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	Water insecurity threatens at least 2 billion people residing in arid and semi-arid parts of the world, with climate change and population growth exacerbating this human threat very fast. However, over decades of interventions, the traditional methods of water management are always failing in these unique environments. As a radical reboot of water governance as it happens in water-scarce places based on a novel methodological approach that combines innovative hydrogeological modeling, institutional analysis, and implementation science. Our mixed-methods appraisal, which involved a remote sensing analysis of 38 major arid basins, a 12-year longitudinal tracking of three diverse case systems, and multinational stakeholder engagement (n=247), reveals crucial tipping points, beyond which traditional frameworks break. Performance of conventional assessment models remains limited on arid landscapes, as they explain only 26% of outcomes variance (p<0.001), while our Climate-Adaptive Water Security Index reliably predicts 78% of system failures under heightening climate stress (p<0.001). The transformative framework for water governance that we propose repositions water governance in terms of adaptive resilience, instead of static sustainability, and creates a paradigm shift applicable to global water security challenges that are accelerating under climate change. This research presents a robust and flexible paradigm for climate-adaptive water governance in arid environments.
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1. INTRODUCTION
The global water crisis is at the critical inflexion points in the arid and semi-arid regions (ASARs) which make up 41 % of the area of the earth and accommodate more than 2 billion of people (Rodell et al., 2023). The areas have a perfect storm of challenges. innate scarcity of water resources, severe impacts of climate change – temperature increases of 1.5-2.3 ° C (global averages) and population growth rates that are 27% higher than the global average, lack of economic development model, which does not depend on water-intensive agriculture (Neumann et al., 2021; Trnka et al., 2023). Satellite measurements from the GRACE mission funded by NASA shows frightening depletion of groundwater in big arid basins with 21 out of 37 of the major aquifers in ASARs now below sustainable levels (Famiglietti, 2022). The decline of the groundwater resources is greater than 2 meters per year in such areas as North China Plain, North-West Sahara Aquifer System, and Arabian Peninsula. Recent climate projection implies that these challenges will increase exponentially. The newest CMIP6 models forecast that ASAR territory that currently has 35% will be subject to rainfall reductions of more than 30% (IPCC, 2022); potential evapotranspiration will be increased by 12-28% (IPCC, 2022). These will require fundamental changes in the system of governing water that will undermine deeply held assumptions on the availability of resources, approaches to management, as well as the institutional arrangements. Several decades of interventions on the control of water in ASARs have proven the ineffectiveness of the traditional approach. Our large-scale review of 147 large-scale water management projects carried out in 26 countries during 2000-2023 paints grim results: 68% did not achieve primary objectives, 73% had sustainability collapses seven years after implementation, and 82% hugely underestimated climate impacts on performance of system (Richter et al., 2023). Traditional IWRM (that is defined as “a process which promotes the coordinated development and management of water, land and related resources, in order to maximize the resultant economic and social welfare in an equitable manner without compromising the sustainability of vital ecosystems” (GWP 2021)) has for long been promoted as the cure for global water challenges. The application of the methodology in ASARs, however, shows the existence of fundamental limitations (Basak, Gazi, and Mazharul Hoque Chowdhury 2020). According to Shah and Venot (2020), the assumption behind the conventional IWRM is informed by humid region experiences largely. a relatively plentiful supply of renewable water, an institutional capacity that is already in place, transparent governance and predictable hydrology. These assumptions crater disastrously in ASARs where non-renewable fossil aquifers typically serve as prime water sources, institutional fracture is the order of the day with the informal governing the practice and hydrological extremes instead of averages that define the outcome of the systems. Large scale water management interventions that have been practiced in ASARs over the decades have been consistent failures of the conventional methods. Our thorough record review of 147 significant water management projects, which have been carried out in 26 countries since 2000-2023, sheds uninviting results: 68% of them did not accomplish primary objectives, 73% suffered sustainability collapses within seven years of implementation, and 82% overly underestimated system performance in regards to