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Abstract: The management of transboundary aquifers across the Americas faces significant chal-
lenges, especially as climate change and population growth intensify groundwater stress. Ground-
water use has increased to support domestic, industrial, and agricultural demands but has been
extracted through unregulated withdrawals, leading to the severe degradation of aquifer health and
transboundary frictions. This study focuses on how hydro-diplomacy can accelerate the adaptive
governance of shared groundwater resources in three key regions: Canada–USA, USA–Mexico, and
Mexico–Guatemala–Belize. We utilized a mixed methodology by integrating a transect approach,
borrowed from ecology, into the field of geopolitics. To compare the hydro-diplomatic relations and
groundwater governance across a continental gradient in the Americas, we conducted a literature
review and employed the TWINS conflict–cooperation matrix to evaluate governance frameworks
and hydro-diplomatic interactions across time. Our findings demonstrate that hydro-diplomacy
plays a pivotal role in expediting agreements, fostering transboundary data sharing, and supporting
participatory governance models. In particular, the presence of supranational bodies such as the
International Joint Commission (IJC) between Canada and the USA has been effective in maintaining
long-term collaboration through social learning and technical cooperation. Meanwhile, in regions
like Mexico–Guatemala–Belize, the absence of robust institutions has hindered progress, with limited
financial and knowledge-sharing networks. This study highlights the need for improved cross-border
cooperation mechanisms and the establishment of common monitoring protocols to better manage
aquifer resources under the pressures of climate change. The results support the development of
more adaptive transboundary groundwater management strategies aligned with Sustainable Devel-
opment Goal (SDG) 6.5.2 and call for broader geopolitical cooperation to address the complexities of
groundwater governance.

Keywords: hydro-diplomacy; groundwater governance; Americas; transboundary aquifers; SDG
6.5.2.; adaptive management; climate change

1. Introduction
1.1. Transboundary Aquifers, Groundwater Management–Hydro-Diplomacy and Climate
Change Challenges

Groundwater is a critical resource for society, as it provides drinking water and enables
sanitation, irrigation, and industrial cooling across the Americas [1–6]. It also sustains
ecological processes, such as feeding springs for wetlands sustenance [7–9]. The Americas’
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dependency on well water has been evident for centuries. For this reason, groundwater
quantity in North America has been a topic of high-level diplomatic conversations since
1909 [10] but effectively managed and safeguarded by Indigenous communities long before
the establishment of formal transboundary committees [11]. In the Yucatán Peninsula,
Mayan people mapped, stored, and distributed groundwater for crop growing, sacred
rituals, and cement production. In doing so, they were very much aware of the distinct
origin of their groundwater and constructed a complex society around the awareness that
water harvesting—not just extracting—is essential to human subsistence [11]. However,
16th-century Spanish colonisation led to a gradual tightening of controls over the communal
use of the liquid resource. Ownership over groundwater was claimed to ensure the
conversion of local agricultural grounds to large-scale haciendas, which allegedly required
the dismantling of Mayan institutions and integrated water management practices.

Fast forward to the last decade, the combination of climate change and population
growth has been significantly degrading groundwater health [8,12–14]. Hydrogeologists
have proven that aquifer storage is at a historical low [13,14], and the healthy pools still in
existence have been increasingly affected by anthropogenic pollution [15,16]. There have
been fundamental advancements in aquifer monitoring studies, which have been insightful
in demonstrating the implications of aquifer pollution caused by uncontrolled—or loosely
legislated—withdrawals [17,18]. Unlawful exploitation of aquifers particularly concerns
the high probability of spreading pathogens in karst systems and toxic waste across shared
aquifers due to the lack of inadequate precautions against external pollutants and debris
infiltration [19,20]. When aquifers exceed safe toxicity levels, they cannot be tapped into,
even if surface water is unavailable for human consumption. This phenomenon has already
taken place in the Americas and has had stark implications for food production [6,21],
human health [19], and geopolitical stability [22]. Hence, groundwater governance is essen-
tial to prevent pollution and overexploitation, to safeguard this slow-recharging common
good [6,14].Indeed, along the American continent, several aquifers happen to be trans-
boundary, calling for the collaborative monitoring and conservation of groundwater pools.

To ensure the implementation of just, adaptive and inclusive groundwater policies, it is
imperative that neighbouring countries build fertile diplomatic relations [23]. Many studies
have already proven that diminishing freshwater reserves are expected to play a significant
role in the emergence of transboundary conflicts [24], suggesting the need for an urgent
revision (or creation, in some cases) of common water management frameworks adapted to
evolving environmental conditions. To date, studies conducted at Transboundary Freshwa-
ter Diplomacy Database [24] have assessed that—in most sampled cases—transboundary
conflict between nations has often resulted in cooperative outcomes as opposed to violent
conflict, which represents an encouraging symptom of the current diplomatic trajectory
of nation states. Yet the interface between climate change and poor aquifer management
has exposed key intersectional issues which have been challenging to unravel, which may
increase the complexity of how cross-boundary water relations may unravel [25–27]. With
higher uncertainty under increasing groundwater stress, conflict could to arise, underling
the pivotal importance of developing the field of hydro diplomacy studies.

The first challenge is that the parameters of aquifer health can vary significantly within
and across borders due to diverse geological and hydrological conditions that characterise
the aquifers [28]. This variability makes establishing uniform monitoring standards and
deriving accurate conclusions particularly challenging. Secondly, subterranean water is
‘invisible’, and so is the deterioration of its health due to climate change [13]. Hence, the
social impact of aquifer depletion often becomes evident only after groundwater health
falls below a critical threshold [29]. In such instances, it is too late to intervene, though
prevention and governance bodies need to intervene through ‘responsive’ groundwater
management—usually less effective and more time-consuming [1,4,30]. On a third note,
groundwater is a continuously moving resource, the volume and health of which vary
with regional precipitation patterns and local anthropogenic uses of water; thereby, specific



Water 2024, 16, 3117 3 of 26

management solutions can only be coordinated through collective orchestration and inter-
sectoral liaisons between upstream and downstream communities [31].

1.2. Addressing the Wicked Problem

Coordination of intentions, needs, and actions is a wicked problem due to the num-
ber of actors interacting in the water governance space. When stakeholders merge their
understanding of the issue at stake, they carry political, economic, and racially charged
legacies which inevitably define the trajectory of diplomatic relations [27,32–34]. Aquifer
governance implies addressing power dimensions in the exchanges between bordering
countries that draw from the same transboundary aquifer. In this respect, Zeitoun and
colleagues [35] confronted hydro-hegemony, the transboundary water interaction analysis
(TWINS), and the virtual water river frameworks against empirical evidence from case
studies in implementing countries. The review showed that the degree of dependency on
the transboundary water source of the communities involved, their economic capacity, and
their de facto power in the extraction and management of the liquid resource altogether in-
fluence the achievement of transboundary groundwater governance arrangements [35,36].

For communities to establish successful transboundary water governance arrange-
ments, Zeitoun et al. [35] further argue that water issues affecting communities living on
a shared aquifer must be raised to the national political agenda of each country involved.
Raising local demands to high-level negotiations by placing them on the national political
agenda ensures the appropriate investment of resources of all participating countries where
communities in need dwell [28]. Hence, it could be said that confrontation denoted by
varying degrees of conflict may be beneficial—under specific conditions—to the ultimate
achievement of inter-state technical interaction over groundwater matters.

Conflict, according to Kuzdas et al. [37], must be differentiated between overt conflicts—
directly affecting the design process of groundwater arrangements—and frictions that
remain collateral to the formal diplomatic process. This consideration is vital to separate
contexts in which affected parties are involved in the design process (e.g., minimizing con-
flicts and maximizing inclusion), from those where marginalized people are not included
in the design of the arrangement or do not have the power and alliances to bring the issues
affecting them to the forefront. As reflected by Kuzdas et al. [37], those latent conflicts
are inherent in the realm of water governance, and, in the absence of mitigating efforts,
they can eventually escalate to manifest disputes (e.g., political, legal, or economic litiga-
tions), civic (e.g., including violence, threats of harm, non-peaceful protests, vandalism)
and destabilization characterized by frequent violence, disregard for the law, prolonged
periods of fear, or even the breakdown of governing institutions. Because conflict and
cooperation may be initiated at any governance scale and by elected officials as well as
non-governmental actors (e.g., non-state actors, criminal organizations, Indigenous groups,
civil organizations, etc.), we decided to explore the dimensions of ‘conflict and cooperation’
through the lens of various entities in the actor network.

Another consideration by Zeitoun et al. [35] refers to the historical context of diplo-
matic relations involving participating countries and the appreciation of local cultural and
historical processes in shaping transboundary groundwater agreements. The historical evo-
lution of relationships among societies inhabiting current watersheds can contribute to the
emergence of transboundary governance of aquifers. An example is the Rhine River basin
governance [38], which evolved over centuries of cultural and political exchanges. Here,
inter-state interactions began during Roman times, a period during which extraction rules
were applied to upstream and downstream communities. These cooperative dynamics,
polished throughout the centuries, ultimately led to the adoption of the current European
Union Water Framework Directive.

As conflict and cooperation for the governance of common resources may occur
across scales, we assume that the existence of cooperative processes at the national scale
may obscure the presence of friction in sub-national management friction in sub-national
management bodies. Hence, we drew from Ostrom’s elaborations [39], from water dis-
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putes studies, and from peace studies [37,40], to challenge a stylized relationship between
transboundary water governance arrangements and conflicts/cooperation outcomes.

1.3. Objectives

In the case of transboundary groundwater bodies, significant uncertainties regarding
water health dynamics across space and time, especially in climate change [41], impose an
even larger challenge to the efforts of state and local-level institutions that engage in the
design of governance arrangements. As observed in transboundary water governance liti-
gations, the existence of epistemic communities can increase available scientific knowledge
and support processes to build shared understanding and initiate governance arrange-
ments, despite deep uncertainties about groundwater dynamics [24]. The intersection
between resource dependency, economic capacity, and executive power specifically affects
groundwater management practices and collaboration in a transboundary watershed [21].
In this study, we examine the evolution of three critical dimensions within the realm of
hydro-politics to illuminate the development of diplomatic alignment over time. Our
analysis focuses on groundwater health management, specifically on quality, using three
American case studies to explore how diplomatic strategies and policies have adapted
to address groundwater challenges. Our research objectives also align with the work of
Zeitoun et al. [35] and Mirumachi et al. [28], whereby conflict and cooperation are seen as
non-exclusive variables in the development of transboundary water governance and may
exist contemporarily in the same region. This interpretation reflects a more realistic profile
of the current dynamics of groundwater negotiations, allowing for observing the evolution
of groundwater agreements across different scales, time periods, and actor networks.

Furthermore, datasets can promote common understandings amongst bordering
communities and enhance relations, as they may be used as a power tool to outplay
other less knowledgeable parties by developing alternative discourses and narratives [22].
Drawing from [38], this study investigates potentially similar cultural exchanges in the
chosen case study areas.

