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1. ABSTRACT

This study aims to comparatively analyze the impact of upper watershed conservation in Andean basins on
water supply and climate resilience. Through a literature review, 22 scientific articles published between 2019
and 2022 in the Scopus and Scielo databases were selected, prioritizing applied research in Peru, Bolivia,
Ecuador, and Colombia.. Five key thematic axes were identified: integrated watershed management, climate
change and water availability, sustainable soil conservation practices, community participation, and
hydrological modeling. The results show that upper watershed conservation enhances water regulation,
reduces territorial vulnerability, and strengthens adaptive planning. However, challenges remain, such as
institutional fragmentation, territorial inequality, and limited integration between scientific knowledge and
local practices. It is concluded that an effective strategy requires combining ecological restoration, community
engagement, and technological innovation to ensure long-term water sustainability under climate change
conditions.

KEYWORDS: Upper watershed conservation, andean basins, water supply, climate resilience, ecosystem management

1. INTRODUCTION

According to UNESCO (2021), water scarcity has become a global crisis that directly threatens human life, food
production, and environmental stability. Prolonged droughts, driven by climate change, have resulted in crop failures,
livestock deaths, and a reduction in essential water reserves (World Bank, 2025). Millions of people face challenges in
accessing potable water, increasing the incidence of disease and death from dehydration or the consumption of
contaminated water (World Wildlife Fund, 2025). In many regions, agriculture is severely affected, compromising food
security (UNICEF, 2025).
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At the global level, the World Bank (2025) reports that the water crisis represents one of the most critical threats of the
21st century. More than 2.2 billion people lack safe access to drinking water, and nearly 4 billion experience severe
shortages at least one month per year (UNESCO, 2021). Prolonged droughts and the overexploitation of aquifers have
led to crop losses in more than 30% of vulnerable agricultural areas (World Wildlife Fund, 2025). Each year, around
500,000 deaths are associated with diseases transmitted through contaminated water (UNICEF, 2025). Furthermore,
climate change intensifies water variability, triggering extreme events that affect food security, public health, and social
stability (World Bank, 2025).

According to UNESCO (2025), in Latin America, despite holding approximately 30% of the world's freshwater,
distribution remains unequal, and droughts are increasingly recurrent. Over 40% of rural areas lack continuous access to
safe water (ECLAC, 2023a). Approximately 35% of agricultural losses in the region are directly linked to water scarcity
(World Bank, 2022). Countries such as Mexico, Bolivia, Chile, and Brazil face severe reductions in their aquifer reserves,
with direct impacts on agricultural and livestock production (ECLAC, 2023b).

Likewise, UNESCO (2025) emphasizes that Indigenous and peasant populations are particularly vulnerable, with over
50% depending directly on surface sources that have been degraded by pollution, mining, and accelerated glacial melt.
According to the National Water Authority (2024), in Peru, water issues are particularly acute in the high Andean basins,
which generate 70% of the nation’s water resources. The Environmental Evaluation and Enforcement Agency (2025)
notes that the retreat of Andean glaciers has significantly reduced water availability during dry seasons. At least 60% of
rural highland communities report growing difficulties in accessing water for drinking and irrigation (National Center for
Strategic Planning, 2023). Droughts affect 45% of agricultural lands in the Andean and Altiplano regions, reducing the
production of potatoes, quinoa, and barley (World Bank, 2023). Furthermore, subsistence livestock farming is impacted
by the loss of pastures and natural water sources (OECD, 2021).

This study is justified by the growing global water crisis, marked by scarcity, prolonged droughts, and the impacts of
climate change. This problem severely affects food security, with significant losses in crops and livestock, and causes the
death of thousands of people due to lack of access to potable water. In vulnerable regions such as the high Andean basins,
the effects are more acute, threatening ecosystems, communities, and ancestral ways of life. Analyzing this situation is
key to proposing sustainable and resilient solutions in the face of this water emergency.

The water problem is a global crisis affecting millions of people, with severe consequences for health, agriculture, and
economic development. Water scarcity and recurring droughts are causing high mortality rates—both human and
animal—due to the lack of access to drinking water and extreme conditions that dehydrate soils. Crops, especially in arid
regions, are severely affected, increasing food insecurity. Climate change further exacerbates the situation by altering
precipitation patterns and generating extreme weather events such as prolonged droughts and floods. The high Andean
basins, vital for supplying water to various regions, are experiencing a decline in their storage capacity due to glacial melt
and deforestation, which further worsens the scarcity. This scenario calls for urgent water management policies,
conservation strategies, and climate change adaptation to mitigate its devastating effects.

Therefore, the objective of this research is to comparatively analyze the impact of conserving high-altitude areas in
Andean watersheds on water supply and climate resilience. In this context, the central research question guiding this
review is: How does upper watershed conservation in Andean basins contribute to improving water supply and
strengthening climate resilience in the context of climate change?

THEORETICAL FRAMEWORK

According to Callicott (2023), reflection on environmental care has led to the development of theoretical frameworks that
guide educational and social action in the face of the global ecological crisis. One of these is the Theory of Environmental
or Planetary Conservation, whose main proponent was Aldo Leopold, who in the mid-twentieth century formulated the
land ethic as a foundation for a balanced relationship between humans and nature (Meine, 2022). This theory emerged in
the context of growing concern over biodiversity loss, ecosystem degradation, and the effects of industrialization on the
planet (Callicott, 2022).

Its approach posits that environmental conservation does not merely entail the protection of species or landscapes, but
rather a profound transformation of human values toward an ecological understanding of the world (Smith, 2022). This
perspective asserts that human decisions should be grounded in ethical principles that recognize the intrinsic rights of all
elements of the natural environment, promoting an education focused on ecological responsibility, respect for natural
cycles, and harmony between development and environmental conservation (Callicott, 2023).

