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Abstract. Proglacial areas are undergoing rapid ecological and land cover changes as glaciers retreat globally. Field
campaigns are essential in proglacial environments to monitor the colonization of the deglaciated areas by the vegetation. In
this study, we evaluate the benefit of using optical UAV images to optimize botanical data collection during these
campaigns. We compared the vegetation cover measured in situ by experts with the vegetation cover derived from high-
15 resolution UAV images in a high-mountain environment below the Aneto glacier in the Pyrenees. Retrieving the vegetation

cover from UAV images provided valuable and complementary data to traditional in situ detailed observations.

1 Introduction

The vegetation is rapidly evolving in many places of the planet as a consequence of land cover changes and shifting climatic
areas (Song et al., 2018). In temperate mountains, the vegetation distribution is largely affected by meteorological

20 conditions, snowpack distribution, local topography and soil properties, as well as human activities such as livestock grazing
and intensification or abandonment of agricultural practices (Garcia-Ruiz et al., 2011; Revuelto et al., 2022; Choler et al.,
2025). The shrinkage of glaciers is also a driver of vegetation changes, as it uncovers bare areas prone to colonization by
surrounding plants (Bosson et al., 2023; Ficetola et al., 2024). This phenomenon is common due to the widespread glacier
mass losses in the context of temperature increase (Dussaillant et al., 2025).

25  Vegetation colonization in proglacial areas has been studied through extensive in situ observation campaigns, which aim at
understanding the type of plants leading the colonization and the pace of the process (e.g. Zimmer et al., 2018; Fischer et al.,
2019). Vegetation cover, i.e. the proportion of the surface occupied by vegetation when observed from a top-down
perspective, is a key indicator of the post-glacial colonization, as it equalled zero at the time of the ice retreat and tend to
progressively increase thereafter (Bayle et al., 2023). However, in situ observations of the vegetation are only possible at a

30 few dozens of plots of, typically, | m? to 4 m? and are difficult to collect due to logistical constrains. The design of the
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sampling strategy (i.e. number of samples, method of selection) aims at ensuring the statistical robustness of the signals
measured. However, the representativity of the results may be uncertain due to the large numbers of variables to monitor, the
discontinuous sampling and the small number of observations.
Mapping of the vegetation cover through remote sensing ensures a continuous sampling of an area often larger than what
35 field campaigns can cover. However, proglacial environments present specific challenges due to the vegetation scarcity and
the complex topography. Images from Landsat satellites were used to derive long-term trends of the normalized difference
vegetation index and of the vegetation cover taking advantage from the archive dating back to 1984 (Bayle et al., 2023,
2021; Fischer et al., 2019). Unmanned Aerial Vehicles (UAV) have emerged as a convenient solution for very high resolution
mapping of complex terrain such as proglacial areas (Vidaller et al., 2024; Corte et al., 2024). Thus, UAV vegetation cover
40 maps have already been used at 12 cm resolution to calibrate the sensitivity of Landsat NDVI at 30 m to subpixel vegetation
variability (Bayle et al., 2021). The vegetation cover was also derived from UAV images at 7 cm resolution in a proglacial
area, but was not evaluated against reference measurements (Wei et al., 2021). Similarly, a land cover map was derived from
UAYV images at 4.5 cm resolution near the front of an Austrian glacier (Zangerl et al., 2022). The map was found to be
accurate with an overall accuracy of 87%, but this evaluation was based on a set of reference values extracted from the UAV
45 images and not from an external, independent, reference dataset such as in situ observations.
Thus, there remains a knowledge gap regarding how the vegetation cover derived from high-resolution UAV images
compares to the traditional expert in situ observations in recently deglaciated areas, which are at the base of most studies in
the topic so far. Here, we aim at filling this gap and answering the following three questions: how do UAV vegetation cover
estimates compare to in situ observations in a proglacial environment? What is the impact of the UAV product resolution on
50 the vegetation cover retrieval? How can UAV data be used to complete or improve in situ sampling strategies? We used in
situ observation collected by botanist experts below the front of the Aneto glacier in the central Pyrenees and concurrent with
images obtained by a UAV flight from which the vegetation cover was estimated. The comparison of both datasets enables to
estimate the representativeness of the in situ sampling strategy, the accuracy of the UAV vegetation cover and the strengths
and weaknesses of both methods.

