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Abstract

The Sumapaz paramo, the most extensive continuous paramo complex on a global scale and
a strategic component in the hydrological regulation of central Colombia, is undergoing a
progressive ecohydrological degradation whose integrated characterization through multi-
temporal biophysical indicators remains limited. To address this gap, the present study
examines the transformation dynamics of the system by articulating four analytical compo-
nents: precipitation modeling based on IDEAM stations (1995-2025), thermal trend analysis
from WorldClim grids (2000-2024), multitemporal spectral analysis of four normalized
difference indices (NDVI, NDWI, NDSI, NBR) derived from Landsat imagery (2000-2025),
and Corine Land Cover cartography (2000-2018). The findings reveal a spatial decou-
pling between the precipitation distribution, which tends to shift toward lower altitudinal
belts, and the storage areas in peat and Andosols of the paramo core, with a consequent
reduction in effective recharge regardless of the total precipitated volume. Paradoxically,
an almost complete contraction of surfaces with a positive water signal coexists with the
expansion of photosynthetic activity, a phenomenon attributable to processes of shrub
encroachment, thermophilization, and nutrient enrichment rather than to a functional
recovery of the ecosystem. The cartographic analysis, in turn, confirms the advance of
agricultural and livestock uses over native regulating covers. The convergence of these
vectors configures a multivectorial degradation scenario that escapes monitoring based on
a single index and that demands management strategies oriented simultaneously toward
anthropic pressure, the spatial redistribution of precipitation, and the implementation of
integrated ecohydrological surveillance systems.

Keywords: sumapaz paramo; ecohydrological degradation; spectral indices; land cover
change; andean high-mountain ecosystems

1. Introduction

Climate change figures among the main agents of transformation of high-mountain
ecosystems on a global scale. Knight [1] reported that warming rates in these systems
may double those observed at the planetary scale over the past five decades; Dragonetti
et al. [2], in turn, showed that this differential vulnerability exposes mountain biota to
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rates of thermal change that exceed their acclimatization thresholds. Along the same lines,
Abbeas et al. [3] established that the temperature increase induces a structural reconfigu-
ration of the hydrological cycle, expressed in the spatio-temporal redistribution of water
resources, the modification of precipitation regimes, and the intensification of potential
evapotranspiration. The IPCC [4], in its Sixth Assessment Report, warned that certain
tropical mountain systems are approaching hydrological and ecological tipping points of an
irreversible nature, associated with the progressive deterioration of the water mass stored
in organic soils and peat horizons. Under high-emission trajectories, Prudhomme et al. [5]
projected that more than 40% of the continental surface will face episodes of severe aridity
before the end of the century, with impacts preferentially concentrated in basins whose
regulation depends on the functional integrity of headwater ecosystems. To this picture is
added what Seastedt and Oldfather [6] proposed: that the altitudinal migration of species
in response to the displacement of climatic niches faces topographic barriers leading to
range contractions and local extinctions, while Palomo [7] emphasized that this process
operates with greater intensity in tropical mountains, systematically underrepresented in
international scientific output relative to alpine or Himalayan systems.

In the Andean context, paramo ecosystems fulfill a strategic ecohydrological function.
Lis-Gutiérrez et al. [8] and Vergara and De Pellegrin Llorente [9] estimated that nearly half of
the world’s paramos are concentrated in Colombia, distributed across 37 formally delimited
complexes that sustain around 70% of the national water supply. Anselm et al. [10] and
Molina Benavides et al. [11] characterized three complementary mechanisms that underpin
this provision: water retention in soils with a high proportion of organic matter, whose
Andosol-type horizons can retain volumes exceeding 80% of their capacity; the interception
and regulation of surface runoff by means of specialized vegetation covers; and the delayed
release of water toward supply basins, which buffers periods of pluviometric deficit.
Pirachican Grijalba et al. [12] estimated, however, that Colombia has lost approximately
57% of its original paramo cover as a consequence of agricultural expansion, extensive
cattle ranching, and various extractive activities. With its 333,420 ha, the Sumapaz paramo
constitutes the most extensive continuous paramo complex in the world and concentrates
this regulating function in its maximum expression: Garcia Mora et al. [13] confirmed that it
directly supplies the Bogota water system and sustains agricultural activities in the central
region of the country. Despite this, Lis-Gutiérrez et al. [8] reported that 9.69% of its surface
already shows intervention by human activities, a process in which the advance of the
agricultural frontier, extensive cattle ranching, and the expansion of infrastructure converge,
a trend also documented by Anzoategui et al. [14] and Monroy-Hernandez [15]. To these
land-use pressures is superimposed an adverse climatic context: Llambi et al. [16] warned
that thermophilization, understood as the gradual replacement of cold-adapted species by
communities typical of lower altitudinal belts, produces alterations in the spectral pattern
of vegetation that may be erroneously interpreted as improvements in vegetation vigor
when, in reality, they conceal a loss of the regulating capacity of the ecosystem.

The characterization of change trajectories in mountain ecosystems today finds in
multitemporal satellite-based spectral monitoring its dominant approach. The Normal-
ized Difference Vegetation Index (NDVI), built on the differential relationship between
reflectance in the red and the near-infrared bands, allows the quantification of the vigor and
density of the vegetation canopy, as documented by Chambe et al. [17] and Whidayanti
et al. [18]. The Normalized Difference Water Index (NDWI), which combines the near-
infrared with the shortwave infrared, provides an estimate of surface water availability
and shows consolidated applications in wetlands and lacustrine systems in the works
of Al-Maliki et al. [19] and Sandoval et al. [20]. The Normalized Difference Snow Index
(NDSI), although originally designed for snow detection, presents a functionally analo-
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gous utility for identifying saturated soils in tropical paramos, as supported by Poussin
et al. [21] and Sood et al. [22]. The Normalized Burn Ratio (NBR), in turn, facilitates the
assessment of degradation severity and of cover recovery following fire disturbances, in
line with what Borrelli et al. [23] reported for Andean paramos. As a complement, land
cover cartography developed under the Corine Land Cover methodology makes possible
the standardized diachronic comparison at a 1:100,000 scale, according to the reports of
Lépez Bolarios et al. [24] and Corredor Gil et al. [25]. On the hydrological plane, spatial
interpolation techniques for precipitation constitute a consolidated tool for mapping the plu-
viometric distribution and examining its temporal reorganization, as Fonseca Carrefio [26]
described. Despite this methodological availability, the isolated application of such indi-
cators faces recognized limitations: persistent cloud cover reduces the utility of passive
optical sensors, the mixed-pixel effect masks small water bodies, and the spectral confusion
between topographic shadows and water surfaces restricts analytical precision, as Santec-
chia et al. [27] and Lépez Bolafios et al. [24] pointed out. The sustainability implications
of this diagnostic challenge extend beyond the ecological domain as paramo degradation
directly undermines the long-term sustainability of water supply systems serving densely
populated Andean cities, including the Bogotad metropolitan area, where regulatory frame-
works for territorial planning and climate adaptation depend on scientifically grounded
assessments of ecosystem functional status. Monitoring approaches that rely on single
greenness indicators systematically overestimate ecosystem health and thus introduce a
structural bias into the sustainability evidence base that informs conservation and water
management decisions.

Despite the growing evidence of degradation, the integrated reading of the ecohydro-
logical dynamics of the Sumapaz paramo encounters a concrete methodological gap. Llamb{
et al. [16] identified disciplinary fragmentation as the main epistemological constraint in
studies of paramo ecosystems: the available research examines biophysical components in
a disaggregated manner, without addressing their interdependencies or their cumulative
effects on the water regulation capacity. As an additional constraint, Dourado et al. [28]
and Lépez Bolafios et al. [24] pointed to the scarce articulation between vegetation cover
radiometry and water body radiometry within the same spatio-temporal unit of analysis;
Palomo [7], in complement, warned of the predominance of analyses with two reference
dates, which prevents the capture of the interannual variability of the system. In response
to this limitation, the present study evaluates in an integrated manner the ecohydrological
transformation of the Sumapaz paramo through the articulation of multitemporal series of
four spectral indices (NDVI, NDWI, NDSI, NBR) derived from Landsat imagery, official
Corine Land Cover cartography, spatial precipitation modeling based on IDEAM stations,
and thermal trend analysis from WorldClim climatic grids, for the period between 1995 and
2025 according to the availability of each source. The joint analysis seeks to discriminate
whether the changes observed in vegetation vigor respond to a dynamic of ecological recov-
ery or, on the contrary, reflect a transition toward communities adapted to water limitation,
with direct implications for regional water security and for territorial risk management.

2. Materials and Methods
2.1. Study Area

The Sumapaz paramo is located in the south-central sector of the Eastern Cordillera
of the Colombian Andes, between the approximate coordinates 3°35'-4°25" N and 73°54'—
74°29” W, with an altitudinal gradient extending between 3200 and 4300 m a.s.l. (Figure 1).
The analytical area comprises the official core of the pdramo complex and a 15 km perimeter
buffer zone with respect to its formal delimitation, which configures a total study surface
of 3272.76 km?. At the administrative level, the territory involves the Capital District of
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Bogota and 25 municipalities distributed across the departments of Cundinamarca, Meta,
Tolima, and Huila. The orographic configuration of the area, organized around a southwest-
northeast-oriented massif, operates as a continental divide between the tributary slopes of
the Magdalena and Orinoco rivers.
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Figure 1. Location of the study area: Sumapaz paramo complex and 15 km buffer zone within the
Eastern Cordillera of the Colombian Andes; the values in brackets are the IDEAM code for the Station,
EPSG 9377.

The climatic regime corresponds to a cold and humid one, with mean temperatures
ranging between 19 °C at 1600 m a.s.l. and 2 °C at 4300 m a.s.l., and diurnal oscillations
reaching up to 25 °C. MADS [29] documented that the pluviometric distribution responds
to a bimodal pattern on the western slope, with a tendency toward a unimodal pattern
on the eastern slope; annual accumulations vary between 800 and 1000 mm at the highest
elevations and reach up to 4000 mm in the southeastern sector. Rangel [30] classified
the vegetation into three altitudinal belts: subparamo (3200-3500 m a.s.l.), dominated by
shrubby vegetation and scrubland; paramo (3500-4100 m a.s.1.), characterized by frailejones,
tussock grasslands, and bamboo formations; and superpdramo (>4100 m a.s.l.), with
discontinuous cover and exposed soil. Predominant soils correspond to Entisols, Inceptisols,
and Andisols, the latter associated with humid horizons with a high proportion of organic
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matter and low fertility. The hydrological system comprises numerous lagoons of glacial
origin located between 3500 and 4000 m a.s.1., which feed basins of three main hydrographic
regions: Magdalena, Meta, and Guaviare.

2.2. Data Sources

This study integrated four primary information sources, whose characteristics are
summarized in Table 1.

Table 1. Summary of data sources, variables, spatial resolution, temporal coverage, and analytical purpose.

Component Source Variable(s) Resolution Period Purpose
Pluviometric trend
Pluviometric IDEAM Tota} rpon.thly Point-based 1995-2025 and variability,
(15 stations) precipitation .
isohyets
Max. Temperature, min. .
Climatic WorldClim v2 ~ Temperature, monthly 2.5 min 2000-2024 The;malltre-nd a.nd
Lo (~4.5 km) spatial distribution
precipitation
Landsat . Spectral indices
Spectral 5/7/8/9 x;igispﬁgag@ﬁgs 30m S 201 (NDVI, NDW,
(USGS) ’ ’ NDSI, NBR)
IDEAM—CLC  Lad Cover Units Land use and land
Land cover Colombia (CLC legend) 1:100,000 2000, 2018 cover transitions
Delimitation,
. hydrography, . ) Spatial
Cartographic IGAC political-administrative Variable contextualization
limits.

For the pluviometric component, total monthly precipitation records were collected
from IDEAM hydrometeorological stations located within the area of influence of the
Sumapaz paramo. From an initial inventory, the analysis retained only the 15 stations whose
series presented a completeness percentage above 90% for the period 1995-2025, which
guarantees the temporal representativeness of the records used in the spatial modeling.

For stations with isolated missing records, gap-filling was performed using the nearest
available station meeting two simultaneous selection criteria: a spatial distance of less than
100 km and an altitudinal difference of no more than 200 m above sea level relative to the
target station. The combined application of distance and elevation thresholds responds to
the documented behavior of precipitation in mountain environments, where orographic
forcing can generate strong spatial gradients that reduce inter-station correlation even at
short horizontal distances, as Buytaert et al. [31] demonstrated for paramo stations in the
Ecuadorian Andes, and as Aieb et al. [32] confirmed in complex mountain basins where
geological and topographic heterogeneity govern inter-station similarity more strongly
than proximity alone. Within this framework, the literature establishes that inter-station
correlation is a more reliable selection criterion for gap-filling quality than geometric dis-
tance: Longman et al. [33] showed, using a dense network of 222 stations in topographically
complex terrain, that predictor-target correlation predicts gap-filling error more consis-
tently than spatial proximity; Fagandini et al. [34] similarly identified the most correlated
neighbor as the standard reference for rainfall gap-filling following FAO guidelines. The
altitude criterion applied in this study partially compensates for the absence of an explicit
correlation pre-screening, as stations within 3200 m of elevation in the same orographic
system tend to share similar precipitation regimes; this assumption is acknowledged as a
simplification and represents a methodological constraint inherent to the available station
density in the area of influence of the paramo.
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For the climatic component, the study incorporated the global grids of WorldClim
version 2 corresponding to total monthly precipitation and to monthly maximum and
minimum temperatures, with a spatial resolution of 2.5 arc-minutes (approximately 4.5 km
in the study area) for the period 2000-2024. Although these products constitute modeled
data and not direct local measurements, they are consistent with the warming trends
projected for tropical high-mountain ecosystems and allow the punctual analysis of IDEAM
stations to be complemented with continuous spatial coverage.

