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ARTICLE INFO ABSTRACT
Keywords: Study region: The Vilcanota Urubamba Basin in southern Peru includes fragile wetland ecosystems
Andean wetlands that play a key role in mountain hydrology and support grazing for Andean communities.

Wetlands seasonality

Study focus: Mapping of wetlands variability is missing, limiting our understanding of their
Seasonal snow cover

characteristics, seasonality and link with the cryosphere. We characterise wetland distribution,
seasonality and persistence and evaluate their spatial association with glaciers and seasonal snow.
Using Landsat 7 and 8 imagery, we build three-month seasonal land cover maps from 2013 to
2022 using a Random Forest classification and an Albedo Retrieval approach.

New hydrological insights for the region: Wetland area decreases by 38% from the end of the wet
season (October to December) to the end of the dry season (July to September). Pixel transitions
indicate that wetlands primarily transform to and from agricultural and pasture lands. Highly
persistent wetlands are located above 4600 m a.s.l. and closer to glaciers than less persistent
wetlands. We identified three wetland seasonal drying patterns. Basins with delayed and slow
dry-out wetlands were more common at higher elevations but were not always in glacierised
catchments, suggesting meltwater may maintain wetlands in the early dry season. We provide the
first large-scale picture of wetland seasonality, and the basis for modelling the processes that
sustain wetlands in tropical high mountains.

1. Introduction

The landscape of the Peruvian Andes is characterised by small, tropical glaciers that overlook expansive areas of lowland agri-
cultural plains and pastures, inter-connected by zones of high elevation pasture and wetland (MINAM, 2018). This high Andean
landscape is undergoing significant changes in the face of ongoing climatic change and variability (Cavieres et al., 2026; Poveda et al.,
2020), which can affect the hydrological functioning of these mountain water towers (Buytaert et al., 2011). For example, snow and
glaciers, which play a crucial role in storing and releasing water, have been undergoing rapid retreat over the last half century (e.g.
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Seehaus et al., 2019). Peru contains ~73% of all tropical glacier areas (Turpo Cayo et al., 2022), which declined by 56% in area
(1348 km?) between 1962 and 2020 (INAIGEM 2023b), with a mass loss of —0.49 m w.e. yr’1 in the Cordillera Vilcanota over the last
two decades (Taylor et al., 2022). Changes in runoff of water from glaciers and seasonal snow is therefore expected to affect the
availability of water to downstream communities in lowland regions of Tropical Andes, especially during the dry seasons (Fyffe et al.,
2025). However, an additional storage of water is afforded by the numerous high-elevation wetlands found in these hydro-climates,
that experience seasonal changes in area, but support biodiversity and buffer dry-season water availability (Maldonado Fonkén, 2014;
Ross et al., 2023). Some high-Andean wetlands function independently of direct cryospheric input (Wunderlich et al., 2023), while
others rely on it (Gribbin et al., 2024). Crucially, however, the extent of their temporal and spatial dependency on glacier melt remains
unclear (Polk et al., 2017; Cooper et al., 2019).

Analysis of land cover changes from remote sensing can provide assessment of seasonal variability in ecosystems, snow and gla-
ciers. However, most studies to date have focused on the spatial extent of glaciers and their elevation changes over time (e.g., Fischer
etal., 2015; Seehaus et al., 2019; Taylor et al., 2022), with less attention to the variability of ecosystems such as wetlands (e.g. Pizarro
et al., 2022), particularly at finer temporal scales. Remote sensing studies that have attempted to explore wetland spatial variability
remain constrained by limited temporal observation (e.g. Zakharova et al., 2014; Ross et al., 2023), relying on non-consecutive years
or single seasonal snapshots. For instance, in Peru, national mapping efforts, such as the Ecosystem Map (MINAM, 2018), glacier
inventories for 2016 and 2020 (INAIGEM, 2018, 2023b), and the National Inventory of Bofedales (INAIGEM 2023a), provide a useful
initial representation of land cover distribution, but do not capture seasonal variability of wetlands or their spatial patterns. These
temporal limitations hinder the understanding of how wetlands vary between seasons of a given year, and whether there is a con-
nectivity between wetland area changes and the cryosphere or changes of land cover.

For this study, we focus on the Vilcanota-Urubamba basin (VUB) in southern Peru, which spans high-elevation, glacierised
headwaters to lower-elevation forests and agriculture. In this basin, agriculture and hydropower depend on seasonal water avail-
ability, sustained by upstream meltwater, particularly during the dry season (Drenkhan et al., 2015), while seasonal meltwater
availability in higher areas is regulated by precipitation through its effect on albedo and energy inputs (Fyffe et al., 2021). Wetlands in
the VUB also provide essential ecosystem services supporting grazing, agricultural activities and the livelihoods in high-Andean
communities (Postigo, 2014; Mazzarino, 2014). Given its sizable (> 5000 m) elevation range, pronounced seasonal precipitation
variability, and critical role in sustaining water and ecosystems, the VUB offers an ideal setting for investigating seasonal
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Fig. 1. Vilcanota-Urubamba Basin (VUB) study area. (a) Location of VUB within Peru. (b) Basin boundaries and zones, including land cover classes.
(c) Elevation map including the Vilcanota-Urubamba River network from Instituto Geografico Nacional (IGN, 2025), and (d) the 615 sub-basins
computed inside VUB. (e) Monthly climograph of VUB during 2013-2022. (f) Histogram with the area distribution of VUB and its three zones.
Zone 4 is shown for reference but not included in the basin-wide analysis. Land cover data correspond to our classification for July to September
2020. Climate information is derived from the gridded Weather Research and Forecasting (WRF) model (Potter et al., 2023). Elevation data are
obtained from the 30 m SRTM V3 Digital Elevation Model (DEM) (Farr et al., 2007).
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characteristics and variability of wetlands in the tropical mountains.

