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Abstract: A watershed is a geographic space with ecosystem functions shaped and maintained by ecological and socioeconomic
processes that directly or indirectly influence human well-being. This study examines the evolution of 2,675 scientific
publications through a systematic literature review (SLR) that integrates bibliometric and content analysis. Given the
vast amount of information, the use of Big Data tools from machine learning—specifically the Latent Dirichlet
Allocation (LDA) model-—was necessary to construct a TopicScore index for selecting the articles with the highest
co-occurrence. This approach enables us to address the following research questions: How is the watershed
conceptualized as an object of evaluation? What does watershed sustainability entail? Finally, the study examines
existing publication trends in relation to the United Nations' global agendas. The findings identify four main thematic
axes: Groundwater, Hydrological and Land-use Indicators, Climate Change, and Socioecosystem, as well as the
diverse conceptual and methodological approaches applied to assessing watershed sustainability over time.
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1. INTRODUCTION

1.1 Watershed approach and the global agenda

In 1992, a breakthrough was made in the global agenda regarding water resources and
sustainable development, as agreements were reached that remain in force today (Koudstaal et
al.,1992). First, the principles of Integrated Water Resources Management (IWRM) were presented
at the Conference on Water and the Environment (Dublin), which highlighted the importance of
adopting a holistic, territorial framework for global water management (Moriarty et al., 2000). This
conference highlighted the importance of a participatory approach and the fundamental role of
women in decision-making. Water was recognized as an economic good, as was the promotion of
decentralization processes in its management (Rahaman et al., 2004).

These principles were complemented by those established months later at the United Nations
Conference on Environment and Development (Rio de Janeiro), known as the Earth Summit. At this
summit, the watershed was recognized as the ideal spatial unit for the sustainable planning and
management of natural resources, integrating ecological, social, and economic dimensions in a
single territory. This is due to its importance in water conservation, biodiversity, and adaptation to
climate change. Furthermore, the need to monitor territorial elements to evaluate the effectiveness
of transitional actions toward sustainable development and to follow up on these actions was
emphasized (UN, 1992).
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These conferences had a major impact on the global development agenda, with the consolidation
of the concept of sustainability, initially promoted at the Earth Summit in Rio de Janeiro in 1992
and taken up again at the Rio+20 conference (Elder and Griinewald, 2025; Linnér and Selin, 2013),
which led to a reassessment of the relevance of the global development agenda, that is, the
Millennium Development Goals (MDGs), focused on poverty reduction in developing countries
from a multidimensional perspective (Loewe, 2012). As a result, two independent United Nations
working groups were created: one to debate whether to adopt a new global development agenda; the
other to compile a list of possible sustainability goals that more broadly integrate the economic,
social, and environmental dimensions to complement the MDGs. This led to the Millennium
Development Goals being phased out in 2015, paving the way for a new global agenda, called the
Sustainable Development Goals (SDGs), known as the 2030 Agenda (Gain et al., 2016).

The 2030 Agenda for Sustainable Development was adopted by the United Nations General
Assembly in September 2015. The Agenda comprises 17 SDGs and 169 targets, measured by more
than 200 indicators (UN, 2015). These objectives aim to guide global development toward
sustainability (Glaser, 2012), which goes beyond the fight against poverty.

While the indicators and targets are connected by the social, environmental, and economic
dimensions, the agenda has a goal dedicated to water and sanitation (SDG6) with eight global
targets and indicators, as shown in Table 1 (UN, 2025). These are evaluated annually by each
member country of the United Nations. Compliance with the SDG 6 indicators depends largely on
the protection and restoration of natural ecosystems, such as watersheds (Mulligan et al., 2020).

Table 1. Targets and Indicators of SDG 6: Clean Water and Sanitation

Target Name Indicator Name

6.1 Achieve universal and equitable access to safe
and affordable drinking water for all

6.2. Achieve access to adequate and equitable
sanitation and hygiene for all and end open
defecation

6.3. Improve water quality by reducing pollution,
eliminating dumping and minimizing release of
hazardous chemical and materials

Substantially increase water-use efficiency across
all sectors and ensure sustainable withdrawals and
supply of freshwater

6.5. Implement integrated water resources
management at all levels, including through
transboundary cooperation

6.6. Protect and restore water-related ecosystems,
including mountains, forests, wetlands, rivers,
aquifers and lakes

6.a. Expand international cooperation and capacity-
building support to developing countries

6.b. Support and strengthen the participation of
local communities for improving water and
sanitation management

6.1.1. Proportion of population use safely managed drinking water
services.

6.2.1. Proportion of population use (a) safely managed sanitation
services and (b) a hand-washing facility with soap and water.

