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Key Points:

» Precipitation is the primary driver of wetland wetting and drying.
+ Glaciers may attenuate the seasonal wetting and drying of nearby wetlands, but this

effect reduces with downstream distance.

 Glacier retreat may increase the sensitivity of nearby wetlands to precipitation changes.
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Abstract

High-altitude wetlands are critical ecosystems that store water, regulate downstream flows,
and sustain biodiversity. Their persistence is tightly linked to continuous water inputs
from precipitation, groundwater, snow and glacier melt, making them highly vulnerable to
climate-driven shifts in mountain hydrology. Rapid glacier retreat, altered precipitation
regimes, and rising temperatures are transforming water availability across mountain re-
gions worldwide, but their consequences for wetland stability remain poorly understood.
Here, using high-resolution satellite-based mapping (2019-2025) and statistical analyses, we
investigate the spatiotemporal dynamics and hydroclimatic drivers of high-altitude wetlands
at two tropical Andean study sites in Peru: Cordillera Vilcanota and La Raya. We demon-
strate that precipitation is the primary driver of wetland seasonality, explaining up to 25%
of the observed variability. This influence weakens in areas close to glaciers, where wetlands
exhibit reduced seasonal fluctuations, suggesting a local dampening effect of glacial runoff
on wetland wetting—drying cycles. Our spatially explicit analysis demonstrates that this
dampening effect attenuates rapidly with distance and is no longer detectable beyond ap-
prox. 12 km from glaciers, indicating that the hydrological influence of glacier melt is highly
localized and that most high-mountain wetlands are effectively decoupled from glacier-melt
processes. The study highlights the critical role of glacier-wetland hydrological connectivity

in the context of hydrological changes in mountain regions.

Plain Language Summary

High-altitude wetlands are important and unique ecosystems in mountain regions. They
store water, support diverse plants and animals, and regulate water availability further
downstream. These wetlands depend on a steady water supply, which makes them sensitive
to climate change. In many mountain regions, glaciers are shrinking, rainfall patterns are
shifting, and temperatures are rising. These changes affect the amount of water available
throughout the year, but it remains unclear how mountain wetlands respond. In this study,
we examine how wetlands have changed over time in two areas of the Peruvian Andes: one
with glaciers and another where glaciers have recently disappeared. Using satellite images
from 2019 to 2025, we track monthly changes in wetland extent and analyze how climate
and water availability influence wetland behavior. We find that rainfall is the main factor
controlling how wetlands expand or dry out. Wetlands near glaciers change less throughout

the year, likely because glacier melt provides a more stable water source. This stabilizing
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effect weakens rapidly with distance from glaciers and disappears beyond about 10 km,

meaning most mountain wetlands are not influenced by glacier melt.

1 Introduction

Wetland ecosystems have long been recognized as vital for our global environment, due
to their role as water and carbon stores, their importance as biodiversity hot-spots and their
economic and cultural significance for local and indigenous communities (White-Nockleby et
al., 2021). Ecologically, they provide nutritious forage for wild and domestic mammals, such
as camelids (Cooper et al., 2019), purify water, decompose organic matter, and release nu-
trients into surface water (Salimi et al., 2021), thereby supporting biodiversity conservation
(Metrak et al., 2023). Hydrologically, they promote infiltration, recharge groundwater, and
act as natural reservoirs by capturing excess seasonal runoff and gradually releasing it dur-
ing subsequent dry periods, potentially buffering low flows and securing water availability

(Barnett et al., 2005; Wu et al., 2025).

Due to their strong dependence on consistent and sufficient water inputs, wetlands are
highly sensitive ecosystems. This vulnerability is especially pronounced in high mountain
regions, where rapid glacier retreat and changing precipitation and temperature regimes are
causing significant changes in mountain hydrology (Huss & Hock, 2018). With mountain
glacier extent and volume projected to continue decreasing throughout the 21st century
(Marzeion et al., 2020; Radi¢ et al., 2014; Zekollari et al., 2025; Zemp et al., 2015), the
nature and spatiotemporal patterns of glacier melt input will change, which may result in
wetland degradation or loss and affect their ecosystem services (Haeberli & Weingartner,
2020). A key question, therefore, is the extent to which the dynamics of high-mountain
wetlands in close proximity to glaciers are influenced by glacier meltwater contributions,

and by glacier loss.

There is no universally accepted definition of high-mountain wetlands. Here, we define
them as permanently or seasonally saturated areas located above the tree line and below
the permanent snow line (Chatterjee et al., 2010). These wetlands typically develop in
flat or gently sloping valley bottoms, over colluvial deposits and in infilled lakes (Emmer,
2024), where water can accumulate and create conditions that support year-round vegetation
cover in otherwise harsh, rocky, and steep environments (Maldonado, 2014). Depending

on their topographical position and proximity to glaciers and snowfields, high-mountain
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wetlands may be sustained by varying contributions from precipitation, groundwater flow,
snowmelt, and glacier runoff (Gribbin et al., 2024; Cooper et al., 2019; Ross et al., 2023),
resulting in complex spatial patterns of their occurrences. The high variability in mountain
temperature and precipitation further interacts with these fine-scale landscape features,
producing highly heterogeneous environmental conditions that influence wetland persistence.
Elevation, aspect, slope, and terrain complexity impact near-surface microclimates, leading
to steep temperature gradients over short distances (Mountain Research Initiative EDW
Working Group, 2015). Orographic uplift further enhances spatial precipitation variability,
with windward slopes receiving substantially greater moisture inputs than leeward slopes
(Rojas & Minder, 2024). Similarly, glacier melt processes depend on elevation, aspect, and
slope, which generate strong spatial variation in melt rates and in the timing and magnitude

of meltwater reaching downstream wetlands.

