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Efficient water management is essential for agricultural sustainability, especially on islands where freshwater
resources are limited and vulnerable. On Santa Cruz Island (Galdpagos, Ecuador), the majority of the water
supply originates from underground aquifers that face threats such as saltwater intrusion, contamination, and
increasing agricultural and urban demand. This study aims to identify and prioritize watersheds with favorable
conditions for sustainable water management focused on agriculture. A morphometric analysis of 24 watersheds
was conducted, assessing characteristics such as shape, relief, and linear features to estimate erosion vulnera-
bility and water availability. The results enabled classification of watersheds according to their potential for
water conservation and agricultural use. Five priority watersheds (SW15, SW22, SW19, SW1, and SW14) were
identified as having favorable conditions for water retention and sustainable agricultural practices. Other wa-
tersheds with higher erosion susceptibility require conservation measures to prevent soil degradation. This
prioritization serves as a practical tool to focus efforts and resources on the most suitable areas for water
management and sustainable agricultural development on the island. Overall, the study supports strategic

planning to strengthen resilience against water scarcity and climate change in volcanic island environments.

1. Introduction

Sustainable management of water resources remains one of the most
critical global challenges, due to its essential role in supporting human
well-being, ecosystem stability, and productive activities, particularly
agriculture, which heavily relies on water availability and quality
(UNESCO, 2022; Qi et al., 2025). As demand continues to grow (driven
by population growth and increasing pressure from various productive
sectors), this challenge is further complicated by variability in global
precipitation patterns (Li et al., 2021; WMO, 2025). Effectively
addressing these complex dynamics requires proactive, integrated, and
multi-sectoral approaches to water resources management.

To understand and manage water resources effectively, it is essential
to distinguish between their primary sources. A fundamental distinction
in hydrological studies is made between surface water and groundwater
systems, both vital components of the hydrological cycle (Salako and
Adepelumi, 2018). Some precipitation flows overland, forming rivers
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and streams, known as surface runoff, while another portion infiltrates
the soil, saturates pores and fractures, and moves under gravity towards
springs, rivers, or the ocean, constituting groundwater flow (Fuentes,
1992; Li and Liu, 2019; Water Science School, 2019). Groundwater,
stored in underground aquifers, represents the main accessible fresh-
water reservoir on Earth and plays a crucial role in sustaining terrestrial
and aquatic ecosystems (Aranguren-Diaz et al., 2024). According to
Shiklomanov and Rodda (2003), citing Garmonov’s estimate (Korzun,
1974), the planet’s total freshwater volume is approximately 10.6
million kmg, of which 99 % is groundwater (Dalin et al., 2019; UNESCO,
2022). This distinction becomes particularly relevant when comparing
continental and insular hydrological dynamics. While aquifers in con-
tinental regions often have limited interaction with saline water, vol-
canic islands are especially vulnerable to rapid groundwater depletion
and saltwater intrusion due to excessive extraction (Falkland, 1993;
Welsh and Bowleg, 2022). Small islands generally depend on a combi-
nation of groundwater, surface water (when available), seawater
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desalination, and limited rainwater harvesting (Holding and Allen,
2016).

To carry out such prioritization effectively, a thorough understand-
ing of watershed morphology is required. Within this context, watershed
prioritization has emerged as a strategic approach. Although watershed
management has been practiced for millennia, it gained renewed
emphasis in the 1980s, mainly aimed at rehabilitating degraded lands,
improving agricultural productivity, and diversifying rural livelihoods
(Abdeta et al., 2020; Lopez-Silva and Carmenates-Hernandez, 2023).
Prioritization involves classifying sub-watersheds to establish an order
for implementing soil and water conservation measures, based on
comprehensive assessments of the physical and environmental charac-
teristics of each basin (Javed et al., 2011). This methodology is crucial
for mitigating the impacts of climatic and anthropogenic pressures on
watershed stability, thereby enhancing population resilience.

Watershed characterization typically relies on morphometric pa-
rameters, which are quantitative descriptors of topography and land-
form geometry (Singh, 2016; Villalta Echeverria et al., 2022; Krishnan
and Arjun, 2024; Shekar and Mathew, 2023). These parameters include
elevation, slope, drainage density, and basin shape, among others
(Shekar et al., 2023). As topological and structural features, morpho-
metric variables have a significant influence on a watershed’s hydro-
logical response (Sarkar et al., 2022). Their relative permanence over
time allows for consistent assessment of watershed behavior and
vulnerability (Abdeta et al., 2020). Numerous studies (Kanhaiya et al.,
2019; Abdeta et al., 2020; Ismail et al., 2022; Boute et al., 2024;
Mohammed et al., 2024; Yan et al., 2024) highlight the usefulness of
geospatial analyses in watershed prioritization, enabling targeted
resource allocation, improved restoration planning, and increased
cost-efficiency in water management.

An illustrative example is Tenerife, Canary Islands (Spain), where
arid conditions and increasing water demand have driven the develop-
ment of innovative groundwater exploitation strategies (Ecker, 1976; De
Miguel-Garcia et al., 2023). Hydrogeological studies identified key
recharge areas, informing the construction of galleries and deep wells to
enable sustainable aquifer use. Complementary measures such as
seawater desalination and wastewater reuse have further enhanced the
island’s water resilience.

Although various case studies illustrate effective water strategies in
island environments, they often remain context-specific and lack
generalizable methodologies. Despite the availability of various tools
and approaches within the broader field of sustainable water and aquifer
management, there remains a significant gap in methodologies specif-
ically tailored for volcanic island systems. These insular environments
present unique hydrogeological and ecological challenges, such as
limited freshwater resources, porous volcanic soils, steep terrain, and
intense anthropogenic pressures from expanding urban and agricultural
activities. In particular, Santa Cruz Island in the Galdpagos Archipelago
faces increasing threats to its groundwater supply due to seawater
intrusion, wastewater pollution, and growing demand, exacerbated by
climate variability and land-use changes. Addressing these complex
challenges requires a locally adapted, data-driven framework to priori-
tize watershed conservation and optimize water resource management
for long-term sustainability. The Galapagos Islands, located ~1000 km
off the Ecuadorian coast, comprise over 200 landforms, including
islands, islets, and seamounts (Claudino-Sales, 2018). Renowned for
their endemic biodiversity, the archipelago was declared a UNESCO
World Heritage Site in 1978 (Savage et al., 2024). The high degree of
endemism, including 42 % of vascular plants, 67 % of terrestrial verte-
brates, and 20 % of marine species (Danulat and Edgar, 2002) has led to
the adoption of strict zoning policies, as outlined in the 2017 Santa Cruz
Island Zoning Plan (FCD, 2019), which delineates conservation, sus-
tainable use, and transition zones. Galapagos, due to its volcanic origin,
arid climate, porous soils, and fragile ecosystems, can be affected by
multi-hazard events such as volcanic eruptions, flooding, and seismic
activity (Mulas et al., 2025).
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Among the Galapagos Islands, one territory presents particularly
urgent management challenges. Within this broader context, Santa Cruz
Island stands out as the archipelago’s most populated and socioeco-
nomically active territory. Its unique combination of ecological sensi-
tivity, water scarcity, and increasing demand from both urban and
agricultural sectors makes it an ideal case study for evaluating the
applicability of morphometric watershed prioritization in insular vol-
canic settings. The island is home to approximately 17,333 inhabitants
(INEC, 2022), concentrated in urban centers such as Puerto Ayora,
Bellavista, and Santa Rosa, along with scattered rural communities. The
island’s limited water availability, owing to its volcanic geology and
absence of permanent surface water bodies, has heightened dependence
on basal aquifers recharged mainly during the short-wet season
(January to April). Zoning plays a pivotal role in protecting these
recharge areas, many of which fall within conservation zones with
restricted human activity. Although limited and adapted to the island’s
arid conditions, agricultural activities on Santa Cruz (including
small-scale farming and livestock raising) increase water demand and, if
poorly managed, may contribute to nutrient runoff and soil erosion.
These pressures, combined with urban expansion (particularly around
Bellavista and Santa Rosa), pose risks of contamination and over-
exploitation of aquifers. Since the 1980s, elevated concentrations of
Escherichia coli have been documented in Puerto Ayora’s water supply
(INGALA et al., 1989; Proctor & Redfern Int, 2003; Lopez and Rueda,
2010), underscoring ongoing pressures on the island’s hydrogeological
systems. Although desalination plants have been introduced, their
effectiveness remains limited. In this setting, watershed prioritization
studies offer a valuable tool for identifying key recharge areas, evalu-
ating vulnerability to natural and anthropogenic threats (including
those posed by agriculture) and guiding protection strategies to secure
sustainable access to drinking water.

The increasing global pressure on freshwater systems highlights the
urgent need for localized, data-driven frameworks that can inform sus-
tainable groundwater management, particularly in island environments.
While numerous tools exist under the Sustainable Aquifer Management
framework (Glendenning et al., 2012; Bolinches et al., 2022; Samani,
2020), their application to volcanic islands remains limited and often
lacks integration with geomorphological indicators.

As Ramakrishnan et al. (2024) points out, insular systems require
customized approaches that consider unique challenges such as steep
terrain, porous geology, and concentrated land-use pressure. In this
context, the present study addresses the following research question:
Which watersheds on Santa Cruz Island possess the most favorable
morphometric characteristics for sustainable water use and conserva-
tion, particularly in the face of growing agricultural demand? To answer
this, a comprehensive morphometric analysis of 24 watersheds is con-
ducted, evaluating key parameters such as shape, slope, drainage pat-
terns, and relief. The aim is to develop a prioritization framework that:
(1) identifies conservation-priority zones, (2) supports emergency
resource allocation, and (3) contributes to the long-term resilience of the
island’s water supply system, including rural and agricultural areas.

By filling this methodological gap, the study offers a replicable model
for watershed prioritization in volcanic island contexts, linking physical
geography with strategic environmental planning. The novelty of this
study lies in its application of morphometric watershed prioritization to
a volcanic island system under strong ecological and sociohydrological
constraints (an approach not previously applied in the Galdpagos or
similar island environments).

2. Material and methods
2.1. Overview of the study area
Santa Cruz Island (Fig. 1) is a shield volcano with an elliptical shape,

rising to 864 m above sea level (Herrera et al., 2022), and covering a
territorial area of 986 km?, 97 % of this territory is proteccted by the



R. Victoria et al. Envirc land S inability Indicators 27 (2025) 100843
= N
34 Santiago
= Island
3,
L=
% Baltra
© & Island
Fernandina
Island T
o f -
Santa Cruz o
Island
San Cristobal
Isabela N Tsland
TIsland @ Espaiiola
Floreana ’ Island g
0 50
= Island
2 e
S
Y
> SIMBOLOGY
Spatial and structural Populated areas
references
] Towns [ Urbanarca
— Santa Cruz faults [ Rural area
{Pryet, 2011)
Zoning of areas in Santa Cruz Island 2017
- Sustainable use zone (588 km® — 60%)
§ ) _ : Conservation zone (138 km? — 14%)
bl Seale: 1:250.000 - ~
= o Datum: WGS 84 UTM ZONE 15 8 ! Transition zone (257 km” — 26%)
=N

T
780.000

810.000

Fig. 1. Geographic location map of Santa Cruz Island, showing the zoning of sustainable areas, conservation areas, and transition zones. A) Puerto Ayora Fault (PAF).

