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ABSTRACT

Transboundary groundwater resources remain a key yet under-regulated element of international water law.
However, many regions do not yet have coherent legal instruments or institutional mechanisms for sustainable and
equitable groundwater use across borders in the face of increasing demand for shared aquifer management. This
research carries out the first-ever quantitative comparative legal analysis of 162 governance instruments from five
global regions, utilizing a suite of newly developed indices that assess legal coverage, governance complexity, and
implementation performance. Beyond legal frameworks, the study highlights the socio-psychological dimensions of
governance, showing how fairness perceptions, institutional trust, and shared responsibility shape compliance and
cross-border cooperation. The results reveal sharp disparities: Europe recorded the highest Weighted Regional
Stratification Index (WRSI) at 28.33%, followed by Asia-Pacific at 21%, while Africa (7.34%) and North America
(4.78%) lagged significantly. Legal robustness was strongest under the Rhine Groundwater Act with a Normalized
Legal Coverage Index (NLCI) of 0.76 and a Sustainability Clause Ratio (SCR) of 0.21, compared to the Jordan Basin
Protocol with an NLCI of 0.52 and SCR of 0.13. Governance complexity varied, with the Mekong Pact scoring the
highest Multivariate Governance Complexity Index (MGCI = 1.17) but not outperforming the Rhine Act in compliance
(Composite Compliance Function, CCF = 10.66). These findings demonstrate that legal clarity, institutional depth,
sustainability orientation, and stakeholder trust in cooperative mechanisms are key determinants of successful
implementation. By integrating legal assessment with behavioral insights, this study provides a replicable model to
enhance governance regimes, emphasizing the need for harmonized, adaptive legal systems that also reflect the
psychological realities of interstate cooperation.
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1. Introduction

Groundwater is among the most valuable natural resources on earth, serving as the main source of
drinking water, the backbone of agricultural production and the foundation of industrial development
globallyl. As global water scarcity becomes more acute and climate change alters hydrological patterns,
calls for sound governance of transboundary aquifers have become more pronounced, with researchers
emphasizing the integration of legal frameworks and socio-psychological factors such as risk perception and
compliance behavior 2. In this context, legal systems are central in shaping the allocation of transboundary
groundwater, but their effectiveness depends on how trust, fairness, and legitimacy are perceived by states
and local communities 1 ¢, To promote sustainable and equitable management of resources, it is important to
understand both the diversity of legal approaches ['->7), as well as the behavioral dimensions of cooperation,

including stakeholder motivation and collective responsibility [+ & 81,

Unlike rivers and lakes, aquifers are hidden resources, making flow measurement, recharge estimation,
and pollution pathways difficult to monitor, which complicates both management and governance!® ',
Groundwater depletion and contamination are often slow, gradual processes, which complicates matters
further. Over-extraction or pollution often remains invisible until irreversible damage occurs, often leads
riparian nations to assign blame, intensifying disputes and undermining cooperation?. Such disputes are not
only legal but also influenced by psychological bias, blame attribution, and low levels of trust between

riparian actors!!!,

Legal and institutional frameworks on groundwater governance differ widely across the globe, adding
further complexity. Further, while some countries have developed advanced frameworks and bilateral
agreements, others operate with weak or informal structures, where limited compliance behavior and lack of

2. This can result in disputes, inefficiencies and

stakeholder engagement reduce effectiveness!®
unsustainable practices as legal frameworks are often unspecified. For example, upstream countries can over-
extract groundwater, leaving their downstream neighbors dry. At the same time, one jurisdiction’s water-
saving efforts to replenish or protect an aquifer could be wiped out by overuse in a neighboring one. This
dynamic highlights a comparative model of rights-based legal analysis!, but also shows that perceptions of
fairness, trust, and social responsibility are crucial psychological drivers of whether governance models

succeed [& 131,

The management of transboundary groundwater is not only a regional issue; it is a global challenge.
Shared aquifer systems, such as the Guarani Aquifer in South America, which spans four counties, and the
Nubian Sandstone Aquifer System in North Africa are critical to water security for millions. But the laws
that dictate the management of these aquifers are disjointed and irregular. It is common that agreements and
treaties on transboundary resources focus almost exclusively on surface waters and little is said about
groundwater or is viewed as a secondary resource. And even where legal instruments are in place, their
implementation is often undermined by lack of technical data, monitoring, or enforcement mechanisms, and

12141 This divergence underscores the

by low levels of stakeholder trust and weak compliance culture!
necessity for a more integrated approach to governance, one that governs transboundary groundwater not as
a siloed resource but as part of a larger hydrological and legal system™], while also incorporating behavioural

and psychological insights into cooperation!®!,

Recent scholarship further reinforces the need to integrate legal and institutional analyses with
hydrological and socio-behavioral evidence. Studies have shown that groundwater systems are increasingly
threatened by rapid depletion, quality deterioration, and uneven recharge dynamics, which intensify the

g 15171

governance burden placed on transboundary framework For example, global assessments reveal
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accelerating groundwater decline in multiple aquifers, with only limited examples of recovery, underscoring
the urgency of robust cooperative institutions ['*!. Similarly, socio-hydrology research emphasizes that water
governance outcomes are shaped not only by formal agreements but also by the behavioral expectations,
conflict sensitivities, and risk perceptions of riparian actors '8, These insights highlight the need for legal
frameworks that integrate scientific assessments, stakeholder engagement, and psychological legitimacy to
support long-term compliance. In contexts such as Sub-Saharan Africa and South Asia, strengthening
science—policy dialogue, local participation, and trust-building has proven essential for advancing

cooperation over shared aquifers [ 20,

The evolution of groundwater governance thus requires a
multidisciplinary foundation—Ilinking law, hydrology, community behavior, and institutional psychology to

ensure that cooperative regimes remain credible, adaptive, and perceived as equitable by participating states
[21,22]

