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Abstract. Characterized by low temperatures, low oxygen availability and strong ultraviolet radiation, the Third Pole glacier
region is highly sensitive to global change. We integrated multitemporal records for 36,374 glaciers with remote-sensing,
reanalysis and environmental datasets to assess forefield vegetation dynamics and their climatic, edaphic and topographic
controls. Our results showed that glacier forefields covered 7003.11 km?2, and were concentrated at elevations of 4000-6000 m.
From the earliest recorded glacier outlines to 2022, mean retreat area per glacier was clearly greater in the monsoon region than
in the westerly region (0.389 versus 0.122 km?). Across these forefields, the normalized difference vegetation index (NDVI)
increased significantly from 2000 to 2022 (slope = 0.013 decade ™!, R? = 0.607, p < 0.001). Both greening and growing-season

—1 and

lengthening were significantly faster in the monsoon region than in the westerly region (0.018 versus 0.009 decade
3.80 versus 0.20 days decade ™!, respectively; p < 0.001). Our results also revealed that NDVI was associated with thermal
conditions and soil properties, including field capacity, soil organic carbon and bulk density. Overall, vegetation succession in
Third Pole glacier forefields is a staged process triggered by climate warming and snow-cover change, progressively supported
by soil development and constrained over the long term by high-elevation terrain. Together, these findings reveal spatially
uneven greening trajectories across Third Pole glacier forefields and suggest that their environmental constraints change as
newly exposed landscapes develop, providing a scientific basis for understanding alpine ecosystem responses to climate change
in extreme habitats.

Keywords: glacier forefields; vegetation succession; normalized difference vegetation index; mixed-effects model; climate

change

1 Introduction

The Third Pole usually refers to the Qinghai-Tibet Plateau and its surrounding high mountain systems, with a total area of
more than 5 million square kilometres and a mean elevation of more than 4000 m (Yao et al., 2012). Its high elevation and
large cryospheric storage make it regarded as one of the largest concentrations of ice outside the polar regions, and it affects
regional and even global climate, water cycling and biodiversity patterns. The Randolph Glacier Inventory (RGI) 7.0 lists
approximately 131,762 glaciers in the Third Pole, covering 99,468.5 km? (RGI Consortium, 2023). The estimated ice volume
is approximately 7,481 km? (Zemp et al., 2019). According to hydrothermal conditions and glacier physical properties, they can
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be divided into maritime, subcontinental and extremely continental glaciers (Yang et al., 2015). With global climate warming,
mountain glaciers in the Third Pole are undergoing significant mass loss and retreat. Estimates based on ASTER satellite
stereo-image digital elevation models covering 92% of the glacier area of the Third Pole show that from 2000 to 2016, the
mean annual mass change of Third Pole glaciers was -0.18 +/- 0.04 m w.e. yr—!

Mountains, reaching -0.62 +/- 0.23 m w.e. yr‘1 (Brun et al., 2017; The GlaMBIE Team et al., 2025).

, with the strongest loss in the Nyaingentanglha

Global glacier retreat is exposing extensive new terrestrial, lacustrine, wetland and riverine habitats. These emerging ecosys-
tems have distinctive environmental conditions. Projections based on the GloGEM model and CMIP6 scenarios suggest that,
outside the Greenland and Antarctic ice sheets, glacier retreat may expose 149,000 +/- 55,000 km? of potential new ecosystem
area under SSP1-2.6, roughly the area of Nepal, and 339,000 +/- 99,000 km? under SSP5-8.5, roughly the area of Finland,
by 2100 (Bosson et al., 2023). Such emerging ecosystems provide irreplaceable habitats and natural laboratories for studying
vegetation primary succession (Ficetola et al., 2024; Pothula and Adams, 2022). First, they begin from bare moraines, sand,
gravel, debris and newly formed glacial lakes. Initial substrates consist of heterogeneous patches of sandy sediments, exposed
debris, erosion gullies, floodplains and debris-flow deposits, and are typically poor in organic carbon, nitrogen and other nu-
trients (Franzetti et al., 2020; Wojcik et al., 2021). Second, these habitats are highly heterogeneous: microtopography, aspect,
water content, sediment grain size and distance from the glacier terminus jointly shape vegetation colonization and commu-
nity composition (Wei et al., 2022; Wojcik et al., 2021). Finally, succession often proceeds from microorganisms, mosses and
lichens to herbs, shrubs, forests or alpine meadow communities, accompanied by increases in soil organic carbon, total ni-
trogen, available phosphorus and microbial community complexity (Ferndndez-Martinez et al., 2017; Goransson et al., 2011;
Schmidt et al., 2008). In the Hailuogou Glacier forefield of Gongga Mountain, for example, a nearly 2 km chronosequence
spanning about 120 years of retreat extends from bare ground and sparse pioneer herbs to shrubland, broadleaf forest and
mature mixed conifer-broadleaf forest. During this process, soil organic carbon, total nitrogen and microbial community struc-
ture change substantially, illustrating the transition from bare substrate to a relatively stable ecosystem (Bai et al., 2020; He
and Tang, 2008). Biological legacies from retreating glaciers may also influence the assembly of emerging soil communities
(Cantera et al., 2026). Glacier forefields are therefore not only spatial carriers of emerging ecosystems, but also representative
settings for analysing colonization, community replacement and ecosystem functional recovery.

Vegetation succession in glacier forefields is not driven simply by time since retreat. It is a dynamic process jointly reg-
ulated by initial environmental conditions, geomorphic disturbance, species dispersal and biological interactions (Chapin et
al., 1994; Wojcik et al., 2021). Within this framework, theoretical and empirical studies commonly describe three interacting
mechanisms: habitat filtering, time and dispersal, and biotic interactions (Hanusch et al., 2022). Habitat filtering emphasizes
constraints imposed by low temperature, drought, substrate instability, weak soil development and nutrient poverty. Unmanned
aerial vehicle imagery from three glacier forefields in the eastern Pamir Plateau and western Tianshan of the Third Pole revealed
a negative relationship between fractional vegetation cover and gravel cover, supporting the importance of habitat filtering (Wei
et al., 2022). Time and dispersal emphasize the roles of succession age, dispersal distance and dispersal mode in controlling
community assembly rates. In the Baishui No. 1 Glacier forefield of Yulong Snow Mountain, communities were divided into

three stages (9-13, 13-102 and 110-400 years), developing from bare ground to sparse vegetation and then alpine meadow.
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Dominant dispersal modes shifted from wind dispersal in early stages to animal dispersal later, indicating the role of dispersal
mode in community assembly (Chang et al., 2014). Biotic interactions focus on facilitation, competition and plant-soil feed-
backs during succession (Jones and Del Moral, 2009; Jumpponen et al., 1999; Llambf{ et al., 2021; Song et al., 2019). A joint
species distribution modelling study of 117 plant species in four Alpine glacier forefields showed that positive and negative
species associations explained up to 34% of spatiotemporal variation in plant communities (Losapio et al., 2021). Positive asso-
ciations dominated pioneer communities, whereas negative associations strengthened as community age increased, suggesting
a shift from early facilitation to later competition (Losapio et al., 2021). These mechanisms do not replace one another. Their
relative importance changes through succession: early communities are often controlled by dispersal limitation and strong
environmental filtering, whereas soil development, increasing vegetation cover and stronger biological feedbacks gradually
increase facilitation, competition and deterministic assembly processes (Chapin et al., 1994; Hanusch et al., 2022; Song et al.,
2019).