6.2.2. Proportion of population using (a) safely managed sanitation
services and (b) facilities that are not shared with other households.
6.3.1. Proportion of domestic and industrial wastewater flows safely
treated.

6.3.2. Proportion of bodies of water with good ambient water quality.

6.4.1. Change over time (2015-2020) in water-use efficiency — total
water-use efficiency (US$/m?).

6.4.2. Level of water stress: freshwater withdrawal as a proportion of
available freshwater resources.

6.5.1. Degree of integrated water
implementation (0-100).

6.5.2. Proportion of transboundary basin area with an operational
arrangement for water cooperation.

6.6.1. Change in the extent of water-related ecosystems over time.

resources management

6.a.1. Amount of water- and sanitation-related official development
assistance is part of a government-coordinated spending plan.

6.b.1. Proportion of local administrative units with established and
operational policies and procedures for participation of local
communities in water and sanitation management.

Currently, more than 30 years after the recognition of watersheds on the global agenda, it is
essential to understand the complexity of the different approaches to long-term water resource
management through synthesis, precision, and high-level detail in watershed sustainability
assessments (Vollmer et al., 2016). Therefore, this paper explores the various approaches of the
disciplines that study watersheds by analyzing existing scientific evidence within the context of the
big data era. The aim is to strengthen understanding of scientific findings assessing watershed
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sustainability by identifying gaps, progress, and their potential contributions to achieving global
goals by 2030.

2. SUSTAINABILITY IN WATERSHEDS

2.1 Assessing sustainability in watersheds

After more than 30 years of promoting watersheds as an ideal space for territorial planning and
water resource management, numerous studies now evaluate development that seeks to meet the
needs of the present without compromising the capacity of future generations, with special attention
to water resources (Mufioz, 2021). This is due to ecosystem degradation resulting from population
growth, industrial activities, urbanization, and climate change, which together have exacerbated
water pollution and availability (Ighalo et al., 2020), posing a serious threat to livelihoods and
global sustainability (Lawal et al., 2023).

The watershed is conceived as a strategic territorial unit for the sustainable management and
administration of water, due to the intrinsically linked and interdependent relationships between the
physical and biotic systems (Jarzebski et al., 2024). It represents the space where the natural
regeneration cycle of ecosystems occurs, as well as where complex interactions among social
actors, economic activities, and unique ecological characteristics unfold (Perales, 2016;
Perevochtchikova, 2008; Pérez and Le Blas, 2004).

Therefore, monitoring and evaluating the watershed are essential to understand the
spatiotemporal dynamics of water resources, determine ecosystem functionality, and the services
that support human, social, cultural, and economic well-being (Folke et al., 2016; Naeem et al.,
2012).

In this sense, indices and indicators function as an evaluation tool that facilitates understanding
of the status of natural resources: water, soil, and vegetation (Vollmer et al., 2016), through the
measurement, estimation, and comparison of situations, activities, or results. This allows decision-
makers to have synthesized, precise, and detailed information on the reality of watersheds in the
face of the negative or positive impacts they face (Mosaffaie et al., 2021; Senent-Aparicio et al.,
2016; Turner et al., 2016), which allows the implementation of management programs aimed at
sustainable management (Pereira et al., 2020). However, achieving watershed sustainability is not
easy, as it requires a holistic understanding of the variables that affect water resource management
and their interrelationships (Karamouz et al., 2017).

Lawal et al. (2023), identified the watershed as a geological transition zone (GTZ), composed of
aquifers with complex hydrogeology and vulnerable to contamination. Therefore, the study focuses
on analysing the differences in water quality across different soils. It considers groundwater quality
monitoring and management strategies and affirms that long-term territorial planning is necessary to
achieve the watershed’s sustainability.

Zhang et al. (2020) mentioned that the watershed is a hydraulic system sensitive to changes in
land use, where the interaction between vegetation, precipitation, and surface and groundwater
dynamics is essential for the availability of water resources. The study presented different land-use
change scenarios (deforestation, afforestation, and urbanization) that alter hydrological processes
and the water balance in some Australian watersheds. It is emphasized that achieving watershed
sustainability involves appropriately managing land-use changes to minimize negative impacts on
the hydrological cycle, and using an improved model that more accurately reflects vegetation
dynamics, thereby enabling informed decisions for sustainable water management and ecological
conservation.

Wabela et al. (2024), the authors considered the watershed in the sustainability evaluation as a
functional unit of agricultural management, local production, and vulnerable to the decrease in
water resources. Therefore, the sustainability of the watershed is related to the efficient
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management of water use and the availability and equitable distribution of the resource, and seeks
to establish measures to avoid deficits or excesses in management.