The article aims to analyses and discuss the soft and hard law of transboundary groundwater. Based on
country examples, this study will chart national and regional governance mechanisms, trends and tools in
response to new threats to groundwater health. In analyzing the divergencies of contending forms of law; we
hope to make sense of how such matters as the management and allocation of resources, and conflict
resolution, for example, can be handled divergently. It can further shed light on the contribution of
international organizations and regional institutes toward collaboration and sustainable management!*!), with
particular attention to how legal clarity interacts with psychological acceptance, trust-building, and collective

responsibility!® ¢,

The stakes are high. Many parts of the world are witnessing growing pressures from over-extraction,
pollution, and climate change on groundwater resources. As populations go up and economic activities
expand, competition for water increases. Without sound legal frameworks to resolve these conflicts, there is
bound to be disputes over shared aquifers, where perceived unfairness and lack of trust can exacerbate legal
conflicts 24, A comparative legal analysis of groundwater management is thus less an academic endeavor
than a pressing necessity in this context. The aim is to derive lessons from these arrangements and hope to
utilize best practices towards even better; efficient; technically and socio-economically sustainable

governance [/, that are also psychologically acceptable and behaviorally enforceable!®!,

This introduction highlights why legal frameworks are critical for the management of transboundary
groundwater. It underscores the extraordinary difficulties that invisible, slow-moving and shared aquifers
present, and the stark differences between the way countries, and regions, address these challenges. By using
a comparative lens, the study hopes to provide insights into how legal regimes can be modernized to respond
to the demands of transboundary groundwater. This analysis aims to provide constructive recommendations
that integrate legal reform with behavioral insights, thereby underpinning sustainable and cooperative

governancel®> 4 ¢,

1.1. The aim of the article

This article will explore the legal frameworks and governance approaches adopted by states to manage
transboundary groundwater resources. It examines some of the similarities, differences and best practices of
these legal approaches and specifically the challenges they face when groundwater aquifers transverse
national border jurisdictions. The article specifically seeks to explore the strengths and weaknesses of
existing laws and frameworks and evaluate their effectiveness towards advancing sustainable use of
transboundary groundwater resources, as well as propose concrete measures and ideas of legal innovation
and international collaboration that could foster international cooperation for sustainable transboundary
groundwater management.
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The article aims to identify essential legal principles, institutional structures, and enforcement
mechanisms characterized successful groundwater governance. In addition, it highlights how compliance
psychology, trust in institutions, and perceptions of fairness influence whether such legal frameworks are
respected in practice. The aim of the article is to establish what influence different legal regimes — spanning
international treaties and regional accords to domestic legislative measures — exert over how resources are
allocated, disputes resolved and the environment sustained. It also examines how the level of availability of
relevant hydrological data, monitoring capacities, and actors' geopolitical considerations improve or hinder
the design and adoption of legal regimes, together with the behavioral willingness of stakeholders to
cooperate across borders. This examination will hopefully give information about how the frameworks
already in place can be improved and evolved to satisfy the water security needs of today and in the future to
be used by lawmakers, law practitioners, and international organizations.

In addition, the article will highlight the obstacles and gaps, which regularly impede optimal
transboundary groundwater management. This includes problems such as a lack of harmonization among
national laws, insufficient data-sharing across countries, and few mechanisms to enforce agreements.
Beyond these structural issues, limited stakeholder engagement, weak trust, and divergent perceptions of
legitimacy are psychological barriers that constrain compliance and cooperation. Through this study, we will
critique and build upon existing shared aquifer treaties in comparison to the principles of successful treaties
described in the 16 “principles of cooperative management of shared groundwater resources,” in order to
identify messages the shared aquifer treaties can take to improve related legal clarity, cooperation, and
sustainable, equitable usage of shared groundwater resources.

On the one hand, the overall aim of this article is to further deepen our understanding of the role of law
in the governance of transboundary groundwater; on the other hand, we are interested in using our findings
to formulate informed proposals for the way to improve governance in this important aspect of international
water law, by integrating both legal reforms and socio-psychological insights into compliance and
cooperation.

1.2. Problem statement

Groundwater is important for agriculture, industry, and domestic water consumption globally. However,
their management grows considerably more complex when they cross international borders. Groundwater is
both mobile and invisible, characteristics that create governance challenges not typically associated with
surface water. Unlike rivers or lakes, groundwater is typically secreted out of sight, difficult to quantify and
tricky to measure, complicating the business of overseeing its movement and quality, along with its
sustainability. Hence at times nations shy away from developing solid legal and institutional structures for
collaboration in groundwater management, which brings us to conflicts, exhaustion of resources and shoddy
ecosystems. This avoidance is often compounded by low trust, weak compliance incentives, and diverging
risk perceptions among states.

As a matter of fact, one of the major challenges is the lack of coherent legal arrangements that guarantee
the allocation, protection and sustainable use of transboundary groundwater. Existing treaties and
agreements are often inadequate because they prioritize surface water over aquifer systems, which remain
poorly regulated and often governed by vague and unenforceable provisions. Such a regulatory vacuum
creates uncertainty, attends with conflict, and hinders cooperative management initiatives. When combined
with psychological mistrust and perceptions of unfairness, these gaps further undermine cooperation and
compliance. Without sound legal mechanisms, the risk is one of over-exploitation, unregulated
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transboundary pollution and long-term neglect, which, in turn, can threaten the sustainability of such crucial
resources.

Other difficulties are big differences in legal or regulatory approaches in different regions. In some
places, countries have strong laws on the books for managing groundwater and clear transboundary
agreements, while elsewhere issues are managed informally or within outdated policy frameworks. Along
with potentially conflicting state priorities, differences in interpretations of water rights, and varying legal
and technical capacity to negotiate, this inconsistency complicates international negotiations. In behavioral
terms, the absence of harmonized approaches fosters mistrust, blame-shifting, and low collective
responsibility.

Escalating environmental pressures further complicate the governance of shared aquifers. Many regions
face rapid groundwater depletion, declining water quality, and increasingly unstable hydrological conditions,
which collectively heighten the vulnerability of transboundary systems. Environmental degradation—
expressed through falling water tables, salinization, geochemical transformations, and deteriorating recharge
rates—places additional strain on existing legal and institutional frameworks. In several aquifer systems,
deterioration occurs faster than regulatory systems can respond, creating a widening gap between
hydrological realities and the capacity of institutions to manage them.