The heterogeneity of the regional environment of the Third Pole means that studies of one or several glacier forefields cannot
fully explain the overall regional state, so regional-scale studies are urgently needed to analyse the vegetation patterns, succes-
sion rules and influencing factors of glacier forefields (Zou et al., 2025). The eastern and southern parts of the Third Pole are
mainly controlled by the Indian monsoon, whereas the western and northern parts are more affected by westerly circulation, and
the two differ significantly in precipitation patterns, water-vapour sources and wet-dry differentiation. In addition, the forefields
of maritime, subcontinental and extremely continental glaciers also differ significantly in retreat rate, substrate stability, soil
development and vegetation colonization conditions. This may lead to inconsistent succession starting points, succession rates
and community assembly mechanisms among different regions, leaving a key gap for fully understanding vegetation succession
in Third Pole glacier forefields (Casallas et al., 2025). This study aimed to explore the spatiotemporal patterns of vegetation
succession and the climatic and environmental driving factors in the extreme habitats of Third Pole glacier forefields from
2000 to 2022. Specifically, (1) we constructed a Third Pole glacier forefield dataset and analysed the elevational characteristics
and spatial differences of its distribution; (2) with NDVI and phenology (green-up date, withering date and growing-season
length) as the core indicators, we quantified the spatiotemporal trends of vegetation greening in glacier forefields; and (3) we
analysed the effects of multiple types of factors, including climate, soil, topography and glacier attributes, on NDVI change
trends, analysed the shift characteristics of driving mechanisms among forefields with different retreat times, and quantitatively

identified the dominant controlling factors of vegetation succession.
2 Materials and methods

2.1 Study area

This study focused on glacier forefields within 65-105 degrees E and 25-50 degrees N, covering the Tibetan Plateau and
surrounding mountains, including the Himalaya, Hindu Kush, Pamir and Tianshan ranges, in the interior of Eurasia. Elevation
in the study area ranges from 3101 to 8848 m. The region has complex tectonic and geomorphic settings and largely retains

primary ecological conditions, with cold-, drought- and hypoxia-tolerant periglacial species such as Saussurea spp., Rhodiola
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spp. and Androsace spp. The Third Pole contains extremely continental, subcontinental and maritime glaciers. Maritime glacier
regions have comparatively favourable hydrothermal conditions and can support montane mixed conifer-broadleaf forests and
subalpine coniferous forests, whereas continental and subcontinental glacier regions are mostly located in colder and drier
alpine environments with slow soil development. The study area has a plateau mountain climate controlled mainly by the
Indian summer monsoon and the subtropical westerlies. We therefore divided it into a southeastern monsoon-dominated region

and a western westerly-dominated region (Huang et al., 2023).
2.2 Data collection

Glacier forefields are areas exposed after glacier retreat from surfaces formerly covered by ice (Matthews, 1992; Rydgren et al.,
2014). Glacier boundary data were obtained from the Global Land Ice Measurements from Space (GLIMS) database (GLIMS
Consortium, 2005). We selected glaciers with boundary outlines from at least two mapping years and delineated retreat areas
from the spatial differences between successive outlines. The midpoint year between two boundary dates was assigned as
the retreat year for each sample, representing the approximate exposure time of the forefield surface. For each glacier retreat
polygon, we generated five random sample points under a glacier-level stratified sampling design to balance local heterogeneity
and computational efficiency.

To assess the robustness and repeatability of the five-point sampling design, we conducted an independent resampling pro-
cedure. Using the same rule, a second set of five random points was generated for the same retreat polygon of each glacier,
producing two independent sample sets (A and B). In total, 36,374 glaciers were included, yielding 363,740 sample points, with
10 points per glacier, for multi-angle validation of the sampling design. First, median standardized differences between the two
sets (Median |A - BI/SD) were low for most variables, especially temperature, precipitation, soil physicochemical properties
and NDVI across different periods, and generally remained below the threshold of 0.2 (Fig. S1). Second, kernel density com-
parisons showed that the two independent random samples had highly consistent environmental and vegetation distributions at
the point scale (Fig. S2). Third, principal component analysis indicated strong overlap between the two samples in multivari-
ate space, with nearly identical point clouds and confidence ellipses (Fig. S3). Finally, sample sets A and B showed similar
distributions of Mahalanobis distances to the centroid of sample set A in PCA space (Fig. S4). Together, these four validation
approaches show that the random sampling design produced highly consistent univariate differences, distributional structures,
multivariate patterns and deviations from the environmental centre, with no obvious systematic bias. The sampling scheme is
therefore robust, repeatable and capable of representing environmental and vegetation characteristics of glacier forefields.

The normalized difference vegetation index (NDVI) combines spectral reflectance in red and near-infrared bands and pro-
vides a global measure of vegetation greenness (Carlson and Ripley, 1997). NDVI is also positively correlated with annual
aboveground net primary productivity and is considered a reliable proxy for estimating vegetation productivity in mountain re-
gions (Paruelo et al., 1997; Rumpf et al., 2022). We therefore used NDVI as an indicator of vegetation greening and succession.
Vegetation dynamics were characterized using the MODIS NDVI product MOD13Q1, a 250 m, 16-day composite distributed
by NASA's Land Processes Distributed Active Archive Center (Didan, 2021).



130

135

140

145

150

https://doi.org/10.5194/egusphere-2026-6151
Preprint. Discussion started: 3 November 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

Climate conditions were represented by 2 m air temperature from ERAS5-Land reanalysis and precipitation from the CHIRPS
v2.0 dataset (mm month~') (Funk et al., 2015). The Palmer Drought Severity Index (PDSI) is a standardized drought index
based on precipitation, evapotranspiration and soil-water balance, with smaller values indicating drier conditions and negative
values usually representing drought (Funk et al., 2015). We used monthly PDSI products from TerraClimate as an indicator of
regional drought severity (Abatzoglou et al., 2018).

Soil variables were obtained from SoilGrids 2.0 at 250 m resolution and 0-5 cm depth, including soil pH, soil organic carbon
(soc), cation exchange capacity (cec), bulk density (bdod), field capacity (wv0033), total nitrogen (N) and coarse fragment
volume (cfvo) (Poggio et al., 2021). These properties characterize soil water and nutrient retention and were treated as static
variables (Turek et al., 2023). Topographic parameters included elevation and slope, which were extracted for each sample
point from the 30 m SRTM DEM (Farr et al., 2007).