Yi and Kondolf (2024) argue that from this comprehensive perspective, the Theory of Water Conservation emerges as
especially relevant. This theory was conceptually structured by Luna Leopold, a hydrogeologist and the son of Aldo
Leopold. It was consolidated in a context of increasing global water scarcity, exacerbated by climate change, pollution of
natural sources, and the irrational use of water resources (Smith et al., 2024). It proposes a systemic view of water, not
merely as a utilitarian good but as an essential component of ecosystems, whose conservation requires integrated
management linking science, policy, and civic participation (Ryan, 2022). Furthermore, Neamtu et al. (2021) point out
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that the educational approach derived from this theory emphasizes raising awareness among present generations about
the rational use of water, the protection of watersheds and aquifers, and innovation in recycling and reuse technologies.
Finally, Yi and Kondolf (2024) highlight that the theory also calls on universities to lead water literacy processes and
knowledge production aimed at preserving the hydrological cycle.

Ribberink (2023) links the Theory of Sustainability to a holistic view of human development. Its main proponent is Gro
Harlem Brundtland, who in 1987 chaired the World Commission on Environment and Development and proposed the
most widely cited definition of sustainable development (Tavanti, 2023). In a context marked by the tension between
economic growth and environmental degradation, Brundtland (2022) argues that meeting present needs should not
compromise the ability of future generations to meet theirs. Sustainability is thus presented as a balanced interrelation
between environmental, social, and economic dimensions, grounded in principles of intergenerational equity,
environmental justice, and ecological resilience (Singh, 2024). Moreover, Ribberink (2023) contends that, in the
university sphere, this theory requires transforming educational models to integrate sustainability into the curriculum,
foster applied research on real-world problems, and promote an institutional culture committed to the ethics of care,
responsible consumption, and participatory governance. Therefore, the three theories converge on the need to reconfigure
higher education as an active agent in the transition toward more sustainable, just, and ecologically aware societies
(Tavanti, 2023).

Cotas et al. (2023) define ecosystem services as the direct and indirect benefits that ecosystems provide to society,
including food provision, climate regulation, air and water purification, and cultural and recreational values. This concept
has gained importance in the face of increasing environmental degradation, as it recognizes that human well-being
depends on the integrity of natural systems (Hernandez-Blanco et al., 2022). Thus, the analysis of ecosystem services
enables functional valuation of ecosystems in both ecological and socioeconomic terms, contributing to more sustainable
land management and the design of public policies that integrate environmental conservation with human development
(Boerner et al., 2023).

Closely related to this, Raihan et al. (2023) indicate that water supply refers to the natural availability of water resources
in a given territory, taking into account factors such as precipitation, runoff, groundwater storage, and water quality. This
variable is fundamental to ecological balance and human activities, particularly in regions under high pressure from
natural resource use (Ani et al., 2024). The reduction in water supply, resulting from climatic or anthropogenic factors,
directly affects water security and water-related ecosystem services (Feng et al., 2025). Therefore, understanding the
dynamics of water supply allows for anticipating scarcity scenarios, assessing the sustainability of water use, and
designing more resilient management strategies (Adedeji et al., 2022).

In turn, Benitez-Alfonso et al. (2023) explain that climate change manifests as one of the main threats to ecosystems and
the stability of water supply. Rising temperatures, variability in precipitation patterns, and extreme weather events
significantly alter ecological processes and the availability of natural resources (Shah et al., 2021). This alteration,
exacerbated by human activities, undermines the capacity of ecosystems to continue providing essential services (Moore
& Schindler, 2022). Consequently, climate change represents not only an environmental transformation but also a
multidimensional challenge for sustainable water management and the protection of vulnerable communities (Simonson
etal., 2021).

In response to this scenario, climate resilience is defined as the capacity of ecosystems and human societies to anticipate,
absorb, adapt to, and recover from the impacts of climate change (Cotas et al., 2023). This resilience is not a static attribute
but a process involving scientific knowledge, environmental governance, green infrastructure, and community
participation (Hernandez-Blanco et al., 2022). Enhancing resilience requires strengthening integrated resource
management, promoting nature-based solutions, and reducing social inequalities that increase vulnerability (Boerner et
al., 2023).

METODO

The present study was conducted through a systematic literature review, a methodology that enables the analysis of a
specific phenomenon within a defined time frame. Searches were carried out in the Scopus and Scielo databases using
the keywords “conservation,” “watersheds,” and “climate resilience,” which yielded a total of 264 scientific articles.
The following inclusion criteria were established for the selection of articles: (a) publications dated between 2019 and
2025, and (b) research studies employing quantitative, qualitative, mixed, or review methodologies. The exclusion criteria
included: (a) editorials, book chapters, conference proceedings, and narrative essays; (b) publications unrelated to the
research topic; (c) articles that did not focus on the impact of high-altitude watershed conservation on water supply and
climate resilience; (d) studies that did not offer a novel contribution; and (e) publications without full-text access.
Additionally, Boolean operators such as AND and OR were used to combine the search terms, resulting in the following
search strings:

“conservation” AND “watersheds” AND “climate resilience”; “conservation” OR “watersheds” OR “climate resilience”;
“conservation” AND “watersheds” AND (“climate resilience™); “conservation” AND “climate resilience” AND
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(“watersheds”™); “watersheds” AND “climate resilience” AND (“conservation”); “watersheds” AND (“conservation” OR

“climate resilience”).

