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Transboundary hydrological basins span international borders and are essential to global water systems,
human development, and environmental sustainability. Nearly 40 % of the world's population lives
within these basins, which supply critical resources such as freshwater, food, energy, and biodiversity.
Yet their sustainability remains poorly understood, as existing assessments often overlook the unique
social, environmental, and political complexities of transboundary basins. This study addresses that gap
by developing and applying a systematic framework to assess Sustainable Development Goals (SDGs)
progress across 310 transboundary basins worldwide. Here we show that transboundary basins score
significantly lower on average SDGs achievement (an SDG Index score of 42 on a scale of 0-100)
compared to national averages (a score of 67), with considerable variation between regions. We identify
four distinct types of transboundary basins in terms of SDGs achievement and associated challenges. We
also show that progress on a specific set of goals can drive broader sustainability within each basin type.
Notably, achieving clean water (SDG 6), sustainable economic growth (SDG 8), and healthy livelihoods
(SDG 3) is linked to overall SDGs success in 38 % of transboundary basins worldwide. Our results
highlight the importance of basin-level analysis for revealing sustainability patterns overlooked by
national assessments. This framework can inform future basin research and support policy development

in transboundary regions.
© 2025 Published by Elsevier B.V. on behalf of Chinese Society for Environmental Sciences, Harbin
Institute of Technology, Chinese Research Academy of Environmental Sciences. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction borders, connecting nations in a complex network of water,
environmental, political, economic, and security-related in-
terdependencies [1,2] and play an essential role in the Earth Sys-
tem [3,4]. Approximately 40 % of the world's population resides in

transboundary basins, while over 90 % lives in countries that share
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these basins [5], their water [6], and other ecosystem services they
provide [4,7]. Encompassing 62 million km? of land globally [6],
hydrological basins provide vital resources for human livelihoods,
host important cultural landmarks, and attract millions of tourists
annually [8]. They are also essential in driving socioeconomic
progress and enhancing human welfare; for example, hydropower
in these basins supplies at least 16 % of electricity and 70 % of
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global renewable energy [9]. Furthermore, transboundary basins
are home to a high proportion of the world's biodiversity [10,11].

The combined impacts of climate change, population growth,
land-use changes including urbanization, and infrastructural
development shape societal and environmental conditions and
trends within national hydrological catchments and trans-
boundary basins [12-14]. However, in transboundary basins, these
driving factors may manifest differently and have diverse societal
and environmental effects across countries or regions within
them, leading to varying levels of achievement of the United Na-
tions (UN) Sustainable Development Goals (SDGs). Different
countries may also have varying biases and limitations in their
reporting of national SDGs achievements. Overall, when viewed
across transboundary basins, these variations may paint different
pictures of regional sustainability than they would for individual
countries or national hydrological catchments.

Furthermore, a combination of scarce water resources and high
population densities, along with water conflicts in some regions
[15], can lead to forced displacement, violent conflicts, and polit-
ical instability [16,17]. Countries located downstream rely on water
inflows from and thus depend on upstream countries within a
transboundary basin. This increases the impact of human activities
on downstream countries by including those driven by actions
outside their national borders. For example, upstream land-use
changes and dam constructions that change runoff and other
water conditions in the downstream countries [18-21]. In trans-
boundary basins, international displacement, conflicts, instability,
and upstream-downstream relationships occur and thus are re-
flected in SDGs achievements across an entire basin, which may
differ from those reported separately for individual countries or
national catchments.

Cooperation between countries within transboundary basins
may be essential for achieving overall regional sustainability. For
example, Indicator 6.5.2 of SDG 6 (clean water and sanitation)
underscores the importance of ensuring equitable and sustainable
water resource management [22]. However, research has thus far
focused primarily on the implementation of SDG 6 at national,
industry, policy, and sector levels, with particular focus on devel-
oping countries as well as agricultural and forest sectors [23-35],
while transboundary basins and the regional sustainability
achievements across them have received little attention.

Overall, compared to individual countries or national catch-
ments, transboundary basins encompass a wider range of varia-
tions across the full spectrum of natural, social, and human
activities, resource dependency, governance, and other conditions
that link to and shape progress toward many SDGs [36,37]
(Supplementary Fig. S1). However, sustainability assessments are
mostly conducted at the country level [38-40] or for national
catchments [41]. This national focus overlooks the unique, big-
picture perspectives, less influenced by national reporting biases,
that transboundary basins can offer, along with their broader
natural-social complexities and sustainability challenges. This has
resulted in the absence of an operational framework for system-
atically assessing overall regional SDGs achievement over trans-
boundary hydrological basins. This study addresses this gap by
developing and applying a systematic framework for synthesizing
and linking nation- and basin-level scales to assess and identify
improvement pathways for overall regional SDGs progress in and
across the world's many transboundary basins.

This study covers 310 transboundary basins worldwide, across
98 indicators of SDGs achievements (Supplementary Table S1). It
quantifies environmental Gini coefficients (EGCs), indicating
environmental inequality, to compute novel combined SDGs
scores for these basins in 2020 and employs a k-means algorithm
to categorize the basins into four main types of clusters based on
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SDG achievement. It also identifies the primary driving factors
underlying this clustering and typology using a classification and
regression tree (CART) model. In addition, by employing a Bayesian
network model, this study quantifies the number of trans-
boundary basins that achieve SDGs under various improvement
avenue scenarios. Overall, the framework developed and tested in
this study can support researchers, policymakers, and local com-
munities in transboundary basin governance, thereby fostering a
deeper understanding of cross-border SDG progress.