climate (Richter et al., 2023). Zhang et al (2025) engages with pressing global challenges including water scarcity, energy shortages, environmental degradation, and carbon emissions, which are integral to the Sustainable Development Goals (SDGs) established by the United Nations. El Garouani et al. (2024) underscores the significance of discerning susceptible regions for the efficient administration of water resources, which is essential for the prioritization of constrained financial assets. Conventional Integrated Water Resource Management (IWRM) that has been broadly advocated as an alternative for mitigating water challenges in the world, is defined as “a process which promotes the coordinated development and management of water, land and related resources, in order to maximize the resultant economic and social welfare in an equitable manner without compromising the sustainability of but on applying it to ASARs, it reflects basic limitations (Rahaman and and Varis 2005). Studies from specific ASARs demonstrate the critical nature of precise irrigation water requirement calculations for sustainable agriculture. For instance, research in Bangladesh's Barind area shows that wheat irrigation demands vary significantly throughout growing stages, with maximum requirements occurring during vegetative and mid-season periods (Abdullah et al., 2014). According to the argument of Shah and Venot (2020), traditional IWRM provides for the assumptions that have fashioned themselves from experiences of humid regions primarily. relatively plentiful renewable water resources, an institutional capacity that has been set up, the openness of the governance, hydrological predictability; These assumptions go disastrously wrong in ASARs where non-renewable fossil aquifers are commonly the main sources of water, institutional fragmentation is the order of the day, informal governance dominates the practice, and extremes in hydrology rather than averages set up systems’ outcomes.
This research fills the gaps at a scientific and a practical level on water governance in ASARs. Our objectives are to:

· Measure the exact failure modes of the traditional approaches to water management architectures when used in arid and semi-arid environments.
· Determine the key hydrological, institutional, and implementation factors that make up the water governance outcomes in ASARs.
· Build and also verify a transformative scheme for water management specifically calibrated to ASAR conditions.
· Develop an implementation pathway that helps in coping with the peculiarities of resource-constrained, complex institution environments.
The importance of this work goes far more than the academic understanding. As climate change becomes more and more abrupt, the former humid areas are starting to experience the conditions of ASAR; the situation in arid regions becomes a relevant experience in most parts of the world. In addition, the scarcity of resources, institutional complexity, and climate vulnerability that characterize ASARs are becoming more and more typical of the global water problems, which implies that the solutions be developed for ASARs’ context may apply to more general, not as radical conditions.
2. THEORETICAL FRAMEWORK
2.1 From Stability to Resilience: A Paradigm Shift
This research is based on an emerging theoretical paradigm that radically shifts the gears of water governance toward resilience instead of stability as the primary organizing advocacy. Traditional ideas of water management instigate the preservation of a stable condition of resources, frequently reflected as “sustainable yield”, or “safe operating space” (Rockström et al., 2022). Although it is appropriate for fairly stationary hydrological regimes, this stability paradigm cameo disastrously in extremally variable and non-stationary environments, i.e., those that define ASARs under climate change. Three alternatives to the theoretical perspectives are integrated in order to build up an alternative paradigm which is specifically adjusted to the ASAR conditions:
· Adaptive Cycle Theory (by Holling & Gunderson, 2022): Awareness of the fact that water systems of ASARs are automatically subjected to oscillation between exploitation, conservation, release, and reorganization phases, conflicting linear stability assumptions, and a focus on cyclical resilience.
· Robust Decision-Making Under Deep Uncertainty – Marchau et al., 2021: Admitting the fact that climate change eliminates the traditional use of probabilistic planning models and calls for decision approaches that would be effective even in huge spaces of uncertainty
· Socio-Hydrological Coupling (Di Baldassarre et. al 2023): Paradigmatic understanding of water systems as co-evolutionary, i.e. with both human and hydrological parts influencing each other in complicated feedbacks.
This all-inclusive theoretical framework shifts the focus from optimal water distribution (suitable in the stable, predictable settings) to maintaining functionality under extreme stress, the institutional accommodativeness to the unexpected threats, and prescribed ways of learning that continuously incorporate emergent realities.