Our overall aim is to characterise the seasonal variability and persistence of wetlands within the VUB and the extent to which they
are linked to the cryosphere. Specifically, we address: a) How do Andean wetlands vary spatially and seasonally across the VUB? and b)
To what extent is wetland seasonality associated with glaciers and seasonal snow? To address these questions, we apply a Random
Forest land cover classification at a three-month temporal resolution to Landsat imagery from 2013 to 2022. Our specific objectives are
to 1) provide an assessment of the full extension of Andean land covers, as a baseline to establish a novel, time-varying and highly
resolved inventory of wetlands every three months; and 2) analyse the spatial and seasonal variability of the land classes identified to
provide the context for the changes in wetlands and their intricate relationships with the cryosphere.

2. Study site

The Vilcanota-Urubamba Basin (VUB) is located in the Cusco region of Peru (Fig. 1a), between 12.9°S to 14.6°S latitude and 70.8°W
to 72.8°W longitude, within the Southern Wet Outer Tropics (Bonshoms et al., 2020). The basin is defined by the Vilcanota-Urubamba
River, which originates in the southeastern region and flows toward the lower elevations in the northwest. Given its large area (> 11,
000 km?) and wide elevation range, we divided the basin into three zones (Table 1) based on established boundaries of the glacierised
mountain ranges (INAIGEM, 2018). Additionally, a fourth zone is introduced as a glacierised headwater case study in the Cordillera
Vilcanota to support analysis on wetland and cryosphere connectivity at high elevations.

The VUB current land cover classification (MINAM, 2018) includes glaciers (1%) and sparsely vegetated areas (10%) in the
highlands; lakes (1%), wetlands (2%), grasslands (50%) and agricultural (12%) areas in the mid-high elevations (2200-5400 m a.s.l.);
shrublands (13%) and various forest subcategories (7%) primarily concentrated in the lower northwest areas near the Amazon basin.
The VUB includes four of Peru’s 20 glacier mountain ranges, or "Cordilleras", distributed between zone 1 (Cordilleras Urubamba and
Vilcabamba) and zone 3 (Cordilleras Vilcanota and La Raya). Total annual precipitation from Weather Research and Forecasting
(WRF) model simulations (Fyffe et al., 2021; Potter et al., 2023) extended for the period 2013-2022 (Fig. 1e) averages 1003 mm per
year, with a dry season from April to September and a wet season from October to March. Daily maximum temperatures remain
relatively constant throughout the year (averaging 13-14.6°C across the entire catchment range), while mean daily minimum tem-
peratures show stronger seasonality (—1.3°C in the dry season to 3.9°C in the wet season).

3. Methodology
3.1. Land cover classification

Landsat 7 and Landsat 8 Collection 2 Level—2 imagery from the U.S. Geological Survey were analysed from 2013 to 2022. This
dataset provides atmospherically corrected surface reflectance products at 30 m spatial resolution. We analysed and processed 764
images in the Google Earth Engine platform (Gorelick et al., 2017). Due to the lack of image availability per month, we subset our
images into four seasons: January to March (JFM), April to June (AMJ), July to September (JAS), and October to December (OND). The
dataset was spatially constrained to the VUB boundary, including a 2 km buffer. After applying a cloud mask (Foga et al., 2017), we
calculated the median values of the bands across all images in a given season and year to provide a reference multidate mosaic image.
An initial visual inspection of the mosaiced median values revealed differences in image quality and quantity, where cloud presence
was temporally and spatially variable (Fig. S1). To ensure sufficient data, we manually determined cloud cover thresholds per season
(8-100%) (Table S1) and excluded 7 of 40 seasons where cloud presence remained high despite the thresholds. Based on the National
Ecosystem Map (MINAM, 2018), eight main land cover classes were pre-defined: snow/ice, water, wetlands, agriculture, pastures,
barren, shrubland, and forest (Table S2). In this study, wetlands were treated as a single land cover class and were not separated into
wetland types.

Land cover classification was performed using a Random Forest model, an effective method for large-scale land cover classification
(Gislason et al., 2006; Vega Isuhuaylas et al., 2018). For each season, a separate Random Forest model was run using the same fixed
training dataset and configured with 30 decision trees to balance classification performance and computational efficiency. In total, 29
predictor variables were considered for classification (Table S3), including spectral indices derived from the minimum, maximum and
median values of the seasonal image collections to assist land cover classification (Lee et al., 2018; Tsai et al., 2018), Landsat bands and
topographic indices (elevation, slope, and aspect) computed from the SRTM V3 DEM at 30 m spatial resolution (Farr et al., 2007). For
training, we established 80 fixed points (10 per class) across time (Fig. S2b), selected from randomly sampled points within areas with
valid information across all seasons. Ten points per class were chosen after comparing three training dataset sizes, as this configuration