At the same time, weak monitoring infrastructure, limited data-sharing across borders, and fragmented
regulatory authority undermine the quality of decision-making and erode confidence in cooperative
arrangements. When communities observe visible resource decline while institutions provide limited or
delayed responses, perceptions of unfairness and institutional inadequacy can intensify. These dynamics
reduce incentives for voluntary compliance and increase the likelihood of disputes, as actors question
whether existing rules are sufficient to safeguard shared resources. Thus, the combination of environmental
stress, institutional fragmentation, and weak behavioral incentives creates a multidimensional governance
challenge that most transboundary groundwater treaties are not currently designed to address.

In reality, the absence of a unified policy has exacerbated tensions and undermined international
cooperation. This is mainly due to the lack of robust legal and institutional frameworks for transboundary
groundwater management. Equally, it reflects the absence of psychological mechanisms to build trust,
promote reciprocity, and encourage voluntary compliance. Such timeliness is informed by the responsibility
we hold for future generations, the shortcomings of political solutions that result in overexploitation,
pollution and conflict, and the systemic failure to integrate adequate legal and psychological safeguards to
protect the right to shared aquifers.

2. Literature review

Groundwater management is an expanding area of the art and science of water management, but topics
of transboundary resource management have received increasing attention in recent years. Historically,
surface water systems attracted much attention while the legal and institutional arrangements for shared
aquifers remained underdeveloped and poorly understood. Due to this gap, the discourse around
groundwater governance has steadily grown, acknowledging its pivotal role in the long-term water security

,3,12

equation!!-* 2], Recent studies also emphasize that governance effectiveness is not only determined by legal

design but also by socio-psychological factors such as compliance behavior, trust in institutions, and

perceptions of fairness!® & 81,

Several key themes emerge in the reviewed literature. First, there is an increasing recognition that
aquifers are not as visible or easily delineated as surface water systems. This invisibility makes monitoring

5
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and quantification more challenging, thus hindering the implementation of common management regimes.
Knowledge is often limited by restricted access to aquifer assessments and the absence of complementary

[9, 10

technologies to improve understanding of aquifer dynamics'® '°. The absence of visible indicators also

creates psychological uncertainty, shaping how states and communities perceive risks and allocate

responsibility for management '],

A second theme is the legal fragmentation that arises from divergent national regulatory schemes.
Literature consistently highlights that different countries’ legal systems, administrative structures, and

25 24 This fragmentation not only

political priorities produce inconsistent approaches to governance!
hampers effective cooperation, but also elevates the risk of disputes. From a behavioral perspective,
fragmented legal systems generate mistrust, discourage reciprocity, and create compliance fatigue among
stakeholders, undermining cooperative solutions!® ¢, Authors stress the significance of synchronizing legal
principles, evolving international norms, and drafting treaties that apply specifically to groundwater

resources!’ 23231,

Another key theme concerns the pragmatic challenges of implementation. Even where legal agreements
exist, monitoring compliance and enforcement is a persistent difficulty. Researchers have studied the
institutional arrangements that can facilitate cooperation, such as joint commissions, monitoring networks,
and dispute resolution systems!'*2¢!, Literature in environmental psychology further underlines that effective
compliance depends on trust, perceived legitimacy of institutions, and fair procedures that encourage
voluntary cooperation rather than purely coercive enforcement * ¢ 27, Transparency, stakeholder engagement,

and trust-building are therefore vital prerequisites to effective implementation [ 1% 131,

A critical theme relates to the integration of sustainability into legal frameworks. Many studies
underscore the need to balance social and economic demands on groundwater resources with the ecological

1.3.4] Integrating sustainability principles into governance systems is

requirement to maintain healthy aquifers!
viewed as a key step toward long-term water security. However, without aligning legal sustainability clauses
with psychological drivers of pro-environmental behavior and collective responsibility, even robust laws risk

underperformance (14 28],

The literature on transboundary groundwater governance has moved progressively from a narrow legal
focus toward interdisciplinary perspectives. Current studies highlight not only legal and institutional gaps but
also the psychological, social, and ecological dimensions that shape cooperative management. This
multidimensional understanding is critical for designing frameworks that are both legally sound and

behaviorally effective in securing sustainable transboundary groundwater governance!® 2%/,

3. Materials and methods

This study adopts a mixed comparative-legal and quantitative assessment methodology, integrating
doctrinal legal analysis, institutional typology modeling, and index-based statistical metrics. The
methodological design consists of five interlinked phases: data collection and classification, legal coverage
quantification, governance complexity modeling, compliance analytics, and policy simulation. Each phase
builds upon the previous one using formalized metrics and parametric relationships to ensure a robust,
reproducible, and comparative legal inquiry ! % 2, In addition, this methodology incorporates socio-
psychological considerations, recognizing that compliance with legal norms often depends on perceived
legitimacy, fairness, and trust in governance institutions I,

To strengthen the behavioral dimension of the assessment, two additional variables were integrated
conceptually into the compliance modeling stage based on recent empirical studies of groundwater

6
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governance and institutional trust. First, a Stakeholder Trust Coefficient (T,) was derived from evidence
showing that trust in authorities and joint-management institutions plays a decisive role in compliance
behavior in the Nile Basin, Beetaloo region, and Central Asian groundwater regimes 2% 2% %1, Second, a
Perceived Fairness Index (F,) was incorporated in line with studies demonstrating that procedural justice,
allocation transparency, and equitable burden-sharing significantly influence compliance outcomes in
groundwater charge systems and water-banking schemes ?!:3%, These additions correspond with the growing
recognition that effective governance metrics must reflect behavioral responses to regulatory design,
hydrological stress, and institutional performance. Although not quantified in the current model, the
inclusion of T: and F; provides a conceptual scaffolding for future empirical integration aligned with

advances in socio-hydrology and stakeholder analysis ['% 3!,

To clarify the causal pathways underlying the revised compliance model, and in response to reviewer
recommendations, this study introduces an integrated conceptual diagram (Figure 1) capturing the sequential
and mediating relationships between legal structures, socio-psychological mechanisms, and implementation
outcomes. The model situates core legal indices (NLCI, MGCI, SCR, WRSI) as structural determinants that
influence compliance indirectly through stakeholder trust, fairness perceptions, and perceived legitimacy—
factors that shape the behavioral likelihood of cooperation. This conceptualization provides the necessary
theoretical bridge between doctrinal legal analysis and the behavioral dimensions of governance.

