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Abstract
On deglaciated terrain, glacial gravel constitutes the primary component of the
natural habitat for vascular plant colonization and succession. However, knowl-
edge regarding the role of glacial gravel in vascular plant growth remains lim-
ited. In this study, an unmanned aerial vehicle (UAV) was used to investigate
plant family composition, species richness, fractional vegetation cover (FVC),
and gravel cover (GC) along elevational gradients across three glacier forelands
(Kekesayi, Jiangmanjiaer, and Koxkar Baxi) in the Third Pole region (encom-
passing the eastern Pamir Plateau and western Tianshan Mountains) of China.
We then analyzed the spatial characteristics of vascular plants and explored
the effects of glacial gravel on their development. Our findings indicated that
FVC on these glacier forelands generally decreased with increasing elevation
or decreasing distance from the current glacier terminus. At the glacier basin
scale, the shady slope (Kekesayi) supported denser vegetation compared to the
sunny slope (Jiangmanjiaer), while at the regional scale, the warm and humid
deglaciated terrain (Koxkar Baxi) exhibited the highest FVC. Plant family com-
position and species richness on the glacier forelands decreased with rising ele-
vation, except on the Jiangmanjiaer glacier foreland. The relationships between
FVC and GC showed negative correlations, varying as power functions on the
Kekesayi and Jiangmanjiaer glacier forelands of the eastern Pamir Plateau and
as a linear function on the Koxkar Baxi glacier foreland of the western Tianshan
Mountains. Glacial gravel was found to facilitate vegetation colonization and
development during early succession until vascular plants adapted to cold and
arid climatic conditions, but it became unfavorable for vascular plant expansion
during later succession stages. These findings suggest that spatial differences in
plant characteristics are closely connected to regional climatic and topographic
conditions, as well as glacial grave
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Abstract: On deglaciated terrain, glacial gravel constitutes the primary com-
ponent of the natural habitat for vascular plant colonization and succession.
However, knowledge regarding the role of glacial gravel in vascular plant growth
remains limited. In this study, an unmanned aerial vehicle (UAV) was used to in-
vestigate plant family composition, species richness, fractional vegetation cover
(FVC), and gravel cover (GC) along elevational gradients across three glacier
forelands (Kekesayi, Jiangmanjiaer, and Koxkar Baxi) in the Third Pole region
(encompassing the eastern Pamir Plateau and western Tianshan Mountains) of
China. We then analyzed the spatial characteristics of vascular plants and ex-
plored the effects of glacial gravel on their development. Our findings indicated
that FVC on these glacier forelands generally decreased with increasing eleva-
tion or decreasing distance from the current glacier terminus. At the glacier
basin scale, the shady slope (Kekesayi) supported denser vegetation compared
to the sunny slope (Jiangmanjiaer), while at the regional scale, the warm and hu-
mid deglaciated terrain (Koxkar Baxi) exhibited the highest FVC. Plant family
composition and species richness on the glacier forelands decreased with rising
elevation, except on the Jiangmanjiaer glacier foreland. The relationships be-
tween FVC and GC showed negative correlations, varying as power functions on
the Kekesayi and Jiangmanjiaer glacier forelands of the eastern Pamir Plateau
and as a linear function on the Koxkar Baxi glacier foreland of the western
Tianshan Mountains. Glacial gravel was found to facilitate vegetation coloniza-
tion and development during early succession until vascular plants adapted to
cold and arid climatic conditions, but it became unfavorable for vascular plant
expansion during later succession stages. These findings suggest that spatial dif-
ferences in plant characteristics are closely connected to regional climatic and
topographic conditions, as well as glacial gravel distribution.