Also, managing transboundary groundwaters necessitates supporting intersectoral
dialogues and assessments, applying integrated approaches, and understanding socio-
ecological dynamics. This is why we adopted hydro-diplomacy principles as a conceptual
perspective to guide our analysis. The framework is embedded in the field of foreign
relations. It involves studying how diplomatic instruments can be applied to the domain of
shared waters to enhance cooperation over conflict [42]. The concept has been circulating
for several years but has not been explicitly applied to a comparative study investigating
multi-scale groundwater interactions in the American context. Through the consultation of
published works by Varady [43], Wilder [44], and Pétré at al. [45], we witnessed the opera-
tionalization of the analysis presented in Mirumachi et al. [46]. We developed a guiding
research question for our case study area: “Under which conditions can hydro-diplomacy be
best utilized to expedite the creation of adaptive groundwater management agreements under the
challenging socio-ecological circumstances posed by climate change across the American continent?”.

In the context of the above-stated arguments, we performed a scoping review to
grasp the depth and extent of the existing peer-reviewed literature concerning compara-
tive hydro-diplomacy studies across the American continent. Informed by the works of
hydro-diplomacy theorists [43,47], we consulted articles from the field of hydro-hegemony
studies to understand upstream/downstream dynamics [27], on Indigenous inclusion in
policymaking processes [43], on indicator 6.5.2. of the SDG framework [48] to set the ideal
goal for countries to reach following the full implementation of hydro-diplomatic practices.
Additionally, we consulted the work of Ostrom [39] to explore the setup of transboundary
institutions that manage shared resources and Mirumachi et al. [46] on frameworks for
monitoring conflict and cooperation across nations.
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2. Methods

We answered the main research question by first performing a systematic analysis
along the case study transect to characterize the status of adaptive groundwater manage-
ment across the case study areas. Later, we analysed hydro-diplomacy trajectories in the
exact locations. We used a mixed methods approach divided into 4 phases (Figure 1). Each
phase had to be completed before the team moved on to the next segment, as the output of
one research round represented the input to the following one. In Figure 1, overlapping
clusters describe the interconnected nature of the research phases. Different colors show the
diverse objective and format of each analytical exercise. We performed the scoping exercise
to understand the geological and hydrological characteristics of various transboundary
aquifers along the American continent. We selected the smallest (i.e., km2) and least studied
aquifers (i.e., number of mentions in peer-reviewed works) if sufficient data were available
describing their hydrological cycles, climate specifications, topography, pollution status,
topography, and history of diplomatic exchanges.
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2.1. Key Aspects of This Methodological Approach

(a) Transect and case study approach

Our research borrowed a transect approach from the field of ecology [49] to com-
pare the development history of hydro-diplomatic relations across a continental gradient
(Figure 2). We analyzed the governmental, financial, and knowledge production structure
of institutions, including First Nations, Native American, and Native People, in water
governance, the historical legacy, and the specific objectives and mandates of the institu-
tions tasked with managing aquifers in the different regions. For each selected area, we
mapped the evolution of institutional arrangements using secondary data, including policy
documents, agreements, treaties, press conference transcripts, and reports. We could com-
pare multiple stakeholder groups in the system, their contributions to policy development,
their perceived legitimacy, and their demands compared to the historical development of
the hydro-diplomatic relations mentioned. We built on previous conflict and cooperation
assessment frameworks applied to transboundary water governance assessment [22,27,46]
and assessed conflict and cooperation trends at multiple scales of analysis focusing on
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nation-to-nation exchanges and sub-national actor networks. From an ecological perspec-
tive, we analyzed the aquifers systematically, regarding precipitations, soil properties,
polluting elements, and topographic characteristics per each case study area to compare
major differences and similarities (Appendix A, Table A1).
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(b) Document analysis for case study assessment

We performed a deep literature review to collect relevant demographic information
about the three chosen case studies (see Appendix A, Table A2). The collected data informed
our qualitative analysis of the institutional structures and participation in management
bodies, thereby allowing us to assess whether the current practices of hydro-diplomacy are
inclusive and effective in promoting sustainable and cooperative management of shared wa-
ter resources. The demographic information we collected through a deep literature review
was crucial to understanding how hydro-diplomacy contributes to creating dynamic re-
gional cooperation between nations and non-state actors and to what extent Indigenous and
epistemic communities’ knowledge is considered in these diplomatic efforts. By analyzing
the cultural diversity and the inclusion of indigenous groups within Western transboundary
institutions, we gained valuable insights into how diverse stakeholders are integrated into
decision-making processes. This demographic data allowed us to assess the extent to which
Indigenous and marginalized communities’ traditional management practices are respected
and incorporated across the four success indicators outlined in Table A3. By understanding
the institutional structure and power dynamics within these management bodies, we could
better evaluate the role of hydro-diplomacy in fostering cooperation. The qualitative analy-
sis of grey literature and peer-reviewed works further enriched our understanding of the
underlying narratives and power structures that influence regional cooperation, ultimately
helping us determine how hydro-diplomacy can enhance collaboration among diverse
actors in the context of climate-impacted transboundary aquifers.

We also used the literature review to collect salient information about the historical de-
velopment of diplomacy in the aquifers, the financial exchanges, institutional developments,
the establishment of governance bodies, and the role of civil society in the watersheds. The
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categories were defined by Indicator 6.3.2. [48], which provided a reference for monitoring
progress in transboundary cooperation. During the review, we selected treaties and agree-
ments that mentioned groundwater health, where possible. In some cases, we retained
data only on water management, either because published works available to us did not
address the matter of groundwater health or because the issue had not been placed on the
political agenda in the case study area analyzed. Finally, we performed a validation of the
choice of our case studies, confronting the content of the mined text with the “hypothetical
mechanisms that can make for “good and ideal” hydro-diplomacy” (Table 1). If we could
find at least four points out of the nine mentioned in Ostrom [39], we kept the case study
as part of the analysis.

Table 1. Hypothetical mechanisms that can make for “good and ideal” hydro-diplomacy be the best
way forward to manage transboundary groundwater sustainably [39], compared to the performance
of 3 case study transects.

Ostrom Principles MRTA SPTA YPA

1. Interdependencies of groundwater resources across political borders. X X X

2. Regional cooperation and fostering frameworks and platforms that facilitate dialogue and collaboration
among countries sharing transboundary aquifers or groundwater basins. Establishing regional agreements
and institutions can promote information sharing, joint monitoring, and the development of common
management strategies.

X X X

3. Embrace changing geopolitical realities and evolving hydrological conditions while recognizing the need for
flexible governance structures that can respond to emerging challenges, such as population growth, climate
change impacts, and changing water demand-supply dynamics.

X X X

4. Balancing Sovereignty and diplomacy is addressing the balance between national interest and shared
regional responsibility in managing cross-border groundwater resources via developing mechanisms that
respect the sovereignty of individual countries while fostering cooperative frameworks to ensure sustainable
and equitable use of shared resources.

X X X

5. Boost stakeholder engagement, including that of governments, local communities, academia, and civil society,
in the decision-making process and encouraging participatory approaches to ensure that diverse perspectives
and interests are considered, encouraging ownership and cooperation among stakeholders.

X X X

6. Assessment of existing legal and institutional frameworks that establish transparent processes for
cross-border groundwater governance. And agreements, protocols, and mechanisms that address resolving
disputes, promotion of address resolving disputes, promoting sharing benefits, and equitable access to
groundwater resources.

X X X

7. Point data collection, monitoring, and sharing to enhance transparency, understanding, and informed
decision-making with this, common standard protocols for data collection, sharing, and analysis should be
established to support collaborative management of groundwater resources.

X X X

8. Securing adequate financial resources and investment in capacity-building initiatives to strengthen the
technical and institutional capacities of countries involved in regional groundwater governance. X X X

9. Supporting knowledge exchange, training programs, and technical assistance to enhance expertise in
groundwater management and addressing the governance of these resources in new geopolitical realities
requires robust frameworks that promote regional cooperation and inclusive management approaches.

X X X

(c) Stakeholder analysis

Based on the mix of scientific and grey literature mentioned in the previous sec-
tions [50], we began to create a formal stakeholder analysis of relevant actors living on
or active in the selected aquifer. We first mapped out general groups involved in the
socio-political and economic endeavors of the aquifer, classifying them by ‘group types’
(e.g., indigenous groups in the U.S., scientists in Guatemala). The number of mentions in the
literature reviewed granted them a place in the initial pool of stakeholders analyzed. Later,
following a more detailed literature review, we organized them in the final stakeholder
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overview according to the four indicators that are part of Indicator 6.5.2. ([48] Appendix A,
Table A3).

2.2. Two Other Dimensions of the Assessment
2.2.1. TWINS Matrix Analysis to Understand Power in Transboundary Water Relations

Throughout our scoping review, we focused on using the TWINS matrix to track
the historical progress of transboundary relations in our selected case study areas. Our
approach involved observing the evolution of geopolitical relations over time [46], keep-
ing in mind two assumptions: (a) cooperation and conflict coexist in a real-life setting;
(b) a shaping force of cooperation and conflict across basins is climate change. We first
created a timeline of selected key historical events that significantly impacted groundwa-
ter governance, such as treaties, accords, and periods of social turmoil, for each region
(see Appendix A, Figure A1). We then inserted each event in a specific TWINS matrix cell,
after defining its positioning (i.e., level of conflict, cooperation and robustness of political
economy) through the output of our literature review. The matrix helped us map the
politicization of local groundwater issues within each nation, revealing trends which could
be compared with the conclusions found in Zeitoun [35], Schmeier [42], and Mirumachi
et al. [46]. Finally, inspired by Vitale ([25], we created a visual representation of trends
in conflict, cooperation, and robustness of political economy per each case study area
(Figures 3–5). To do so, we generated a 3D histogram in RStudio to describe two trends. On
the x-axis, y-axis, and z-axis, we observe the evolution of diplomatic relations towards more
cooperative or conflictual trends, under changing degrees of robustness of the political
economy. The bottom section of the image illustrates the dates in which the ratification
treaties or accords, and periods of social turmoil, took place. The objective is to help the
reader understand the temporal boundaries of the diplomatic evolutions, as some had
more setbacks than others through the years.

Water 2024, 16, x FOR PEER REVIEW 9 of 28 
 

 

 
Figure 3. TWINS Analysis Canada–USA. Categories along the cooperation intensity axis (from left 
= lowest, to right = highest): confrontation of issue, ad hoc, technical, risk averting, risk taking. Cat-
egories along the Conflict Intensity axis (from front = lowest, to back = highest): violized, securit-
ized/opportunized, politicized, non-politicized. Categories along the Robustness of Political Econ-
omy axis (from bottom = lowest, to top = highest): capture (in blue), sharing (in yellow) and alterna-
tives (in red). G.I.R. adaptation from Mirumachi et al. [46]. 