Due to this topographic and hydro-climatic complexity, the extent of hydrological con-
nectivity between glaciers and mountain wetlands, and the subsequent impact of glaciolog-
ical changes on wetlands is still unclear. While some studies have found no relationship
between wetland and glacier melt dynamics (Cooper et al., 2019), others suggest that ongo-
ing glacier retreat may initially drive wetland expansion, followed by a subsequent decline
(Polk et al., 2017). Understanding hydrological connectivity between glaciers and wetlands
is therefore key to assessing the impact of glacier retreat on mountain wetlands. Previous
studies have addressed these questions using hydrogeological isotope analyses (Cooper et
al., 2019; Gribbin et al., 2024) and local hydrological modeling studies (Ross et al., 2023).
These methods require intensive data collection and data input, typically limiting their spa-
tial coverage to single catchments and temporal resolution to short monitoring periods. Yet,
due to the above mentioned topographic and hydro-climatic complexity in mountain regions,
a longer-term and spatially explicit landscape-system perspective will enable the improved
quantification of wetland—glacier connectivity and to predict how and most importantly,

where ongoing hydro-climatic changes will alter wetland dynamics.

We hypothesize that wetlands located close to glaciers are hydrologically connected
to glacier meltwater through surface and groundwater pathways, and that this connection
influences inter- and intra-annual variability in wetland extent and moisture conditions. In
such connected systems, reductions in glacier meltwater supply may therefore increase the
risk of seasonal drying, although we do not expect complete wetland loss as precipitation

reveals to remain a dominant driver, even near glaciers.
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To test this hypothesis and to bridge the gap between local- and landscape system
scale analyses, we use an unprecedented six-year time series of satellite-derived wetland
observations to capture spatio-temporal wetland dynamics. We couple these observations
with a spatially distributed regression analysis to identify the dominant drivers of wetland
seasonality. Although this method does not allow direct identification of water source origins
or subsurface flow pathways, it provides valuable insights into wetland behavior at landscape

scale.

2 Methods and Data
2.1 Study sites

We focus our analysis on two high-altitude study sites in Southern Peru to test our
hypothesis (Figure la-b). Both sites are experiencing rapid glacio-hydrological changes,
driven by ongoing climate warming. While the Cordillera Vilcanota (Figure 1b, north)
continues to host substantial glacier coverage (approx. 5.4% in our study site), the La Raya
region (Figure 1b, south) has become largely ice-free in the past decades (glacier coverage
< 0.1%). The two study sites are located in close proximity to each other, in a semi-arid
and High-Andean mountain landscape, around 3,300-6,000 m a.s.l.. Approximately 4-5% of
both study sites are covered by wetlands, fed by rainfall, groundwater, and/or glacier melt.
A strong precipitation seasonality, with a wet season from October to April and a dry season
from May to September (Figure lc-d) , drives a pronounced seasonal dynamic of wetlands

extents (Gribbin et al., 2024; Ross et al., 2023).

The northern site encompasses a domain of 4,500 km? around the Cordillera Vilcanota
(71°W, 13.7°S), the most extensive glacierized mountain range in the South of Peru and
home to one of the world’s largest tropical ice caps, the Quelccaya ice cap. Altitudes range
from 3,260 to 6,030 m a.s.l.. Mean annual precipitation rates during our study period
(2019-2025) are approx. 1420 mm/year. Mean monthly temperature variations are low and
vary between 1.7°C and 4.5°C (Figure 1c¢), with colder temperatures during the dry season.
Glaciers and the Quelccaya ice cap are rapidly shrinking (Taylor et al., 2022) and in the past
six decades (1962-2020) the Cordillera Vilcanota has lost approx. 51% of its glacier coverage
(INAIGEM, 2023b). The region’s rapid glacier retreat makes it well suited for investigating

meltwater effects on wetland dynamics and glacier-wetland hydrological connectivity.
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Figure 1. Location and climatic background of the two study sites. (a) Overview of the Andes
and neighboring countries. (b) Enlarged view of the two study sites: the Cordillera Vilcanota in the
north and La Raya in the south. Glacier outlines are from the Randolph Glacier Inventory (RGI)
Version 7.0 (RGI Consortium, 2023), representing conditions around the year 2000. (c-d) Mean
monthly precipitation and temperature from January 2019 to February 2025 (the study period) for
the Cordillera Vilcanota (c) and La Raya (d). Precipitation was derived from the hourly IMERG
product (Huffman et al., 2014), while temperature was obtained from the monthly averaged ERA5-

Land dataset (Mufioz-Sabater et al., 2021).

Our southern study site is located approx. 60 km south of the Cordillera Vilcanota
(71°W, 14.3°S) and spans a region of 3,100 km? around the La Raya mountain range, at
altitudes between 3,880 to 5,270 m a.s.l.. This region has a more centered position on
the Andean plateau and receives less precipitation than our northern site due to its larger
distance and leeward position with respect to the prevailing advective moisture transport
from the Amazon Basin (Drenkhan et al., 2015). Annual precipitation rates reach on average
713 mm/year. Mean monthly temperatures vary between 3.8°C and 6.9°C (Figure 1d).
The Randolph Glacier Inventory, which has an approximate date of 2000, suggests the
existence of small ice bodies at high elevations here (outlines shown in Figure 1b), but
more contemporary satellite images show that the region has lost nearly the entirety of its

glacier coverage, leaving many formerly ice-covered mountain tops and adjacent catchments
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ice free. We selected this site to investigate wetland hydrology in a post-glacial landscape,
where past hydrological connectivity between glaciers and wetlands may have existed but

has been disconnected by continued glacier retreat.

2.2 Quantifying temporal and spatial wetland extents

We mapped wetlands and their temporal dynamics using monthly satellite imagery from
January 2019 to February 2025, building on the approach of Ross et al. (2023). Spectral,
topographic, and ecological data were compiled from Sentinel-1 and Sentinel-2 imagery, the
30-m NASA SRTM DEM, and the RESOLVE ecoregions (Dinerstein et al., 2017). Within
defined training areas, we extracted random samples to derive predictor variables including
surface-moisture indices, vegetation indices, as well as topographic and ecological metrics
(Figure S1 and Text S1 in Supporting Information S1). These predictors informed a Random
Forest classifier, which we used to map high-altitude wetlands. With this approach we
achieved an average mapping accuracy of 91% (£ 1%) when validated against an existing
wetland dataset (INAIGEM, 2023a). Monthly wetland extents were generated by repeating
the classification for monthly image subsets. To address data gaps from cloud cover in the
wet season, we applied a 3-month rolling window, to build 3-monthly image composites and
assigned the resulting average extent to the central month. To analyze spatial patterns
in wetland dynamics, we delineated sub-catchments from the SRTM DEM using a 5,000-
pixel contributing-area threshold and quantified monthly wetland area within each unit (See

Supporting Information S1 and S2 for details on the mapping approach and thresholding).