Additionally, we concluded that aerial photographs can serve as a valuable tool
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for studying micro-environmental functions in vegetation colonization and suc-
cession on glacier forelands.
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1 Introduction
China hosts a large number of mountain glaciers. According to the second Chi-
nese Glacier Inventory (CGI) (Liu et al., 2015) and Randolph Glacier Inventory
(RGI) 6.0 (RGI Consortium, 2017), the country’s glaciers cover 5.18$×10^{4}$
km2, representing 7.3% of the world’s total glacial area—the highest percent-
age outside the Arctic and Antarctic (70.58$×10^{4}$ km2). Due to global
warming, glaciers worldwide have been retreating since the end of the Little
Ice Age (approximately 1850) (Leclercq et al., 2011; IPCC, 2012), and China
is no exception (Li et al., 1998; Liu et al., 2003; Shangguan et al., 2006; Zhang
et al., 2016; Li et al., 2019). Uncovered surfaces following glacier retreat offer
excellent opportunities to examine primary vegetation succession processes in
the field. Consequently, numerous studies on succession dynamics and factors
influencing vegetation development have been published, primarily focusing on
the High Arctic, European mountainous areas, and North America (Raffl et al.,
2006; He and Tang, 2008; Burga et al., 2010; Wietrzyk et al., 2018; Wei et
al., 2021). In China, research on vegetation spatial distribution and succession
has concentrated on several glacier forelands, including Yulong Snow Mountain,
Tianshan Mountains, and Gongga Mountain (Li and Xiong, 1995; Chang et al.,
2014; Wei et al., 2021). These works have provided valuable vegetation infor-
mation on glacier forelands in the Third Pole region of China, though related
studies remain scarce compared to those in the aforementioned regions.

All stages of plant community development on glacier forelands are governed
by both biotic and abiotic factors, with abiotic control playing a more crucial
role during early vegetation succession (Houle, 1997; Jumpponen et al., 1999).
Glacial gravel, derived either supraglacially from nunataks and valley sides or

chinarxiv.org/items/chinaxiv-202210.00106 Machine Translation

https://chinarxiv.org/items/chinaxiv-202210.00106


from subglacial bed erosion (Boulton, 1978), is quite prevalent on glacier fore-
lands and has attracted scientific interest because vegetation tends to grow in
association with it. Previous publications (Rooney, 1997; Mong and Vetaas,
2006) indicate that glacial gravel plays a controversial role in vegetation colo-
nization and development on glacier forelands. Some studies have noted that
glacial gravel prevents herbivore disturbances (Rooney, 1997) and provides rela-
tively safe sites for early colonization by pioneer plants (Stöcklin and Bäumler,
1996; Jumpponen et al., 1999; Niederfriniger Schlag and Erschbamer, 2000).
Conversely, other studies have argued that potentially protective glacial gravel
at microsites becomes an obstacle for seedling establishment by occupying avail-
able germination space (Mong and Vetaas, 2006). Therefore, further exploration
of spatial vegetation characteristic changes and the impact of glacial gravel on
vegetation colonization and development is urgently needed. To comprehen-
sively address this scientific question, our investigation had to be expanded
across several glacier forelands with various regional topographic and climatic
conditions.

Glacier forelands are characterized by complex terrain, unique ecosystems, and
harsh environments, making field investigation of vegetation dynamics challeng-
ing. Traditional ground sampling has been a valuable approach extensively
applied in field surveys (Niederfriniger Schlag and Erschbamer, 2000; Mong and
Vetaas, 2006; Raffl et al., 2006; Burga et al., 2010; Wietrzyk et al., 2018), but
this methodology is time-consuming, labor-intensive, and requires trampling
fragile habitats (Lee and Yeh, 2009; Martínez-López et al., 2014). Additionally,
free satellite imagery is difficult to utilize for assessing vegetation characteris-
tics on glacier forelands due to low resolution. In contrast, unmanned aerial
vehicles (UAVs) provide an ideal solution through advantages such as increased
field efficiency, effective avoidance of human disturbance, automatic acquisition
of high-resolution images at the quadrat scale, and the ability to repeatedly
observe the same area after setting flight lines (Sun et al., 2018). Furthermore,
UAVs can easily acquire vegetation data in inaccessible areas, making the tech-
nique suitable for vegetation monitoring across various topographic conditions,
including glacier forelands.

In this study, we investigated fractional vegetation cover (FVC), plant family
composition, species richness, dominant species, and gravel cover (GC; defined
as the ratio of the vertical projected area of glacial gravel to the total ground
area) along chronosequences by integrating ground-based sampling and aerial
photography across three glacier forelands in China’s eastern Pamir Plateau
and western Tianshan Mountains. We then analyzed variation characteristics
of these vegetation indices during primary succession and examined the relation-
ship between GC and FVC. This study aims to characterize spatial variations in
vegetation characteristics (FVC, plant family composition, and species richness),
examine spatial heterogeneity of vegetation under various regional topographic
and climatic conditions, and assess the influence of glacial gravel on vegetation
community development. The findings will assist investigators of primary veg-
etation succession and biodiversity and aid in regional ecological conservation
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and sustainability in the Third Pole region.