Table 1
Area and elevation ranges of the VUB and its zones.
Zone Area (km?) % of VUB Elevation range (m a.s.l.) Location
VUB 11,048 100 1160-6324 -
Zone 1 3757 34 1160-6234 Northwest
Zone 2 2286 21 2955-4968 Centre
Zone 3 5006 45 3273-6324 Southeast
Zone 4 133 1.2 4732-5761 Northwest of zone 3
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provided a better initial representation of the different classes (Supplement Material, section A.3). Training points were assigned to
major land cover classes using the National Ecosystem Map (MINAM, 2018) and their class consistency was visually compared against
Landsat true-colour composites for every one of the 33 seasonal mosaics. A sensitivity analysis comparing different number of decision
trees for the model confirmed that 30 trees provided an adequate balance between classification performance and computational
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Fig. 2. Workflow for the land cover classification in VUB using Landsat 7 and 8 Tier 1 surface reflectance (SR). Seasons are three-month composites
JFM (January-March), AMJ (April-June), JAS (July-September), and OND (October-December). AOI is the area of interest, including VUB extension
and a 2 km buffer. Topographic indices include elevation, slope, and aspect computed from the SRTM V3 DEM. Spectral indices include NDSI
(Normalised Difference Snow Index), NDWI (Normalised Difference Water Index), NDVI (Normalised Difference Vegetation Index), NDII (Nor-
malised Difference Infrared Index), SAVI (Soil Adjusted Vegetation Index), and EVI2 (Enhanced Vegetation Index 2). Snow and ice are separated
using albedo retrieval (a) and an Otsu threshold (Ot), where ice is classified as a < Ot, and snow as a > Ot.
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efficiency (Table S4). Based on the first classification results, we merged agriculture and pasture into a single class due to similar
spectral signature information (Fig. S3b and S4d-e). A majority filter using a weighted 3 x 3 Kernel function was then applied to
reduce isolated pixels (Singh et al., 2022) caused by classification noise. In the absence of ground control points, we validated the
classification results using an independent validation dataset generated by another operator from multiple true-colour satellite im-
agery (Landsat, Sentinel—2, and Google Earth, < 30 m spatial resolution) across seasons, with 2293 points in total (10 points per class
and season). Land cover results were also compared with the areas from the national glacier (INAIGEM, 2018; 2023b) and wetland
(INAIGEM 2023a) inventories. The classification achieved an overall accuracy of 0.74 and Kappa coefficient of 0.70, with improved
performance during the dry season (mean overall accuracy = 0.76, Kappa coefficient = 0.71), and with lower performance in the wet
seasons JFM and OND (mean overall accuracy = 0.72, Kappa coefficient = 0.67) (Fig. S6¢) and in zones 1 and 2 where cloud presence
was higher and image availability was lower, especially in zone 1 which had 223 images in the 33 seasons. The assessment of clas-
sification per land-cover class (Tables S6 and S7) showed that snow/ice and water had the highest performance, with F1-scores of 1.00
and 0.96, respectively. Wetlands showed high recall (0.92) and an F1-score of 0.79, while agriculture/pasture and shrub showed the
lowest F1-scores (0.58 and 0.23, respectively. Further details on the validation are provided in the Supplementary Material section A.5.

After the first land cover classification, we further distinguished snow from ice applying the Albedo Retrieval approach (Liang,
2001; Naegeli et al., 2019) in combination with the Otsu method (Gaddam et al., 2022; Otsu, 1979), since snow and ice can have
similar spectral response from Landsat bands. This method involves determining an optimal threshold within 0.25-0.55 based on the
bimodal histogram of albedo pixel values derived from the seasonal median Landsat mosaics (see Supplementary Material section A.6).
We derived the Snow Line Elevation (SLE) from the mapped snow by first calculating the area of snow-covered pixels and then
determining the elevation at which the land area above can accommodate the snow-covered area, assuming that snow preferentially
covers higher rather than lower elevations (Meier, 1975). Final land cover classification maps include the snow, ice, water, agri-
culture/pasture, wetland, barren, shrub and forest land cover classes for four three-month seasons (JFM, AMJ, JAS, OND) from 2013 to
2022. A summary of the full classification process is presented in Fig. 2, and further details on the methodology and classification
model are provided in the Supplementary Materials section A.

3.2. Wetlands and land cover variability

The seasonal evolution of wetlands is related to that of all other land classes. We thus analyse both the temporal variability of all
identified classes and their transitions into other classes to establish the overall picture of seasonal variability in land-surface change,
against which to frame wetlands' temporal and spatial changes. We define inter-seasonal variability as the difference between a
season's total area compared to the total area of the previous season. To identify land cover transitions across seasons, we quantified
pixel transitions with Sankey diagrams estimated from a cross-tabulation matrix (Aldwaik and Pontius, 2012; Cuba, 2015; Li et al.,
2020). First, we applied a confusion matrix to the land cover maps to estimate the pixels that remained in the same class or transitioned
to another class in the following season. The pixel counts were converted into percentages and averaged per season and per zone. These
transitions between classes were summarised using Sankey diagrams (Zhaoxu Liu, 2024).

To assess the link between snow and wetlands, we quantified their temporal frequency across VUB and its zones in the 33 seasons
over the 2013-2022 period. Frequency was defined as the percentage of seasons during 2013-2022 in which a pixel was mapped as the
same class. Frequency values were grouped into four categories using equal classification intervals to allow direct comparison between
snow and wetland frequency classes: “rare” (3-9 seasons, 9-27% of the period), “occasional” (10-16, 30-48%), “frequent” (17-24,
52-73%), and “highly persistent” (25-33, 76-100%). Pixels present in two or fewer seasons were excluded. In addition, we quantified
i) snow occurrence within and outside glacier outlines from the year 2020 (INAIGEM 2023b), ii) the overlap between snow and
wetlands, and iii) the proximity of wetlands to glaciers. To further support the analysis of wetlands variability, statistical correlation
analysis (Spearman’s rank correlation coefficient) was applied between wetlands and i) climate data for air temperature and pre-
cipitation from gridded WRF data (Potter et al., 2023), spatially averaged over the VUB and the individual zones; and ii) other land
cover classes, both at the inter-seasonal scale (26 values in 10 years). Further details on the climate data and correlations are provided
in Supplementary Material sections B and F.

3.3. Wetland seasonal phases

We characterised four wetland seasonal phases based on the timing of drying and rewetting, calculated from the wetland areas in
each season (Wetland gy, Wetlandayy, Wetlandjas, Wetlandonp; kmz), with each value representing the median seasonal area from
2013 to 2022. These phases were established through initial assessments of wetland seasonality in small areas, alongside previous
descriptions in the region (INAIGEM 2023a; Ross et al., 2023). We propose five parameters to characterise wetland seasonal phases
based on their drying and recharge: overall dry-out (Do), beginning dry-out (Db), dry-out fraction (f), early recharge (Re), and total
recharge (Rt).

Do = Wetland;,s — Wetland gy, 1)

Db = WetlandAMJ — WetlandJFM (2)
Db

f =g 3
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Re Do “4)

Rt _ ( WetlandOND “D—O ‘ Wetland_]FM) (5)

Here, Do (km?) represents the total loss of wetland area through the end of the dry season, Db (km?) captures the initial drying
change of wetlands, and f represents the fraction of the initial dry-out (JFM-AMJ) relative to the total dry-out (JFM-JAS). The closer fis
to 0, the slower the drying-out, while for delayed wetlands, f < 0. Re is the magnitude of the expected wetland recharge at the
beginning of the wet season (OND-JAS) related to the total dry-out. Rt is the recharge of the wetland during OND compared to JFM,
which filters inconsistent classifications due to lower JFM area values. The early wet season (OND) was considered to avoid classifying
wetland phases with wrong signals due to low-quality or low-quantity information during the wet seasons.

