kidney stone
Harirampura, Very low literacy Dryland farming; drought- Hard water; acute Gram panchayat-led; limited Scarcity and water hardness hmlt.
X (~40%); remote . . safe usage; low awareness constraints
Rajasthan ; prone economy scarcity technical support
population household treatment

Kalinagar, West
Bengal

Medium literacy
(65%); agricultural
dependency

Agriculture and fish farming

High iron content; poor
pipeline access

Semi-centralised; limited
enforcement

Infrastructure in place but non-
functional; iron contamination affects
trust and usage

Alappad, Kerala

High literacy (95%);
coastal population

Diverse livelihoods; tourism
nearby

Saltwater intrusion;
microbial risk

Multi-level; active VDC and
health workers

Piped water coverage masks microbial
risks; open well use persists

Chingoli, Kerala

Mixed economy;
medium literacy

Agriculture and wage labour

Limited surface water
access

Panchayat-led; active ward
members

Lower daily access despite 100% coverage;
household-level issues overlooked

Nagercoil, Tamil
Nadu

High literacy; urban—
rural fringe

Mixed economy;
groundwater-dependent

Saltwater intrusion;
declining water table

Weak local bodies and
institutional coordination

Source depletion despite piped supply;
overuse and lack of recharge strategies

Table 2. Socio-economic, environmental, and institutional characteristics of the ten study communities.

strategies

Participatory

tool Parameters Household insight Community insight Local govt insight Water authority insight | Domain expert insight
Source type, location, Understands own water | M2PS avz%llablhty Detects infrastructure | Identifies aquifer stress | Integrates spatial data

Water resource P . - and quality for all : - :

. availability, quality source quality, seasonal . . gaps and plans localised | zones and water-deficit | to model regional water

mapping - ot households; identifies | ¢ : . AR

perception availability risk o interventions regions resource sustainability
spatial risk zones
Income- Water cost, affordability, Learns Re'rsonal water Identifies economically | Designs targeted tariff | Assesses economic Models economic
. : affordability stress . . . T
expenditure income level, payment : . vulnerable clusters for | relief or filtered water barriers to safe water inequity linked to water
and potential savings iy
Tool frequency water subsidies supply schemes access at scale access and use

Inflow-outflow
tool

Daily usage, source-
dependence, seasonal
variation, return flow

Visualises personal water
consumption vs. seasonal
availability

Detects recharge-use
mismatch in shared
water sources

Forecasts community-
level shortages and
plans infrastructure

Monitors recharge
extraction trends across
clusters

Models long-term
sustainability of demand
vs. supply systems

Month-wise water

Coordinates staggered

Plans proactive storage

Aligns supply-demand

Simulates climate-linked

Venn diagram

Stakeholder accessibility,
influence, conflict zones

points of contact for
water issues

overlaps, gaps, and
decision channels

across water actors in
the region

multi—actor governance
frameworks

gzla: r?él:rl demand, availability, Einsst::?eteir:;grasg:azgg usage and timing of and mitigation for schedules with rainfall/ | variability and adaptive
quality fluctuations gies by peak demand seasonal shortages flow patterns risk zones
Identifies accessible Maps stakeholder Improves coordination | Designs inclusive Evaluates governance

structure gaps for
improved decentralisation

FGDs /
brainstorming

Perceptions, problems,
practices, preferences

Shares experience and
hears peer water-related
practices

Builds consensus on
key community water
priorities

Captures needs for
citizen-led programme
design

Refines implementation
based on feedback and

8aps

Validates social-
behavioural factors in
water use patterns

Problem tree

Root causes, immediate/
long-term effects, impact
pathways

Understands personal
water challenges as part
of a system

Maps shared causes,
consequences and
intervention points

Targets root causes (e.g.
timing, distance, policy
failure)

Integrates systemic
root-cause data into
policy making

Supports resilience
frameworks using systems
thinking

Table 3. Insights derived from the participatory tools.

and long-term impacts®. It serves as a collaborative platform where participants can share perspectives, vali-
date each other’s insights, and reach a consensus on water sustainability issues.
« Problem tree - This tool facilitates a systematic examination of the root causes and consequences of water
sustainability challenges identified through the preceding PRA tools®.

Utilizing Human-Centered Design tools, such as Participant Observation and Scenarios, further aid in
analyzing the impacts of the water challenges to better capture the needs assessment at household and individual

levels

40-42,22

interviews.

. Community-specific water scenarios were developed through door-to-door semi-structured
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Symbol | Definition

Total number of households

=1

m Total number of indicators

F Binary risk matrix of dimension n x m

£ Binary value: 1 if indicator j exceeds threshold in household i; otherwise 0
R Household-level risk score (sum of indicators exceeding threshold for household i)
C, Community k

n, Number of households in community k

Sy Community-level risk score / percentage threshold exceedance

X; Normalized value of indicator for WPI component i

w; Weight of WPI component i (equal weight=1/5)

WPI Water Poverty Index (0-1 scale)

A Observed value of parameter i (WQI)

S, Standard permissible limit for parameter i (BIS/WHO)

Vo Ideal value of parameter i

Q Quality rating of parameter i in WQI

w, Relative weight assigned to parameter i in WQI

k Proportional constant in WQI weighting

ILg Set of indicators in group g (for composite scoring)

S.g Composite score of household i in domain/group g

Raw value of indicator j for household i

Py Normalized probability value of x;j for entropy
g Entropy value of indicator j

d Degree of diversification (1 - ej)*

w, Normalized entropy weight of indicator j

PC,-PC;s | Principal components derived from PCA

L Loading of indicator j on a principal component

Table 4. Table of symbols and notations.