2.1 Study Area

The study area is situated in the Third Pole region, spanning the eastern Pamir
Plateau and western Tianshan Mountains in Xinjiang Uygur Autonomous Re-
gion, China. We surveyed three glacier forelands: Kekesayi, Jiangmanjiaer, and
Koxkar Baxi. Within each foreland, sampling sites were established along eleva-
tional gradients (Fig. 1 [Figure 1: see original paper]). Sites in the eastern Pamir
Plateau were distributed across retreat areas of modern and paleo-glaciers (ele-
vation ranges of 3843–4004 m a.s.l. for Kekesayi glacier and 3631–4241 m a.s.l.
for Jiangmanjiaer glacier), whereas those in the western Tianshan Mountains
were primarily located in deglaciated terrain of the modern glacier (elevation
range of 2979–3099 m a.s.l. for Koxkar Baxi glacier).

The Kekesayi glacier (code number 5Y663D0087 from the Chinese Glacier In-
ventory) and Jiangmanjiaer glacier (code number 5Y663D0004 from the Chinese
Glacier Inventory) are typical valley glaciers situated in the same glacier basin
(Fig. 1b–d) beneath the ice caps of Muztagata Peak and Kongur Peak, respec-
tively. The debris-covered Kekesayi glacier extends approximately 18.0 km over
86.50 km2 from east to north, representing the largest glacier of Muztagata Peak
(Shangguan et al., 2006; Seong et al., 2009a, b). The Jiangmanjiaer glacier spans
14.8 km over 45.08 km2, making it the longest glacier on the southwestern slope
of Kongur Peak (Wang et al., 2011). Field investigations of moraine ridges and
previous publications on Quaternary glacial landforms revealed that both Muz-
tagata Peak and Kongur Peak were covered by massive glaciers historically,
extending into Kara Kol Lake during glacial maxima (Cui, 1960). However,
remote sensing data indicate their frontal positions have shown almost no vi-
sual changes in the last four decades (Holzer et al., 2015). The two peaks are
primarily controlled by upper-level westerly circulation and local circulation,
with moisture transfer hindered by the “blocking effect” of surrounding high
mountains (Yu et al., 2006), resulting in a cold and semi-arid continental cli-
mate. The Taxkorgan meteorological station, located approximately 50.0 km
south of Muztagata Peak, is the sole station above 3000 m a.s.l. on the eastern
Pamir Plateau. From 1957 to 2010, mean annual temperature was 3.4°C, mean
summer temperature (June–August) was 15.1°C, and mean annual precipita-
tion was 70.2 mm (Yan et al., 2013; Yang et al., 2014). Vegetation distribution
along elevational gradients includes meadow (below 3500 m a.s.l.), desert vegeta-
tion (3500–4000 m a.s.l.), alpine grassland vegetation (above 4000 m a.s.l.), and
alpine sparse vegetation (above 4500 m a.s.l.), with floristic composition con-
sisting of Ceratoides, Graminoids, Artemisia, Stipa, etc. (Wang et al., 2016).
However, vegetation characteristics differed markedly between the two glacier
forelands (Fig. 2a [Figure 2: see original paper]–f).

The Koxkar Baxi glacier (code number 5Y674A0005 from the Chinese Glacier
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Inventory) is situated on the southern slope of Tuomuer-Khan Tengri Mountain
in the western Tianshan Mountains (Fig. 1). This typical continental glacier
extends approximately 26.0 km over 83.60 km2, with elevations ranging from
3020–6342 m a.s.l. (Zhang et al., 2007). It is debris-covered, and its terminus
has been retreating at an average rate of 0.5–1.5 m/a since the 1980s (Xie et al.,
2007). The region is most influenced by mid-latitude westerlies originating from
the Atlantic Ocean, creating a sub-humid climate with mean annual precipita-
tion of 669.4 mm at 3000 m a.s.l. (Li et al., 2012) and mean summer temperature
(June–August) of 11.0°C at 3007 m a.s.l. (Han et al., 2008). Surrounding veg-
etation includes alpine meadow (2900–3600 m a.s.l.) and alpine cushion plants
(3600–4250 m a.s.l.) (Sabit et al., 2016). Land near the glacier terminus is
barren and covered by massive glacial gravel, though an alpine meadow occurs
at 2979 m a.s.l. (Fig. 2g–i).