B) Tortuga Bay Fault (TBF) and Santa Cruz Church Fault (SCCF).C) Well Fault.

Galdpagos National Park (Auken et al., 2009). Its summit features scoria
cones and collapse craters aligned along an east-west oriented axial
fissure system (McBirney and Williams, 1969; Schwartz, 2014). The is-
land is traversed by faults trending east-west, visible along the north-
east, east, and south coasts (Schwartz et al., 2022). According to Pryet
(2011), these fault segments range in length from 2 to 6 km, with a
principal component extending to depths of up to 10 m, and are spaced
between 1 and 3 km apart.

The faults located on the northern flank of Santa Cruz Island exhibit
an average orientation of 079° (WSW-ENE) and are characterized by
pronounced scarps, accompanied by substantial debris accumulations at
their bases (Schwartz, 2014). These faults are distributed across both the
northern and southern sectors, forming narrow grabens that extend
along the island’s coastline. On the southern flank, the faults display a
predominant orientation of 088° (W-E), affecting narrow monoclinal
folds. The longest fault segment identified in the southern sector reaches
a length of 5 km (Schwartz, 2014). The principal faults identified on
Santa Cruz Island (Fig. 1) include the Puerto Ayora Fault (PAF), which
has an average orientation of 108° and a minimum length of 5.8 km,
forming the northern structure of the graben that bounds Puerto Ayora.
The Tortuga Bay Trail Fault (TBTF), located to the south of Puerto
Ayora, has an orientation of 115° and a minimum length of 3.2 km,
defining the southern sector of the graben in which Puerto Ayora is
located. Additionally, the UTM fault, with an orientation of 104°, is
situated within the graben bounded by the Puerto Ayora and Tortuga
Bay faults (Schwartz, 2014). Some structural features, although un-
named, are clearly visible in the hillshade map generated from the

digital elevation model (Schwartz et al., 2022), such as the provisionally
named Well Fault (Fig. 1).

The volcanic stratigraphy of Santa Cruz is divided into two principal
series: the “Platform Series” (~1.6-1.1 Ma), primarily found in the
north-eastern part of the island, and the “Shield Series” (~0.7 Ma),
which is distributed across the island (Wilson et al., 2022). The Platform
Series is mainly composed of basaltic lavas containing phenocrysts of
plagioclase and olivine, whereas the Shield Series consists of transitional
alkaline basalt lavas and aphyric lavas (Schwartz et al., 2022) charac-
terized by the presence of large volcanic caves (Rodriguez et al., 2023).
The lavas of both series do not exhibit dominant trends, and there is no
clear internal consistency within the lavas of each series, suggesting that
the magmas from which these lavas originated may have undergone
complex and varied processes during their formation, including
differing degrees of partial melting and varying depths within the
Earth’s mantle (Wilson et al., 2022).

The analysis of lavas from Santa Cruz (Wilson et al., 2022) highlights
two significant trends related to the eruptive phases. One of these trends
exhibits a marked influence of clinopyroxene fractionation, possibly
linked to high-pressure and high-temperature conditions during a spe-
cific eruptive phase. In contrast, the other trend shows reduced clino-
pyroxene fractionation, suggesting less extreme conditions in terms of
temperature, pressure, or magma composition during a separate erup-
tive episode (Wilson et al., 2022; Schwartz et al., 2022).
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2.2. Data set collection

At present, there is a growing interest in the quantitative charac-
terization of the Earth’s topography, with the aim of modeling the
interaction between various dynamic Earth systems, including atmo-
spheric, geological, geomorphological, hydrological, and ecological
processes (Wilson, 2018). However, these products are not exempt from
errors inherent in data acquisition and processing. It is essential to
correct issues that may compromise the accuracy of values recorded by
remote sensing systems, taking into account factors such as spatial res-
olution, registration errors, missing or invalid pixels, vertical discrep-
ancies, and horizontal shifts between datasets from different sources
(Fisher and Tate, 2006; Yue et al., 2015). In this study, a Digital
Elevation Model (DEM) from Landviewer platform with a spatial reso-
lution of 4.7 m was used, generated from mosaics images downloaded
from website (https://eos.com/landviewer). To reduce the aforemen-
tioned limitations, a topographic correction was applied using data
provided by the Charles Darwin Foundation (the main research entity in
the Galapagos Islands), based on contour lines derived from the SRTM 1
Arc-Second Global model, with a spatial resolution of 30 m. Through
this official DEM provided by the CDF, the residual difference between
both DEMs was calculated (with a mean error of 4+-5.8 m), and this re-
sidual was subsequently added to the 4.7 m resolution DEM to enhance
vertical accuracy and ensure greater consistency with official topo-
graphic references. Vertical discrepancies were assessed and found to
have minimal impact on the morphometric analysis. This approach was
considered appropriate, as the geospatial analysis of watersheds and
drainage networks does not show significant variations when using
either finer or coarser spatial resolutions, given that these are inherent
characteristics of the terrain that remain largely unchanged.

2.3. Sub-watershed delineation and stream network generation

To delineate the watershed using the DEM, the hydrology toolboxes
from ArcGIS Pro (version 3.4.1) were applied. The process begun with
the “Flow direction” tool, which defines the water flow direction for
each DEM’s cell. Next, the “Flow accumulation” tool was applied to
identify areas where surface runoff accumulates. Based on this infor-
mation, an outlet point was selected within the river system, and the
“watershed” tool was used to delineate the boundaries, determining the
area that drains towards the selected outlet.

In watershed delineation, the calculated area was a horizontal pro-
jection of the watershed. This metric is crucial for watershed charac-
terization, and has a direct influence in the water volume that can be
accumulated. Watersheds are classified by their area according with the
scheme proposed by Chelladurai et al. (2023). A “Region” encompasses
more than 300 million hectares, while a “Basin” ranges from 30 to 300
million hectares. “Catchments” range from 10 to 30 million hectares,
and “Sub-catchments” extend from 2 to 10 million hectares. “Water-
sheds” cover between 50,000 and 2 million hectares, followed by
“Macro-watersheds”, which occupy around 50,000 ha “Sub-watersheds”
cover between 10,000 and 50,000 ha “Milli-watersheds” range from
1000 to 10,000 ha, “Micro-watersheds” range from 100 to 1000 ha, and
finally, “Mini-watersheds” are the smallest units, ranging from 1 to 100
ha (Chelladurai et al., 2023). Finally, the drainage networks (flow lines),
defined by Wohl (2009) as interconnected flow channels that converge
towards a reference point, were determined through the vectorization of
the connected flow grids.

In Santa Cruz Island, a total of 21,857 watershed-related features
were identified. From the total, 20,609 (94.3 %) features were classified
as “unclassified” because they did not meet the size criterion proposed
by Chelladurai et al. (2023), whose methodology excludes polygons
smaller than 100 ha, considering them non-representative. After
filtering the records, a set of 1248 classifiable units was obtained,
distributed into three categories: 24 (1.9 %) features correspond to
“Sub-watersheds”, 61 (4.9 %) to “Micro-watersheds”, and 1163 (93.2 %)
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to “Mini-watersheds”. For the morphometric analysis, the 24
sub-watersheds were selected due to their larger scale and spatial rele-
vance in relation to the island’s rural and urban areas. These were
delineated in vector format using the “Catchment polygon processing”
tool. Fig. 2 shows the spatial distribution of the sub-watersheds and their
respective drainage networks, while Fig. 3 presents a flowchart illus-
trating the overall methodology used.

Fig. 3 outlines the methodology for watershed characterization and
prioritization to support water resource management. The process in-
volves generating a DEM, delineating sub-watersheds and drainage
networks using GIS tools, calculating key morphometric parameters,
and integrating them into a composite index to rank sub-watersheds
based on their physical attributes.

2.4. Quantification of morphometric parameters

To carry out this analysis, 18 morphometric parameters were care-
fully selected based on their established relevance in hydrological and
geomorphological studies. These parameters maintain direct or inverse
relationships with processes such as surface runoff, peak discharge, and
soil erosion risk (Ratnam et al., 2005; Javed et al., 2009; Singh and
Singh, 2014). Their selection was guided by three main criteria: (i) hy-
drological significance, (ii) representation across major morphometric
domains (shape, linear, relief characteristics), and (iii) suitability for
GIS-based extraction from DEMs.

The chosen set avoids redundancy by excluding highly correlated or
derivative indices that would not significantly improve the prioritization
outcome but could introduce multicollinearity. This approach aligns
with prior studies (Abdeta et al., 2020) and ensures a robust, yet oper-
ationally efficient prioritization framework, particularly relevant in
data-scarce volcanic island environments like the Galapagos.

Morphometric characterization was performed after delineating the
sub-catchments and extracting their respective drainage networks. At
this stage, primary morphometric parameters (such as area, perimeter,
catchment length, maximum and minimum elevation, mainstream
length, and number of streams) were derived using the spatial analysis
tools of ArcGIS Pro (Table 1).

Based on these basic parameters, other morphometric indicators
were derived using standardized mathematical formulas (Table 1),
widely employed in hydrological studies, and using the previously
calculated data as a foundation (Table S1; Supplementary material). To
structure the analysis, the parameters were classified into four cate-
gories: shape, linear, area, and relief. Furthermore, complementary
methodologies and approaches proposed in the scientific literature were
reviewed to enrich the analytical framework.

To provide a general overview, basic statistical values (mean, mini-
mum, maximum, and standard deviation) were calculated for all derived
morphometric parameters (Table 2). This summary supports the iden-
tification of variability among the 24 sub-watersheds, and serves as a
basis for the detailed interpretation presented in the Results section.

2.5. Sub-watershed prioritization using a rank-based compound method

The linear and relief morphometric parameters show a direct cor-
relation with soil susceptibility to erosive processes (Ratnam et al.,
2005; Sujatha et al., 2013; Singh and Singh, 2014). In this context, high
values of these parameters are associated with greater soil erodibility
within the watershed. Consequently, sub-watersheds exhibiting the
highest values are assigned the highest priority (rank 1), followed in
descending order, with the sub-watershed presenting the lowest value
receiving the lowest rank. In contrast, parameters related to area and
shape display an inverse relationship with soil erodibility (Javed et al.,
2009; Raja et al., 2017); in this case, lower values indicate greater
vulnerability to erosion. According to this criterion, sub-watersheds
with the lowest values for these parameters are assigned the highest
priority ranks, whereas those with higher values receive lower ranks.
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Fig. 2. Distribution of sub-watersheds on Santa Cruz Island: 24 sub-watersheds, 61 micro-watersheds, and 1163 mini-watersheds.

Sub-watershed prioritization was carried out using the compound
method of rank average, which assumes that all morphometric param-
eters have equal weighting in the final classification (Farhan, 2017). For
its application, each sub-watershed was assigned a rank based on the
value obtained for each of the eighteen selected parameters. Composite
values were then calculated by summing the ranks for each
sub-watershed and dividing by the total number of parameters. The
sub-watershed with the lowest composite value was considered the
highest priority (rank 1), while the one with the highest value was
ranked last. This approach enables the identification of sub-watersheds
with higher potential for surface runoff, peak discharge, and erosion
processes, which serves as a key input for the implementation of
differentiated strategies for the management and conservation of water
and soil resources, tailored to the sensitivity level of each hydrological
unit.

3. Results

This section presents the results obtained for each group of
morphometric parameters: shape, linear, areal, and relief. The calcu-
lated values for the analyzed watersheds are described, and a brief
interpretation is provided regarding the potential implications of each
parameter in terms of hydrological behavior and the physical charac-
teristics of the watersheds.