Figure 1
Scientific Article Selection Flow Diagram
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After applying the inclusion criteria, 22 full-text publications were selected for systematic analysis, as shown in Table 1.

All the studies included in this review met the predefined inclusion criteria and were considered methodologically relevant

for the thematic axes addressed. Although a formal critical appraisal tool such as CASP or AMSTAR was not applied,

each article was evaluated based on its relevance to high-altitude watershed conservation, methodological clarity, and

empirical or conceptual contributions to water supply and climate resilience. Only those studies that provided substantial

evidence and were integrated into the comparative discussion were retained. As such, the final corpus consists of research

that directly supports the analytical objectives of this integrative review.

Table 1

Characteristics of the Selected Scientific Articles

N° Author Article Title Methodology Country Year Database
The role of

1 ggél;e)l et al. integrated 2023 Scopus
watershed Mixed Ethiopia
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management  in
climate change
adaptation for
small farmers in
southwestern
Ethiopia

Mutanda &
Nhamo
(2024)

Impact of climate
change on major
African lakes: a
systematic review
incorporating
pathways to
enhance  climate
resilience

Systematic
review

South
Africa

2024

Scopus

Hargrove et
al. (2023)

The future of water
in a desert river
basin facing
climate change and
competing
demands: a holistic
approach to water
sustainability  in
arid and semi-arid
regions

Mixed

Mexico

2023

Scopus

Girmay et al.
(2021)

Assessment of the
current and future
impact of climate
change on the soil
loss rate of the
Agewmariam
watershed,
northern Ethiopia

Quantitative

Ethiopia

2021

Scopus

Asresu et al.
(2025)

Systematic review
of climate change
impacts on water
quality in
transitional

environments from
a multi-hazard
perspective

Systematic
review

USA

2025

Scopus

Stringer et al.
(2021)

Climate  change
impacts on water
security in global
drylands

Systematic
review

Germany

2021

Scopus

Jacque et al.
(2024)

Implications of
water conservation
measures in the
urban water cycle:
areview

Systematic
review

Ireland

2024

Scopus

Hu et al
(2022)

Evaluation of
water conservation
function in Tibetan
watersheds:
modeling the
impacts of climate
and land use
change

Quantitative

China

2022

Scopus

Yang et al.
(2021)

Hydrological cycle
and water

Systematic
review

China

2021

Scopus
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resources in a
changing world: a
review

10

Kfiecek et al.
(2020)

The role of forests
in headwater
control in a
transforming
environment and
society

Mixed

Czech
Republic

2020

Scopus

11

Osorio et al.
(2022)

Projection of
climate change
impacts on
streamflow in the
Lurin River basin—
Peru, under
CMIP5-RCP
scenarios

Quantitative

Peru

2022

Scielo

12

Lozano-
Povis et al.
(2021)

Climate change in
the Andes and its
impact on
agriculture: a
systematic review

Systematic
review

Peru

2021

Scielo

13

Pacheco &
Hernandez
(2019)

Climate  change:
some aspects to
consider for the
survival of living
beings. Systematic
literature review

Systematic
review

Colombia

2019

Scielo

14

Calizaya et
al. (2020)

Hydrological
foundations for the
conservation of
natural resources
in the Moa Lake
basin, Bolivia

Mixed

Bolivia

2020

Scielo

15

Castro &
Rajadel
(2021)

Another face of the
water and climate
change issue; two
synergistic
juxtaposed
realities

Systematic
review

Cuba

2021

Scielo

16

Sanchez &
Penalver
(2025)

Planning and
integrated
management  of
water resources in
the Ancash region

Qualitative

Peru

2025

Scielo

17

Diaz et al.
(2023)

Effects of climate
change on
mountain
ecosystems in the
Carabaya Range —
Peru

Quantitative

Peru

2023

Scielo

18

Marin-
Cabrera
(2022)

Characteristics and
approaches of
climate change
projects in Costa
Rica from 2011 to
2022

Mixed

Costa
Rica

2022

Scielo

19

Garcia-
Rengifo &

Climate variability
in the Chalpi

Quantitative

Ecuador

2023

Scielo
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Durén- Grande River basin
Ballén in Napo—Ecuador
(2023)
Sustainable
development and
Alonso et al. its implications for .
20 (2024) the Peruvian 2024 Scielo
Amazon. A
systematic review Qualitative Peru
Study of socio-
ecological
resilience to
Garcia climate change in
21 Dueiias et al. coastal 2022 Scielo
(2022) communities:  an
initiative from the
province of
Cienfuegos Mixed Cuba
. Educating in times
Nufiez- .
, of climate change
Rodriguez & for human
22 Carvajal- o 2021 Scielo
Rodriguez resqlence and '
(2021) env1r0nm§ntal Sys.tematlc Cpsta
regeneration review Rica
RESULTS AND DISCUSSION

According to the systematic review conducted, the following themes are addressed: the impact of high-altitude watershed
conservation on water supply and climate resilience.