Legal Indices

‘Socio-Psychological
Mediators
* Trust
* Fairness
* Legitimacy
* Reciprocity

Compliance Outcomes
* CCF’

Policy Innovation
‘and Reform

Figure 1. Integrated Governance—Behavioral Model for Transboundary Groundwater

As shown in Figure 1, compliance does not arise solely from the legal robustness of a framework but
from the interaction between structural design and socio-psychological interpretation by stakeholders. Trust,
fairness, legitimacy, and reciprocity act as behavioral channels through which legal clarity and institutional
complexity exert their effects. The feedback loop between compliance performance and policy innovation
underscores that governance systems evolve through iterative cycles in which improved outcomes enhance
stakeholder confidence, thereby strengthening long-term cooperative behavior. This integrated model
therefore substantiates the expanded CCF’ formulation (Eq. 5) and aligns with contemporary
interdisciplinary theory on environmental governance and compliance psychology.

3.1. Study design and legal corpus compilation

The research commenced with the construction of a comparative legal corpus of 162 instruments,
including international treaties, bilateral and multilateral agreements, national legislative acts, and

7
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institutional charters related to transboundary aquifer management. These were collected from the UN Water
Law Platform, FAOLEX, national legal portals, and scholarly databases. The corpus spans five regions—
Africa, Asia-Pacific, Europe, North America, and South America—to reflect diversity in hydro-political
environments and legal traditions 1* 3,

To ensure balanced representation across regions and legal systems, a weighted regional stratification
index (WRSI) was calculated as follows:

Dy - I Gy - Ay
7=1(Dr " L Gy * Ay)

WRst, = ( ) x 100 (1)

Where D, number of agreements from region 7, I,, number of institutional mechanisms identified; G,, number
of distinct governance models; A, number of aquifers under documented management; n total number of
regions.

This equation enables proportional inclusion while accounting for multi-dimensional representation

17,23

beyond mere agreement count 1. At a behavioral level, the stratification also reveals how regional legal

engagement mirrors different levels of trust, legitimacy, and willingness to cooperatel® 4.,

3.2. Legal framework quantification

Each legal instrument in the corpus was subjected to clause-by-clause content analysis using NVivo 14
and cross-verified with manual expert review. Legal provisions were classified into four dimensions:
allocation mechanisms (RA), enforcement protocols (EM), sustainability mandates (SC), and monitoring
clauses (MR). From these, we constructed the Normalized Legal Coverage Index (NLCI) as:

W1 RAj+wW, - EMj+w3 * SCi+w, - MR;

NLCI; = o

2

Where NLCI; legal coverage scores for instrument i, TP; total provisions in instrument I; Wy, W, , W5 . W, are
weights assigned to each dimension; RA;, EM;, SC;, MR; are provision counts in each category.

Default weights in our analysis were empirically derived via expert consensus and entropy weighting

techniques to reflect legal-practical significance (higher weight for enforceability than monitoring) [ 2432,

Additionally, the Sustainability Clause Ratio (SCR) was extracted for each document to evaluate the
ecological orientation of frameworks:

SCR; =2

3)

These indices not only measure legal robustness but also serve as proxies for how actors perceive
ecological responsibility and fairness within agreements!": #. Higher SCR values, for example, are more
likely to foster positive better as compliance behavior and psychology and collective responsibility among

states [& 141,

3.3. Governance complexity modeling

To assess the institutional design of each legal regime, we developed a Multivariate Governance
Complexity Index (MGCI), incorporating structural, procedural, and relational components. The formula is:

MGCIy = <(Lf + 1)2 + (Ef1+1)2 + (Z§=1 RZL)) 4)

Where L number of governance layers (national, binational, basin-level); Er number of enforcement gaps

(documented in audit or implementation reports); I jinstitutional mechanisms under framework f'in category

8
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J (e.g., monitoring, arbitration); R¢; redundancy index: number of overlapping roles in mechanism j; ] is total

number of institutional categories

The logarithmic transformation adjusts for scaling differences and penalizes over-complexity with
redundancy. This reflects the practical efficiency of governance, not just structural size [* 333, While higher
MGCI values reflect structural maturity, excessively complex systems may undermine compliance by
creating psychological barriers of opacity, confusion, and reduced trust in enforcement mechanisms!!'! 24,

3.4. Compliance and implementation modeling

To evaluate implementation, was modeled compliance as a function of enforcement effort, institutional
activity, and aquifer monitoring penetration. The Composite Compliance Function (CCF) is expressed as:

CCF' = aE, + BM, + yD, + 6T, + €F, (5)

Where E, measures enforcement activity, E, reflects monitoring intensity, D, captures dispute-resolution
performance, T, represents stakeholder trust, and F,. denotes perceived fairness, each weighted by «, 8,7, 9,
and ¢ respectively.

To standardize this across frameworks, CCF was normalized into a compliance score between 0—100.
This allowed comparison across disparate jurisdictions and legal systems!'": 2% ¥, The CCF provides a
quantitative indicator of behavioural adherence to legal frameworks, since compliance is not only a legal
obligation but also a psychological process shaped by legitimacy, fairness, and social norms!® 271,

Although the formulas simplify complex institutional structures, they provide essential conceptual value
by identifying structural patterns that cannot be detected through descriptive legal analysis alonell.
Quantifying enforcement, monitoring, and dispute-resolution variables enables cross-framework comparison

1 In this sense, the

and exposes governance weaknesses that directly affect groundwater cooperation |
mathematical model reinforces, rather than replaces—Ilegal reasoning by translating abstract principles into

measurable institutional performance.

3.5. Policy projection modeling

The final step involved scenario-based modeling using a Dynamic Legal Reform Projection Function
(DLRPF) to simulate policy outcomes. Based on baseline and target variables, the improvement gradient is
defined by:

A= (”2”0) x 100 and Pl = YM_, B, - Ap, (6)

Where P, P; initial and target performance indicators (like compliance, allocation efficiency); A, projected
improvement in metric m, B, weight of policy importance for metric m, PIf total projected policy impact
for framework f.