2.3 Gridded precipitation and temperature data

Monthly precipitation data were obtained from the hourly IMERG product, a satellite-
based precipitation estimate from NASA’s GPM mission (Huffman et al., 2014), with a spa-
tial resolution of 0.1° x 0.1°. For the regression analysis, monthly precipitation totals were
extracted at the centroid of each sub-catchment, to match the spatial unit of the wetland
analysis. Temperature data was obtained from the monthly averaged ERA5-Land dataset
(Murioz-Sabater et al., 2021), at a resolution of 0.1° x 0.1°. Similarly to the precipitation
data extraction, we extracted the mean monthly temperature value for each sub-catchment

at its respective centroid, to account for spatial temperature variations.



182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

2.4 Glacier-dilution algorithm and distance group classification

In the absence of spatially distributed observations of glacier meltwater, we developed
an algorithm to approximate the downstream attenuation of meltwater influence within the
river network. Based on the Strahler stream order (Strahler, 1957) and flow accumulation,
we ranked single stream segments of the river network. Glacier-proximal segments were
assigned a maximum meltwater signal. This signal was progressively diluted at each stream
confluence as non—glacier-fed tributaries entered the network, producing a continuous index
of relative glacier influence for each stream segment (see detailed methodology in Text S3 and
Figure S4 in Supporting Information S3). Each sub-catchment was then assigned the index of
its longest intersecting stream segment. Subsequently, the sub-catchments were grouped into
the three classes “close”, “medium”, and “far”, indicating not only the distance to glaciers
but also the potential glacier melt influence in each of the sub-catchment’s main stream.

The glacial impact propagation maps and the distributions of glacial impact categories for

the two study sites are presented in Figure 2.

In the glacierized Cordillera Vilcanota, the three categories “close”, “medium”, and
“far” from glaciers and glacial impact, reflect present-day conditions as glaciers are still
present and abundant. In La Raya, where current glacier extent is minimal, the same clas-
sification was applied using the glacier outlines from the year 2000 (Pfeffer et al., 2014).
Here, the three categories refer to potential former distances and strengths of glacier melt
impacts. Using the same classification approach in both regions allows a direct comparison
of wetland dynamics across equivalent distance—influenced classes. This enables us to dis-
tinguish effects attributable to glacier meltwater from those arising from other factors such
as topography or climatic drivers. Although hydrological connectivity between glacier-fed
streams and wetlands are still debated and wetlands may be decoupled from streamflow
(Gribbin et al., 2024; Cooper et al., 2019), our approach still provides a useful proxy for
relative meltwater influence. By following the stream network, the glacier melt influence
does not rely on distance alone, but it implicitly incorporates the effects of topography and
drainage pathways. This makes it a more hydrologically informed indicator of potential

meltwater contributions than a simple distance-based metric.
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Figure 2. Glacial impact propagation maps and the associated three distance groups in the
Cordillera Vilcanota (a-b) and the La Raya (c-d): glacier dilution with stream networks (a, ¢) and

distance groups (b,d).

2.5 Multiple linear regression analysis

Multiple linear regression analysis was applied to identify the main hydro-climatic
drivers (predictor variables) of wetland dynamics (response variable) and to quantify their
independent contributions. Predictor variables included monthly average temperature and
precipitation, as well as seasonality and long-term trends. The general form of the regression

equation is given below:

n
}7 =g+ Z OéiXi (1)
i=1

All variables (Y and X;) were standardized prior to regression as Z = (Z — Z)/oz, where
Z represents either Y or any X;; Z is the mean of the original variable Z; and o is its
standard-deviation (SD). Y is then the standardized dependent variable; X; is the standard-

ize predictor for sub-catchment 7; and «; is its regression coefficient.

,10,
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To explicitly account for the strong seasonal cycle, we included seasonality indicators as
predictor variables to improve our model accuracy by isolating recurring seasonal patterns.
For this, each month was mapped onto a unit circle, and the sine and cosine of the month
were used as predictors instead of raw numerical values (January=1, ..., December=12),
thereby avoiding undue emphasis on December and ensuring a continuous representation of
seasonality. For subsequent analyses, the amplitude of the seasonal cycle (S) was derived

from the sine and cosine components as

5= \/ agin + agos (2)

which represents the combined magnitude (Euclidean length) of the standardized regression
coefficients agiy and acos. The trend indicator is defined as a time-ascending index, ranging

from 1 (as January 2019) to 74 (as February 2025).

As several predictors exhibit strong intercorrelations, Ridge regression was applied to
mitigate the effects of multicollinearity. Ridge regression introduces an L2 regularization
term to the loss function, penalizing large coefficient values and allowing correlated predic-
tors to share explanatory power more evenly (McDonald, 2009). The Ridge estimator & is
obtained by minimizing the residual sum of squares (RSS) plus an L2 penalty term (Mar-
quardt & Snee, 1975), as expressed in Eq. 3. The optimal set of coefficients was selected
by cross-validation (80% training, 20% testing) based on achieving a higher determination

coefficient (R? > 0.7) and a lower normalized root-mean-square error (NRMSE < 0.2).

n p
a = arg min{Z(yi —xfa)? + )\Zai } (3)
¢ i=1 j=1
——
RSS L2 penalty term

In Eq. 3, @ denotes the estimated coefficient vector under the Ridge penalty, where o =
(agy..., ap)T represents the regression coefficients to be estimated. y; is the response variable
for sub-catchment i, x; = (z;1, .. ., xip)T is the predictor vector for sub-catchment 4, n is the
number of sub-catchments, p is the number of predictors, and A > 0 is the regularization

parameter. As A increases, the coefficients are increasingly shrunk toward zero.

