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Abstract

Unmanned aerial vehicle (UAV) or drone technology has gained significant traction in ecological restoration projects, particularly in
revegetation efforts aimed at stabilizing degraded landscapes. Despite this growing interest, empirical data on the effectiveness of
drone-based reseeding remain scarce. This study addresses this gap by investigating a core question—“Does drone-facilitated
revegetation work?”—using a case study of three landslide-affected sites in Taiwan that underwent UAV seeding, alongside a fourth,
untreated control site. We employed a dual remote-sensing approach using Google Earth Engine (GEE), leveraging both the
Normalized Difference Vegetation Index (NDVI) and the Enhanced Vegetation Index (EVI) to quantify vegetation health before and
after drone interventions. Results indicate that two of the three treatment sites showed notable improvements in NDVI and EVI,
suggesting successful vegetation establishment, whereas the third site exhibited a less favorable response, highlighting the importance
of site-specific conditions. The control site underwent only minimal natural recovery by comparison. These findings underscore the
potential advantages of UAV-assisted seeding in challenging terrains and offer insights into how future drone-based revegetation
projects might be refined for greater efficacy.
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1. Introduction

Restoration ecology is a multidisciplinary field that seeks to re-
habilitate degraded ecosystems by applying ecological principles
to restore their natural, historical, or desired conditions [1]. A
critical tool in restoration efforts is revegetation, which involves
reintroducing plant species—often native—into landscapes that
have suffered environmental disturbances [2]. By fostering di-
verse and sustainable plant communities, revegetation helps
stabilize soil, prevent erosion, provide habitat for wildlife, and
enhance ecosystem services.

As restoration ecology has advanced, so too have revegetation
techniques, evolving from traditional manual planting to large-
scale aerial seeding. Several countries have experimented with
helicopter-based or plane-based revegetation to address chal-
lenges in degraded landscapes [3, 4]. While aerial seeding offers
large-scale coverage, it is not without limitations. Helicopter-
based or plane-based revegetation is costly, logistically complex,
and limited in precision. Issues such as airflow disturbances,
operator visibility constraints, and inefficient seed distribution
make it less effective in small, fragmented, or topographically
complex areas. Manual planting, though effective, is often im-
practical due to high labor costs, time requirements, and acc-
essibility challenges in remote regions.

Recent advancements in technology have introduced drones or
unmanned aerial vehicles (UAVs) as a promising alternative for
revegetation [5]. UAVs offer greater mobility, remote operation,
and cost-effectiveness, particularly for small-scale projects or
inaccessible terrains. In drone-facilitated revegetation, UAVs
distribute seeds from the air, aiming for natural germination and
ecosystem regeneration. This method has been heralded for its
efficiency—potentially reducing labor needs by up to tenfold—
and for improving safety in hazardous environments [6].

However, skepticism remains regarding its effectiveness. Despite the
growth of drone forestry and revegetation companies worldwide,
empirical validation of drone-based seeding remains limited. Castro
et al. [7] highlighted the scarcity of scientific assessments measuring
UAV revegetation success. Similarly, Mohan et al. [6] found that one
drone-based revegetation company reported only a 20% seed
survival rate, underscoring the need for further refinement. While
theoretical research has explored UAV-assisted revegetation, includ-
ing deep learning applications to enhance seed dispersal accuracy
[8], the real-world success of drone-facilitated revegetation remains
largely untested [5].

Given this knowledge gap, rigorous field studies are needed to
assess the performance of drone-based revegetation sites. This
research aims to answer the simple question, “Does drone-
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facilitated revegetation work?”, by evaluating the effectiveness of
a UAV-assisted revegetation effort that occurred in Taiwan. By
monitoring vegetation recovery and ecological outcomes, this
study aims to contribute to the growing but still limited body of
literature on this emerging technology.

2. Materials and methods

2.1. Background and study areas

Taiwan, an island in East Asia, is characterized by rugged and
mountainous terrain covered with abundant forests. Due to its
topography, climate, and seismic activity, landslides are a fre-
quent occurrence. In response, the Taiwanese government often
undertakes revegetation efforts in landslide-affected areas to
stabilize the land. However, accessing these collapsed areas is
often difficult and can be quite costly.