For the radiometric component, the study acquired Landsat mission images corre-
sponding to six reference dates within the period 2000-2025: February 2000 (40% cloud
cover), February 2005 (30%), January 2010 (20%), January 2015 (10%), February 2020 (20%),
and January 2025 (20%). The temporal selection prioritized the months with the lowest
historical mean precipitation and, within them, the scenes with the lowest cloud cover frac-
tion over the area of interest. The scenes corresponding to 2005, 2010, and 2020 presented
intermittent stripes associated with the Scan Line Corrector (SLC-off) failure of the Landsat
7 sensor, which reduced the effective analysis area from 3250.43 km? to 2637.82 km?. Con-
sequently, the multitemporal spectral analysis focused on the three dates with complete
spatial coverage: 2000, 2015, and 2025.

Three gap-filling strategies were evaluated before reaching this decision. Cokriging
with auxiliary bands was ruled out because the SLC-off failure affects all spectral bands
simultaneously at the same pixel locations, eliminating the band-to-band spatial comple-
mentarity that the method requires. Focal statistics interpolation was discarded on the
grounds that the stripe pattern affected approximately 40% of the scene area in the study
dates; filling that proportion from weighted spatial averages of adjacent valid pixels would
have produced a largely synthetic image rather than a radiometric observation, which was
considered methodologically indefensible for spectral index computation. Ordinary kriging
was not viable due to the absence of sufficient independent validation points within the
affected zones. The acquisition of Landsat 8 scenes from nearby dates as an auxiliary source
was also explored; however, the available images for the study months either presented
excessive cloud cover over the padramo or did not provide complete spatial coverage of the
delimited area. The decision to retain only the three dates with full spatial coverage (2000,
2015, and 2025) was therefore grounded in the principle of preserving the physical integrity
of the spectral signal. Spectral indices computed from gap-filled pixels propagate the
interpolation uncertainty directly into the index value, making it impossible to distinguish
real spectral change from reconstruction artifact; this risk is particularly consequential in an
analysis that relies on the divergence between NDVI and NDWI as a diagnostic indicator.
Working with fewer but radiometrically complete scenes was considered preferable to
expanding the temporal coverage at the cost of introducing systematic estimation bias into
the spectral record.

For the land cover component, the study employed the official Corine Land Cover
(CLC) maps from IDEAM corresponding to the years 2000 and 2018, produced at a
1:100,000 scale. The complementary cartographic information, comprising the official
delimitation of the pdramo, administrative boundaries, and the hydrographic network,
was obtained from the databases of IGAC.

The four data sources employed in this study span partially overlapping but non-
identical temporal windows: the IDEAM pluviometric series covers 1995-2025; the World-
Clim grids extend from 2000 to 2024; the Landsat-derived spectral analysis focuses on
three reference dates within 2000-2025; and the Corine Land Cover cartography provides
snapshots for 2000 and 2018. These differences were reconciled as follows. The IDEAM
series was used in its full temporal extent for the analysis of interannual pluviometric
variability and for the generation of isohyets at the three reference years (2000, 2015, 2024);
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the WorldClim grids provided the continuous spatial and temporal coverage needed for
thermal trend analysis, restricted to their available period (2000-2024). The spectral anal-
ysis was anchored to the three Landsat dates with complete spatial coverage (2000, 2015,
2025), which fall within the intersection of the pluviometric and thermal windows. The
CLC cartography, whose most recent available layer corresponds to 2018, was used as
structural land cover evidence for the 2000-2018 period and was not extended to 2025; the
absence of post-2018 land cover data is acknowledged as a limitation of the analysis, as the
land use transitions occurring between 2018 and 2025 cannot be quantified from official
cartographic sources and fall outside the scope of the spectral index analysis conducted
for that date. The integrated interpretation of the four components therefore rests on a
common analytical core of 20002018 for land cover, 2000-2024 for climate, and 2000-2025
for spectral dynamics, with the pluviometric series providing the longest temporal context.

2.3. Processing and Analysis
2.3.1. Precipitation Analysis and Spatial Interpolation

The pluviometric series went through a quality control protocol that included the
verification of internal consistency and the completion of missing data through weighted
linear combination based on three reference stations, selected by criteria of altitudinal
similarity (4200 m) and geographical proximity (=100 km). From the depurated series, the
procedure calculated the multiannual monthly statistics (minimum, mean, and maximum
values) and the multiannual average for the period 1995-2025, together with the verification
of the pluviometric regime and the comparison of descriptive statistics with and without
estimated data.

The spatial characterization of precipitation was conducted through the generation
of mean monthly isohyets for the reference years 2000, 2015, and 2024. Method selection
followed a systematic comparative evaluation of six interpolation families (Simple Kriging,
Ordinary Kriging, Universal Kriging, Empirical Bayesian Kriging (EBK), Kernel (Local
Polynomial) Interpolation, and Inverse Distance Weighting (IDW)) implemented through
the Exploratory Interpolation tool of ArcGIS Pro 3.5.2, which assessed thirteen parameter
configurations across those families under a single-criterion comparison based on high-
est prediction accuracy through leave-one-out cross-validation. The Empirical Bayesian
Kriging—Advanced configuration yielded the lowest root mean square error (RMSE) across
all three reference periods (RMSE = 73.1 mm, 61.4 mm, and 68.7 mm for 2000, 2015, and
2024, respectively), with mean errors (ME) of —1.04, +0.97, and —4.03 mm (indicative of
minimal systematic bias). The second-ranked method, Kernel (Local Polynomial) Interpola-
tion, produced RMSE values of 85.2, 75.1, and 83.5 mm for the same periods, representing
a margin of 12 to 16% above EBK-Advanced. Ordinary Kriging configurations ranked
11th through 13th across the three evaluations (RMSE range: 94.4-160.0 mm), confirming
substantially lower predictive accuracy under the spatial configuration of the available
station network. A complete comparison of all methods and configurations is provided in
Table S1 of the Supplementary Materials. As a complement, regression analysis through
the SPSS software 15.0 allowed the evaluation of the statistical significance of the temporal
precipitation trends at each station.

Monotonic precipitation trends also were assessed through the Mann—-Kendall non-
parametric test, which evaluates the probability that the ranks of a time series follow a
consistent directional pattern without assuming normality in the distribution of the data, a
requirement that is rarely met by hydroclimatic series subject to high interannual variability
and extreme events. The trend magnitude was quantified using Sen’s slope estimator,
which provides a robust median-based measure of the rate of change in mm per year
that is resistant to the influence of outliers. Both procedures are established standards in
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hydrology and climatology for the detection of monotonic trends in precipitation series. A
significance threshold of p < 0.05 was applied. The analysis was implemented in Python
3.11 using the pymannkendall library, applied to the annual total precipitation series of
each of the 15 IDEAM stations for the period 1995-2025 (1 = 30 annual observations per
station). Results by station are reported in Table S1.

Prior to applying the Mann-Kendall test, each annual precipitation series was ex-
amined for lag-1 serial autocorrelation, which can inflate the variance of the test statistic
and bias significance levels in hydroclimatic series. The lag-1 autocorrelation coefficient
was computed for every station and tested for significance through a two-tailed Student’s
t-test (« = 0.05). For stations exhibiting statistically significant lag-1 autocorrelation, the
modified Mann-Kendall test proposed by Hamed and Rao [35], which corrects the variance
of the statistic for the effect of serial correlation, was applied instead of the original test;
for stations without significant autocorrelation, the original Mann-Kendall formulation
was retained. Sen’s slope estimator, which is unaffected by this correction, was applied uni-
formly across all stations. Of the fifteen stations analyzed, five (Alto San Miguel, Cabrera,
Gutiérrez, Lejanias Castillo and Miraflores) presented significant lag-1 autocorrelation and
were evaluated with the Hamed-Rao modified test; the remaining eleven were evaluated
with the original test.

Although the orographic configuration of the Sumapaz pdramo exerts strong control
over the spatial distribution of precipitation, station elevation was not incorporated as an
explicit covariate in the interpolation workflow. The Exploratory Interpolation tool evalu-
ates methods based exclusively on the cross-validation accuracy of the target variable; it
does not provide, within the same analytical framework, provisions for integrating external
covariates such as a digital elevation model. Beyond this operational constraint, the avail-
able network of 15 stations represents a sparse spatial sampling relative to the complexity
of the altitudinal gradient of the study area; under such conditions, the additional fitting
of an altitude-precipitation regression for Kriging with External Drift would introduce
estimation uncertainty that the cross-validation procedure already penalizes implicitly.
The superior predictive performance of EBK-Advanced over Universal Kriging (which
incorporates polynomial trend functions as a proxy for spatial drift) suggests that the em-
pirical variogram distribution fitted by EBK adequately captured the non-stationary spatial
structure of the precipitation field without requiring explicit covariate specification. The
absence of elevation as a formal covariate is nonetheless acknowledged as a methodological
limitation; Future work in the area should consider regression-kriging or Kriging with
External Drift approaches coupled with a high-res DEM, particularly given the marked
precipitation-altitude gradient documented in the paramo core.

2.3.2. Thermal Trend Analysis

The climatic temperature grids went through a processing stage by using the raster
calculator to obtain mean monthly temperatures from the maximum and minimum records.
The post-processing included the resampling of each base raster to the extent of the study
area, the extraction by mask, and the derivation of zonal statistics for each monthly climatic
grid for the period 2000-2024. The thermal trend was evaluated through regression anal-
ysis in SPSS, with the comparison of linear and quadratic models for the series of zonal
mean temperatures, with the purpose of determining the magnitude and the statistical
significance of the observed warming.

2.3.3. Calculation of Spectral Indices

The selected Landsat scenes went through a transformation to surface reflectance
values through radiometric correction and were clipped to the study area. From the
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calibrated images, the analysis derived four normalized difference spectral indices through
the band arithmetic properties tool of ArcGIS:

The Normalized Difference Vegetation Index (NDVI), formulated as the relationship
between the near-infrared (NIR) and the visible red (Red) bands, quantifies the photo-
synthetic state and the density of the vegetation canopy. Values close to unity indicate
photosynthetically active and dense cover, while negative values are associated with non-
vegetated surfaces or water bodies.

The Normalized Difference Water Index (NDWI), derived from the relationship be-
tween the near-infrared (NIR) and the shortwave infrared (SWIR) bands, provides a proxy
for surface water availability and soil moisture conditions. Positive values are spectrally
associated with water saturation or the presence of water-bearing surfaces; in a paramo
context and at 30 m pixel resolution, these values more precisely reflect saturated organic
soils and peatlands than open water bodies in the conventional sense, given that sub-pixel
water surfaces return mixed spectral signals that systematically pull the index toward zero
or negative values.

The Normalized Difference Snow Index (NDSI), calculated from the green (Green)
and shortwave infrared (SWIR) bands, allows the identification of surfaces with water
accumulation associated with saturated soils. Although the Sumapaz paramo does not
present permanent snow cover, the spectral basis of the NDSI (which contrasts green-
band reflectance with shortwave infrared absorption, a combination sensitive to liquid
water content at or near the Surface) has been applied beyond strictly nival contexts. Gao
et al. [36] incorporated NDSI as a predictor variable in a random forest model for soil
moisture downscaling in cold and arid environments, finding that its inclusion improved
predictive accuracy by more than 19% relative to models without it; Boschetti et al. [37]
demonstrated that NDSI formulations using MODIS shortwave infrared bands were among
the most robust indices for detecting surface water in flooded systems; and Bandak et al. [38]
identified NDSI alongside NDWI as the most sensitive spectral indices for estimating soil
moisture in croplands using Landsat and Sentinel-2 imagery. No study was identified
that formally validates NDSI thresholds against measured edaphic moisture in paramo
peatlands or tropical high-mountain wetlands without snow cover; its application here
as an indicator of surface water saturation is therefore exploratory and analogical, and
its formal calibration against in situ soil moisture data in the Sumapaz system represents
a priority for future research. Within this study, NDSI is interpreted conservatively as
a proxy for the spatial extent and temporal change in moisture-positive surfaces, and
its results are used only in convergence with the three remaining indices rather than as
independent evidence.

The Normalized Burn Ratio (NBR), obtained from the relationship between the
near-infrared (NIR) and the longer-wavelength shortwave infrared (SWIR;) bands, al-
lows the evaluation of burn severity and the degradation state of vegetation cover, with
the possibility of differentiating between actively affected areas and zones in different
recovery phases.