 
Figure 4. TWINS Analysis USA–Mexico. Categories along the cooperation intensity axis (from left 
= lowest, to right = highest): confrontation of issue, ad hoc, technical, risk averting, risk taking. Cat-
egories along the Conflict Intensity axis (from front = lowest, to back = highest): violized, securit-
ized/opportunized, politicized, non-politicized. Categories along the Robustness of Political Econ-
omy axis (from bottom = lowest, to top = highest): capture (in green), sharing (in red) and alterna-
tives (in blue). G.I.R. adaptation from Mirumachi et al. [46]. 

Figure 3. TWINS Analysis Canada–USA. Categories along the cooperation intensity axis (from
left = lowest, to right = highest): confrontation of issue, ad hoc, technical, risk averting, risk taking.
Categories along the Conflict Intensity axis (from front = lowest, to back = highest): violized, se-
curitized/opportunized, politicized, non-politicized. Categories along the Robustness of Political
Economy axis (from bottom = lowest, to top = highest): capture (in blue), sharing (in yellow) and
alternatives (in red). G.I.R. adaptation from Mirumachi et al. [46].



Water 2024, 16, 3117 9 of 26

Water 2024, 16, x FOR PEER REVIEW 9 of 28 
 

 

 
Figure 3. TWINS Analysis Canada–USA. Categories along the cooperation intensity axis (from left 
= lowest, to right = highest): confrontation of issue, ad hoc, technical, risk averting, risk taking. Cat-
egories along the Conflict Intensity axis (from front = lowest, to back = highest): violized, securit-
ized/opportunized, politicized, non-politicized. Categories along the Robustness of Political Econ-
omy axis (from bottom = lowest, to top = highest): capture (in blue), sharing (in yellow) and alterna-
tives (in red). G.I.R. adaptation from Mirumachi et al. [46]. 

 
Figure 4. TWINS Analysis USA–Mexico. Categories along the cooperation intensity axis (from left 
= lowest, to right = highest): confrontation of issue, ad hoc, technical, risk averting, risk taking. Cat-
egories along the Conflict Intensity axis (from front = lowest, to back = highest): violized, securit-
ized/opportunized, politicized, non-politicized. Categories along the Robustness of Political Econ-
omy axis (from bottom = lowest, to top = highest): capture (in green), sharing (in red) and alterna-
tives (in blue). G.I.R. adaptation from Mirumachi et al. [46]. 

Figure 4. TWINS Analysis USA–Mexico. Categories along the cooperation intensity axis (from
left = lowest, to right = highest): confrontation of issue, ad hoc, technical, risk averting, risk taking.
Categories along the Conflict Intensity axis (from front = lowest, to back = highest): violized, se-
curitized/opportunized, politicized, non-politicized. Categories along the Robustness of Political
Economy axis (from bottom = lowest, to top = highest): capture (in green), sharing (in red) and
alternatives (in blue). G.I.R. adaptation from Mirumachi et al. [46].

Water 2024, 16, x FOR PEER REVIEW 10 of 28 
 

 

 
Figure 5. TWINS Analysis Mexico–Belize–Guatemala. Categories along the cooperation intensity 
axis (from left = lowest, to right = highest): confrontation of issue, ad hoc, technical, risk averting, 
risk taking. Categories along the Conflict Intensity axis (from front = lowest, to back = highest): 
violized, securitized/opportunized, politicized, non-politicized. Categories along the Robustness of 
Political Economy axis (from bottom = lowest, to top = highest): capture (in green), sharing (in red) 
and alternatives (in blue). G.I.R. adaptation from Mirumachi et al. [46]. 

2.2.2. Evaluating Hydro-Diplomacy for the Development of Transboundary Cooperation 
Based on the literature review and TWINS matrix analysis, we evaluated the role of 

hydro-diplomacy in shaping transboundary and cooperative exchange over groundwater 
across the years through a qualitative assessment. In the use cases in which the orchestra-
tion of efforts resulted in a success story—namely, all four SDG 6 indicators were posi-
tively measured—we studied the socio-ecological conditions that preceded and influ-
enced the status quo. We performed the same exercise on the regions in SDG 6 indicators, 
which did not deliver positive results. By comparing the output of the two scenarios 
against the “Hypothetical mechanisms that can make for good and ideal hydro-diplo-
macy” [39], we assessed, qualitatively and systematically, which components could facil-
itate the integration of positive hydro-diplomacy outcomes in a specific region, consider-
ing social, economic, and cultural traits shaping power and policymaking. 

3. Results 
3.1. Main Aspects in Stakeholder Analysis and Transboundary Arrangements for Groundwater 
Management 

On the Canada–US border (North–North case), many sources highlighted the pivotal 
role of the International Joint Commission (IJC) in the orchestration of activities across all 
four indicators in the MRTA [51]. The IJC represents the only supranational joint body 
present across the American transect. The officials on the advisory and executive boards 
of the organization are equally selected from the USA and Canada and possess equal man-
dates and signatory authority [52]. The initiatives of the IJC were most effective in admin-
istering nation-to-nation relations, especially about the financing of infrastructure for 
which diplomatic trust, strong political will, institutional safeguards (e.g., treaties, formal 
agreements…), and adequate agenda setting for long-term goal achievement are essential 
[52,53]. Multi-scalar governance interactions were noted, especially within knowledge 
production, whereby IJC officers had the mandate to convene a diverse array of profes-
sionals to deliver a groundwater management knowledge package founded in science. 

Figure 5. TWINS Analysis Mexico–Belize–Guatemala. Categories along the cooperation intensity
axis (from left = lowest, to right = highest): confrontation of issue, ad hoc, technical, risk averting,
risk taking. Categories along the Conflict Intensity axis (from front = lowest, to back = highest):
violized, securitized/opportunized, politicized, non-politicized. Categories along the Robustness of
Political Economy axis (from bottom = lowest, to top = highest): capture (in green), sharing (in red)
and alternatives (in blue). G.I.R. adaptation from Mirumachi et al. [46].

2.2.2. Evaluating Hydro-Diplomacy for the Development of Transboundary Cooperation

Based on the literature review and TWINS matrix analysis, we evaluated the role of
hydro-diplomacy in shaping transboundary and cooperative exchange over groundwater
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across the years through a qualitative assessment. In the use cases in which the orchestration
of efforts resulted in a success story—namely, all four SDG 6 indicators were positively
measured—we studied the socio-ecological conditions that preceded and influenced the
status quo. We performed the same exercise on the regions in SDG 6 indicators, which
did not deliver positive results. By comparing the output of the two scenarios against the
“Hypothetical mechanisms that can make for good and ideal hydro-diplomacy” [39], we
assessed, qualitatively and systematically, which components could facilitate the integration
of positive hydro-diplomacy outcomes in a specific region, considering social, economic,
and cultural traits shaping power and policymaking.

3. Results
3.1. Main Aspects in Stakeholder Analysis and Transboundary Arrangements for
Groundwater Management

On the Canada–US border (North–North case), many sources highlighted the pivotal
role of the International Joint Commission (IJC) in the orchestration of activities across all
four indicators in the MRTA [51]. The IJC represents the only supranational joint body
present across the American transect. The officials on the advisory and executive boards
of the organization are equally selected from the USA and Canada and possess equal
mandates and signatory authority [52]. The initiatives of the IJC were most effective in
administering nation-to-nation relations, especially about the financing of infrastructure for
which diplomatic trust, strong political will, institutional safeguards (e.g., treaties, formal
agreements. . .), and adequate agenda setting for long-term goal achievement are essen-
tial [52,53]. Multi-scalar governance interactions were noted, especially within knowledge
production, whereby IJC officers had the mandate to convene a diverse array of profession-
als to deliver a groundwater management knowledge package founded in science. The
group involved stakeholders holding executive power (mayors, provincial officials), civil
society representatives (residents, Indigenous groups, associations), and technical advisors
(hydrologists, engineers) [43].

On the Mexican front (North-Meso and Meso-South focus regions), we found that the
national agency CONAGUA and the International Boundary Water Commission (IBWC)
were tasked with ensuring the implementation of engineering projects. Differently from the
MRTA case study, knowledge production in the San Pedro Aquifer (SPA) is initiated at the
sub-national level and sustained by bilateral exchanges between universities and research
centers, as opposed to multilateral interactions administered by the IJC [54]. Specifically,
the literature suggests that knowledge production begins with a unilateral initiative and is
then merged into multi-/bilateral exchanges at a later stage of development.

In the Meso-South case study, one joint body administers a transboundary orches-
trating institution for resource management: the CILA Mexico–Guatemala and the CILA
Mexico–Belize commissions. The commission’s joint annual reports refer to boundary work
without any reference to the management plans for transboundary rivers or aquifers, and
groundwater resources are not mentioned. As mentioned, the CILA in both countries has
focused on working on some infrastructure to maintain the borders between the countries
and minor works in the river. In this case, the underperformance of the transboundary
joint bodies stands out when compared to the influential joint bodies in the North–North
scenario or to established bodies like the International Commission for the Protection of
the Danube River (ICPDR). Other regional experiences, such as the Guarani aquifer, show
better organization and a more established joint body despite weaknesses and constraints.
Here, knowledge production is led by multilateral agencies (UNESCO-OAS), primarily
through the ISARM Americas program. This initiative involved four regional ISARM
networks of experts to identify, map, and manage transboundary aquifers (ISARM-Europe,
ISARM-Americas, ISARM-Asia, and ISARM-Africa). Yet, there is no evidence that Mexico,
Belize, and Guatemala used the insights from this experience to progress towards a tri-
national transboundary groundwater governance or to improve collaborative knowledge
creation. National efforts to promote aquifer-related knowledge are only visible in Mexico.
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However, the main emphasis of these initiatives is on the Mexican side, with CONAGUA
at the forefront of driving initiatives to raise awareness about the significance and current
state of national aquifers. No comparable organizations or initiatives in Guatemala and
Belize focused on gathering information about their shared aquifers.

Two Key Observations

(a) Financial contributions: In the North–North case study, the US federal government
allocated the most significant financial injections towards implementing management
frameworks, increasing the capacity of dispatched officials and technicians to develop
transboundary engineering projects. The literature underlined Canada’s contributions
to more diverse sub-national issues. The country directed more limited cash flows to
projects at the regional level, focusing primarily on monitoring existing infrastructure.
The unique trait of the IJC funding agreement between the two countries—which
applies to the MRTA—is the existence of a transboundary pool of resources generally
administered by the IJC. The vertical distribution of financial commitments in the
North–North case study differs from the North-Meso use case, where—according to
the reviewed literature—the US and Mexico unilaterally contribute national funds to
groundwater management projects. In this focus region, it remains unknown which
specific projects are being implemented due to limited public disclosure of technical
briefs on transboundary groundwater projects. The mechanisms of interaction be-
tween the two countries, with specific reference to the adaptation of governance to
climate impacts, also remain unclear.
We found that the evidence of cross-border collaboration from the financial perspec-
tive between Mexico, Guatemala, and Belize is largely lacking. Also, transboundary
financial support for engineering and technology in the Meso-South case is inadequate
and limited. Also, there is no evidence of cross-border financial commitment. CILA
Mexico has led the financial efforts, but these investments have been focused on land
and water boundaries. From the minutes’ review, there is no mention of financial
commitment or support for aquifer governance. The limited financial resources in
the Meso-South case starkly contrast with the significant financial investment in
the North–North.