Before the advent of drones, Taiwan relied on helicopters for
planting operations in these remote locations [9]. In 2019, the
Taiwan Forestry Bureau (TFB) experimented with using drones
to revegetate landslide-affected areas by dispersing seeds over
three such sites. Specifically, the TFB utilized an AG3 drone
developed by AGROBOT. This rotary-wing drone features verti-
cal takeoff and landing capabilities, a cruising speed of 60—120
km/h, and a minimum endurance of 60 min when fully loaded.
It can operate at altitudes up to 3,000 m with a maximum flight
radius of 30 km [10].

Plant species for UAV aerial seeding were selected based on govern-
ment-established criteria prioritizing the following attributes:

e Native (indigenous) plants supplemented by domesticated
non-native species.

e Pioneer herbaceous and dominant species that thrive in
natural succession, reproduce easily, and grow rapidly.

e Tree species with abundant seed supplies suitable for
afforestation on abandoned lands.

e  Woody plants with strong disaster prevention characteris-
tics suitable for landslide-affected areas.

e Grasses or legumes that quickly establish vegetation, have
high seed availability, and pose no ecological harm.

e DPioneer grass seeds for coverage, prioritizing species that
are locally available, have been used in Taiwan for disaster
prevention for over 20 years and are readily purchasable in
large quantities.

Based on these criteria, the selected herbaceous plants included tall
fescue (Festuca arundinacea) and Bahia grass (Paspalum notatum),
while the selected woody plants included Chinese bushclover (Sericea
lespedeza), Formosan alder (Alnus formosana), Formosa acacia
(Acacia confusa), shrubby bushclover (Lespedeza bicolor), and
Roxburgh sumac (Rhus chinensis var. roxburghii) [10—12]. The
planting granules were designed to optimize seed germination
and growth while maintaining a lightweight, water-retaining, and
cost-effective composition. The final formulation consisted of
clay soil, slow-release fertilizer, and culture soil as growth sub-
strates; red jade soil as a base material; pulp fiber as a covering
material; and an agglomerating agent as a cementitious binder.
The granules comprised approximately 13% seed material, with
the remaining mass consisting of fertilizer, soil, and binding
agents. Each granule weighed approximately 4.5—5 g [10].

The total cost of this experimental UAV-based seeding, including
both material and operational expenses, was estimated at 1.1
million NTD (approximately 33,200 USD) per hectare. This ap-
proach was deemed more efficient than manual seeding methods,
which were estimated to cost 3 million NTD per hectare [10].

Ultimately, three landslide-affected areas underwent this drone-
facilitated revegetation effort (Figure 1). For each site, three
treatments were administered over a 2.5-month period. During
each treatment, the drone performed approximately 30 flights,
dispersing an estimated 700,000 seeds per site [13, 14]. Study
Area 1 experienced a landslide in 2012 during Typhoon Saola,
which resulted in slope collapse and downstream debris flow.
Study Area 2 suffered a similar fate due to Typhoon Mindulle in
2004, while Study Area 3 was affected by Typhoon Morakot in
20009, causing damage to road infrastructure [10, 11, 15].

Additionally, for the purposes of this study, a fourth site, Study
Area 4, was included as the control (Figure 1). As identified th-
rough the NASA COOLR database [16], this site is located in the
remote Babokulu Mountain area, which is frequented by hikers.
It experienced a landslide in 2017 but did not undergo any signifi-
cant restoration efforts. The characteristics and locations of all
study areas are presented in Table 1.

2.2. Overview of remote-sensing methods

This study combined multiple remote-sensing approaches to evalu-
ate vegetation recovery after the drone intervention. Long-term
trends were examined using Landsat imagery and calculating a
Normalized Difference Vegetation Index (NDVI) time series, span-
ning nearly two decades, to capture broad-scale changes and the
establishment of species with longer germination periods. Short-
term changes were assessed using Sentinel-2 imagery, focusing on
Enhanced Vegetation Index (EVI) to detect immediate, finer-scale
responses to treatment. This short-term analysis included pre- and
post-treatment spatial change assessments and employed statistical
methods such as empirical cumulative distribution functions
(ECDFs), probability density functions (PDFs), and Kolmogorov—
Smirnov (K-S) tests, to quantify the extent of vegetation recovery in
both intervention and control sites. Additionally, we used Sentinel-2
imagery to analyze EVI over a longer time scale pre- and post-
intervention by generating scatter plots. Ultimately, by capitalizing
on Landsat’s extensive temporal coverage and Sentinel-2’s finer
spatial detail, a more precise and comprehensive analysis of vegeta-
tion dynamics could be complete.