All datasets were spatially registered in the WGS 84 coordinate system to ensure correspondence between samples and
environmental variables. Data quality control removed missing or invalid NDVI, temperature and precipitation values and

checked the consistency between glacier IDs and coordinates.
2.3 Data analysis
2.3.1 Estimation of NDVI trends and climate sensitivity

We estimated trends in annual maximum NDVI, mean annual temperature (T_mean) and annual total precipitation (Pre_annual)
at each sample point during 2000-2022. Trends were estimated using Theil-Sen slopes and evaluated with the Mann—Kendall
test (Sen, 1968). The estimator was defined as:

NDVI; — NDVI;

ﬁNDV]:median( PR ),i<j (1)
7 i
. i VN
Br = median( . ),i<j (2)
j— i
. =Py
Bp = median( ),i<j 3)
t—t;

where i and j are the values in years i and j, t is time in years, T is mean annual temperature and P is annual total precipitation.
This procedure yielded trend slopes for NDVI, temperature and precipitation. The Mann-Kendall non-parametric test was then
used to determine whether these temporal trends were statistically significant (Mann, 1945).

To evaluate vegetation responses to climate change, we estimated the sensitivity of NDVI to temperature and precipitation at
each sample point. Temperature and precipitation changes were used as denominators to construct Theil-Sen-type sensitivity

estimates (S) for NDVI responses to temperature and precipitation:
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where S7 and Sp denote the sensitivities of NDVI to temperature and precipitation, respectively; 7; and 7 are mean
annual temperatures in years i and j; and P_i and P_j are annual total precipitation values in years i and j. Larger absolute
values indicate stronger NDVI responses to the corresponding climate factor. Positive values indicate that NDVI increases
with that factor, whereas negative values indicate an inverse relationship. Significance was evaluated using the Mann-Kendall

non-parametric test.
2.3.2 Vegetation phenology

We used the MODIS MOD13Q1 NDVI product, with 16-day temporal resolution and 250 m spatial resolution, to construct
annual within-year NDVI time series for each sample point from 2000 to 2022 (Didan, 2021). MOD13Ql is a pixel-based 16-
day vegetation index composite product that reliably characterizes vegetation growth dynamics at regional scales (Didan, 2021).
The Savitzky-Golay filter has been widely used to reconstruct remote-sensing vegetation time series because it suppresses noise
while preserving the shape of seasonal curves (Chen et al., 2004; Jonsson and Eklundh, 2004). To reduce the effects of cloud
contamination, observation errors and short-term anomalies on phenological detection, we smoothed the annual NDVI series
at each sample point using a Savitzky-Golay filter with polynomial order p = 2 and window width w = 5.

Phenological metrics were extracted from the smoothed annual NDVI curves using a relative-threshold method. This rule-
based approach is commonly used in remote-sensing phenology, and amplitude-based thresholds can adapt to seasonal differ-
ences among vegetation backgrounds while remaining interpretable and robust for large-scale applications (Zeng et al., 2020).
We first calculated the seasonal amplitude for each point and year as the difference between annual maximum and minimum
NDVI. A threshold equal to 20% of the amplitude was then used to identify start of season (SOS), end of season (EOS) and
length of growing season (LOS). Time-series analyses retained only points with at least 10 valid years. Interannual trends in

SOS, EOS and LOS from 2000 to 2022 were calculated and expressed consistently as days decade ~*.
2.3.3 Extreme climate indices

Extreme climate events, including drought, extreme precipitation, heat waves and extreme cold, depart from the environments
to which vegetation is adapted. They can suppress plant growth or cause mortality and are therefore important variables affect-
ing vegetation succession in glacier forefields (Niu et al., 2014). The Expert Team on Climate Change Detection and Indices
(ETCCDI) of the World Meteorological Organization has defined a suite of climate extreme indices to facilitate comparison
among studies. We selected 27 indices (Table S1) that are commonly used to evaluate the intensity, frequency and duration of

climate extremes (Jiang et al., 2012, 2015; Wartenburger et al., 2017; You et al., 2008).
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2.3.4 Growing degree days

We used growing degree days (GDD) to represent the thermal resources available for vegetation growth in glacier forefields.
GDD accumulates the positive difference between daily mean temperature and a biological base temperature and is an impor-
tant metric for characterizing thermal limitation on plant growth in alpine regions (Loffler and Pape, 2020; Wang, 1960).

Daily GDD was calculated as:

GDD; = max (TM; — Ty, 0) (6)

where T'M; is daily mean temperature and 73 is the base temperature. When daily mean temperature exceeds the base
temperature, the excess is counted; otherwise GDD is set to 0. Daily values were then accumulated to monthly and annual
scales. Because alpine plant growth is highly sensitive to low-temperature thresholds, we used 0 degrees C and 5 degrees C as

base temperatures to construct GDD0 and GDDS5 (Lukasova et al., 2025).
2.3.5 Mixed-effects modelling

To identify the dominant climatic and environmental controls on vegetation succession in glacier forefields, we used linear
mixed-effects models (LMMs) (Kuhn et al., 2025; Pinheiro and Bates, 2000). LMMs estimate fixed effects of environmental
predictors while including random effects associated with repeated observations or spatial heterogeneity among sample points.
This approach accounts for non-independence among observations and improves the robustness and ecological interpretability
of parameter estimates (Dormann et al., 2007).

The general model structure was:

NDV Inax = Bo+ Y _ BeXi + (1] samp) + e (7
k=1

where N DV I, is growing-season maximum NDVI and represents vegetation productivity at sample point i in year t. 3
is the model intercept, 5y, is the fixed-effect coefficient for predictor Xy, (1| samp) is the random intercept for sample point
i and ¢ is the residual error. The random intercept controls for non-independence caused by repeated observations at the same
point and unobserved spatial heterogeneity among points.

Fixed effects included environmental predictors representing climate, soil, terrain and glacier conditions. Climate vari-
ables included daytime land surface temperature (LSTD), night-time land surface temperature (LSTN), mean 2 m air tem-
perature (T_mean), total precipitation (Pre), growing-season precipitation (Pre_grow_sum), non-growing-season precipitation
(Pre_nongrow_sum) and snow-cover duration (SCD). Soil variables included field capacity (wv0033), soil organic carbon
(soc), cation exchange capacity (cec), bulk density (bdod), coarse fragment volume (cfvo), soil pH (pH_H5O) and total ni-
trogen (N), which characterize water and nutrient retention. Terrain and glacier predictors included elevation (dem), slope,

retreat area (dt_area), glacier status (retreating or advancing) and retreat year (r_year), representing geomorphic constraints
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and glacier-retreat history. Before model fitting, all continuous predictors were standardized using z-scores to compare effect
sizes, and variance inflation factors (VIFs) were used to assess multicollinearity. Variables with VIF > 5 were removed. LMMs
were fitted in R version 4.5.0 using the Ime4 and ImerTest packages (Bates et al., 2015; Kuznetsova et al., 2017). Model per-
formance was evaluated using Akaike information criterion (AIC) and marginal and conditional R? values calculated with the

performance package. Fixed-effect significance was determined using Wald chi-square tests and 95% confidence intervals.
2.3.6 Multiple factor analysis