Based on the above studies, it can be observed that the adoption of models and methodologies
varies according to the research objective, perspective, and disciplinary background, which in turn
define the conceptualization of what constitutes a sustainable watershed in assessment terms. In
many cases, the focus is on addressing a specific problem in the territory, to monitor the progress of
the implemented actions (Barbier and Burgess, 2017), with the direct or indirect fulfilment of the
current global agenda - SDGs -, especially those related to water, sanitation, environmental
conservation, and sustainable socioeconomic development (Liu et al., 2023).

The above highlights the importance of recording and linking advances in natural resource
management, given the large number of publications on the subject and the diverse approaches,
especially in the face of persistent environmental problems. In this regard, it is pertinent to develop
innovative approaches that improve the synthesis, precision, and level of detail in the analysis of the
evolution of watershed sustainability assessments (Vollmer et al., 2016). These approaches would
allow for identifying gaps and advances in the sustainable development of water resources, after
three decades of promoting the watershed as the ideal unit for territorial planning and integrated
natural resource management.

2.2 Latent Dirichlet Analysis (LDA)

To achieve a deeper understanding of the scientific literature, this study conducts a Systematic
Literature Review (SLR) by collecting, examining, and synthesizing the characteristics of academic
research within the domain (Card, 2015; Chien et al., 2024; Paul et al., 2021) through bibliometric
and content analysis.

The relevance of this study lies in the application of the Latent Dirichlet Allocation (LDA)
model for content analysis, a machine learning technique that, although it has been widely used in
research related to topic mining in texts —particularly in areas such as climate change, energy
storage, health cybersecurity during the COVID-19 pandemic, and distributed photovoltaic energy
(Li et al., 2024; Lieneck et al., 2023; Wang et al., 2024; Wu et al., 2023)—, still has limited
application in the analysis of studies on sustainability in watersheds.

This research, therefore, represents a novel contribution by integrating the LDA model into an
SLR focused on watershed sustainability assessment. This approach will identify trends, gaps, and
critical points in the evolution of scientific knowledge on the topic, which is especially relevant in
the context of SDGs, whose global target for 2030 demands rigorous, evidence-based monitoring of
the current state of natural resources and the approaches applied to their sustainable management.

LDA was originally proposed by Blei et al. (2003) as a generative probabilistic model for
discrete data such as text corpora. LDA can be seen as an extension of Principal Component
Analysis (PCA) for discrete data. Buntine and Jakulin (2005) introduced Discrete Component
Analysis (DCA) as a generalization of PCA for discrete data, where LDA is a particular case of
DCA. The review by Blei (2012) is an excellent guide to understand the intuition behind LDA,
which gives an overview of these models from a practical perspective.

2.3 Organization of the paper

Section 2 addresses the methodology, systematically describing the steps of the bibliometric and
content analysis using LDA. Section 3 presents the most relevant findings derived from the study,
which are compared with the priorities established in the global agenda. Section 4 then discusses
these results in depth, identifying key stages and turning points in the evolution of the study on
watershed sustainability assessment. Finally, Section 5 presents the conclusions and summarizes the
main contributions of the study.
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3. METHODOLOGY

To evaluate the existing scientific evidence and identify gaps in the understanding of watershed
sustainability, the different disciplinary approaches are examined and their influence on global
agendas is analyzed through SLR. This method ensures that the bibliographic search and analytical
process are transparent and replicable (Kitchenham et al., 2009; Pati and Lorusso, 2018).

The first step was to establish criteria for bibliographic search engines, such as Web of Science.
The PICO methodology proposed by Haynes et al. (1997) was used. PICO methodology allows the
inclusion and exclusion of specialized documents based on a research question consisting of four
components: Patient/Problem, Intervention, Comparison, and Outcome, which constitute the PICO
anagram, as recommended by Galvao and Ricarte (2019) (see Table 2).

Table 2. PICO methodology. Query used on Web of Science based on our Research question

Research question RQ: What are the topics studied in the assessment of watershed sustainability?

Population or problem "watershed" or "basin"

Intervention (("assessment" OR "evaluation" OR '"estimate") AND ("Sustainability" OR
"Sustainable"))

Comparison No comparison

Outcome ("index" OR "indicator")

The Web of Science data search engine was selected for its extensive coverage of the scientific
literature (De Lemos et al., 2024). A global scope was accepted, and any specific study area was
considered. The articles were retrieved through a search across the entire document using the
following criterion: (("watershed*" OR "basin*") AND ("Sustainability" OR "Sustainable") AND
("assessment" OR "evaluation" OR "estimate") AND ("index" OR "indicator")). The search yielded
2,675 scientific articles published from 1992 to December 2024. The next step was to perform a
bibliometric analysis, in which the production of scientific articles was identified by year,
disciplinary area, and country. Once the documents were collected, the LDA technique was applied
using the general-purpose programming language Python.