55

2 Study site and methods
2.1 Study site

The Aneto glacier is the largest glacier of the Pyrenees with 34.4 ha in 2023 (Izagirre et al., 2024). The area covered by the
glaciers of the massif have decreased by 87% since their last maximal extent during the little ice age (LIA) circa 1850

60 (Vidaller et al., 2024). The glacier retreat revealed granitic rock later partially covered by detritic sediments, shallow soil and
low vegetation (Vidaller et al., 2025). The area has an average slope of 22° between the frontal moraine and the current
glacier location, facing the north-east. The climate is characterized by high-mountain conditions with a long lasting seasonal

2
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snowpack and short growing season. The in situ observations have been collected at six sites, labelled A1 to A6, between the
LIA moraine (2500 m a.s.l.) and the current extent of the glacier (3040 m a.s.1.) during two field campaigns in August 2023
(A1-2-4-5-6) and 2024 (A3, Fig. 1). The UAV survey focused on two areas of interest, one centred on the points Al and one
including the points A4 to A6 (Fig. 1).
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Figure 1. Study sites along the Aneto glacier retreat graidient (A1-A6). The vegetation cover was estimated from UAV
images in the upper part (including A4, A5 and A6) and the lower part (A1) of the deglaciated area. Zoom on the land use
cover map from UAV is provided in Fig. S1 and 3.
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2.2 UAYV surveys

The UAV surveys were conducted on 08 and 09 August 2023 with a Parrot ANAFI quadcopter UAV equipped with a RGB
camera (21 Mp 1/2.4 > CMOS sensor, 35 mm flens format equivalent). The images of each survey overlapped a minimum of
70% transversally and 80% longitudinally, and each area was flown at 20 m and 70 m above the ground, which then were
processed with Structure from motion (SfM) software to generate orthoimages. The higher resolution flights covered 0.3 ha
(A1) and 1.3 ha (A4-A6), while the lower resolution flight covered 18.8 ha (A1) and 12.9 ha (A4-6). Additionally, nine plots
of the site Al and five plots of A6 were imaged by a nadir acquisition from a low static UAV flight at ~3 m above ground
resulting in images with millimetric resolution.

Orthomosaic production was performed using PIX4D mapper (version 4.4.12) through SfM methods. The automatic

processing began with internal and external calibrations of the camera parameters to compute the camera geometry, its

3
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position and its orientation at the time of each pictures acquisition. Then, an automatic keypoint matching process identified
common areas across at least two images to refine the internal and external camera calibration. A densified 3D point cloud
was then generated, allowing the computation of a digital surface model and a mosaic of orthoimages (Revuelto et al., 2021).

85  All products were generated in the WGS 84 / UTM Zone 31N projection.

The UAV has the positioning standard error of a regular GPS. Thus, the geolocation accuracy of the initial orthomosaics was
~4 m and was further improved by manually identifying control points in the contemporary aerial images at 0.5 m spatial
resolution from the Instituto Geografico Nacional through georeferencing facility in QGIS (QGIS Development Team). The
low resolution images (70 m flight height) were georeferenced using a polynomial of degree three transform and further used
90 asreference to georeference the high-resolution images (30 m and 3 m flight height) with a linear transform. The mean
residual of the georeferencing was of 0.68 m, 0.40 m and 0.04 m. Finally, the images were resampled at respectively 5 cm, 1
cm and 0.1 cm resolution, with a bilinear interpolation to homogenize the series of images of the two areas of interest. The
parts covered by the glacier, water bodies and snow were manually masked. The images were then classified in a land cover
map using a random forest classifier based on training samples divided into four classes (rock, rock in the shade, vegetation,
95 and vegetation in the shade), following the methodology implemented for satellite images in Deschamps-Berger et al.
(2020), but solely using the red, green, and blue bands. This resulted in an ensemble of six sets of UAV derived land cover

maps, based on the area (A1 or A4-6) and the resolution of the cover map (0.1 cm, 1 cm, 5 cm).

2.3 In situ vegetation surveys

In situ measurements were considered the ground truth for the vegetation cover. The vegetation cover was determined in 10
100 plots of 1 m by 1 m distributed around the point A1 to A6. The location of the plots were chosen to sample, above all, the
diversity of species and was, thus, not specifically designed to map robustly the vegetation cover. Each plot was divided into
25 cells of 0.2 x 0.2 m, in which the proportion occupied by vegetation (including mosses), soil and rock were estimated by
experienced observers. The detailed list of species encountered was also determined to define species abundance and plant

community composition along the elevation gradient, but was not used in this study.