2. Methodology

Given the spatial mismatch between hydrological boundaries
and administrative units, understanding and assessing sustain-
ability in transboundary basins requires the integration of multi-
source and multiscale gridded datasets. Previous studies have
focused on either national-level SDGs assessments or hydrological
modeling within individual or multiple selected basins, but few
have systematically addressed SDGs progress across transboundary
basins worldwide. We build upon such efforts by bridging global,
national, and subnational data scales to construct an SDG indicator
system specifically tailored to the transboundary basin context. At
the core of our approach is the EGC, which enables a grid-based
evaluation of available water resource distribution inequalities,
thereby revealing intra-basin disparities and providing a quantita-
tive foundation for constructing basin-level SDG indices. To
reconcile the heterogeneity in spatial and temporal resolution
across datasets, we establish clear principles for indicator selection
(e.g., data availability, thematic relevance to SDGs, and suitability at
the grid or subnational scale) and apply consistent resampling and
normalization procedures to integrate and rasterize SDGs proxies
across national boundaries. This enables the construction of a
composite SDG Index for 310 transboundary basins with coherence,
systematic structure, and methodological soundness.

2.1. Four interrelated steps for calculating SDG index scores in
transboundary basins

The UN utilizes over 230 indicators to assess the 17 SDGs, which
are defined primarily at the global or national level. We propose an
indicator framework tailored for basin-level analysis that in-
tegrates elements from the global indicator framework of the SDGs
and targets, along with the EGC, to depict environmental
inequality. This framework for computing transboundary basins’
SDG Index scores (Supplementary Fig. S2) comprises four key
steps, which reflect two parallel routes of analysis: (1) the current
distribution of water resources in transboundary basins and (2)
the integration of individual SDG as representative categories of
resources.

2.1.1. Step 1: indicator collection and clipping

In transboundary basins, water is a vital resource, and its
equitable and sustainable allocation is crucial for achieving
balanced development between upstream and downstream re-
gions. Achieving such allocation requires a delicate balance be-
tween efficiency and fairness to address the inherent complexities
and sensitivities of basin governance. One of the most prominent
characteristics of transboundary basins is the conflict between
upstream and downstream areas, which centers predominantly on
the allocation of water as a vital resource.

To quantify the distribution of water resources in trans-
boundary basins, this study introduces the EGC, a metric designed
to evaluate allocation equity (Supplementary Text S1). The EGC
extends the application of the traditional Gini coefficient, analo-
gous to the Area-based Resource Gini (AR-Gini) method [42], by
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incorporating economic, ecological, and social dimensions into a
multicriteria evaluation framework. In this framework, the y-axis
represents water availability, while the x-axis comprises multi-
criteria indicators—such as temperature and precipitation—en-
abling an assessment of the equity of water resource distribution
among subbasins. Lower EGC values indicate greater inequality in
distribution, with water resources being disproportionately
concentrated in specific subbasins, often favoring upstream re-
gions over downstream ones.

Recognizing the significance of water resources in trans-
boundary basins, this study utilizes water availability as the
dependent variable in EGC calculations. Water availability is
defined as the net difference between water supply from precip-
itation and water demand from evapotranspiration, which reflects
streamflow and changes in water storage [43]. Based on this
definition, we selected 14 relevant indicators, including one for
precipitation and 13 for evapotranspiration (Supplementary
Table S2). Global raster data were resampled to a resolution of
0.1°, and the data were clipped based on the basin boundaries
delineated in the Transboundary Freshwater Dispute Database
(https://transboundarywaters.science.oregonstate.edu). This pro-
cess yielded a dataset encompassing 636,141 grid points with
complete data coverage for each indicator (Supplementary Fig. S3
and Table S2).

To address the current absence of comprehensive raster-scale
SDGs datasets, this study employs proxy data for SDGs raster-
ization, a widely adopted approach in related research [44,45]. We
selected SDGs data for the year 2020 (Supplementary Table S3)
and accounted for the heterogeneity between upstream and
downstream regions. Given that upstream and downstream areas
are often located in different countries, a regional heterogeneity
allocation method was employed. Specifically, indicators repre-
sentative of the 17 SDGs (e.g., global subnational poverty data as a
proxy for SDG 1 at the subnational level, as detailed in
Supplementary Table S3) were standardized to a 0-1 scale to
generate weights. These weights were then multiplied by
national-level SDG data, enabling the allocation and mapping of
SDG indicators from the national to the subnational level, ulti-
mately producing rasterized data for subregions within trans-
boundary basins (Supplementary Fig. S4 and Table S3).

It is noteworthy that the 17 SDGs can be conceptualized as
representing 17 categories of critical resources. For example, SDG 4
(quality education) reflects educational resources, SDG 6 (clean
water and sanitation) represents water resources, and SDG 7
(affordable and clean energy) corresponds to clean energy re-
sources. In the context of transboundary basins, achieving SDGs
essentially reflects the goal of equitable resource allocation. By
employing the EGC method, this study not only highlights the
inequalities in water resource distribution between upstream and
downstream regions but also provides a quantitative tool to
deepen our understanding of the equity of resource allocation
within basins. This approach offers critical insights and support for
advancing the comprehensive objectives of the SDGs.