(b) Networks and actors: This study identified a significant degree of actor diversity in the
North–North case study at the supranational level. For this matter, many sources
comment on integrating First Nation representatives into the advisory teams of the
IJC, supported by high scores in Indicators 1 and 2 [43,52]. However, less cultural
heterogeneity is found in the executive branches of the organization, as the Accredited
Officers of the Milk River watershed do not include a First Nation delegate on the
Canadian side, nor a Native American representative on the USA branch. A similar
pattern emerges when exploring executive board membership at increasingly more mi-
nor scales of governance (Appendix A, Table A3). As jurisdictions shrink, the cultural
homogeneity within governance clusters increases, and indigenous representatives
are outnumbered by non-indigenous citizens (Appendix A, Table A3). A similar
phenomenon seems to occur in NSA networks and non-governmental conservation
groups, whereby clusters arguably do not count Indigenous representatives in their
list of members [55]. Comparatively, the review of the minutes of the meetings held
between the CILA Mexico–Guatemala and Mexico–Belize commissions illustrates no
mention of Indigenous background amongst the actors participating in the discussions
(Appendix A, Table A3). As per agents of knowledge production, members involved
in aquifer management in the Meso-South case study act top-down from the national
level, leaving minimal space for integrating local knowledge and demands.

The lack of transboundary state and non-state actor networks in the southern border
region starkly contrasts the more developed networks observed in North–North cases.
In the latter, numerous non-state-actor networks are actively engaged in transboundary
management, encompassing a variety of actor types and scales. This disparity underscores
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the need for enhanced collaboration and engagement among stakeholders in the southern
border area to effectively address shared water resource challenges.

3.2. Main Findings from the TWINS Matrix Analysis

(a) Insights from the Milk River Transboundary Aquifer

Along the Canada–USA border, successful transboundary water management was
achieved through the iterative and decades-long process of experiencing and addressing
“periods of interaction and non-interaction” [46]. The cross-border diplomatic interactions
in the MRTA were initiated in 1889 in response to violent conflict over water allocation,
which emerged in adjacent farmlands. Following the event, cooperation intensity in the
region increased in a short period, developing from ‘violized’ conflict into ‘technical’ collab-
oration [46]. Moreover, conflict eradication has had slow development trends. Namely, as
cooperation intensified at the national level, frictions at the sub-national scale still existed.
This was especially true because of anthropogenic and natural interruptions to the access
to water sources. Applying a multi-scale perspective on the politicization of water issues
across levels of governance demonstrate no significant vulnerability of the transboundary
governance infrastructure to local and regional turbulence.

We could say that the climate impacts have positively affected hydro-diplomatic
relations. The North American transboundary relations, which had already shifted from
debating matters of ‘resource capture’ to ‘resource sharing’, have entered the third tier
of ‘resource alternatives’– the highest along the ‘robustness of political economy’ axis.
The diplomatic and climatic evolution in the North–North case study area demonstrates
the pivotal role of transboundary epistemic communities, shared financial networks, and
participative processes. These factors, operating amidst the challenges of deteriorating
water health, have fostered sustainable water governance and contributed significantly to
maintaining geopolitical stability throughout the twentieth century.

(b) Relapsing cooperation trends on the San Pedro Transboundary Aquifer

The Guadalupe-Hidalgo Treaty ratified in 1848 marked the end of the Mexico–USA
war, an armed territorial dispute during which the Rio Grande and the Colorado River, for-
mally Mexican water bodies, were exploited for irrigation by the North American farming
industry and weaponized during the nation-to-nation peace negotiations. From a concep-
tual standpoint, the treaty began a (slow) transition from ‘violized’ transboundary relations
to ‘ad hoc’ collaboration, which perdured for over 50 years. The technical complexity of
the transboundary agreements, which gradually came into being, spurred the shift from
‘technical’ to ’risk averting’ collaboration between the USA and Mexico, demonstrating a
stable progression in hydro-diplomatic relations at the national level, despite local turmoil
over groundwater matters. Finally, the literature relative to the Meso-South case study was
not sufficiently specific for the research team to observe multi-scalar interactions in the
targeted location.

The North-Meso case study revealed different trends regarding the intersection be-
tween governance and climate. Frictions due to climate-induced water stress arose in
2020 and ultimately fractured the stability of existing US–Mexico institutional liaisons.
This event pushed the positioning of the North-Meso case study back to a state of ‘ad
hoc’ cooperation in the context of a ‘securitized’ use of water. Also, on the z-axis, the
threshold regressed from a state of ‘resource sharing’ to one of ‘resource capture’. However,
studies performed in this region [24] described growing concerns over water security as
having enhanced the frequency of transboundary exchanges. This suggests the potential
for strengthening the political economy under conditions of climate change onset, as per
the case of the MRTA. From the standpoint of financial contributions, the US federal govern-
ment has committed USD 50 million to the TAAP fund for the assessment of three priority
aquifer systems, which included the San Pedro aquifer. The financial injection was directed
to the bi-national project, which inherently legitimized and reinforced hydro-diplomatic
relations between the US and Mexico.
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(c) Latent conflict in the Yucatan Peninsula Transboundary Aquifer

The TWINS Matrix analysis offered a perspective on the non-linear diplomatic pro-
gression on the Meso-South border. This case study appeared to differ from the temporal
alternation of cooperation found in the other two case studies along the transect. Although
Mexico, Guatemala, and Belize have not formally engaged in open armed conflicts over
matters of groundwater allocation, relations between the countries show tensions, nui-
sances, and non-overt—yet existing—disputes [56]. Disagreements often relapse on the
specific segment of the Mexico–Guatemala border. Here, conflict has been triggered by
water distribution matters, but—to date—hydro-diplomatic exchanges have not clarified
shared responsibilities nor spurred ad hoc/technical’ collaboration. When observing the
governance–climate interplay, the collaboration over technical knowledge-sharing and
financial cooperation to implement climate adaptation solutions has been insufficient. The
central governance body (CILA) could have the mandate to orchestrate complex trans-
boundary water management issues under changing climate standards. However, there
have been minimal attempts to reach across the borders to install collaborative practices.

4. Discussion

Our research shows the development trajectory of hydro-diplomacy along a contin-
uum of cases with diverse historical transboundary relations and development trajecto-
ries along a continental transect. We illustrate the conditions that facilitate or hamper
hydro-diplomacy efforts that can enable adaptive groundwater management practices in a
transboundary aquifer. Firstly, we innovatively use a transect approach borrowed from the
field of environmental ecology to incorporate a new continental perspective in comparative
policy studies. We think of the Americas in a territorial continuum, rather than being
defined by Westphalian borders, mirroring the transboundary nature of aquifers. Secondly,
in alignment with Mirumachi et al. [46]. we understand conflict and cooperation to be
able to take place simultaneously within the same nation, depending on the granularity of
one’s study. Hence, we expand the definition of diplomatic relations beyond the traditional
state-to-state interaction and explore—where possible—different types of hydro-diplomacy
agents (i.e., NSAs) and dynamics.

4.1. First Transect: North–North Case Study

The Milk River Transboundary Aquifer case study was highly performant across
all four indicators used in the analysis. We concluded that the results are linked to the
active involvement of the IJC in matters related to groundwater health in Canada and
the USA. One of the unique traits of the successful orchestrating body is its thorough
development since its formation. Founded at the beginning of the XIX century, the trans-
boundary accords have undergone several iterations involving diplomatic note exchanges
and adjustments to new climate-related challenges. The TWINS analysis and the literature
review highlighted relapses in diplomatic cooperation, which demanded more frequent
interaction and eventually set the foundations for cooperative engagement. In particular,
we noted how the historical evolution of relationships across the border necessitated the
alternation of conflict and cooperation. This observation confirmed the arguments made by
Schiff [31] and Mirumachi et al. [46]. Also, with regard to knowledge sharing, our observa-
tions aligned with the concerns voiced by a cohort of climate experts mentioned earlier in
the Introduction [22,25,26,57]. According to the latter, the uncertainty of climate impacts
increases the complexity of diplomatic exchanges across transboundary aquifers. In this
study, we advanced the knowledge on the topic as we found that the presence of a super
partes, coordinating body—which, in this case, is the IJC—can facilitate the avoidance of
friction over growing climate concerns and of latent conflict [37]. Establishing groundwater
health thresholds in the North–North case study is a good example supporting the claim.

Especially in the context of indicators 1 and 2, the involvement of grassroots or NSA
members seems to be relevant to the outcome of aquifer management. In the MRTA,
the involvement of native inhabitants and First Nation representatives in the governance
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space was reported to have been successfully implemented and facilitated by the use of
hydro-diplomatic practices. The literature review highlighted discord between official
IJC documents and what the public has stated through informal channels. Several au-
thors [34,52] have voiced significant concern for the restriction of the agency and executive
power of indigenous members of the IJC, substantiating the suspicion that their de facto
marginalization is being masked by tokenism. Hydro-diplomatic practice, in theory, ad-
dresses power imbalances and the colonial legacies imprinted in rules of social interaction in
political spaces [22,32–34]. In practice, it may take more than the hydro-diplomacy to break
the historical marginalization of indigenous leaders in transboundary aquifers. Future
research is needed to collect primary data to validate or correct the proposed speculation.
We invite scholars from the field of colonial and gender studies to analyze the narrative
present in the IJC reports, as opposed to the experience of First Nation representatives. We
explored—informed by Woodhouse [23] and Zeitoun [22]—whether the current state of
participative processes may halt the acceleration of adaptive groundwater governance.

Regarding limitations, the case study also showed diplomatic resilience to climate
impacts thanks to the constant interaction between transboundary epistemic communi-
ties. Universities and private research institutes appear to be the most active drivers of
cross-border exchanges across time. Still, in our study, it remains unclear whether the
involvement of non-state actors has been as relevant in the implementation of hydro-
diplomatic practice in the region. Our assessment did not allow for a complete analysis
of the direct and indirect drivers operating in this space due to the time constraints of the
exercise. It remained limited in identifying relevant stakeholders and tracing their impact
on the observed system. It invites future studies to select an appropriate framework for
mapping and pinning down NSAs in the North–North case study region. We suggest using
a matrix able to capture the power, legitimacy and salience of stakeholders, to identify
those holding de facto power in the arrangement of groundwater governance.

We also suggest that further research teams conduct literature reviews not exclusively
in English. Also, as Zeitoun and Warner [27] mention, some actors’ hegemonic power over
others in a watershed can be exerted by creating and sharing skewed descriptions of the
historical development of transboundary cooperation. Relative to the North–North case
study, nearly all official sources published through official channels are written in English
and match the research string we used to elicit data. We speculate that using key words
in the native language of the local inhabitants may give way to alternative narratives and
offer a better answer to our principal research question.