Using these parameters, we grouped wetlands into four seasonal phase types (Fig. 3) per sub-basin in the VUB. Wetlands in the
southern Peruvian Andes are expected to exhibit a drying phase, characterised by a reduction in saturated area from JFM to JAS, with
Do < 0 and Db < 0. These were classified as “Seasonal dry-out” when f > 0.30 and as “Slow dry-out” when 0 < f < 0.30, which
corresponds to a slower change with AMJ area closer to JEM than JAS. Wetlands with Do < 0 and Db > 0 were labelled “Delayed dry-
out”, reflecting wetlands that remain saturated even after the end of the wet season (JFM). Phases with Do > 0 or with extreme
rewetting (Re < —0.10 or Rt > 3) were grouped as “Inconsistent”, since they are unlikely to represent a seasonal drying signal and may
reflect mapping errors during wet seasons. These classifications were applied to the wetland seasonality of 615 sub-basins, delineated
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Fig. 3. Wetland classifications based on their seasonal area phase. We present four categories based on drying and rewetting conditions, following
the timing of drying across four seasons (JFM, AMJ, JAS, OND). Parameters are: Do, overall dry-out; Db, beginning dry-out; f, dry-out fraction; Re,
early recharge; and Rt, total recharge relative to JFM.
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at Strahler 4 river order in the entire VUB using the SRTM V3 DEM. Only sub-basins with a complete wetland seasonality (i.e. with no
gaps in any of the four median seasons) were assigned to one of the four wetland phase types; sub-basins containing wetlands with
missing median data of one or more seasons were labelled as “Undefined”.

4. Results
4.1. A new baseline of Andean land cover

Our mapping approach provides a new classification of land cover types and their seasonal and elevational variability in the VUB
that performs well against validation data (Fig. S6) and improves the representation of glaciers and wetlands compared to the national
inventories (INAIGEM, 2018; 2023a,) (see Supplementary Material section A.5). Between 2013 and 2022, the land cover of VUB was
predominantly agriculture/pasture (52.5%), while wetlands (3.9%), snow (1.4%) and ice (0.4%) represented the smallest areas
(Table 2). The land-cover elevation distribution is presented in Fig. 4. Snow, with its clear seasonality, spanned a broad elevation range
from 3800 to 6300 m a.s.l., with a median elevation of 5037 m a.s.l. during AMJ, compared to 5400 m a.s.l. for ice. Compared to the
other zones, the standard deviation of snow cover in zone 2 was higher, indicating greater temporal variability than in zones 1 and 3.
Water bodies were present at higher elevations above 3500 m a.s.l., including lakes in proglacial valleys. Agriculture/pasture covered
a wide elevation range across mid-to-low elevations (3500-4900 m a.s.l.). Wetlands were widely distributed up to 5400 m a.s.l. and
were predominantly found in the higher areas of zone 3 and the mid-to-higher areas of zone 1. Shrubs and forests were less extensive
and typically found together in elevations around 3150 m a.s.l. However, in zone 1, shrubs cover a larger area above 3600 m a.s.l. and
forests are predominant below. Cloud cover and terrain shadows (4.1% of VUB) limited classification in some areas, resulting in
unclassified or “NoData” areas near glaciers and steep terrain, largely in zone 1.

4.2. Inter-seasonal variability of Andean wetlands

Seasonal wetland patterns were consistent across VUB and its three zones (Fig. 5). Wetland extent in VUB decreased from 7.4% in
JFM to 2.8% in JAS, followed by a slight rebound to 3.2% in OND (Fig. 5a), showing that the wetland saturated areas begin to reduce
toward the end of the wet season (JFM), decreasing further through the dry months (AMJ, JAS). The sharpest reduction occurred in
zones 2 and 3. An example of seasonal wetland maps is provided in Fig. S11. Wetlands and snow seasonal patterns were similar
(Fig. 5b): snow area was highest at the end of the wet season (2.5% of VUB) and declined to 0.8% in AMJ, remaining near that level
through the rest of the year, except in zone 3, where snow increased by 0.8% during JAS-OND. Precipitation, minimum temperature
and average temperature (Fig. 5e, g, h) also exhibited seasonal patterns similar to those of wetlands. In contrast, the maximum
temperature increased steadily from JFM to OND. Zone 3 had the greatest wetland extent and the coldest conditions, with slightly
higher annual precipitation (1048 mm) than zones 1 (1035 mm) and 2 (835 mm). Only zone 3 registered average minimum tem-
peratures below 0°C, occurring during the dry season. The inter-seasonal correlation analysis, presented in the Supplementary Material
section F, further indicates that wetland variability covaries with precipitation, minimum and average temperatures across zones
(Fig. S15).

Fig. 6 illustrates the seasonal transitions among major land cover classes in VUB. Agriculture/pasture showed the least change, with
73% of its pixels remaining the same on average from one season to the next, followed by barren soil at 60%. Snow cover is highly
seasonal, and its seasonality shapes the changes into other classes: while snow pixels did not change much during the dry season (AMJ-
JAS-OND), snow pixels transitioned to other classes mostly at the end of the wet season (JFM-AMJ), when 19% of the snow changed to
agriculture/pasture and 23% to barren, with similar patterns across zones (Fig. 6). The seasonal transitions between snow and ice
pixels were consistent between years. While 71% of ice pixels remained from AMJ to JAS, this dropped to 33% from JAS to OND when
snow returned, and 40% of ice pixels transitioned into snow in VUB on average, with the highest rate observed in zone 3 (47%;
Fig. S12d), as a result of snow accumulation over the glaciers. Most pixel-change patterns remained broadly consistent across zones.