2.2 Unmanned Aerial Vehicle (UAV) Survey and Data Collection

The Mavic Pro (Fig. 3 [Figure 3: see original paper]), an electric rotary quad-
copter manufactured by DJI Innovation Company (Shenzhen, China), was em-
ployed in this study. Equipped with a high-precision vision positioning system,
it can precisely capture images with geodetic accuracy even under poor global
navigation satellite system signal conditions. The integrated three-band FC220
digital camera features 12-megapixel resolution (4000$×$3000 pixels) and main-
tains horizontal orientation when stationary.

From September 26 to October 2, 2018, we selected 23 sampling sites along
elevational gradients based on vegetation characteristics (FVC, plant height,
and vegetation type) across the three glacier forelands. These sites exhibited
obvious differences in plant community characteristics and could reflect real-
world vegetation distribution patterns. At each site, the UAV was deployed
from 2.0 m height to cover 40 m × 40 m quadrats (Fig. 3). Prior to each
flight, waypoints were adjusted to follow glacier foreland topography. The UAV
captured photographs vertically downward while flying autonomously between
waypoints generated in flight planning software. During flight, the camera trig-
gered every 3 seconds as the UAV traveled at 3.0 m/s, with all images stored in
JPEG format for later processing. Camera white balance was set according to
actual weather conditions, yielding at least 16 images per flight under normal
circumstances. The high spatial resolution (0.07 cm) of all images facilitated
extraction of necessary surface information.

No meteorological stations existed on the three glacier forelands, except for
one automatic weather station on the Koxkar Baxi glacier foreland. Therefore,
meteorological data (temperature and precipitation) were calculated through
empirical formulas. On the Kekesayi and Jiangmanjiaer glacier forelands, the
following equations were applied:
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𝐴𝑃𝑃𝑎𝑚𝑖𝑟 = 605.0 + 13.7 × 𝐴𝑖 − 7010
100

𝐴𝑀𝑇𝑃𝑎𝑚𝑖𝑟 = 0.70 − 0.71 × 𝐴𝑖 − 3250
100

where 𝐴𝑃𝑃𝑎𝑚𝑖𝑟 and 𝐴𝑀𝑇𝑃𝑎𝑚𝑖𝑟 denote annual precipitation (mm) and annual
mean temperature (°C) for the eastern Pamir Plateau, respectively; 13.7 and
605.0 represent the precipitation lapse rate (mm/100 m) and annual precipi-
tation (mm) at 7010 m a.s.l., respectively (Duan et al., 2007); 0.71 and 0.70
represent the temperature lapse rate (°C/100 m) and annual mean temperature
(°C) at 3250 m a.s.l., respectively (Luo, 1994; He et al., 2005); and 𝐴𝑖 represents
the elevation variable (m a.s.l.).

On the Koxkar Baxi glacier foreland, the equations used were:

𝐴𝑃𝑇 𝑖𝑎𝑛𝑠ℎ𝑎𝑛 = 669.4 + 49.8 × 𝐴𝑖 − 3000
100

𝐴𝑀𝑇𝑇 𝑖𝑎𝑛𝑠ℎ𝑎𝑛 = 0.70 − 0.63 × 𝐴𝑖 − 2950
100

where 𝐴𝑃𝑇 𝑖𝑎𝑛𝑠ℎ𝑎𝑛 and 𝐴𝑀𝑇𝑇 𝑖𝑎𝑛𝑠ℎ𝑎𝑛 reflect annual precipitation (mm) and an-
nual mean temperature (°C) for the western Tianshan Mountains, respectively;
49.8 and 669.4 represent the precipitation lapse rate (mm/100 m) and annual
precipitation (mm) at 3000 m a.s.l., respectively (Li et al., 2012); and 0.63 and
0.70 represent the temperature lapse rate (°C/100 m) and annual mean temper-
ature (°C) at 2950 m a.s.l., respectively (measured data) (Han et al., 2008).

The calculated results are presented in Table 1 .