The four indices were reclassified into categorical ranges based on thresholds stan-
dardized in the literature. The resulting category labels (such as High Saturation Signal,
Medium Saturation Signal, or Drought) describe spectral response classes, not directly ob-
served physical conditions; their ecological interpretation requires consideration of sensor
resolution, land cover context, and the mixed-pixel effect, particularly for water-related
categories in a high-altitude environment with small and fragmented water bodies. With
this caveat, the surface extension of each spectral category was quantified in km? for each
reference date, enabling the evaluation of change trajectories in the spectral signal over the
analytical period.
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2.3.4. Land Cover Change Analysis

The CLC maps corresponding to 2000 and 2018 were clipped to the study area while
preserving the standard coding of the Corine Land Cover methodology, adapted for Colom-
bia by IDEAM. The procedure estimated the extension in km? of each cover class on both
dates and identified the dominant transitions, with particular attention to changes between
natural covers with a water regulation function (grasslands, peatlands, water bodies) and
covers of anthropic origin (pastures, agricultural mosaics, urban zones).

The integration of the four analytical components (spatial precipitation variability,
thermal trend, multi-index spectral dynamics, and cartographic evolution of land cover)
allowed contrasting whether the structural transformations of land use recorded by the CLC
corresponded spatially with the spectral signals of water stress and change in the vegetation
condition, as well as the evaluation of their coherence with the observed pluviometric
and thermal patterns. The integrated analytical framework described in this section is
designed not only as a diagnostic instrument for the Sumapaz paramo but as a transferable
methodological contribution to sustainability science: it demonstrates that the simultaneous
application of vegetation, water, and land cover indicators within a unified spatio-temporal
unit of analysis substantially improves the capacity to detect concealed trajectories of
ecosystem degradation that conventional single-index monitoring would classify as stability
or recovery.

3. Results
3.1. Spatial Redistribution of Precipitation

The analysis of mean annual precipitation at the 15 IDEAM stations evidenced patterns
of high interannual variability, modulated by climatic cycles such as ENSO, without a
uniform linear trend of decrease. The R? values obtained in the regression models proved
lower than 0.05 in most stations (Table S2), which confirms that the pluviometric variability
responds mainly to external climatic forcings rather than to deterministic temporal trends.
Nevertheless, three stations located in sectors of lower altitude and orographic transition
(EI Tulcén, Lejanias Castillo, and Villarica) presented statistically significant relationships
(p < 0.001), which suggests persistent changes in the precipitation regime in these sectors.
By contrast, the stations representative of the high-mountain zone, such as Llano Largo, La
Bolsa, and Alto San Miguel, did not present significant relationships between precipitation
and time, despite the patterns consistent with water-related deterioration that the spectral
analyses registered.

The Mann-Kendall test, applied with a lag-1 autocorrelation diagnostic and the
Hamed-Rao variance correction where serial correlation was significant, confirmed that
pluviometric variability in the Sumapaz paramo responds predominantly to interannual
climatic forcing rather than to deterministic monotonic trends. Ten of the fifteen stations
returned no statistically significant trend (p > 0.05), including two of the three stations most
representative of the high-mountain core, Llano Largo (1 = 0.035, p = 0.803) and La Bolsa
(T =0.186, p = 0.154). Five stations presented statistically significant trends (p < 0.05),
with Sen’s slope estimating their rate of change. Alto San Miguel (t = 0.172, p = 0.022,
slope = +10.3 mm yr~!), El Tulcan (t = 0.301, p = 0.020, slope = +13.8 mm yr~'), and Las
Casas (1 = 0.260, p = 0.046, slope = +5.1 mm yr’l) showed significant increasing trends,
while Miraflores (t = —0.292, p = 0.025, slope = —15.9 mm yr—!) showed a significant
decreasing trend. Notably, the strong lag-1 autocorrelation detected at Lejanias Castillo
(r1 = 0.742) reduced its trend to non-significance once the variance correction was applied
(p = 0.070), demonstrating the relevance of the autocorrelation diagnostic: under the uncor-
rected test, this station would have been classified as a strong decreasing trend, an inference
that the serial-correlation correction does not support. Villarica approached the significance
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threshold with an increasing trend (t = 0.251, p = 0.054, slope = +16.0 mm yr~!). The coex-
istence of significant increasing trends at lower-altitude and transitional station (Las Casas)
with a significant increase at two transitional core station (Alto San Miguel, El Tulcdn) and
a decrease at another transitional station (Miraflores) reflects spatial heterogeneity in the
precipitation regime rather than a uniform regional trend, and reinforces the interpretation
that the most ecologically relevant change lies not in the total volume precipitated but in
its spatial reorganization relative to the altitudinal gradient of storage capacity. Complete
results, including the lag-1 autocorrelation coefficients and the test applied at each station,
are reported in Table S3. The comparative analysis from WorldClim evidenced that the
maximum monthly precipitation decreased by more than 50% between 2000 (222.6 mm)
and 2015 (106.5 mm), with a partial recovery of 25% toward 2024 (169.4 mm) (Table S4).
The zonal mean descended from 116.6 mm in 2000 to 51.7 mm in 2015 and recovered to
109.6 mm in 2024, although with a notable reduction in the standard deviation (from 31.5 to
14.0 mm), which indicates a homogenization of the pluviometric field toward lower values.

The isohyets of mean monthly precipitation corresponding to the years 2000, 2015, and
2024 (Figure 2) revealed that the most significant change does not lie in the total volume
of precipitation but in its spatial redistribution with respect to the altitudinal gradient.
Whereas in 2000 the pluviometric accumulations presented a distribution coherent with
topography, with the highest values over the high-mountain core, by 2024 this correspon-
dence breaks down: the maxima relocate to belts of lower elevation (<2000 m a.s.l.) at the
margins of the study area, while the paramo core receives decreasing volumes. The analysis
of the average interannual rainfall regime (1995-2024) confirmed the persistence of the
bimodal pattern at the regional scale, with maxima in April-May and October-November
(Figure S4), which rules out a complete rupture of the seasonal regime. This pattern con-
figures a functional decoupling between the zones of greatest atmospheric capture and
the areas with the greatest storage capacity in organic horizons, a phenomenon that re-
duces the effective recharge of the system regardless of the behavior of the total annual
precipitated volume.

Facatativa
o
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o
Cundinamarca

Cundinamarca

Girardot
o

Girardot Girardot
o o

N

MIRAFLORESY/, 7 .
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(a) (b) ©

Figure 2. Isohyetal maps of mean monthly precipitation derived from IDEAM station data for (a) 2000,

(b) 2015, and (c) 2024, color scale from zero to max made to preserve homogeneous representation for
the time lapses; note that isohyets with zero are not the minimum registered.

3.2. Thermal Trend

The WorldClim climatic grids documented a warming of +1.11 °C in the mean tem-
perature of the Sumapaz paramo during the period 2000-2024 (Figure 3). This warming
presents a preferential diurnal character: the daytime maximum mean temperature in-
creased by +1.5 °C, while the nighttime minimum mean rose +1.0 °C (Table S5), which
broadened the daily thermal range by 0.5 °C between 2015 and 2024. In the high-mountain
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core, the thermal intensification manifested in a displacement of the isotherms from magni-
tudes of 5 °C in 2000 toward values of 7 °C in 2024. The mean annual temperatures shifted
from ~8.0 °C in the years close to 2000 to ~9.0 °C in 2024, with a rise in the thermal ceiling
(maxima from 13.0 °C to 14.5 °C) and an elevation of the minimum threshold above 6.0 °C.
The 90th percentile shifted from 9.6 °C to 11.0 °C (Table S5).

om, Garmin FAQ, NOAA USGS, & Gpanstreathian cor o, Garmin. FAD, NOAA, USGS, & Gasnstiasthiap cont

(a) (b) ()

Figure 3. Spatial distribution of mean temperature from WorldClim grids for (a) February 2000,
(b) January 2015, and (c) December 2024.

The regression analysis through SPSS (Table S6) yielded an R? coefficient of 0.114
with a significance of 0.092 and a slope of 2.42 x 1072 °C/year for the linear model,
which indicates a real warming signal but one modulated by interannual climatic cycles
and oscillations. The comparison between linear and quadratic models did not evidence
improvements in the fit, which suggests that the thermal change expresses itself as a
displacement of the regime toward higher values rather than as a strict linear trend. This
thermal configuration, combined with the pluviometric redistribution described in the
previous section, establishes the conditions for an increase in evaporative demand and in
physiological stress on the vegetation cover of the paramo.

3.3. Water Body Dynamics—NDWI

The quantification of the spectral distribution of surface moisture through NDWI
documented a near-complete contraction of surfaces returning a positive water signal
between 2000 and 2025, a pattern that warrants careful distinction between what the
sensor detects and what that detection implies about actual water conditions on the ground.
(Figure 4, Table 2). The categories with NDWI values above 0 (Moisture, Medium Saturation
Signal, and High Saturation Signal), which together encompassed 1273.9 km? in 2000,
decreased to 0.47 km? in 2015 and to less than 0.02 km? in 2025. Simultaneously, the
surfaces classified as Moderate Drought (NDWI between —0.3 and 0) expanded from
1929.9 km? to 2909.9 km?, and those of Drought (NDWI < —0.3) grew from 46.8 km? to
340.7 km?, with which they together reached 99.3% of the study area in 2025.
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Figure 4. Multitemporal NDWI classification for the Sumapaz paramo: (a) February 2000, (b) January
2015, and (c) January 2025.

Table 2. NDWI-based surface area distribution (km?) across moisture categories for the Sumapaz
péaramo (2000, 2015, 2025).

Extension (km?)

Id NDWI Range Category 2000 2015 2025
1 —1to —0.3 Drought 46.79 449.03 340.65
2 —0.3t0 0.0 Moderate Drought 1929.86 2801.13 2909.92
0.0to 0.1 Moisture 96.60 0.46 0.02
- 0.1to0.2 Medium Saturation Signal 79.42 0.01 0.00
5 0.2t0 1.0 High Saturation Signal 1097.92 0.00 0.00

Two interpretive constraints bear directly on the reading of these figures. First, the
Landsat sensor resolves the landscape at 30 m; at this scale, a pixel covering a small water
body surrounded by dry organic soil returns a mixed spectral signal that pulls the NDWI
toward zero or negative values, regardless of whether water is physically present at the sub-
pixel level. Values falling in the Moderate Drought category (NDWI between —0.3 and 0)
should therefore not be read as unambiguous evidence of soil moisture deficit: a portion of
those pixels likely contains residual water surfaces whose spatial dimensions fall below the
detection threshold of the sensor. Second, in a tropical paramo without snow cover, positive
NDWI values (above 0.2) reflect saturated Andosols and peatlands rather than open water
bodies in the conventional sense; the 1097.92 km? classified as High Saturation Signal in
2000 corresponds predominantly to waterlogged organic soils, a distinction consistent
with the CLC cartography, which recorded only 5.12 km? of natural water bodies and
wetlands for the same year. The near-disappearance of positive NDWI values by 2015
and 2025 is thus best interpreted as a contraction of the spectral water saturation signal,
reflecting a reduction in the extent of surfaces with conditions detectable as moisture-
positive by the sensor, a finding that is consistent with, but not equivalent to, the physical
disappearance of those water-bearing surfaces. The consistency of the spectral contraction
pattern across the three temporal cuts, and its correspondence with the reduction in inland
waters documented by the CLC (from 5.1 km? to 4.5 km?; see Section 3.7), support the
interpretation of a structural reduction in moisture-positive conditions within the paramo,
while acknowledging that the sensor’s spatial resolution limits the precision with which
residual water surfaces can be quantified, as Santecchia et al. [27] documented for analogous
high-resolution constraints.
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3.4. Vegetation Cover Dynamics—NDVI

The multitemporal analysis of NDVI revealed a trend that, evaluated in isolation,
would suggest a recovery of vegetation vigor (Figure 5, Table 3). The category of negative
values (dead or absent vegetation, NDVI < 0), which dominated 1549.7 km?2 in 2000,
decreased to 1.5 km? in 2015 and to 0.02 km? in 2025. This reduction, however, did not
find compensation in an increase in the categories of high photosynthetic activity, but in
the expansion of the low activity category (NDVI between 0 and 0.33), which went from
1674.7 km? to 3054.7 km? in 2025, with which it encompassed 93.3% of the study area.
The category of moderate activity (NDVI between 0.33 and 0.66) increased from 26.4 km?
to 196.0 km?, while the cover of high photosynthetic activity (NDVI > 0.66) remained
practically nonexistent (< 0.2 km?) throughout the entire period.

B N

. G, FAQ. NOAA, USG5, & Quenstieetivag cot NS 1. Garmin, FAD, NOAA, USGS, © Opensiresibiap contrib

FAO. NOAA, USGS, < OpenS -
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Figure 5. Multitemporal NDVI classification for the Sumapaz paramo: (a) February 2000, (b) January
2015, and (c) January 2025.