2.2 Reconceptualizing Water Assessment Frameworks
This work is situated in an emerging theoretical paradigm that radically changes the basis of governance of water from stability to resilience as the key organizing principle. Water management practices of the past have focused on establishing stable conditions of resources which are defined as ‘sustainable yields’ or ‘safe operating space’ (Rockström et al., 2022). Although suitable for more or less stable hydrological regimes, this stability paradigm dramatically fails in the regimes of extreme variability and non-stationarity, i.e., the hallmarks of ASARs under the changing climate. We synthetize three theoretical paradigms in order to elaborate an alternative paradigm specially tuned to ASAR conditions
· Adaptive Cycle Theory (Holling & Gunderson (2022). Aware of the fact that water systems found in ASARs automatically shift from phases of exploitation, conservation, release and reorganization, violating linear stability assumptions and pointing to cyclical resilience.
· Strong Decision Making under Deep Uncertainty (Marchau et al., 2021): Admitting that the climate change makes the traditional probabilistic planning models ineffective, making decision approaches effective in huge uncertainty areas.
· Socio-Hydrological Coupling (Di Baldassarre et al., 2023). Appreciation of the hydrological systems as fundamentally co-evolutionary, involving the human as well as hydrological components that continuously mold each other in the complex feedbacks.
The combined theoretical framework redefines water assessment in arid and semi-arid regions (ASARs) through a transformative approach that shifts from static indicators to dynamic parameters capturing system behavior across various timescales and stress levels, prioritizes extreme events over average conditions as true measures of system viability, emphasizes process indicators like institutional learning and adaptation mechanisms rather than merely output metrics, integrates water management with energy, food, and ecological systems through a nexus approach rather than treating these as peripheral concerns, and transcends purely technical solutions to incorporate social, political and cultural dimensions as core determinants of system functionality (Ibisch, Bogardi, and Borchardt 2016). This paradigm shift fundamentally redefines success in ASAR water management—moving away from the unattainable goal of maintaining stable resource conditions in inherently variable environments toward sustaining essential system functions during extreme stress events, fostering institutional adaptability to unforeseen challenges, and enabling transformative change when existing arrangements become obsolete, while maintaining continuous learning processes that integrate emerging knowledge and opportunities to evolve governance practices beyond the traditional assumption of predictable conditions.

3. METHODS
3.1 Research Design
A sequential mixed-methods research design was followed having three phases that were intertwined together:
Phase 1: Systematic Assessment of Framework Performance evaluated the effectiveness of existing water management frameworks in ASAR settings through a comprehensive methodological approach. This assessment involved a comprehensive examination of 17 Sustainable Water Resources Management Assessment Frameworks (SWRM-AFs) to understand their theoretical underpinnings and intended applications. The research team conducted statistical analysis of implementation results across 147 water management projects to quantify performance metrics and identify success factors and limitations in real-world applications. Additionally, the assessment incorporated remote sensing evaluation of hydrological outcomes in 38 major arid basins, providing objective biophysical evidence of framework effectiveness that complemented self-reported project outcomes and statistical analyses with independently verified environmental impacts.
Phase 2: Phase 2 of the water management study conducted a comparative case analysis across three diverse arid and semi-arid regions. Researchers examined the North-West Sahara Aquifer System, a fossil aquifer shared by Algeria, Tunisia, and Libya; the Okavango Delta, a climate-stressed surface water system in southern Africa; and the Kachchh Peninsula in India, where rapid development is occurring alongside community-based water management approaches. These case studies provided valuable insights into different water management challenges and strategies across varied geographical, political, and social contexts.
Phase 3: Phase 3 focused on developing and validating an innovative water management framework through a collaborative approach. A multidisciplinary panel of experts worked together to create this framework, which was first calibrated using historical water management cases to ensure its theoretical soundness. The framework was then prospectively implemented in four different real-world contexts to test its practical effectiveness, adaptability, and potential for addressing water management challenges in arid and semi-arid regions under various conditions. This design allowed methodological triangulation from various sources of data and different methods of analysis and concepts of theory to improve validity while meeting the intricate and multidimensional characteristic of water governance in ASARs.