Table 2
Scientific Articles on Watershed Conservation and Climate Change

Auth . Co . R . .
0l;ts Article Objective Article Contributions Article Conclusions
Integrated watershed management
includes physical measures such as
terraces, trenches, stone walls, and
Evaluate  climate tree plantations that reduce erosion,
variability, farmers’ enhance  water refention, and Most  farmers erceive  climate
aday tatioi,l’strate ies improve agricultural productivity. variability (irre uriar rainfall and
Pt & These practices mitigate climate . y &
to climate change, . . ; . rising  temperatures).  Integrated
and the role of impacts, improve soil moisture, watershed management positivel
Wolk integrated reduce runoff, and increase crop influences ada tat?on and apricultur;;
a et watgrshed productivity, thereby strengthening roductivit IS)ocioeconomgic factors
al management in climate resilience and  water ?farm sizyé ender, education
(2.023 clima%e change security.  Farmer  participation experience) ’ in%luence, ada tatior;
) adaptation acroé;s improves adaptive capacity and derc)isions It is recommend%d to
oap reduces vulnerabilities associated iy
different consider watershed management as a

agroecologies  of
smallholder farmers
n southwestern
Ethiopia.

with poverty and low response
capacity. Rising temperatures and
droughts affect the physical,
biological, and chemical parameters
of  lakes, impacting  water
availability. There is a need for
sustainable water resource
management in the face of climate

key strategy. It is necessary to broaden
studies and experimentally quantify
impacts.
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variability. Climate- and human-
induced changes affect both water
quality —and  quantity.  The
importance of integrating
conservation and adaptation into
watershed management policies is
emphasized.

Conduct a
systematic  review
on the impact of

The importance of cross-border
cooperation and stakeholder
participation in water management
is highlighted. Integrating models of
water  quantity and  quality

The article concludes the urgent need
to strengthen the climate resilience of

Muta climate change on (including salinity) in the context of African lakes against climate change.
nda & Africa’s major drought and climate change is It highlights the complexity of
Nham lakes, incorporating recommended. Suggested strategies managing water resources in contexts
0 pathways to include water savings in urban and of uncertainty and conflicting
(2024 enhance climate agricultural  sectors, alternative projections. It emphasizes integrated
) resilience in these sources (desalination, reuse), and and evidence-based policies to
ecosystems and the flexible policies for efficient conserve and  manage  these
dependent allocation. An adaptive management ecosystems.
communities. approach with broad participation
and interdisciplinary training is
proposed to enhance resilience.
Demonstrate  and
test a holistic The holistic and interdisciplina
approach for future Rainfall erosivity is projected to . cipiinary
o . . approach, combined with the
water sustainability increase due to climate change, N )
) . . ) . participation of multiple stakeholders
in a region leading to higher rates of soil loss. .
L .o and integrated models, allows for a
Hargr experiencing Mitigation is suggested through the . .
) . . coherent vision of the regional future.
ove et increasing water improvement of the C factor :
. . Despite a lack of consensus,
al. scarcity, (vegetation cover) and P factor .
A . . transboundary collaboration,
(2023 considering both the (conservation practices). These .
. . integrated surface and groundwater
) quantity and quality measures help restore degraded -
. management, and a joint approach to
of surface and land, maintain water supply, and . .
. . - water quantity and quality are
groundwater, as increase climate resilience through essential  for  sustainability  and
well as different sustainable land-use policies. . . Y
o resilience to climate change.
sectors and political
jurisdictions.
It provides insights into how
Evaluate the current physiological adaptations, such as . o
. . . . Future soil loss rates will increase
. and future impact of selective brain cooling, allowed . . . .
Girm . . . . . . with growing rainfall erosivity. These
climate scenarios on artiodactyls to survive in arid o
ay et . . . . losses can be mitigated through
soil loss rates in the environments. Although it does not . .
al. . . vegetation cover and soil
Agewmariam directly address watershed . . .
(2021 . . conservation. Sustainable soil use
watershed, using a conservation or current water . .
) . . . policies and prevention of land-use
climate model, management, it has indirect chanee in acricultural areas are vital
USLE, and GIS. implications for resilience in water- & £ '
limited environments.
Review the state of
the art of knowledge It proposes an integrated approach to It is concluded that current approaches
and research on the equitable watershed and water . .
Asres . . . are dominated by observational
impacts of climate resource management; adaptive . . .
u et . . analysis, but high-resolution
change on water governance that considers quality, . .
al. . . . .. technologies and integrated models
quality in reuse, agricultural productivity, and . .
(2025 L . .. (physical + Al) are needed to improve
transitional health; climate-adapted policies . -
) . . . s understanding and support adaptation
environments from with multisectoral participation and decisions
a multi-hazard transboundary management. ’
perspective.
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Examine observed

?rrrlldacts ofp rgf;f:tg Water conservation in buildings
Strin ch:n e on water reduces urban demand, eases Water security challenges will
or egt securgit in arid pressure on watersheds, and delays increase; traditional knowledge must
al lan dsc;/ es up 1o infrastructure investment; it be integrated with innovation and
(2'021 2100 P em lfasize enhances urban climate resilience. A integrated policies. There is a pressing
) efﬁci’ent P water systemic approach is needed to need to address the social and political
management  and avoid negative effects on water dimensions of water.
integrated, equitable system operations.
policies.
Provide a elobal and Conservation measures are effective
holistic o \igerview of Climate change, land use, and in saving water, energy, and costs;
Jacqu the  opportunities vegetation cover determine the they outperform supply-side
e et challen peps an ci capacity for water conservation and solutions. However, their adoption
al. im lica%ior;s of regulation. Models allow mapping depends on  technical, social,
(2024 walt)er conservation and evaluating key ecosystem economic, and political factors and
) within _the urban functions; they contribute to may have side effects on water quality
water cvcle watershed resilience strategies. and system operation; more long-term
yele. studies are needed.
The need for an integrated hydro-
biogeochemical model for
watershed management is
Evaluate the water highlighted, considering the co-
conservation evolution of human and water
function i systems. Emphasis is placed on
watersheds understanding interactions between Water conservation is a complex
Hu et considerine climate soil and atmosphere, especially in process influenced by multiple
al chanee lin d use areas such as alpine zones with factors; climate change and land use
(2'022 and g% ve etatioﬁ cryosphere, which are key to the significantly affect this function.
) cover %hrou h hydrological  cycle and its Hydrological models are effective for
hvdrological mod égls variability. For climate resilience, it assessing and predicting changes, key
toy gun derstand is proposed to improve predictions to sustainable management.
spatial-temporal of changes in water resources at
vI;riation P regional and watershed levels, as
’ well as the capacity to prevent and
mitigate water-related disasters by
adapting to climate change through
appropriate policies.
The objective of the
article is to Research on the water cycle and water
summarize current resources has driven socioeconomic
research and and  technological  development.
highlight future Currently, the water cycle system is
directions in water rapidly changing due to climate
science .fror-n four The article points out that water change and human activity, showing
perspectives:  the problems such as extreme events,
management must balance the .
Yang water cycle, - . groundwater depletion,
. quantity and quality of resources for . . .
et al. hydrological . . desertification, and water scarcity.
life, production, and ecology, and .
(2021 processes, coupled . . . These global and regional problems
. integrate  adaptive = mechanisms . .. .
) natural and social require decisions based on science and