4.2. Second Transect: North-Meso Case Study

The analysis of the North-Meso case study reiterated the claim presented by Schiff
et al. [31], whereby the long-term engagement in hydro-diplomatic practice between the
US and Mexico has granted the SPTA a stable framework for water governance [44]. In this
cross-border regional arrangement, scheduled and recurrent interactions over technical
interventions in the aquifer enhanced the trust between parties, even in the absence of a
central orchestrating body such as the IJC. We speculated that the successful governance
of the aquifer may be due to the existence of a vertical distribution of power (NSAs, civil
parties etc.), making up for the lack of a governing transboundary network. Therefore,
we recommend that future research includes primary data collection through stakeholder
interviews, workshops, and fieldwork. This approach will enable a more comprehensive
mapping of the interactions between sub-national actors and formal institutions, providing
more significant data points, particularly with indicators 2 and 4.

Regarding indicator 1, we assessed that universities and research centers had driven
the knowledge-sharing practices between the US and Mexico as part of the TAAP project.
Knowledge exchanges and coordinated data collection efforts on groundwater safety
have, for example, led to the establishment of Active Management Areas (AMAs) and
secured a 10-year funding grant from the US Congress. We claim that the decentralized
nature of groundwater administration on both sides of this border has enabled a long-term
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collaboration, defying disagreements on other matters of national security, immigration
(e.g., politics around illegal border crossings), or finance (e.g., NAFTA). Moreover, the focus
of transboundary exchanges has been set on technical matters, releasing commissioners
from involvement in each other’s national politics. This setup may be a helpful governance
strategy for countries where foreign policy drives transboundary frictions.

The proliferation of cross-boundary disputes in the North-Meso American case study
is familiar to this region. Our temporal analysis highlighted the frequent occurrence
of relapses in the progress of transboundary collaboration in this region. As stated in
Kuzdas et al. [37], increased civic dissent and manifest disputes may be a symptom of
the presence of latent conflicts, from which we gather that local demands are not being
vertically integrated in high level policy discussions. Through protest, local demands
related to groundwater use are acknowledged by the governance actors, raising the level of
politicization of the matter to the national political agenda [35]. Considering the region’s
experience with drought and surface water stress, we speculate that the recent increase
in contestation of groundwater governance may be due to the severe impacts of climate
change on the region. This phenomenon underlines the importance of opening cooperative
hydro diplomatic channels which include non-state actor representatives, not just for water
security but also for the sake of socio-political stability.

The enduring nature of diplomatic relations, mainly through non-state actors’ (NSAs)
pressure, has persisted for nearly a century. Wilder et al. [44] suggest that these enhanced
diplomatic ties, even in areas unrelated to groundwater health, have significantly strength-
ened regional relationships and addressed institutional asymmetries at various levels
(supranational to local). This foundation of trust and collaboration is vital for fostering
lasting cooperation between nations and communities. To further this understanding, we
propose conducting additional research focused on mapping actor networks and evaluat-
ing the influence of trade agreements, such as the North American Free Trade Agreement
(NAFTA), on the acceleration of environmental agreements in the context of climate change.
Such investigations could illuminate how economic partnerships and regulatory frame-
works interact with environmental governance, potentially leading to more effective and
equitable solutions for shared resources. By exploring these dynamics, we can better under-
stand the pathways through which diplomatic relations and trade agreements can facilitate
cooperative environmental action amidst the challenges of climate change and other direct
and indirect factors.

4.3. Third Transect: Meso-South Case Study

The absence of robust institutions dedicated to water management in the meso-South
case underscores the challenges faced in fostering collaborative efforts and knowledge
sharing across borders [58]. The lack of national initiatives at the national level can ex-
plain the poor performance in collaborative knowledge production in the meso-South case.
Guatemala and Belize do not have institutions for managing and protecting aquifers, or
institutions focused on raising awareness concerning groundwater resources. Therefore, it
is unrealistic to anticipate cross-border knowledge endeavors when these initiatives are
lacking at the national level. Furthermore, the limited number of institutions dedicated
to water management in each country lack a clear understanding of their roles at the
basin level. The knowledge about aquifers’ significance, whereabouts, and management is
limited [56], and a lack of transboundary institutions to encourage knowledge production
and a shortage of epistemic communities create ideas that can ultimately reach decision
makers in this transitional aquifer. Knowledge production is a valuable tool for encourag-
ing the formation of water management systems, developing a shared understanding of
international rivers and establishing an independent source of science that can influence
policymakers’ strategies [57]. The absence of treaties or formal agreements in the meso-
South case suggests that epistemic communities have not been granted space for exchange
over shared water resources [59].
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Moreover, the lack of engagement from local actors and the absence of discussions
at the tri-national level in the meso-South case contribute to ineffective governance of
groundwater resources, could affect the development of policies for this natural resource,
and lead to decision making lacking scientific insights on the potential strategies for man-
aging transboundary aquifers. Also, from legal and governance terms, there is no input to
justify and support groundwater-related policymaking that applies across border regions.
However, the International Groundwater Resources Assessment Centre (IGRAC) highlights
the importance of raising awareness about groundwater governance beyond the executive
branches of governance. The lack of scientific insights and stakeholder engagement can
lead to decisions that do not adequately address the complexities of groundwater man-
agement, and power dynamics can significantly influence the outcomes of transboundary
interactions. Without established data sharing and cooperation mechanisms, states may
struggle to develop equitable and effective policies for managing transboundary aquifers.
Without the involvement of experts and the establishment of joint monitoring programs,
the management of transboundary aquifers can suffer from significant gaps in knowledge
and coordination. This lack of scientific insights can hinder effective decision making and
policy development, as there would be insufficient data to inform stakeholders about the
significance, challenges, and potential strategies for managing these vital resources [60].

Lindemann [57] reflects on institutional frameworks and political will as vital for
fostering network formation among states and non-state actors in transboundary water
governance. Regarding networks and actors, the findings were limited, with no evidence of
stakeholder involvement in the CILA commissions in both borders. One aspect that stands
out is that groundwater discussions are absent at the tri-national level and are only poorly
discussed nationally in Mexico. Therefore, local actors are not involved in addressing
groundwater issues, which could lead to a lack of connections between states and non-state
entities across borders [61].

Furthermore, the absence of transnational networks can also be attributed to the
limited economic interdependence of the groundwater resources in these countries. The
economic interdependence of regions sharing water bodies often leads to forming gov-
ernance networks to ensure stable and predictable access to water [62,63] Still, in the
meso-South case, there is no evidence of substantial economic activities depending on this
water resource. This can result in a lack of interest in managing transboundary ground-
water resources in this area. Effective management of transboundary aquifers often relies
on establishing governance frameworks that are motivated by mutual economic interests.
When regions share significant economic ties related to water resources, they are more likely
to collaborate and form governance networks to ensure stable access. Conversely, the lack
of substantial economic activities dependent on shared groundwater, as noted in the results,
can lead to disinterest in cooperative management efforts [60]. Economic interdependence
often drives states to form governance networks to ensure stable and predictable access to
water resources [47]. Since between Mexico, Belize, and Guatemala, there are no shared
economic activities depending on the transboundary water resources, there is a lack of
incentive to promote governance arrangements. Without compelling economic reasons
or institutional support, states may not prioritize managing shared resources, leading to
fragmented governance [64].

Effective management of transboundary aquifers requires significant investment in
engineering and technology to ensure the sustainable use and protection of these vital
resources. However, many countries, particularly those with limited financial means,
struggle to allocate sufficient funds for such initiatives. This situation can lead to inadequate
infrastructure and monitoring systems, which are essential for managing shared water
resources effectively [60]. Often, countries prioritize immediate national needs over long-
term collaborative investments [59,65]. This seems to be the situation in the meso-South case.
The lack of financial commitment in this region can be attributed to competing demands
on national budgets, which is a common challenge in less developed countries. When
countries face significant internal pressures, such as poverty alleviation, infrastructure
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development, and social services, allocating funds for transboundary water management
may not be prioritized [59]. This economic constraint often results in inadequate funding
for groundwater governance [57]. Second, while international organizations and donors
provide some financial support, it is usually insufficient to meet the extensive needs
of transboundary groundwater projects. However, no evidence exists of international
economic support for Mexico, Guatemala, and Belize aquifers.

Insufficient understanding of groundwater’s significance can lead to inadequate in-
vestment in governance structures and management practices, ultimately jeopardizing the
sustainability of these vital resources. Moreover, effective groundwater governance requires
informed and coordinated actions by various stakeholders, including policymakers and
the public [60]. Without a solid understanding of the challenges and potential strategies
for managing groundwater, there is a risk of under-investment in necessary governance
frameworks and technologies, as noted in our results.

4.4. Summary of Main Points and Key Observations

Our assessment suggests that the absence of a cohesive epistemic community, common
concerns among stakeholders, and a shared sense of crisis may hinder collaborative efforts
to address groundwater-related challenges effectively. Understanding these dynamics is
essential for developing hypotheses based on the transect analysis conducted in the study.
By identifying these factors, our research clarifies the lack of support for joint initiatives and
proposes pathways to enhance engagement and cooperation among diverse stakeholders
for boosting regional groundwater governance. This point extends to informing future
research and policy development, as it underscores the importance of fostering a unified
response to climate change that resonates with the experiences and concerns of affected
communities in the context of surface water and groundwater. This study can serve as
a foundation for exploring the integrated dimensions in ‘water-focused’ climate action,
emphasizing the need for a collective approach to bridge understanding gaps and mobilize
support across different freshwater and groundwater systems in cross-border regions.
As noted in the knowledge production section, there is no clear understanding of the
transnational aspect of water resources in Mexico, Belize, and Guatemala, and only Mexico
and the USA have shown some effort to address groundwater resource issues. This factor
has been observed to underwhelm policymakers and affect the allocation of financial
resources for hydro-diplomacy to the small aquifers affected by climate change impacts.

Regarding the transboundary joint bodies in the meso-South case, the results can
indicate how economic constraints limit their ability to invest in joint governance bod-
ies. Establishing and maintaining these transnational institutions requires significant
financial resources for research, monitoring, capacity building, and infrastructure develop-
ment [38,66]. It is relevant to note that according to the World Bank, Guatemala and Belize
have quite low GDP per capita and weak economies compared to the USA and Mexico.
These economic constraints can often lead to competing national priorities, with coun-
tries focusing their limited resources on pressing domestic issues rather than collaborative
transboundary governance.

States tend to cooperate when the net economic and political benefits outweigh the
benefits of unilateral action [62,67]; likely, groundwater resources do not represent a signifi-
cant or essential source of income for Guatemala, Mexico, and Belize, hindering progress
in the advancement toward adaptive groundwater policies. This issue contributes to a
lack of focus on aquifers in the transnational agenda, highlighting the need for increased
attention to hydro-diplomatic practices that could facilitate better management of shared
water resources and strengthen cooperation among neighboring countries.