2.1.2. Step 2: EGC determination indicators

We developed three models to select key indicators for calcu-
lating the EGC: a model based on the Akaike information criterion
(AIC) to evaluate the optimal number of indicators, a regression
model to address collinearity issues, and a random forest (RF)
model to assess the importance of indicators.

The AIC, which introduces a penalty term to minimize model
parameters, was used to screen indicator combinations, thereby
enhancing model-fitting performance and reducing the risk of
overfitting. The analysis revealed that when the indicator set
included six variables, the model achieved the minimum AIC
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value, indicating that this combination was optimal for con-
structing a model to assess the distribution of water resource
availability.

To address collinearity issues, we applied a multiple linear
regression model to evaluate the relationships between 14
explanatory variables and the dependent variable. Collinearity (or
multicollinearity) refers to a high correlation among two or more
variables in a statistical model, which can obscure the identifica-
tion of true predictors of the dependent variable [46]. Variance
inflation factor (VIF) analysis was conducted to identify and
exclude variables with VIF values greater than 5, thereby miti-
gating multicollinearity [30]. This process resulted in the exclusion
of five indicators, leaving nine variables for the RF model.

To identify the most influential variables in the RF model and
their relationships with water resource availability, we calculated
the importance of the Shapley additive explanations (SHAP)
feature for each variable. SHAP is a game-theoretic approach that
quantifies the contribution of each feature to a model's pre-
dictions, providing an interpretable framework for machine
learning outputs. Based on the SHAP feature importance analysis,
we selected six key indicators (2 m temperature, wind speed, leaf
area index, normalized difference vegetation index, groundwater
storage, and population) with SHAP values exceeding 13 for EGC
calculation (see Supplementary Table S4).

The integration of these three approaches ensured the robust-
ness and scientific validity of the model, thereby providing a
reliable basis for calculating EGC.

2.1.3. Step 3: EGC calculation

Several methods have been developed to calculate the Gini
coefficient accurately, with most studies using the Lorenz curve
and trapezoidal area methods to approximate its value. This
method involves approximating the Gini coefficient by summing
the areas of all trapezoids under the Lorenz curve [47]. In this
study, the EGC was first calculated from a subbasin perspective,
considering all grids controlled by each subbasin. The subbasins
were ordered based on the ratio of explanatory variables to the
dependent variable, from smallest to largest. Then, the cumulative
proportion of each explanatory variable, along with the corre-
sponding cumulative proportion of the dependent variable in each
grid, was calculated. The calculation formulas are as follows
[47-49]:

n

G=1->_ (%0~ X-n) (Yio + Vo)) Y

i=1
E=YG. (2)
j

where j represents the index of the variable, such as total precip-
itation for the first variable, 2 m temperature for the second, etc.; i
represents the grid number controlled by each subbasin; G; is the
Gini coefficient calculated for variable j; Xj; is the cumulative
proportion of variable j for grid i; and Yj is the cumulative pro-
portion of available water for grid i. When i = 1, (Xji_1), Yji-1)) =
(0,0). E represents the overall EGC. A higher EGC value indicates
that a given subbasin possesses more abundant resources,
particularly available water. However, since the total available
water within the same basin remains constant, this implies that
other subbasins have less available water, resulting in greater
inequality in resource distribution.

2.14. Step 4: SDGs for transboundary basins
We sourced our indicators from the 2020 SDG Index and
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Dashboards Report, an official publication by the UN based on its
Indicators and Monitoring Framework for the Sustainable Develop-
ment Goals report. The Sustainable Development Solutions
Network has annually assessed progress toward the 17 SDGs since
2015 through the SDG Index and Dashboards Report, which offers
a rigorous, quantitative, and transparent methodology for gauging
changes in the SDGs and was employed to calculate the SDG Index
score in this study.

We combined the EGC of the subbasins contained within each
country (i.e., for each basic calculation unit) with the country's
SDG Index score to compute the SDG Index score for each trans-
boundary basin, which serves as a composite measure that in-
tegrates individual scores for all 17 SDGs and indicates the overall
performance of each transboundary basin in advancing toward the
SDGs [50,51]. In calculating the SDG Index score, all 17 SDGs are
assigned equal weight, underscoring the significance of incorpo-
rating comprehensive solutions for each SDG [39]. The computed
scores for the 17 SDGs in the transboundary basins are depicted in
Supplementary Fig. S5.

2.2. Pattern recognition (clustering)

We applied the k-means algorithm to cluster the SDG Index
scores and individual SDGs of 310 transboundary basins, which
resulted in the global transboundary basins being categorized into
four distinct clusters (Supplementary Fig. S6 and Table S5). The k-
means algorithm, selected for its centroid-based partitioning
clustering method, was considered suitable for the dataset due to
the number of data points (n) and its exclusive segregation
approach, which assigns each object to precisely one group. Here, k
represents the number of specified clusters, with k < n. Essentially,
the algorithm divides the data into k groups, each characterized by
a defined centroid, thereby ensuring that each group contains at
least one object [52].

The objective function for the k-means clustering algorithm is
the squared error function [53]:

J=§jiH(x,~ﬂk>2H, (3)

=1 i=1

where ] is the objective function (sum of the squared error), k is the
number of clusters, n is the number of objects (data points), x;
represents object i, u; is the centroid for the cluster containing x;,
and (x; —u;) denotes the Euclidean distance between point x; and
centroid .