To summarize environmental differentiation among glacier forefields at different succession stages, we used multiple factor
analysis (MFA) to jointly reduce the dimensionality of climate, soil and terrain variables. MFA was developed for data struc-
tures in which the same observations are described by multiple groups of variables. It is appropriate when variables have
explicit group membership but need to be analysed in a unified framework (Escofier and Pages, 1994; Pages et al., 1991). MFA
preserves group structure within an overall ordination, thereby extracting the main shared environmental gradients among sam-
ples while retaining the information organization within each variable group (Peres-Neto et al., 2006). It is therefore suitable
for analysing composite environmental space under the joint influence of climate, soil and terrain (Abdi et al., 2013).
Environmental variables used in MFA were divided into three groups corresponding to the climate, soil and terrain groups in
the fixed-effect models. We extracted the variance explained by the main axes, the contribution of each variable group to each
dimension, and the coordinates, contributions and cos2 values of individual variables on the first two axes. These metrics were

used to interpret the main environmental gradients and the positions of different succession stages in environmental space.
2.3.7 Structural equation modelling

To test direct and indirect relationships among climate change, soil chemical conditions and vegetation succession in glacier
forefields, we constructed a structural equation model (SEM) (Rosseel, 2012). The SEM was used mainly to analyse direct
effects of temperature and precipitation change on NDVI trends and whether climate factors indirectly affected vegetation
recovery through changes in soil chemistry. NDVI trends represented the intensity of vegetation succession from 2000 to
2022, temperature and precipitation trends represented regional climate change, and soil pH represented the soil chemical
environment. Because this analysis focused on the mediating mechanism linking climate, soil and vegetation, rather than
on a complex path network including all environmental variables, not all soil, terrain and glacier attributes were included
simultaneously. Final variable selection was based on random forest importance ranking, mixed-effects modelling results,
ecological meaning and path-model interpretability, thereby avoiding model redundancy and overfitting.

Before modelling, all continuous variables were standardized to remove dimensional differences and improve comparability
among path coefficients. Model fit was evaluated using the chi-square test, comparative fit index (CFI), Tucker-Lewis index
(TLI), root mean square error of approximation (RMSEA) and standardized root mean square residual (SRMR) (Rosseel,
2012). Variables and paths that did not improve model fit, were not significant or lacked clear ecological meaning were excluded
from the final model. The final SEM reported standardized path coefficients and significance levels to quantify direct climate

effects on NDVI trends and indirect effects mediated by soil pH (Rosseel, 2012).
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2.3.8 Statistical analysis

All statistical analyses were performed in R version 4.5.0 and Python version 3.14.0. ArcMap 10.8 (Esri Inc., Redlands, CA,
USA) was used for geometric correction, band compositing and study-area clipping of remote-sensing images, and maps were
produced in the WGS 1984 coordinate system. Pairwise relationships among variables were tested using Pearson correlation
analysis. Hierarchical clustering was used to visualize the correlation matrix and identify groups of closely related drivers. All

variables were standardized before analysis. Statistical significance was set at p < 0.05.

3 Results
3.1 Elevational differentiation and spatial heterogeneity

We identified 36,374 glacier forefields across the Tibetan Plateau and surrounding high mountains and constructed a Third Pole
glacier-forefield NDVI dataset for 2000-2022. The glacier distribution extended from 67.48 to 101.90 degrees E and from 27.50
to 45.30 degrees N, covering major glacierized regions such as the Himalaya, Karakoram, Kunlun, Tanggula and mountains
along the southeastern margin of the Tibetan Plateau. This study mainly focused on forefields formed since 1959, with retreat
years ranging from 1959 to 2014. Elevations of Third Pole glacier forefields ranged from 3101 to 8048 m. Most occurred
between 4000 and 6000 m, which contained 73% of observed forefields, and the median elevation was 5224 m. Forefield area
increased overall, and 72.7% of glaciers showed retreat, exposing additional forefield terrain. Mean retreat area was 0.19 km?2,
with strong spatial heterogeneity. Exposure of glacier forefields across the Third Pole was relatively slow, averaging 0.139 km?
of newly exposed forefield area per decade by 2022 (Fig. 1).

Glacier forefields showed marked differences between climatic regions. Although glaciers were more numerous in the
westerly-dominated region, glaciers in the monsoon-dominated region retreated faster and exposed larger forefield areas per
glacier, so cumulative forefield area was greater in the monsoon region. The cumulative exposed area of glacier forefields
exceeded 7003.11 km?2. A total of 26,752 glaciers, or 73.5% of the dataset, were located in the westerly-dominated region,
compared with 9622 glaciers (26.5%) in the monsoon-dominated region. The number of glaciers in the westerly region was 2.8
times that in the monsoon region, but total forefield area was smaller. Forefield area in the monsoon region was about 3742.50
km?, accounting for 53.4% of the total, whereas cumulative forefield area in the westerly region was about 3260.61 km?, or
46.6%. In terms of temporal change, 73% of glacier forefields in the monsoon region showed increasing area, whereas 59% of
glaciers in the westerly region showed decreasing forefield area. By 2022, the mean exposed area formed by glacier retreat was

about 0.389 km? per glacier in the monsoon region, substantially higher than the 0.122 km? per glacier in the westerly region.
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Figure 1. Spatial distribution and area changes of glacier forefields across the Third Pole. Circle size represents the number of sample points,
whereas circle colour indicates the direction and relative magnitude of mean forefield-area change. Blue and red shades denote contraction
and expansion, respectively. The dashed red line separates the westerly- and monsoon-dominated regions, and blue lines indicate rivers. Pie
charts show the proportions of expanding and contracting forefields within each climatic region. The lower-left inset compares the regional

shares of sampled glaciers and total deglaciated area, with white indicating the westerly region and grey the monsoon region.

3.2 Persistent greening and lengthening growing seasons

From 2000 to 2022, vegetation in Third Pole glacier forefields showed a significant greening trend (Fig. 2a). Regional mean
NDVI increased linearly and significantly, with a slope of 0.013 decade ! (R? = 0.607, p < 0.001). Overall, 76.5% of forefields
showed positive NDVI trends, indicating continued vegetation succession during the past two decades. NDVI trends were
spatially heterogeneous, with significant increases concentrated in the eastern and southeastern Tibetan Plateau and along
some mountain margins. Greening was weaker in the westerly-dominated region, where mean NDVI increased by 0.0092
decade™! (Fig. 2b). In contrast, 80.3% of forefields in the monsoon-dominated region exhibited positive NDVI trends, with

mean NDVI increasing at twice the westerly rate (0.0184 decade™!).
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Figure 2. NDVI trends in Third Pole glacier forefields. (a) Spatial pattern of NDVI trends in glacier forefields from 2000 to 2022. (b) Com-
parison of NDVI trends between monsoon-dominated and westerly-dominated regions. (¢) NDVI trends across elevation bands. Asterisks

indicate significance levels: p < 0.05 (¥), p < 0.01 (*¥*), and p < 0.001 (***).