2.2.1. Landsat Normalized Difference Vegetation Index
analysis

To monitor the long-term success of drone revegetation events,
NDVI analysis was conducted for each study area. Landsat
surface reflectance (SR) data from Collections 5, 7, 8, and 9 were
accessed and processed using Google Earth Engine (GEE) [17].
The dataset was filtered to include imagery from the years 2000
to 2024 with a maximum cloud cover threshold of 20%. To
ensure consistency across different Landsat sensors, SR values
were standardized using appropriate scaling factors for optical
and thermal bands. Cloud and shadow pixels were masked using
the QA_PIXEL band, retaining only high-quality imagery.
Additionally, to correct for seasonal variations, imagery was
restricted to a consistent time window from April 1 to July 31 each
year. This approach minimized phenological differences and
ensured comparability across years.
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Figure 1 « Study map and satellite imagery of each drone-facilitated revegetation area and the Control Area.

Table 1 » Location and characteristics of each drone-facilitated revegetation area

Study area Area  Average Slope Point

number (m2) slope direction location
latitude

1 3,286 -83.3% East 24°31'42.59"N

2 7,097 -51.3% Northwest 24°14’51.18"N

3 5,423 -78.2% South 23°57'31.75"N

4 (Control) 1,3749 —45.4% Southeast 24°35’59.81"N

To account for terrain-induced variations in reflectance, two cor-
rection methods were applied. C-correction was implemented to
adjust for illumination differences caused by varying slopes and
aspects, accounting for topographic shading effects and ensuring
more consistent reflectance values across different terrain condi-
tions [18]. Additionally, slope-matching correction was used to
normalize reflectance values by adjusting for solar zenith and
azimuth angles using a digital elevation model (DEM) [19, 20].
This approach reduced distortions from slope-induced variations
in reflectance, improving the comparability of NDVI values
across different terrains.

Point location Date of Months of drone
longitude landslide revegetation
event event

121°27°27.43"E August 8, 2012 April 2019

June 2019

June 2019
121°09’53.00"E July 2, 2004 April 2019

June 2019

June 2019
121°09’3.20"E August 7, 2009 April 2019

June 2019

June 2019
121°25'40.08"E May 28, 2017 N/A

NDVI measures vegetation greenness by leveraging spectral re-
flectance values obtained from satellite imagery in the red and
near-infrared (NIR) regions of the electromagnetic spectrum
[21]. Similar to EVI, NDVI values range from -1 to 1, with higher
values generally indicating healthier, denser vegetation. The
contrast between the high NIR reflectance of healthy vegetation
and the lower NIR reflectance (and higher red reflectance) of
non-vegetative surfaces forms the basis of this index.

While NDVI is widely used for its simplicity and robustness in
capturing broad-scale vegetation dynamics, it is sensitive to
atmospheric conditions and soil background effects, which can
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occasionally impact measurement accuracy. Despite these limita-
tions, NDVI remains a valuable tool for assessing vegetation
health and recovery due to its extensive historical application and
proven effectiveness in long-term monitoring [22, 23].

NDVI was chosen over the EVI for this section due to its stability
in capturing long-term vegetation trend dynamics. Unlike EVI,
which enhances sensitivity to subtle vegetation changes by mini-
mizing atmospheric and soil background influences [22], NDVI
provides a more consistent representation of broad-scale vegeta-
tion trends [24]. Given this section’s objective of assessing long-
term vegetation recovery trends rather than capturing short-term
fluctuations, NDVI was deemed the more appropriate metric for
time-series analysis.

NDVI was calculated for each Landsat image using the following
equation:

(NIR - RED)

NDVI=;——— |
(NIR +RED)

where NIR corresponds to SR Band 5 for Landsat 5 and 7 or Band
4 for Landsat 8 and 9, while RED corresponds to SR Band 4 for
Landsat 5 and 7 or Band 3 for Landsat 8 and 9.

To assess vegetation trends over time, NDVI values were aggregated
annually by computing the median NDVI for each year using GEE.
The time series was divided into three distinct periods: Before Land-
slide, After Landslide, and After Drone Intervention. The annual
median NDVI values for each period were extracted, and a line graph
was generated in R (ggplot2) to visualize NDVI trends, with shaded
background colors representing each phase.