2.3. Correlation analysis

We employed Pearson correlation coefficients to approximate
the interactions among the SDGs [40]. A positive value indicated
synergy, while a negative value suggested a trade-off; the absolute
value of the correlation coefficient denoted the strength of the
interaction. Subsequently, we computed the Pearson correlation
between each pair of SDGs, utilizing significant correlation co-
efficients (p < 0.05) for further analyses.

2.4. Classification and regression tree

To identify the most influential SDGs and their key indicators
shaping transboundary basins, we applied the CART algorithm.
CART is a decision tree-based technique widely used in explor-
atory data analysis and predictive modeling due to its ability to
handle complex datasets and uncover hierarchical relationships
among variables. This method was used to divide the dataset into
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increasingly homogeneous subgroups through recursive binary
splitting, enabling the identification of key indicators and
thresholds that drive variations in SDG Index scores. Given the
continuous nature of this indicator, CART regression methods were
employed, using the analysis of variance criterion to minimize
within-group variance and maximize between-group differences
[54].

By employing CART, we pinpointed the SDGs and indicators
most critical to influencing SDG performance across different
clusters of transboundary basins. The approach not only high-
lighted the primary contributors to sustainability challenges but
also captured the nuanced interplay between SDGs at the basin
level, providing actionable insights for policy design and resource
allocation in transboundary contexts.

2.5. Scenario analysis

Given the pessimistic outlook on the sustainable development
of transboundary basins in 2020, we employed Bayesian networks
to conduct scenario analyses focusing on the most critical goals for
global transboundary basin development (SDGs 3, 6, and 8). A
Bayesian network—also known as a belief network, probability
network, or causal network—is a concise and intuitive directed
acyclic graph structure [55]. In this structure, nodes represent
random variables—either discrete or continuous—and the
directed edges indicate the interdependence between these nodes.
Each node in the network is associated with a conditional proba-
bility distribution, thereby providing valuable information on the
probability.

Bayesian networks are adept at data mining and can uncover
quantitative relationships between variables through parameter
settings [56]. Leveraging Bayesian posterior probability prediction
capability, we can assess the influence of specific variables on
target nodes across various scenarios. In this study, scenario as-
sumptions were based primarily on the following principles:
identifying the most critical SDG for each clustered transboundary
basin as the evidence node for scenario analysis and selecting
multiple significant SDGs as prediction scenarios simultaneously.

3. Results
3.1. Sustainable development in transboundary basins worldwide

A major difference emerged between the global average SDG
Index score of 42 for the 310 transboundary basins (on a scale
ranging from O [worst] to 100 [best]) and that of 67 for individual
countries worldwide (Supplementary Text S2). The difference re-
flects the steeper sustainability challenges faced in transboundary
basins, with their wider-ranging conditions and higher
complexity, including international resource sharing and collabo-
ration difficulties, compared to individual countries or national
catchments. The corresponding differences for different world
regions and specific SDGs are discussed further in the Supple-
mentary Text S2. Focusing here on the scores for transboundary
basins, those in Europe had the highest median SDG Index score
(66.5), followed by North America (48), South America (47), Asia
(34), and Africa (19) (Fig. 1b).

The basins in Europe thus exhibited generally high SDG Index
scores, along with high EGC values (average 0.51; Supplementary
Text S1), reflecting a relatively balanced resource allocation across
the continent. Basins such as the Isonzo (an SDG Index score of 78),
the Gauja (75), and the Vecht (74) formed European clusters of
high-value aggregation. In contrast, transboundary basins in Africa
had relatively low SDG Index scores—for example, basins such as
Galana (54.5), Congo (19), and Nile (13) formed African clusters of
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Fig. 1. SDG Index scores of transboundary basins and individual SDG Index scores across continents in 2020. a, SDG Index scores in 2020. b, Distribution of continental-level SDG
Index scores in 2020. The violin plots show the distribution density of SDG Index scores for transboundary basins within each continent. Boxplots indicate the interquartile range
(IQR), median (central line), and whiskers (1.5IQR). The overlaid dots represent individual transboundary basins. The crosses ( x ) denote the mean SDG Index scores, and the
accompanying numbers indicate the corresponding values. ¢, Cumulative continental-level individual SDG Index scores in 2020. See Supplementary Table S1 for a description of
each SDG number. AF: Africa; AS: Asia; EU: Europe; NA: North America; SA: South America.

low-value aggregation. However, the EGC values of these basins
(average 0.40) were not the lowest. North and South American
transboundary basins, such as Oiapoque (64) in South America and
Saint Croix (73) and Skagit (72) in North America, had relatively
high SDG Index scores. Due to variations in precipitation, its par-
titioning between evapotranspiration and runoff, and other natu-
ral conditions, the North and South American basins had distinctly
different EGC values (0.47 and 0.39, respectively). While North
American countries had outstanding national-level SDG Index
scores, particularly the United States (76) and Canada (78), the
corresponding transboundary basin scores—for example, the ba-
sins of Mississippi (30) and Nelson-Saskatchewan (36), which are
shared between the United States and Canada—were relatively
low. These regional differences highlight that transboundary water
governance, water security, and resource equity are critical factors
in achieving the SDGs (Supplementary Text S2). Notably, the EGC
value (0.51) for Asia was identical to that for Europe, and the SDG

Index scores of transboundary basins in Southeast Asia outpaced
those in Central Asia. This was particularly true for transboundary
basins jointly managed by China and countries such as India,
Myanmar, and Thailand, including those of the Mekong (37) and
Irrawaddy (37) (Fig. 1a).