water systems, and
integrated

watershed

management. It
emphasizes the need
to understand the
combined impacts
of climate change

considering uncertainty and user
behavior.

terrestrial system analysis. It is crucial
to protect water resources and
strengthen the prevention and
mitigation of disasters by adapting
water policies to social, productive,
and ecological needs in the context of
climate change.

SCIENTIFIC CULTURE, Vol. Xx, No X, (20xx), pp. 3247-3265



3256 Leonardo Saravia Parra et al
and human
activities on
hydrological

processes and water

resources across
various  temporal
and spatial scales
for sustainable
development.

Evaluate the
impacts of

environmental and

Forests in the Jizera Mountains have
played a key role in protecting water
resources and biodiversity, evolving
from spruce plantations to a more

Over two centuries, forests have
changed in composition, initially
favoring exotic conifers resistant to
pollution and now moving toward
restoring native species. The recovery

Kiece social change on native composition that enhances from  water acidification in  the
k et forest functions in a ecosystem stability. Atmospheric experimental watershed is due to both
al. headwater acid deposition damaged water sulp}ur emission  reductions  and
(2020 watershed in the quality until the 1980s, but emission specific foresiry practices. Proiected
) Jizera  Mountains reductions and forestry practices pee P - FT0)
. . environmental change will not
(Czech  Republic) such as clear-cutting spruces sionificantly affect water recharee
during the period supported the progressive recovery ghiit Y &
. . capacity or recent recovery from
1850-2100. of water bodies and aquatic o . .
ecosvstems acidification, preserving key forest
Y ) protective functions.
Evaluate the likely
impacts of climate
change on the flow
of the Lurin River
using outputs from .
. . Models for 2071-21 o L .
six Global Climate inc?riisses igrtemOZratureOO defrr::slecst Significant flow reduction is projected
Osori Models  (GCMs) in flow. and ihan es’ in flow toward the end of the 21st century.
o et under three different g namic; but theg will  not Less runoff will be available due to
al. Representative siy N ﬁcan’tl com rc};mise water decreased precipitation and increased
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Key Strategies to Strengthen Water Resilience through High-Altitude Conservation

Integrated Watershed Management

Integrated watershed management (IWM) has emerged across the literature as a strategic framework to address the
multiple and intersecting pressures affecting water resources, particularly in climate-sensitive regions. Sanchez and
Penalver (2025) emphasize the value of inter-institutional and territorial coordination in facilitating more efficient
infrastructure planning; however, this claim reveals a recurring assumption in the literature: that institutional coordination
is achievable without addressing underlying power asymmetries or resource inequalities. Similarly, while models such as
SWAT and WEAP have demonstrated capacity to simulate land use and climate scenarios to improve decision-making
(Calizaya et al., 2020), their effective implementation is often limited by data gaps and the lack of technical expertise in
rural contexts—an issue not adequately addressed in most case studies.

A consistent pattern identified across studies is the emphasis on combining surface and groundwater management with
multisectoral engagement to improve long-term sustainability in arid regions (Hargrove et al., 2023). Yet, there is limited
comparative evidence on how these integrative models perform in diverse governance regimes. Most examples, such as
those in Hargrove et al. (2023), remain situated in specific political ecologies without extrapolation to more fragile or
conflict-affected basins.

Interestingly, local experiences from sub-Saharan Africa present compelling insights on the potential for community-
based IWM practices to scale up into broader governance reforms (Wolka et al., 2023). However, the literature still lacks
clarity on the mechanisms that facilitate such scalability. Is the transition driven by institutional support, social capital,
or external funding? The absence of comparative frameworks to assess such trajectories constitutes a significant gap.
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Yang et al. (2021) advocate for an integrated systems approach that balances ecological and human needs, recognizing
the dynamic complexity of the hydrological cycle. Nonetheless, this theoretical proposition is rarely operationalized with
robust indicators or implementation metrics, limiting its utility for adaptive planning in data-scarce territories.
Moreover, the literature highlights the role of protected water corridors in preserving streamflow regulation (Calizaya et
al., 2020), yet fails to adequately explore how such conservation efforts interface with land tenure regimes or local
economic pressures. International cooperation is frequently cited as a facilitator of cross-jurisdictional integration
(Hargrove et al., 2023), but its effectiveness appears contingent on shared technical foundations—a condition not often
met in heterogeneous Andean governance landscapes.

The integration of biophysical practices such as trenches, terraces, and reforestation is reported to enhance water recharge
and stabilize agricultural outputs (Wolka et al., 2023). However, these findings largely stem from pilot studies, with
minimal discussion of long-term ecological feedbacks or maintenance challenges. The coupling of spatial data and social
dynamics is increasingly recognized as crucial for adaptive planning (Yang et al., 2021), yet few studies rigorously
quantify the co-benefits of this integration.