2.2.2. Sentinel-2-based Enhanced Vegetation Index
analyses

Sentinel-2 Harmonized SR imagery from the Copernicus Senti-
nel-2 mission was accessed via GEE to assess vegetation health
changes across the three treatment areas and the Control Area.
The imagery was filtered to retain only images with less than 20%
cloud cover, and cloud-contaminated pixels were masked using
the QA60 band. To ensure a consistent and balanced assessment
of vegetation health changes, equal time periods were defined for
pre- and post-intervention comparisons. The pre-intervention
period spanned from August 2016 to May 2019 (33 months),
while the post-intervention period covered from August 2019 to
May 2022 (also 33 months). The three months during which the
revegetation project took place (May 2019 to July 2019) were
excluded from both periods.

Unlike Landsat imagery, Sentinel-2 data are more temporally
limited, particularly in regions with frequent cloud cover, such as
Taiwan. Therefore, restricting the analysis to specific seasons
would significantly reduce the number of available observations,
potentially compromising the study’s robustness. Therefore, to
maximize data availability while maintaining consistency in
temporal comparisons, imagery was included from all months
rather than being constrained to a specific seasonal window. This
consideration is taken into account when identifying patterns
and making comparisons, ensuring that any observed changes in
vegetation health are interpreted within the context of potential
seasonal influences.

To minimize the impact of terrain on vegetation reflectance, a
slope-matching topographic correction method was applied.
Using the Shuttle Radar Topography Mission (SRTM) DEM,

slope and aspect were computed for each image, and solar zenith
and azimuth angles were incorporated to normalize reflectance
values. This correction ensured that observed vegetation changes
were attributed to actual vegetation recovery rather than varia-
tions in terrain-induced illumination. Areas where the correction
was invalid, such as those where relative illumination conditions
resulted in negative or near-zero cosine values, were masked to
maintain data integrity.

Additionally, EVI was calculated using Sentinel-2 Harmonized
imagery. EVI was selected over NDVI for this section due to its
improved sensitivity to subtle variations in vegetation conditions,
particularly in areas of high biomass. Unlike NDVI, which can
become saturated in dense vegetation, EVI incorporates addi-
tional corrections for atmospheric effects and canopy back-
ground signals, making it more suitable for detecting small-scale
vegetation changes while minimizing distortions caused by soil
brightness [22]. This enhanced sensitivity enables a more precise
comparison of vegetation health changes in response to the
intervention.

EVI was calculated using the standard formula in GEE:

NIR -RED

EVI=2.5>< ’
(1+NIR +6xRED -7.5xBLUE)

where Band 5 (Landsat 5 and 7) or Band 4 (Landsat 8 and 9)
corresponds to the NIR region, Band 4 (Landsat 5 and 7) or Band 3
(Landsat 8 and 9) corresponds to the red region, and Band 2
(Landsat 5, 7, 8, and 9) corresponds to the blue region of the electro-
magnetic spectrum. This formulation enhances the sensitivity of the
index while minimizing the effects of atmospheric conditions. This
equation follows a similar approach to Zeng et al. [25].

With all necessary corrections applied to the Sentinel-2 collection
and the completion of EVI calculations, the following analyses were
conducted to assess vegetation changes in response to drone revege-
tation efforts. These analyses included pre- and post-treatment spa-
tial changes, ECDFs, PDFs, and a K-S test. By incorporating these
statistical techniques, we aimed to capture both immediate and
sustained vegetation recovery trends, ensuring a comprehensive
evaluation of the intervention’s impact.

Pre- and post-treatment spatial changes

For each study and Control Area, median composite images were
generated for both the pre- and post-intervention periods by cal-
culating the median EVI value for each pixel across all available
images within the respective time frames. These composite images
were then clipped to the study area boundaries. Difference images
were created by subtracting the pre-intervention median EVI from
the post-intervention median EVI to highlight spatial variations in
vegetation change.

The final EVI maps were color-coded to visually depict vegetation
health dynamics. Pre- and post-intervention maps used an EVI scale
ranging from o to 0.8, where brown tones represented low vegeta-
tion health and green tones indicated high vegetation health. Differ-
ence maps were scaled from -0.25 to 0.25, where negative values
(brown) indicated vegetation loss, positive values (green) signified
vegetation recovery, and white areas represented minimal change.
These visualizations provided a spatial assessment of vegetation
responses across the treated and control areas, offering insights into
the intervention’s impact on vegetation health over time.
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Empirical cumulative distribution function analysis

ECDFs were used to evaluate distributional changes in EVI
values between pre- and post-intervention periods. This non-
parametric approach provides insights into shifts across the
entire vegetation health spectrum rather than relying solely on
mean or median values.