Household surveys

Quantitative data were collected from 1,039 households across ten communities, representing approximately
10% of the total population in each community. A stratified random sampling approach ensured representation
across gender, caste, and income groups. Surveys were administered using the SREE mobile application, a geo-
enabled tool capable of recording multi-thematic crowd-sourced data with integrated GPS and timestamp
functionality®’. The questionnaire was standardized through pilot testing in two communities to ensure reliability
and contextual clarity, and each interview took approximately 20-25 min to complete.

Sensor-based and environmental monitoring

To complement survey and participatory data, IoT sensors were deployed at 30 representative water sources,
including piped taps, borewells, and open wells. Sensors continuously monitored pH, temperature, electrical
conductivity (EC), total dissolved solids (TDS), turbidity, and residual chlorine, while microbial parameters
(total and faecal coliforms) were periodically analysed through field kits and laboratory validation. Satellite
imagery and secondary datasets such as public health records, water board data, and government statistics were
used for triangulation, ensuring robust validation of environmental and institutional indicators.

Phase 3: data analysis

For in depth data analysis and thereby testing the platform’s adaptability, ten rural communities were strategically
selected from five regions of India: South, North, East, West, and Central, representing hydro-geographic, socio-
economic, and cultural diversity*4*°. The key approaches used for detailed analysis and for deriving stakeholder
specific insights are detailed below. All symbols, variables, and mathematical notations used in the indicator-
based, index-based, and composite analyses are defined in Table 4.

« Single indicator based: Each indicator was independently assessed using a threshold-based classification,
with household-level values compared against standards from WHO*, Bureau of Indian Standards (BIS
10500:2012)*7, UNICEF/WHO Joint Monitoring Programme (JMP)*8, Government of India rural water sup-
ply standards*®. A binary risk flag (0 or 1) was assigned to each household-indicator pair, where ‘1’ indicated
a deviation from the acceptable standard or desired practice. The resulting binary risk matrix was aggregated
across spatial levels (household, community, district) to compute the proportion of households at risk per
indicator.

o Index based: To assess household and community-level water sustainability in a structured and interpreta-
ble manner, water security was operationalised as a composite construct encompassing multiple dimensions
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represented by Water Poverty Index (WPI) and Water Quality Index (WQI). Accordingly these indices were
computed using the collected dataset.

- Water poverty index (WPI): The WPI is a widely accepted method for assessing community-level water
sustainability (Lawrence et al., 2002; Sullivan et al., 2003; Garriga & Foguet, 2010). It provides a compre-
hensive measure of water-related deprivation, capturing both the physical availability of water and the
socio-economic and environmental factors that affect its access and use. The index is calculated using five
dimensions - resources, access, capacity, use, and environment, each comprising multiple sub-indicators.
Subcomponents are standardised using min-max normalisation, and assigned equal weights to ensure
comparability across dimensions.

- Water quality index (WQI): Complementing the WPI, which captures access and sustainability dimen-
sions, the Water Quality Index (WQI) evaluates the physicochemical and microbial safety of drinking-wa-
ter sources through a composite scoring approach (Brown et al., 1972; Sahu & Sikdar, 2008). In this study,
WQI was computed using 10 parameters: Total Dissolved Solids (TDS), Electrical Conductivity (EC),
pH, turbidity, fluoride, chloride, alkalinity, hardness, iron, and total coliforms, each benchmarked against
the permissible limits set by WHO and BIS (IS 10500:2012). This index provides a score for evaluating
source-level drinking water safety and supports the identification of high-risk zones.

o Multiple indicator based: To identify latent structures and dependencies across sustainability indicators,
Spearman’s rank correlation coefficient was applied. This non-parametric approach accommodates mixed
data types and quantifies monotonic relationships between indicators. Indicators with correlation coefficients
above 0.4 were grouped into clusters L, each representing a distinct sustainability domain such as infrastruc-
ture, health, or perception.

« Principal component analysis (PCA) was used to validate the thematic coherence of these groups and reduce
dimensionality. For each household i, binary risk flags F,, corresponding to indicators j€lg were aggregated
to compute group-specific composite scores. To reflect the relative informational contribution of each indi-
cator, entropy weighting was applied within each group. This process yielded interpretable, domain-specific
vulnerability scores per household. Aggregating these across households produced multi-dimensional com-
munity-level risk profiles. Retaining disaggregated group scores across spatial scales (community C,, district
d, state s) enabled targeted, scale-specific policy planning and governance interventions.

Phase 4: problem derivation

Based on the insights generated from the previous phases—indicator based data at household level, community-
based data aggregation, and multi-dimensional analysis—the specific water-related challenges in each
community were systematically derived.

Phase 5: recommendations - interventions & policy
Based on these insights derived from each step, the single-indicator and multi-dimensional recommendations are
generated. Threshold-based alerts (e.g., WQI limits) and evidence-informed trade-off scenarios were embedded
to derive necessary recommendations. This integrated approach ensures that the same underlying data resource
is transformed into actionable knowledge appropriate to each stakeholder’s decision-making context. All
methods were carried out in accordance with relevant guidelines and regulations. The study protocol involving
human participants, including surveys and household-level data collection, was reviewed and approved by the
Institutional Ethics Committee of Amrita Vishwa Vidyapeetham, Amritapuri Campus. Informed consent was
obtained from all participants prior to participation in the study.

Table 3 summarizes the participatory tools, and its capability on deriving their community specific key
parameters, and the stakeholder specific distinctive outputs.

Data availability
The datasets generated and/or analysed during the current study are not publicly available due to privacy and
community consent restrictions, but are available from the corresponding author on reasonable request.
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