Table 3. NDVI-based surface area distribution (km?) across vegetation activity categories for the
Sumapaz paramo (2000, 2015, 2025).

Extension (km?2)

Id NDVI Range Category 2000 2015 2025
—1.0t0 0.0 Dead/absent vegetation 1549.67 1.46 0.02
2 0.0 t0 0.33 Low photosynthetic activity 1674.66  2987.04 3054.66
3 0.33t00.66 Moderate photosynthetic — p5 45 56196 19598
activity
- 0.66 to 1.00 High photosynthetic activity 0.00 0.13 0.00

The divergence between the NDWI signal, which registers a near-complete contraction
of moisture-positive surfaces, constitutes the most relevant finding of the spectral analysis.
This coexistence indicates that the ecosystem registers a gain in photosynthetic activity at
the same time that the spectral water signal contracts, a divergence that is consistent with a
reduction in water availability but cannot be equated with it on the basis of spectral indices
alone, requiring the multi-index and land cover evidence developed in the Discussion.

3.5. Edaphic Moisture Dynamics—NDSI

The NDSI registered a marked contraction of the surfaces returning a soil water
saturation signal (Figure 6, Table 4). In 2000, the categories of greatest water content,
functionally interpreted as saturated soils in the context of a tropical paramo without
snow cover, summed 1049.0 km?: the category analogous to strong water accumulation
(NDSI between 0.4 and 1.0) encompassed 433.2 km? and that of weak accumulation (NDSI
between 0 and 0.4) covered 615.8 km?. By 2015, these categories contracted to 50.9 km?, and
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by 2025, they descended to less than 0.8 km?. Correspondingly, the category of soil with
sparse vegetation and low moisture (NDSI between —0.5 and 0) expanded from 2201.4 km?
to 3249.8 km?2, with which it dominated 99.3% of the study area in 2025.

lom, Garmin, FAO, NOAA, USGS, © Opens
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Figure 6. Multitemporal NDSI classification for the Sumapaz paramo: (a) February 2000, (b) January
2015, and (c) January 2025.

Table 4. NDSI-based surface area distribution (km?) across soil moisture categories for the Sumapaz
paramo (2000, 2015, 2025).

Extension (km?)

Id NDSI Range Category 2000 2015 2025
B 10t 05 Bare soil /rock 0.00 0.25 0.01
2 —0.5t00.0 Soil with sparse vegetation 2201.43  3199.32 3249.82
3 0.0to 0.4 Weak water accumulation 615.81 50.87 0.77
4 0.4to1.0 Strong water accumulation 433.18 0.00 0.00

The convergence between the contraction of the water saturation signal recorded by
NDSI and the reduction in moisture-positive surfaces documented by NDWI is consistent
with a process of progressive edaphic desiccation and strengthens the plausibility of that
interpretation when both indices point in the same direction across the same temporal
window. If interpreted as reflecting actual edaphic moisture reduction (a reading that the
multi-index convergence supports but that would require field validation to confirm), this
pattern would carry direct implications for the delayed infiltration capacity of Andosols
and for the regulation of baseflow during dry periods.

3.6. Degradation Severity—NBR

The multitemporal analysis of NBR revealed a pdramo dominated by degradation and
incomplete recovery categories, with an almost total absence of healthy or stable vegetation
(Figure 7, Table 5). The temporal trajectory admits the distinction of two phases. In the
period 2000-2015, the categories of high and moderate burn (NBR < —0.1) decreased from
69.1 km? to 3.7 km?, which indicates that burns prior to the year 2000 evolved toward the
category of degraded or transitional soil (NBR between —0.1 and 0.1), which increased from
1088.4 km? to 1315.0 km?. The categories of early and medium recovery (NBR between
0.1 and 0.44) remained relatively stable at ~1931 km?. In the period 2015-2025, the burn
categories remained at minimums (<3.4 km?), but the degradation/transition category
continued its expansion to 1363.6 km?, while those of recovery descended to 1883.3 km?.
The classes of stable and healthy vegetation (NBR > 0.44) contracted from 59.7 km? in 2000
to less than 0.2 km? in 2025.
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Figure 7. Multitemporal NBR classification for the Sumapaz paramo: (a) February 2000, (b) January
2015, and (c) January 2025.

Table 5. NBR-based surface area distribution (km?) across burn severity and recovery categories for
the Sumapaz paramo (2000, 2015, 2025).

Id

Extension (km?)

Imypr

NBR Range Category 2000 2015 2025
—1.0to —0.25 High Burn 45.40 0.02 0.04
—0.25to0 -0.1 Moderate Burn 23.72 3.68 3.37

—0.1t00.1 Degraded/transitional 1088.41 1314.97 1363.59
0.1t00.27 Early recovery 1743.75 1688.75 1670.44
0.27 to 0.44 Medium recovery 289.43 242.44 212.90
0.44 to 0.66 Stable vegetation 59.70 0.62 0.18
0.66 to 1.00 Healthy/dense vegetation 0.02 0.00 0.00

This pattern indicates that, although no recent fires of significant magnitude are
recorded, the ecosystem finds itself in a state of incomplete recovery with respect to histori-
cal disturbances prior to the year 2000, with 70% of the area in conditions of degradation or
partial recovery. The moisture deficit suggested by the convergent NDWI and NDSI signal
patterns would operate as a plausible limiting factor for full revegetation.

3.7. Land Cover Transitions—CLC 2000-2018

The comparison of the CLC 2000 and 2018 maps provided the framework of structural
validation for the spectral patterns described (Figure 8, Table 6). In the agricultural compo-
nent, clean pastures expanded from 30.9 km? to 51.0 km? and the mosaics of pastures and
crops went from 110.3 km? to 171.4 km?, accompanied by the appearance of urban fabric
(0.2 km?), mining extraction zones (0.2 km?), and lands dedicated to potato cultivation
(0.7 km?), categories absent in 2000. In the opposite direction, the mosaics of crops, pastures,
and natural spaces decreased from 112.4 km? to 46.3 km?, which suggests a process of
productive intensification.

In the natural covers, peatlands remained constant, but natural lagoons and wetlands
went from 5.1 km? to 4.5 km?, which provides structural land-cover evidence consistent
with the contraction of the spectral water saturation signal that NDWI registered. Dense
mainland non-wooded grasslands tripled (from 325.7 km? to 975.5 kmz), while dense
grasslands with shrubs remained relatively stable (~930-950 km?). In the transitional
fringe bordering the paramo core, the net forest area increased by approximately 48.5 km?;
however, this aggregate figure conceals a structural downgrade rather than a recovery.
Dense tall mainland forest (the mature formation occupying the outer edge of the study
area at the forest-paramo transition) contracted from 401.3 km? to 310.4 km? (—0.8 km?),
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while dense low mainland forest expanded from 101.6 km? to 240.9 km? (+139.3 km?),
largely within the same transitional belt where tall forest was previously mapped. The
spatial coincidence of the loss and the gain indicates that the dominant process was not
forest expansion into new territory but the replacement of structurally complex mature
forest by shorter, less developed forest cover. Forest plantations also extended from 2.6 km?
to 9.0 km? within the same zone.

gmom, Garmin, FAO, NOAA, USGS, © OpenStreetMap cont ESiAGSiy om. Garmin, FAO, NOAA, USGS, © OpenStreetMap contri|
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Figure 8. Corine Land Cover classification for the Sumapaz paramo: (a) 2000 and (b) 2018.

Table 6. Major land cover transitions in the Sumapaz paramo between 2000 and 2018 based on Corine
Land Cover cartography (classes with highest absolute change).

Cover 2000 (km?) 2018 (km?) Change
2.3.1. Clean pastures 30.95 51.00 +20.05
2.4.2. Mosaic of pastures and crops 110.34 171.38 +61.04
2.4.3. Mosaic of crops, pastures and 112.37 46.26 6611
natural spaces
P 012 o005 0%
~ 3.12.1. Dense low mainland forest 101.61 2095 +139.29
3.2.1.1.1.1. Dense mainland 305.65 975.50 +649 85
grassland, non-wooded
— dlaPeatnds 0% 057 :

The net redistribution of covers indicates that surfaces with a water storage func-
tion (peatlands, wetlands, grasslands associated with saturated soils) yield in front of
covers with lower regulating capacity (agricultural mosaics, dry grasslands, plantations)
(Table S7), which spatially reproduces the patterns of functional substitution that the
NDVI-NDWI divergence suggested and is consistent with the interpretation of a structural
transition of the ecosystem.

Taken together, the multi-index and cartographic evidence presented in this section
documents a pattern of functional transformation whose sustainability implications operate
at two scales: at the ecosystem scale, through the progressive reduction in the regulating
services that the paramo core provides; and at the territorial scale, through the structural
modification of the transitional buffer zones whose integrity conditions the long-term
sustainability of water availability in the downstream basin.
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4. Discussion
4.1. Spatial Decoupling Between Precipitation and Ecohydrological Storage

The literature on climate change in Andean paramos has tended to frame water
degradation as a direct consequence of the temperature increase or of the reduction in
precipitation totals. The results of this study suggest a different and potentially more
determining mechanism for the regulating function: the spatial reorganization of precipita-
tion, which decouples the zones of atmospheric capture from the areas of ecohydrological
storage. Fonseca Carrefio [26] described that the regulating function of the pdramo depends
on the precipitated water reaching the peat horizons for its delayed retention, and Molina
Benavides et al. [11] documented that Andosols only exercise their buffering function
when they receive sufficient inputs to maintain the saturation of the edaphic profile. The
pluviometric results of this study evidence that, when precipitation reorients toward lower
altitudinal belts, as the isohyets of the period 2000-2024 show, the total volume precipitated
in the basin may be maintained or even partially recovered, but the conditions for effective
recharge of the regulating core progressively deteriorate (a process reflected both in the
spatial homogenization of the pluviometric field toward lower altitudinal values and in the
convergent spectral signal contraction documented across NDWI and NDSI).

This mechanism of spatial decoupling between capture and storage configures a water
risk that conventional indicators of pluviometric variability do not capture. The trend
analysis applied to the 15 IDEAM stations, using the Mann-Kendall test with the lag-1 auto-
correlation correction, confirmed that precipitation does not show a significant monotonic
decrease in the high-mountain core stations (p > 0.05 at Llano Largo and La Bolsa), a finding
that, read in isolation, could lead to an optimistic evaluation of the state of the system.
However, the absence of a statistical temporal trend coexists with a spatial reorganization
that both the IDEAM isohyets and the WorldClim grids documented, whose reduction
in the zonal standard deviation (from 31.5 to 14.0 mm) reflects a homogenization of the
pluviometric field toward lower values in the high-mountain core. Campos-Aranda [39]
demonstrated that, even when many long-term pluviometric series do not present signif-
icant trends, the quantitative analyses reveal progressive reductions in recent averages
associated with the intensification of dry periods. Pérez-Ortiz et al. [40] extended this
analysis by documenting that the ENSO phenomenon strongly modulates precipitation in
Colombian Andean basins, with marked reductions during the warm phases that increase
water vulnerability, especially in high zones. Consequently, the water risk thresholds for
the Sumapaz paramo must be evaluated in terms of the spatial distribution of precipitation
and not exclusively in terms of the temporal trend of the accumulations.

A methodological qualification of particular relevance concerns the spectral and plu-
viometric values recorded for January 2015. Martinez et al. [41] documented that the El
Nifio 2015-2016 event was classified by the World Meteorological Organization as one of the
three strongest since 1950, combining, for the first time simultaneously, a warm phase of the
Pacific Decadal Oscillation and the highest global surface temperatures in the instrumental
record; Thielen et al. [42] reported that the Oceanic Nifio Index reached a mean value of
2.22 °C between October 2015 and February 2016, surpassing the corresponding values of
the 1982-1983 and 1997-1998 events. At the regional scale, Martinez et al. [41] recorded a
severe precipitation deficit across much of Colombia and northern South America from
May 2015 through July 2016, and Diaz & Villegas [43] documented that the drought severity
of this episode exceeded that of both preceding strong events. From a soil hydrological
standpoint, Avila et al. [44] demonstrated that El Nifio-type surface pressure conditions gen-
erate negative soil moisture anomalies in Andean systems 9 to 11 months before the event
peak, a lead time that places the January 2015 Landsat acquisition within the precursor
window of the developing forcing. In pdramo ecosystems specifically, Esquivel-Herndndez
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et al. [45] showed that the El Nifio 2015-2016 event substantially disrupted moisture
transport and modified the isotopic composition of rainfall across Central American and
Andean paramos, while Pacheco et al. [46] identified the 2009-2014 interval as a period
of particularly high negative coherence between ENSO indices and drought indicators in
high Andean basins, conditions consistent with a progressive antecedent soil moisture
deficit already manifesting at the time of the January 2015 acquisition. These circumstances
indicate that the extremely low moisture-positive values documented by NDWI and NDSI
in 2015 likely reflect the superposition of a structural desiccation trend with the acute
hydroclimatic forcing of an exceptionally strong El Nifio event; the magnitude of the
2015 values may therefore overestimate the rate of structural decline at that specific tempo-
ral cut. The persistence of near-zero moisture-positive surfaces in January 2025 (a scene
acquired under ENSO-neutral conditions) supports the interpretation that the structural
component of the signal is real, while also confirming that the three-date observational
framework does not permit a formal quantification of the relative contribution of cyclic
versus non-cyclic forcing to the observed contraction.