The SDG Index scores of most transboundary basins worldwide
were concentrated around the second quartile (Q2) value of
approximately 42, with similar median and mean score values
across each continent. The scores of individual transboundary
basins were relatively evenly distributed over the whole score
scale in Africa and South America, concentrated around the me-
dian in North America, and more concentrated around the third
quartile (Q3) in Europe and Asia (for further statistical details, see
Supplementary Table S6).

Overall, the transboundary basins continue to face pressing
issues, necessitating urgent attention to their shared cross-border
attributes. This was particularly evident in their relatively small
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progress on SDG 2 (zero hunger), which lagged behind other SDGs,
with an average score of 27 (Fig. 1c). While European trans-
boundary basins had relatively high SDGs scores, they still faced
challenges in enhancing the protection of aquatic resources to
meet SDG 14 (life below water; score of 29). The South American
transboundary basins excelled in SDG 1 (no poverty; 63) and SDG
12 (responsible consumption and production; 62) but had lower
scores in other SDGs. Transboundary basins in North America and
Asia exhibited SDG performance similar to those in South America,
but the North American basins were still grappling with the
challenges of zero hunger (SDG 2; 17). The African transboundary
basins showed limited progress across most SDGs yet exhibited
good performance for SDGs 12 (responsible consumption and
production; 51) and 13 (climate action; 54).

3.2. Challenges persist for sustainable development in
transboundary basins

Four distinct transboundary basin types (I-1V; Fig. 2) emerged
as clusters based on their SDG Index scores and individual SDG
performances (Supplementary Fig. S5 and Table S5). Clustering
revealed distinct sustainable development challenges for each
basin type due to the complex interplay of various factors within
each basin (e.g., access to clean water, economic growth, and
transboundary cooperation). Overall, SDG 6 (clean water and
sanitation) emerged as a generally important SDG, which remains
to be achieved across basins globally, followed by SDG 8 (decent
work and economic growth) (Fig. 2).

Positive and negative SDGs scores correlations further indi-
cated possible synergies and trade-offs associated with the various
SDGs in the transboundary basins (Fig. 3). These correlations
indicate possible synergistic opportunities for and trade-off bar-
riers to future sustainable development trajectories in trans-
boundary basins. Overall, considerably more synergies (positive
correlations) than trade-offs (negative correlations) emerged
across all four basin clusters. Examining all 17 SDGs across all
basins worldwide showed trade-offs between SDG 12 (responsible
consumption and production) and SDG 13 (climate action) with
other SDGs. Major trade-offs, characterized by relatively strong
negative exponential score correlations, were seen primarily for
Cluster III (inclusive growth basins) and Cluster I (institutional
governance basins), particularly between SDG 2 (zero hunger) and
SDG 10 (reduced inequalities). In contrast, no trade-offs were seen
for Cluster II (sustained growth basins), while Cluster IV (social
coordination basins) showed trade-offs between SDG 10 and SDG
15 (life on land).

For Cluster I (institutional governance basins), management
and cooperation mechanisms emerged as essential for ensuring
sustainable management of natural resources (Fig. 4a), as part of
the performance for SDG 16 for peace, justice, and strong in-
stitutions (Fig. 2b). Many basins in this cluster are situated in North
America, Northeast Asia, and Eastern Europe, including the Amur
River, Fraser River, and Yukon River. The average SDG Index score
for this type of transboundary basin was 49 (Supplementary
Table S7), 7 points higher than the global average.

Basins in Cluster II (sustained growth basins) face challenges
such as poor water quality, poverty, and high disease prevalence
(Fig. 4b). Cluster II basins are found primarily in Central North
America, Central Asia, and Africa, including the Niger River. The
most influential SDGs in this cluster were SDG 6 (clean water and
sanitation), SDG 8 (decent work and economic growth), and SDG 1
(no poverty) (Fig. 2b).

Basins in Cluster Il (inclusive growth basins) are primarily
situated in Western Europe and face the main challenge of
reconciling urban development with environmental conservation
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(Fig. 4c). These basins are typically located in regions with robust
economic development and high social well-being, as exemplified
by high achievement levels for Goal 8 (decent work and economic
growth) and Goal 11 (sustainable cities and communities) (Fig. 2b),
including the Seine River basin and the Rhine-Meuse River basin.
Cluster III transboundary basins had the overall highest SDG Index
scores (Supplementary Table S7), showing complementary ad-
vancements in both river ecosystems and human settlement well-
being.

Basins in Cluster IV (social coordination basins) are especially
prone to extreme hydrological events, such as flooding or extreme
aridity (Fig. 4d). They have a relatively dominant presence in South
America and South Asia, with examples including the Amazon
River and Mekong River basins. This type of transboundary basin
exhibited a relatively low SDG Index score of 36 (Supplementary
Table S7).