Let us define some elements to formalize the LDA method, following the works of Blei et al.
(2003) and Blei (2012). First, the basic unit, namely a word, is defined as an element of the
vocabulary. A document is a sequence of N words, denoted by w = (w;, w,, ... wy), where w,, is
the n — th word in the document. A corpus is a collection of D documents, denoted by W =
(W1, W, ...wp). In this way, w, 4 denotes the n — th word in document d, i.e., the (d,n) — th
element of the corpus matrix W. The topics are represented by 8, where each S, fork = 1,...K, is
a distribution over the vocabulary. The topic proportion for topic k in document d is denoted by
84 .- Moreover, the topic assigned to the n — th word in document d is represented as zg ,,.

LDA can be defined as a generative probabilistic model of a corpus. In this model, documents
are assumed to be represented as random mixtures over latent topics. Specifically, the generative
process for LDA is given by the following joint distribution probability p of the hidden (8, 8, z) and
observed (W) variables Eq. 1:

p(B,0,2,W) = (T, p(BOI15-10a) (([TN=1 P(2an|0a)p(Wan|B 2)) (1)

A graphical representation of this model can be seen in Figure 1. Here, each node represents a
random variable. Hidden variables are unshaded, while observed variables are shaded. In this case,
the only observed variable is the set of document words, w,,,. On the other hand, the rectangles
(plates) represent repeated structures, and the arrows represent the dependency between the
variables.
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Figure 1. Graphical representation of LDA.

The statistical dependencies appearing in both Eq. 2 and its graphical representation (Figure 1)
define the structure of an LDA model. In theory, the parameters (f, 8, z) of the LDA model are
estimated using Bayesian statistics with the posterior probability distribution p:

_ p(B.0.2W)
p(B,6,21w) = P @)

However, estimating these probabilities is computationally intractable since the number of
possible topic structures is exponentially large. In practice, topic modeling algorithms fall into two
main categories: sampling-based and variational algorithms.

The first approach requires collecting information to approximate the probability distribution of
topics using computational statistics techniques such as Markov chains and Gibbs sampling. The
second strategy is a deterministic, optimization-based methodology, which is much better suited to
big data. A proposal in this regard is online stochastic optimization (Hoffman et al., 2010), which
can be applied to massive and streaming document collections. Moreover, it has been shown that
LDA parameters can be estimated using stochastic variational inference (Hoffman et al., 2013).

In practice, it is necessary to determine the number of topics K a priori. In Roder and Hinneburg
(2015), the authors propose the Coherence Measure as a metric to guide this choice. They define a
set of statements as coherent if the statements support each other. In this sense, a coherent set of
facts should cover most of the relevant information. As an illustrative example, consider the
following statements: (1) The forest is a place with abundant vegetation, (2) The vegetation in the
forest is mostly composed of pine trees, (3) The pine trees are covered with snow, (4) It snows in
the forest during the winter season. From an intuitive perspective, these statements may be regarded
as coherent, given their internal consistency.

To calculate coherence without human intervention, joint and marginal probability functions
associated with such statements are constructed. The procedure for estimating coherence can be
divided into four main stages: (1) Segmentation, (2) Probability Estimation, (3) Confirmation
Measure, and (4) Aggregation. In the first stage, clustering techniques are applied to segment the
text. The second stage involves computing probabilistic co-occurrence measures for the words
within each segment or group. In the third stage, the confirmation measure is evaluated using, for
example, log-likelihood metrics. Finally, in the fourth stage, these evaluations are aggregated to
produce a coherence score for the topics.

The three publications with the highest TopicScore for each topic identified using the LDA
method are selected and analyzed to answer the following questions: How is the watershed viewed
as an object of assessment? What does the watershed’s sustainability entail? Finally, the
relationship between global agendas and the identified topics and keywords is analyzed.

4. RESULTS

4.1 Exploratory data analysis

Fifty-five (55) disciplinary areas were identified, with Environmental Sciences and Ecology
accounting for the largest proportion at 36%, followed by Water Resources at 15%. Figure 2 shows
the top 10 disciplines by article count on watershed sustainability.
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The fields of Environmental Science and Ecology have shown uninterrupted productivity since
2004 and 2006, respectively; Engineering and Geology have also demonstrated continuous
productivity since 2007 and 2008. Most of these fields are related to the exact and biological
sciences.

However, academic publications were recorded in the area of Public, Environmental, and
Occupational Health, which accounted for 0.9% of the total published in 2011, ranking eleventh in
terms of output. Public Administration was also recently incorporated into these studies in 2021.
The first study was published in 1992, and research output has been continuous since 1998.
Production peaked in 2024 at 18.3%, followed by 2023 at 16.8%.
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Figure 2. Annual production of scientific articles by major disciplines.