Predictors (X;) and the response variable (Y) were standardized using statistics derived
from the full study-area dataset rather than from individual sub-catchments, to assess the
relative strength of each variable and enable comparisons across sub-catchments. Accord-
ingly, a coefficient of 1 represents that a 1-SD increase in the predictor corresponds to a

1-SD increase in the response. Larger coefficients therefore reflect stronger effects, allowing

—11—
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the importance of predictors to be directly ranked and compared by coefficient magnitude.
Table 1 summarizes the physical meaning of one SD for each predictor and for the wetland

response variable in both study sites.

Table 1. Physical meaning of one SD for each predictor, including temperature (tempr.), precip-

itation (precip.), seasonality (seasonal.), and trend, and for the response variable (wetland).

predictors
Study site
tempr. (°C)  precip. (mm)  seasonal. (-)  trend (months)  wetland (km?2)
Cord. Vilcanota 1.92 76.58 0.71 21.36 0.35
La Raya 1.57 42.68 0.71 21.36 0.84

We applied a cross-Spearman correlation analysis to identify the most significant time
lag between the wetland series and the climatic predictors (Text S4 in Supporting Infor-
mation S4). This analysis showed that a 3-month lag resulted in the strongest and most
significant relationship in the Cordillera Vilcanota region. For consistency and direct com-
parison, we adopted the same lag for the southern site. Based on these correlation results,
we applied 3-month time lag to temperature and precipitation in all regression models to
best capture the wetland response to climatic variability. Separate regression models were
constructed for each sub-catchment at the two study sites to assess the spatially distributed
effects of climatic drivers on wetland dynamics and to evaluate how glacial presence mod-
ulates these effects. We then performed 500 bootstrap resampling iterations to assess the
robustness of each regression coefficient. Only statistically significant values were retained.
For each distance group, the mean, standard error, and corresponding 95 % confidence in-
tervals of these significant coefficient samples were then calculated based on the Student’s

t-distribution.

3 Results and Discussion
3.1 Seasonality of wetlands

In both study regions, wetlands show pronounced temporal variability that reflects the
strong seasonality of precipitation. Wetland extent expands during the wet season and

contracts during the dry season, with a characteristic three-month lag between peak rainfall

—12—
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and maximum wetland extent (Figure 3a, c). This delay likely reflects two hydrological and
ecological processes: (i) the time required for rainfall to infiltrate, recharge groundwater,
and subsequently supply wetlands through hillslope discharge (Cooper et al., 2019; Gribbin
et al., 2024; Ross et al., 2023); and (ii) the delayed onset of vegetation greening following the
start of the rainy season, which is captured by our remote-sensing—-based wetland detection
that is particularly sensitive to photosynthetically active, green surface features (Dangles
et al., 2017). Across all three glacier—distance classes (close, medium, far), wetlands show

the same precipitation response time, reinforcing the conclusion that precipitation is the

dominant driver of seasonal wetland dynamics, even in glacier—proximal areas.
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Figure 3. Seasonal wetland dynamics around the Cordillera Vilcanota (a, b) and around the
La Raya mountains (¢, d) in close, medium and far distances from (formerly) glacierized areas.
We show the fraction of mean wetland extents instead of the total wetland extents, to allow a

comparison between our three distance classes.

Despite this strong precipitation-driven pattern, clear spatial differences can be ob-
served. In the still-glacierized Cordillera Vilcanota region, sub-catchments close to glaciers
display a reduced seasonal amplitude in wetland extent (Figure 3a) and a unimodal dis-
tribution (Figure 3b), indicating more stable year-round wet conditions. In contrast, sub-
catchments far from glaciers show the largest seasonal wetland fluctuations and a distinct

bimodal distribution, reflecting pronounced wetting and drying cycles. Wetlands at inter-

—13—
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mediate distances exhibit transitional behavior. These patterns suggest that glacier melt-
water exerts a buffering effect on wetland variability, stabilizing wetland extents in glacier-
proximal areas. This effect however diminishes rapidly and is no longer detectable in the

far-distance class.

In the La Raya region, where current glacier meltwater inputs are minimal or ab-
sent, wetland dynamics do not differ between sub-catchments close to or far from formerly
glaciated areas (Figure 3c, d). Inter-annual variability in wetland extent is substantially
larger than in the Cordillera Vilcanota region (CV = 0.75 vs. 0.54), and wetlands fre-
quently dry out during the dry season (e.g., in 2022-2024). These observations point to a
strong dependency on seasonal precipitation and the absence of a stabilizing influence from

glacier meltwater.

3.2 Hydro-climatic drivers of wetland dynamics
3.2.1 Precipitation

The results from our regression analysis confirm that precipitation is the dominant
driver of wetland extent in both study sites. Precipitation lagged by three months, explains
approx. 19-21 % and 18-25 % of wetland variability in the Cordillera Vilcanota and La Raya
mountain ranges, respectively (Table 2, see detailed calculation in Text S6 in Supporting

Information S6).

Table 2. The average explained variance (%) and its corresponding 95 % confident intervals (CI)

across distance groups at two study sites.

Variables
Study site  Distance to glaciers

temperature  precipitation  seasonality trend
far dist. 1.7 £ 5.7 209 + 1.8 3244+22 63=%10

Cordillera
medium dist. 43+ 15 20.1 £ 1.3 310+ 14 6.3=+0.6

Vilcanota
close dist. 3.5£23 19.0 £ 2.2 318 26 7.2+18
far dist. / 25.0 £ 3.7 170 £23 56 +£0.6
La Raya medium dist. / 182+14 267+£35 55=£0.7
close dist. / 207 £25 293+£38 50x16
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In the glaciated Cordillera Vilcanota region, precipitation plays a stronger role in sub-
catchments located farther from glaciers (yellow lines), which also tend to exhibit higher
seasonal variations (Figure 4a), underlining our results presented above. Wetland sensitivity
to precipitation increases with distance from glaciers, with average coefficients rising from
0.14 (£ 0.05) in glacier-proximal areas to 0.26 (+ 0.09) farther away (Figure 5a). In the
southern and northwestern parts of the region, precipitation coefficients commonly exceed
0.5, and in some cases 2.0, indicating particularly strong precipitation control. Some regions
in the northeastern and southwestern parts of this study site do not follow this pattern,
but here precipitation—wetland relationships are statistically insignificant and therefore less
reliable. A 1-SD increase in precipitation (/& 76.6 mm per month; Table 1) expands wetland
extent by up to 0.12 km? in distant sub-catchments, which corresponds to roughly four times

the response observed in glacier—proximal ones. Similarly, a 1-SD (0.71; Table 1) increase

far distance @ medium distance @ close distance

a
O 0.3
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n 027 { { E
3 0.1
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Figure 4. The average value of significant regression coefficients (reg. coef.) and its related
95 % confidence interval (CI) across the three distance classes in the Cordillera vilcanota (a) and
in the La Raya (b). Precipitation, temperature, and trend were predictive variables in the Ridge
regression, while seasonality was derived from asin and acos. The detailed values were shown in