2.3 Evaluation of Fractional Vegetation Cover (FVC) and Gravel
Cover (GC)

To accurately obtain ground-cover data such as FVC and GC, we removed low-
quality images and processed high-quality ones using the traditional maximum
likelihood classifier in ENVI software (Harris Geospatial Solutions, Boulder, CO,
USA). Aerial photographs were positioned using Pix4D software (Pix4D Com-
pany, Lausanne, Switzerland) prior to classification. Image deformation was
negligible due to low flight height (2.0 m) and relatively flat terrain. Individ-
ual photographs were classified independently using a supervised classification-
based maximum likelihood method.
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For this study, we divided photographs into three land cover types: vegetation,
glacial gravel, and others (such as water bodies and barren land) (Fig. 3). Clas-
sification accuracy was assessed by comparing the sample class of the classified
layer with the reference layer. Overall accuracy and Kappa coefficient were com-
puted to evaluate classification accuracy using the error matrix (Muzein, 2006).
Overall accuracy represents the sum of correctly classified values (diagonals)
divided by the total number of randomly generated reference values in the error
matrix (Lillesand and Kiefer, 2000). The Kappa coefficient, which measures the
difference between actual agreement of the classified map and chance agreement
of a random classifier compared to reference data, was calculated as:

𝐾̂ = 𝑁 ∑𝑘
𝑖=1 𝑥𝑖𝑖 − ∑𝑘

𝑖=1(𝑥𝑖+ × 𝑥+𝑖)
𝑁2 − ∑𝑘

𝑖=1(𝑥𝑖+ × 𝑥+𝑖)

where 𝐾̂ is the Kappa coefficient; 𝑁 represents the total number of values; 𝑥𝑖𝑖
is the observed accuracy; and (𝑥𝑖+ × 𝑥+𝑖) is the chance accuracy.

Results were tested with a Kappa coefficient exceeding 0.58, indicating accept-
able data quality. Finally, we calculated FVC and GC based on classification
results using:

𝐹𝑉 𝐶(%) = Pixel number𝑣
Pixel number𝑡

× 100%

𝐺𝐶(%) = Pixel number𝑔
Pixel number𝑡

× 100%

where FVC is fractional vegetation cover (%); GC is gravel cover (%); Pixel
number𝑣 is the pixel count of vegetation; Pixel number𝑔 is the pixel count of
glacial gravel; and Pixel number𝑡 is the total pixel count within each aerial
image.

In this study, we regarded the mean FVC and mean GC calculated from 16
aerial photographs as reference data for each site. The flowchart for FVC and
GC calculation is shown in Figure 4 [Figure 4: see original paper].

2.4 Calculations of Plant Family Composition, Dominant Species, and
Species Richness

Plant families were identified from aerial photographs (see Wei et al. (2021)
for details), with results validated by ground-based sampling. A total of 12
vascular plant families were identified (Table 2 ). Dominant species within
each sampling site were determined by occurrence frequency and cover in the 16
aerial photographs, indicating that dominant species had the highest occurrence
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frequency and coverage. Species richness, a common vegetation index reflecting
species diversity in a community or biotope (Karen et al., 2004), was obtained
by visually identifying and counting species numbers from the 16 images at each
site based on characteristic differences among species. Species richness was then
calculated using:

𝐷 = Species number appearing in unit area

where 𝐷 refers to the total number of species at each sampling site, i.e., the
species count appearing in 16 aerial photographs.

2.5 Linear Mixed-Effects Model

We applied a linear mixed-effects model to assess changes in FVC as a func-
tion of GC (Meng et al., 2007). Fixed and random effects, as major model
components, had to be determined prior to calculation. Since we first analyzed
the effect of GC on FVC, GC was considered the fixed effect. At the glacier
basin scale, aspect affected soil hydrothermal conditions by altering solar irra-
diation and subsequently modified vegetation patterns. At the regional scale,
regional climate was a key element influencing vegetation development. This
led to identification of regional climate and aspect as random effects. Analy-
ses were conducted using the lme function in the nlme package in R v. 3.6.1
(https://cran.r-project.org/). Finally, we used r.squaredGLMM in the MuMIn
package in R v. 3.6.1 to assess model accuracy, which provided two measures:
𝑅2

𝑚 and 𝑅2
𝑐 . The first reports the 𝑅2 of the model with only fixed effects,

whereas the second represents the 𝑅2 of the full model (including fixed and ran-
dom effects). 𝑅2 indicates model fitness. When 𝑅2 is similar between models,
it is most important that 𝑅2

𝑐 is only slightly different compared to 𝑅2
𝑚, implying

that inclusion of random effects does not improve accuracy.