3.2 Data Collection
We integrated six primary data streams to develop a comprehensive understanding of water governance challenges and opportunities in ASARs:
· Remote Sensing Data: Over a 20-year period (2003–2023), we generated time series data for key hydrological parameters across 38 major arid basins using multiple remote sensing sources. GRACE and GRACE-FO satellite data were employed to diagnose groundwater depletion trends, while Landsat 5–9 and Sentinel-2 imagery provided insights into land use changes and variations in surface water area. MODIS-derived datasets were used to estimate evapotranspiration, and SMAP satellite data contributed soil moisture measurements. Together, these integrated datasets offer a comprehensive understanding of hydrological dynamics in arid and semi-arid regions (ASARs), supporting robust water governance analysis.
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Figure 1: Time series visualization of satellite-derived groundwater depletion rates across six major arid aquifer systems (2003–2023), showing acceleration patterns and threshold crossings

· Project Implementation Records: We conducted a comprehensive analysis by compiling data from 147 water management projects implemented in arid and semi-arid regions (ASARs) between 2000 and 2023. This extensive dataset encompassed technical design specifications, implementation timelines, and budget execution details to understand the practical aspects of project delivery. Additionally, we examined monitoring and evaluation reports alongside the comparison of stated objectives and measured outcomes to assess the effectiveness and impact of these interventions in addressing water management challenges in these regions.

· Institutional Analysis: We systematically mapped the governance arrangements of water in the case study regions through multiple analytical approaches. This involved in-depth policy and legal document analysis to understand the regulatory frameworks governing water resources. We created institutional network maps to visualize relationships between different governing bodies and developed authority and resource flow diagrams to trace decision-making pathways and resource allocation. Furthermore, we conducted historical evolution assessments to understand how these governance structures had transformed over time in response to changing environmental, social, and political contexts.

· Stakeholder Engagement: We facilitated structured interactions with 247 diverse stakeholders across the case study regions to gain comprehensive insights into lived experiences and perspectives. Our approach included conducting semi-structured interviews with water managers, users, and policymakers to capture their individual viewpoints and challenges. We organized focus group discussions with community representatives to understand collective concerns and priorities. Technical specialists participated in elicitation workshops to share expert knowledge, while various stakeholder groups engaged in deliberative scenario-based learning exercises to explore potential future water management scenarios and solutions collaboratively.


· Hydrological Modeling: For each of the case study area, we built an integrated hydrological model that considers the complex interaction between surface water and groundwater systems. The models used such climate change projection under multiple CMIP6 scenarios to simulate the future hydrological conditions. Also, we combined the water demand projections, based on socioeconomic trajectories to capture the projected change in population, land use and economic development. Models also evaluated the performance and resilience of the existing water infrastructure in different climatic conditions and they have given a sound basis for long term water resource planning.

· Economic Analysis: A fine-grained economic analysis was carried out for analyzing the feasibility and equity of various water management options. Scenario-based assessments, analyzes of distributional effects among the groups of stakeholders, and models to make interventions financially sustainable were included in this analysis. Additionally, we estimated investment needs for each alternative, which could help the policymakers with meaningful allocation of resources, cost-effectiveness, and sustainability of water governance strategies in arid and semi-arid territories. These diverse data streams enabled comprehensive assessment of both biophysical and social dimensions of water governance, critical for developing truly integrated understanding of ASAR water challenges.
3.3 Analytical Framework
Our analytical approach integrated quantitative and qualitative methods through a structured framework specifically designed to capture the complex, multidimensional nature of water governance in ASARs:
· Statistical Analysis of Framework Performance: We applied multivariate regression modeling to determine relationships between framework characteristics and implementation outcomes. This comprehensive analysis included Principal Component Analysis to identify major aspects of the framework, followed by multiple regression to quantify relationships between framework elements and outcomes. We implemented Classification and Regression Tree (CART) analysis to determine critical thresholds and decision points within the implementation process. Additionally, we employed Structural Equation Modeling to account for both mediating and moderating effects in the complex relationships between variables, which provided insight into how different factors interact within the water management system.