Table S1 in Supporting Information S5.
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328

in seasonality corresponds to an expansion of approximately 0.12 km? in the more distant
sub-catchments, but only about 0.04 km? in glacier-proximal ones. This indicates that

wetlands distant from glacier influence are roughly three times more sensitive to seasonal

variability than those nearby.

3 reg. coef.
-0.01

D Glacier / p>=005  [_]NaN

Figure 5. Ridge regression coefficients for precipitation (a-b) and temperature (c-d) across three
distance classes in each sub-catchment at both study sites: (a, c) the Cordillera Vilcanota; (b, d)

the La Raya region.

In the La Raya region, these distinct spatial variations in precipitation influence and
seasonality across the distance groups are not apparent (Figure 4b) and the effect of precip-
itation becomes more spatially heterogeneous (Figure 5b). No clear distinction is observed
between the far- and close-distance classes, both showing average coefficients of around
0.26. Within the close-distance group, the effects of precipitation and seasonality become
markedly less stable, with the 95% confidence interval expanding by a factor of six for
precipitation and ten for seasonality. Although average precipitation coefficients in the far-
distance groups are similar between regions (= 0.26), the corresponding wetland response

differs. In the La Raya region, a 1-SD increase in precipitation (= 42.7 mm per month;
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Table 1)—about 56% of the SD in the Cordillera Vilcanota—results in 2.4 times greater
wetland expansion. This indicates a proportionally stronger dependence on precipitation in
the deglaciated La Raya landscape. These patterns align with our earlier findings, indicating

once more that precipitation dominates wetland expansion and shrinkage.

The spatially distributed results at sub-catchment level (Figure 5a, b) further indicate
that both rainfall amount and overall sub-catchment wetland extent (Figure S5 in Sup-
porting Information S7) modulate wetland sensitivity to precipitation variability. In the
north-eastern Cordillera Vilcanota region, located on the windward slope facing the Ama-
zon basin, mean precipitation is higher but the relationship between rainfall and wetland
dynamics is weak or statistically insignificant. In contrast, in the drier La Raya mountain
range, wetlands show a stronger precipitation dependency and a more pronounced intra-

and inter-annual variability.

Overall, the strong control of precipitation on wetland dynamics is consistent with
previous research, which shows that high-Andean wetlands are primarily sustained by direct
precipitation and hillslope groundwater discharge recharged by rainfall (Gribbin et al., 2024;
Cooper et al., 2019; de la Fuente et al., 2021). Isotope evidence from Cooper et al. (2019)
shows that wetland hydrology in the high central Andes remains largely independent of
glacier runoff, with meltwater bypassing wetlands via stream channels. This assumption,
that wetland and glacier dynamics represent two separate systems, would explain the strong
seasonal drying and wetting of wetlands in response to rainfall, even in sub-catchments with
potentially high glacier melt contribution. It also explains the persistence of wetlands and
their maintained seasonality in the La Raya mountain region, where glaciers have already
disappeared in most sub-catchments, and where precipitation is the only remaining water

source (Figure 3c).

3.2.2 Temperature

Temperature effects are generally weak across both study sites (Figure 5¢, d). Most sub-
catchments show statistically insignificant relationships with temperature, and no distance-
dependent pattern emerges. Temperature coefficients are consistently smaller than precipita-
tion coeflicients. A 1-SD increase in temperature in the Cordillera Vilcanota (corresponding

to around 2 °C; Table 1) results in a standardized wetland response ranging from -0.01 to
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0.07 SD (from -0.008 km? to +0.06 km?). The effect of temperature in the La Raya is

generally statistically insignificant.

In the Cordillera Vilcanota, average coefficients are similar across distance groups (0.03
=+ 0.04), yet individual sub-catchments display contrasting responses. Some glacier—proximal
sub-catchments show negative coefficients (< -0.1), suggesting drying with higher tempera-
tures, while others exhibit positive coefficients (> 0.1), indicating a wetting effect (Figure 5c¢).
Similar inconsistencies also occur in sub-catchments farther from glaciers and within the La
Raya region (Figure 5d). These opposing local responses, combined with predominantly
insignificant coefficients, suggest that temperature effects are highly variable and should be

interpreted with caution.

Overall, these results are contrary to our expectations. A stronger positive temperature—
wetland relationship might be expected in glacier—proximal areas of the Cordillera Vilcanota
if warmer periods enhanced meltwater inputs. The absence of such a pattern suggests that
the relatively small seasonal temperature range (1.7-4.5 °C) does not substantially increase
glacier meltwater contributions. This is also confirmed by Fyffe et al. (2021), who found that
rather than temperatures, intense radiative fluxes and their surface albedo are the primary
drivers of glacier melt in this region, which can result in ablation in low temperatures. In
the La Raya mountains, where glacier cover is minimal (0.1%) and temperature variability
is similarly limited (3.8-6.9 °C), temperature changes and glacier areas are likely insufficient

to generate additional meltwater to influence wetland extents.

The limited role of temperature may also partly reflect the nature of our regression
approach, which attributes most of the explained variability to the dominant precipitation
signal. This does not imply that temperature effects are absent. Rather, their relative con-
tribution is small and therefore masked by stronger precipitation-driven dynamics. Further-
more, we only consider monthly temperature variations, in a region where daily temperature
and radiation fluctuations are high and can cause significant variations in glacier melt runoff.
In addition, the chosen 6-year time period is too short to show any long-term temperature

trends, which could impact long-term wetland dynamics.