3.3. Multifaceted goal cooperation needed for SDG achievement

As per the SDG Index scores recorded in 2020, only three
transboundary basins in the inclusive growth basin type (Cluster
III) had reached the target level of “SDG achieved” (Fig. 5a), indi-
cating substantial impediments to SDG progress in transboundary
basins worldwide. Globally, the majority of basins were still at the
“Challenges remain” and “Significant challenges” levels—com-
prising 84 and 90 basins, respectively—and 58 basins were at the
“Major challenges” level. Among the four types of basin clusters,
the majority of basins (50) in Cluster Il were at the “Challenges
remain” level, while the majority of basins in Clusters II (53) and IV
(45) were at the “Major challenges” and “Significant challenges”
levels, respectively. In Cluster I, basins were divided between the
“Challenges remain” level (32) and the “Significant challenges”
level (39).

Although SDG 6 is a broadly important goal that remains unmet
across the different basin clusters (Fig. 2b), focusing solely on
achieving this goal has yielded relatively limited progress toward
overall sustainability, with only about 17 transboundary basins
worldwide potentially achieving sustainable development under
this scenario (Fig. 4b). Notably, Cluster Il basins showed the
highest sustainability potential in this regard, with six of these
basins capable of achieving sustainable development in this way.
However, if both the water goal (SDG 6) and the economic growth
goal (SDG 8) are achieved concurrently, approximately 17 % of all
transboundary basins could realize sustainable development.
Furthermore, should residents in the transboundary basins
concurrently attain clean water (SDG 6), rapid economic growth
(SDG 8), and healthy livelihoods (SDG 3), around 38 % of all basins
could achieve sustainable development. These results underscore
the interconnected nature of sustainable development across the
SDGs in each transboundary basin, highlighting the necessity for
cooperation on multiple goals.

Scenarios in which the most critical SDG for each basin type
(cluster) is achieved further revealed that achieving peace, justice,
and strong institutions (SDG 16) in Cluster I also promotes the
achievement of SDG 3 (healthy lives for basin residents; Fig. 3),
resulting in approximately 17 additional transboundary basins
achieving sustainable development compared to the baseline
(Fig. 5c¢). For Cluster II, the achievement of SDG 6 (access to clean
water and sanitation) and SDG 15 (ecosystem conservation and
sustainable land use) showed synergistic effects on overall sus-
tainable development achievement in these basins. In contrast, the
achievement of SDG 8 showed divergent effects for overall sus-
tainability achievement in Cluster III and IV basins. Notably,
prioritizing environmental and ecological sustainability (SDGs
13-15), alongside food security and sustainable agriculture (SDG
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Fig. 2. Clustering patterns of transboundary basins worldwide. a, Distribution of transboundary basins across the four clustered types. b, Importance proportion for individual
SDG in the different basin types (clusters). The color of each bubble represents the corresponding SDG, and the bubble size indicates the proportion of its importance. The
numerical values next to the top three SDGs in each cluster indicate their relative importance rankings. ¢, Importance proportion for indicators of the most critical individual SDG
for each basin type (cluster). Abbreviations for the indicators are listed in Supplementary Table S1. The importance proportion for SDGs (panel b) and indicators (panel c¢) are

determined by the classification and regression tree model.

2), could further enhance the positioning of basins in Cluster III as
general frontrunners in sustainable development. Moreover,
prioritizing quality education and lifelong learning opportunities
(SDG 4), along with economic growth (SDG 8), could promote
overall sustainability attainment in approximately seven more
transboundary basins compared to the baseline scenario. These
findings underscore the need for cooperation on multiple SDGs for
sustainable development in transboundary basins.

4. Discussion
4.1. Insights from the quantitative findings

This study has developed, applied, and tested a novel frame-
work for evaluating sustainable development in transboundary
basins. The spatiotemporal sustainability statuses of all 17 SDGs
across 310 transboundary basins worldwide in 2020 were

evaluated using this framework. The results revealed the SDG
performance and challenge clustering of four main types of basins,
identifying pivotal driving factors based on SDG achievement thus
far. Furthermore, a scenario analysis was conducted to assess
critical SDGs achievements toward achieving overall sustainabil-
ity. Globally, and across most of the four basin clusters (albeit in
varying orders), SDG 6 (clean water and sanitation), SDG 8 (decent
work and economic growth), and SDG 16 (peace, justice, and
strong institutions) emerged as key goals for achieving wider
sustainability attainment.

For comparison, we also considered the 2016 United Nations
Environment Programme - Danish Hydraulic Institute Centre on
Water and Environment report, “Transboundary River Basins: Status
and Trends” [11], which provides valuable insights into trans-
boundary water management and mentions support for the SDGs.
In contrast, our study quantified the overall regional SDGs status of
the basins, identified areas where further progress on SDGs was
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Fig. 3. SDG correlations for the four clustered types of transboundary basins. Only significant correlation coefficients (p < 0.05) are shown. Correlation pairs that did not pass the

significance test are marked with a cross (

x ).

needed, and revealed emerging patterns and clustering of different
types of SDG behavior across the basins. Considering, for example,
SDG 6, which is emerging as the most important SDG globally, this
study reveals the multifaceted interplay of factors—natural envi-
ronments, stressors, management, and collaboration strat-
egies—that determine the condition of water resources and the
overall achievement of sustainable development in each trans-
boundary basin.

For all transboundary basins defined as big (24 out of 310), the
average SDG Index score was 35—that is, 7 points below the global
average across all 310 basins (Supplementary Text S4). This dif-
ference highlights the importance of basin scale for overall sus-
tainability achievement, likely due to the wider conditions and
complexity ranges faced in larger basins. The following section
further discusses the spatiotemporal variations in SDG achieve-
ment in and among the transboundary basins. Forthcoming
research needs to delve deeper into the reasons for these varia-
tions, including cross-border and scale effects, and the synergies
and trade-offs of different SDGs (Fig. 3) within transboundary
basins [29,40,57,58].