Finally, the recurring call for participatory modeling—praised for aligning community goals with technical scenarios
(Calizaya et al., 2020)—raises concerns regarding representativeness and decision-making authority. Many of these
models remain expert-driven and technocratic, potentially sidelining indigenous epistemologies or traditional
management systems.

In summary, while integrated watershed management is widely endorsed as a holistic and scalable strategy, the literature
reveals notable inconsistencies regarding its practical feasibility, especially in socio-politically fragmented and
ecologically fragile regions. Future research should focus on empirically validating the long-term outcomes of IWM
practices, particularly through longitudinal, interdisciplinary studies that bridge hydrological modeling, governance
dynamics, and local agency.

Climate Change and Future Water Supply

Climate change has significantly altered hydrological dynamics in mountain systems, particularly in regions highly
dependent on seasonal precipitation. In this context, Osorio et al. (2022) identify a sustained decline in projected
streamflow in the Lurin River basin, associated with increased evapotranspiration. Additionally, the accelerated retreat
of Andean glaciers has been cited as a factor undermining interannual water stability (Mutanda & Nhamo, 2024). Based
on the Holdridge life zone model, it has been projected that the altitudinal shift of ecosystems will significantly reduce
snow-covered and paramo areas by 2070 (Diaz et al., 2023). Furthermore, extreme rainfall and drought events recorded
in Ecuador demonstrate increasing flow variability, impacting both potable water supply and the agricultural cycle
(Garcia-Rengifo & Duran-Ballén, 2023).

Through a regional approach, Castro and Rajadel (2021) warn that anthropogenic and climatic pressure on water resources
has heightened the vulnerability of social systems. In this context, the use of high-resolution climate projections allows
for risk anticipation and the planning of hydrological adaptation measures (Osorio et al., 2022). Moreover, the observed
reduction of cold zones in the Carabaya mountain range is expected to shift water recharge areas to more limited altitudes
(Diaz et al., 2023). In addition, changes in temperature and precipitation are correlated with the decline in water quality,
imposing further challenges on treatment systems (Castro & Rajadel, 2021).

Using satellite data, Garcia-Rengifo and Duran-Ballén (2023) reveal a trend toward shorter hydrological cycles, with
direct implications for urban and rural planning. At the same time, the reduction in glacial volume projected under RCP
8.5 scenarios suggests a structural loss of water supply by the end of the century (Osorio et al., 2022). Furthermore,
Mutanda and Nhamo (2024) emphasize that the degradation of lacustrine ecosystems limits the ecological resilience of
watersheds in the face of climate disturbances. Lastly, it has been shown that combined alterations in climate and land
use contribute to the simultaneous degradation of streamflows, vegetation cover, and ecosystem services (Diaz et al.,
2023).

Climate Change and Future Water Supply

Climate change has profoundly reshaped hydrological dynamics in mountain ecosystems, particularly those reliant on
seasonal precipitation regimes. Osorio et al. (2022) document a persistent decrease in projected streamflow in the Lurin
River basin, linked to elevated evapotranspiration. This finding aligns with broader evidence on glacial retreat across the
Andes, identified by Mutanda and Nhamo (2024) as a major contributor to destabilized interannual water availability.
Diaz et al. (2023), employing the Holdridge life zone model, project substantial losses in snow and paramo ecosystems
by 2070, indicating an ecological shift that jeopardizes critical recharge zones. However, while these studies present
strong climate modeling, they rarely address socio-political constraints on adaptation implementation.

Flow variability patterns further exacerbate water insecurity. In Ecuador, extreme rainfall and drought cycles disrupt both
drinking water access and agricultural planning (Garcia-Rengifo & Duran-Ballén, 2023). Castro and Rajadel (2021)
expand this discussion, highlighting that combined anthropogenic and climatic stressors intensify systemic vulnerability.
Yet, most research lacks a multi-hazard integration framework to understand cumulative impacts. While high-resolution
climate models enable early risk identification (Osorio et al., 2022), they often exclude the governance dimension needed
for actionable hydrological planning.

SCIENTIFIC CULTURE, Vol. Xx, No X, (20xx), pp. 3247-3265



3261 IMPACT OF UPPER WATERSHED CONSERVATION IN ANDEAN BASINS ON WATER SUPPLY

The literature also points to structural transformations in water cycles. Satellite-based studies by Garcia-Rengifo and
Duran-Ballén (2023) suggest shorter hydrological cycles, requiring adaptive infrastructure. Meanwhile, the decline of
glacial mass under RCP 8.5 scenarios (Osorio et al., 2022) signals long-term supply instability. Mutanda and Nhamo
(2024) emphasize ecosystem degradation as a limit to watershed resilience, yet fail to offer specific governance pathways
to reverse this trend. Diaz et al. (2023) identify the intersection of land use change and climate as a major driver of
degraded streamflows and loss of ecosystem services, but empirical studies quantifying these synergies are still scarce.
Sustainable Soil Conservation Practices

Soil degradation remains a critical barrier to watershed functionality and water regulation. Wolka et al. (2023) analyze
physical conservation methods such as terraces and trenches, showing their role in enhancing infiltration and stabilizing
terrain. However, while these measures are proven effective in smallholder settings, their scalability remains poorly
documented. Girmay et al. (2021) project increased soil loss under future rainfall erosivity scenarios, yet the operational
challenges of implementing vegetative cover at scale are underexplored.