3.2.3 Glacier melt

While our analysis does not allow direct quantification of glacier melt contributions, sev-

eral independent results support our hypothesis, that wetlands located close to glaciers are
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hydrologically connected to glacier melt. A key result is the decline in the regression coeffi-
cients of precipitation and seasonality towards glacier—proximal areas (precipitation: 0.26 —
0.14; seasonality: 0.27 — 0.14; Figure 4a). This reduced precipitation importance indicates
that additional water sources, such as glacier melt, gain influence near glaciers and help
buffer seasonal wetland variations. This interpretation aligns with isotope evidence from
Gribbin et al. (2024), who detected a small but measurable glacier-melt contribution to wet-
land waters in a glaciated catchment in the Cordillera Vilcanota region. The buffering effect
however is highly localized and detectable within approx. 2.8 km of glacier margins, already
weakened by approx. 5 km, and dominated by precipitation beyond approx. 12 km (Table 3).
This aligns with the observation that wetland extents show a unimodal distribution in close
proximity to glaciers, indicating higher wetland stability, while wetlands in farther distance
to glaciers and in our deglaciated site, indicate a clear bi-modal wetting-drying seasonality
(Figure 3b, ¢). Consistent with previous work (Buytaert et al., 2017), glacier-melt impacts
thus diminish rapidly downstream. The absence of this distance-dependent pattern in the
largely deglaciated La Raya region (Figure 4b) further supports our hypothesis. Here, wet-
land dynamics are even stronger driven by precipitation (average coefficient 0.27 4 0.30 vs.
0.14 £ 0.05 in the Cordillera Vilcanota), reflected in faster dry-season wetland contraction

and occasional full desiccation (Figure 3c).

Table 3. Summary of sub-catchment distances to the 2000 glacier outlines across distance groups

using trimmed means and 5th—95th percentile statistics in both study sites.

Cordillera Vilcanota La Raya

p5 (km) mean (km) p95 (km) p5 (km) mean (km) p95 (km)

close dist. 1.3 2.8 4.9 2.8 6.0 12.3
medium dist. 2.0 5.0 10.3 3.6 10.0 22.1
far dist. 5.6 11.7 21.6 7.9 17.9 25.7

Hence, our spatially resolved analysis reveals systematic distance-related patterns that
refine the previously stated assumption, that wetlands and glaciers represent two separate
hydrological systems. We argue that although glacier-fed streams and wetlands may appear
disconnected when examined at broader catchment extents, localized hydrological linkages

still occur in glacier—proximal environments. The apparent discrepancy with earlier studies
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(Cooper et al., 2019) likely reflects scale effects. While glacier melt may influence wetlands at
very short distances, this signal diminishes rapidly along the drainage network and becomes

undetectable even at modestly larger spatial scales.

We note that our interpretation of spatial patterns in wetland dynamics relies on glacier
proximity and stream networks, but does not fully account for the complex geomorphological
context of high mountain wetlands. Wetlands in high mountain regions are located in very
complex geomorphological environments that include a variety of glacial and Quaternary
landforms, such as moraines, glacial lakes, kettle lakes, and tallus or debris deposits (Glas et
al., 2018; Chesnokova et al., 2020). These landforms often host aquifers of high permeability
and storage capacities (Emmer, 2024; O Dochartaigh et al., 2019), which might contribute
to the buffered seasonality as additional water stores. Our remote-sensing—based approach
cannot separate their contribution from glacier melt effects. However, the fact that the
buffering signal is only observed in the glacierized Cordillera Vilcanota study site suggests
that these stores might be at least partly glacier-fed. In the La Raya mountain range similar
peri-glacial landforms and hence, potential alternative water stores exist, but they do not

exhibit the same buffering effect.

In conclusion, our spatially distributed analysis shows that glacier melt contributes
measurably to wetland hydrology, but that this influence remains localized and does not
extend beyond a few kilometers from glacier margins (~ 1-5 km in the Cordillera Vilcanota).
Beyond this distance, precipitation and likely precipitation-recharged groundwater dominate
wetland variability, consistent across both glacierized and deglaciated catchments. The rapid
downstream attenuation of glacier influence explains why glacier—wetland linkages are not
detected at broader catchment scales. The strong precipitation dominance makes wetlands
more susceptible to pronounced intra- and interannual fluctuations, leading to higher annual

wetting—drying amplitudes in disconnected glacier—wetland systems (Figure 6).

3.3 Limitations and uncertainties

The regression analysis considers a constant 3-month time lag between wetland dynam-
ics and environment drivers for all sub-catchments. While this time lag correctly reflects
the catchment-scale and distance-class response, wetland response to precipitation and tem-
perature may vary between sub-catchments depending on topography and runoff pathways.

Furthermore, snow processes are simplified in our analysis. While snow is included in total
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Figure 6. Conceptual model of high-Andean wetlands across the three distance classes (a) and

the seasonality variability in glacier-connected and -disconnected wetland systems (b).

precipitation, we do not explicitly separate snowmelt from rainfall or account for melt timing.
In our high Andean sites, rapid melt, limited snow pack and the prevalence of sublimation
justify this assumption (Fyffe et al., 2021), though short-term meltwater contributions may
be underestimated. In addition to climatic controls, human management practices such as
irrigation can substantially alter high-Andean wetland dynamics. In the Peruvian Andes,
irrigation of wetlands allows some wetlands to remain green during the dry season (Verzijl &
Quispe, 2013; Monge-Salazar et al., 2022; Buytaert et al., 2006), leading our satellite-based
approach to classify them as permanently wet despite underlying seasonality. This can bias
estimates of wetting—drying cycles and the inferred role of glacier melt. Hence, part of the
observed dampened wetland variability may reflect human intervention rather than natural
hydro-climatic drivers. Finally, our assessment is based on only two study areas. Although
these two sites contrast clearly the difference between wetlands in glaciated and deglaciated

landscapes, regional variability may exist. Broader analyses at larger scale but at high
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spatial resolution are therefore needed to capture the full range of Andean glacier-wetland

connectivity.