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Figure 2: Structural equation model showing relationships between framework characteristics, implementation factors, contextual variables, and outcomes, with path coefficients and significance levels

· Process Tracing of Implementation Pathways: We employed process tracing methodologies to identify critical junctures, causal mechanisms, and implementation trajectories across diverse cases. This systematic approach included temporal sequence mapping to chart how events unfolded chronologically, causal process observation to identify key mechanisms driving changes, counterfactual analysis to explore alternative scenarios, and Bayesian updating of causal hypotheses to refine our understanding as new evidence emerged. This methodological approach allowed us to track how implementation decisions created path dependencies and influenced ultimate outcomes in various contexts.

· Comparative Case Analysis: We used structured comparative analysis to identify patterns across diverse ASAR contexts, employing several complementary techniques. Qualitative Comparative Analysis (QCA) helped identify necessary and sufficient conditions for successful outcomes, while cross-case pattern matching revealed commonalities across different implementations. We developed typological theories to categorize different approaches and their effectiveness, and conducted deviant case analysis to understand instances where outcomes differed from expectations, providing valuable insights into contextual factors that influence water management success.


· Geospatial Analysis: We employed advanced geospatial techniques to analyze hydrological and land use patterns across the study regions. This included hotspot analysis of water stress indicators to identify areas of particular concern, time series analysis of land use transformation to track changes over the study period, spatial regression modeling to understand geographic determinants of outcomes, and cluster analysis of implementation patterns to identify spatial relationships in water management arrangement.
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Figure 3: Multi-panel geospatial visualization showing: (a) Groundwater depletion hotspots, (b) Climate vulnerability indices, (c) Implementation intensity distribution, and (d) Institutional capacity mapping

·  Scenario Development: We used participatory scenario development to explore system behavior under alternative climate and development trajectories. This forward-looking approach included structured scenario construction with stakeholder input to ensure relevance, quantitative modeling of scenario implications to understand potential impacts, robust option identification across scenarios to determine strategies that would perform well under various conditions, and adaptive pathway mapping to chart flexible implementation routes. This integrated analytical approach enabled systematic assessment of water governance challenges while accommodating the contextual complexity and data limitations characteristic of ASARs.
This integrated analytical approach enabled systematic assessment of water governance challenges while accommodating the contextual complexity and data limitations characteristic of ASARs.
3.4 Framework Development Methodology
The development of our Climate-Adaptive Water Security Framework followed a methodical, iterative process beginning with conceptual framework design grounded in theoretical development and analysis of existing framework limitations in ASAR contexts. This foundation was then refined through structured feedback from a diverse expert panel (n=38) representing multiple disciplines including hydrology, institutional economics, implementation science, climate adaptation, and regional specialists. The process continued with comprehensive indicator development and testing, which encompassed creating detailed indicator definitions and measurement protocols, assessing data availability across diverse ASAR contexts, conducting statistical tests for validity, reliability, and sensitivity, and field testing in four ASAR locations. Framework validation occurred through retrospective application to historical cases, evaluating its predictive power and explanatory value, and was completed with prospective application in four current water management contexts to assess practical utility and implementation requirements.
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Figure 4: Framework development process visualization showing iterative refinement cycles, feedback integration points, and validation stages
This methodologically rigorous development process ensured the resulting framework addresses the specific limitations identified in existing approaches while maintaining practical applicability in resource-constrained ASAR contexts.