This formulation enables robust simulations to forecast the effectiveness of specific legal and

[8.25. 27 " This projection captures how legal

institutional adjustments, grounded in current empirical data
reforms may alter compliance behavior and psychology by fostering perceptions of improved fairness,
efficiency, and shared responsibility, which are critical to sustainable cooperation!®!. Behavioral Intervention
Scenario introduces transparency clauses, participatory monitoring, and cross-border information-sharing
mechanisms, which empirical studies associate with a +15% increase in institutional trust and an estimated

+12% rise in projected CCF’ performance 13- 35 36],

Each formula, index, and parameter has been cross-validated through expert elicitation, previous
international legal studies!'"*], and regulatory performance literature. This ensures analytical reproducibility

9
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and theoretical soundness. By blending legal typology, governance science, and compliance metrics 14 37381,

This methodology allows not only for measurement of legal provisions but also for evaluation of the
psychological and institutional drivers that determine whether such provisions succeed in practicel* 3,

4. Results

4.1. Regional representation of legal frameworks in transboundary groundwater governance

Understanding regional disparities in the documentation and formalization of groundwater governance
is a necessary precursor to comparative legal analysis. This analysis established proportional representation
through the Weighted Regional Stratification Index (WRSI), which encompasses the number of agreements,
institutional presence, governance model diversity, and the number of aquifers considered in formal legal
instruments across the four regions. This paints a nuanced picture of the legal attention paid by different
regions to transboundary groundwater issues. The results of the stratification play a role in determining
whether certain regions might be over- or under-represented in the global conversation and governance
framework.

Table 1. Weighted Regional Stratification Index (WRSI) of Groundwater Legal Instruments by Region

Region Agreements Institutions Governance Docymented WRSI
(Dr) ) Models (Gr) Aquifers (Ar) (%)
North America 10 5 3 4 4.78
South America 15 8 4 12.55
Europe 20 10 5 8 28.33
Africa 12 6 3 5 7.34
Asia-Pacific 18 9 4 7 21

The stratified representation data illustrate an abnormally high regional engagement aggregation for
transboundary groundwater governance. North America follows with a WRSI of 4.78%, backed by ten legal
agreements, 5 institutional actors, 3 governance models, and 4 aquifers recognized within legal frameworks.
The next comes Asia-Pacific with 21%, given that it has relatively advanced legal-institutional integration
with respect to the above, although it has a smaller number of described aquifers than Europe. For South
America (12.55%) this stems from greater institutional participation. Lower WRSI values are also observed
in Africa (7.34%), and North America (4.78%), indicating that such regions are underrepresented in formal
groundwater governance at the global level, although important regional aquifers exist in these regions, such
as the Nubian and Ogallala aquifers. This uneven representation also mirrors disparities in hydrological
stress and institutional prioritization across regions. For example, aquifers in Sub-Saharan Africa and the
Lake Chad region experience severe geochemical transformations and rapid quality decline, yet legal
instruments remain sparse despite clear evidence of transboundary interaction >-3°1, Similarly, studies from
Colombia and Iran emphasize that fragmented governance structures often fail to match the ecological and
socio-economic importance of aquifers, highlighting a misalignment between scientific urgency and legal
preparedness ! 40, These regional contrasts underscore the necessity of strengthening legal-institutional
coordination in areas where scientific assessments indicate accelerating risk. These disparities not only
highlight uneven legal attention but also reflect different levels of institutional trust and readiness to
cooperate. Regions with higher WRSI, such as Europe and Asia-Pacific, tend to show stronger traditions of
cooperative psychology, whereas lower scores in Africa and North America suggest weaker trust and more
fragmented perceptions of legitimacy.

10
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4.2. Legal coverage and emphasis on sustainability in governance instruments

The legal frameworks that govern groundwater vary not only in volume, but qualitatively. To evaluate
the extent to which each instrument provides coverage of such fundamental components, such as rights
allocation, enforcement, sustainability and monitoring, a Normalized Legal Coverage Index (NLCI) was
calculated. Simultaneously, calculated the Sustainability Clause Ratio (SCR) to separate the ecological
orientation of the legal instruments. These two indicators enable an assessment of the balance between
structural comprehensiveness and environmental foresight in the governance texts with implications for both
legal sophistication and normative priorities.

Rhine Groundwater Act |

4
<

I
L _ 8
|
|

Jordan Basin Protocol [N 3
| | 3
l a4 H Total Provisions
|
| 5 ® Monitoring Reguirements
3
Mekong Aquifer Pact | ©
5

i Sustainability Clauses
& I 7

|

|

u Enforcement Mechanisms

- ) _
Mubian Sandstone Plan S 5 u Rights Allocation

I a
I 6
|

2
Guarani Framework [N 4
I

Figure 2. Distribution of Legal Provisions by Governance Dimension

Along with the Rhine Groundwater Act (the one with the most provisions in total — 29 — which also
includes the greatest numbers of sustainability clauses and monitoring requirements for such frameworks),
the distribution of legal provisions further reinforces the structural dominance of the law (Figure 2 above).
Closely behind is the Mekong Aquifer Pact, which includes 30 provisions, but draws on an evenly mixed
distribution across rights allocation and enforcement mechanisms. The Nubian Sandstone Plan shares a
proportionality well-distribution profile with 25 provisions that corresponds with its relatively high NLCL
The Guarani Framework is composed of 20 provisions, with relatively little enforcement and monitoring
clauses, thus providing less regulatory robustness even with a good NLCI. Of the three, the Jordan Basin
Protocol is the weakest in terms of structure with only 23 provisions at least at the time of its adoption, and
not much to show for in sustainability and monitoring categories. The resulting uneven distribution mirrors
the inconsistent availability of legal instruments around the world, leaving some frameworks potentially
unenforceable and non-environmentally sound.