3.1. Shape morphometric parameters

These parameters describe the general shape of the basin, including
its degree of elongation, compactness, and circularity. They are useful

for inferring the hydrological response and surface runoff dynamics.

Watershed area (A) determines its capacity to capture and store
water, directly influencing the volume it can retain or drain. In Santa
Cruz, catchment sizes range from a maximum of 60.70 km? (SW1) to a
minimum of 10.07 km? (SW24). Smaller watersheds tend to respond
more rapidly to rainfall events, which can intensify erosion and increase
water turbidity at discharge points.

Perimeter (P) is the total length of the catchment boundary and
directly influences runoff potential (Rao, 2020). In Santa Cruz, the
perimeter ranges from a maximum of 54.42 km (SW3) to a minimum of
20.69 km (SW22), reflecting variability in watershed shape and flow
paths.

Maximum elevation (H) indicates the topographic gradient and en-
ergy potential of the catchment. The highest elevation is 860 m a.s.l.
(SW5), while the lowest is 125 m a.s.l. (SW22), suggesting notable dif-
ferences in slope and runoff energy. In contrast, Minimum elevation (h),
commonly located at outlet points, influences the base level for surface
runoff. It ranges from 13 m a.s.l. (SW19) to O m a.s.l., the latter being
common among several catchments (e.g., SW1, SW2, SW3, SW6), indi-
cating a direct connection to coastal zones and potential marine
influence.

Watershed length (Lp) represents the longest dimension of the catch-
ment, aligned with the main stream channel, and is closely related to
runoff concentration time and surface drainage efficiency (Schumm,
1956). In Santa Cruz, watershed length ranges from a maximum of
13.46 km (SW1) to a minimum of 4.87 km (SW24), indicating variability
in hydrological response times.

Stream order (U) measures the hierarchical branching level of trib-
utaries within a catchment and is key to understanding the structural
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Fig. 3. Methodological diagram for watershed prioritization on Santa Cruz Island, Galapagos.

complexity of the drainage system. The highest stream order observed is
6th (SW1), suggesting a more developed drainage network, while all
other catchments range from 4th to 5th order, with the 4th order being
the lowest observed, associated with simpler hydrological structures.

Number of stream (N,) refers to the total count of stream segments
within a catchment, serving as an indicator of the complexity and degree
of development of the drainage network. In Santa Cruz, Nu values range
from a maximum of 1692 in SW2 to a minimum of 271 in SW23, with a
mean of 770 across all sub-watersheds. The higher number of channels
in SW2 reflects a more intricately branched system, often linked to
steeper slopes, finer soils, and higher runoff potential. In contrast, the
limited network in SW23 suggests simpler topography and potentially
greater infiltration capacity. First-order streams dominate the network,
with a total of 10,270 segments, and the only sixth-order stream appears
in SW1, indicating it has the most hierarchically developed system
(Table 3).

Stream length (L,) represents the total length of all flow paths within
each catchment’s drainage system, reflecting its spatial extent and hy-
drological capacity. The longest cumulative stream length is recorded in
SW1 (1.47 km), suggesting a more extensive and developed fluvial
system. Conversely, SW18, with only 0.68 km, exhibits a lower degree of
drainage network development. On average, total stream length per
basin is 0.89 km, with individual stream orders showing relatively
consistent contributions: first-to fifth-order channels range between
0.18 and 0.26 km, while the sixth-order stream (present only in SW1)

adds 0.22 km, reinforcing its significance in the hydrological structure of
the island (Table 3).

3.2. Linear morphometric parameters

Linear morphometric parameters include measurements such as
stream length, stream order, and drainage density. They allow for the
characterization of the drainage network and its influence on hydro-
logical connectivity.

Bifurcation ratio (Rp) is the ratio between the total number of streams
of a specific order (Nu) and the number of streams of the next higher
order (Ny+1) (Schumm, 1956). This index is linked to the branching
pattern of the drainage network, reflecting the degree of connectivity
between streams of different orders (Horton, 1945). In Santa Cruz, Ry
values ranged from a maximum of 31.34 (SW18) to a minimum of 5.95
(SW9). High values may indicate structural control or anomalies in the
drainage system, while lower values suggest less disturbed and more
natural drainage patterns (Suji et al., 2015), (Table S2; Supplementary
material).

Stream length ratio (Rp is defined as the ratio between the mean
length of streams of a given order (L,) and the mean length of streams of
the next lower order (L, — 1) (Horton, 1945). Generally, the mean length
of streams of a given order is greater than that of the lower-order
streams. This ratio provides information about the chronological
development of stream segments and the relative permeability of rock
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coefficient (C.)

Table 1 Table 2
Summary of formulas and methodological approaches applied for the quanti- Summary statistics of morphometric parameters across 24 sub-watersheds.
tative characterization of watershed morphometric parameters (Abdeta et al., Parameters Mean Min Max Std. Dev.
2020).
Area (A) 28.19 10.07 60.27 15.13
Parameters and Formulas/methods Units References Perimeter (P) 38.39 20.69 54.42 9.14
aspects Maximum elevation (H) 552.50 125.00 860.00 223.36
Shape aspects Minimum elevation (h) 1.04 0.00 13.00 2.61
- > Length (Ly,) 8.44 4.87 13.46 2.64
Area (A) GIS software analysis  km Highest stream order (U) 4.29 4.00 6.00 0.55
Perimeter (P) GIS software analysis  km Stream number (N;,) 769.75  271.00  1692.00  407.12
Maximum GIS software analysis m a.s.l. Stream length (L) 0.89 0.68 1.47 0.16
elevation (H) _ Mean stream length (L) 0.21 0.19 0.24 0.01
Minimum GIS software analysis ~ m a.sl. Bifurcation ratio (Ry) 10.62 5.95 31.34 6.08
elevation (h) o568 Stream length ratio (Ry) 3.27 2.30 4.97 0.59
Length (L) L, = 1.312x A™ km Nookaratnam Mean bifurcation ratio (Rym) 3.20 1.98 10.45 1.79
et al. (2005) Mean stream length ratio (Rj) 0.99 0.77 1.13 0.09
Stream order (U) Hierarchical rank Dimensionless  Strahler (1964) Stream frequency (F) 27.36 23.66 29.20 1.24
Stream number Ny, =Ny + Ny + -+ Dimensionless Horton (1945) Drainage density (Dg) 0.04 0.01 0.08 0.02
(N Nun Drainage texture (D) 19.25 7.74 36.21 7.72
Stream length (L) ~ Ly =Ly + Lz + -+ km Horton (1945) Length of overland flow (Lo) 15.55 5.94 35.63 7.39
. Lun Drainage intensity (D;) 854.49 321.82 2030.67 419.20
Linear aspects RHO coefficient (p) 0.11 0.02 0.18 0.04
Mean stream Average of stream km Horton (1945) Infltration number (Ip) 1.12 0.40 2.41 0.59
length (Lsm) length of all orders Relief (Bp) 551.46 125.00 859.00 224,22
Bifurcation ratio Rp = Ny/Ny a1 Dimensionless Schumm (1956) Relief ratio (Ry,) 64.28 24.97 85.75 16.64
(Rv) o Relative relief (Rp,) 1399.35  604.23 248318  426.42
Strea.m length Ry =L,/L, 1 Dimensionless Horton (1945) Ruggedness number (R;) 19.02 9.10 34.45 6.68
ratio (Ry) Circulatory ratio (R¢) 0.23 0.11 0.47 0.08
Mean bifurcation Average of Dimensionless Schumm (1956) Elongation ratio (Re) 52.90 17.45 117.95 30.19
ratio (Rpm) bifurcation ratios of Form factor (Ff) 0.38 0.33 0.42 0.03
all orders o Lemniscates ratio (K) 0.67 0.59 0.75 0.05
Mean stream Average of stream Dimensionless Schumm (1956) Compactness coefficient (Cc) 2.16 1.46 3.05 0.37
length ratio length ratios of all
(Rim) orders
Stream frequency F,=Ny/A km 2 Schumm (1956)
(Fs) Table 3
. . 2
Drainage density Dq = Lu/A km/km Schumm (1956) Summary of number and total length of streams by order (1st to 6th) for the 24
D) sub-watersheds of Santa Cruz Island.
Drainage texture D, = N,/P km™! Schumm (1956)
DY To.no. Stream Orders Code of Watersheds
Length of overland L, = 1/(2Dq) km Schumm (1956) Total Max Min Mean
flow (L)
Drainage intensity =~ D; = Fy/Dq km™! Faniran (1968) 1 Number of stream (N,) 18,474 1692 271 770
D)) 1st Order (Ny1) 10,270 947 150 428
RHO coefficient Rim/Ryp Horton (1945) 2ndOrder (Ny2) 4926 471 59 205
3rd Order (Ny3) 2409 219 31 100
(@)
Infltration number I = Fg x Dy km Faniran (1968) 4th Order (Ny4) 771 140 3 32
Up 5th Order (Nys) 69 31 1 12
Relief aspects 6th Order (Nyg) 29 29 29 29
Relief (Bp) Bn,=H-h km Strahler (1964) 2 Length of stream (L) 21.41 1.47 0.68 0.89
Relief ratio (Rp) Rn=B:/L, Dimensionless  Schumm (1956) 1st Order (L) 4.89 0.23 0.18 0.20
Relative relief Ryp = H x 100/P Dimensionless Melton (1957) 2ndOrder (L) 5.30 0.26 0.19 0.22
(Rnp) 3rd Order (Ly3) 5.14 0.26 0.18 0.21
Ruggedness R,=Bp x Dq Dimensionless  Strahler (1964) 4th Order (Ly4) 4.77 0.26 0.08 0.20
number (R,) 5th Order (Lys) 1.10 0.26 0.04 0.18
Area aspects 6th Order (Lyg) 0.22 0.22 0.22 0.22
Circulatory ratio R.= 41[A/Pz; n=3.14 Dimensionless Miller (1953)
(R
Elongation ratio Re=(2/Lb) x (A/m*°  Dimensionless ~ Schumm (1956) consistently holds true (Fig. 4; Fig. 6), as evidenced by a strong in-
(Rc)f ) . verse correlation between stream order and stream quantity, with
Fi tor (F = Di i . . . . . .
orm factor () F=M1 1MENSIOIESS — orton (1945) coefficients of determination (R?) ranging from 0.80 (in SW8) to 1.00
Lemniscates ratio K=12/4A Dimensionless (in SW17).
b Chorley et al.
x) Y
(1957) . .
Compactness C. = P/2 (rA)°S Dimensionless  Horton (1945) e Law of stream lengths: According to this law, the average length of

streams increases progressively with order, following a direct geo-
metric series. However, in the analysis conducted, this relationship
appeared weak or inconsistent in several sub-watersheds (Fig. 5;

formations within a watershed (Table S2; Supplementary material).
Horton (1945) formulated two fundamental laws that describe the
structural behavior of drainage networks in a watershed, related to the
number and length of streams.

Fig. 6), with R? values ranging from 0.0003 (in SW8) to 0.84 (in
SW17). This variability suggests the influence of local factors such as
lithology, geological structures, and active geomorphological pro-
cesses, including water erosion, which may be affecting the natural

. longitudinal development of the channels.
e Law of stream numbers: This law states that the number of stream

channels decreases in an inverse geometric manner as stream order
increases, with the bifurcation ratio forming the base of this pro-
gression. In the analyzed sub-watersheds, this relationship

The scatter plot in Fig. 6 compares the coefficients of determination
(R?) obtained from Horton’s first law (logarithmic relationship between
8 p
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Fig. 4. Relationship between stream number (Log N,) and stream order for sub-watersheds SW1, SW15, and SW24.