Limitations in collaboration practices and knowledge production endeavors across
the bordering countries were also detrimental to the volumes and consistency of data
which we could consult. For instance, while we found rich and detailed information on
transboundary cooperation in the northern case study, data were sparse and limited for
the southern case. This discrepancy impacted our ability to assess hydro-diplomacy’s role
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across all regions fully. Despite this, we qualitatively evaluated its impact on transboundary
groundwater governance using the TWINS matrix, board trends, and patterns derived from
the literature review and compared regions with positive outcomes on SDG 6 indicators to
those with less successful results, thereby assessing which components of hydro-diplomacy
facilitate better transboundary water governance outcomes.

5. Conclusions

Transboundary groundwater governance is a complex challenge for modern societies
in efficiently managing cross-border water systems (socioeconomic, hydrological factors).
This challenge underscores the need for a comprehensive understanding of governance
mechanisms and highlights specific policy gaps that hinder the effective management of
transboundary aquifers. Addressing the intricacies of transboundary groundwater gov-
ernance requires focusing on policies that enhance context-specific regional and global
cooperation. As selected case studies explain, identifying priorities and gaps in water
governance is pertinent. Also, implementing frameworks like the joint monitoring com-
mittees, as noted for the US–Mexico, is crucial for developing effective strategies. In this
assessment, we also examine patterns in various settings of transboundary aquifers that
reveal contextual variables’ influence on institutional design, highlighting a critical need
to bridge knowledge gaps in regional groundwater governance. Furthermore, managing
transboundary groundwaters necessitates supporting intersectoral dialogues and assess-
ments and applying integrated approaches such as the water–food–energy nexus. We
reiterate that addressing policy gaps is vital to fostering sustainable and equitable shared
water resource management.

Overall, our findings underscore the complexity of transboundary groundwater gover-
nance, highlighting the importance of understanding specific policy gaps and the influence
of socio-cultural contexts on institutional design. The limitations of our study—such as
the variability in data availability and regional differences—suggest the need for further
research involving direct stakeholder engagement, to better understand hydro-diplomacy’s
role in diverse socio-hydrological contexts. Future studies should consider incorporating
new indicators and interdisciplinary perspectives, including group psychology and digital
anthropology, to improve the explanation of the nexus between diplomatic practices and
trust-building dynamics under climate change pressure along the transect. Particular at-
tention should be given to how digital development may be an enhancing factor for the
creation of transboundary epistemic communities, on the one hand, and the encourage-
ment of cross-border financial investments due to higher transparency on the other. With
this paper we decided to only tap into the spheres of hydrology and diplomacy alone,
contributing to advancements in climate studies, public policy, geopolitics operating at the
regional level, and water diplomacy.
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Appendix A

Table A1. Hydro-geological and demographic data describing the Milk River Aquifer, San Pedro Transboundary Aquifer, and Yucatán Peninsula Aquifer.

Milk River Transboundary Aquifer (MRTA) San Pedro Transboundary Aquifer (SPTA) Yucatán Peninsula Aquifer (YPA)

Transboundary border CA-USA Transboundary border US-MX Transboundary border MX-GT-BZ
Total Surface Area (km2) 25,000 Total Surface Area (km2) 5000 Total Surface Area (km2) 165,000

Alberta (Can) 11% Arizona (USA) 2460 Mexico 5.41%
Saskatchewan (Can) 24% Sonora (Mex) 2892 Guatemala 70%
Montana (U.S.A) 65% Belize 21.44%
Mean Annual Precipitation (mm/y) 250 to 450 Mean Annual Precipitation (mm/y) 330 to 960 Mean Annual Precipitation

(mm/y) 1200Mean Evapotranspiration (mm/y) 550 to 578 Mean Evapotranspiration (mm/y) ~200

Total groundwater withdrawals (m3/y) 1.2 × 106 Total Dissolved Solids (mg/L)
0 to 5

Mean Evapotranspiration
(% of total precip.) 40–85Potassium (ppm)

Alberta <2 Total wells 5000+ Total Dissolved Solids (mg/L) 1.001–2.000
Total Dissolved Solids
(mg/L)—Eastern MRTA 270 to 3400 Total Population 97,235 Total Population 3,800,000

Maya 67%

Pollution source Industry, agriculture Pollution source Industry, agriculture, livestock Pollution source Tourism, agriculture,
urban wastewater

Total Wells 1000+ Climate Arid to semi-arid Climate Sub-humid

Climate Semi-arid Groundwater recharge mechanism Percolation and exchanges
with perennial water courses Topography Calcareous soil and

downward slope profile

Topography Corrugated, sandy, permeable
soils, outcrop areas

Total Population 10,706
Blackfeet Reservation 3827
Rocky Boy’s Indian Reservation 3627
Fort Belknap Indian Reservation
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Table A2. Research strings describing the approach to Phase 1.

Strings Scoping Review Literature Review

Hydro-diplomacy

Hydro-diplomacy * AND Americas
Hydro-diplomacy * AND Canada* OR United States * OR Latin America * OR
South America
Hydro-diplomacy * AND Diplomacy * OR History * OR Development
Hydro-diplomacy * AND groundwater; water quality; water stress;
water pollution

Hydro-diplomacy * AND Milk River Aquifer * OR Milk River * OR MRTA *
AND transboundary
Water diplomacy * AND Milk River Aquifer * OR Milk River * OR MRTA;
USA; Canada
Hydro-diplomacy * AND San Pedro Aquifer; Mexico; USA*; AND transboundary
Hydro-diplomacy * AND Yucatan Peninsula Aquifer; YPA; Mexico; Belize;
Guatemala *; AND transboundary
Hydro-diplomacy * AND Varady; Rivera

Hydro-hegemony
Water * AND Power
Hydro-hegemony * AND America * OR Latin America; Mexico * AND South
America; Mexico; Belize; Guatemala

Hydro-hegemony * AND upstream; downstream; dynamics; control

Indigenous studies Indigenous * OR First Nations * AND Water; Diplomacy; hydro-diplomacy Indigenous * OR First Nations * AND hydro-diplomacy; participation; policy; policy
processes; law *; AND groundwater

Hydrology and climate -

Hydrology * AND Milk River Aquifer * OR Milk River * OR MRTA
Hydrological cycles * AND Milk River Aquifer * OR Milk River * OR MRTA
Milk River Aquifer * OR Milk River * OR MRTA * AND Climate region; precipitation;
temperature; soil composition; topography
Hydrology * AND Milk River Aquifer * OR Milk River * OR MRTA * AND
groundwater; wells; unmanaged withdrawals; private wells

Diplomatic history -

Hydro-diplomacy * AND Milk River Aquifer * OR Milk River * OR MRTA * AND
transboundary diplomacy; diplomatic exchanges; water diplomacy; water treaty;
water quality treaty; agreement
San Pedro Aquifer; Mexico; USA * AND transboundary diplomacy; diplomatic
exchanges; water diplomacy; water treaty; water quality treaty; agreement
Yucatan Peninsula Aquifer; YPA; Mexico; Belize; Guatemala * AND transboundary
diplomacy; diplomatic exchanges; water diplomacy; water treaty; water quality
treaty; agreement

Institutional set up IJC * OR International Joint Commission * AND Canda; USA; United States
IJC* OR International Joint Commission * AND Canda; USA; United States * AND
Boards; mandate; members; power; jurisdiction * AND indigenous; participation;
deliberative processes
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Table A3. Stakeholder overview of three case studies across the American transect. Stakeholder mention under a specific column signifies their contribution to the
sub-dimension of transboundary cooperation indicated with Ix.

Transboundary Social Learning and Knowledge
Production (I1) Transboundary State and Non-State Actor Networks (I2) Transboundary Financial Commitment to

Engineering and Technology (I3) Transboundary Joint Bodies (I4)

Institution or Projects Stakeholders or Groups Institution or Projects Stakeholders or Groups Institution or Projects Stakeholders or
Groups

Institution or
Projects Stakeholders or Groups

North–North (MRTA)

International Joint
Committee

Water Survey Division of
Environment Canada and
the U.S. Geological
Survey, water managers,
Accredited Officers (i.e.,
governmental
representatives),
Indigenous
representatives

City of Havre Public Works
Department,
Milk River Watershed
Alliance,
Milk River Board of Control,
Blaine County Conservation

Indigenous
representatives, Public,
governmental
representatives,
independent reviewers,
technical advisors
(engineers, hydrologists,
infrastructure experts etc.)

International Joint
Commission: $5 million
from US-CAN for the
period 2015–2020 for
implementation of IWI
approach

Supra national
institution

International
Joint Committee

Water Survey Division of
Environment Canada and
the U.S. Geological Survey,
water managers, Accredited
Officers (i.e., governmental
representatives), Indigenous
representatives

International St. Mary
and Milk Rivers Study
Board

Indigenous
representatives, Public,
governmental
representatives,
independent reviewers,
technical advisors
(engineers, hydrologists,
infrastructure experts etc.)

District Montana State
University-Extension,
Milk River Water Users
Association,
Rural Municipalities of
Alberta,
Milk River Watershed,
Council of Canada Alberta
Irrigation Districts
Association,
Oldman Watershed Council,
Saskatchewan Irrigation
Projects Association

Alberta Environment:
$293,463 for closing
free-flowing wells

Governmental
agency Miritap Project

Municipal and provincial
representatives, academia,
technical advisors,
indigenous representatives

Milk River Watershed
Council Canada

NGO, public, Provincial
Government, Academia,
Recreation experts,
Federal government,
private sector, health
representative, farmers,
municipal district, first
nations representative,
rural/urban municipality
representative.

Town of Forty Mile:
$100,000 for closing
free-flowing wells

Local
government

Miritap Project

Municipal and provincial
representatives, academia,
technical advisors,
indigenous
representatives

Agriculture and
Agri-Food Canada:
$293,463 to the
strengthening of
transboundary
groundwater
infrastructure

Governmental
agency
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Table A3. Cont.

Transboundary Social Learning and Knowledge
Production (I1) Transboundary State and Non-State Actor Networks (I2) Transboundary Financial Commitment to

Engineering and Technology (I3) Transboundary Joint Bodies (I4)

Institution or Projects Stakeholders or Groups Institution or Projects Stakeholders or Groups Institution or Projects Stakeholders or
Groups

Institution or
Projects Stakeholders or Groups

North-Meso (SPTA)

International Boundary
and Water Commission
(IBWC)

State Government
(MX and US)

Transboundary Aquifer
Assessment Program
(TAAP).