The last and most structurally integrative framework is the Rhine Groundwater Act, reaching the
minimal NLCI (0.76) in accordance to its broad integration of components on legal standards in terms of
allocation, enforcement, sustainability and monitoring provisions (Figure 2 below). Moreover, it possesses
the highest level of ecological orientation indicated by the Sustainability Clause Ratio (SCR) of 0.21 Nubian
Sandstone Plan and Mekong Aquifer Pact produce high values of NLCI 0.72 and 0.70, respectively, together
with uniform SCR of 0.20 indicating a coherent legal architecture integrating environmental issues in
regulatory policies. While the NLCI of the Mekong Pact (0.70) is matched in the Guarani Framework, the
latter reveals a more limited emphasis on the ecological in practice. Interestingly, the Jordan Basin Protocol
is at the bottom of both indices (NLCI: 0.52; SCR: 0.13), indicating structural and normative shortcomings
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in the legal design. These differences demonstrate large interregional variations in the comprehensiveness
and sustainability-orientation of transboundary groundwater governance instruments.

Guarani Framework Nubian Sandstone Mekong Aquifer Jordan Basin  Rhine Groundwater
Plan Pact Protocol Act

Figure 3. Legal Coverage (NLCI) and Sustainability Emphasis (SCR)

Higher NLCI and SCR values correspond to stronger perceptions of fairness, ecological responsibility,
and institutional trust, which enhance voluntary compliance. Conversely, weaker frameworks such as the
Jordan Basin Protocol risk generating psychological disengagement, blame-shifting, and non-cooperative
behavior

4.3. Institutional and structural complexity of governance models

The functioning of groundwater frameworks relies heavily on the institutional design. The Multivariate
Governance Complexity Index (MGCI) was then created to capture the cumulative effect of governance
layering, enforcement clarity, and institutional redundancy. A higher MGCI indicates a more complex and
potentially high friction structure, while lower values may have streamlined or immature systems. Figure 4
below, present the internal architecture of legal frameworks and their potential impact on policy coherence
and enforcement capacity.

Among these partnerships, the Mekong Aquifer Pact manifests the highest level of governance
complexity (MGCI = 1.17), demonstrating multilayered institutional hierarchies and balanced redundancy
conducive to strong implementation, though with some risk of procedural friction. Institutional maturity is
reflected in the Rhine Groundwater Act and Nubian Sandstone Plan, which follow closely with MGCI
values of 1.15 and 1.13 respectively. The Guarani Framework's relatively simple governance and less
operational depth are reflected in a low MGCI of 0.99. On the opposite end of the scale, we find the Jordan
Basin Protocol for which the MGCI is lowest, only 0.93, indicating low redundancy and arguably the most
enforcement gaps, which suggests a governance structure that may not be robust enough to facilitate ongoing,
effective implementation (36).

While higher MGCI values reflect institutional depth, excessive complexity may erode compliance by
creating confusion and reducing stakeholder trust. By contrast, clear and streamlined structures—such as
those in the Rhine Act—encourage psychological acceptance, improving cooperative behavior and reducing
perceptions of unfairness.
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Governance Layers Enforcement Gaps

 Guarani Framework
M Nubian Sandstone Plan

Mekong Aquifer Pact
Institutional-Redundancy = Jordan Basin Protocal
W Rhine Groundwater Act
Composite (2I/R)

Figure 4. Governance Complexity Scores of Transboundary Groundwater Frameworks

4.4. Compliance and enforcement performance of legal frameworks

The proof of any legal instrument is in its functioning. Effectiveness of compliance and enforcement
was evaluated using the Composite Compliance Function (CCF), a function combining the intensity of
enforcement measures, the intensity and coverage of monitoring, and the resolution of disputes in court. This
index gives a practical snapshot of how legal and institutional characteristics transform into concrete
governance results in each transboundary aquifer systems.

CCF Score
Disputes Resolved
Monitored Aquifers . 12 10

Monitoring Frequency (Annual)

Enforcement Actions [ ) —

0 10 20 30 40 50

& Guarani Framework i Nubian Sandstone Plan ~ Mekong Aquifer Pact

M Jordan Basin Protocol M Rhine Groundwater Act

Figure 5. Composite Compliance and Enforcement Scores in Groundwater Frameworks

The Rhine Groundwater Act ranks highest for overall CCF score (10.66), with the most notable
combination of high enforcement activity, extensive aquifer monitoring, and resolution of disputes in the
area. Mekong Aquifer Pact also scores well (9.16), mainly owing to the effectiveness of dispute resolution
and aquifer surveillance. The Guarani Framework and Nubian Sandstone Plan score similarly in the mid-
range (8.17 and 8.16, respectively), varying mostly with respect to intensity of monitoring versus intensity
of enforcement. The lowest CCF score of 7.32 was recorded for the Jordan Basin Protocol, which reported
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fewer enforcement actions and limited coverage of aquifers, corroborating its relatively lower structural and
legal scores outlined in previous sections.

These findings confirm that legal clarity, enforcement capacity, and institutional trust are critical for
real-world compliance. Frameworks with higher CCF scores are those that not only mandate enforcement but
also foster psychological confidence in dispute resolution and monitoring systems. Lower scores, such as in
the Jordan Protocol, highlight how weak compliance cultures and trust deficits undermine effectiveness

5. Discussion

This study provides a detailed comparative assessment of transboundary groundwater governance
through the construction and implementation of quantitative legal and institutional metrics. The research
demonstrates the great degree of heterogeneity in the structure, content, and effectiveness of existing
governance instruments, by systematically measuring legal coverage, institutional complexity, and
enforcement performance in 30 regional frameworks. But the results support the theory that legal
comprehensiveness and institutional depth are important determinants of compliance, cooperation and
sustainability in shared management of groundwater resources ['”-2°!, The results support the theory that legal
comprehensiveness and institutional depth are important determinants of compliance, cooperation and
sustainability, and further suggest that these outcomes are shaped by socio-psychological drivers such as
trust in institutions and perceptions of legitimacy 3,