-0.57
-0.58 o

-0.59 ' Yoo
-0.60
-0.61
-0.62 : ;
-0.63 & !
-0.64 S y=-0.0017x-0.6071
-0.65 R = 0.0084 \
-0.66 \
-0.67

-0.68

Loglu

Stream order (U)

SW5

0.64

0.64 8
20.65 & o
0.65
0.66
=h-0.66
0.67
0.67
0.68
0,68
0.69

y =0.0024x - 0.6704
R?=10.0395

LogLu

Stream order (U)

SWI15
0 ) 4 0 8
0.00
-0.20
-0.40 y =-0.1552x - 0.3593
R?=10.5823
_-0.60
-0.80
o100
-1.20
-1.40 b
-1.60 ) =
Stream order (U)
SW24
0 2 4 6 8
0.00
-0.10
-0.20
030 ¥ = 0.0365x - 0.7671
2040 1= 0.8174
o |
-0.50
-0.60
-0.70
-0.80
Stream order (U)

Fig. 5. Relationship between length of stream (Log L,) and stream order for sub-watersheds SW1, SW15, and SW24.

stream number and stream order, plotted on the x-axis) and Horton’s
second law (logarithmic relationship between stream length and stream
order, plotted on the y-axis) across the 24 sub-watersheds. Two
threshold lines at R = 0.6 and R? = 0.95 are included to help interpret
the degree of fit for each law. The distribution of points illustrates the
variability in how consistently each sub-watershed conforms to Horton’s
theoretical models. Points located near the upper-right quadrant reflect
a strong agreement with both laws, while those dispersed in the lower-
left quadrant indicate a weaker or inconsistent correlation, suggesting
local geomorphic or structural controls affecting drainage development.

Stream frequency (Fs) indicates the total number of channels per unit
area and is directly related to drainage density (Horton, 1945; Prabha-
karan and Raj, 2018). It provides insight into the degree of fluvial
network development. In Santa Cruz, Fs ranges from a maximum of
29.20 (SW12) to a minimum of 23.66 (SW1). Higher frequencies indi-
cate a more dissected terrain with a denser network of flow paths, while
lower values suggest broader spacing between channels and less
drainage intensity.

Drainage density (Dg) refers to the total length of stream channels per
unit area. It measures the cumulative length of streams relative to the
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Fig. 6. Scatter plot comparing the coefficient of determination (R?) for Hor-
ton’s first law (x-axis) and second law (y-axis) across the 24 sub-watersheds of
Santa Cruz Island. The thresholds R* = 0.6 and R = 0.95 serve as reference
lines to evaluate the strength of the logarithmic fit for each law. Each point
represents a sub-watershed, highlighting the variability in morphometric
behavior and the degree of alignment with Horton’s drainage theory.

basin area (Horton, 1945). It ranges from a maximum of 0.084 km/km?
(SW24) to a minimum of 0.014 km/km? (SW2). High values are typi-
cally associated with steeper slopes, lower infiltration, and higher runoff
generation, while low values may indicate gentle topography, higher
infiltration capacity, or less developed channel systems.

Drainage texture (D represents the number of stream channels
relative to the perimeter of a watershed (Horton, 1945). This index helps
assess how spaced or concentrated the drainage lines are within the
basin boundary. The lowest values are found in SW2, SW5, and SW7,
while the highest are in SW23 and SW24.

Length of overland flow (L,) is a parameter that reflects the distance
water travels over the land surface before entering the stream channel
and is inversely related to the drainage density (Dq). According to
Horton’s (1945) proposal, it is estimated as half the inverse of the
drainage density. Values range from a maximum of 35.63 m (SW2) to a
minimum of 5.94 m (SW24), indicating notable variation in surface flow
distances. Higher Lo values reflect longer runoff paths before channel-
ization, often associated with lower drainage densities and gentler
slopes.

Drainage intensity (D;) is defined as the ratio between stream fre-
quency (Fs) and drainage density (Dd), according to Faniran (1968), and
represents the efficiency of the drainage system in a watershed. The
highest D; is observed in SW2 (2030.67), suggesting high runoff effi-
ciency, while the lowest is in SW24 (339.47), indicating a less efficient
drainage system.

RHO coefficient (p) coefficient represents the proportion between
drainage density and stream frequency and helps evaluate the interac-
tion between the drainage system geometry and the watershed’s phys-
iography. Values range from a minimum of 0.024 (SW18) to a maximum
of 0.178 (SW24), where higher values suggest greater morphological
complexity in the drainage network.

The infiltration number (Iy), also proposed by Faniran (1968), is
calculated as the product of drainage density and stream frequency. The
lowest If is 0.58 (SW1), suggesting high infiltration capacity, while the
highest is 2.41 (SW24), indicating low infiltration and high surface
runoff potential. Sub-basins from SW1 to SW8 generally show favorable
infiltration conditions, while SW20-SW24 represent areas with the least
infiltration potential.
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3.3. Relief morphometric parameters

Relief morphometric parameters analyze the basin’s topography
through indicators such as mean slope, maximum elevation, and
elevation range. They are key to understanding the relief energy and
erosion potential.

Relief ratio (Ry) is the ratio between the maximum relief of the
watershed and the maximum length of the watershed, which is parallel
to the main drainage line. It measures the overall slope of a watershed
and is an indicator of the processes and intensity of erosion on the
watershed slopes (Schumm, 1956).

Relative relief (Rpp) is calculated using the perimeter and relief of the
watershed (Melton, 1957). It provides a measure of the elevation vari-
ability within the watershed. A high value indicates a watershed with
significant altitude variations, suggesting a more rugged or steep
topography. In contrast, a low value indicates a watershed with a
gentler, less varied relief. In Santa Cruz, Ry, values range from a
maximum of 2483.18 (SW5), indicating highly rugged topography, to a
minimum of 604.23 (SW22), suggesting smoother, less varied terrain.

Ruggedness number (R,) is the product of total relief and drainage
density, combining the slope of the terrain with its length. The highest
R, value is 34.45 (SW24), pointing to steep and dissected landscapes,
while the lowest is 9.10 (SW19), reflecting gentler topographic condi-
tions and lower surface energy.

3.4. Areal morphometric parameters

Areal morphometric parameters are related to the basin’s spatial
extent and distribution, including drainage area, elongation ratio, and
drainage density. They help assess the catchment’s capacity and its
response to hydrometeorological events.

Circulatory ratio (R.) compares the watershed area with that of a
circle having the same perimeter (Miller, 1953; Abdeta et al., 2020),
serving as an indicator of hydrological efficiency. Values range from a
minimum of 0.11 (SW23) to a maximum of 0.47 (SW5). Lower Rc values
suggest elongated catchments with longer concentration times and
lower flash flood potential, while higher values indicate more circular
basins with quicker runoff response.

Elongation ratio (R,.) represents the relationship between the diam-
eter of a circle with the same area as the watershed and its maximum
length, providing a measure of its relative shape (Schumm, 1956).
Values close to 1 indicate more circular and symmetrical watersheds,
while lower values suggest an elongated morphology. In Santa Cruz, the
most elongated basins are SW1 (117.95) and SW2 (116.06), while the
most compact are SW24 (17.45) and SW23 (18.22), reflecting differ-
ences in hydrological response potential.

Form factor (Fy) is a morphometric parameter that relates the area of
the watershed to the square of its maximum length (Ly) (Godif and
Manjunatha, 2022). Low values indicate elongated watersheds, while
high values reflect more circular shapes, which tend to generate more
intense peak discharges in shorter times (Horton, 1945). The lowest
values, observed in SW1 and SW2 (0.33), indicate elongated shapes and
lower risk of rapid runoff. The highest values, 0.42 in SW24 and SW23,
suggest more compact forms with potentially faster peak discharges.

Lemniscates ratio (K) is used to determine the gradient of a watershed
(Chorley et al., 1957). The highest values are 0.75 (SW1 and SW2),
suggesting more elongated forms with gradual slopes, while the lowest
values are 0.59 (SW24, SW23, SW22), indicating steeper and more
compact shapes.

Compactness coefficient (C.) is the ratio between the perimeter of the
watershed and the circumference of the equivalent circular area of the
watershed (Horton, 1945). It is independent of the size of the watershed
but depends on the slope (Abdeta et al., 2020). In this analysis, the
watersheds with the lowest values were SW5.
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3.5. Ranking of watersheds

Using the natural breaks methodology of Jenks (1967) and based on
the values obtained for the compound parameter (C,), the
sub-watersheds were classified into three priority levels. Those with
values less than or equal to 11.72 were classified as high priority, while
those with values less than or equal to 13.33 were assigned medium
priority, and those with values lower than 15.33 were considered low
priority.

The following tables present the parametric ranking results for each
morphometric variable, the computed compound parameter, and the
final priority level assigned to each sub-watershed (Table 4; Table 5).
The ranking is based on the direct or inverse relationship of each
parameter with sub-watershed vulnerability, following the methodology
proposed by Abdeta et al. (2020). A total of 18 key morphometric pa-
rameters (covering linear, relief, and areal aspects) were considered the
most representative for this analysis.

4. Discussion

The prioritization analysis based on morphometric parameters
identified sub-watersheds with varying degrees of susceptibility to
erosion. Using the compound parameter (Cp) method, which integrates
both directly and inversely correlated indicators, the sub-watersheds
were ranked and grouped into three categories: high, medium, and
low priority (Fig. 7). The highest priority was assigned to SW7 (Cp =
9.83), SW5 (Cp = 9.94), and SW24 (Cp = 10.39), indicating a greater
potential for erosion due to unfavorable morphometric characteristics.
In contrast, SW1 (Cp = 14.33), SW19 (Cp = 14.61), SW22 (Cp = 15.00),
and SW15 (Cp = 15.33) were categorized as low priority, reflecting
lower susceptibility (Table 4; Table 5). This ranking provides a useful
basis for targeted soil conservation and watershed management
strategies.

High-priority sub-watersheds exhibit morphometric characteristics
that indicate a higher risk of erosion and water loss, which could
negatively impact both the availability and quality of water resources.
Therefore, these areas require immediate intervention focused on soil
conservation, runoff control, and infiltration techniques to mitigate
erosion and improve water management. From an agricultural
perspective, such interventions are crucial to preserve soil fertility,
reduce sediment transport into croplands, and ensure the sustainability
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depend on small-scale farming. In contrast, low-priority sub-watersheds
show lower susceptibility to erosion, making them more suitable for
water resource conservation and potentially more compatible with
sustainable agricultural development. Their higher retention capacity
and soil stability offer favorable conditions for water harvesting and the
planning of irrigation systems, especially for crops requiring regular
water supply throughout dry seasons. To clarify why certain sub-
watersheds are more suitable for agriculture, the prioritization was
primarily based on morphometric parameters that reflect erosion sus-
ceptibility and water retention capacity. Low-priority sub-watersheds
exhibit greater soil stability and higher water retention, which create
favorable conditions for sustainable agriculture by preserving soil
fertility and ensuring reliable irrigation during dry periods. Conversely,
high-priority sub-watersheds are more prone to erosion and water loss,
thus requiring immediate conservation measures before being consid-
ered suitable for agriculture.