Wetlands in VUB primarily transition to and from agriculture/pasture throughout the seasons. During the dry periods, 49% of the
area remained as wetlands from AMJ to JAS, slightly increasing to 52% from JAS to OND, with zone 3 showing the highest values (59%
and 69%, respectively; Fig. S12d). Large transitions from wetlands to agriculture/pasture occurred from AMJ to JAS (33%) and JAS to
OND (24%). However, the highest transition of wetlands occurred at the beginning of the dry season (between JFM and AMJ), when
over half (52%) of wetland area transitioned to agriculture/pasture, with similar values in zones 2 and 3 (54% and 55%, respectively;
Fig. S12c-d). This change represents 416 km? of wetlands changing to agriculture/pasture between JFM and AMJ (~4% of the total
area of the VUB), whereas during wet seasons (OND to JFM), ~420 km? of agriculture/pasture transitioned back into wetlands on

Table 2

Land cover area proportion per zone extension. Values represent the average area in percentage across all the seasons from 2013 to 2022.
Zone (km?) Snow Ice Water Wetland Agriculture/Pasture Barren Shrub Forest NoData

(%) (%) (%) (%) (%) (%) (%) (%) (%)

VUB (11,048) 1.4 0.4 2.0 3.9 52.5 189 8.4 8.3 4.1
Zone 1 (3757) 2.2 0.4 1.6 3.6 36.7 149 11.8 19.6 9.2
Zone 2 (2286) 0.3 0.0 1.3 2.3 57.4 15.6 14.7 5.5 2.9
Zone 3 (5006) 1.4 0.7 2.6 5.0 62.0 23.4 3.1 1.0 0.9
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Fig. 4. Land cover distribution across 100 m elevation bands (m a.s.l.) for the entire VUB and its three zones. Relative area represents the pro-
portion of the total area of each land cover class per elevation band. Solid colour lines represent the average relative area, and the shaded regions
indicate their standard deviation over 10 years. Purple lines represent average Snow Line Elevation (SLE) derived from mapped snow using the
Meier (1975) method. Dashed lines indicate the elevation limits of each zone; limits that coincide with the VUB boundary are not repeated (i.e. zone
1 minimum and zone 3 maximum elevations). Major lakes are annotated.

average (see Supplementary Material section D - Table S9). During the same periods, snow and barren areas had a much lower area
exchange with wetlands (typically < 30 km? between seasons).

4.3. Andean wetlands dynamics and their links to the cryosphere

4.3.1. Wetland and snow temporal frequency

Fig. 7 shows the temporal frequency and spatial clustering of snow and wetlands across VUB and its three main zones and the
smaller zone 4 sub-catchment. A summary of the snow and wetland presence per sub-region can be found in Supplementary Material
section E (Table S10). In the VUB, 45% of the mapped snow between 2013 and 2022 was found over glaciers. Approximately 20% of
total snow was “highly persistent” (present in more than three quarters of the seasonal Landsat mosaics), from which 96% was found
over glaciers at elevations of ~5400 m a.s.l on average. At elevations < 4800 m a.s.l., snow was mostly of “rare” occurrence (present in
9-27% of scenes), suggesting uncommon or short-lived snowfall events in off-glacier areas that were captured at the time of the
satellite overpass. This pattern is consistent within the higher elevation zone 3, with 63% of the total snow found on the glacier surface,
with 31% of this “highly persistent” at high elevations (~5400 m a.s.l. on average). 45% of the total snow was “rare” in zone 3, often
found along glacier edges, with only about one-third of those “rare” pixels occurring on-glacier. In the smaller zone 4, snow persistence
was even higher, with more “highly persistent” (45%) and less “rare” (33%) snow.

“Highly persistent” wetlands were consistently found at the highest elevations (above 4600 m a.s.l., Table S10) and closer to glaciers
than less persistent wetlands. “Highly persistent” wetlands (those present in more than three quarters of the seasonal Landsat mosaics)
were more commonly found downstream of glacierised and snow-covered areas, occurring at an average distance of approximately
5.9 km from glaciers, compared to the “frequent” wetlands, which occurred on average 12.6 km from glaciers. In zone 3, 33% of
wetlands were classified as “frequent” or “highly persistent”, and therefore found in more than half of the scenes above 4500 m a.s.1. This
pattern was more pronounced in zone 4, where 48% of wetlands were “highly persistent” and only 28% were “rare” (Fig. 7d).
Importantly, a large proportion of wetland areas for the entire VUB (91%) were not “highly persistent”. Across the VUB, 68% of the
classified wetlands occurred in fewer than 30% of scenes, with a median elevation of ~3500 m a.s.l.

Although snow cover and wetlands rarely coincided spatially, their spatial proximity increased at higher elevations. As expected,
snow consistently appeared in high-elevation areas, while wetlands concentrated more in mid-high-elevation valleys, separated by
500-800 m of elevation on average. Despite this proximity, snow presence over wetlands is scarce even above ~4500 m a.s.l., with
only 0.5% of “rare” snow intersecting with “highly persistent” wetlands in less than 30% of seasons (Table S10).

4.3.2. The seasonal drying patterns of wetlands

Wetland seasonality was categorised based on the classification in Section 3.3 (Fig. 3), distinguishing four classes of wetlands
(Fig. 8a). In the entire region, 366 (59.5%) of the 615 sub-basins were identified as including wetlands with a “seasonal dry-out” phase
(Fig. 8b), where the reduction in the wetland saturated areas occurred after the end of the wet seasons (JFM) until JAS, with more of
these wetlands found between zones 2 and 3, than in zone 1. Sixteen (2.6%) of the sub-basins were classified as “slow dry-out”
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wetlands, where the area declined in AMJ but reached its lowest area in JAS. “Delayed dry-out” wetlands, found in 13 (2.1%) of the
615 sub-basins, showed an increase in wetland area at the start of the drying season (AMJ), with prolonged saturated areas compared
to previous months. Wetlands with an “inconsistent” seasonal phase comprised 183 (29.8%) of sub-basins. Finally, 37 (6%) sub-basins
in the northeast VUB were defined as “Undefined”, with mapped wetlands but without seasonality. Some of these last two cases could
be due to errors in mapping wetlands during wet seasons (JFM and OND), when data availability is reduced.