Phenological changes showed that lengthening growing seasons provided an important window for vegetation greening in
glacier forefields. SOS and EOS were mostly stable, with 70.2% and 68.2% of forefields showing no significant trend, respec-
tively. LOS showed a weak overall lengthening trend (slope = 1.53 days decade '), but with strong heterogeneity. More than
half of forefields showed no significant LOS trend, 26.7% showed significant lengthening, and only 18.97% showed significant
shortening (Figs S5-S7). Spatially, earlier SOS occurred mainly from the eastern Himalaya to the Tanggula Mountains, whereas
delayed SOS was concentrated near the boundary between the westerlies and southwest monsoon and around the western Hi-
malaya. Delayed EOS was more pronounced in the monsoon region, whereas parts of the southern Karakoram showed earlier
EOS. LOS Iengthening was concentrated mainly along the southeastern margin of the Tibetan Plateau. LOS lengthening was
significantly stronger in the monsoon region (n = 4767) than in the westerly region (n = 8079). The mean slope was 3.80 days
decade™! in the monsoon region, with 35.7% of forefields showing positive trends, compared with only 0.20 days decade !
and 20.8% positive trends in the westerly region. Thus, growing-season lengthening was most evident in southeastern Tibetan

Plateau glacier forefields, and phenological responses were more sensitive in the monsoon region than in the westerly region.
3.3 A shift from warming-triggered recovery to soil and elevational constraints

From 2000 to 2022, the study area experienced significantly increasing precipitation and weak warming, with pronounced
spatial heterogeneity under the influence of the westerlies and South Asian monsoon (Figs. 3a,b). Annual total precipitation
and mean growing-season precipitation increased significantly, by 56.35 and 37.95 mm decade ™!, respectively. By contrast,
trends in mean annual temperature and mean growing-season temperature were not significant, although values increased

from -8.48 °C to -7.80 °C and from 1.57 °C to 2.20 °C, respectively. Both warming and wetting trends were stronger in
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the monsoon region than in the westerly region. Precipitation increased significantly in both climatic regions: annual total

precipitation increased by 86.10 mm decade !

in the monsoon region, 1.9 times the rate in the westerly region (45.66 mm
decade™!). Mean growing-season temperature trends were not significant in either region (Figs. 3c,d). Snow-cover duration
decreased significantly in the monsoon region, at -9.29 days decade™! (Fig. 3e), providing a longer potential window for

vegetation succession.
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Figure 3. Spatiotemporal trends in precipitation and temperature in Third Pole glacier forefields from 2000 to 2022. (a) Spatial distribution of
precipitation trends in glacier forefields; colours indicate annual precipitation change rate (mm yr~'), and the dashed line marks the boundary
between westerly-dominated and monsoon-dominated regions. (b) Spatial distribution of mean temperature trends in glacier forefields;
colours indicate temperature change rate (degrees C yr™ ). (c) Temporal changes in annual precipitation, growing-season (GS) precipitation
and non-growing-season (NGS) precipitation under different wind regimes. Dashed lines indicate fitted linear trends. (d) Temporal changes
in annual mean temperature and corresponding GS and NGS temperatures under different wind regimes. Dashed lines indicate fitted linear
trends. (e) Interannual changes in snow-cover duration in glacier forefields under different wind regimes. Symbols and colours indicate wind

regimes.

Sensitivity analysis showed that temperature was the main climatic factor affecting NDVI changes in glacier forefields,
with NDVI being significantly more sensitive to temperature than to precipitation. The mean NDVI-precipitation sensitivity
coefficient was close to zero (-8.23 x 10~?), and NDVI responded negatively to increased precipitation in 51.23% of the region

(Figs. 4a,b). The mean NDVI-temperature sensitivity coefficient was 0.0105, with forefields exhibiting significant and slight
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increases accounting for 63.46% and 19.00%, respectively, or 82.46% combined (Figs. 4c,d). By climatic region, both the
310 monsoon region and the westerly region were dominated by positive temperature responses, with the proportions of forefields
showing significant increase being 64.14% and 63.21%, respectively. However, the proportions of forefields with significantly
decreased and slightly decreased NDVI sensitivity to precipitation were higher in the monsoon region than in the westerly

region.
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Figure 4. Sensitivity of NDVI to temperature and precipitation across the Third Pole from 2000 to 2022. (a,b) Sensitivity of NDVI to
precipitation and category proportions in the westerly-dominated and monsoon-dominated regions. (c,d) Sensitivity of NDVI to temperature

and category proportions in the westerly-dominated and monsoon-dominated regions.

Extreme climate analysis further indicated a consistent warming signal and asymmetric diurnal warming across the study

315 area, with declining diurnal temperature range and fewer cold events. These changes suggest weakening low-temperature
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stress and more favourable thermal conditions for vegetation succession in glacier forefields (Fig. S8). For precipitation, the
frequency and intensity of extreme precipitation increased significantly, and heavy precipitation events were more frequent
and intense in the monsoon region than in the westerly region, reflecting differences in moisture structure and precipitation
processes between the two climatic backgrounds (Figs S9-S10). Median PDSI was 0.713, while the westerly-dominated region
showed a drying trend of -0.051 yr~! (Fig. S11). GDDO and GDDS5 indicated increasing thermal resources, particularly in
the monsoon region (Fig. S12). NDVI was positively correlated with GDD and negatively correlated with PDSI, suggesting
that vegetation succession in Third Pole glacier forefields was driven mainly by increasing heat supply, whereas moisture
fluctuation and drought acted as general limiting factors (Fig. S13).

Climate was not the only control on vegetation succession. Succession age, elevation, soil structure and nutrients also played
important roles at the regional scale. As succession age increased, vegetation succession strengthened significantly (Fig. S14).
Forefields older than 32 years (group A) had significantly higher NDVI trends than younger sites in groups B and C, with
succession ages of 16-32years and less than 16 years, respectively. Terrain also affected vegetation succession (Figs. 6d,e).
Vegetation status declined significantly with increasing elevation, indicating that harsh high-elevation environments constrain
succession in glacier forefields.

MFA quantified the roles of environmental factors across succession stages and showed a stage-dependent transition in
drivers of vegetation succession in Third Pole glacier forefields (Fig. S15). In forefields younger than 16 years (group C,
retreated after 2006), vegetation succession was mainly controlled by hydrothermal windows and showed strong positive cor-
relations between NDVI and temperature and precipitation (Fig. S16). As succession age increased (group B, retreated during
1990-2006), the system entered a transitional stage in which climate and soil were both strongly correlated with vegetation,
suggesting that plant colonization and expansion began to modify soil structure and nutrients (Fig. 5a). In forefields older than
32 years (group A, retreated before 1990), the control exerted by topographic factors, especially elevation and slope, increased
progressively to 58.8%, compared with 30.4% in group C (Fig. 5b). The influence of climate declined from 31.9% in group C
to 13.0% in group A. These results indicate a shift from regional climate control to local constraints associated with elevation,

soil structure and nutrients.
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Figure 5. Environmental differentiation and relative contributions of drivers in glacier forefields of different retreat ages. (a) Environmental
differentiation among forefields of different retreat ages based on multiple factor analysis (MFA). Group A: glacier retreat before 1990; group
B: glacier retreat during 1990-2006; group C: glacier retreat after 2006. Arrows indicate the direction of major environmental factors, and
ellipses indicate 95% confidence regions for each group. Arrow length reflects the relative contribution of climate, soil and terrain variables
to the ordination structure on the first two MFA axes. (b) Relative contributions of climate, soil and terrain factors to NDVI change across

retreat-age groups. Bars show standardized relative contributions of the three factor classes in each stage.