The analytical separation between structural trends and interannual ENSO variability
is a recognized challenge in Andean hydroclimatology. Diaz & Villegas [43] demonstrated
that precipitation variability in the Colombian Andes is organized in coherence bands of 2 to
8 years that account for a large fraction of its total variance, and that ENSO-driven forcing
interacts with land use change in ways that amplify drought impacts and complicate
the attribution of observed deficits to structural versus cyclic causes. Pomares-Meza
et al. [47] further showed that the dominant influence of ENSO on interannual precipitation
variability frequently masks or exaggerates underlying structural trends, even when those
trends are statistically real, and that water yield deficits can persist with lags of up to
nine months after an ENSO-driven drought episode, a delay that in a three-date spectral
record is difficult to distinguish from a shift in baseline conditions. In the absence of a longer
time series or a formal variance decomposition, the conclusions of this study regarding
structural ecohydrological decline rest on the spatial and multi-index convergence of the
evidence: the pluviometric reorganization documented across three independent analytical
sources, the spectral divergence across four indices, and the cartographic land cover
transitions recorded by CLC. This convergence supports the characterization of the direction
and multi-causal structure of the transformation; the rate of change, however, should not be
extrapolated without explicitly accounting for the contribution of cyclical ENSO variability
to the observed magnitudes at each temporal cut.

4.2. The Vegetation-Water Paradox: Apparent Greenness Under Hydrological Contraction

The most complex result to interpret, and from the methodological perspective, the
one of greatest relevance, is the coexistence of a growing vegetation vigor signal (NDVI)
with a near-complete contraction of the spectral water saturation signal (NDWI), a pattern
reinforced by the parallel reduction in moisture-positive surfaces as recorded by NDSI and
by the persistence of degradation and incomplete recovery categories in the NBR. This
divergence among spectral indicators constitutes in itself a diagnostic indicator that the
literature has characterized in a fragmented manner. Garcia Mora et al. [13] documented in
the Guapé river basin variations in vegetation vigor that did not respond to endogenous
ecological dynamics but to anthropic pressure on the water system; Pirachican Grijalba
et al. [12] identified in the La Cortadera paramo signals of apparent spectral recovery that
corresponded to the colonization by secondary vegetation of lesser functional value.

In the context of Sumapaz, the confluence of at least four mechanisms allows the ex-
planation of this paradoxical spectral signal. In the first place, Murad et al. [48] associated
the expansion of woody shrub communities with greater infrared reflectance that colonizes
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previously saturated soils, a process known as shrub encroachment. In the second place,
Llambi et al. [16] linked the altitudinal migration of communities from lower belts with the
differential warming documented in the paramo, a phenomenon called thermophilization.
In the third place, Baldi et al. [49] partially attributed the increase in vegetation vigor to
the basal photosynthetic stimulus generated by the rise in minimum temperatures. In
the fourth place, Lis-Gutiérrez et al. [8] related the nutritive enrichment of surface water
sheets with effluents of agricultural origin, a phenomenon that stimulates biological pro-
ductivity in the remaining water bodies, an observation reinforced by Chambe et al. [17] in
high-Andean lagoons of the Peruvian altiplano. The confluence of these four mechanisms
provides a plausible mechanistic basis for interpreting the positive spectral signal as re-
flecting a progressive displacement of hydrophilic communities of high regulating capacity
rather than functional recovery, a hypothesis that the convergence of multi-index and land
cover evidence supports, and that the field-based experimental record discussed below
contextualizes, but that requires systematic phytosociological monitoring in Sumapaz to be
confirmed at the community level.

This finding acquires greater consistency upon being contrasted with the results of
the NDSI and the NBR. The reduction of 1049 km? of surfaces returning a water saturation
signal (NDSI > 0) between 2000 and 2025 is consistent with the interpretation that the
gain in greenness is not accompanied by an improvement in edaphic water conditions, a
reading that, while not directly verifiable through spectral indices alone, is coherent with
the convergent patterns documented across all four indices; in turn, the persistence of
70% of the area in degradation or incomplete recovery categories (NBR) indicates that the
substrate on which the new vegetation cover develops has not recovered its functional
integrity. Patil et al. [50] demonstrated that, even in years with normal precipitation,
vegetation may remain under conditions of mild or moderate drought when evaluated
through the integration of NDVI and NDWI, which is coherent with the patterns observed
in the Sumapaz paramo and supports the interpretation that effective water availability in
the system cannot be adequately assessed from precipitation volumes alone.

Establishing the epistemic boundaries of this interpretation is necessary before extend-
ing the argument. What the spectral data confirm is a change in the direction and spatial
extent of the photosynthetically active signal and its sustained divergence from moisture-
sensitive indices across three independent temporal cuts. What can be inferred from the
multi-index convergence is a functional shift in the character of the vegetation cover, one
consistent with a displacement of water-dependent communities. What requires field
verification is the species and community-level composition of the areas concentrated in the
NDVI gain, the growth forms and functional groups responsible for that gain, and whether
they correspond to the substitution processes that the four mechanisms propose. The closest
direct experimental evidence available for the Sumapaz paramo itself comes from Lasso
et al. [51], who installed open-top warming chambers in two Colombian paramos including
Sumapaz and, after three years of in situ warming of approximately 1.7 °C, documented an
increase in shrub and graminoid cover within the warmed plots (a structural community
response directly consistent with the shrub encroachment and thermophilization mech-
anisms proposed), and under a thermal forcing of the same order of magnitude as the
+1.11 °C trend documented in this study over the period 2000-2024. At the regional scale,
Cuesta et al. [52] documented compositional shifts across high-Andean plant communities
incorporating species with broader thermal niches and warmer optimums, while Anthelme
et al. [53] described the emergence of novel plant communities at Colombian high-altitude
sites following glacial retreat, characterized by the displacement of endemic paramo species
by assemblages of lower functional specificity. These works establish a regional empirical
context for the community substitution hypothesis. Its systematic verification in Sumapaz
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demands phytosociological resurveys anchored to the historical baselines established by
Cleef [54], whose foundational work in the Colombian Cordillera Oriental (including the
paramo de Sumapaz) remains the only comprehensive record of community composition
and altitudinal zonation available for direct comparison with present-day conditions.

4.3. Land Use Change as a Structural Co-Causal Factor

A third interpretative line that this study contributes, and that the analyses focused
on climatic variability tend to subordinate, is the role of land use change as a co-causal
factor of water contraction, operable independently of background climatic trends. The
expansion of the agricultural frontier that the CLC documented, with an increase in clean
pastures (+20.1 km?), mosaics of pastures and crops (+61.0 km?), and the appearance of
urban zones, mining extraction, and potato cultivation, acts upon the regulating capacity
of the system through direct edaphic mechanisms. Anzoategui et al. [14] demonstrated
that tillage destroys the macroporosity of the Andosol necessary for delayed infiltration;
Murad et al. [48] quantified the reduction in water retention capacity by bovine compaction
in analogous paramos of Guerrero and Rabanal, with native vegetation losses of 59.96%
and 47.96%, respectively.

The forest transition documented in Table 6 deserves particular attention in this in-
terpretive context because its aggregate metric obscures its functional significance. A net
gain of 48.5 km? in the transitional forest belt might be read superficially as evidence of
ecological recovery; the spatial analysis reveals, however, that this gain resulted from
the structural replacement of dense tall mainland forest by dense low mainland forest
within the same border zone, not from the colonization of previously open or degraded
terrain. The functional distinction between these two formations matters for the hydro-
logical budget of the paramo. Buytaert et al. [55] documented that mature cloud forest
at the forest-paramo transition contributes to the water balance of Andean headwaters
through the interception of horizontal precipitation (fog and low cloud) a process that
depends directly on canopy height, structural complexity, and epiphytic biomass; Berrones
et al. [56] specifically quantified the contribution of fog and cloud water to soil moisture in
the Andean paramo, confirming that this input pathway is relevant not only for the transi-
tional forests below but for the paramo core itself, where horizontal precipitation maintains
the high relative humidity and low evapotranspiration rates that the ecosystem depends
on. The replacement of structurally complex tall forests by shorter, less developed forests
reduces the effective interception surface and erodes the microclimate buffer between the
agricultural frontier and the paramo. Ochoa-Tocachi et al. [57] demonstrated that land use
change in tropical Andean catchments consistently reduces the hydrological regulation
capacity of transitional zones even when aggregate vegetation cover metrics suggest sta-
bility, a finding directly applicable to the structural forest downgrade observed here. This
transition is therefore consistent with the overall degradation trajectory documented in this
study and illustrates how cartographic area metrics can mask qualitative functional losses
that only become apparent when nature, not merely the extent, of the land cover change
is examined.

These effects possess a structural character: they do not revert with the interannual
variability of precipitation and operate in the same direction as the pluviometric reorga-
nization, which configures a double pressure on the regulating function. The reduction
in natural lagoons and wetlands (from 5.1 km? to 4.5 km?) that the CLC recorded consti-
tutes independent evidence that the covers with the greatest water storage function are
being replaced by categories of lower regulating capacity. Pirachican Grijalba et al. [12]
confirmed in the La Cortadera paramo that the agricultural expansion over native covers is
the degradation vector with the greatest effect on the streamflow regulation capacity, even
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in the absence of statistically significant climatic trends. This finding has direct implications
for management: conservation measures focused exclusively on emissions reduction or
on climate adaptation, without effective control of the agricultural expansion in the area
of influence of the paramo, prove insufficient to halt the loss of the regulating function of
the system.

4.4. Multivectorial Degradation: Convergence of Climatic and Anthropic Factors

The convergence of the three mechanisms that the preceding sections identified,
namely, the spatial decoupling of precipitation, the substitution of hydrophilic covers by
drought-adapted communities under an apparently positive spectral signal, and the cu-
mulative edaphic deterioration by land use change, configures a scenario of multivectorial
ecohydrological degradation. The distinctive characteristic of this scenario lies in the fact
that the magnitude of the combined effect exceeds that which any of the individual vectors
would generate in isolation: the pluviometric reorganization reduces recharge, the change
in use reduces the retention capacity of the soil, and the substitution of covers reduces the
regulation capacity of runoff, phenomena that operate synergistically on the regulating
function of the system, as Figure 9 synthesizes.

N

Precipitation shift NDVI-NDWI paradox Land use change

Recharge decoupled Greening masks loss Agropastoral expansion
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Figure 9. Conceptual diagram of the multivectorial ecohydrological degradation framework identified
in the Sumapaz paramo, showing the convergence of precipitation redistribution, vegetation-water
paradox, and land use change as interacting drivers.

Figure 9 presents a conceptual framework for the multivectorial ecohydrological
degradation documented in the Sumapaz paramo, organizing the three identified drivers
and their interactions within a unified interpretive structure. The first vector (the spatial
redistribution of precipitation toward lower altitudinal belts) reduces effective recharge of
the paramo core independently of trends in total precipitated volume, operating through
the mechanism of spatial decoupling between atmospheric capture and ecohydrological
storage described in Section 4.1. The second vector (the divergence between the NDVI
signal and the moisture-sensitive indexes) reflects the functional substitution of hydrophilic
communities by drought-tolerant vegetation under a deceptively positive spectral surface,
a process that reduces the runoff regulation capacity of the ecosystem even as conventional
greening indicators suggest recovery. The third vector (the cumulative expansion of the
agricultural frontier documented by the CLC) acts through direct edaphic mechanisms
that reduce the infiltration and retention capacity of Andosols, and through the structural
downgrading of the transitional cloud forest belt that provides the microclimate buffer
between the agricultural zone and the paramo core. The diagram also represents the
transversal role of temperature increase as an amplifying factor that accelerates evaporative
demand and reinforces the three primary vectors simultaneously and identifies the fire
risk emerging from the persistence of degraded substrates as a potential fourth-order
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destabilizing mechanism. The central argument represented (that the combined effect
of these drivers exceeds the sum of their individual impacts) is what distinguishes the
ecohydrological vulnerability of Sumapaz from scenarios where each stressor operates in
isolation and can be addressed through single-factor management interventions.

From the thermal perspective, the warming of +1.11 °C that was documented in the
period operates as a transversal amplifying factor. Beniston [58] and Buytaert et al. [59]
documented that warming rates in high-mountain ecosystems may triple those recorded in
lowlands; Hurtado Rios [60] reported in the Cruz Verde-Sumapaz complex itself an increase
of up to 3.51 °C in the diurnal surface temperature between 2000 and 2020. The preferential
diurnal character of the warming that this study detected (+1.5 °C in maxima versus
+1.0 °C in minima) increases the thermal amplitude and enhances the evaporative demand,
with the consequent acceleration of the desiccation of the upper soil horizons. Abbasian
et al. [61] demonstrated that indices based exclusively on precipitation underestimate the
real magnitude of drought when the temperature increase acts simultaneously, a finding
directly applicable to the scenario that was documented in Sumapaz.