105 2.4 Comparison of in situ and UAV vegetation cover

For each plot, an in situ vegetation cover value in percent was available. The vegetation cover was calculated from each
UAV land cover map as the proportion of pixel classified as vegetation within a 1 m by 1 m square centred on the in situ
sampling points located within the UAV images. Due to the varying coverage of the UAV acquisitions, 14, 12 and 38 points
were available for comparison for the UAV resolution of 0.1 cm, 1 cm and 5 cm respectively. The agreement of the UAV and
110 in situ vegetation cover was estimated with the Pearson correlation between both datasets, and the mean and the standard
deviation of the residuals (UAV minus in situ). The representativeness of the in situ sampling was evaluated by comparing

the UAV vegetation cover at the plots location and over the whole elevation band to which they belonged. Finally, the
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gradients in vegetation cover with elevation measured by UAV and in situ observations were calculated as a linear fit through

the median of the vegetation cover at each elevation.

115 3 Results
3.1 Vegetation cover maps from UAYV images

The maps derived from UAV images highlighted the expected reduction in vegetation cover between the low-elevation and
high-elevation sites (Fig. S1). They also showed the large spatial variability of the vegetation cover around the point A1,
associated to a patchy pattern. The moraine appeared as clear discontinuity with low vegetation cover separating two areas
120  with higher vegetation cover. Around the point A4-6, the vegetation appeared much sparser in the 1 cm and 5 cm maps.
Individual pixels were identified as vegetated in an unrealistic pattern, likely as a results of misclassification of shades or
coloured rock. However, individual large plants with a radius of 10 cm or greater were properly identified (Fig. S2). Some of
these were present in the 1 cm map and not in the 5 cm one. Overall, pixels likely wrongly classified as vegetated appeared

at the border of shaded areas and within them, suggesting the difficulty to classify mixed pixels and pixels with low contrast.

125 3.2 Comparison of vegetation cover estimates by UAV versus in situ surveys

The level of agreement between in situ observation and UAV derived vegetation cover was found to vary with the site and
the resolution considered, with better results for A1 plots compared to A4-6 (Fig. 2 and 3, Table S1). For A1l plots, UAV
vegetation cover was lower on average for 5 cm spatial resolution UAV map estimates compared to in situ values (-23.8%).
The agreement of the 0.1 cm spatial resolution UAV map was better with a mean bias of only +2.9%. Only two plots were

130 available in the 1 cm map, which did not allow for robust statistical calculations. The variability of the vegetation cover was
well captured in the maps at 5 cm and 0.1 cm with a Pearson correlation coefficient of 0.60 and 0.88, respectively. The
standard deviation of the residuals (UAV minus in situ) was 13.2% and 6.8% for 5 cm and 0.1 cm maps, respectively, which
is remarkably lower than the in situ vegetation cover values, which ranged from 31% to 67% (Fig 2, Table S1). The
differences between UAV and in situ data were relatively larger for plots A4-6, where the mean bias of the residuals ranged

135  from -6.9% (0.1 cm) to -11.1% (5 cm), which is close to the mean vegetation cover of 11.1%. The standard deviation of the
residuals was similarly larger for the 5 cm map (7.3%) than for the 1 cm map (4.3%) and the 0.1 cm map (5.1%), although
the smaller sample size for the latter should be noted (N=5).



https://doi.org/10.5194/egusphere-2026-527
Preprint. Discussion started: 5 February 2026
(© Author(s) 2026. CC BY 4.0 License.

140

145

150

155

a. Vegetation cover b. Vegetation cover difference

100
5cm
1cm 10 7 i;
80 4® 0.1cm <
® < 01T — - 7 :l
< £ . S | I
X 60 1 9 ® =10 7 = = . ‘ ’ -
; ° k= } = 9 o
% -20 1 5
§ 40 7 ° % 2 ‘ . 10
b E-307 1l
7 4 29
20 S —401
2 n=g Al A4-6
0 T T T T T T T T T T
0 20 40 60 80 100 5cm 1cm 0.1cm 5cm 1cm 0.1cm
In situ (%) UAV image resolution

Figure 2. Scatter plot of the vegetation cover measured by classification of UAV images and by in situ observation (a).
Difference of vegetation cover broken down by UAV image resolution (b). The UAV values are extracted from a 2 m by 2 m
square centred on the in situ sampling location.