Linear mixed-effects modelling identified dominant factors affecting vegetation succession in glacier forefields. Overall,
succession was jointly controlled by soil, terrain, glacier attributes and climate, and most factors were highly significant (Figs.
6a-c). Among soil factors, field capacity and soil organic carbon had the strongest positive effects on NDVI, with beta values of
0.321 and 0.090, respectively. By contrast, bulk density and coarse fragment content had strong negative effects, with beta val-
ues of -0.022 and -0.014, indicating that compact and coarse substrates constrain vegetation recovery. Among other attributes,
elevation and retreat year had clear negative effects, with beta values of -0.033 and -0.025, suggesting that high elevation and
younger forefields remain important constraints. Among climatic factors, annual daytime land surface temperature was the
strongest positive factor (beta = 0.024), followed by growing-season maximum temperature (beta = 0.011), indicating that
heat availability promotes vegetation recovery. Overall, these results suggest that vegetation recovery in glacier forefields is
shaped by the combined effects of thermal promotion, topographic-elevational limitation and soil substrate regulation. Warm-
ing and favourable conditions in the southeastern monsoon region support vegetation succession, whereas high elevation, short
exposure age, high bulk density and high coarse-fragment content jointly constrain it.

The structural equation model further indicated that soil conditions improved significantly with increasing succession age
and promoted vegetation succession, but this process remained constrained by high elevation (Fig. 6d). Increasing succession
age significantly reduced soil bulk density (-0.59, p < 0.001) and promoted soil organic carbon accumulation (0.28, p < 0.001).

Elevation constrained soil formation: higher elevations had lower SOC (-0.45, p < 0.001), lower soil water-holding capacity
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(-0.35, p < 0.001) and slightly higher bulk density (0.11, p < 0.001). Among direct pathways affecting vegetation succession,
precipitation change had the strongest direct effect, and it was negative (-0.21, p < 0.001). Warming had a positive effect
on NDVI (0.06, p < 0.001), but the effect was weaker. Soil-mediated pathways also contributed to vegetation recovery. Soil
water-holding capacity had a significant positive effect (0.176, p < 0.001), whereas higher bulk density significantly suppressed
NDVI increase (-0.117, p < 0.001). SOC was weakly but significantly positively related to NDVI (0.04, p < 0.05). Elevation

360

also directly suppressed NDVI (-0.174, p < 0.001), while the direct positive effect of succession age on NDVI was relatively
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weak (0.028, p < 0.05).
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Figure 6. Mixed-effects model, structural equation model and conceptual framework for vegetation succession in Third Pole glacier fore-
fields. (a) Fixed effects of soil properties related to water and nutrients. (b) Mixed-effects results for terrain, glacier and NDVI-related
characteristics. (c) Mixed-eftects results for climate variables. (d) Structural equation model (SEM). Arrows indicate directions of effects
among variables, and colours indicate different pathway types. (¢) Conceptual framework for drivers of vegetation succession in Third Pole

glacier forefields. Error bars indicate 95% confidence intervals of standardized coefficients; asterisks indicate significance levels (p < 0.05%,

p < 0.01%%, p < 0.001%%*).
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4 Discussion
4.1 Persistent greening and monsoon-westerly differentiation in Third Pole glacier forefields

Our results show that NDVI increased significantly across Third Pole glacier forefields from 2000 to 2022. The regional
mean NDVI trend was 0.013 decade™!, and 76.5% of forefields showed positive trends, indicating regional-scale vegetation
colonization and increasing productivity. Studies of global glacier retreat have reported comparable ecological responses, as
continued retreat exposes new land in mountain regions and promotes the formation of new ecosystems consisting of soil,
vegetation and microorganisms (Bosson et al., 2023; Ficetola et al., 2024; Wojcik et al., 2021). Research in the European
Alps has shown that reduced snow cover and increased vegetation productivity jointly drive alpine greening (Rumpf et al.,
2022). Studies in the Gran Paradiso glacier forefields, the retreating environments on the eastern slope of Gongga Mountain
and Svalbard have similarly reported increases in NDVI, vegetation cover or vegetation productivity through time, suggesting
that greening is a common signal in glacier-forefield succession (Gennaro et al., 2023; Ingrosso et al., 2025; Yang et al., 2025).

Within the Third Pole, NDVI increased by 0.0184 decade™! in the monsoon-dominated region, about twice the rate in the
westerly-dominated region (0.0092 decade™!). Thus, although glacier forefields were greening overall, greening intensity was
strongly heterogeneous. The higher NDVI increase in the monsoon region can be interpreted as the combined result of more
favourable hydrothermal conditions, longer potential growing windows and faster exposure of bare terrain. Work in Gongga
Mountain, a monsoon-influenced region, has shown that warm and humid conditions favour rapid vegetation establishment
in glacier forefields, consistent with the stronger greening observed here (Yang et al., 2025). Reviews of glacier forefields
emphasize that climate background, terrain, hydrology and soil conditions jointly regulate succession rates. The Third Pole
should therefore not be described as greening uniformly. A more defensible interpretation is a hierarchical pattern of overall
greening, regional differentiation and local regulation (Siegfried et al., 2023; Wojcik et al., 2021). NDVI increases can reflect
changes in vegetation cover, growth or phenology without necessarily indicating shifts in species composition (Bayle, 2026).
Phenological results further support this spatial heterogeneity: LOS lengthening was much stronger in the monsoon region
(3.80 days decade™!) than in the westerly region (0.20 days decade ~1). In alpine ecosystems, growing-season length is jointly
controlled by snowmelt, low-temperature thresholds and heat accumulation. The stronger LOS lengthening in the monsoon
region may therefore reflect the combined release of growing-season windows by shorter snow-cover duration and greater

thermal resources (Rumpf et al., 2022; Schmidt et al., 2008; Zeng et al., 2020).
4.2 Thermal improvement as a trigger, with precipitation effects mediated by local terrain

Although mean temperature trends were not significant from 2000 to 2022, the study area showed signs of thermal improve-
ment, including weaker low-temperature stress, fewer cold events, declining diurnal temperature range and increasing GDD.
NDVI was also highly sensitive to temperature: 82.46% of forefields showed increasing NDVI with rising temperature. These
results indicate that improved thermal conditions are an important external trigger for vegetation recovery in glacier forefields.
Studies of temperature extremes in the eastern and central Tibetan Plateau show close links between elevation and temperature

extremes, suggesting that changes in cold processes at high elevation can alter ecosystem thermal settings (You et al., 2008).
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Research on alpine plant thermal niches indicates that near-surface temperature and thermal thresholds explain plant occur-
rence and distribution, confirming heat availability as a key constraint on alpine plant growth and colonization (Loffler and
Pape, 2020). Reviews of plant responses to climate extremes also show that cold, heat waves, drought and extreme precipi-
tation affect plant growth and mortality, and that thermal improvement under climate change can expand growth windows in
Third Pole glacier forefields (Niu et al., 2014). Studies in alpine and glacier-retreat environments commonly interpret increas-
ing heat resources as favourable for pioneer plant colonization, microbial activity and nutrient turnover during early ecosystem
development (Jiang et al., 2019; Kumar et al., 2022; Schmidt et al., 2008).