The reversibility of this multivectorial scenario is conditioned by the simultaneity of
the interventions. Moazeni and Cerda [62] and Grillakis [63] warned that the intensification
of water stress elevates the susceptibility to fires in mountain ecosystems, a disturbance
that the NBR results suggest as a growing risk for Sumapaz: although no recent fires
of magnitude are recorded, the persistence of degraded soils and the absence of stable
vegetation configure a highly combustible substrate. Barnard et al. [64] demonstrated that
the hydrological impacts of fire in mountain basins may exceed the predictive capacity of
conventional models, which introduces additional uncertainty in water resource planning.
The prevention of this trajectory demands simultaneous intervention on the agricultural
expansion, on the management of the water regime, and on the establishment of early
warning systems that integrate climatic, spectral, and edaphic indicators.

4.5. Methodological Implications for the Monitoring of Pdramos

The spectral limitations of NDVI deserve explicit treatment in a study whose central
finding rests on its divergence from water-sensitive indices. NDVI captures the normal-
ized difference between near-infrared and red reflectance, which responds to chlorophyll
content, leaf area index, and canopy biomass; it is sensitive to the presence and density
of photosynthetically active vegetation but functionally blind to its composition. At 30 m
pixel resolution, a single pixel integrates grasses, shrubs, mosses, and bare soil in propor-
tions that can shift over time without the index being able to resolve them independently.
This matters because positive NDVI values carry no intrinsic information about the water
regulation capacity or ecological integrity of the vegetation producing them: a dense mat
of Sphagnum, a stand of encroaching woody shrubs, and a recovering graminoid cover can
return similar NDVI values despite their radically different roles in paramo ecohydrological
functioning. The indifference of the index to functional composition is precisely the reason
the multi-index framework applied in this study is analytically necessary: it is the sustained
divergence between NDVI and the moisture-sensitive indicators (NDWI and NDSI) rather
than the value of any single index that allows the observed spectral pattern to be interpreted
as evidence of functional substitution rather than functional recovery. This also explains
why single-index greening studies of tropical high-mountain ecosystems systematically
underestimate the degree of ecohydrological degradation: they capture the biomass signal
but miss the functional dimension that only emerges when vegetation and water indices
are read together.

The results of this study carry direct methodological implications for ecohydrological
monitoring systems in Andean paramos. The divergence documented between NDVI
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and NDWT is consistent with the hypothesis that evaluating the state of these ecosystems
through a single spectral index introduces a systematic bias toward underestimating
degradation, a risk that the multi-index framework of this study is specifically designed to
reduce. This limitation acquires particular relevance in the context of Colombian paramos,
where Llambif et al. [16] pointed out the structural disconnection between biodiversity
studies and ecohydrology studies, and Palomo [7] warned about the underrepresentation
of tropical mountains in global scientific output. Dourado et al. [28] and Lépez Bolafios
et al. [24] identified as a central methodological constraint the scarce articulation between
the radiometry of vegetation cover and the radiometry of water bodies within the same
spatio-temporal unit of analysis.

The integration of four spectral indices (NDVI, NDWI, NDSI, NBR), land cover car-
tography (CLC), and climatic modeling (precipitation and IDEAM isohyets, WorldClim
temperature) within a unified analytical framework, as developed in this study, reduces that
bias by allowing the contrast of the radiometric signal with the functional structure of land
use and with pluviometric and thermal patterns, in direct response to the methodological
gap that the literature pointed out. This multicomponent approach proves particularly
necessary in ecosystems where the spectral signal of vegetation may improve through
mechanisms that do not reflect functional recovery (shrub encroachment, thermophilization,
eutrophication), and where the temporal resolution of the official land cover cartography,
available only for two dates in the Colombian case, imposes restrictions on the detection of
intermediate changes.

4.6. Limitations and Future Research

This study presents limitations that should be considered in the interpretation of the
results. The spatial resolution of the Landsat images (30 m) introduces the mixed-pixel
effect in water bodies of small dimensions, a phenomenon that masks residual water sheets
under the dominant signal of the surrounding dry soil, as Santecchia et al. [27] documented.
The persistent cloud cover in tropical high-mountain zones reduced the universe of usable
scenes to three dates with complete spatial coverage (2000, 2015, 2025), which limited the
capacity to capture interannual variability. The available CLC cartography covers up to
2018, a situation that prevents the evaluation of cover transitions corresponding to the last
seven years of the analytical period. The WorldClim climatic grids constitute modeled
products with a resolution of ~4.5 km, insufficient to capture the microclimatic variability
at the slope scale that Anzoategui et al. [14] pointed out as relevant in paramos with
pronounced topographic gradients. Finally, the study lacks direct field validation for the
spectral categories, which limits the possibility of confirming in situ the cover substitution
processes inferred from the NDVI-NDWI divergence.

The loss of three intermediate acquisition dates 2005, 2010, and 2020 due to the SLC-off
failure of the Landsat 7 sensor imposes a structural constraint on the temporal resolution of
the spectral analysis. With observations limited to 2000, 2015, and 2025, the study captures
two intervals of ten to fifteen years but cannot resolve changes occurring within those
windows. Gradual or non-linear transitions (such as the progressive encroachment of shrub
communities or the incremental contraction of saturated soil surfaces) are detectable only if
they accumulate sufficient magnitude between the available dates, while transient events
or regime shifts occurring in intermediate years remain outside the analytical reach of
this study.

The temporal sampling structure also limits the statistical interpretation of change
trajectories. With only three observations, it is not possible to distinguish a monotonic trend
from an accelerating or decelerating process, nor to determine whether the 2015 snapshot
represents a transitional state or an extreme year influenced by interannual climatic vari-
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ability. This constraint should be considered when extrapolating the observed trajectories
to longer time horizons or to management planning scenarios requiring knowledge of the
rate, rather than the net magnitude, of change.

The interpolation of precipitation fields relied on the cross-validation-based selection of
the Empirical Bayesian Kriging—Advanced method without incorporating station elevation
as an explicit covariate, a constraint inherent to the Exploratory Interpolation workflow
employed; this may introduce residual bias in sectors where orographic forcing generates
precipitation gradients at a finer scale than that captured by the available station network.

Future research should incorporate Sentinel-2 images (10 m resolution) to reduce
the mixed-pixel effect in smaller water bodies, integrate radar data (SAR) to overcome
the limitation of persistent cloud cover, and establish field validation campaigns that
allow correlating the spectral categories with direct measurements of edaphic moisture
and floristic composition. The implementation of compound indices such as the NDDI,
which integrates NDVI and NDWI into a single drought indicator, constitutes a promising
methodological development line for the operational monitoring of paramos under climate
change conditions.

5. Conclusions

The spatial redistribution of precipitation toward lower altitudinal belts constitutes
the ecohydrological mechanism of greatest functional relevance that was documented
during the study period. The reduction in recharge in the high-mountain core, produced
by the progressive decoupling between the zones of atmospheric capture and the storage
areas in peat and Andosols, compromises the regulating function of the system regardless
of the behavior of the total precipitated volume at the basin scale. This finding suggests
that the water risk thresholds for the Sumapaz paramo must be evaluated in terms of the
spatial distribution of precipitation and not exclusively in terms of the temporal trend of the
accumulations, which demands a reconfiguration of the conventional hydrological warning
criteria applied in the region. It should be noted, however, that the three-date observational
framework (with the 2015 scene coinciding with the precursor phase of what Martinez
etal. [41] and Thielen et al. [42] identified as the strongest El Nifio event since 1950) does
not permit a formal statistical separation of structural trends from interannual climatic
forcing; the direction of the documented ecohydrological transformation is supported by
the convergence of independent evidence sources, but the apparent rate of change between
2000 and 2015 should be interpreted with this confounding factor in mind.

The divergence between the vegetation vigor signal, which shows a sustained increase
during the period, and the near-complete contraction of the spectral water saturation signal
configures a pattern indicative of concealed ecohydrological degradation. The apparent
improvement of vegetation vigor consistent with the confluence of shrub encroachment,
thermophilization, basal photosynthetic stimulus by rising temperatures, and nutritive
enrichment of residual water bodies by agricultural effluents, is most plausibly interpreted
as a displacement of hydrophilic communities of high regulating capacity by vegeta-
tion adapted to water limitation, rather than as functional recovery; this interpretation
is grounded in multi-index convergence, experimental warming evidence from Suma-
paz itself, and regional compositional evidence from high-Andean systems, but requires
phytosociological field validation at the site level to be established with certainty. The
convergence of this pattern with the reduction in moisture-positive surfaces recorded by
NDSI and the persistence of degradation categories in the NBR strengthens the plausibility
of the interpretation that the ecosystem is on a trajectory of functional loss, one that remains
invisible to monitoring approaches based on greenness indicators alone.

https:/ /doi.org/10.3390/su18146971


https://doi.org/10.3390/su18146971

Sustainability 2026, 18, 6971

26 of 30

The land use change that the CLC cartography documented operates as a co-causal
vector of water contraction with structural effects not reversible at an interannual scale. The
expansion of agricultural covers over native humid grasslands acts through cumulative
edaphic mechanisms, namely, the destruction of the macroporosity of the Andosol and the
compaction by trampling, which reduces the delayed infiltration capacity of the system.
The convergence of this anthropic vector with the pluviometric reorganization and with the
sustained warming (+1.11 °C in the period 2000-2024) configures a multivectorial pressure
on the regulating function whose magnitude exceeds that of any of the factors separately.

The present study demonstrates that the evaluation of the ecohydrological state of
paramos from a single spectral index introduces a systematic bias of underestimation of
the degradation. The integration of multiple spectral indices (NDVI, NDWI, NDSI, NBR),
of land cover cartography, and of climatic modeling within a unified analytical framework
allows the contrast of the radiometric signal with the functional structure of land use
and with the patterns of precipitation distribution, which reduces the risk of erroneous
interpretations. This methodological approach responds to the gap that the literature has
identified regarding the need to articulate the interdependencies among climate, ecosystem
structure, and water availability in tropical high-mountain systems.

In terms of implications for territorial management, the results indicate that conserva-
tion strategies for the Sumapaz padramo based exclusively on the control of emissions or on
climate adaptation measures prove insufficient if they do not simultaneously incorporate
the effective control of the agricultural expansion in the area of influence, the establishment
of integrated ecohydrological monitoring systems that overcome the limitations of optical
remote sensing under persistent cloud covers, and the generation of long-term technical
information that orients the planning of water risk management and territorial planning in
the central region of Colombia, whose water security depends on the functional integrity
of this ecosystem.
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the Ex-ploratory Interpolation tool of ArcGIS Pro under leave-one-out cross-validation.; Table S2:
SPSS regression analysis of total monthly precipitation for 15 IDEAM stations (1995-2025): linear
and quadratic model parameters.; Table S3: Results of the lag-1 autocorrelation diagnostic and Mann-
Kendall trend test with Sen’s slope estimator, applied to annual total precipitation series (1995-2025)
for the 15 IDEAM stations. Stations with significant lag-1 autocorrelation (p < 0.05) were evalu-ated
with the Hamed-Rao modified Mann-Kendall test; the remainder with the original test. Significant
trends (p < 0.05) are in bold. rq: lag-1 autocorrelation coefficient; t: Kendall’s tau; t: approaching
significance threshold; Table S4: Summary statistics of total monthly precipitation from WorldClim
grids for the Sumapaz paramo (2000, 2015, 2024).; Table S5: Summary statistics of mean temperature
from WorldClim grids for the Sumapaz paramo, including maximum and minimum temperature
trends (2000-2024); Table S6: SPSS regression analysis of mean annual temperature for the Sumapaz
paramo (2000-2025): linear and quadratic model parameters.; Table S7: Complete Corine Land Cover
classification for the Sumapaz paramo: surface area (km?) by CLC code for 2000 and 2018.

https://doi.org/10.3390/sul18146971


https://www.mdpi.com/article/10.3390/su18146971/s1
https://www.mdpi.com/article/10.3390/su18146971/s1
https://doi.org/10.3390/su18146971

Sustainability 2026, 18, 6971

27 of 30

Author Contributions: Conceptualization, J.J.V.C., C.A.C.C. and D.E.FA.; methodology, ].].V.C,,
C.A.C.C. and D.E.FA_; software, ].J.V.C., C.A.C.C. and D.E.FA.; validation, J.].V.C., C.A.C.C. and
D.E.FA,; formal analysis, ].J.V.C., C.A.C.C. and D.E.FA.; investigation, ].].V.C., C.A.C.C. and D.EFA.;
resources, J.J.V.C., C.A.C.C. and D.E.FA.; data curation, J].J.V.C., C.A.C.C. and D.E.FA.; writing—
original draft preparation, J.J.V.C., C.A.C.C. and D.E.F A ; writing—review and editing, J.J.V.C.,
C.A.C.C. and D.E.FA; visualization, ].].V.C., C A.C.C. and D.E.FA; supervision, ].].V.C.,, CA.C.C.
and D.E.FA,; project administration, ].J].V.C., C.A.C.C. and D.E.F.A. All authors have read and agreed
to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: All data used in this study are publicly available from their respective
sources. Precipitation records were obtained from the Institute of Hydrology, Meteorology and
Environmental Studies of Colombia (IDEAM,; http://www.ideam.gov.co; 11 July 2025). Monthly
temperature and precipitation grids were sourced from the WorldClim v2 database (https://www.
worldclim.org; 31 August 2025). Landsat imagery was downloaded from the United States Geological
Survey (USGS) EarthExplorer platform (https:/ /earthexplorer.usgs.gov; 26 October 2025). Corine
Land Cover maps for Colombia were obtained from the IDEAM Ecosystem Map portal (http://www.
siac.gov.co; 20 September 2025). Cartographic layers were sourced from the Geographic Institute
Agustin Codazzi (IGAC; https:/ /www.igac.gov.co; 10 June 2025).