It is important to note that while morphometric analysis provides
valuable preliminary insights, complementary field studies, including
water quality assessments, are necessary to fully confirm the agricultural
suitability of these areas. However, to confirm this suitability, comple-
mentary studies (including field sampling and geochemical analyses) are
essential to determine whether the available water meets the necessary
quality standards for use. This classification thus not only guides inter-
vention and conservation strategies but also significantly narrows the
geographic scope for identifying potential water resources, optimizing
technical and logistical efforts in the field.

The island of Mayotte, part of the Comoros archipelago, has faced a
severe water crisis since 2022, marked by extreme scarcity and source
contamination, which led to strict water rationing. In December 2024,
the situation worsened with the passage of Cyclone Chido, prompting
the French government to declare a state of natural disaster (France24,
2024; Colliva, 2023). However, the impacts were partially mitigated
thanks to hydrological studies conducted in 2019, which included
hydro-geomorphological analyses to assess watershed conditions and
prioritize interventions.

Cases like Mayotte highlight the strategic value of hydrological
studies and should be seen as both a warning and an opportunity for
other volcanic islands, such as Santa Cruz in the Galdpagos. Before the
passage of Cyclone Chido in December 2024, Mayotte was already fac-
ing a critical humanitarian and environmental situation characterized
by widespread poverty, inadequate access to clean water (only 71 % of

of irrigation practices, particularly in areas where local communities households had running water), fragile health infrastructure
Table 4
Hierarchical ranking of each morphometric parameter, the compound parameter and priority ranking for sub-watersheds SW1 to SW12.
ID Parameters Computed parametric ranks
SW1 SW2 SW3 SW4 SW5 SW6 SW7 SW8 SW9 SW10 SW11 SW12
1 Mean bifurcation ratio (Rpm) 20 12 3 11 6 9 8 16 24 13 4 17
2 Mean stream length ratio (Rjm) 14 15 18 20 8 13 4 12 11 6 21 17
3 Stream frequency (Fs) 24 4 9 28 8 14 7 11 2 16 5 1
4 Drainage density (Dq) 17 24 23 21 16 22 19 18 20 14 15 13
5 Drainage texture (Dy) 4 2 8 5 1 10 3 6 7 11 13 9
6 Length of overland flow (L,) 8 1 2 4 9 3 6 7 5 11 10 12
7 Drainage intensity (D;) 12 1 2 8 6 3 5 7 4 10 9 11
8 RHO coefficient (p) 18 13 23 17 22 14 15 8 1 12 21 6
9 Infltration number (If) 23 24 21 20 17 22 16 18 19 15 14 13
10 Relief (By) 6 3 4 5 1 2 7 8 16 9 11 13
11 Relief ratio (Rp,) 19 15 13 12 7 4 6 8 21 9 11 18
12 Relative relief (Rpp) 9 4 12 5 1 6 2 3 18 8 17 14
13 Ruggedness number (Rp,) 10 20 16 13 7 9 11 14 21 15 18 19
14 Circulatory ratio (Ro) 17 23 10 18 24 9 22 19 16 12 2 15
15 Elongation ratio (R.) 24 23 22 21 20 19 18 17 16 15 14 13
16 Form factor (Fy) 1 2 3 4 5 6 7 8 9 10 11 12
17 Lemniscates ratio (K) 24 23 22 21 20 19 18 17 16 15 14 13
18 Compactness coefficient (C.) 8 2 15 7 1 16 3 6 9 13 23 10
Compound parameter (Cp) 14.33 11.72 12.56 13.33 9.94 11.11 9.83 11.28 13.06 11.89 12.94 12.56
Ranking 1 2 3 4 5 6 7 8 9 10 11 12
Final priority Low High Medium Medium High High High High Medium Medium Medium Medium

10
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Table 5
Hierarchical ranking of each morphometric parameter, the compound parameter and priority ranking for sub-watersheds SW13 to SW14.
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D Parameters Computed parametric ranks
SW13 SW14 SW15 SW16 SW17 SW18 SW19 SW20 Sw21 SW22 SW23 SW24

1 Mean bifurcation ratio (Rpm) 19 10 2 5 18 1 14 7 15 21 23 22
2 Mean stream length ratio (Rjm) 10 22 23 1 5 24 19 2 7 16 9 3
3 Stream frequency (F;) 19 20 21 22 13 10 6 12 17 15 23
4 Drainage density (Dg) 11 12 10 7 8 9 6 5 4 3 2 1
5 Drainage texture (D) 16 15 12 14 20 17 19 21 22 18 24 23
6 Length of overland flow (L,) 14 13 15 18 17 16 19 20 21 22 23 24
7 Drainage intensity (D;) 14 13 16 19 17 15 18 20 22 21 24 23
8 RHO coefficient (p) 4 9 19 20 10 24 7 16 11 3 2
9 Infltration number (If) 11 12 10 7 8 9 6 5 4 3 2 1
10 Relief (Bp) 10 15 22 14 12 17 23 21 20 24 19 18
11 Relief ratio (Rn) 1 16 22 14 3 10 23 20 17 24 5 2
12 Relative relief (Ryp) 7 16 22 13 11 15 23 21 19 24 20 10
13 Ruggedness number (R,) 4 17 22 5 3 12 24 8 6 23 2 1
14 Circulatory ratio (Ro) 4 6 21 13 3 11 14 8 7 20 1
15 Mean bifurcation ratio (Rpm) 12 11 10 9 8 7 6 5 4 3 2 1
16 Mean stream length ratio (Rym) 13 14 15 16 17 18 19 20 21 22 23 24
17 Stream frequency (Fs) 12 11 10 9 8 7 6 5 4 3 2 1
18 Drainage density (Dq) 21 19 4 12 22 14 11 17 18 5 24 20
Compound parameter (Cp) 11.22 13.94 15.33 12.11 11.28 13.11 14.61 12.94 13.28 15.00 12.78 10.39
Ranking 13 14 15 16 17 18 19 20 21 22 23 24
Final priority High Low Low Medium High Medium Low Medium Medium Low Medium High
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Fig. 7. Sub-watershed prioritization ranking for Santa Cruz Island, classified into three categories: high, medium,
relative susceptibility of each sub-watershed to surface runoff and erosion based on morphometric analysis.
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and low priority. This classification reflects the
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overwhelmed by infectious diseases, and recurrent droughts causing
acute water shortages. These structural vulnerabilities significantly
limited the island’s capacity to implement immediate and effective
mitigation measures prior to the cyclone. The severe impact of Cyclone
Chido and the subsequent storm Dikeledi further worsened existing
vulnerabilities, leading to extensive flooding, loss of life, and destruction
of informal settlements primarily inhabited by the most vulnerable
populations. The governmental response, though involving emergency
reconstruction plans, has been criticized for insufficiently addressing the
island’s long-standing socio-economic and infrastructural challenges,
particularly those affecting undocumented immigrants.

In this context, the present study shows that hydro-
geomorphological characterization and the prioritization of sub-
watersheds based on their susceptibility to erosion not only improve
the understanding of watershed dynamics but also provide fundamental
tools for defining targeted management actions. This methodology
directly supports the objective of strengthening water security and ter-
ritorial resilience in the face of climate threats and growing de-
mographic pressures. It is important to note that while morphometric
parameters offer valuable insights into watershed behavior, their use
alone may not capture all hydrological complexities. For instance,
temporal variations in precipitation, land cover changes, and ground-
water interactions require integration in future studies to improve pri-
oritization accuracy. Additionally, local socio-economic factors
influencing water use and land management should be incorporated to
enhance decision-making relevance.

Furthermore, the prioritization results obtained in this study allow
decision-makers to identify the most erosion-prone sub-watersheds,
guiding the implementation of early interventions in areas with higher
environmental vulnerability. By integrating morphometric parameters
that reflect both the physical characteristics of the terrain and its hy-
drological behavior, the analysis supports a proactive approach to
watershed management. This enables the design of sustainable strate-
gies focused on water conservation, risk mitigation, and long-term
planning, crucial components for ensuring the well-being of island
communities that depend on limited and sensitive water resources.

In this regard, the prioritization of sub-watersheds provides not only
a scientific basis for soil and water conservation strategies but also a
valuable input for agricultural planning. Identifying areas less prone to
erosion and with higher water retention can inform decisions about the
localization of agricultural activities, the type of crops suitable for each
sub-watershed, and the implementation of agroecological practices that
align with the island’s natural hydrological dynamics. Future research
should focus on incorporating multi-criteria decision analysis frame-
works, coupling morphometric data with socio-economic and ecological
parameters to create holistic watershed management plans. The use of
remote sensing time series and field-based hydrological monitoring can
further validate and refine prioritization models, thus enhancing adap-
tive management in the face of climate variability and human pressures.

5. Conclusion

The morphometric prioritization of the 24 watersheds on Santa Cruz
Island revealed significant variability in susceptibility to erosion. Wa-
tersheds such as SW7, SW5, SW24, SW6, SW13, SW8, SW17, and SW2,
which obtained the lowest Composite Parameter (Cp) scores, exhibit
greater geomorphological vulnerability, positioning them as critical
zones requiring immediate intervention. These areas demand targeted
soil conservation and water management strategies (such as reforesta-
tion, construction of small-scale check dams, and slope stabilization) to
safeguard ecosystem services, reduce runoff and sedimentation risks,
and maintain soil productivity (especially in areas where agricultural
activities are present or planned).

In contrast, watersheds like SW15, SW22, SW19, SW1, and SW14
(ranked with higher Cp values) present more favorable morphometric
and hydrological conditions, indicating greater resilience and lower
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priority for immediate mitigation. The rural areas within SW1, for
example, show potential for sustainable agricultural development and
rainwater harvesting systems, given their higher retention capacity and
reduced susceptibility to erosion. We recommend promoting water-
efficient agricultural practices in these areas, such as drip irrigation or
agroecological approaches that align with the island’s hydrological
patterns.

The remaining watersheds are located primarily within the Sus-
tainable Use Zone (SUZ), where any potential development or water use
would require the appropriate permits from the Direcciéon del Parque
Nacional Galapagos (DPNG), a dependency of the Ministerio del
Ambiente, Agua y Transiciéon Ecolégica (MAATE). Therefore, coordi-
nated planning with environmental authorities is essential to ensure that
any interventions aling with conservation goals and local regulations.

This prioritization framework constitutes a crucial tool for decision-
making in integrated watershed management, particularly within
ecologically sensitive island environments. It enables strategic alloca-
tion of technical and financial resources, avoiding inefficient uniform
interventions and allowing for focused action in erosion-prone zones.
Furthermore, watersheds classified as low priority, such as SW22 and
SW1, emerge as promising candidates for sustainable water harvesting
and agricultural planning. To validate their suitability, additional
structural assessments, soil sampling, and geochemical analyses are
required. To validate their suitability, we recommend complementary
field assessments, including structural evaluations, soil characterization,
and geochemical water quality analyses. Supported by GIS, DEM-based
modeling, and photogrammetry, this integrative approach narrows the
search area for viable water sources and enhances the resilience of water
systems while minimizing unnecessary environmental and economic
costs.