Wetlands with a delayed or slow dry-out phase do not only exist in glacierised or snow-covered sub-basins, but they occur at
significantly higher elevations (Fig. 8c; Table S12). Five of the 13 delayed dry-out wetlands (Table 3) occurred in sub-basins with
glacier presence (10% cover of the sub-basin areas on average) and snow (18% cover of the sub-basin areas on average), and above
4200 m a.s.l. Six of 16 of the “slow dry-out” wetlands occurred in glacierised (11% cover on average) and snow-covered (15% cover on
average) sub-basins above 4800 m a.s.l. Most of the “delayed dry-out” and “slow dry-out” wetlands were in zone 3, including three
high-elevation cases in the smaller zone 4. Sub-basins with delayed dry-out wetlands also showed the highest occurrence of highly
persistent wetlands (Fig. S13), which is logical since delayed dry-out wetlands have a larger proportion of wetland area that persists for
most of the year.

5. Discussion
5.1. Spatio-Temporal Variability of Andean Wetlands
Here we present the first characterisation of the seasonal cycle of wetlands in the Andes. We show both a strong seasonality in

wetland area, but also variability in the timing and magnitude of these seasonal patterns. Wetland seasonality in the Vilcanota-
Urubamba Basin is characterised by a large area reduction during the dry season (Fig. 5), suggesting the drying-out of saturated
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52% transition of wetland pixels to agriculture/pasture (JEM to AMJ) corresponds to 417 km?, whereas a 17% transition from agriculture/pasture to
wetland (OND to JFM) corresponds to 429 km? (see Supplementary Material Section D). Transitions in VUB and its zones are provided in Fig. S12.
Complete pixel transition matrices are provided in Data Availability.

surfaces. During the initial drying, large wetland areas shift into agriculture/pasture (~400 km?), eventually returning to wetlands
during the wet seasons (Fig. 6). This transition into agriculture/pasture has never been shown before, and while providing a new
picture of ecosystems’ shift in the Andes, it also provides a novel baseline to investigate its causes. The wetland seasonal shift is
relevant to livelihoods in the VUB headwaters, where livestock producers rely on wetlands and small ponds for water access and
grazing (Munoz et al., 2025). While it is consistent with localised observations of agriculture/pasture expansion during the dry seasons
and drying out of wetlands surrounding pastures after the rainy season (Mazzarino, 2014), this is the first time that we show this
process across three entire Cordilleras and quantify its extent.

Climate shapes wetland seasonal patterns through rain, evaporation, melt and vegetation processes (Saavedra et al., 2020; Barnett
et al., 2005; Buytaert et al., 2011; Vuille et al., 2018). Despite this high-level understanding of broad controls, how those factors
combine into shaping wetland dynamics and their mechanistic drivers remains unknown. Our correlation analysis (Fig. S15) found
positive relationships between inter-seasonal wetland area changes and precipitation and average and minimum air temperatures at
the scale of the VUB. This general pattern is found in zones 1 and 3, but with correlations changing sign in zone 2, where there are less
precipitation, warmer conditions, and wetlands are less persistent compared to the other zones. This might suggest that wetland area
expansion due to precipitation is a larger factor in wetland area change than drying due to evapotranspiration in warmer temperatures
and presents a hypothesis that mechanistic modelling should prove or disprove. (Fig. S15). However, crucially, correlation analysis
cannot disentangle processes and mechanistic drivers, and we caution against conclusive interpretations due to the limited temporal
extent of our dataset.

Differences in the timing of wetland dry-out between sub-basins have allowed us to distinguish three main dry-out phases that
might suggest distinct mechanisms of recharge and drying. Although “seasonal dry-out” phases were most common, “delayed dry-out”
wetlands, with prolonged saturated areas and slower drying rates, were preferentially found at higher elevations, suggesting possible
links to the cryosphere or high elevation processes. While the dry-out patterns of the “regular” wetlands (those we define as “seasonal
dry-out”) are consistent with wetlands in other Andean and lowland regions (de la Fuente et al., 2021; Zakharova et al., 2014), the slow
and delayed dry-out have never been identified before.
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5.2. Wetland and cryosphere connectivity

More persistent wetlands are found predominantly at high elevations and concentrated down-valley from glacierised regions, near
lakes and riparian systems, being located much closer to glaciers on average than less persistent wetlands (mean distance 5.5 km;
Table S10). Despite this proximity, spatial overlap between mapped snow and wetlands remains minimal, with only 0.5% (Table S11)
of snow covering wetland surfaces, even above 4500 m a.s.l. However, this low wetland-snow connectivity might be due to the
temporal resolution of the satellite images that are unable to capture the occurrence of ephemeral snow, and therefore snowmelt
contributions to wetlands may still occur at finer time scales than those obtainable through satellite-borne remote sensing from
Landsat. Thin and ephemeral snowpacks of the Tropical Andes can accumulate and melt within hours to weeks, typically at elevations
below 5000 m a.s.l. (Fyffe et al., 2021, 2025), and recent field observations have shown snow persisting over wetlands for short
periods.

However, wetlands are likely to receive hydrological inputs from upstream snow and glacier melt, which alter their seasonal and
annual water level fluctuations (Gribbin et al., 2024), as demonstrated for different climatic settings (Assini and Young, 2012; Carlson
et al., 2020). To add complexity to this picture, although more common at higher elevations, delayed and slow dry-out wetlands are
not exclusive to glacierised catchments (Fig. 8). Their occurrence in non-glacierised areas, such as zone 2, suggests that additional
factors beyond a direct cryospheric influence might also affect the timing of wetland dry-out, such as the contribution from lateral
slopes and groundwater inputs (Wunderlich et al., 2023).
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Fig. 8. Wetland seasonal phases across the VUB, 2013-2022. (a) shows the four wetland categories based on their seasonal phase, area and drying-
out timing. (b) the categories applied to the 615 sub-basins in the VUB, including “Undefined” when mapped wetlands do not have a seasonality. (c)
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(Table S12). Glacier fraction was extracted from the 2020 glacier inventory (INAIGEM 2023b) and snow fraction was extracted from the snow
frequency maps (Fig. 7). Wetlands fraction per sub-basin is presented in Fig. S14.