4 Conclusions

Using six years of high-resolution wetland maps and spatially distributed regression
analysis, we demonstrate how glacier—wetland connectivity shapes high-Andean wetland
dynamics in southern Peru. Although precipitation dominates wetland variability in our
glacierized as well as in our largely deglaciated study sites, a strong spatial gradient emerges
in areas that receive meltwater inputs. Wetlands situated in close proximity to glacier mar-
gins show a reduced seasonality, indicating persistent water availability throughout the year.
This pattern suggests that glacier meltwater is dampening the magnitude of wetting—drying
cycles that would otherwise be driven by precipitation alone. Sub-catchments that lose direct
glacier—wetland connectivity rely increasingly on rainfall, resulting in more pronounced sea-
sonality and greater sensitivity to dry-season moisture deficits. This rapid spatial transition
from meltwater-buffered to precipitation-dominated wetlands reveals that glacier—wetland
linkages are limited to a relatively narrow upstream zone. Ongoing glacier retreat will

therefore most likely have only very localized impacts on wetlands.

Methodologically, our remote-sensing and regression framework provides a scalable ap-
proach to resolve spatial heterogeneity in wetland—glacier and wetland—climate linkages,
even though it cannot directly distinguish individual water sources or subsurface pathways.
By revealing systematic distance-dependent gradients in glacier influence, our study shows
how such a spatially explicit landscape-system approach can help to assess highly localized
wetland—glacier connectivity.
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Text S1. Wetland Mapping

Figure S1 displays the wetland mapping framework, which was developed originally to
create a global wetland map (see uncertainty assessment results and full mapping code
here: https://zenodo.org/records/14930773). For this study, we use the same framework,
but only employ it over our two South-Peruvian study regions. Similar to the global map,
the wetland maps for this study are created in Google Earth Engine using a supervised
classification approach that integrates multiple data sources: i. Spectral information from
Sentinel-1 and Sentinel-2 satellite imagery; ii. Topographic information derived from the
30 m NASA SRTM Digital Elevation Model (DEM); and iii. global ecoregion data from

the RESOLVE data set (Dinerstein et al., 2017).
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Figure S1. Workflow of the remote-sensing based wetland mapping approach.



Text S2. Sensitivity Analysis

Since the spatial regression is conducted at the sub-catchment scale, it is essential to select
an appropriate flow-accumulation (facc) threshold for delineating sub-catchments from the
Digital Elevation Model (DEM). The facc threshold represents the minimum number of
contributing cells required to initiate a stream and delineate river networks. This value is
region-specific, difficult to determine, and requires careful consideration (Lépez-Vicente et
al., 2014; Zhang et al., 2021).

In this study, we performed a sensitivity analysis to evaluate flow-accumulation thresh-
olds of 1,000, 2,000, 5,000, and 8,000 cells, examining how these thresholds influence the
classification of distance groups and how the mean wetland extent fraction varies across

groups under different threshold settings.

S2.1 North: Cordillera Vilcanota region

Different facc thresholds determine the size of each sub-catchment, thereby affecting the
total coverage of each distance group (Figure S2a-d). The overall geospatial patterns and
relative positions among groups remain similar regardless of the threshold value. However,
the choice of threshold has little impact on the relationship of mean wetland extent fraction
among the three distance groups (Figure S2e-h): the far-distance group consistently shows
higher wetland fractions during wet seasons across years. Sub-catchments closer to glaciers
exhibit the least variability in wetland extent. Thus, this distance-dependent relationship
is largely insensitive to the facc threshold.

As for which threshold to adopt, a higher facc value results in larger sub-catchments,
since more drainage cells are required to form a catchment, thereby covering a greater
area. Conversely, if the sub-catchment size is too small (e.g., facc = 1,000; Figure S2a),
the wetland areas within each catchment become limited, increasing uncertainty in wetland
classification—potentially leading to misclassifications that could distort observed wetland

dynamics in an individual sub-catchment. On the other hand, if the sub-catchments are
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too big (e.g., facc = 8,000; Figure S2d), the difference between far- and medium-distance
groups becomes exaggerated.

Given that wetland fraction dynamics are relatively insensitive to the facc threshold, we
adopted a 5,000-cell threshold for its balance between computational efficiency and spatial
robustness. Stream networks in all regions were delineated using this uniform threshold,
meaning that only cells receiving runoff from at least 5,000 upstream cells were classified

as river channels.
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S2.2 South: La Raya region

The overall conclusion of the sensitivity analysis in the La Raya region is consistent with
that in the Cordillera Vilcanota region: larger facc values produce larger sub-catchments
that cover wider areas; whereas smaller thresholds generate smaller sub-catchments and
may introduce greater uncertainty, especially when the baseline wetland coverage within
an individual sub-catchment is minimal (Figure S3a-d).

In the southern region, the relationship among the three distance groups is less consistent
across different facc thresholds, with facc = 1,000 and 2,000 showing similar patterns (Fig-
ure S3e-f). Overall, the differences among groups are smaller. The wetland variability in
the far-distance group is no longer the most pronounced; instead, the close-distance group
exhibits the highest wetland fraction from 2021 onward. However, this higher variability
could stem from the small size and limited coverage of the close-distance group. When
the threshold increases beyond 5,000, the relationship changes slightly. The wetland frac-
tions remain highest from 2019 to 2021 and in 2024, while being nearly identical during
the other years. This change probably because more sub-catchments were classified in the
close-distance group as the facc value increases (Figure S3g-h).

In summary, the wetland dynamics across distance groups in the La Raya region differ
from those in the Vilcanota region. Areas closer to glaciers no longer show consistently
higher wetland fractions throughout the year; instead, the dynamics become more similar
among groups.

To avoid overemphasizing the apparent variability in groups with small sample sizes and
to enable a more direct comparison between the two regions, we adopted the same facc

threshold for the La Raya region as used for the Cordillera Vilcanota region.
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Text S3. Glacier Dilution Algorithm

We assumed that the glacier impacts on high mountain wetlands propagate to each sub-
catchment through stream networks delineated using the facc value of 5,000 cells. Three
flags were defined to quantify glacial impacts for each segment:

1. glacier__flag: Assigned once at the outset, this binary indicator equals 1 if the
segment intersects a directly impacted sub-catchments (i.e., close-distance group) and 0

otherwise. It remains constant throughout propagation.