4.2. Interpreting spatiotemporal variations in SDG achievement

The results of this study revealed substantial geographic

variation in the average SDG Index scores of transboundary basins
worldwide, with European basins notably performing better and
African basins, on average, lagging considerably behind. The
geographic SDGs score patterns may stem from a variety of factors,
encompassing the influence of distinct regional policies,
geographical attributes, climate conditions and their changes,
economic dynamics, and infrastructure development [2,59-61].
For instance, Africa houses many transboundary basins (68),
stemming from the historical legacy of arbitrary territorial di-
visions during the colonial era [62,63]. Furthermore, some trans-
boundary basins in Africa are jointly managed by up to ten
countries, amplifying the political complexities of water resource
governance on the continent [1]. While this intricate situation
could be one of the factors influencing the systematically lower
SDG Index scores for African transboundary basins, other aspects
such as economic capacity, institutional frameworks, and data
availability may also play important roles. In contrast, Europe
hosts the largest number of transboundary basins globally (88)
and has developed one of the most comprehensive transboundary
water governance systems since 1980 [64]. It is the only continent
that has developed an overarching treaty framework, the United
Nations Economic Commission for Europe Water Convention and
its protocols [65]. With the introduction of the European Union
(EU) Water Framework Directive in 2000, earlier water governance
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Fig. 4. Conceptual illustrations of the four basin type clusters, highlighting the most critical SDGs for each type. a, Cluster I (institutional governance basins) emphasizes
institutional cooperation and governance with strong performance in SDG 16. b, Cluster II (sustained growth basins) faces multiple development challenges, including water
quality, poverty, and health issues. ¢, Cluster IIl (inclusive growth basins) balances urban development and environmental protection with high SDG performance. d, Cluster IV
(social coordination basins) is prone to extreme hydrological events requiring enhanced social coordination. The most critical SDGs for each cluster are labeled in the figure. For

detailed information and specific cases, see Supplementary Text S3.

models in EU countries shifted toward a more comprehensive,
coordinated, integrated, and universal approach—one applied to
whole river basins and requiring stakeholder consultation and
participation in decision-making and planning processes. More-
over, Europe experiences relatively few of the major anthropo-
genic pressures that are common and that significantly complicate
hydropolitics elsewhere. For example, most European trans-
boundary basins lack excessive population pressures, and both
upstream and downstream countries are typically affluent, envi-
ronmentally aware, and do not typically drive unilateral water
development agendas [38]. Additionally, a longstanding history of
cooperation characterizes most European transboundary basins,
with environmental protection largely a shared political priority
within the EU. Nonetheless, it is crucial to acknowledge that pol-
lutants discharged and leaked from human activities have
continuously and persistently degraded the water environment in
some European basins [66], over long periods, and continue to do
so [67,68]. Therefore, concerted sustainable development efforts
are essential to alleviate mounting and persistent pollution pres-
sures on the inland and coastal waters of these basins [69-71].
Crises and disasters occurring at various times can significantly
impact sustainable development in transboundary basins, as in

other parts of the world. For example, in 2019, a crisis emer-
ged—the COVID-19 pandemic—that resulted in substantial excess
mortality worldwide, with approximately 14.83 million deaths
recorded between 2020 and 2021 [72]. This pandemic led to
various challenges, including groundwater shortages resulting
from increased water usage [73], difficulties accessing drinking
water due to epidemic lockdowns, and sanitation issues stemming
from inadequate facilities for informal settlement populations
[74]. Indicator SDG 6 (population using at least basic drinking
water services) (Fig. 2c) highlights the significant challenges of
managing these multifaceted issues and the difficulties in trans-
boundary basins that may already be facing long-term water se-
curity crises [75]. While societies and economies have resumed
their development following the normalization of the pandemic,
some lingering adverse impacts may persist, hindering sustainable
development.

Some studies have indicated that certain transboundary basins
in North America, particularly the Mississippi River Basin (SDG
Index score 30) and the Nelson-Saskatchewan River Basin (36),
have specific factors contributing to their relatively low SDG Index
scores. These include limited forest cover, resulting in poor carbon
sequestration capacity [76], significant intercontinental and
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Fig. 5. Scenario analysis for promoting SDG achievement in transboundary basins. a, The number of transboundary basins at each level of SDG achievement globally and across
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international resource distribution issues [77], and severe water types of national development status (e.g., developed versus
pollution problems [78-80]. As such, although the North American developing countries). Additionally, efforts should be directed to-
SDG Index scores are relatively high overall, some transboundary ward improving and refining data and methodologies for exam-
basins in this region still face major challenges in sustainable ining the interactions between the upstream and downstream
development. sections of transboundary basins. Greater consideration should
also be given to regional downscaling of planetary boundaries
[82-84] and the roles and interactions of such boundaries with the

4.3. Study limitati d call th h
udy limitations and calls for further researc various SDGs.

We combined the 2020 Sustainable Development Report data
with the EGC approach to calculate the sustainable development 4.4. Three complementary key qualitative aspects
dataset for transboundary basins. The selection of different SDG

indicators, as well as the methods used for measuring SDG per- Unlike prior studies that focused mainly on national or
formance and clustering basins into different types, affected the administratively/politically structured regional SDG achievements
results [40]. [85-87], this study integrated transboundary basin and EGC per-