4. RESULTS
4.1 Fundamental Limitations of Conventional Frameworks
In our analysis of 17 extant Sustainable Water Resources Management Assessment Frameworks (SWRM-AFs), we identified central limitations in their application to ASAR contexts. Statistical modeling of framework performance across 147 implementation cases revealed that standard frameworks account for only 26% (R²=0.26; F (12,134) =3.92, p<0.001) of variance in arid contexts compared to 64% in humid regions. Our comprehensive analysis identified five determinant limitations that systematically undermine the effectiveness of conventional frameworks in ASARs. Failure to Account for Extreme Variability is evident as conventional frameworks emphasize performance under average conditions, while our statistical analysis shows that in ASARs, extreme events explain 3.7 times more outcome variance than average conditions. Although 82% of frameworks include mean water availability indicators, only 23% incorporate measures of system performance under extreme drought or flood conditions. Inadequate Treatment of Non-Conventional Water Resources represents another critical limitation, as despite constituting 38-72% of water supply in many ASAR communities, non-conventional resources (desalination, water reuse, rainwater harvesting) receive insufficient attention, with only 29% of frameworks including specific indicators for these resources, accounting for just 4.6% of total indicator weight on average. Neglect of Implementation Processes is demonstrated by the overwhelming emphasis on technical design and resource conditions, with minimal attention to implementation processes that determine actual outcomes. These implementation quality factors explain 46% of outcome variance in our statistical model but receive only 12% of indicator weight in conventional frameworks. Misalignment with Institutional Realities occurs as conventional frameworks presume institutional arrangements derived from humid region experiences—centralized authority, formal governance, sector-based organization—that fundamentally conflict with ASAR contexts. Our Institutional Congruence Index shows 76% of framework requirements conflict with existing institutional arrangements in ASAR case studies. Finally, Static Conceptualization of Sustainability poses a significant limitation as traditional frameworks conceptualize sustainability as maintaining specific resource conditions rather than preserving critical functionalities across changing conditions, resulting in catastrophic failure under climate change, with 87% of frameworks lacking indicators addressing climate adaptation capacity.
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Figure 5: Spider diagram comparing conventional framework coverage against critical ASAR water management dimensions, showing significant gaps in variability management, non-conventional resources, implementation processes, institutional alignment, and climate adaptivity.
4.2 Determinants of Water Governance Outcomes in ASARs
Through a comprehensive statistical analysis, we are able to point out a different set of factors that determine water governance results in ASARs, sharply different from humid regions’ success factors. 5 factors are found by multiplicate regression analysis of implementation outcomes against 37 possible determinants to account for 78% of outcome variance (R²=0.78, F(5,141)=27.4, p<0.001):
· Institutional Adaptive Capacity (β=0.42, p<0.001): The ability of governance arrangements to detect changing conditions and modify rules, procedures, and structures accordingly emerges as the strongest predictor of successful outcomes, explaining 31% of unique variance.
· Implementation Process Quality (β=0.38, p<0.001): The effectiveness of implementation processes—including stakeholder engagement, adaptive management, and learning mechanisms—explains 27% of unique variance, with implementation quality more predictive than technical design (β=0.17, p<0.05).
· Resource Portfolio Diversity (β=0.36, p<0.001): Water systems integrating diverse resource types (conventional and non-conventional) demonstrate significantly greater resilience under stress conditions. Each additional resource type in the portfolio correlates with a 23% reduction in system failure probability under drought conditions.
· Climate Adaptation Integration (β=0.33, p<0.001): The degree to which climate adaptation is integrated into water governance—through specific planning processes, monitoring systems, and decision rules—strongly predicts system resilience under climate variability.
· Cross-Scale Linkages (β=0.29, p<0.001): The presence of effective coordination mechanisms connecting governance across scales (local to transboundary) significantly enhances adaptive capacity and implementation effectiveness.
Notably, factors traditionally emphasized in water management—infrastructure investment (β=0.14, p=0.07), hydrological knowledge (β=0.11, p=0.12), and technical efficiency (β=0.09, p=0.18)—show weak or non-significant relationships with outcomes when controlling for the five primary factors identified above.
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Figure 6: Path analysis diagram showing direct and indirect effects of key determinants on water governance outcomes in ASARs, with standardized coefficients and significance levels
4.3 Case Study Patterns and Success Factors
Our longitudinal case study of three disparate ASAR cases –North-West Sahara Aquifer System, Okavango Delta and Kachchh Peninsula—revealed distinctive patterns of success and failure in water governance arrangements under climate stress. Through comparative analysis using Qualitative Comparative Analysis (QCA), we identified three distinct pathways to successful water governance in ASARs, each representing different configurations of key success factors.
The Technical-Institutional Integration Pathway, exemplified by specific interventions in the NWSAS, is characterized by advanced modeling capabilities combined with flexible institutional structures and benefit-sharing mechanisms. This approach proves effective in transboundary groundwater contexts where formal authority is fragmented, yet technical cooperation provides a foundation for more comprehensive collaborative efforts. The Adaptive Ecosystem Management Pathway, illustrated by approaches in the Okavango Delta, features ecosystem-based adaptation, robust monitoring systems, and multi-level governance arrangements. This pathway is particularly suitable in situations where surface water systems face climate variability and competing demands necessitate transparent decision-making processes. The Community-Based Resilience Pathway, demonstrated by initiatives in the Kachchh Peninsula, is distinguished by strong local governance structures and integration of traditional knowledge with diversified resource portfolios. This approach proves effective in areas with minimal external support but abundant social capital and adaptation experience.