The transition to native species in headwater zones has restored hydrological and ecological functions (Kiecek et al.,
2020), but long-term monitoring is needed to confirm permanence. Historical land use analysis by Alonso et al. (2024)
reveals how deforestation and agricultural intensification in the Peruvian Amazon diminished soil infiltration,
underscoring the need to integrate landscape history into conservation planning. Although Wolka et al. (2023) reaffirm
the benefits of slope stabilization, more systematic evaluations of cost-efficiency are required.

Geospatial modeling has enhanced precision in erosion risk identification (Girmay et al., 2021), though such tools remain
inaccessible to many rural stakeholders. Agroforestry practices have shown promise in reversing soil structure
degradation (Kiecek et al., 2020), but adoption hinges on cultural acceptance and institutional incentives. Additionally,
Alonso et al. (2024) report that deep-rooted vegetation is superior for slope control, yet few programs prioritize native
species reintroduction over commercial plantations.

Wolka et al. (2023) emphasize that community uptake of conservation strategies depends on local perceptions and
governance support. This reflects a broader gap in understanding the social dimensions of soil restoration. Moreover,
evidence from Kiecek et al. (2020) suggests that forest recovery post-acidification can hasten water quality improvements,
but little attention has been given to replicability in Andean contexts.

Climate Resilience in Rural Areas

The literature increasingly affirms that rural climate resilience is contingent on the interface between local adaptive
capacities and ecosystem robustness. Wolka et al. (2023) highlight that conservation practices employed by smallholder
farmers mitigate rainfall unpredictability and buffer production shocks. Nonetheless, few studies unpack the enabling
conditions for sustained practice adoption.

Lozano et al. (2021) and Marin (2022) converge in stressing that climate financing disproportionately targets high-
exposure rural regions. However, the design of these investments often overlooks the agency of local actors. The role of
education in fostering resilience is advanced by Nuiiez and Carvajal (2021), who argue for emotional and ecological
learning as early-stage adaptation mechanisms. Yet, such proposals are rarely operationalized in national adaptation
frameworks.

Garcia et al. (2022) identify the synergy between community cohesion and environmental stewardship as a foundation
for collective adaptation. This insight remains underexplored in policy-oriented literature. Wolka et al. (2023) further
report that adaptive farmers incur fewer losses, but longitudinal evidence is lacking. Marin (2022) and Nufiez & Carvajal
(2021) affirm that schools serve as key spaces for environmental awareness, yet their institutional constraints are rarely
discussed.

Science communication emerges as a recurring theme. Garcia et al. (2022) suggest that improved climate risk perception
enhances decision-making, but the tools and methods to achieve this shift are unclear. Integrated educational and
ecological programs (Lozano et al., 2021) show long-term promise, yet require stable funding. Green infrastructure
initiatives have demonstrably reduced rural flood risks (Marin, 2022), although issues of maintenance and equity in
benefit distribution remain understudied. Lastly, the alignment of local capacities with national climate policies (Wolka
et al., 2023) offers an avenue for institutional resilience, but more research is needed to examine its feasibility.
Hydrological Modeling for Adaptive Planning

Hydrological modeling has become central to forecasting climate-induced stress on water systems, yet significant
disparities exist in model application and integration. Calizaya et al. (2020) promote the use of WEAP and SWAT in
evaluating high-Andean watershed interventions, but do not assess their institutional adoption across different governance
levels. Hu et al. (2022) demonstrate that seasonal variability in steep terrains can be reliably modeled, though model
calibration often depends on data quality not universally available. Hargrove et al. (2023) advocate for the inclusion of
salinity and demand variables in arid region modeling to increase simulation coherence. However, the trade-offs between
model complexity and usability for local stakeholders are insufficiently addressed. Garcia & Duran (2023) show how
historical data and remote sensing validate precipitation-runoff correlations, yet few frameworks integrate real-time
feedback loops.

Jacque et al. (2024) argue that urban conservation modeling reduces infrastructure stress, but rural applications of such
logic remain underexplored. Calizaya et al. (2020) note that supply-demand scenarios help prioritize investments, but do
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not resolve power asymmetries that influence allocation. Predictive models in mountain environments (Hu et al., 2022)
demonstrate accuracy, yet often exclude institutional and social dynamics.

Importantly, Hargrove et al. (2023) stress that participatory modeling builds legitimacy, but few studies critically examine
who participates and under what conditions. Jacque et al. (2024) suggest institutional feedback loops improve model
performance, yet scalability beyond pilot projects remains uncertain. Garcia & Duran (2023) underscore that including
social variables enhances vulnerability assessments, but integrated models are rarely used in decision-making processes.
Calizaya et al. (2020) and Hu et al. (2022) propose evolutionary algorithms to refine model sensitivity, though the
implications for policy uptake are still unclear.

Community Participation and Water Governance

Participatory water governance has garnered growing support as a counterpoint to top-down policy prescriptions,
particularly under climate stress conditions. Sanchez and Penalver (2025) contend that the early involvement of Water
User Boards strengthens infrastructure implementation. While promising, this position overlooks cases where user boards
are politically co-opted or under-resourced.

Wolka et al. (2023) report that collective rural practices buffer climatic extremes, but lack comparative data to identify
replicable governance conditions. Cross-border collaboration, as documented by Hargrove et al. (2023), enhances
legitimacy, though the durability of such agreements remains tenuous in volatile political climates. Marin (2022) affirms
that participatory designs improve local relevance, yet most studies stop short of assessing impact.

Stringer et al. (2021) reinforce the need for adaptive, inclusive processes in water-insecure regions, but offer limited
methodological guidance. Sanchez and Pefalver (2025) note that co-management improves sustainability, though
tensions between technical and community knowledge persist. Evidence from Wolka et al. (2023) suggests that
participatory frameworks can enhance allocation efficiency, yet often lack formal institutional recognition.