China leads in the number of publications, with 28.6%, followed by the United States at 9.5%.
The United States was a pioneer in publishing the first watershed sustainability assessments in
1999. China joined this field in 2006 and has since maintained average production rates higher than
those of other countries.

4.2 LDA analysis

For the purposes of content analysis, the variable corresponding to the article abstract was
considered. Since this field contains unstructured textual information, the LDA technique -
described in the methodology section - was applied to identify the main topics discussed across the
dataset's abstracts. To ensure the quality of the input for the LDA model, the abstracts were
preprocessed following a standard text-cleaning pipeline. Specifically, the following steps were
performed:

1. Converted all text to lowercase.
Removed punctuation marks.
Tokenized the text into individual words.
Removed common stopwords.
Lemmatized the tokens to their base forms.

bl

To represent the textual data in a format suitable for topic modeling, the preprocessed text was
converted to a numerical representation using the Bag-of-Words (BoW) model (Harris,1954). This
approach transforms each document into a vector that records the frequency of each word in the
vocabulary across the corpus. LDA was applied to the corpus, which had been previously
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preprocessed and transformed into a Bag-of-Words (BoW) representation, using the Python
implementation of Blei et al. (2017).

The LDA model was trained across a range of topic numbers, from 2 to 5. For each model, the
coherence score was computed based on the top 10 words in each topic. The optimal number of
topics was determined by identifying the first local maximum of the coherence score. The
implementation for computing topic coherence follows the approach of the Python library gensim
(Rehtifek, 2024) and requires several inputs. The first input is the set of topics estimated by LDA.
The second input consists of the preprocessed texts, prepared in the same way as for the LDA
training. The third input involves assigning a unique identifier to each distinct word in the corpus.
The fourth input is the confirmation measure used to evaluate topic coherence.

The coherence measure as a function of the number of topics is shown in Figure 3. The first local
maximum was identified at K = 4, and this value was subsequently selected as the number of topics
for the LDA model.

Coherence Score

2 3 4 5
Number of Topics

Figure 3. Coherence measure as a function of the number of topics.

In Figure 4, the T-distributed Stochastic Neighbor Embedding (t-SNE) is computed in two
dimensions using the scikit-learn implementation (Maaten and Hinton, 2008; Pedregosa et al.,
2011). t-SNE is a technique for visualizing high-dimensional data. The idea behind the method is to
convert distances between points into joint probabilities and to minimize the Kullback-Leibler
divergence between the joint probabilities of the low-dimensional embedding and the high-
dimensional data. In this plot, each point represents a document from the corpus. In this two-
dimensional space, the distance between the documents reflects their relationship in terms of the
topics with the highest probability of occurrence. In this figure, the four topics are clearly
differentiated geometrically, allowing us to interpret each one individually. The analysis suggests
that the scientific literature on watershed sustainability assessment has evolved into distinct research
clusters, reflecting differentiated methodological traditions and disciplinary perspectives across time
and countries.
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4.3 Topic identification and interpretation
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Table 3 presents the top 10 words with the highest probability of belonging to each of the topics
identified by the LDA model. Topic 1 primarily concerns the words water, groundwater, and
quality, and can therefore be associated with groundwater. Topic 2 mainly focuses on the words
water, soil, and indicator, which are associated with hydrological and land-use indicators. Topic 3
is represented by the word water, followed by drought, vegetation, and climate change, which is
associated with topics derived from climate change. Finally, Topic 4 is represented by the words
area, ecological, territory, space, and development, which are associated with socioecosystem
topics. Table 4 summarizes the thematic axes along with the topics identified using the LDA

technique.
Table 3. Top ten words for each identified topic
Topic Keywords
1 water, groundwater, quality, index, study, sample, area, irrigation, river, risk
2 water, soil, indicator, resource, study, management, index, system, environmental, basin
3 water, drought, model, index, change, study, climate, data, area, vegetation
4 area, ecological, study, model, land, development, index, factor, spatial, result

Table 4. Summary of thematic axes and corresponding topics extracted with LDA

Topic Thematic Axes

1 Groundwater

2 Hydrological and Land-use Indicators
3 Climate change

4 Socioecosystem

Figure 5 shows the distribution of the 10 words that define each thematic axis, based on their
probability of occurrence in the text. The axes of groundwater, hydrological and land-use
indicators, and climate change are primarily associated with the word water, whereas the
socioecosystem axis is more closely linked to the word area.
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Topic 4.

As shown in Figure 6, the climate change topic accounts for 30% of the analyzed documents,
followed by hydrological and land-use indicators at 28%, and finally groundwater and
socioecosystem, each with over 20%.
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Figure 6. Proportion of documents based on the most representative topic.