Further analysis through cross-case pattern examination revealed four critical transition points where minor interventions produced significant effects on system trajectories. Systems that successfully linked monitoring information with decision processes demonstrated adaptation rates 3.2 times higher under stress conditions. Governance arrangements showing alignment between management authority and impact responsibility experienced 2.8 times fewer implementation failures. Systems with formal procedures for integrating diverse knowledge streams (scientific, traditional, practitioner) exhibited 3.7 times higher innovation rates during stress periods and anchored themselves differently compared to other systems. Finally, financial mechanisms directly coupled with ecological objectives demonstrated 2.5 times greater resource sustainability. These findings highlight how specific governance features can significantly influence adaptive capacity in water-stressed regions.
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Figure 7: Comparative visualization of case study trajectories showing adaptation pathways, critical junctures, and intervention impacts across the three regional cases
4.4 Climate-Adaptive Water Security Framework
From a thorough examination of existing framework limitations, statistical determinants of success, and case study patterns, we designed the Climate-Adaptive Water Security Framework specifically calibrated for ASAR conditions. This integrated framework consists of three interconnected components. The Assessment System adopts a dynamic perspective with five dimensions: Resource Security (monitoring water resource status, trends, and resilience in variability), Functional Resilience (evaluating system capacity to maintain critical functions under stress), Adaptive Governance (assessing institutional ability to identify, respond to, and forestall problems), Implementation Effectiveness (analyzing quality and outcomes of implementation processes), and Climate Adaptation (evaluating specific thresholds to cope with climate variability and change). The Implementation Pathway provides a systematic, phased approach tailored to resource-constrained, institutionally complex environments, including Foundation Building (designing critical monitoring, engagement, and knowledge systems), Adaptive Capacity Development (building institutional capabilities and governance structures), and Transformation Management (employing managed transitions when incremental changes prove insufficient). The Learning System establishes formal procedures for continuous adaptation through formalized multi-timescale monitoring procedures, frequent stakeholder reflection processes, direct feedback mechanisms from monitoring to decision processes, and knowledge management systems that preserve institutional learning. Statistical validation demonstrates this integrated framework accounts for 78% of outcome variance in test cases (R²=0.78, F(5,37)=26.2, p<0.001)—three times higher than conventional alternatives. Its successful application across four implementation contexts confirms practical feasibility with resource requirements aligned to ASAR limitations.
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Figure 8: Comprehensive visualization of the Climate-Adaptive Water Security Framework showing dimensions, indicators, implementation pathway stages, and learning system components
5. DISCUSSION
5.1 Paradigm Shift: From Stability to Adaptive Resilience
Our findings challenge the stability paradigm that has dominated water management theory and practice for decades. The empirical evidence of traditional frameworks' failure in ASARs—explaining only 26% of outcome variance—demonstrates that approaches focused on static sustainability concepts cannot address the complex, non-stationary challenges of water governance during climate change. The Climate-Adaptive Water Security Framework represents a paradigmatic shift toward adaptive resilience as the organizing concept for water governance. This paradigm change encompasses five fundamental reorientations: From Optimization to Robustness, prioritizing functionality across diverse future scenarios over efficiency in specific conditions, sometimes trading "normal time" efficiency for continued functionality under extreme stress; From Prevention to Transformation Management, incorporating systematic pathways for controlled change when climate shifts render existing arrangements untenable and incremental adaptation insufficient; From Technical Solutions to Socio-Technical Transitions, recognizing that effective interventions must address the socio-technical system holistically, as social, institutional, and technical components co-evolve and must change together; From Static Assessment to Dynamic Learning, replacing conventional periodic assessment with continuous adaptation through structured monitoring, reflection, and feedback processes that maintain governance alignment with changing conditions; and From Resource Focus to Functional Emphasis, redirecting attention from preserving specific resource conditions toward maintaining critical functions—such as basic water access, agricultural productivity, and ecosystem services—acknowledging these functions may require entirely different resource arrangements under new climate scenarios. This paradigm shift has far-reaching implications beyond arid regions, as climate change accelerates globally. As Foster and MacDonald (2022) observe, conditions previously considered exceptional in water governance are becoming the norm worldwide, suggesting strategies designed for extreme situations may have broader applicability than previously recognized.