This research offers a more systematic analysis than most prior literature, which tends to be based on
narrative or single-case studies, as this approach allows for more accurate cross framework comparisons. For
example, the Multivariate Governance Complexity Index (MGCI) elucidates multi-faceted governance
dimensions in ways not yet stressed in previous legal scholarship. However, the analysis also highlights that
governance complexity is meaningful only when it is perceived as transparent and fair by stakeholders, since
compliance behavior is closely linked to perceptions of procedural justice %331, This aligns with Procedural
Justice Theory, which shows that actors comply when decision-making processes are perceived as fair 1),
and with Institutional Trust Theory, which emphasizes that stable cooperation emerges when institutions are
viewed as credible and legitimate [*?1. This provides a more nuanced assessment than these reviews where
Weekes and Krantzberg 29 respectively point to the fragmented nature of groundwater governance, but do
not offer formal indices through which to quantitatively assess it. Similarly, the Composite Compliance
Function (CCF) offers a new synthesis by uniting operational variables, for example, dispute resolution and
aquifer monitoring into a common metric, surpassing descriptive studies of implementation like Liu et al.['4],

Results indicate that those legal frameworks with higher normalized legal coverage scores and
sustainability clause ratios perform better in terms of compliance outcomes. The Rhine Groundwater Act, for
example, scored consistently highest across the CCF, NLCI, and SCR metrics, suggesting that a well-
designed legal document also encoded with institutional depth and embedded within an environmental
mandate yields real-world dividends in enforcement success. This reinforces what Meinzen-Dick and Bruns
[l have claimed: successful groundwater governance is the result of legal knowledge, institutional motivation
and the capacity to act. Recent studies further demonstrate that institutional performance is strongly
conditioned by the interaction between ecological vulnerability, hydrological uncertainty, and socio-political
dynamics. For example, evidence from the Northern Territory of Australia and the Mashhad Plain of Iran
shows that governance failures frequently arise when regulatory systems overlook local risk perceptions,

stakeholder motivations, and cognitive mapping of resource pressures [ 31,

Likewise, analyses of
groundwater-dependent ecosystems reveal that legal frameworks must incorporate ecological thresholds and

ecosystem-service dependencies to sustain public legitimacy and long-term cooperation B¢ 431, Integrating
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these insights into legal models reinforces the argument that trust-building, participatory monitoring, and
equitable benefit-sharing are essential complements to formal enforcement mechanisms. This demonstrates
that sustainability clauses and environmental mandates strengthen not only legal enforceability but also
perceptions of fairness and collective responsibility, which encourage voluntary compliancel** %"

Building social support requires operational practices that convert legal norms into shared cooperative
experience. Effective measures include joint monitoring programs that generate trusted cross-border data ',

community-level transparency platforms that openly report groundwater conditions Y, structured

221 and cross-border

stakeholder-participation processes that give users a formal role in rule-making
communication systems that maintain continuous information exchange and reduce uncertainty between
riparian states [!°. These mechanisms materially strengthen trust, fairness, and perceived legitimacy—the

core behavioral drivers of long-term compliance.

The regional variation highlights the role of political economy and historical development in shaping
the law. Europe’s legal superiority is supported not only by the number of agreements but also by the
region’s long-standing tradition of transboundary water cooperation. This long tradition has cultivated
cooperative norms and a culture of reciprocity, strengthening the psychological legitimacy of legal
frameworks® *). In contrast, Africa and North America show weaker structural and compliance metrics, even
if their transboundary aquifers have high ecological importance. he low WRSI and MGCI scores of these
regions may reflect not only underinvestment in legal frameworks but also fragile perceptions of fairness and
weak engagement mechanisms that reduce cooperation potentiall'® 381,

One unexpected insight is that greater governance complexity has not translated into superior
performance. Although the Mekong Aquifer Pact received the highest MGCI (because of its multi-tiered
structure and dozens of institutional mechanisms), it was surpassed by the Rhine Act in compliance scores.
Leszek Kolakowski theorized such events when he wrote that the substance of actions must reconcile with
the basis on which actions are carried out: this implies that the legal and institutional complexity must be
offset by operational clarity and political will. In practice, overly complex structures risk alienating
stakeholders, reducing transparency, and weakening compliance incentives, while simpler frameworks that

are viewed as legitimate and equitable build stronger cooperative behavior!!!: 34,

The comparison with U.S. governance models, particularly in the context of the Clean Water Act’s
evolving jurisdictional scope, further underscores these issues. Walsh and Ward ?°! note that legal ambiguity
around groundwater in U.S. federal law has constrained interstate cooperation and enforcement. Such
ambiguity not only weakens institutional mechanisms but also erodes confidence in shared governance,
producing compliance gaps similar to those found in the Jordan Basin Protocol'* 2%, These parallels indicate
that legal ambiguity and structural underdevelopment may universally impair the effectiveness of
transboundary groundwater regulation.

Despite the contributions of this study, some limitations must be acknowledged. The analysis was
constrained by the availability of formal agreements and public implementation data. As Closas and
Villholth ¥largue, much of groundwater governance remains informal, undocumented, or embedded within
larger water management systems, making comprehensive legal assessment difficult. While the quantitative
indices developed offer comparative clarity, they inevitably reduce complex legal and political realities into
simplified models. As Ntshangase et al.*”! caution in their evaluation of digital governance models,
abstracting governance structures into indices requires careful contextual interpretation to avoid
misrepresentation. This challenge is particularly acute because perceptions of fairness and legitimacy—

crucial to compliance—are not easily captured in formal models!** 37,
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Another limitation concerns the difficulty of incorporating customary law, indigenous rights, and
informal transboundary arrangements, which are often critical in local groundwater management but rarely
reflected in formal treaties. The absence of these perspectives’ risks neglecting local compliance behavior

12, 141 Future

and psychology and the community incentives that sustain informal governance practices!
research should incorporate ethnographic or legal-anthropological methods to complement the quantitative

analysis and ensure that these essential dimensions are not excluded.