US and MX federal
government, state
agencies, US state
government
representatives,
university researchers,
technical advisors

50 million USD
approved by the US
congress for TAAP
(for 10 years over
3 different aquifers)

US states and
MX national
government

International
Boundary and
Water
Commission
(IBWC)

State Government
(MX and US)

CONAGUA National regulatory
body (MX) WHYMAP program

Supranational actors,
federal government,
states, international
research centers, freelance
contributors

$160,000 from
CONAGUA for TAAP
(over 3 different
aquifers)

Transboundary Aquifer
Assessment Program
(TAAP)

University alliance

International Boundary
and Water Commission
(CILA)

National Governments

UNESCO/OAS ISARM
Americas program
transboundary aquifers of
the Americas

National coordinators of
the 20 countries
participating in the
project, technical experts

Mexico 1.5 billion
dollars (budget manage
at the national level)

National
governments

International
Boundary and
Water
Commission
(CILA)

National governments
(MX-BZ-GUAT)

Meso-South (YPA)

UNESCO/OAS ISARM
Americas program
transboundary aquifers
of the Americas

UNESCO/OAS
Academia
Public sector

CONAGUA programs for
GW management
(MX-GUAT)

GUAT+BZ: 30 million
dollars (budget
managed at the
national level)

World financial
agencies (Global
Environment Facility,
or GEF, World Bank)
supported ISARM
activities



Water 2024, 16, 3117 23 of 26
Water 2024, 16, x FOR PEER REVIEW 25 of 28 
 

 

 
Figure A1. Progression of complexity of hydro-diplomatic exchanges—(a) Milk River Aquifer, (b) San Pedro Aquifer, (c)Yucatan Peninsula Aquifer.

Figure A1. Progression of complexity of hydro-diplomatic exchanges—(a) Milk River Aquifer, (b) San Pedro Aquifer, (c) Yucatan Peninsula Aquifer.



Water 2024, 16, 3117 24 of 26

References
1. Council on Foreign Relations. Water Stress: A Global Problem That’s Getting Worse. Available online: https://www.cfr.org/back

grounder/water-stress-global-problem-thats-getting-worse (accessed on 3 April 2023).
2. Duran-Llacer, I.; Munizaga, J.; Arumí, J.L.; Ruybal, C.; Aguayo, M.; Sáez-Carrillo, K.; Arriagada, L.; Rojas, O. Lessons to Be

Learned: Groundwater Depletion in Chile’s Ligua and Petorca Watersheds through an Interdisciplinary Approach. Water 2020,
12, 2446. [CrossRef]

3. National Ground Water Association. Groundwater. Roundwater Facts. Available online: https://www.ngwa.org/what-is-groun
dwater/About-groundwater/groundwater-facts (accessed on 11 August 2023).

4. Nemitz, E. The Disappearance of Brazil’s Groundwater. Available online: https://www.fairplanet.org/editors-pick/the-disapp
earance-of-brazils-groundwater/ (accessed on 11 August 2023).

5. Bertone, F.; Zaveri, E. The Hidden Wealth of Nations: The Economics of Groundwater in Times of Climate Change; Rodella, A.-S., Ed.;
World Bank: Washington, DC, USA, 2023.

6. Rojanasakul, M.; Flavelle, C.; Migliozzi, B.; Murray, E. America Is Using Up Its Groundwater Like There’s No Tomorrow. The New
York Times, 29 December 2023.

7. Geoscience: Groundwater and Aquifers. Natural Resources Canada. Available online: https://natural-resources.canada.ca/eart
h-sciences/earth-sciences-resources/geoscience-groundwater-and-aquifers/10909 (accessed on 29 October 2023).

8. Conti, K.I. Factors Enabling Transboundary Aquifer Cooperation; International Groundwater Resource Assessment Centre: Delft,
The Netherlands, 2014.

9. Zhou, Y.; Li, W. A review of regional groundwater flow modeling. Geosci. Front. 2011, 2, 205–214. [CrossRef]
10. Abrams, R.H. Boundary Waters Treaty of 1909 as a Model for Interjurisdictional Water Governance. Wayne Rev. 2008, 54, 1635.
11. López-Maldonado, Y. Little Has Been Done to Recognise Ancient Mayan Practices in Groundwater Management. UNESCO.

Available online: https://www.unesco.org/en/articles/little-has-been-done-recognise-ancient-mayan-practices-groundwate
r-management (accessed on 3 May 2023).

12. Agren, D. Mexican farmers revolt over sending water to US during drought. The Guardian, 25 September 2020.
13. U.S. Geological Survey. Groundwater Decline and Depletion. Available online: https://www.usgs.gov/special-topics/water-scie

nce-school/science/groundwater-decline-and-depletion (accessed on 3 May 2023).
14. van Vliet, M.; Flörke, M.; Wada, Y. Quality matters for water scarcity. Nat. Geosci. 2017, 10, 800–802. [CrossRef]
15. Gondwe, B.R.N.; Lerer, S.; Stisen, S.; Marín, L.; Rebolledo-Vieyra, M.; Merediz-Alonso, G.; Bauer-Gottwein, P. Hydrogeology

of the south-eastern Yucatan Peninsula: New insights from water level measurements, geochemistry, geophysics and remote
sensing. J. Hydrol. 2010, 389, 1–17. [CrossRef]

16. Rodríguez-Huerta, E.; Rosas-Casals, M.; Hernández-Terrones, L.M. A water balance model to estimate climate change impact on
groundwater recharge in Yucatan Peninsula, Mexico. Hydrol. Sci. J. 2020, 65, 470–486. [CrossRef]

17. Biancardi, M.; Iannucci, G.; Villani, G. Groundwater Exploitation and Illegal Behaviors in a Differential Game. Dyn. Games Appl.
2022, 12, 996–1009. [CrossRef]

18. Molle, F.; López-Gunn, E.; van Steenbergen, F. The Local and National Politics of Groundwater Overexploitation. Water Altern.
2018, 11, 445–457.

19. Korajkic, A.; Wanjugi, P.; Brooks, L.; Cao, Y.; Harwood, V.J. Persistence and Decay of Fecal Microbiota in Aquatic Habitats.
Microbiol. Mol. Biol. Rev. MMBR 2019, 83, e00005-19. [CrossRef]

20. Nazari Sharabian, M.; Ahmad, S.; Karakouzian, M. Climate Change and Eutrophication: A Short Review. Eng. Technol. Appl. Sci.
Res. 2018, 8, 3668–3672. [CrossRef]

21. Yildiz, D.; Yildiz, D.; Gunes, M.S. New security concept and analytical-transdisciplinary approaches to hydro politics. Int. J. Sci.
Eng. Res. 2016, 7, 402–407.

22. Zeitoun, M. The Conflict Vs. Cooperation Paradox: Fighting Over or Sharing of Palestinian-Israeli Groundwater? Water Int. 2007,
32, 105–120. [CrossRef]

23. Woodhouse, M.; Zeitoun, M. Hydro-hegemony and international water law: Grappling with the gaps of power and law. Water
Policy 2008, 10, 103–119. [CrossRef]

24. Transboundary Freshwater Diplomacy Database. 2023. Available online: https://transboundarywaters.ceoas.oregonstate.edu/tr
ansboundary-freshwater-diplomacy-database (accessed on 20 June 2023).

25. Vitale, C.; Meijerink, S. Understanding Inter-Municipal Conflict and Cooperation on Flood Risk Policies for the Metropolitan City
of Milan. Water Altern. 2021, 14, 117–138.

26. Walschot, M.; Katz, D. Desalination and Transboundary Water Conflict and Cooperation: A Mixed-Method Empirical Approach.
Water 2022, 14, 1925. [CrossRef]

27. Zeitoun, M.; Warner, J. Hydro-hegemony—A framework for analysis of trans-boundary water conflicts. Water Policy 2006, 8,
435–460. [CrossRef]

28. Nadiri, A.A.; Sedghi, Z.; Khatibi, R. Qualitative risk aggregation problems for the safety of multiple aquifers exposed to nitrate,
fluoride and arsenic contaminants by a ‘Total Information Management’ framework. J. Hydrol. 2021, 595, 126011. [CrossRef]

29. Rosemary, B.; Jan, K.; James, K. Spring-fed stream benthic macroinvertebrate communities as early biological indicators of
groundwater tipping points. In Proceedings of the World Water Week, Stockholm, Sweden, 5–11 September 2010.

https://www.cfr.org/backgrounder/water-stress-global-problem-thats-getting-worse
https://www.cfr.org/backgrounder/water-stress-global-problem-thats-getting-worse
https://doi.org/10.3390/w12092446
https://www.ngwa.org/what-is-groundwater/About-groundwater/groundwater-facts
https://www.ngwa.org/what-is-groundwater/About-groundwater/groundwater-facts
https://www.fairplanet.org/editors-pick/the-disappearance-of-brazils-groundwater/
https://www.fairplanet.org/editors-pick/the-disappearance-of-brazils-groundwater/
https://natural-resources.canada.ca/earth-sciences/earth-sciences-resources/geoscience-groundwater-and-aquifers/10909
https://natural-resources.canada.ca/earth-sciences/earth-sciences-resources/geoscience-groundwater-and-aquifers/10909
https://doi.org/10.1016/j.gsf.2011.03.003
https://www.unesco.org/en/articles/little-has-been-done-recognise-ancient-mayan-practices-groundwater-management
https://www.unesco.org/en/articles/little-has-been-done-recognise-ancient-mayan-practices-groundwater-management
https://www.usgs.gov/special-topics/water-science-school/science/groundwater-decline-and-depletion
https://www.usgs.gov/special-topics/water-science-school/science/groundwater-decline-and-depletion
https://doi.org/10.1038/ngeo3047
https://doi.org/10.1016/j.jhydrol.2010.04.044
https://doi.org/10.1080/02626667.2019.1702989
https://doi.org/10.1007/s13235-022-00436-0
https://doi.org/10.1128/MMBR.00005-19
https://doi.org/10.48084/etasr.2392
https://doi.org/10.1080/02508060708691968
https://doi.org/10.2166/wp.2008.209
https://transboundarywaters.ceoas.oregonstate.edu/transboundary-freshwater-diplomacy-database
https://transboundarywaters.ceoas.oregonstate.edu/transboundary-freshwater-diplomacy-database
https://doi.org/10.3390/w14121925
https://doi.org/10.2166/wp.2006.054
https://doi.org/10.1016/j.jhydrol.2021.126011


Water 2024, 16, 3117 25 of 26

30. Delpla, I.; Jung, A.-V.; Baures, E.; Clement, M.; Thomas, O. Impacts of climate change on surface water quality in relation to
drinking water production. Environ. Int. 2009, 35, 1225–1233. [CrossRef]

31. Schiff, J.S. The evolution of Rhine river governance: Historical lessons for modern transboundary water management. Water Hist.
2017, 9, 279–294. [CrossRef]

32. Ahmed, A.A.M.; Celia, D.; Ahmed, T.Y. Transboundary water conflicts as Postcolonial Legacy (the case of Nile Basin). Bull. Russ.
Peoples’ Friendsh. Univ. Ser. Int. Relat. 2020, 20, 184–196.

33. Albrecht, T.R.; Varady, R.G.; Zuniga-Teran, A.A.; Gerlak, A.K.; Staddon, C. Governing a shared hidden resource: A review of
governance mechanisms for transboundary groundwater security. Water Secur. 2017, 2, 43–56. [CrossRef]

34. Strube, J.; Thomas, K.A. Damming Rainy Lake and the Ongoing Production of Hydrocolonialism in the US-Canada Boundary
Waters. Water Altern. 2021, 14, 135–157.