Acknowledgments: The authors acknowledge the Institute of Hydrology, Meteorology and Envi-
ronmental Studies IDEAM), the United States Geological Survey (USGS), the WorldClim project,
and the Geographic Institute Agustin Codazzi (IGAC) for providing open-access data that made this
research possible. During the preparation of this manuscript, the authors used Claude (Anthropic,
version Claude Opus 4, 2025) for the purposes of assisting in the drafting and academic structuring
of the manuscript text and generating a conceptual synthesis diagram (Figure 9). The tool was not
used for study design, data collection, data processing, statistical analysis, or interpretation of results.
The authors have reviewed and edited the output and take full responsibility for the content of
this publication.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations

The following abbreviations are used in this manuscript:

CLC Corine Land Cover

IDEAM Institute of Hydrology, Meteorology and Environmental Studies (Colombia)
IGAC Geographic Institute Agustin Codazzi

MADS  Ministry of Environment and Sustainable Development (Colombia)

NBR Normalized Burn Ratio

NDSI Normalized Difference Snow Index

NDVI Normalized Difference Vegetation Index

NDWI Normalized Difference Water Index

NIR Near-infrared
RMSE Root Mean Square Error
SLC Scan Line Corrector

SWIR Shortwave infrared
USGS United States Geological Survey

https://doi.org/10.3390/sul18146971


http://www.ideam.gov.co
https://www.worldclim.org
https://www.worldclim.org
https://earthexplorer.usgs.gov
http://www.siac.gov.co
http://www.siac.gov.co
https://www.igac.gov.co
https://doi.org/10.3390/su18146971

Sustainability 2026, 18, 6971 28 of 30

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Knight, J. Scientists’ warning of the impacts of climate change on mountains. Peer] 2022, 10, e14253. [CrossRef] [PubMed]
Dragonetti, C.; Daskalova, G.; Di Marco, M. The exposure of the world’s mountains to global change drivers. iScience 2024, 27,
109734. [CrossRef] [PubMed]

Abbas, M.; Zhao, L.; Wang, Y. Perspective Impact on Water Environment and Hydrological Regime Owing to Climate Change:
A Review. Hydrology 2022, 9, 203. [CrossRef]

IPCC. Climate Change 2023: Synthesis Report. Contribution of Working Groups I, II and III to the Sixth Assessment Report of the
Intergovernmental Panel on Climate Change; Lee, H., Romero, J., Eds.; IPCC: Geneva, Switzerland, 2023.

Prudhomme, C.; Giuntoli, I.; Robinson, E.L.; Clark, D.B.; Arnell, N.W.; Dankers, R.; Fekete, B.M.; Franssen, W.; Gerten, D.; Gosling,
S.N.; et al. Hydrological droughts in the 21st century, hotspots and uncertainties from a global multimodel ensemble experiment.
Proc. Natl. Acad. Sci. USA 2014, 111, 3262-3267. [CrossRef] [PubMed]

Seastedt, T.R.; Oldfather, M.F. Climate Change, Ecosystem Processes and Biological Diversity Responses in High Elevation
Communities. Climate 2021, 9, 87. [CrossRef]

Palomo, I. Climate change impacts on ecosystem services in high mountain areas: A literature review. Mt. Res. Dev. 2017, 37,
179-187. [CrossRef]

Lis-Gutiérrez, M.; Lis-Gutiérrez, ].P; Jiménez-Parra, J.; Henao-Rodriguez, C. Environmental impact of the paramo in Colombia:
An approach from the FPEIR model. Salud Cienc. Y Tecnol.-Ser. DE Conf. 2023, 2, 378. [CrossRef]

Vergara, P.; Llorente, I.D. Multitemporal analysis of land cover changes in the Rabanal paramo ecosystem (Colombia) from 2000
to 2020 and its planning regulations. Land Degrad. Dev. 2025, 36, 2247-2258. [CrossRef]

Anselm, N.; Brokamp, G.; Schiitt, B. Assessment of Land Cover Change in Peri-Urban High Andean Environments South of
Bogota, Colombia. Land 2018, 7, 75. [CrossRef]

Molina Benavides, R.A.; Campos Gaona, R.; Sdnchez Guerrero, H.; Giraldo Patifio, L.; Atzori, A.S. Sustainable Feedbacks of
Colombian Paramos Involving Livestock, Agricultural Activities, and Sustainable Development Goals of the Agenda 2030.
Systems 2019, 7, 52. [CrossRef]

Pirachican Grijalba, J.A.; Molina Buitrago, D.A.; Saba Saavedra, ]. M. Agua buena para gente buena: Cambio de la cobertura
vegetal natural y conservacién del paramo la cortadera y sus servicios ecosistémicos en el municipio de Siachoque (Boyaca,
Colombia). In Proceedings of the 5° Congreso Latinoamericano de Ingenierfa (EIEI ACOFI 2025), Cartagena de Indias, Colombia,
16-19 September 2025.

Garcfa Mora, M.A.; Ramirez Gémez, K.P.; Ivanova, Y. Incidencia de la variabilidad y cambio climético sobre las coberturas
vegetales de la cuenca del Rio Guapé del paramo Sumapaz. Rev. Ing. Mat. Cienc. Inf. 2024, 11, 22. [CrossRef]

Anzoategui, L.V.; Gil-Leguizamén, P.A.; Sanabria-Marin, R. Frontera agricola y multitemporalidad de cobertura vegetal en
pédramo del Parque Regional Natural Cortadera (Boyacd, Colombia). Bosque 2023, 44, 159-170. [CrossRef]

Monroy Herndndez, J. Anélisis multitemporal de la transformacién del paisaje y valoracién de su incidencia en el servicio
ecosistémico de regulacion del carbono en la region Bogota. Gest. Y Ambient. 2022, 25, 102911. [CrossRef]

Llambi, L.; Becerra Ramirez, M.T.; Peralvo, M.; Avella, A.; Baruffol, M.; Diaz, L. Monitoring biodiversity and ecosystem services
in Colombia’s high Andean ecosystems: Toward an integrated strategy. Mt. Res. Dev. 2020, 39, A8—A20. [CrossRef]

Chambe Bahamontes, J.; Quintana Calizaya, D.S.; Sanga Franco, M. Andlisis multitemporal de la laguna Suches y del vigor de la
vegetacion del bofedal de Huaytire, Tacna. Cienc. Desarro. 2021, 20, 27-39. [CrossRef]

Whidayanti, E.; Labib, M.S.; Novani, N.R.; Hazani, S.N.; Akyas, M. Analysis of land cover change in relation to the urban heat
island phenomenon using remote sensing and GIS technology in South Jakarta, Indonesia. J. Geogr. Sci. Educ. 2025, 3, 291.
[CrossRef]

Al-Maliki, S.; Ibrahim, T.I.M.; Jakab, G.; Masoudi, M.; Makki, ].S.; Vekerdy, Z. An Approach for Monitoring and Classifying
Marshlands Using Multispectral Remote Sensing Imagery in Arid and Semi-Arid Regions. Water 2022, 14, 1523. [CrossRef]
Sandoval Espinoza, S.; Escobar-Flores, J.G.; Sanchez Ortiz, E. Inventario de cuerpos de agua de la Sierra Madre Occidental
(México) usando SIG y percepcién remota. Investig. Geogrdficas 2020, 102. [CrossRef]

Poussin, C.; Timoner, P.; Chatenoux, B.; Giuliani, G.; Peduzzi, P. Improved Landsat-based snow cover mapping accuracy using a
spatiotemporal NDSI and generalized linear mixed model. Sci. Remote Sens. 2023, 7, 100078. [CrossRef]

Sood, V.; Singh, S.; Taloor, A.K.; Prashar, S.; Kaur, R. Monitoring and mapping of snow cover variability using topographically
derived NDSI model over north Indian Himalayas during the period 2008-19. Appl. Comput. Geosci. 2020, 8, 100040. [CrossRef]
Borrelli, P.; Armenteras, D.; Panagos, P.; Modugno, S.; Schiitt, B. The Implications of Fire Management in the Andean Paramo: A
Preliminary Assessment Using Satellite Remote Sensing. Remote Sens. 2015, 7, 11061-11082. [CrossRef]

Lépez Bolafios, M.A; Portillo Daza, A.N.; Narvéez Bravo, G.E. Dynamics of the cover and land use of the paramo de paja blanca
regional natural park (Narifio, Colombia). Perspect. Geogrdfica 2023, 28, 1-21. [CrossRef]

https:/ /doi.org/10.3390/su18146971


https://doi.org/10.7717/peerj.14253
https://www.ncbi.nlm.nih.gov/pubmed/36312749
https://doi.org/10.1016/j.isci.2024.109734
https://www.ncbi.nlm.nih.gov/pubmed/38689645
https://doi.org/10.3390/hydrology9110203
https://doi.org/10.1073/pnas.1222473110
https://www.ncbi.nlm.nih.gov/pubmed/24344266
https://doi.org/10.3390/cli9050087
https://doi.org/10.1659/MRD-JOURNAL-D-16-00110.1
https://doi.org/10.56294/sctconf2023378
https://doi.org/10.1002/ldr.5493
https://doi.org/10.3390/land7020075
https://doi.org/10.3390/systems7040052
https://doi.org/10.21017/rimci.1059
https://doi.org/10.4067/s0717-92002023000100159
https://doi.org/10.15446/ga.v25n2.102911
https://doi.org/10.1659/MRD-JOURNAL-D-19-00020.1
https://doi.org/10.33326/26176033.2021.1.1106
https://doi.org/10.69606/geography.v3i03.291
https://doi.org/10.3390/w14101523
https://doi.org/10.14350/rig.59975
https://doi.org/10.1016/j.srs.2023.100078
https://doi.org/10.1016/j.acags.2020.100040
https://doi.org/10.3390/rs70911061
https://doi.org/10.19053/01233769.14525
https://doi.org/10.3390/su18146971

Sustainability 2026, 18, 6971 29 of 30

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.
36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Corredor Gil, L.P.; Cardenas Quiroga, E.A.; Ordéfiez Lépez, J.C. Aplicacién de la tecnologia CORINE Land Cover en la
determinacién de los cambios de cobertura en el parque natural los Flamencos. Cienc. E Ing. Neogranadina 2011, 21, 153-167.
[CrossRef]

Fonseca Carrefio, N. Percepcién de Los Servicios Ecosistémicos de Provisiéon Ofertados en Agroecosistemas Campesinos en
la Provincia de Sumapaz (Cundinamarca-Colombia). Ciencias Administrativas, Econémicas y Contables. 2022. Available online:
https:/ /repositorioctei.ucundinamarca.edu.co/administrativas /7 (accessed on 17 June 2026).

Santecchia, G.; Revollo Sarmiento, G.; Genchi, S.; Vitale, A.; Delrieux, C. Assessment of Landsat-8 and Sentinel-2 water indices:
A case study in the southwest of the Buenos Aires Province (Argentina). J. Imaging 2023, 9, 186. [CrossRef] [PubMed]

Dourado, G.F;; Motta, ].S.; Conceicao, A.; Filho, P; Findlay, D.; Gabas, S.G. The use of remote sensing indices for land cover
change detection. Anudrio Inst. Geociéncias-UFR] 2019, 2, 72-85. [CrossRef]

MADS. Estudios Técnicos, Econdmicos, Sociales y Ambientales para la Identificacién y Delimitacién del Complejo de Pdramos Cruz
Verde-Sumapaz a Escala 1:25.000; Ministerio de Ambiente y Desarrollo Sostenible: Bogota, Colombia, 2015.

Rangel Churio, ].O.; Linares Castillo, E.L.; Betancur Betancur, J.; Uribe, J.; Murillo Pulido, M.T.; Acosta, A.; Celis, M.; Aguirre
Ceballos, J.; Delgado, A.C,; Alvarez, J.; et al. Colombia Diversidad Bitica III: La Region de Vida Paramuna; Universidad Nacional de
Colombia: Bogotd, Colombia, 2000; ISBN 9789587010107.