A post-intervention ECDF positioned below the pre-intervention
ECDF at a given EVI value indicates improved vegetation condi-
tions, whereas a post-intervention ECDF positioned above sug-
gests potential vegetation decline. This method allows for a more
nuanced assessment of effectiveness by capturing vegetation
health changes across different EVI levels.

A shift in the post-intervention ECDF relative to the pre-intervention
ECDF provides insight into distributional changes in vegetation
health. When the post-intervention ECDF is positioned below the
pre-intervention ECDF at a given EVI value, it indicates that a
greater proportion of areas exhibited EVI values exceeding that
threshold post-intervention, suggesting overall vegetation improve-
ment. Conversely, when the post-intervention ECDF is positioned
above the pre-intervention ECDF, it signifies that a larger share of
areas had EVI values at or below that level post-intervention,
indicating a potential decline in vegetation health.

By analyzing the full ECDF curves, we assessed whether the in-
tervention led to an overall increase or decrease in vegetation
health and determined whether these changes were concentrated
within specific EVI ranges. This approach allowed for a more
detailed understanding of vegetation condition trends across the
study areas beyond simple mean or median comparisons.

Probability density function analysis

To assess changes in vegetation health over time, PDFs of EVI
values were computed for both the pre- and post-intervention
periods utilizing the pre-processed Sentinel-2 collection. PDFs
provide a smooth representation of EVI distributions, allowing
for the visualization of shifts in vegetation health and detecting
whether the intervention resulted in a higher density of areas
with increased vegetation greenness.

Kernel density estimates were generated in R using the density()
function, which applies to a Gaussian kernel to estimate the prob-
ability density across the range of EVI values. This nonparamet-
ric approach captures the underlying distribution of vegetation
health without assuming a predefined statistical model. The pre-
and post-intervention PDFs were computed separately to
evaluate differences in the distribution of EVI values before and
after the intervention. The density estimates for both periods
were converted into data frames to streamline visualization and
comparison using the ggplot2 library in R.

By examining changes in the shape and position of the PDFs, we
can identify shifts in vegetation health across the study areas. For
example, an increase in the density of higher EVI values in the
post-intervention period would suggest improved vegetation
conditions, whereas a shift toward lower EVI values may indicate
potential declines in vegetation health. This approach provides a
more detailed understanding of vegetation recovery by analyzing
distributional changes rather than relying solely on summary
statistics, such as mean or median EVI values.

Kolmogorov—Smirnov test
To statistically evaluate changes in EVI values before and after the
intervention, we conducted a K-S test, a nonparametric method that

compares the empirical distribution functions (EDFs) of two
datasets. This test is particularly well suited for detecting distribu-
tional shifts as it does not assume a specific underlying distribution
and is robust to differences in data scale [26].

The analysis was performed in R, leveraging its comprehensive
statistical packages. First, pre- and post-treatment EVI data were
imported from comma-separated values (CSV) files and struc-
tured using the tidyverse suite for data manipulation. The K-S
test was then applied to each study area, comparing pre- and
post-intervention EVI distributions to assess whether significant
differences existed.

The null hypothesis (Ho) assumes that the pre- and post-inter-
vention EVI distributions are identical, while the alternative
hypothesis (H1) suggests that a statistically significant shift
occurred due to the intervention. The test statistic measures the
maximum difference between the EDFs of the two datasets, and
a low p-value (p < 0.05) indicates a significant change in vegeta-
tion health distribution.

This approach provides a quantitative measure of the interven-
tion’s impact, complementing visual interpretations from ECDF
and PDF analyses. By identifying shifts across the entire EVI
distribution, the K-S test offers a rigorous assessment of whether
the observed vegetation changes were statistically meaningful.

Long-term pre- and post-intervention analysis

Lastly, to assess a long-term revegetation trends at high spatial
resolution, Sentinel-2 imagery was analyzed over a multiyear
period (2017-2024). To evaluate changes in vegetation health
following the intervention, the time series was divided into two
time periods: pre-treatment (2017-2019) and post-treatment
(August 2019—2024).

The year 2017 was chosen as the start of the pre-intervention
period since July 2017 was the earliest date for which Sentinel-2
imagery was available for our study areas. The median EVI was
calculated for each study area at a 10-m resolution, and an EVI
time series was generated using a mean reducer across the extent
of each study area. This temporal assessment leveraged the high-
resolution capabilities of Sentinel-2 data to capture vegetation
dynamics more effectively over time.