3.3 Vegetation cover gradient with elevation

Despite the general underestimation of the UAV vegetation cover compared to the in situ one, the decrease in vegetation
cover between low areas (median cover of 12.3% at 2450-2500 m a.s.l.) and high areas (median of 0% from 2900 m a.s.l.) is
identified in UAV vegetation cover estimates (Fig. 3a). The exact gradient of decrease of the vegetation cover with elevation
is variable between the UAV products and the in situ observation. Thus, between the 2600 m — 2650 m and 2950 m — 3000 m
bands for which all products are available, the vegetation cover decrease by only -3% per 100 m elevation for the 5 cm
vegetation cover product, but by -8%, -12% and -9% per 100 m for, respectively, the 1 cm, the 0.1 cm and the in situ

products, respectively.

The larger area covered by the UAV flight also enabled us to expand the observation to areas out of the frontal moraine
contour, which were not observed in situ (Fig. 3b). This showed that the vegetation cover is much higher under 2450 m a.s.1.,
marking a discontinuity with areas above. At an altitude where the moraine marks the past glacier presence, the vegetation
cover is higher out of the moraine than within the moraine up to 2550 m a.s.l. and similar on both sides of the moraine
above. Thus, the past presence of a glacier did not result in a systematic difference of vegetation and other variables must

explain such cover variation within a narrow 250 m band of elevation (2400 m a.s.l. to 2650 m a.s.L.).

EGUsphere\
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Figure 3. Distribution of the vegetation cover derived from UAV 5 cm, 1 cm and 0.1 cm images within the moraine extent
and from in situ observation at the sampling points A1 to A6 (a). Distribution of the vegetation cover derived from UAV 5

160
covered even during the LIA) in grey and from in

3.4 Evaluation of the in situ sampling strategy

cm images within the moraine extent (i.e. once ice-covered during the LIA) in green, out of the moraine extent (i.e. not ice-

situ observation at the sampling points A1 to A6 (b).

The distribution of the 5 cm UAV vegetation cover is generally comparable whether it is sampled at the in situ plots location

165

or over the whole elevation band (Fig. S3). However, the in situ sampling does not sample the maximal values of the area

and the median of the in situ sampling (19 %) is higher than the median of the complete distribution (12 %). This suggests a

bias in the in situ sampling strategy, which leads to an overestimation of the median value and an underestimation of the

variability. Such assessment is not possible for the higher area (A4-A6) due to the distribution of vegetation cover being

overwhelmingly dominated by values close to zero.
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170 4 Discussion

We found that UAV-derived vegetation cover estimates matched reasonably well with in situ measurements in proglacial
environments, since they were able to capture the vegetation cover decrease from low to high elevation. Similarly, random
forest classifier was previously found to properly identify vegetation classes in a mediterranean, alpine and proglacial
environments on 1 cm to 6 cm UAV images (Zangerl et al., 2022; Niederheiser et al., 2021; Gongalves et al., 2016). The
175  systematic underestimation of the vegetation cover found here is similar in magnitude to biases found in similar UAV
derived cover estimates, although in a varying direction (Chen et al., 2016; Niederheiser et al., 2021). More complex
vegetation cover retrievals using convolutional neural networks or adding bands derived from RGB images and topographic
information do not seem to guarantee better results (Niederheiser et al., 2021; Zangerl et al., 2022). However, it might be
beneficial to acquire near-infrared images to derive the NDVI values, as it is an index specific to vegetation (Bayle et al.,

180 2021).

The UAV retrievals captured fairly well the variability between plots with high vegetation cover (i.e. from low altitude), but
not those where vegetation was really sparse (i.e. at high altitude). The increase in the resolution of the UAV vegetation
cover map improved the agreement with in situ measurements with a reduction of the absolute bias from -23.8% (5 cm) to
2.90% (0.1 cm) in areas where the cover was high. Similarly, the bias also decreased with increased resolution in areas with
185 sparse vegetation. However, in such areas, the mean bias for 0.1 cm images was -6.9%, which remained high relative to the
mean vegetation cover value which was 9.0%. These 0.1 cm high-resolution images were acquired in static mode and could
only be acquired over small areas. We found that the gradient of vegetation cover with elevation was not necessarily
impacted by these biases as they were consistent at all elevations. Thus, the decrease in vegetation cover was similar for 1
cm, 0.1 cm product and the in situ observation, ranging from 8% to 12% of reduction per 100 m elevation. Only the gradient
190  derived from the 5 cm UAV product strongly underestimated the in situ gradient with a 3% reduction per 100 m, probably

due to the bias being larger than the vegetation cover at high elevation.