This study contributes to the field of water governance science by presenting a rigorously validated, adaptive resilience-oriented framework specifically designed for ASARs, illustrating enhanced predictive capabilities and practical applicability while contesting traditional stability paradigms and providing universally pertinent strategies for climate-responsive water management.
5.2 Implementation Pathways and Transferability
Theoretical Contributions
The framework provides substantial theoretical advancements through multiple dimensions of resilience research and implementation. By operationalizing recent developments in social-ecological resilience theory, it creates crucial linkages between abstract concepts and measurable metrics, while offering practical implementation roadmaps for real-world application. Building on Pahl-Wostl's (2022) research, our framework establishes tangible mechanisms for implementing adaptive governance principles in resource-constrained environments, making these concepts accessible and applicable in challenging settings. The empirical insights generated through our research validate emerging socio-hydrological models by revealing the complex co-evolutionary dynamics between human and natural systems in water-scarce situations. Perhaps most significantly, the framework represents one of the first systematic applications of implementation science to water governance, effectively bridging the persistent gap between theoretical design and practical application that has limited the effectiveness of previous approaches.
Practical Implications
The practical implications of this framework are equally substantial and call for significant shifts in current water management practices. Our findings necessitate a fundamental revision of existing water assessment approaches, particularly those employed by international organizations in developing countries. The framework's threefold increase in explanatory power provides compelling evidence that conventional assessments often misdiagnose challenges and misallocate resources, leading to suboptimal outcomes. The statistical analysis of success factors offers evidence-based guidance for investment prioritization, indicating the need for substantial reorientation toward developing institutional capacity and improving implementation processes. Our research reveals a systematic technical bias in current water investments that compromises effectiveness for international donors and development agencies. The weak explanatory power of technical factors in isolation (β=0.09, p=0.18) clearly demonstrates the necessity of reallocating resources toward integrated socio-technical solutions. Additionally, the framework provides practical approaches for mainstreaming climate adaptation in water governance, addressing a significant implementation gap identified in recent climate adaptation literature. These theoretical and practical implications collectively support a fundamental reorientation of water governance approaches in ASARs, with potential relevance for an expanding range of regions facing similar challenges under intensifying climate change conditions.
6. CONCLUSION
The speeding crisis of water in arid and semi-arid regions is indeed one of the most urgent sustainability issues faced by humanity and endangering more than two billion of people, which is bound to intensify under the effects of climate change. Our holistic analysis shows that the traditional methods of water management are profoundly unsuccessful in such contexts, which explain only 26% of variance in the outcome while systematically misdiagnosing the problems and using the resources in an incorrect way. The Climate-Adaptive Water Security Framework that has been developed during the course of this research can provide a transforming alternative that is specifically tailored to the peculiarities of water-scarce environments. With the reorientation of the water governance on adaptive resilience and not static sustainability alongside the integration of implementation science with technical design, as well as provision of differentiated pathways according to various contexts, the framework allows more efficient response to escalating water woes. Statistical validation validates a significant improvement of the framework over the traditional approaches, and explains 78% of outcome variance in test cases and properly predict system performance under climate stress. Such threefold increase in the explanatory power makes for some radical rethinking of the ways in which water challenges are contemplated and approached in ASARs and maybe even further. While the things that were once deemed as exceptional are becoming the norms in the water governance around the globe under the pressure of climate changes. The methods, therefore, developed for extreme ASAR might thus come in handy as guidelines to other parts of the world undergoing similar transitions. In that regard, paradigm shift, from stability to adaptive resilience, is no more than a mere technical fix but instead a radical reconceptualization of water governance in the climate-changed world in which we reside.
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