Mean NDVI sensitivity to precipitation was close to zero, and 51.23% of forefields showed reduced NDVI with increasing
precipitation, indicating that more precipitation does not necessarily promote greening. The SEM also showed that precipitation
change had the strongest direct negative effect on NDVI, suggesting that precipitation may inhibit NDVI through indirect
processes such as increased cloudiness, lower radiation, colder and wetter conditions, or waterlogging (Lizaga et al., 2019; Niu
et al., 2014). Reviews of plant responses to climate extremes indicate that excessive precipitation, cold-wet environments and
extreme rainfall can affect plant growth through hypoxia, mechanical disturbance, disease risk or insufficient radiation (Niu
et al., 2014). Work on covariation of summer NDVI between the eastern Tibetan Plateau and the Lake Baikal region has also
shown that NDVI-climate relationships depend on atmospheric circulation and regional hydrothermal background, meaning

that precipitation effects can change among regional contexts (He et al., 2020).
4.3 Soil substrate conditions control the stable progression of vegetation succession

The mixed-effects model showed that field capacity and SOC had strong positive effects on NDVI, whereas bulk density
and coarse fragment content had negative effects. Vegetation succession in glacier forefields therefore depends not only on
climate, but also on whether soil substrates can provide water retention, nutrient supply and rooting space (He and Tang, 2008;
Jiang et al., 2019). These findings are consistent with studies of alpine and Arctic glacier forefields, where fine-textured and
nutrient-rich soils accelerate primary succession and biomass accumulation (Lulakova et al., 2023; Szymanski et al., 2019).
Early glacier forefields generally lack mature soils, and low organic matter, low nitrogen supply and coarse substrates constrain
plant colonization (Goransson et al., 2011; He and Tang, 2008; Kumar et al., 2022; Schmidt et al., 2008). The SEM showed
that increasing succession age reduced bulk density and promoted SOC accumulation, indicating that succession age is not
merely a temporal variable but also an integrated indicator of soil development and increasing resource-retention capacity (He
and Tang, 2008; Khedim et al., 2021). Along the Hailuogou Glacier chronosequence, soils developed from coarse gravelly bare
ground to forest soils with clear profile differentiation over about 180 years. Mineral soil pH declined from about 8.5 to 4.2,
bulk density decreased from about 1.42 to 0.95 g cm~3, and organic carbon and total nitrogen accumulated to about 3.5 and
0.6 kg m—2, respectively (He and Tang, 2008). The positive effect of field capacity on NDVI also increased with succession
age, and global studies of glacier forefield topsoil have shown that organic matter usually accumulates through succession and
is regulated by climate (Khedim et al., 2021). Research in Svalbard further shows that parent material, vegetation cover and

site wetness strongly affect soil properties in glacier forefields (Szymanski et al., 2019).
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Elevation had a significant negative effect on NDVI and indirectly constrained vegetation recovery by reducing SOC and soil
water-holding capacity and increasing bulk density. Elevation is therefore not simply a background variable, but a key constraint
linking heat, soil and vegetation recovery (Loffler and Pape, 2020; You et al., 2008). The negative elevation effect is usually
explained by the combined influence of low temperature, short growing seasons and slow soil development. Temperature and
heat availability fundamentally limit alpine plant distribution and growth (Loffler and Pape, 2020). Studies along Scandinavian
elevation gradients have shown that high-elevation environments generally have lower heat availability and shorter growth
windows, and that near-surface root-zone and canopy temperatures constrain alpine plant occurrence, with species-specific

thermal niches (Loffler and Pape, 2020).
4.4 Drivers of vegetation succession after glacier retreat

Considering spatial patterns, correlation structure and multivariate ordination together, our results further show that the drivers
of vegetation succession in Third Pole glacier forefields shift with succession age (Ficetola et al., 2021; Wojcik et al., 2021).
Existing reviews describe glacier-forefield succession as a continuum from an initial stochastic phase to an allogenic, or abiotic,
phase, then a biogeomorphic phase and finally an autogenic phase. Allogenic factors are more important early in succession
and subsequently decline in relative importance, whereas organic matter accumulation, species interactions and vegetation-soil
feedbacks become stronger (Wojcik et al., 2021). A meta-analysis of 95 glacier-forefield studies showed that vegetation cover,
vascular plant richness, non-vascular plant richness and lichen richness all increased significantly with succession age. Some
microbial and soil animal groups increased rapidly during the first 50 years and declined thereafter, indicating that succession
involves not only species accumulation but also taxon replacement driven by competition and changing habitat suitability
(Ficetola et al., 2021). Soil properties also change with succession age. In the Urumgqi Glacier No. 1 forefield, soil organic
carbon, total nitrogen and vegetation cover did not show a simple linear relationship; instead, they increased with vegetation
expansion and then fluctuated as rapid plant growth and nutrient consumption intensified (Wei et al., 2021).

In forefields younger than 16 years, soils are insufficiently developed and vegetation succession is controlled mainly by
thermal conditions, precipitation, snowmelt and seed dispersal. In recently deglaciated terrain near Puca Glacier in the Peru-
vian Andes at about 5000 m elevation, the earliest stage of ecosystem development (0-4 years) began with microorganisms,
pioneer plants and initial nutrient cycling. Environmental filtering was strong, and plant establishment lagged behind microbial
processes (Schmidt et al., 2008). Work on pioneer plant colonization in the Lyman Glacier forefield emphasized that concave
surfaces, coarse substrates and proximity to large rocks significantly increased pioneer plant occurrence. These microsites
create wind shadows, trap seeds, slow surface runoff, reduce drought stress and improve seed burial and radicle penetration
(Jumpponen et al., 1999). A seeding experiment in the Coleman Glacier forefield showed that sowing significantly increased
seedling numbers for most species, but seedling densities remained low, indicating that both seed limitation and establishment
limitation operate during early succession in glacier forefields (Jones and Del Moral, 2009).