Table 3
Median elevation, glacier and snow fractions for delayed and slow dry-out wetlands. Only “delayed” and “slow dry-out” classes with glacier or snow
fraction greater than zero are displayed to detail their cryospheric context.

Wetland Seasonal Phase Basin-ID Zone Median Elevation (m a.s.l.) Glacier (2020) fraction [-] Snow (2013-2022) fraction [-]

Delayed dry-out 72 1 4214 0.0134 0.2082
312 3 5276 0.2015 0.2672
328 3 4980 0.0681 0.0930
355 4 5183 0.0734 0.1466
356 4 5249 0.1367 0.1983

Slow Dry-out 321 3 5201 0.0666 0.1739
374 3 5248 0.3519 0.3737
393 4 5173 0.1919 0.2022
526 3 4856 0.0045 0.0001
563 3 4914 0.0013 0.0045
597 3 4819 0.0171 0.1448

To better understand the links between the cryosphere and wetlands at high elevations, we focus on the glacierised zone 4 sub-
catchment in the Cordillera Vilcanota (Fig. 9), where high snow and wetlands persistence were identified. This catchment has a
delayed dry-out wetland phase (Fig. 8), and this delay is consistent with local water table observations (Ross et al., 2023). We suggest
that melt water contributes to the maintenance of the wetland areas in the early dry season (AMJ), since the slight increase in wetland
area between JMF and AMJ corresponds with a decrease in snow-covered area (Fig. 9d), indicating that melt from snow and the newly
exposed glacier ice is a likely contributor to inputs into the wetland system at this time of year. Evaporative fluxes might also play a role
in controlling water fluxes from wetlands; for instance, evaporation-driven processes could affect groundwater (de la Fuente et al.,
2021) and thus play a role in wetland recharge from lateral slope contributions (Cooper et al., 2019). This highlights the potential
for more complex dynamics shaping wetlands than currently understood, especially at their transition zones with pastures (Fig. 9b).

12



J. Castro et al. Journal of Hydrology: Regional Studies 67 (2026) 103808

d) 0 —~
a) ’g) 5
5,761 m a.s.l. B °
b) = 5
$200 2 &
& 8 g
o
4000 : i ] o -7
_ +1Snow:\ e A 5600
S Wetland N. A% | ~a P
[] Snow 2 ’5( i @
Ice s 0 SLEg-~ \ 15550
[] Barren S g
Il Water = 1 ; 5500
Pastures B — 2
Wetland (JAS) JFM AMJ JAS OND
B Wetland (AMJ e)JFM AMJ JAS OND JEM
gl 65 79 o - -
=
2 S > 6 8 8
\ 13 1 (%)
N (L) - 46 !
Zone 4: 132.7 km* < 8|72 44 54
c) 5 AL 1016 6 g 39
5 24 5
/ § % 8 * 1177 43
= 14 i
. 7 218 Ls <10 °
% 26
& 85 89 7 0
7 3 9 24 :
g 32 U 49 19 L A7 2
Wetland extent in JAS is 14.7 km? gl 67 - o 75 2
or 17% of Zone 4, reduced by 15% in AMJ = =
transitioning mainly into Pasture. JFM AMJ JAS OND JEM
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5.3. Methodological Limitations

While our approach provides the first characterisation of wetland seasonality in the VUB, some methodological limitations must be
considered. The land cover classification used Landsat imagery and cloud cover thresholds adjusted by season, which enabled
consistent mapping during the wet and dry seasons. A first limitation is the similarity of spectral information among vegetated classes
(Fig. S3 and S4), a common challenge in wetland mapping, as wetlands often exhibit similar spectral responses to surrounding land
covers, reducing separability (Amani et al., 2018; Mahdavi et al., 2018). This limited separability is reflected in the low F1-scores for
agriculture/pasture and shrub and in the lower precision of wetland classification (0.69), despite its high recall (0.92), indicating
commission errors among vegetated classes. Although larger datasets generally improve classification accuracy (e.g. Ramezan et al.,
2021), some classes can achieve high accuracy with smaller training samples (Phinzi et al., 2023). In this study, we prioritised balanced
representation of land cover classes and the temporal distribution of the training dataset, accepting a reduced number of eligible points
to ensure comparability across seasons. Additionally, although Otsu thresholding reduced the uncertainty of snow and ice pixels within
the 0.25-0.55 albedo retrieval range, this separation could not be validated using our validation dataset (based on visual inspection) or
field observation. Remaining errors in this range may affect the estimated snow and ice areas. The main limitation was the cloud
presence during mapping the wet seasons. Retaining images with higher cloud cover preserved information but also increased residual
cloud and terrain shadow effects, which can persist even after cloud masking (Lopes et al., 2020). These limitations were difficult to
avoid given the basin's large spatial extent and high elevation range and contributed to classification errors and differences in accuracy
assessment, particularly during the wet seasons (JFM and OND) and in zones 1 and 2 (Fig. S6).

Such mapping limitations can propagate into the analysis, by affecting the land cover area estimates, seasonal transitions and
wetland phase classification, especially at the sub-basin scale. For instance, undetected clouds or residual shadows may introduce
incorrect seasonal wetland areas and contribute to some “Inconsistent” phases, whereas high cloudiness and low image availability
mainly generate data gaps, explaining the “Undefined” phases. To reduce the influence of these errors, wetland phases were defined
from median seasonal areas from 2013 to 2022, representing typical seasonal phase rather than interannual variability. However, we
need to accept slightly lower classification accuracy and more data gaps in order to map the seasonal fluctuations of wetlands in large
basins. Applying the land cover classification approach over smaller areas and extended periods could reduce these limitations and
enable assessment of interannual changes in wetland regimes at the sub-basin scale.