Based on the above and as part of the content analysis, the three publications with the highest
TopicScore were selected for each topic identified using the LDA technique, resulting in a total of
12 articles, as shown in Tables 4-7.

Table 5. Top articles assigned to Topic 1

Article Publication Year Topic Topic Score
Lawal et al. (2023) 2023 1 0.997118
Gebru et al. (2024) 2024 1 0.996921

Elsayed et al. (2020) 2020 1 0.996914
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Table 6. Top articles assigned to Topic 2

Article Publication Year  Topic | Topic Score
Wabela et al. (2024) 2024 2 0.998012
Vera et al. (2019) 2019 2 0.997311
Valenti et al., (2017) 2017 2 0.997269

Table 7. Top articles assigned to Topic 3

Article Publication Year Topic Topic Score
Kirchner et al. (2020) 2020 3 0.997959
Zhang et al. (2020) 2020 3 0.997574
Liu et al. (2015) 2015 3 0.997482

Table 8. Top articles assigned to Topic 4

Article Publication Year Topic Topic Score
Zhu et al. (2023) 2023 4 0.997323
Wei et al. (2021) 2021 4 0.996978
Yang et al. (2022) 2022 4 0.996889

Table 5 presents the main articles in the groundwater thematic axis, where Lawal et al. (2023),
from the disciplinary area Environmental Sciences and Ecology, has the highest Score Topic. The
study focuses on evaluating groundwater quality in northeastern Nigeria, derived from geogenic
factors (mineral dissolution, silicate weathering, etc.) and anthropogenic factors (solid waste
leachate, wastewater, agricultural runoff). Therefore, they state that to achieve watershed
sustainability, groundwater quality monitoring and management strategies with a territorial
approach must be considered, along with the integration of hydrochemical and geological data for
long-term planning.

Regarding Table 6, which is associated with hydrological and land-use indicators, the main
study identified is Wabela et al. (2024), corresponding to the disciplinary area of agriculture. This
study views the watershed as a functional unit for agricultural management and as a productive
space vulnerable to water efficiency, and thus evaluates irrigation performance at the local scale.

Table 7 shows the main articles on climate change, where Kirchner et al. (2020) corresponds to
the disciplinary area Geology published in 2020. The study, which focuses on understanding water
cycles in aquifers in mountain ecosystems, considers the watershed as a complex hydro-ecological
system where physical processes (snowmelt, aquifer recharge) and biological processes (plant
transpiration) interact, resulting in daily and seasonal variations. It highlights that the sustainability
of the watershed is determined by the dynamic balance between water supply from snow and
vegetation demand, considering seasonal and daily climatic effects to preserve the watershed's
hydrological and ecological functions.

According to Table 8, the article corresponding to the socioecosystem topic is Zhu et al. (2023),
published in 2023 in the disciplinary area of Science and Technology. The study examines
ecological pressures on the lake watersheds of the central Yunnan Plateau, driven by both natural
and anthropogenic factors, including urban expansion, recurrent droughts, soil erosion, biodiversity
loss, and water pollution. It emphasizes that watershed sustainability requires maintaining
ecological carrying capacity—particularly in areas most affected by human activity, such as the
plains—through measures such as ecological restoration, land-use regulation, and forest protection.
The authors stress the importance of long-term planning strategies that treat the watershed as a key
socio-ecological unit, with its spatial evaluation informing territorial planning and safeguarding its
ecological functions.
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4.4 Content analysis

The three articles from each identified thematic axis are then analyzed to answer the following
questions related to the assessment of watershed sustainability: How is the watershed visualized?
What does watershed sustainability entail?

Regarding groundwater, the watershed is viewed as a complex, agricultural, and vulnerable
hydrogeological and productive system, dependent on water, conditioned by natural and human
factors, where sustainability involves ensuring the quality of irrigation water through groundwater
quality monitoring and management strategies, as well as the responsible use of fertilizers and the
selection of water quality-tolerant crops.

According to hydrological and land-use indicators, the watershed is viewed as a diverse,
productive agricultural and forestry territory vulnerable to water efficiency. This space is used to
manage and implement sustainable plantations. Sustainability implies efficiency, the availability
and equitable distribution of water resources, the restoration of degraded areas, the utilization of
biomass, and territorial planning.

The climate change thematic axis views the watershed as a hydro-ecological and productive
system, where natural and human processes determine the availability, quality, and balanced use of
water. Therefore, watershed sustainability involves balancing water supply and demand, adapting to
climatic variability, reducing soil impacts, optimizing agricultural irrigation, and conserving limited
resources to maintain productivity.