Buytaert, W.; Célleri, R.; Willems, P; Bievre, B.; Wyseure, G. Spatial and Temporal Rainfall Variability in Mountainous Areas:
A Case Study from the South Ecuadorian Andes. . Hydrol. 2006, 329, 413-421. [CrossRef]

Aieb, A.; Madani, K.; Scarpa, M.; Bonaccorso, B.; Lefsih, K. A New Approach for Processing Climate Missing Databases Applied
to Daily Rainfall Data in Soummam Watershed, Algeria. Heliyon 2019, 5, e01247. [CrossRef] [PubMed]

Longman, R.J.; Newman, A.].; Giambelluca, T.W.; Lucas, M. Characterizing the Uncertainty and Assessing the Value of Gap-Filled
Daily Rainfall Data in Hawaii. J. Appl. Meteorol. Climatol. 2020, 59, 1261-1276. [CrossRef]

Fagandini, C.; Todaro, V.; Tanda, M.; Pereira, ].; Azevedo, L.; Zanini, A. Missing Rainfall Daily Data: A Comparison Among
Gap-Filling Approaches. Math. Geosci. 2023, 56, 191-217. [CrossRef]

Hamed, K.H.; Rao, A.R. A Modified Mann-Kendall Trend Test for Autocorrelated Data. . Hydrol. 1998, 204, 182-196. [CrossRef]
Gao, M.; Zhu, K.; Guo, Y.; Han, X,; Li, D.; Zhang, S. Downscaling SMAP Soil Moisture Product in Cold and Arid Region:
Incorporating NDSI and BSI into the Random Forest Algorithm. Vadose Zone J. 2024, 23, €20323. [CrossRef]

Boschetti, M.; Nutini, F.; Manfron, G.; Brivio, P.A.; Nelson, A. Comparative Analysis of Normalised Difference Spectral Indices
Derived from MODIS for Detecting Surface Water in Flooded Rice Cropping Systems. PLoS ONE 2014, 9, 0088741. [CrossRef]
[PubMed]

Bandak, S.; Naeini, S.; Komaki, C.; Verrelst, J.; Kakooei, M.; Mahmoodi, M. Satellite-Based Estimation of Soil Moisture Content in
Croplands: A Case Study in Golestan Province, North of Iran. Remote Sens. 2023, 15, 2155. [CrossRef]

Campos-Aranda, D.F. Busqueda de tendencias en la precipitaciéon anual del estado de Zacatecas, México; en 30 registros con més
de 50 anos. Ing. Investig. Y Tecnol. 2015, 16, 355-368. [CrossRef]

Pérez-Ortiz, M.A.; Montenegro-Murillo, D.D.; Vargas-Franco, V. Analisis de la influencia de la variabilidad climatica en la
precipitaciéon de la cuenca del rio Cali, Colombia. DYNA 2022, 89, 168-177. [CrossRef]

Martinez, R.; Zambrano, E.; Nieto, ].J.; Herndndez, J.; Costa, E. Evolucion, vulnerabilidad e impactos econémicos y sociales de El
Nifio 2015-2016 en América Latina. Investig. Geogr. 2017, 68, 65-78. [CrossRef]

Thielen, D.R.; Ramoni-Perazzi, P.; Zamora-Ledezma, E.; Puche, M.L.; Marquez, M.; Quintero, ].I.; Rojas, W.; Quintero, A.; Bianchi,
G.; Soto-Werschitz, I.A; et al. Effect of extreme El Nifio events on the precipitation of Ecuador. Nat. Hazards Earth Syst. Sci. 2023,
23, 1507-1527. [CrossRef]

Diaz, D.; Villegas, N. Wavelet coherence between ENSO indices and two precipitation databases for the Andes region of Colombia.
Atmésfera 2022, 35, 237-271. [CrossRef]

Avila, A.; Cardona Guerrero, F,; Carvajal Escobar, Y.; Justino, F. Recent Precipitation Trends and Floods in the Colombian Andes.
Water 2019, 11, 379. [CrossRef]

Esquivel-Hernandez, G.; Mosquera, G.M.; Sdnchez-Murillo, R.; Quesada-Roman, A.; Birkel, C.; Crespo, P,; Célleri, R.; Windhorst,
D.; Breuer, L.; Boll, . Moisture transport and seasonal variations in the stable isotopic composition of rainfall in Central American
and Andean Paramo during El Nifio conditions (2015-2016). Hydrol. Process. 2019, 33, 1802-1817. [CrossRef]

Pacheco, ].; Solera, A.; Avilés, A.; Tonén, M.D. Influence of ENSO on Droughts and Vegetation in a High Mountain Equatorial
Climate Basin. Atmosphere 2023, 13, 2123. [CrossRef]

Pomares-Meza, G.M.; Camargo Caicedo, Y.; Vélez-Pereira, A.M. Long-Term Spatiotemporal Analysis of Precipitation Trends with
Implications of ENSO-Driven Variability in the Department of Magdalena, Colombia. Water 2024, 16, 3372. [CrossRef]

Murad, C.A,; Pearse, ].; Huguet, C. Multitemporal monitoring of paramos as critical water sources in Central Colombia. Sci. Rep.
2024, 14, 16706. [CrossRef] [PubMed]

Baldi, G.; Nosetto, M.D.; Aragén, R.; Aversa, F,; Paruelo, ].M.; Jobbédgy, E.G. Long-term Satellite NDVI Data Sets: Evaluating Their
Ability to Detect Ecosystem Functional Changes in South America. Sensors 2008, 8, 5397-5425. [CrossRef] [PubMed]

https:/ /doi.org/10.3390/su18146971


https://doi.org/10.18359/rcin.264
https://repositorioctei.ucundinamarca.edu.co/administrativas/7
https://doi.org/10.3390/jimaging9090186
https://www.ncbi.nlm.nih.gov/pubmed/37754950
https://doi.org/10.11137/2019_2_72_85
https://doi.org/10.1016/j.jhydrol.2006.02.031
https://doi.org/10.1016/j.heliyon.2019.e01247
https://www.ncbi.nlm.nih.gov/pubmed/30886916
https://doi.org/10.1175/JAMC-D-20-0007.1
https://doi.org/10.1007/s11004-023-10078-6
https://doi.org/10.1016/S0022-1694(97)00125-X
https://doi.org/10.1002/vzj2.20323
https://doi.org/10.1371/journal.pone.0088741
https://www.ncbi.nlm.nih.gov/pubmed/24586381
https://doi.org/10.3390/rs15082155
https://doi.org/10.1016/j.riit.2015.05.008
https://doi.org/10.15446/dyna.v89n221.101607
https://doi.org/10.14198/INGEO2017.68.04
https://doi.org/10.5194/nhess-23-1507-2023
https://doi.org/10.20937/ATM.52890
https://doi.org/10.3390/w11020379
https://doi.org/10.1002/hyp.13438
https://doi.org/10.3390/atmos13122123
https://doi.org/10.3390/w16233372
https://doi.org/10.1038/s41598-024-67563-z
https://www.ncbi.nlm.nih.gov/pubmed/39030294
https://doi.org/10.3390/s8095397
https://www.ncbi.nlm.nih.gov/pubmed/27873821
https://doi.org/10.3390/su18146971

Sustainability 2026, 18, 6971 30 of 30

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.
63.

64.

Patil, P.P; Jagtap, M.P; Khatri, N.; Madan, H.; Vadduri, A.A.; Patodia, T. Exploration and advancement of NDDI leveraging NDVI
and NDWTI in Indian semi-arid regions: A remote sensing-based study. Case Stud. Chem. Environ. Eng. 2024, 9, 100573. [CrossRef]
Lasso, E.; Matheus-Arbelaez, P.; Gallery, R.; Garzon-Lopez, C.; Cruz, M.; Leon-Garcia, I.; Aragon, L.; Ayarza-Péez, A.; Yuste, C.
Homeostatic Response to Three Years of Experimental Warming Suggests High Intrinsic Natural Resistance in the PAramos to
Warming in the Short Term. Front. Ecol. Evol. 2021, 9, 615006. [CrossRef]

Cuesta, F; Carilla, J.; Llambf, L.D.; Muriel, P.; Lencinas, M.V.; Meneses, R.I; Feeley, K.J.; Pauli, H.; Aguirre, N.; Beck, S.; et al.
Compositional Shifts of Alpine Plant Communities across the High Andes. Glob. Ecol. Biogeogr. 2023, 32, 1591-1606. [CrossRef]
Anthelme, F,; Carrasquer, I.; Ceballos, J.; Peyre, G. Novel Plant Communities after Glacial Retreat in Colombia: (Many) Losses
and (Few) Gains. Alp. Bot. 2022, 132, 211-222. [CrossRef]

Cleef, A.M. The Vegetation of the Pdramos of the Colombian Cordillera Oriental; Dissertationes Botanicae; J. Cramer: Vaduz, Liechtenstein,
1981; Volume 61.

Buytaert, W.; Célleri, R.; De Bievre, B.; Cisneros, F.; Wyseure, G.; Deckers, ]J.; Hofstede, R. Human Impact on the Hydrology of the
Andean Pdramos. Earth-Sci. Rev. 2006, 79, 53-72. [CrossRef]

Berrones, G.; Crespo, P.; Ochoa-Sanchez, A.; Wilcox, B.; Célleri, R. Importance of Fog and Cloud Water Contributions to Soil
Moisture in the Andean Paramo. Hydrology 2022, 9, 54. [CrossRef]

Ochoa-Tocachi, B.; Buytaert, W.; De Biévre, B.; Célleri, R.; Crespo, P; Villacis, M.; Llerena, C.; Acosta, L.; Villazén, M.; Guallpa, M.;
et al. Impacts of Land Use on the Hydrological Response of Tropical Andean Catchments. Hydrol. Process. 2016, 30, 4074—4089.
[CrossRef]

Beniston, M. Climatic change in mountain regions: A review of possible impacts. Clim. Chang. 2003, 59, 5-31. [CrossRef]
Buytaert, W.; Cuesta, F.; Tobon, C. Potential impacts of climate change on the environmental services of humid tropical alpine
regions. Glob. Ecol. Biogeogr. 2011, 20, 19-33. [CrossRef]

Hurtado Rios, M. Andlisis Multitemporal de la Temperatura de la Superficie Terrestre (LTS) en el drea de Paramos
Cruz Verde-Sumapaz. Master’s Thesis, Universidad Antonio Narifio, Bogotd, Colombia, 2025. Available online:
https:/ /repositorio.uan.edu.co/handle /123456789 /12499 (accessed on 17 June 2026).

Abbasian, M.S.; Najafi, M.R.; Abrishamchi, A. Increasing risk of meteorological drought in the Lake Urmia basin under climate
change: Introducing the precipitation-temperature deciles index. J. Hydrol. 2021, 592, 125586. [CrossRef]

Moazeni, S.; Cerda, A. A comprehensive bibliometric review of forest fires in Iran. Environ. Dev. 2025, 54, 101160. [CrossRef]
Grillakis, M.; Voulgarakis, A. Diverse wildfire impacts on river flows across the globe. Commun. Earth Environ. 2025, 6, 433.
[CrossRef]

Barnard, D.M.; Green, T.R.; Mankin, K.R.; DeJonge, K.C.; Rhoades, C.C.; Kampf, S.K.; Giovando, J.; Wilkins, M.J.; Mahood, A.L,;
Sears, M.G.; et al. Wildfire and climate change amplify knowledge gaps linking mountain source-water systems and agricultural
water supply in the western United States. Agric. Water Manag. 2023, 286, 108377. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https:/ /doi.org/10.3390/su18146971


https://doi.org/10.1016/j.cscee.2023.100573
https://doi.org/10.3389/fevo.2021.615006
https://doi.org/10.1111/geb.13721
https://doi.org/10.1007/s00035-022-00282-1
https://doi.org/10.1016/j.earscirev.2006.06.002
https://doi.org/10.3390/hydrology9040054
https://doi.org/10.1002/hyp.10980
https://doi.org/10.1023/A:1024458411589
https://doi.org/10.1111/j.1466-8238.2010.00585.x
https://repositorio.uan.edu.co/handle/123456789/12499
https://doi.org/10.1016/j.jhydrol.2020.125586
https://doi.org/10.1016/j.envdev.2025.101160
https://doi.org/10.1038/s43247-025-02419-6
https://doi.org/10.1016/j.agwat.2023.108377
https://doi.org/10.3390/su18146971

	Introduction 
	Materials and Methods 
	Study Area 
	Data Sources 
	Processing and Analysis 
	Precipitation Analysis and Spatial Interpolation 
	Thermal Trend Analysis 
	Calculation of Spectral Indices 
	Land Cover Change Analysis 


	Results 
	Spatial Redistribution of Precipitation 
	Thermal Trend 
	Water Body Dynamics—NDWI 
	Vegetation Cover Dynamics—NDVI 
	Edaphic Moisture Dynamics—NDSI 
	Degradation Severity—NBR 
	Land Cover Transitions—CLC 2000–2018 

	Discussion 
	Spatial Decoupling Between Precipitation and Ecohydrological Storage 
	The Vegetation-Water Paradox: Apparent Greenness Under Hydrological Contraction 
	Land Use Change as a Structural Co-Causal Factor 
	Multivectorial Degradation: Convergence of Climatic and Anthropic Factors 
	Methodological Implications for the Monitoring of Páramos 
	Limitations and Future Research 

	Conclusions 
	References