5.4. Building a way forward for mechanistic understanding of Andean wetland dynamics
In this study, we built a new baseline of wetland and landcover patterns in the VUB and explored their seasonal dynamics to reveal
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distinct dry-out timings of Andean wetlands and their transitions. Using three-month land cover maps from 2013 to 2022, we
quantified Andean land cover seasonality, including wetlands seasonal phases across the VUB, with an overall accuracy of 0.74 against
validation points independently collected from optical satellite imagery. This performance, in line with similar studies (Pizarro et al.,
2022; Vega Isuhuaylas et al., 2018), demonstrates an improvement in wetland delineation relative to national inventories (see
Supplementary Material section A.5). While we provide the first extensive quantification of wetland seasonality and seasonal shifts in
the region by leveraging machine learning and high-resolution (30 m) satellite imagery, it is clear that the process-specific drivers and
linkages that promote these patterns cannot be fully understood or resolved from seasonal remote sensing alone.

Different wetland seasonalities reflect coupled climatic and hydrological controls, adding complexity to the already under-
researched understanding of how catchment processes (i.e. precipitation, snow, glacier melt, vegetation, and lateral slopes contri-
bution) interact in high-Andean wetland systems (Polk et al., 2017; Ross et al., 2023), water storage and runoff (Drenkhan et al., 2023).
Andean wetland persistence and seasonality can be broadly characterised from our approach, though cannot be fully understood at
such coarse seasonal scales, as short events such as ephemeral snow can influence catchment hydrology (Fyffe et al., 2025) and
wetlands. Addressing these uncertainties requires a combination of high-resolution remote sensing with ground-based monitoring and
mechanistic modelling tools that operate at finer temporal resolutions (e.g. hourly or daily) to unravel the intricate interactions be-
tween the cryosphere, ecology, and hydrology in high-elevation catchments under ongoing climatic and cryospheric change. To date,
despite local evidence and hypotheses of specific drivers and processes, no conclusive, deterministic investigation exists on the main
causes of wetland existence and dry out at high elevations, nor on their links with snow and glaciers, calling for modelling in-
vestigations that can disentangle high elevation wetlands functioning.

Disentangling the hydrological dynamics of Andean wetlands and their drivers will aid our understanding of their response to
future changes in climate and the cryosphere. Projected warming in the VUB is expected to result in warmer days and fewer frost days
(Potter et al., 2023), with increased drought intensity and reduced snow precipitation. The latter, in particular, could significantly
increase water stress during the dry months (Vuille et al., 2018; Poveda et al., 2020) and exacerbate the mass loss of the already small
glaciers that can sustain high-mountain dry-season runoff (Fyffe et al., 2025). Our study has provided a novel, finely resolved baseline
of wetlands and their changes that can now be used to build and validate numerical models of the Andean ecosystems, as well as test
the hypotheses suggested by our study. The existence of slow and delayed dry-out wetlands calls for investigations on their drivers and
differences to more traditional wetlands, and on their possible shifts to common wetlands and decline in persistence. Because these
wetland phases are not restricted to glacierised catchments, their future sensitivity should be assessed not only in relation to glacier
retreat, but also through potential shifts in precipitation, temperature and evapotranspiration. Our study paves the way for
physically-based modelling studies to advance the understanding of Andean wetland functioning and the mechanisms that support
their recharge, maintenance and dry out, and their future changes. This has implications for wetland ecosystem services because shifts
in wetland dry-out timing can reduce the period when saturated areas remain available during the dry seasons, limiting their capacity
for water regulation, grazing and agricultural activities, affecting livelihoods of highland communities, where adaptation strategies
include land use management between pasture and high-Andean wetlands (Mazzarino, 2014; Postigo, 2014). Future work in the
Tropical Andes should prioritise the improved quantification of the contribution from rain, snow, or glacier melt for wetland sea-
sonality and the impact of higher temperatures on their variable dry-out phases.

6. Conclusions

In this study, we provide a novel baseline of seasonal maps of Andean land covers for the Vilcanota Urubamba Basin at a three-
month scale from 2013 to 2022, and the first characterisation of wetlands extent and seasonality for the region. Wetlands occupy a
small fraction of the total 11,000 km? basin, but span a large range of sub-regions and elevations, with the most persistent wetlands
found at higher elevations and closer to glaciers. The seasonal dynamics of the wetlands are defined by the timing of their drying at the
end of the wet season (March-April) and rewetting during the onset of the wet season later in the calendar year (October-December). As
wetlands dry, almost half of them transform primarily into agricultural and pasture areas, eventually returning to wetlands during the
wet season. Seasonal phases show that delayed and slow dry-out wetlands, which comprise only ~2% of the defined sub-catchments in
the region, are not exclusive to glacierised catchments, but are predominantly found at higher elevations (> 4200 m a.s.l.) and close to
glaciers and snow. At the three-month, seasonal scale, mapped snow and wetland areas show minimal spatial overlap, yet highly
persistent wetlands (those occurring in > 76% of the available Landsat scenes) are common in catchments with greater snow and
glacier presence, suggesting a direct link between wetlands and seasonal snow, which was not fully resolved in this study due to the
frequency of satellite image acquisitions. Despite the limitations of optical satellite mapping in cloudy mountain regions and the need
to use a small training dataset to allow consistency across seasons, our results provide the first quantification of seasonal wetland and
land cover seasonalities at the scale of the entire Vilcanota-Urubamba and highlight the potential of complex dynamics driving wetland
variability. This robust picture of seasonal wetland dynamics serves as a basis for future research on mountain wetlands, which should
incorporate mechanistic modelling and catchment functioning, supported by higher-resolution remote sensing (sub-weekly) and new
ground-based monitoring. This would allow building a full process understanding of wetland existence, persistence and changes, as
well as the compounded drivers supporting their existence and dry-out, to establish their connectivity to the climate and cryosphere of
the Tropical Andes, now and into the future with implications for wetland ecosystem services.
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