The socioecosystem axis identifies the watershed as a socioecological and environmental unit at
the regional scale, where biophysical and social factors interact, and is key to territorial planning
and management. Therefore, to be sustainable, it must maintain ecological carrying capacity and
reduce vulnerabilities through the system's ecological development and adaptability.

4.5. Thematic axes and global agenda

On the other hand, Figure 7 shows the number of documents, the year of publication of the
articles associated with a topic, and their relationship with events on the global agenda related to
sustainable watershed management. The year 1992 corresponds to the Earth Summit and the Dublin
Conference on Water and Sustainable Development. The year 2000 marked the beginning of the
Millennium Development Goals. The RIO+20 Summit was held in 2012, and 2015 marked the
publication of the SDGs.
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Figure 7. Count of documents as a function of the publication year.

According to the Figure 7, the first article related to the thematic axis of hydrological and land
use indicators Ripl and Feibicke (1992), which is related to the proposal of a hydrological model.
The first article on climate change was published in 2000; the first on groundwater in 2002; and the
first on socioecosystems in 2007.

Regarding the trend in publications and events on the global agenda, it is observed that
publications on watershed sustainability assessment began in 1992 at the United Nations
Conference on Environment and Development. A significant turning point is noted starting in 2015,
with the publication of the SDGs, followed by an increase in scientific studies mainly focused on
hydrological and land-use indicators. However, since 2020, the trend has changed, with an increase
in publications on watershed sustainability assessments associated with the socioecosystem axis.

S. DISCUSSION

There are numerous and diverse approaches to studying river basins, given their importance in
the hydrological cycle and the sustainable management of a territory's natural resources. Therefore,
given the era of Big Data, this study evaluated the existing scientific evidence and gaps in
understanding the assessment of river basin sustainability through LDA. This allowed for the
identification and analysis of different approaches, as well as their impact on global agendas, using
an SLR in a repeatable and transparent manner (Kitchenham et al., 2009; Pati and Lorusso, 2018).

Using the PICO technique, 2,675 scientific articles published since 1992 were identified. This
relates to the United Nations Conference on Environment and Development, where the watershed
was recognized as the ideal geographic unit for the sustainable management and planning of natural
resources, given its importance in the hydrological cycle. Furthermore, the need to monitor its
components was highlighted to evaluate the effectiveness and follow up on transitional actions
toward the Sustainable Development Declaration (1992).

Likewise, most research areas are related to Ecology. Monitoring and the techniques and/or
technologies used to measure it are related to the areas of Environmental Sciences and Ecology,
Water Resources, Science and Technology - Other Topics, and Agriculture. Starting in 2011,
academic publications from disciplines other than those initially predominant were incorporated,
such as Public, Environmental and Occupational Health and, more recently, Public Administration,
which began to contribute studies in 2021. This evolution makes evident that there is a growing
multidisciplinary in the study of the evaluation of the sustainability of watersheds, which responds
to the recognition that the watershed is not only a geographical unit in which the natural cycle of
ecosystem regeneration develops, but also a space of complex interrelationships between users,
interdependent of the physical and biotic system (Perales et al., 2016; Perevochtchikova, 2008;
Pérez and Le Blas, 2004).

On the other hand, given the large amount of data and the unstructured textual information they
contain, it was decided to apply the Natural Language Processing (NLP) technique known as LDA
to identify the main topics discussed in the abstracts of the entire set of articles. For this study, four
thematic axes were identified that relate to the predominant terms in the articles. In the assessment
of watershed sustainability from 1992 to 2004, the following topics were examined:
groundwater (topic 1), hydrological and land-use indicators (topic 2), climate change (topic 3), and
socioecosystem (topic 4). Climate change accounted for 30% of the documents analyzed,
hydrological and land-use indicators for 28%, and groundwater and socioecology for just over
20%.

A fundamental part of this study’s findings is the calculation of the Topic Score, which allows
us to identify the most relevant articles by measuring the probability of co-occurrence of words
identified with the PICO technique and to discern from a large amount of information using
objective, replicable criteria. The latter was used to select the top three articles per topic.
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The hydrological and land-use indicators axis corresponds to the highest topic score and is
related to the words water, soil, indicator, resource, study, management, index, system,
environmental, and watershed. From this dataset, only the words indicator, index, and watershed
were used for the bibliographic search of the Web of Science. It was found that they are coupled
with the words water, soil, resource, study, management, system, and environment, highlighting
fundamental concepts in sustainability assessment, such as the management of water and soil
resources. In 2015, an increase in publications was observed, coinciding with the launch of the 2030
Agenda.

The article with the highest Score Topic is Wabela et al. (2024), published in 2024, in the
agriculture discipline. This article views the watershed as a functional unit for agricultural
management and a productive space vulnerable to water efficiency and therefore evaluates
irrigation performance at the local level using indicators.