Beyond the specific case of Santa Cruz, this methodological frame-
work offers a transferable tool for morphometric watershed prioritiza-
tion in other volcanic island settings facing similar socio-ecological
pressures. Its application can inform integrated land and water man-
agement in territories with limited freshwater resources, steep topog-
raphy, and sensitive ecosystems. However, this study has certain
limitations, including reliance on morphometric parameters alone,
without direct incorporation of climatic variability, land cover data, or
hydrogeological measurements. These factors, while partly inferred,
should be integrated into future work to enhance the precision and
applicability of prioritization efforts. Future studies may expand on this
approach by integrating time-series precipitation data, remote sen-
sing—derived vegetation indices, and field-based hydrogeological sur-
veys to support multi-criteria decision-making and dynamic watershed
modeling.

CRediT authorship contribution statement

Rosado Victoria: Writing — review & editing, Writing — original
draft, Methodology, Investigation, Formal analysis, Data curation,
Conceptualization. Bravo Gianella: Writing — original draft, Investiga-
tion, Formal analysis, Data curation, Conceptualization. Vaca Valeria:
Writing — review & editing, Writing — original draft, Investigation, Data
curation, Conceptualization. Menoscal Menoscal Melanie: Software,
Methodology, Data curation, Conceptualization. Garces Daniel:
Writing — review & editing, Writing — original draft, Supervision, Re-
sources, Funding acquisition, Conceptualization. Larreta Erwin:
Writing — review & editing, Writing — original draft, Methodology, Data
curation, Conceptualization. Mulas Maurizio: Writing — review &
editing, Writing — original draft, Visualization, Supervision, Resources,
Project  administration, = Methodology, Funding acquisition,
Conceptualization.

Funding information

This research was supported by the ESPOL Galapagos Initiative, as



R. Victoria et al.

part of the project Climate Resilient Development: Innovative Strategies
in Prioritized Socio Ecological Systems at Galapagos Islands (ClimReD
Galapagos), CIPRRD-1-2023, funded by the Office of the Vicerrector for
Research and Innovation (VIDI). Furthermore, this research was funded
as part of the IsVolc Project (VRIDI-001-2024), result of a collaboration
between the Autonomous Region of Sardinia, the University of Cagliari,
and ESPOL of Guayaquil.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgments

We are grateful to Laura Pioli, Elisabetta Dore, and Maria Teresa
Melis of the University of Cagliari for their support during the IsVolc
Project, carried out in collaboration with the Autonomous Region of
Sardinia and ESPOL. We acknowledge the support on the participatory
activities during the ClimRed Proyect to our partners in the Galapagos
Archipielago: Galapagos National Park (PNG), Charles Darwin Foun-
dation (CDF), the Consejo de Gobierno de Regimen Especial de Gal-
apagos (CGREG), the Municipality of Santa Cruz, and the Local
Government of Santa Rosa, in Santa Cruz. We also are thankful for the
administrative support of the Pacific International Center for Disaster
Risk Reduction at the Escuela Superior Politecnica del Litoral (CIP-RRD
— ESPOL). Last but not least, we wish to thank the two anonymous re-
viewers and the editor, whose feedback significantly helped improve the
manuscript.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.indic.2025.100843.

Data availability
Data will be made available on request.

References

Abdeta, G.C., Tesemma, A.B., Tura, A.L., Atlabachew, G.H., 2020. Morphometric analysis
for prioritizing sub-watersheds and management planning and practices in gidabo
basin, southern rift valley of Ethiopia. Appl. Water Sci. 10 (7). https://doi.org/
10.1007/513201-020-01239-7.

Aranguren-Diaz, Y., Galan-Freyle, N.J., Guerra, A., Manares-Romero, A., Pacheco-
Londono, L.C., Romero-Coronado, A., Vidal-Figueroa, N., Machado-Sierra, E., 2024.
Aquifers and groundwater: challenges and opportunities in water resource
management in Colombia. Water 16 (5), 685. https://doi.org/10.3390/w16050685.

Auken, E., Violette, S., D’Ozouville, N., Deffontaines, B., Sgrensen, K.I., Viezzoli, A., De
Marsily, G., 2009. An integrated study of the hydrogeology of volcanic islands using
helicopter borne transient electromagnetic: application in the Galapagos
archipelago. C. R. Geosci. 341 (10-11), 899-907. https://doi.org/10.1016/j.
crte.2009.07.006.

Bolinches, A., Blanco-Gutiérrez, 1., Zubelzu, S., Esteve, P., Gomez-Ramos, A., 2022.

A method for the prioritization of water reuse projects in agriculture irrigation.
Agric. Water Manag. 263, 107435. https://doi.org/10.1016/j.agwat.2021.107435.

Boute, S.E., Agssura, M., Hilali, A., Hili, A., Gartet, J., 2024. Morphometric analysis and
prioritization of sub-watersheds of the inaouene river upstream of the idris I dam
using the GIS techniques. Applied Geomatics 16 (3), 611-628. https://doi.org/
10.1007/512518-024-00574-7.

Chelladurai, V., BharaniPriya, A., Mullaivasanthan, M., 2023. Groundwater level
analysis of sathyamangalam region, Tamil Nadu, India using GIS. IOP Conf. Ser.
Earth Environ. Sci. 1258 (1), 012005. https://doi.org/10.1088/1755-1315/1258/1/
012005.

Chorley, R.J., Malm, D.E.G., Pogorzelski, H.A., 1957. A new standard for estimating
drainage basin shape. Am. J. Sci. 255 (2), 138-141. https://doi.org/10.2475/
ajs.255.2.138.

Claudino-Sales, V., 2018. Galdpagos islands, Ecuador. En Coastal research library
327-333. https://doi.org/10.1007/978-94-024-1528-5_48.

13

Environmental and Sustainability Indicators 27 (2025) 100843

Colliva, C., 2023. Azotada Por La Sequia, Esta Isla Se Esta Quedando Sin Agua Potable.
CNN mundo. https://cnnespanol.cnn.com/2023/11/19/azotada-por-la-sequia-esta
-isla-se-esta-quedando-sin-agua-potable-trax.

Dalin, C., Taniguchi, M., Green, T.R., 2019. Unsustainable groundwater use for global
food production and related international trade. Global Sustainability 2. https://doi.
org/10.1017/5us.2019.7.

Danulat, E., Edgar, G.J. (Eds.), 2002. Reserva Marina De Galapagos. Linea Base De La
Biodiversidad. Fundacion Charles Darwin/Servicio Parque Nacional Galapagos,
Santa Cruz, Galapagos, Ecuador, p. 484.

De Miguel-Garcia, E., Gomez-Gonzalez, J., Cruz, J.L., 2023. Determining groundwater
quality based on volcanic terrain: a case study from the island of tenerife, Spain.
J. Afr. Earth Sci. 207, 105059. https://doi.org/10.1016/].jafrearsci.2023.105059.

Ecker, A., 1976. Groundwater behaviour in tenerife, volcanic island (Canary islands,
Spain). Journal Of Hydrology 28 (1), 73-86. https://doi.org/10.1016/0022-1694
(76)90053-6.

Falkland, A.C., 1993. Hydrology and water management on small tropical islands. In:
Hydrology of Warm Humid Regions (Proceedings of the Yokohama Symposium, July
1993). IAHS Publ. no. 216. Hydrology and Water Resources Branch, ACT Electricity
and Water. GPO Box 366, Canberra, ACT, 2601, Australia. https://iahs.info/uploads
/dms/iahs_216_0263.

Faniran, A., 1968. The index of drainage intensity: a provisional new drainage factor.
Aust. J. Sci. 31 (9), 326-330.

Farhan, Y., 2017. Morphometric assessment of wadi wala watershed, southern Jordan
using ASTER (DEM) and GIS. J. Geogr. Inf. Syst. 9 (2), 158-190. https://doi.org/
10.4236/jgis.2017.92011.

FCD, 2019. Fundacion Charles Darwin. Geodatabase. https://geodata-fedgps.opendata.
arcgis.com/datasets/fcdgps::curvas-de-nivel-30m/about.

Fisher, P.F., Tate, N.J., 2006. Causes and consequences of error in digital elevation
models. Prog. Phys. Geogr. Earth Environ. 30 (4), 467-489. https://doi.org/
10.1191/0309133306pp492ra.

France24. Francia declara estado de “calamidad natural excepcional” en Mayotte. https
://www.france24.com/es/minuto-a-minuto/20241218-el-archipi%C3%A9lago-fra
nc%C3%A9s-de-mayotte-intenta-recuperar-la-normalidad-tras-el-paso-del-cicl%
C3%B3n-chido.

Fuentes, J.L., 1992. Aguas subterraneas. Pesca Y Alimentacién. Ministerio de agricultura,
Espana - Madrid. https://www.mapa.gob.es/ministerio/pags/biblioteca/hojas/h
d_1992 01.pdf.

Glendenning, C., Van Ogtrop, F., Mishra, A., Vervoort, R., 2012. Balancing watershed
and local scale impacts of rain water harvesting in india—A review. Agric. Water
Manag. 107, 1-13. https://doi.org/10.1016/j.agwat.2012.01.011.

Godif, G., Manjunatha, B., 2022. Prioritizing sub-watersheds for soil and water
conservation via morphometric analysis and the weighted sum approach: a case
study of the geba river basin in Tigray, Ethiopia. Heliyon 8 (12), e12261. https://doi.
org/10.1016/j.heliyon.2022.e12261.

Herrera, L.A., Paque, R., Maertens, M., Vanacker, V., 2022. History of land cover change
on Santa Cruz island, Galapagos. Land 11 (7), 1017. https://doi.org/10.3390/
land11071017.

Holding, S., Allen, D.M., 2016. Risk to water security for small islands: an assessment
framework and application. Reg. Environ. Change 16 (3), 827-839. https://doi.org/
10.1007/510113-015-0794-1.

Horton, R.E., 1945. Erosional development of streams and their drainage basins;
hydrophysical approach to quantitative morphology. GSA Bulletin 56 (3), 275-370.
https://doi.org/10.1130/0016-7606(1945)56[275:EDOSAT]2.0.CO;2.

INEC, 2022. Vizualizador Censo 2022. Censo De Poblacion Y Vivienda. Instituto Nacional
de estadisticas y censos.

INGALA, PRONAREG, ORSTOM, 1989. Inventario Cartografico De Los Recursos
Naturales, Geomorfologia, Vegetacion, Hidricos, Ecoldgicos, Y Biofisicos De Las Islas
Galapagos, p. 160.

Ismail, M., Singh, H., Farooq, L., Yousuf, N., 2022. Quantitative morphometric analysis of
veshav and rembi ara watersheds, India, using quantum GIS. Applied Geomatics 14
(2), 119-134. https://doi.org/10.1007/s12518-022-00417-3.

Javed, A., Khanday, M.Y., Ahmed, R., 2009. Prioritization of sub-watersheds based on
morphometric and land use analysis using remote sensing and GIS techniques.
Journal Of The Indian Society Of Remote Sensing 37 (2), 261-274. https://doi.org/
10.1007/s12524-009-0016-8.

Javed, A., Khanday, M.Y., Rais, S., 2011. Watershed prioritization using morphometric
and land use/land cover parameters: a remote sensing and GIS based approach.

J. Geol. Soc. India 78 (1), 63-75. https://doi.org/10.1007/512594-011-0068-6.

Jenks, G.F., 1967. The Data Model Concept in Statistical Mapping, vol. 7. International
Yearbook of Cartography.