3.1 FVC Along Elevational Gradients
On the Jiangmanjiaer and Kekesayi glacier forelands of the eastern Pamir
Plateau, FVC varied in an inverted “N-shaped” pattern with increasing
elevation, though it exhibited general declining trends (Fig. 5 [Figure 5: see
original paper]). FVC was highest in valley bottoms (old sites) and lowest
near glacier termini (young sites). Specifically, on the Jiangmanjiaer glacier
foreland, maximum and minimum FVC values were 91.9% (at 3631 m a.s.l.)
and 4.8% (at 4241 m a.s.l.), respectively, whereas on the Kekesayi glacier
foreland, they were 65.7% (at 3843 m a.s.l.) and 35.2% (at 3913 m a.s.l.),
respectively. Furthermore, spatial variation in FVC on the Jiangmanjiaer
glacier foreland was more dramatic (range of 87.1%) compared to the Kekesayi
glacier foreland, which was more densely vegetated overall (Fig. 5).
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On the Koxkar Baxi glacier foreland of the western Tianshan Mountains, FVC
exhibited a linear decline trend with increasing elevation (Fig. 5c and f). Similar
to spatial changes on the eastern Pamir Plateau forelands, maximum (86.9%)
and minimum (0.0%) values occurred on the valley floor (old sites) and at the
glacier terminus (young sites), respectively. FVC on the Koxkar Baxi glacier
foreland showed a more pronounced growth trend with decreasing elevation
compared to the two eastern Pamir Plateau forelands (Fig. 5).

3.2 Plant Family Composition Along Elevational Gradients
On the Kekesayi and Jiangmanjiaer glacier forelands, despite both being covered
by cold-desert vegetation, plant family types and numbers displayed obvious dif-
ferences along elevational gradients. On the Kekesayi glacier foreland, vegeta-
tion primarily comprised individuals from Gramineae, Compositae, Cyperaceae,
Ephedraceae, Fabaceae, Rosaceae, Tamaricaceae, and Polygonaceae families.
Cyperaceae was the dominant family, appearing at all sampling sites, whereas
Tamaricaceae and Polygonaceae were the rarest, present only near valley bot-
toms (old sites; Table 2). From 4004 m a.s.l. to the glacier terminus (young
sites), land was covered by abundant loose glacial gravel with sparse vegetation,
where the simplest plant family composition occurred. The near valley bottom
(3873 m a.s.l.) had the richest plant families, comprising 75.0% of all families.
Plant family composition at the valley bottom (old sites) was simple and rela-
tively stable, with four families present: Gramineae, Cyperaceae, Tamaricaceae,
and Polygonaceae.

On the Jiangmanjiaer glacier foreland, plant families consisted of Gramineae,
Compositae, Cyperaceae, Fabaceae, Caryophyllaceae, Rosaceae, Crassulaceae,
and Chenopodiaceae. Gramineae was the leading family, occurring at all sam-
pling sites (Table 2). Variation in plant family composition along elevational
gradients was stochastic, with the richest composition appearing at 4149 m a.s.l.
and the simplest composition occurring from 4241 m a.s.l. to the glacier ter-
minus (young sites). Although each sampling site contained specific dominant
species, Artemisia minor and Carex moorcroftii were dominant at all sampling
sites on the Kekesayi and Jiangmanjiaer glacier forelands, respectively (Fig. 6a
[Figure 6: see original paper] and b).

On the Koxkar Baxi glacier foreland, six plant families were recorded: Rosaceae,
Gramineae, Cyperaceae, Polygonaceae, Crassulaceae, and Asteraceae. From
3049 m a.s.l. to the glacier terminus (young sites), no vegetation occurred
on barren land covered by abundant glacial gravel. Plants first appeared at
3011 m a.s.l., where only Rosaceae plants were distributed sporadically around
glacial gravel or in crevices (Fig. 2h). With decreasing elevation, plant fam-
ily composition became increasingly abundant, culminating in a stable alpine
meadow on the valley floor (2979 m a.s.l.) with the richest composition, includ-
ing Gramineae, Cyperaceae, Polygonaceae, Crassulaceae, and Asteraceae (Fig.
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2i; Table 2). Kobresia pygmaea and Carex melanantha were widely distributed
below 2992 m a.s.l. (Fig. 6c).

3.3 Species Richness Along Elevational Gradients
On the Kekesayi and Koxkar Baxi glacier forelands, species richness initially
increased then decreased with increasing elevation (Fig. 7 [Figure 7: see original
paper]), with maxima occurring near valley bottoms (old sites) and minima near
glacier termini (young sites). On the Jiangmanjiaer glacier foreland, species
richness displayed a fluctuating pattern of initial decrease, subsequent increase,
and final decrease with rising elevation, with extrema occurring at sites opposite
to those on other forelands (Fig. 7).