Marin (2022) links co-designed conservation strategies to institutional continuity, but long-term evaluations are sparse.
Hargrove et al. (2023) advocate for decentralized, flexible regulation that recognizes local arrangements, but fail to
address enforcement capacity. Stringer et al. (2021) highlight the role of collective learning, but few systems include
iterative feedback. Multi-stakeholder platforms (Sdnchez & Pefalver, 2025) appear crucial, yet their representativeness
and decision-making power warrant scrutiny. Finally, Wolka et al. (2023) assert that combining local and technical
knowledge leads to more effective interventions, but the balance of power in these exchanges is often implicit rather than
critically examined.

Comparative Analysis of High-Altitude Watershed Conservation in Relation to Water Supply and Climate
Resilience in Andean Countries: Peru, Bolivia, Ecuador, and Colombia

In the Andean region, the conservation of high-altitude watersheds has become central to climate adaptation and water
security. However, divergent national trajectories reveal significant disparities in governance, community engagement,
scientific integration, and policy coherence. In Peru, Payment for Ecosystem Services (MRSE) initiatives, backed by
ANA and the Ministry of Environment, have reportedly mitigated glacier loss and improved recharge (Lozano-Povis et
al., 2021), yet long-term institutional alignment remains fragile.

Bolivia's approach, as detailed by Calizaya et al. (2020), integrates indigenous governance in Moa Lake, using
hydrological modeling combined with traditional knowledge. Nevertheless, weak institutional scaffolding at the national
level limits upscaling potential. Ecuador’s Integrated Water Resource Management Systems (Garcia-Rengifo & Duran-
Ballén, 2023) reflect growing technological sophistication, but face sustainability issues linked to political turnover and
urban-rural tensions.

In Colombia, the Paramo Law aims to protect strategic ecosystems (Pacheco & Hernandez, 2019), yet conservation
remains disconnected from broader territorial planning. Extractive conflicts persist, undermining resilience. While Peru
and Bolivia advance community-based conservation, Ecuador and Colombia favor regulatory and technological
mechanisms.

Despite distinct institutional pathways, all four countries face recurring barriers: institutional fragmentation, unstable
financing, and territorial inequality. Effective models share three pillars: ecological restoration, predictive technologies,
and participatory governance. However, comprehensive evaluations remain limited, and few programs have achieved
long-term resilience outcomes. Future strategies must focus on multiscale integration, equitable resource distribution, and
institutional durability to consolidate climate-resilient watershed systems in the Andes.

Although prior studies have addressed watershed conservation in isolation, few have examined the intersection between
hydrological modeling and community governance in the Andean region. This review highlights the lack of multiscale
studies that integrate traditional knowledge systems with predictive tools in fragile highland basins. Addressing this gap
is essential to designing truly context-sensitive and resilient water management strategies in the Andes.
CONCLUSION

The synthesis of the twenty-three reviewed articles confirms that high-altitude watershed conservation is intrinsically
linked to water supply regulation and climate resilience in Andean regions. Comparative evidence demonstrates that
integrated watershed management, community engagement, and the use of hydrological modeling tools constitute
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effective responses to water stress and climate-related threats. These strategies not only enhance local adaptive capacities
but also support long-term ecological stability and the continuity of water-related ecosystem services.

Moreover, the review reveals that soil conservation, spatial monitoring, social inclusion, and multiscalar governance are
critical dimensions of comprehensive water planning. Since headwater ecosystems play a pivotal role in regulating
hydrological flows, interventions must combine scientific knowledge, local experience, and ecological restoration to
maximize effectiveness. Addressing water resilience, therefore, requires not only technical solutions but also sociopolitical
coordination, particularly in vulnerable and institutionally fragmented highland territories. This review contributes relevant
insights for policy design in the context of climate change. First, it underscores the urgent need to implement decentralized
and participatory governance frameworks that bridge scientific expertise with indigenous and peasant knowledge systems.
Second, it recommends prioritizing conservation interventions in headwater zones through schemes that integrate green
infrastructure, ecosystem-based adaptation, and legal recognition of strategic ecosystems. These actions must be supported
by sustained investments in high-resolution hydrological monitoring and climate modeling to enable predictive, evidence-
based decision-making. From a legal and institutional perspective, more flexible and nested regulatory frameworks are
needed to account for the ecological and sociocultural heterogeneity of Andean watersheds. Inter-institutional coordination
platforms should link environmental, agricultural, and water sectors, promoting a systemic vision of water security. It is also
essential to integrate water equity and climate justice principles into decision-making, ensuring that conservation and
adaptation strategies reduce—not exacerbate—territorial inequalities.

In terms of research implications, this study identifies three critical gaps in the current literature. First, future research
should develop context-specific resilience metrics tailored to high-altitude Andean basins, where hydrological variability
is closely tied to glacial retreat and land use change. Second, there is a notable lack of empirical validation of participatory
modeling in watershed planning, particularly in rural and Indigenous territories where local governance plays a key role.
Third, ecosystem service frameworks remain underutilized in Andean water governance, despite their potential to
integrate ecological, economic, and cultural values into planning processes. This review is limited by its reliance on
secondary sources and the exclusion of grey literature or policy evaluations. Additionally, the geographic concentration
of case studies may constrain the generalizability of findings to non-Andean regions. Future research should prioritize
longitudinal studies that assess the durability of conservation outcomes, explore multilevel governance interactions, and
develop integrated indicators that capture both biophysical dynamics and sociopolitical processes.
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