Kanhaiya, S., Singh, S., Singh, C.K., Srivastava, V.K., Patra, A., 2019. Geomorphic
evolution of the dongar river basin, son valley, central India. Geology Ecology And
Landscapes 3 (4), 269-281. https://doi.org/10.1080/24749508.2018.1558019.

Korzun, V.I. (Ed.), 1974. Mirovoj Vodnyj Balans I Vodnye Resursy Zemli.
Gidrometeoizdat.

Krishnan, A., Arjun, S., 2024. Morphometric analysis in the sub basins of the kali river
using geographic information system, Karnataka, India. Geomatica (Ott.) 76 (2),
100013. https://doi.org/10.1016/j.geomat.2024.100013.

Li, D., Liu, S., 2019. Water quality evaluation. En Elsevier eBooks 113-159. https://doi.
0rg/10.1016/b978-0-12-811330-1.00004-1.

Li, M., Cao, X, Liu, D., Fu, Q., Li, T., Shang, R., 2021. Sustainable management of
agricultural water and land resources under changing climate and socio-economic
conditions: a multi-dimensional optimization approach. Agric. Water Manag. 259,
107235. https://doi.org/10.1016/j.agwat.2021.107235.


https://doi.org/10.1016/j.indic.2025.100843
https://doi.org/10.1016/j.indic.2025.100843
https://doi.org/10.1007/s13201-020-01239-7
https://doi.org/10.1007/s13201-020-01239-7
https://doi.org/10.3390/w16050685
https://doi.org/10.1016/j.crte.2009.07.006
https://doi.org/10.1016/j.crte.2009.07.006
https://doi.org/10.1016/j.agwat.2021.107435
https://doi.org/10.1007/s12518-024-00574-7
https://doi.org/10.1007/s12518-024-00574-7
https://doi.org/10.1088/1755-1315/1258/1/012005
https://doi.org/10.1088/1755-1315/1258/1/012005
https://doi.org/10.2475/ajs.255.2.138
https://doi.org/10.2475/ajs.255.2.138
https://doi.org/10.1007/978-94-024-1528-5_48
https://cnnespanol.cnn.com/2023/11/19/azotada-por-la-sequia-esta-isla-se-esta-quedando-sin-agua-potable-trax
https://cnnespanol.cnn.com/2023/11/19/azotada-por-la-sequia-esta-isla-se-esta-quedando-sin-agua-potable-trax
https://doi.org/10.1017/sus.2019.7
https://doi.org/10.1017/sus.2019.7
http://refhub.elsevier.com/S2665-9727(25)00264-8/sref11
http://refhub.elsevier.com/S2665-9727(25)00264-8/sref11
http://refhub.elsevier.com/S2665-9727(25)00264-8/sref11
https://doi.org/10.1016/j.jafrearsci.2023.105059
https://doi.org/10.1016/0022-1694(76)90053-6
https://doi.org/10.1016/0022-1694(76)90053-6
https://iahs.info/uploads/dms/iahs_216_0263
https://iahs.info/uploads/dms/iahs_216_0263
http://refhub.elsevier.com/S2665-9727(25)00264-8/sref16
http://refhub.elsevier.com/S2665-9727(25)00264-8/sref16
https://doi.org/10.4236/jgis.2017.92011
https://doi.org/10.4236/jgis.2017.92011
https://geodata-fcdgps.opendata.arcgis.com/datasets/fcdgps::curvas-de-nivel-30m/about
https://geodata-fcdgps.opendata.arcgis.com/datasets/fcdgps::curvas-de-nivel-30m/about
https://doi.org/10.1191/0309133306pp492ra
https://doi.org/10.1191/0309133306pp492ra
https://www.france24.com/es/minuto-a-minuto/20241218-el-archipi%C3%A9lago-franc%C3%A9s-de-mayotte-intenta-recuperar-la-normalidad-tras-el-paso-del-cicl%C3%B3n-chido
https://www.france24.com/es/minuto-a-minuto/20241218-el-archipi%C3%A9lago-franc%C3%A9s-de-mayotte-intenta-recuperar-la-normalidad-tras-el-paso-del-cicl%C3%B3n-chido
https://www.france24.com/es/minuto-a-minuto/20241218-el-archipi%C3%A9lago-franc%C3%A9s-de-mayotte-intenta-recuperar-la-normalidad-tras-el-paso-del-cicl%C3%B3n-chido
https://www.france24.com/es/minuto-a-minuto/20241218-el-archipi%C3%A9lago-franc%C3%A9s-de-mayotte-intenta-recuperar-la-normalidad-tras-el-paso-del-cicl%C3%B3n-chido
https://www.mapa.gob.es/ministerio/pags/biblioteca/hojas/hd_1992_01.pdf
https://www.mapa.gob.es/ministerio/pags/biblioteca/hojas/hd_1992_01.pdf
https://doi.org/10.1016/j.agwat.2012.01.011
https://doi.org/10.1016/j.heliyon.2022.e12261
https://doi.org/10.1016/j.heliyon.2022.e12261
https://doi.org/10.3390/land11071017
https://doi.org/10.3390/land11071017
https://doi.org/10.1007/s10113-015-0794-1
https://doi.org/10.1007/s10113-015-0794-1
https://doi.org/10.1130/0016-7606(1945)56[275:EDOSAT]2.0.CO;2
http://refhub.elsevier.com/S2665-9727(25)00264-8/sref27
http://refhub.elsevier.com/S2665-9727(25)00264-8/sref27
http://refhub.elsevier.com/S2665-9727(25)00264-8/sref28
http://refhub.elsevier.com/S2665-9727(25)00264-8/sref28
http://refhub.elsevier.com/S2665-9727(25)00264-8/sref28
https://doi.org/10.1007/s12518-022-00417-3
https://doi.org/10.1007/s12524-009-0016-8
https://doi.org/10.1007/s12524-009-0016-8
https://doi.org/10.1007/s12594-011-0068-6
http://refhub.elsevier.com/S2665-9727(25)00264-8/sref32
http://refhub.elsevier.com/S2665-9727(25)00264-8/sref32
https://doi.org/10.1080/24749508.2018.1558019
http://refhub.elsevier.com/S2665-9727(25)00264-8/sref34
http://refhub.elsevier.com/S2665-9727(25)00264-8/sref34
https://doi.org/10.1016/j.geomat.2024.100013
https://doi.org/10.1016/b978-0-12-811330-1.00004-1
https://doi.org/10.1016/b978-0-12-811330-1.00004-1
https://doi.org/10.1016/j.agwat.2021.107235

R. Victoria et al.

Lopez, J., Rueda, D., 2010. Water quality monitoring system in Santa Cruz, san cristébal,
and Isabela. En: Galapagos Report 2009-2010. CDF, GNP & CGG. Puerto Ayora,
Galdpagos, Ecuador 103-107.

Lopez-Silva, M., Carmenates-Hernandez, D., 2023. Prioritization of watersheds for soil
and water conservation based on GIS, PCA and WSA techniques. Tecnologia y
Ciencias del Agua 14 (6), 40-75. https://doi.org/10.24850/j-tyca-14-06-02.

McBirney, A.R., Williams, H., 1969. Geology and Petrology of the Galdpagos Islands. En
Memoir - Geological Society of America, pp. 1-197. https://doi.org/10.1130/
mem118-pl.

Melton, M.A., 1957. An Analysis of the Relations Among Elements of Climate, Surface
Properties and Geomorphology. Columbia University. Project NR 389- 042, technical
report 11.

Miller, V.C. (1953). A Quantitative Geomorphic Study of Drainage Basin Characteristics
in the Clinch Mountain Area, Virginia and Tenessee. Project NR.389-042, Tech.
Rept.3, Columbia University Department of Geology, ONR, Geography Branch, New
York.

Mohammed, J.A., Gashaw, T., Yimam, Z.A., 2024. Identification of erosion-prone
watersheds for prioritizing soil and water conservation in a changing climate using
morphometric analysis and GIS. Nat. Hazards. https://doi.org/10.1007/511069-024-
06952-z.

Mulas, M., Larreta, E., Menoscal, M., Bravo, G., Rosado, V., Vaca, V., Capa, D., Garces, D.,
2025. Design of a geological multihazard framework on volcanic islands: case study
of the Galapagos islands. Nat. Hazards 121, 6879-6900. https://doi.org/10.1007/
s11069-024-07076-0.

Nookaratnam, K., Srivastava, Y.K., Venkateswarao, V., Amminedu, E., Murthy, K.S.R.,
2005. Check dam positioning by prioritization of micro-watersheds using SYI model
and morphometric Analysis—Remote sensing and GIS perspective. J Indian Soc
Remote Sens 33 (1), 25-38.

Prabhakaran, A., Raj, N.J., 2018. Drainage morphometric analysis for assessing form and
processes of the watersheds of pachamalai hills and its adjoinings, central Tamil
Nadu, India. Appl. Water Sci. 8 (1). https://doi.org/10.1007/513201-018-0646-5.

Proctor & Redfern Int, 2003. Estudio De Provisiéon De Agua Y Tratamiento De Aguas
Residuales De Santa Cruz, p. 45.

Pryet, A., 2011. Hydrogéologie Des Milieux Volcaniques Insulaires: Apports D’Une Etude
Intégrée Aux Iles Galapagos. Hydrologie. Université Pierre et Marie Curie - Paris VI.
https://theses.hal.science/tel-00747313.

Qi, P, Li, B., Zhang, D., Xu, H., Zhang, G., 2025. Supply and demand of agricultural
water resources under future saline-alkali land improvement. Agric. Water Manag.
314, 109503. https://doi.org/10.1016/j.agwat.2025.109503.

Raja, A., Dr Gunasekaran, P., Dr Ilanthirayan, A., 2017. Morphometric analysis of
kallarpatti sub-watershed, mathur taluk, krishnagiri district. International Journal of
Development Research 7 (11), 17158-17164.

Ramakrishnan, J., John, R., Mavaluru, D., Ravali, R.S., Srinivasan, K., 2024.
Transforming groundwater sustainability, management and development through
deep learning. Groundwater For Sustainable Development 27, 101366. https://doi.
0rg/10.1016/j.gsd.2024.101366.

Rao, K.N., 2020. Analysis of surface runoff potential in ungauged basin using basin
parameters and SCS-CN method. Appl. Water Sci. 10 (1). https://doi.org/10.1007/
s13201-019-1129-z.

Ratnam, K.N., Srivastava, Y.K., Rao, V.V., Amminedu, E., Murthy, K.S.R., 2005. Check
dam positioning by prioritization of micro-watersheds using SYI model and
morphometric analysis — remote sensing and GIS perspective. Journal Of The Indian
Society Of Remote Sensing 33 (1), 25-38. https://doi.org/10.1007/bf02989988.

Rodriguez, G., Mulas, M., Loaiza, S., Villalta Echeverria, M.D.P., Vinueza, A.A.Y.,
Larreta, E., Bordehore, L.J., 2023. Stability analysis of the volcanic cave El mirador
(galapagos islands, Ecuador) combining numerical, empirical and remote
techniques. Remote Sens. 15 (3), 732. https://doi.org/10.3390/rs15030732.

Salako, A., Adepelumi, A., 2018. Aquifer, classification and characterization. En InTech
eBooks. https://doi.org/10.5772/intechopen.72692.

Samani, S., 2020. Analyzing the groundwater resources sustainability management plan
in Iran through comparative studies. Groundwater For Sustainable Development 12,
100521. https://doi.org/10.1016/j.gsd.2020.100521.