A good compromise between the area covered and the accuracy of the vegetation cover estimate could be achieved with
UAV images with a spatial resolution of 1 cm to 5 cm, corrected with a few in situ vegetation cover measurements or a few
higher resolution images. Furthermore, more accurate vegetation cover over larger areas could be expected with better

195  sensors. The UAV of this study was chosen due to its low weight, but at the cost of a medium resolution of 20 megapixels.
Sensors with 50 to 100 megapixels are becoming increasingly available and would increase the area covered in this study at

a given resolution.

The poor quality of the UAV retrievals over low vegetation cover could be due to the spatial distribution of the vegetation in
these areas or to a mismatch between the in situ observer and the classification definition of vegetation. In these plots, the
200 vegetation is gathered in a few patches and is sometimes composed of herbaceous plants, which results in a larger proportion

of mixed pixels composed of vegetation and rocks (Fig. S2). The binary classification used here is probably not adapted to
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these pixels. In order to avoid adding endlessly new categories (i.e., mixed pixels), the fractional vegetation cover could be
directly calculated at the pixel scale (Chen et al., 2016) using a regression algorithm such as random forest regressor or
gradient boosting. These are hard to classify and can lead to an underestimation of the vegetation cover. However, UAV

205 images in such sparse vegetation environments can be used to detect large isolated plants of typically 30 cm radius over large
areas and complex topography, which would be time-consuming and dangerous for an observer to explore. For instance, 18
groups of pixels larger than a circle with a radius of 10 cm and classified as vegetation were automatically extracted from the
1.3 ha covered by the high-resolution map in the high-elevation area, which is the most difficult to explore due to its relief
(not shown). Such vegetation cover mapping could be a first preparatory step to guide an observer in the field. At the current

210 stage of development of UAV methodologies for vegetation survey, the level of detail with the highest resolution images
does not enable to determine the exact species of plants present, similarly to what was observed in the proglacial area of a
glacier in the Tianshan Mountains (Fig. S2 in Wei et al., 2021). Thus, expert determination with direct observations of the

vegetation remains necessary to determine precisely the plant communities.

A clear benefit from UAV vegetation cover maps is the larger area covered, which informs about the general context of the
215  study site. For instance, the 5 cm images at low elevation covered about 0.2 km? inside and outside the frontal moraine

encompassing all the A1 in situ sampling points. This large coverage enabled to expand observations to areas not monitored

in situ and to highlight the similarity between vegetation on both sides of the moraine above 2550 m a.s.l. (Fig. 3). The

continuous cover of the UAV maps also enabled to verify the representativeness of the sampling strategy by comparing the

vegetation cover distribution to the one of the corresponding altitude band (Fig. S1 and 6). A slight positive bias in the in situ
220 sampling strategy was, thus, likely identified leading to an overestimation of the true vegetation cover distribution. This

difference was found to be satisfactory given that the sampling strategy was optimized to sample the species diversity.

5 Conclusion

We highlighted the benefits of the UAV vegetation cover surveys which are their ability to cover large area in complex
terrain and to determine accurately the spatial variability of the vegetation cover between contrasted elevation or within a
225 given area if the cover is sufficiently high (i.e. low elevation). However, UAV vegetation cover showed clear bias compared
to in situ observations leading to a general underestimation of the cover. This bias is reduced with higher resolution images
but at the cost of a reduced area covered. Additional benefits from UAV mapping are the ability to evaluate the in situ
sampling strategy. Future work should aim at designing the optimal UAV flight configurations (elevation, camera
adjustments) to satisfy the image resolution requirements and the coverage of the area relevant to investigate vegetation
230  colonization in proglacial environments. We conclude that UAV are a reliable tool to complement in situ observation of the
vegetation cover, although they cannot replace detailed in situ inventories to retrieve the vegetation community composition

and diversity.
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