This time series of EVI values provided a detailed evaluation of
vegetation changes over time, enabling a more comprehensive
analysis of the revegetation process, particularly in assessing the
effectiveness of drone-assisted interventions.

To compare vegetation conditions between pre- and post-treatment
periods, scatter plots of EVI values over time were generated in R
(ggplot2). Each point in the scatter plot represented an EVI value
recorded on a specific date, allowing for a clear visualization of
temporal trends. A linear model trend line was fitted separately for
the pre- and post-treatment periods to illustrate directional changes
in vegetation health. The overall median EVI value for the entire
period, spanning both pre- and post-intervention time frames, was
indicated using a horizontal reference line. To enhance interpretabil-
ity, color mapping was applied to visually distinguish vegetation
variations over time. This visualization approach facilitated an intui-
tive assessment of vegetation dynamics, providing insights into the
spatial and temporal effectiveness of the intervention across differ-
ent study areas. By integrating high-resolution spatial data with a
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long-term temporal analysis, this method enabled a robust evalua- of regrowth but no full return to pre-landslide levels, suggesting
tion of vegetation recovery trends, offering valuable information on slow and inconsistent natural recovery.

the impact of drone-assisted revegetation. . .
P 8 From 2019 onward, after the drone intervention, NDVI showed a

steady upward trend, approaching 0.8 by 2022—2024, compara-

3. Results ble to pre-landslide conditions. These results indicate that while
natural regeneration was slow and inconsistent, intervention
3.1. Long-term Landsat Normalized Difference efforts played a key role in accelerating recovery.

Vegetation Index . ) L
The NDVI time series shown in Figure 2 for Study Area 2 follows

three phases: Before Landslide (2000-2004), After Landslide
(2004—2019), and After Drone Intervention (2019—2024). Before
2004, NDVI remained above 0.65, reflecting a stable ecosystem. The
landslide caused a sharp drop to 0.3, marking a significant vegeta-
tion loss. Post-landslide recovery was slow and uneven, with NDVI
fluctuating between 0.5 and 0.6 for almost a decade, indicating
inconsistent natural regrowth. However, a more stable upward trend
began in 2014, with NDVI surpassing 0.7 by 2018—2019.

The NDVI time series shown in Figure 2 for Study Area 1
highlights distinct vegetation trends across three periods: Before
Landslide (2000—2012), After Landslide (2012—2019), and After
Drone Intervention (2019—2024). Before 2012, NDVI values
remained stable, consistently above 0.7, indicating healthy veg-
etation. A temporary dip in 2006 suggests a short-lived disturb-
ance, but recovery was swift. Following the 2012 landslide, NDVI
declined, reaching its lowest point in 2014 (below 0.65), reflect-
ing a negative change in vegetation loss. The post-landslide pe-
riod was characterized by high variability, with occasional signs

Study Area 1 Study Area 2ND

- NDVI [ Before Landslide [! After Landslide [l After Drone Intervention VI | Before Landslide [] After Landslide I After Drone Intervention

0.7
0.8
0.6
> >
=) =)
= z
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0.4
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Study Area 3 Study Area 4 (Control)
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0.8
0.8
0.7
0.7
0.6
> >
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Figure 2 « Normalized Difference Vegetation Index (NDVI) time series for Study Areas 1—3 and the Control Area from 2000 to 2024,
illustrating vegetation trends before and after landslide events, as well as post-drone intervention recovery. Each time series is divided
into three distinct periods: Before Landslide (blue), After Landslide (purple), and After Drone Intervention (green). In all study areas,
NDVI declines sharply following landslide events, with varying degrees of recovery. Study Area 1 exhibits slow and inconsistent natural
recovery before showing a noticeable increase after 2019, coinciding with drone-assisted restoration. Study Area 2 shows a different
pattern, with significant NDVI improvements beginning around 2016, making it unclear whether the recovery was due to natural
revegetation or drone intervention. The Control Area, which experienced a landslide in 2017, shows a rapid recovery compared to the
study areas, suggesting that factors such as terrain stability and environmental conditions influenced post-landslide regrowth. Overall,
the results highlight the impact of landslides on vegetation loss and the potential role of drone-based interventions in accelerating
ecosystem recovery.
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After 2019, coinciding with the drone intervention, NDVI showed intervention, the sharper post-2019 increase suggests a positive
a sustained increase, remaining above 0.7 through 2024. While effect of targeted restoration efforts.

this suggests successful revegetation efforts, the steady recovery
trend beginning in 2016 implies that a combination of natural
regrowth, environmental factors, and potential land manage-
ment contributed to vegetation restoration.