35. Zeitoun, M.; Cascão, A.E.; Daoudy, M.; Greco, F.; Mirumachi, N.; Warner, J. Power plus: Tony Allan’s contributions to under-
standing transboundary water arrangements. Water Int. 2022, 47, 1001–1015. [CrossRef]

36. Kuri, G.H. Myths about Water Wars: Scarcity, Hydro-diplomacy, and Extractivism. Available online: http://www.revistascisan.
unam.mx/voices/pdfs/11804.pdf (accessed on 3 May 2023).

37. Kuzdas, C.; Warner, B.; Wiek, A.; Yglesias, M.; Vignola, R.; Ramírez-Cover, A. Identifying the potential of governance regimes to
aggravate or mitigate local water conflicts in regions threatened by climate change. Local Environ. 2015, 21, 1387–1408. [CrossRef]

38. Schmidt, J.; Matthews, N. Global Challenges in Water Governance; Springer International Publishing: Berlin/Heidelberg, Ger-
many, 2017. [CrossRef]

39. Ostrom, E. Governing the Commons: The Evolution of Institutions for Collective Action. Cambridge University Press: Cambridge,
UK, 1990.

40. Priscoli, J.D.; Wolf, A. Managing and Transforming Water Conflicts; Cambridge University Press: Cambridge, UK, 2009.
41. Green, T.R. Linking climate change and groundwater. Integr. Groundw. Manag. Concepts Approaches Chall. 2016, 97–141.
42. Schmeier, S. What Is Water Diplomacy and Why Should You Care? Available online: https://www.globalwaterforum.org/2018/

08/31/what-is-water-diplomacy-and-why-should-you-care/ (accessed on 3 July 2024).
43. Varady, R.G.; Gerlak, A.K.; Wilder, M.O.; Pineda Pablos, N. Ruminations and insights on hydrodiplomacy. Environ. Sci. Policy

2021, 124, 55–63. [CrossRef]
44. Wilder, M.O.; Varady, R.G.; Gerlak, A.K.; Mumme, S.P.; Flessa, K.W.; Zuniga-Teran, A.A.; Scott, C.A.; Pablos, N.P.; Megdal, S.B.

Hydrodiplo-macy and adaptive governance at the US-Mexico border: 75 years of tradition and innovation in transboundary
water manage-ment. Environ. Sci. Policy 2020, 112, 189–202. [CrossRef]

45. Pétré, M.-A.; Rivera, A. A Synthesis of Knowledge of the Milk River Transboundary Aquifer (Alberta, Canada–Montana, USA); Geological
Survey of Canada: Ottawa, ON, Canada, 2015; 109p.

46. Mirumachi, N.; Allan, J. Revisiting Transboundary Water Governance: POWER, Conflict Cooperation and the Political Economy; CAIWA:
Red Deer, AB, Canada, 2007.

47. Rivera, A.; Candela, L. Fifteen-year experiences of the internationally shared aquifer resources management initiative (ISARM) of
UNESCO at the global scale. J. Hydrol. Reg. Stud. 2018, 20, 5–14. [CrossRef]

48. UN-Water. Indicator 6.5.2. Proportion of Transboundary Basin Area with an Operational Arrangement for Water Cooperation.
Available online: https://www.unwater.org/our-work/integrated-monitoring-initiative-sdg-6/indicator-652-proportion-tra
nsboundary-basin-area (accessed on 3 May 2023).

49. Han, S. The use of transects for resilient design: Core theories and contemporary projects. Landsc. Ecol. 2021, 36, 1567–1582.
[CrossRef]

50. Chinyio, E.; Olomolaiye, P.O. (Eds.) Construction Stakeholder Management; Wiley-Blackwell: Chichester, UK, 2010; ISBN 978-1-4051-
8098-6.

51. The Roles of Each Part of the International St. Mary and Milk Rivers Study Board. Available online: https://www.ijc.org/en/s
mmr/roles-each-part-international-st-mary-and-milk-rivers-study-board (accessed on 9 February 2023).

52. Ettawageshik, F.; Norman, E. From ‘Stakeholder to rights-holder’: Re-examining the role of indigenous peoples in the international
joint commission as the third sovereign. In The First Century of the International Joint Commission; Manifold at UCalgary Press:
Calgary, AB, Canada, 2019. Available online: https://ucp.manifoldapp.org/read/beec925c-7cfa-4807-a73d-e6447aafe047/sectio
n/61870e78-2fd8-4441-a95e-1481545a704b (accessed on 16 June 2023).

53. History of the IJC. International Joint Commission. Available online: https://www.ijc.org/en/who/history (accessed on
8 February 2018).

54. Callegary, J.B.; Megdal, S.B.; Tapia Villaseñor, E.M.; Petersen-Perlman, J.D.; Minjárez Sosa, I.; Monreal, R.; Gray, F.; Grijalva
Noriega, F. Findings and lessons learned from the assessment of the Mexico-United States transboundary San Pedro and Santa
Cruz aquifers: The utility of social science in applied hydrologic research. J. Hydrol. Reg. Stud. 2018, 20, 60–73. [CrossRef]

55. Milk River Watershed Council Canada. Home. Available online: https://www.mrwcc.ca/ (accessed on 16 June 2023).
56. Michel, E.F.K.; Aguilar, C.L.V. Retos de la gestión de una cuenca construida: La península de Yucatán en México. Aqua-Lac 2011,

3, 81–91. [CrossRef]
57. Lindemann, S. Understanding water regime formation—A research framework with lessons from Europe. Glob. Environ. Politics

2008, 8, 117–140. [CrossRef]

https://doi.org/10.1016/j.envint.2009.07.001
https://doi.org/10.1007/s12685-017-0192-3
https://doi.org/10.1016/j.wasec.2017.11.002
https://doi.org/10.1080/02508060.2022.2125234
http://www.revistascisan.unam.mx/voices/pdfs/11804.pdf
http://www.revistascisan.unam.mx/voices/pdfs/11804.pdf
https://doi.org/10.1080/13549839.2015.1129604
https://doi.org/10.1007/978-3-319-61503-5
https://www.globalwaterforum.org/2018/08/31/what-is-water-diplomacy-and-why-should-you-care/
https://www.globalwaterforum.org/2018/08/31/what-is-water-diplomacy-and-why-should-you-care/
https://doi.org/10.1016/j.envsci.2021.06.004
https://doi.org/10.1016/j.envsci.2020.05.013
https://doi.org/10.1016/j.ejrh.2017.12.003
https://www.unwater.org/our-work/integrated-monitoring-initiative-sdg-6/indicator-652-proportion-transboundary-basin-area
https://www.unwater.org/our-work/integrated-monitoring-initiative-sdg-6/indicator-652-proportion-transboundary-basin-area
https://doi.org/10.1007/s10980-020-01172-9
https://www.ijc.org/en/smmr/roles-each-part-international-st-mary-and-milk-rivers-study-board
https://www.ijc.org/en/smmr/roles-each-part-international-st-mary-and-milk-rivers-study-board
https://ucp.manifoldapp.org/read/beec925c-7cfa-4807-a73d-e6447aafe047/section/61870e78-2fd8-4441-a95e-1481545a704b
https://ucp.manifoldapp.org/read/beec925c-7cfa-4807-a73d-e6447aafe047/section/61870e78-2fd8-4441-a95e-1481545a704b
https://www.ijc.org/en/who/history
https://doi.org/10.1016/j.ejrh.2018.08.002
https://www.mrwcc.ca/
https://doi.org/10.29104/phi-aqualac/2011-v3-2-01
https://doi.org/10.1162/glep.2008.8.4.117


Water 2024, 16, 3117 26 of 26

58. UNECE. Transboundary Cooperation in Arab States: Second Regional Report on SDG Indicator 6.5.2.; United Nations Educational,
Scientific and Cultural Organization: London, UK, 2021.

59. Tir, J.; Ackerman, J.T. Politics of formalized river cooperation. J. Peace Res. 2009, 46, 623–640. [CrossRef]
60. Golovina, E.; Pasternak, S.; Tsiglianu, P.; Tselischev, N. Sustainable Management of Transboundary Groundwater Resources: Past

and Future. Sustainability 2021, 13, 12102. [CrossRef]
61. Dinar, S.; Dinar, A.; Kurukulasuriya, P. Scarcity and Cooperation along International Rivers: An Empirical Assessment of Bilateral

Treaties. Int. Stud. Q. 2011, 55, 809–833. [CrossRef]
62. Jägerskog, A. Why states co-operate over shared water: The water negotiations in the Jordan River basin. In Water Resources in the

Middle East; Shuval, H., Dweik, H., Eds.; Springer: Berlin/Heidelberg, Germany, 2007; pp. 195–202. [CrossRef]
63. Yu, W.H. Benefit Sharing in International Rivers: Findings from the Senegal River Basin, the Columbia River Basin, and the Lesotho

Highlands Water Project; The World Bank: Washington, DC, USA, 2008.
64. Phare, M.-A.; Uwaterloo. Water Co-Governance and Collaborative Consent. Presented at the WaterTalks Waterloo, Canada.

Available online: https://www.youtube.com/watch?v=fH7FlDEazNk (accessed on 19 October 2016).
65. García, A.G.; Michel, E.F.K. Las cuencas compartidas entre México, Guatemala y Belice: Un acercamiento a su delimitación y

problemática general. Front. Norte 2011, 23, 131–161.
66. Katusiime, J.; Schütt, B. Integrated Water Resources Management Approaches to Improve Water Resources Governance. Water

2020, 12, 3424. [CrossRef]
67. Jägerskog, A.; Zeitoun, M. Getting Transboundary Water Right: Theory and Practice for Effective Cooperation; SIWI: Stockholm,

Sweden, 2009.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1177/0022343309336800
https://doi.org/10.3390/su132112102
https://doi.org/10.1111/j.1468-2478.2011.00671.x
https://doi.org/10.1007/978-3-540-69509-7_19
https://www.youtube.com/watch?v=fH7FlDEazNk
https://doi.org/10.3390/w12123424

	Introduction 
	Transboundary Aquifers, Groundwater Management–Hydro-Diplomacy and Climate Change Challenges 
	Addressing the Wicked Problem 
	Objectives 

	Methods 
	Key Aspects of This Methodological Approach 
	Two Other Dimensions of the Assessment 
	TWINS Matrix Analysis to Understand Power in Transboundary Water Relations 
	Evaluating Hydro-Diplomacy for the Development of Transboundary Cooperation 


	Results 
	Main Aspects in Stakeholder Analysis and Transboundary Arrangements for Groundwater Management 
	Main Findings from the TWINS Matrix Analysis 

	Discussion 
	First Transect: North–North Case Study 
	Second Transect: North-Meso Case Study 
	Third Transect: Meso-South Case Study 
	Summary of Main Points and Key Observations 

	Conclusions 
	Appendix A
	References