As succession age increases to 16-32 years, the relative importance of climate declines and plant colonization and litter input
begin to improve soil conditions. Soil water retention, SOC accumulation and microbial nutrient cycling then become stronger

(He and Tang, 2008; Jiang et al., 2019; Khedim et al., 2021). Increasing soil age can shift plant interactions from facilitation to
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competition. In an intraspecific and interspecific neighbour experiment involving Populus purdomii and Salix rehderiana in the
Gongga Mountain glacier forefield, interspecific combinations increased dry matter accumulation in 20-year forefields, whereas
Populus purdomii dry matter declined under interspecific combinations in 40-year forefields. Microbial communities were also
closely associated with soil nitrogen forms, indicating that this transition involves not only aboveground plant competition
but also soil nitrogen, microbial processes and plant-soil feedbacks (Song et al., 2019). Pioneer plant strategies and positive
interactions can influence primary succession. In a Venezuelan glacier forefield, as succession age increased from about 10
to 21 years, establishment of pioneer plants was no longer controlled only by bare-ground environmental filtering but became
more spatially associated with early colonizers such as mosses and lichens. Mosses were significantly enriched within 30 cm
neighbourhoods of Poa petrosa (Llambi et al., 2021). Thus, in middle-stage forefields (16-32 years), vegetation change is
increasingly regulated by climate, soil development, microbial nutrient cycling and plant interactions together (Ficetola et al.,
2021; Llambf et al., 2021; Song et al., 2019; Wojcik et al., 2021).

In older forefields (>32 years), the direct explanatory power of regional climate for vegetation succession declined, whereas
local processes associated with elevation, slope, bulk density, soil water retention and biological interactions became more
important. This pattern is consistent with a stage of stronger local environmental constraints and autogenic feedbacks (Ficetola
et al., 2021; Wojcik et al., 2021). Long-term studies of glacier-forefield succession show that community structure, soil de-
velopment and biological interactions strengthen as succession proceeds, so direct sensitivity to short-term climate variability
may decrease in late-stage forefields (Chapin et al., 1994; Ficetola et al., 2021; Song et al., 2019). Research on the synergistic
effects of microtopography and succession on fungal spatial diversity in glacier moraines also indicates that local geomorphic
structure can continue to influence ecological processes over longer successional time scales (Masumoto et al., 2023). In eight
glacier forefields of the southwestern European Alps, some forefields had 80% of pixels colonized by vegetation after 30 years,
whereas others had about 30% or less, demonstrating that recovery rate should not be predicted from succession age alone but
must also account for terrain and soil substrate conditions (Bayle et al., 2023).

Taken together, vegetation succession in Third Pole glacier forefields can be summarized as a staged process: early control by
hydrothermal windows and colonization limitation, middle-stage strengthening of soil development and plant feedbacks, and
later regulation by terrain constraints and autogenic processes. Continued glacier retreat will keep generating new early-stage
forefields, whereas older forefields will remain constrained by soil development and terrain background. Future vegetation
change in the Third Pole may therefore combine rapid responses in newly exposed forefields with persistent local constraints
in older forefields. By 2100, the continuing emergence of newly deglaciated terrain may also show greater climate sensitivity,

increasing ecological pressures on new glacier forefield ecosystems (Bosson et al., 2023).

5 Conclusions

Based on 36,374 Third Pole glacier forefields from 2000 to 2022, this study revealed spatial heterogeneity in glacier-forefield
formation, vegetation change and driving mechanisms. Glacier forefields were widely distributed across major alpine glacier-

ized regions, including the Himalaya, Karakoram, Kunlun and Tanggula mountains and the southeastern margin of the Tibetan
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Plateau. They were generally high-elevation and spatially heterogeneous. Most forefields were concentrated between 4000 and
6000 m, which accounted for 73% of observed forefields. Since 1959, cumulative glacier-forefield area in the Third Pole has
exceeded 7003.11 km?. Although the monsoon region contained fewer glaciers than the westerly region, it had greater total
forefield area and larger mean retreat area per glacier, indicating that forefield formation is jointly controlled by glacier number,
regional climate background and retreat intensity.

From 2000 to 2022, vegetation in Third Pole glacier forefields showed significant overall greening, with regional mean
NDVI increasing at 0.013 decade ™! and 76.5% of forefields showing positive trends. Greening was spatially heterogeneous:
NDVI increased by 0.0184 decade™! in the monsoon region, about twice the rate in the westerly region (0.0092 decade1).
Phenological change was also heterogeneous, with much stronger growing-season lengthening in the monsoon region (3.80
days decade™!) than in the westerly region (0.20 days decade ™). These results indicate that vegetation recovery in Third Pole
glacier forefields is characterized by increasing greenness overall, while phenological responses and greening intensity are
regulated by the monsoon-westerly division and local environmental conditions.

Vegetation succession in Third Pole glacier forefields was controlled jointly by thermal improvement, precipitation change,
soil development, terrain constraints and succession age. Sensitivity analysis showed that NDVI responded more strongly and
positively to temperature than to precipitation, with 82.46% of forefields showing positive temperature responses. This suggests
that reduced low-temperature limitation, increasing GDD and shorter snow-cover duration jointly provide a more favourable
thermal window for vegetation recovery. Soil and terrain factors determine whether this thermal window is converted into sta-
ble vegetation succession. Mixed-effects models showed that field capacity and soil organic carbon promoted NDVI increase,
whereas bulk density, coarse fragment content, elevation and shorter succession age significantly constrained recovery. The
structural equation model further indicated that increasing succession age reduces bulk density and promotes SOC accumu-
lation, thereby improving substrate conditions. High elevation still reduces SOC and water-holding capacity, increases bulk
density and directly suppresses NDVI, producing persistent constraints on vegetation recovery.

Vegetation succession in Third Pole glacier forefields showed clear stage-dependent controls. Early-stage forefields younger
than 16 years were controlled mainly by hydrothermal windows. Middle-stage forefields aged 16-32 years were jointly reg-
ulated by climate and soil, as plant colonization and soil development began to interact. In older forefields (>32 years), the
relative contribution of climate declined, whereas local factors such as elevation, slope, soil structure and nutrient conditions
became more important. Overall, vegetation succession in Third Pole glacier forefields is a staged process triggered by thermal
improvement and fewer snow-cover days, progressively supported by soil development and increasingly constrained by high-
elevation terrain and substrate conditions. As glaciers continue to retreat, these successional patterns and shifts in controls may
expand spatially and accelerate under continued warming. This understanding is important for predicting future ecosystem
development in Third Pole glacier forefields and for clarifying how plateau mountain ecosystems reorganize under climate

change.
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Data availability. The data that support the findings of this study are derived from the following resources. The Global Land Ice Mea-
surements from Space (GLIMS) database is available at https://www.glims.org/maps/glims. The MODIS NDVI product MOD13Q1, a 250
m, 16-day composite data are available at https://www.earthdata.nasa.gov/data/catalog/lpcloud-mod13q1-061. The Palmer Drought Sever-
ity Index (PDSI) data are available at https://www.psl.noaa.gov/data/gridded/data.pdsi.html. The CHIRPS v2.0 dataset data are available at
https://www.chc.ucsb.edu/data/chirps. SoilGrids 2.0 dataset data are available at https://soilgrids.org/. SRTM DEM dataset data are available
at https://www.earthdata.nasa.gov/data/instruments/srtm. The ERAS5Land reanalysis data are available at https://earthengine.google.com.

MODIS land surface temperature data are available at https://ladsweb.modaps.eosdis.nasa.gov.
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