Sarkar, P., Kumar, P., Vishwakarma, D.K., Ashok, A., Elbeltagi, A., Gupta, S., Kuriqi, A.,
2022. Watershed prioritization using morphometric analysis by MCDM approaches.
Ecol. Inform. 70, 101763. https://doi.org/10.1016/j.ecoinf.2022.101763.

Savage, G., Jones, J.J., Munoz-Pérez, J.P., Lewis, C., Galloway, T.S., 2024. Assessing the
chemical landscape of the Galdpagos marine reserve. Sci. Total Environ. 954,
176659. https://doi.org/10.1016/j.scitotenv.2024.176659.

14

land S bility Indicators 27 (2025) 100843

[
Envirc

Schumm, S.A., 1956. Evolution of drainage systems and slopes in badlands at Perth
amboy, New Jersey. GSA Bulletin 67 (5), 597-646. https://doi.org/10.1130/0016-
7606(1956)67[597:EODSAS]2.0.CO;2.

Schwartz, D.M., Harpp, K., Kurz, M.D., Wilson, E., Van Kirk, R., 2022. Low-volume
magmatism linked to flank deformation on isla Santa Cruz, Galapagos archipelago,
using cosmogenic 3He exposure and 40Ar/39Ar dating of fault scarps and lavas.
Bull. Volcanol. 84 (9). https://doi.org/10.1007/s00445-022-01575-3.

Schwartz, D., 2014. Volcanic, structural and morphological history of Santa Cruz island,
Galapagos archipelago (tesis - degree of master of science). Universidad of Idaho,
p. 84. https://objects.lib.uidaho.edu/etd/pdf/Schwartz_idaho_0089N_10279.pdf.

Shekar, P.R., Mathew, A., 2023. Morphometric analysis of watersheds: a comprehensive
review of data sources, quality, and geospatial techniques. Watershed Ecology And
The Environment 6, 13-25. https://doi.org/10.1016/j.wsee.2023.12.001.

Shekar, P.R., Mathew, A., Abdo, H.G., Almohamad, H., Dughairi, A.A.A., Al-Mutiry, M.,
2023. Prioritizing sub-watersheds for soil erosion using geospatial techniques based
on morphometric and hypsometric analysis: a case study of the Indian wyra river
basin. Appl. Water Sci. 13 (7). https://doi.org/10.1007/513201-023-01963-w.

Shiklomanov, I. A. y, Rodda, J., 2003. World Water Resources at the Beginning of the
Twenty-First Century, Reino Unido. Cambridge University Press, Cambridge.
https://catdir.loc.gov/catdir/samples/cam034,/2002031201.pdf.

Singh, N., Singh, K.K., 2014. Geomorphological analysis and prioritization of sub-
watersheds using Snyder’s synthetic unit hydrograph method. Appl. Water Sci. 7 (1),
275-283. https://doi.org/10.1007/s13201-014-0243-1.

Singh, A., 2016. Managing the water resources problems of irrigated agriculture through
geospatial techniques: an overview. Agric. Water Manag. 174, 2-10. https://doi.org/
10.1016/j.agwat.2016.04.021.

Strahler, A.N., 1964. Quantitative geomorphology of drainage basins and channel
networks. In: Chow, V.T. (Ed.), Handbook of Applied Hydrology. McGraw Hill Book
Company, New York, pp. 4-11.

Sujatha, E.R., Selvakumar, R., Rajasimman, U., Victor, R.G., 2013. Morphometric
analysis of sub-watershed in parts of Western ghats, South India using ASTER DEM.
Geomat. Nat. Hazards Risk 6 (4), 326-341. https://doi.org/10.1080/
19475705.2013.845114.

Suji, V.R., Karuppasamy, S., Sheeja, R.V., 2015. Prioritization using morphometric
analysis and land use/land cover parameters for vazhichal watershed using remote
sensing and GIS techniques. International Journal for Innovative Research in Science
& Technology 2 (1), 61-68.

UNESCO, 2022. The United Nations World Water Development Report 2022:
GROUNDWATER: Making the Invisible Visible. United Nations Educational,
Scientific and Cultural Organization, France-Paris. https://unesdoc.unesco.org/ark:
/48223/pf0000380721.

Villalta Echeverria, M.D.P, Ortega, A.G.V., Larreta, E., Crespo, P.R., Mulas, M., 2022.
Lineament extraction from digital terrain derivate model: a case study in the
girén-santa Isabel basin, south Ecuador. Remote Sens. 14 (21), 5400. https://doi.
org/10.3390/1rs14215400.

Water Science School, 2019. Aquifers and Groundwater. USGS. U.S. Geological Survey).
https://www.usgs.gov/special-topics/water-science-school/science/aquifers-and-gr
oundwater.

Welsh, K., Bowleg, J., 2022. Interventions and solutions for water supply on small
islands: the case of New Providence, The Bahamas. Frontiers In Water 4. https://doi.
org/10.3389/frwa.2022.983167.

Wilson, E.L., Harpp, K.S., Schwartz, D.M., Van Kirk, R., 2022. The geochemical evolution
of Santa Cruz island, Galapagos archipelago. Front. Earth Sci. 10. https://doi.org/
10.3389/feart.2022.845544.

Wilson, J., 2018. Constructing digital elevation models. Enviromental Applications Of
Digital Terrain Modeling 23-52. https://doi.org/10.1002/9781118938188.ch2.

WMO, 2025. State of the global climate 2024 WMO. No. 1368. World Metereological
Organization. https://library.wmo.int/idurl/4,/69455.

Wohl, E., 2009. Streams. En Elsevier eBooks, pp. 756-765. https://doi.org/10.1016/
b978-012370626-3.00016-8.

Yan, Y., Liu, Z., Chen, X., Huang, L., 2024. Stability of water yield in watersheds. Sci.
China Earth Sci. https://doi.org/10.1007/s11430-023-1206-4.

Yue, L., Shen, H., Yuan, Q., Zhang, L., 2015. Fusion of multi-scale DEMs using a
regularized super-resolution method. Int. J. Geogr. Inf. Sci. 29 (12), 2095-2120.
https://doi.org/10.1080/13658816.2015.1063639.


http://refhub.elsevier.com/S2665-9727(25)00264-8/sref38
http://refhub.elsevier.com/S2665-9727(25)00264-8/sref38
http://refhub.elsevier.com/S2665-9727(25)00264-8/sref38
https://doi.org/10.24850/j-tyca-14-06-02
https://doi.org/10.1130/mem118-p1
https://doi.org/10.1130/mem118-p1
http://refhub.elsevier.com/S2665-9727(25)00264-8/sref42
http://refhub.elsevier.com/S2665-9727(25)00264-8/sref42
http://refhub.elsevier.com/S2665-9727(25)00264-8/sref42
https://doi.org/10.1007/s11069-024-06952-z
https://doi.org/10.1007/s11069-024-06952-z
https://doi.org/10.1007/s11069-024-07076-0
https://doi.org/10.1007/s11069-024-07076-0
http://refhub.elsevier.com/S2665-9727(25)00264-8/sref44
http://refhub.elsevier.com/S2665-9727(25)00264-8/sref44
http://refhub.elsevier.com/S2665-9727(25)00264-8/sref44
http://refhub.elsevier.com/S2665-9727(25)00264-8/sref44
https://doi.org/10.1007/s13201-018-0646-5
http://refhub.elsevier.com/S2665-9727(25)00264-8/sref46
http://refhub.elsevier.com/S2665-9727(25)00264-8/sref46
https://theses.hal.science/tel-00747313
https://doi.org/10.1016/j.agwat.2025.109503
http://refhub.elsevier.com/S2665-9727(25)00264-8/sref49
http://refhub.elsevier.com/S2665-9727(25)00264-8/sref49
http://refhub.elsevier.com/S2665-9727(25)00264-8/sref49
https://doi.org/10.1016/j.gsd.2024.101366
https://doi.org/10.1016/j.gsd.2024.101366
https://doi.org/10.1007/s13201-019-1129-z
https://doi.org/10.1007/s13201-019-1129-z
https://doi.org/10.1007/bf02989988
https://doi.org/10.3390/rs15030732
https://doi.org/10.5772/intechopen.72692
https://doi.org/10.1016/j.gsd.2020.100521
https://doi.org/10.1016/j.ecoinf.2022.101763
https://doi.org/10.1016/j.scitotenv.2024.176659
https://doi.org/10.1130/0016-7606(1956)67[597:EODSAS]2.0.CO;2
https://doi.org/10.1130/0016-7606(1956)67[597:EODSAS]2.0.CO;2
https://doi.org/10.1007/s00445-022-01575-3
https://objects.lib.uidaho.edu/etd/pdf/Schwartz_idaho_0089N_10279.pdf
https://doi.org/10.1016/j.wsee.2023.12.001
https://doi.org/10.1007/s13201-023-01963-w
https://catdir.loc.gov/catdir/samples/cam034/2002031201.pdf
https://doi.org/10.1007/s13201-014-0243-1
https://doi.org/10.1016/j.agwat.2016.04.021
https://doi.org/10.1016/j.agwat.2016.04.021
http://refhub.elsevier.com/S2665-9727(25)00264-8/sref66
http://refhub.elsevier.com/S2665-9727(25)00264-8/sref66
http://refhub.elsevier.com/S2665-9727(25)00264-8/sref66
https://doi.org/10.1080/19475705.2013.845114
https://doi.org/10.1080/19475705.2013.845114
http://refhub.elsevier.com/S2665-9727(25)00264-8/sref68
http://refhub.elsevier.com/S2665-9727(25)00264-8/sref68
http://refhub.elsevier.com/S2665-9727(25)00264-8/sref68
http://refhub.elsevier.com/S2665-9727(25)00264-8/sref68
https://unesdoc.unesco.org/ark:/48223/pf0000380721
https://unesdoc.unesco.org/ark:/48223/pf0000380721
https://doi.org/10.3390/rs14215400
https://doi.org/10.3390/rs14215400
https://www.usgs.gov/special-topics/water-science-school/science/aquifers-and-groundwater
https://www.usgs.gov/special-topics/water-science-school/science/aquifers-and-groundwater
https://doi.org/10.3389/frwa.2022.983167
https://doi.org/10.3389/frwa.2022.983167
https://doi.org/10.3389/feart.2022.845544
https://doi.org/10.3389/feart.2022.845544
https://doi.org/10.1002/9781118938188.ch2
https://library.wmo.int/idurl/4/69455
https://doi.org/10.1016/b978-012370626-3.00016-8
https://doi.org/10.1016/b978-012370626-3.00016-8
https://doi.org/10.1007/s11430-023-1206-4
https://doi.org/10.1080/13658816.2015.1063639

	Morphometric watershed prioritization for sustainable agriculture and water management on Santa Cruz island, galápagos
	1 Introduction
	2 Material and methods
	2.1 Overview of the study area
	2.2 Data set collection
	2.3 Sub-watershed delineation and stream network generation
	2.4 Quantification of morphometric parameters
	2.5 Sub-watershed prioritization using a rank-based compound method

	3 Results
	3.1 Shape morphometric parameters
	3.2 Linear morphometric parameters
	3.3 Relief morphometric parameters
	3.4 Areal morphometric parameters
	3.5 Ranking of watersheds

	4 Discussion
	5 Conclusion
	CRediT authorship contribution statement
	Funding information
	Declaration of competing interest
	Acknowledgments
	Appendix A Supplementary data
	Data availability
	References