Overall, species richness exhibited decreasing trends on the Kekesayi and Koxkar
Baxi glacier forelands with increasing elevation, but showed an increasing trend
on the Jiangmanjiaer glacier foreland with rising elevation (Fig. 7).

4.1 Community Development of Vascular Plants on the
Three Glacier Forelands
During early plant community development stages, vascular plants on all glacier
forelands shared similar characteristics of low FVC and species diversity (Burga
et al., 2010; Schumann et al., 2016). However, landscapes began diverging dur-
ing middle and late succession stages among forelands due to multiple factors
such as natural disturbances, terrain age, regional climate, and topographic
conditions (Tishkov, 1986; Jones and Roger, 2005; Raffl et al., 2006; Dolezal et
al., 2008; Burga et al., 2010; Wietrzyk et al., 2018). This natural pattern also
occurred on our three surveyed forelands. On newly exposed surfaces follow-
ing glacier retreat, microorganisms first colonized barren land, and their dead
organic matter subsequently facilitated pioneer plant colonization by providing
initial soil and nutrient conditions. Accordingly, early plant community devel-
opment stages exhibited the lowest FVC and species abundance, consistent with
earlier studies on the Urumqi Glacier No. 1 foreland in northwestern China (Wei
et al., 2021), Skaftafellsjökull glacier foreland in southern Iceland (Glausen and
Tanner, 2019), and glacier forelands in the European Alps (Schumann et al.,
2016). These colonized pioneer plants further promoted soil development and
nutrient accumulation (Wietrzyk et al., 2018), after which vascular plants began
expanding as succession proceeded. Spatial changes in vascular plant character-
istics (FVC, plant family composition, and species diversity) showed evident
differences under varying topographic (elevation and aspect) and climatic con-
ditions.

Specifically, although FVC on the Kekesayi and Jiangmanjiaer glacier fore-
lands within the same basin showed similar variation trends along elevational
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gradients, the shady slope (Kekesayi) was more densely vegetated compared
to the sunny slope (Jiangmanjiaer). Moreover, the Kekesayi glacier foreland
had formed small vegetation patches, whereas vegetation on the Jiangmanjiaer
glacier foreland tended to grow individually, except in valley bottoms where
grasslands occurred. This pattern aligns with previous literature (Ostendorf
and Reynolds, 1998; Pearson et al., 1999; Schumann et al., 2016). Further-
more, plant species diversity on the Kekesayi glacier foreland was more abun-
dant compared to the Jiangmanjiaer glacier foreland, indicating that aspect-
induced changes in solar radiation may accelerate topsoil heat and moisture
migration, subsequently altering spatial patterns of vegetation colonization and
development. Our results are consistent with previous studies (Ostendorf and
Reynolds, 1998; Schumann et al., 2016) showing that aspect affects communi-
ties by altering solar insolation and thus temperature and effective moisture,
thereby impacting biodiversity and composition.

In addition to topographic factors, regional climate critically affected vegeta-
tion dynamics, though its effect has often been neglected except in studies by
Robbins and Matthews (2010) and Schumann et al. (2016). Meteorological data
(Table 1) revealed that climatic conditions on surveyed glacier forelands of the
eastern Pamir Plateau were colder and drier than those on the western Tianshan
Mountains foreland. This climatic difference was naturally reflected in ecosys-
tem structure during later plant community development stages. Specifically, on
the relatively warm and humid Koxkar Baxi glacier foreland, elevational vegeta-
tion zonality was obvious, with an alpine meadow emerging just 576 m from the
glacier terminus at 2979 m a.s.l. (Fig. 2i). In contrast, the cold and dry eastern
Pamir Plateau forelands supported sparse, scattered vascular plants that only
progressed toward alpine grassland. This finding aligns with studies on glacier
forelands in the eastern and western Alps (Schumann et al., 2016), though that
study contended that vegetation differences between eastern and western Alps
glacier forelands could not be explained by distinct climatic conditions alone,
but rather by different species pools and treeline elevation (Schumann et al.,
2016).