From a forward-looking perspective, future studies should aim to expand the database of legal
instruments and refine index weighting through empirical validation and expert consensus. Additionally,
more case-specific studies using the proposed metrics could test the predictive accuracy of the compliance
and governance models in different geopolitical settings. There is also a need for research that integrates
hydrological modelling with legal analytics to assess whether legal performance aligns with actual aquifer
health and groundwater use patterns. Equally, socio-psychological surveys and behavioral studies could

provide valuable insight into how stakeholders interpret and respond to legal reforms!” 7,

This article advances the comparative legal analysis of transboundary groundwater management by
providing structured, replicable tools to measure legal effectiveness and institutional complexity. While the
findings affirm many existing hypotheses about the importance of legal clarity and institutional design, they
also reveal gaps that demand further interdisciplinary research. y showing that compliance and cooperation
depend not only on legal robustness but also on perceptions of fairness, legitimacy, and trust, this study
underscores the value of frameworks that are both legally sound and behaviorally enforceable!® %31, As the
challenges of water scarcity and climate change intensify, the need for harmonized, enforceable, and
ecologically grounded legal frameworks will only grow more urgent. This study contributes to the
groundwork upon which future governance innovations must be built.

6. Conclusions

The current article provides a broad assessment of transboundary groundwater governance by
combining novel quantitative metrics with detailed legal analysis. It shows that identifying the quality of
legal frameworks is not a simple task, and must combine both the substantive legal provisions and how they
are enacted through institutional and enforcement practices. This research creates a framework that integrates
doctrinal legal analysis with empirical assessment of legal performance, by developing indices that quantify
legal coverage, institutional complexity, and operational compliance across legal regimes. It has thus
addressed some important research questions on the adequacy of current frameworks in this area and added
knowledge on how legal instruments can be improved to achieve long-term sustainable management of
transboundary aquifers.

At the same time, the findings reveal that compliance and cooperation cannot be explained by legal
design alone. Stakeholder trust, perceptions of fairness, and the psychological legitimacy of institutions
strongly influence whether legal rules are respected in practice. Effective frameworks therefore need to
combine legal clarity with mechanisms that cultivate confidence, reciprocity, and collective responsibility.

This analysis shows that effective groundwater governance relies not only on sophisticated legal texts
but also behind practical mechanisms embedded in such texts. Learnings and insights in the paper include the
framework with more extensive legal framework, robust enforcement processes and strong sustainability
dimensions are linked to stronger compliance and operational performance. Moreover, the research
highlights the concerns of redundant institutions and the need for clear and accountable design to work hand

16



Environment and Social Psychology | doi: 10.59429/esp.v10i11.4108

in hand. This indicates that legal frameworks should evolve to integrate both preventive measures and
adaptive measures.

From a behavioral perspective, overly complex institutions may reduce transparency and weaken
compliance incentives, whereas clear and streamlined governance structures are more likely to be viewed as
legitimate and fair. This underscores the importance of aligning institutional design with both legal
soundness and socio-psychological acceptance.

A major implication of this study is the necessity of harmonized legal standards able to balance the
contrasting national interests and foster regional cooperation. The indices developed here are useful for
highlighting gaps and benchmarking performance across legal regimes. They also help policymakers and
legal practitioners to identify areas of reform that could bring the largest improvements in the effectiveness
of governance. This study, therefore adds to the longstanding discourse on international environmental law
by proposing a structured methodology that can be replicated and adapted to address challenges associated
with other shared natural resources.

One key contribution is demonstrating that psychological legitimacy and voluntary compliance are just
as critical as formal enforcement. Harmonized legal standards will be durable only when actors perceive
them as just, equitable, and mutually beneficial.

Insights from this research suggest several directions for further work. Firstly, it is necessary to broaden
the database of legal instruments by including a wider range of customary practices and informal agreements
that they should also play an important role in groundwater governance. Second, it could be improved
through empirical validation and consensus among experts regarding the appropriate weighting of various
metrics for inclusion. Future studies should also investigate how to incorporate hydrological and ecological
data into legal analysis to develop dynamic models that provide better predictions of the longer-term
sustainability of resources under changing environmental conditions. Interdisciplinary approaches will be
vital in ensuring the development of strong, yet adaptable legal frameworks that can meet challenges years
ahead.

Future studies should also integrate behavioral and psychological surveys, examining how stakeholders
perceive and respond to legal reforms in different cultural and political contexts. Such an approach would
provide deeper insight into the conditions under which legal frameworks succeed or fail in fostering real
cooperation. The broader evidence indicates that enduring groundwater governance requires legal
frameworks that respond simultaneously to hydrological complexity, ecological vulnerability, and social
expectations. Effective cooperation emerges when institutions demonstrate the capacity to anticipate
environmental risks, adapt to changing groundwater conditions, and uphold procedural fairness in the
allocation and protection of shared aquifers. Governance systems that incorporate scientific diagnostics,
transparent monitoring, and equitable participation tend to foster higher trust and stronger compliance,
thereby improving long-term sustainability.

Future governance reforms will benefit from approaches that blend legal clarity with ecological and
behavioral insight. This includes designing institutions capable of addressing emerging groundwater stress,
developing shared technical platforms for joint assessment, and strengthening participatory arrangements
that enhance accountability and reinforce cooperative norms. By integrating hydrological evidence,
stakeholder engagement, and adaptive policy tools, transboundary groundwater regimes can become more
resilient and more effective in preserving aquifer integrity under increasing environmental and socio-political
pressure.
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This study evaluates transboundary groundwater legal frameworks at a methodological level, grounded
in empirical analysis. It has shown that the effectiveness of governance structures depends on a finely tuned
balance between legal comprehensiveness and operational feasibility. The results suggest that adaptive legal
structures—those with explicit, enforceable provisions bolstered by carefully crafted institutional
arrangements—are more likely to succeed at managing the complexities of shared groundwater resources.
Hence the study also provides a clear guideline for future policy interventions and legal reforms for attaining
water security and sustainable resource use. It further emphasizes the urgent necessity of continued
interdisciplinary research and international collaboration to establish robust legal frameworks that can
withstand the challenges posed by changing environmental and geopolitical landscapes.

In conclusion, transboundary groundwater governance must be understood as both a legal-institutional
and a socio-psychological challenge, requiring integration of clear legal rules with trust-building and fairness
mechanisms. Only by integrating legal precision with trust-building, fairness, and legitimacy can states
secure durable cooperation and sustainable aquifer management.
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