2. cum__flag: Indicates the cumulative upstream glacier impact. A value of 1 indicates
direct glacial impact, while 0 denotes no upstream glacial influence. Other values larger

than 1 reflect diluted glacial impacts. The higher the value, the greater the dilution effect.

3. inflow__count: For a given segment, this records the number of upstream tributaries
whose cum__flag is zero (i.e., glacier-unfed tributaries).

The glacier flag serves as a constant initial condition for each stream segment. Prop-
agation then proceeds in ascending Strahler Order and flow accumulation. For first-order
segments, which do not have any upstream tributaries, inflow count = 0 and cum_ flag
= glacier_flag. For segments of order n (where n > 2), the downstream flags are derived
exclusively from their immediate upstream tributaries as follows:

1. Create a list of cum_ flag values from all directly converging tributaries.

2. Compute downstream inflow count = number of zeros in that list.

3. If max(upstream cum_ flag) = 0, then downstream cum__ flag = 0; otherwise, cum__ flag
= max(upstream cum_flag) + inflow_ count.

This procedure ensures that each segment’s cum__flag captures the greatest dilution effect
of glacial influence upstream. Once all stream segments have updated their flag values, each
sub-catchment inherits the cum_ flag from its longest intersecting segment. The flowchart

of this algorithm presented as pseudocode is shown in Figure S4. The methodology and



X-9

rationale underlying the classification of each distance group are presented in the main

text.
Initial Setting Propagate Flags Extract subs.
start Sort edges by Write back flags
Strahler Order & flow acc. Find direct tribs. to streams
upstream
A 4
Read inputs: ! i i ¥
- subs glacier_flag==1? Bulld cums. list: Filter cum_flag >0
- dlacier_subs zeros—count(cu_msl— ) 10 extract
- streams - -
Yes No
1 4
¥ edge.cum_flag=1 _ Buffer & spatial
Mark glacier- node[u].cun: flag=1 join to extract subs.
impacted streams —
Yes No
$ y
Next edge new cum = Pick longest stream
Build directed max(cums)+zeros within each subs.
graph G Yes l
Update edge ¥
. N strahler==17? No — /node flags Assign glacier_flag
Init all flags to 0 to subs

Figure S4. The workflow of propagating glacier’s dilution impacts.
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Text S4. Spearman correlation

Spearman correlation (ps), which relies on the ordinal ranking of observations rather than
their raw values, is appropriate when the assumptions underlying Pearson’s correlation
are violated (Gogtay & Thatte, 2017). Before calculating Spearman’s correlation, the
paired observations (X;, Y;) are first sorted, then ranked and denoted (R(X;), R(Y;)). The

equations are shown as below:

6> d;
i=1
n(n? —1)

(1)

pe=1-
where d; = R(X;) — R(Y;) is the difference in ranks for ith pair; ps is the Spearman rank
correlation coefficient; n is the number of paired observations.

We calculated the Spearman correlation between the regional average time series of wet-
land extent, temperature, and precipitation. To identify the most appropriate lag between
wetland dynamics and climatic predictors, we applied cross-correlation analysis. Because
wetlands respond to local climate with a delay due to runoff accumulation and hydrological
buffering, we shifted the wetland time series from no lag up to 4-month lag relative to
temperature and precipitation. Spearman correlations were then computed for each lagged
wetland series against the climatic predictors. In the Cordillera Vilcanota region, we found
that a 3-month lag produced the strongest and most significant correlation. For consistency

and to enable direct comparison, we applied this same lag to the southern study site.



Text S5. Ridge regression coefficients

Table S1. The average coefficients and its corresponding 95 % confident intervals (CI)

across distance groups in two study sites.

Variables
Study site Distance to glaciers
temperature precipitation  seasonality trend
far dist. 0.02 £0.04 0.26 £0.09 0.27 &+ 0.08 -0.07 = 0.03
Cordillera medium dist. 0.04 £0.04 0.21 £0.04 0.21 &£ 0.04 -0.11 £+ 0.04
Vilcanota close dist. 0.02 £0.03 0.14 £0.05 0.14 £ 0.03 -0.04 £ 0.03
far dist. / 0.26 £ 0.08 0.20 £ 0.06 -0.14 + 0.05
medium dist. / 0.14 £ 0.03 0.18 £ 0.05 -0.09 £ 0.02
La Raya
close dist. / 0.27 £0.30 0.32 £ 0.30 -0.18 £ 0.24
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Text S6. Explained Variance Calculation

Apart from using standardized regression coefficients to compare predictors across sub-
catchments, we quantify the explained variance to assess the relative importance of each
predictor within individual sub-catchments (Grémping, 2007). This metric reflects how
strongly the contribution of a given predictor varies together with the overall model pre-
diction. Predictors whose contributions are closely aligned with the predicted response
account for a larger share of the explained variance.

In our Ridge linear regression model, let §. = § — E[y] denote the centered model predic-

tion, which can be written as the sum of the individual predictor contributions:
Go=>_ X;b; (2)
J

The total explained variance of the model is quantified by the coefficient of determination,

_ Var(ge)

R = Var(y) )

which measures how much of the variability in the observed response is captured by the
model prediction, and where Var(y) denotes the variance of the observed response within
each sub-catchment. Because the model prediction is the sum of predictor-specific contri-

butions, the variance of the prediction can be decomposed using the linearity of covariance:

Var(ge) = Y Cov(X;65, i) (4)
J
Based on this, the fraction of explained variance attributed to predictor ;7 was defined as:

W — COV(XJ'BJ', QC)
J Var(y) (5)

By construction, the predictor-specific contributions sum exactly to the model R?:

Z wj; = R2 (6)



Text S7. Relative wetland coverage

Relative wetland coverage is calculated as the ratio of wetland area within each sub-

catchment to the total sub-catchment area.

13.6°S

14.0°S

14.4°S

14.7°S

Legend: [ giacier el Area (: [ T T I

0 1 3 5 10 20 50

Figure S5.  The relative wetland area per sub-catchment in the Cordillera vilcanota

region (a) and La Raya region (b) within three distance groups.
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