Furthermore, due to methodological and data collection limi- spectives in assessing the natural-physical structuring (topo-

tations, the data in the Sustainable Development Report could not be graphically determined bounding) of these basins and the
directly compared across consecutive years [40]. We chose 2020 as associated regional sustainability achievements and inequalities,
the analysis year for this study, consistent with prior research that thereby offering a novel lens to evaluate disparities in SDG prog-
similarly evaluated the state of sustainable development using ress. The findings of this study complement the key insights
data exclusively from that year [81]. This limitation prevented a gained from more qualitative global sustainability assessments. In
temporal analysis of SDG progress and its relationship with EGC particular, a heightened focus and emphasis are needed on the
over time. Moreover, while we used the EGC approach to allocate three main complementary aspects of sustainability.

resources in other sectors based on the distribution of water re- Firstly, although SDG 5 (gender equality) did not emerge as the
sources, there is a need to examine the temporal relationship be- most critical factor for any basin type (cluster), its importance
tween EGC values and SDGs progress in greater depth. ranked among the top three for inclusive growth basins (Cluster

For a comprehensive understanding of SDG progress, forth- III) and social coordination basins (Cluster IV) (Fig. 2b). Therefore,
coming research needs to delve deeper into variations in sus- it is essential to enhance women's representation and capacity

tainable development progress over time and within smaller within the public administrative organizations involved in trans-
subbasins (more finely resolved basic calculation units) to quantify boundary water management. Whereas previous research has

the variation ranges and decipher their causes within and among underscored the importance of including women in negotiation
transboundary basins. Further exploration should also address and inclusivity efforts for fragile transboundary basins [88], we
how variations in sustainability development relate to various further highlight a persistent disparity in this context: although

10
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women are often responsible for household water security, they
remain underrepresented in decision-making processes. This un-
derrepresentation not only affects SDG 5 but also hampers prog-
ress toward the globally most important SDG 6 (clean water and
sanitation), since women's participation in water governance is
critical for sustainable water management. Furthermore, in re-
gions prone to extreme hydrological events, women dispropor-
tionately bear additional responsibilities, such as collecting water
during crises, highlighting the need for further improvement in
achieving inclusive and sustainable water management [89,90].

Second, multiparty cooperation (SDG 16) remains a pivotal
element for resolving water disputes. For instance, studies exam-
ining the Syr Darya Basin have highlighted that adhering to
cooperation agreements benefits all basin countries [91]. However,
our findings suggest considerable variations in cooperation effec-
tiveness depending on governance structures and geopolitical
contexts, with power asymmetries among riparian states often
dictating the form and extent of collaboration. Another example is
the Mekong River, which falls under the oversight of the Mekong
River Commission. During a downstream drought in spring 2016,
upstream countries released emergency reservoir water, which
mitigated the crisis downstream and fostered regional cooperation
[92]. In February 2024, UN Water conducted the Global Workshop
on Droughts in Transboundary Basins, which emphasized that
droughts are projected to become more frequent due to the im-
pacts of climate change, with collaborative efforts in trans-
boundary basins becoming increasingly imperative to sustainably
meet—as well as mitigate and adapt to—these changes [93].
Currently, scholars are investigating transboundary cooperation to
improve our understanding of stakeholders’ strategies and be-
haviors [2,94], thereby supporting the design of more effective
cooperation mechanisms that are crucial for transboundary SDG
management.

Lastly, effective management of transboundary basins requires
not only enhanced governance skills among professionals but also
increased awareness of sustainable development among residents
in these areas [95] (SDG 4). Douven et al. [96] indicated that the
training of riparian professionals leads to improved implementa-
tion capacities. However, the sustainable development of trans-
boundary basins cannot rely solely on the efforts of a few
individuals. It also requires continuing public awareness and ed-
ucation. Adopting approaches such as role-playing or games in
transboundary basin governance can foster awareness of sustain-
able development requirements from an early age and across a
range of stakeholders [97,98]. Through such activities, diverse
participants can assume roles different from their own, thereby
nurturing various abilities for policy sensitivity, resource man-
agement, decision-making, and conflict mediation. This will also
reinforce SDG 17 (partnerships for the goals) by fostering collab-
orative efforts across different sectors and stakeholders to achieve
sustainable basin management.

5. Conclusions

This study developed and applied a systematic framework to
assess SDGs progress across 310 transboundary basins worldwide.
On average, these basins scored significantly lower than individual
countries, reflecting their more complex socioenvironmental and
governance conditions. We identified substantial regional dispar-
ities and grouped the basins into four types, each facing distinct
sustainability challenges. Clean water (SDG 6), economic growth
(SDG 8), and health (SDG 3) emerged as key goals associated with
overall progress, particularly in 38 % of the basins, where targeted
improvements in these areas could drive broader sustainability
gains. The results also highlighted varying synergies and trade-offs

1
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among SDGs across basin types, underscoring the need for
context-specific strategies. While the framework cannot address
all the complexities of transboundary SDGs assessment, it pro-
vides a structured lens for understanding regional dynamics that
are often overlooked in national evaluations. These findings can
support future research and policy dialog on transboundary water
governance and sustainable development.
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