4.2 Effects of Glacial Gravel on Plant Colonization and De-
velopment on the Three Glacier Forelands
In the harsh glacier foreland environment, vegetation colonization and develop-
ment were primarily dominated by multiple biotic and abiotic factors, making
early succession colonization extremely difficult and allowing only a few pioneer
plants to establish on barren lands (Dong et al., 2016). Our three surveyed
forelands experienced similar conditions. Interestingly, these pioneer species
typically grew on glacial gravel sides or in gaps, particularly common on newly
exposed surfaces. Previous studies highlighted this occurrence as revealing plant
adaptation to harsh environments, but provided only qualitative accounts of how
glacial gravel aided vegetation colonization and growth (Thuiller et al., 2005;
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Mondoni et al., 2015).

In this study, we quantitatively explored glacial gravel functions in vascular
plant colonization and growth on glacier forelands. Throughout all plant com-
munity development stages, FVC was negatively related to GC (Fig. 5g–i; Table
3 ), though relationships varied depending on topographic and climatic condi-
tions. Specifically, FVC on eastern Pamir Plateau forelands decreased as a
power function with increasing GC, while on the western Tianshan Mountains
foreland it decreased linearly. In addition to spatial relationships between vas-
cular plants and glacial gravel (Figs. 2a and b, and 5g and h), we speculated
that glacial gravel might facilitate early-stage vegetation colonization and devel-
opment by providing suitable hydrothermal conditions and preventing herbivore
damage, but might also impose potential restrictions on vegetation expansion
during middle and late stages by reducing available space. Similar findings have
been reported in earlier investigations (Stöcklin and Bäumler, 1996; Jumppo-
nen et al., 1999; Niederfriniger Schlag and Erschbamer, 2000; Mong and Vetaas,
2006). According to Table 3, 𝑅2

𝑐 was significantly different from 𝑅2
𝑚 when an-

alyzing FVC changes as a function of GC on eastern Pamir Plateau forelands,
suggesting that aspect could improve model accuracy. This finding indicates
that aspect effects on vegetation should not be neglected when analyzing glacial
gravel’s role in vegetation development at the basin scale. Additionally, 𝑅2

𝑐 was
higher than 𝑅2

𝑚 when evaluating vegetation cover changes as a function of GC
in both the eastern Pamir Plateau and western Tianshan Mountains (Table 3),
implying that glacial gravel effects on vegetation distribution were mediated by
regional climate at the regional scale.

4.3 Advantages and Limitations of UAV in Vegetation In-
vestigation on Glacier Forelands
UAVs have been extensively employed in studying vegetation dynamics in re-
cent years (Dunford et al., 2009; Chen et al., 2016; Mead and Arthur, 2020).
However, their application for glacier foreland vegetation investigation is rarely
reported, with exceptions including Eichel et al. (2017) and Wei et al. (2021).
In this study, we investigated vegetation data (FVC, plant family composition,
and species richness) on three glacier forelands using a UAV, demonstrating five
benefits mentioned in Section 1. However, this advanced approach also had
limitations, including time-consuming species identification in the laboratory,
low-quality aerial photographs affecting species identification outcomes, and
specific plants (creeping and low-growing plants, and plants matching ground
colors) increasing difficulties in FVC extraction and species identification (Wei
et al., 2021). Furthermore, UAV’s inherent advantages in vegetation monitoring
were further constrained by adverse field conditions, which was also evident in
this study.
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5 Conclusions
This study assessed spatial differences in vascular plant community development
across three glacier forelands (Kekesayi, Jiangmanjiaer, and Koxkar Baxi) un-
der various topographic and climatic conditions, and explored effects of glacial
gravel on plant community development by integrating ground-based sampling
and aerial photography. Findings indicated that vascular plant community char-
acteristics exhibited different spatial changes along elevational gradients at dif-
ferent spatial scales. Specifically, at the glacier basin scale, the shady slope
(Kekesayi) was more vegetated compared to the sunny slope (Jiangmanjiaer);
at the regional scale, the relatively warm and humid Koxkar Baxi glacier fore-
land had the highest FVC. Meanwhile, vascular plant species diversity gradually
decreased with increasing elevational gradients, except on the Jiangmanjiaer
glacier foreland. Moreover, correlations between GC and FVC showed that
glacial gravel’s role in vascular plant colonization and development varied as
community succession proceeded. Specifically, glacial gravel tended to play a
positive role in early-stage plant colonization but a negative role in middle and
late-stage plant community development. Numerous other factors, such as to-
pography (elevation and aspect) and climate, also impacted this phenomenon.
These findings provide strong implications for ecological restoration in harsh
glacier environments.
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