The selection of articles with the highest topic scores for each thematic axis provides answers to
the following questions: How is the watershed visualized? What does watershed sustainability
entail? This is done to identify the diversity of approaches and gaps in understanding watershed
sustainability assessment.

Topic climate change views the watershed as a hydro-ecological and productive system, where
natural and human processes determine the availability, quality, and balanced use of water.
Therefore, watershed sustainability involves balancing water supply and demand, adapting to
climatic variability, reducing soil impacts, optimizing agricultural irrigation, and conserving limited
resources to maintain productivity. Socioecological axis 4 identifies the watershed as a
socioecological and environmental unit at the regional scale, where biophysical and social factors
interact, and is key to territorial planning and management. Therefore, to be sustainable, it must
maintain ecological carrying capacity and reduce vulnerabilities through the system's adaptability
and ecological development.

Based on the above and in accordance with Jarzebski et al. (2024), the watershed is conceived as
a strategic territorial unit for the sustainable management of water and soil, given the intrinsically
linked and interdependent relationships between the physical and biotic systems. Likewise, global
agendas have marked a change in the trend of publications on topics 2, 3, and 4, particularly in
2015, related to the start of the 2030 Agenda.

The 2030 Agenda marks a turning point in the assessment of watershed sustainability, as it
establishes a global framework for sustainable development that, at its core, includes the SDGs. In
particular, SDG 6, dedicated to water and sanitation, includes clearly defined indicators that are
assessed annually by each United Nations member country. This framework promotes integrated
water resources management at the national level and encourages periodic reporting on progress
through monitoring and follow-up. It establishes concrete goals and requires annual reports from
countries. This has motivated states to strengthen their actions in the face of the global
environmental crisis.

The results obtained allowed us to identify the main themes regarding watershed sustainability
assessment. Likewise, research gaps were initially observed, as no terms in the topics reflect the
social sphere, despite the growing number of studies and the development of global frameworks for
watershed sustainability assessment. However, with the help of the thematic integration resulting
from this analysis, it was possible to visualize the publication trend. It was found that, starting in
2020, there has been a considerable increase in studies addressing watershed sustainability
assessment from a socioecological conceptual framework. This framework considers the watershed
as a socioecological and environmental unit at the regional scale, where biophysical and social
factors interact, and is key to territorial planning and management. This definition reflects human
action and social structures as an integral part of nature (Gunderson and Holling, 2002; Folke et al.,
2010).

Consequently, the application of machine learning techniques, particularly the LDA model, is
essential for conducting a rigorous analysis and achieving a more precise interpretation of
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documentary content, especially in the context of big data, characterized by continuous growth,
heterogeneity, and complexity of information and datasets being generated.

6. CONCLUSION

The Earth Summit in Rio de Janeiro and the Conference on Water and Environment in Dublin in
1992 reflected humanity’s need to reach agreements that would allow for sustainable development.
They also motivated the generation of scientific articles that study the evaluation of watershed
sustainability within the 2030 Agenda. The first two summits defined the watershed as the ideal unit
for the management of territorial resources, given that it is a natural geographic divider and
container of the hydrological and social cycle. A global framework for sustainable development was
subsequently established, including the SDGs at its core, particularly SDG 6, dedicated to water and
sanitation, with clearly defined indicators evaluated annually by each member country of the United
Nations. This led to an increase in the number of scientific articles evaluating watershed
sustainability.

In the analysis of scientific production, the application of the LDA machine learning model
enabled an exhaustive examination of a large dataset of 2,675 scientific articles. Key steps included
calculating the number of topics, identifying the set of words associated with each topic, and
computing the Topic Score. This approach identifies the most relevant articles by measuring the
probability of word co-occurrence, as determined using the PICO technique, and provides objective,
replicable criteria for discerning information from a large dataset. As such, it serves as a powerful
tool for selecting articles before conducting detailed and exhaustive document analysis.

Four topics were identified in the text, which allow us to identify the main thematic axes, which
in the case of the evaluation of watershed sustainability in the period from 1992 to 2004 are
groundwater, hydrological and land use indicators, climate change and socioecosystem.

This study found that watershed assessment has taken a different direction since 2020, where the
approach is based on the conceptualization of the watershed as a socio-ecological unit, in which
biophysical and social factors interact, key to territorial planning and management. Therefore,
sustainability is associated with reducing the vulnerability of watershed components through the
system's adaptability and ecological development. These findings are particularly relevant in the
context of the SDGs, as they offer a comprehensive view of the state of scientific knowledge, the
gaps in knowledge, and their potential contribution to achieving the global goals by 2030.
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