For the Control Area, shown in Figure 2, NDVI remained high
(0.7-0.8) before 2017, with occasional fluctuations likely due to
seasonal droughts and climate variability. Following the 2017
landslide, NDVI dropped below 0.5 in 2018, indicating substan-
For Study Area 3, the NDVI time series shown in Figure 2 tial vegetation loss. Unlike the other study areas, the control site
follows the same pattern: Before Landslide (2000-2009), After recovered quickly, surpassing 0.7 by 2020 and maintaining pre-
Landslide (2009—2019), and After Drone Intervention (2019— landslide levels through 2024.

2024). Before 2009, NDVI values were stable (>0.7), apart from

minor fluctuations. The 2009 landslide caused an immediate 3.2. Pre- and post-treatment spatial changes

NDVI drop below 0.3, exposing bare soil and disrupting vegeta-
tion. No data were available for 2010 due to persistent cloud
cover from the same weather system. Recovery between 2012 and
2018 was slow and inconsistent, with NDVI fluctuating between
0.3 and 0.5, likely due to soil degradation and erosion. However,
after 2019, NDVI displayed a consistent upward trajectory,
reaching 0.6 by 2022 and continuing toward pre-landslide levels.
While some vegetation improvement was visible before the

The pre-treatment, post-treatment, and difference maps for Study
Area 1, shown in Figure 3, indicate positive vegetation health
changes following the intervention. The pre-treatment map displays
moderate to high EVI values across most of the area, with some
lower vegetation health patches, particularly on the east boundary,
suggesting degraded or bare land. Post-treatment, overall vegetation
health improved, with a reduction in low-EVI areas, although some
patches of lower vegetation health persist in the same regions.

Pre-Intervention Post-Intervention Difference

Study Area 1 ﬂ @

Study Area 2

Study Area 3

Study Area 4
(Control)

0.0 ey o 0.8 -0.25 s o 0,25
EVI EVI

Figure 3 e Spatial distribution of Enhanced Vegetation Index (EVI) values across study areas before and after the revegetation
intervention, along with vegetation change (difference) maps. The first column represents pre-treatment EVI values, where green areas
indicate higher vegetation health and brown areas signify lower vegetation health or bare land. The second column shows post-
treatment EVI values, revealing changes following the intervention, while the third column presents the difference maps, highlighting
the net change in EVI values between the pre- and post-treatment periods. Study Area 1 shows a notable improvement in vegetation
health, with a visible reduction in brown areas and an increase in green shades. The difference maps confirm a net positive change in
most regions, though some areas remain unchanged (white) or show minimal degradation. In Study Area 2, vegetation gains are
primarily concentrated in the upper portion, while the rest of the area remains largely unchanged or experiences minor losses. Study
Area 3 exhibits strong recovery in many regions, as indicated by large green patches in the difference map. However, some areas
continue to show degradation (brown patches), suggesting that the response to the intervention has been spatially variable. Study Area
4 (Control), where no intervention was applied, shows moderate changes over time, with a mix of positive and negative changes. This
suggests that some vegetation fluctuations may be due to natural variations, but the stronger improvements in treated areas indicate
that the intervention played a role in recovery.
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The difference map provides a clearer picture of these variations,
showing a dominance of green shades, which indicates a net
positive change in EVI values and suggests successful vegetation
recovery (Figure 3). The reduction in brown areas further
confirms that previously degraded regions benefited from the
intervention. White areas in the difference map indicate minimal
change, reflecting stable vegetation conditions (Figure 3). Over-
all, the results suggest that the intervention had a positive impact
on vegetation health, with most of the study area experiencing an
increase in EVI values.

The pre-treatment map for Study Area 2, shown in Figure 3, reveals
widespread low vegetation health, especially along the upper and
eastern boundaries, while some areas along the western border
exhibit moderate to high EVI values. Post-treatment, a noticeable
improvement in vegetation health is observed, with a reduction in
low-EVI areas and an expansion of green regions, particularly in the
upper and central portions of the study area. However, some regions
along the right border remain degraded (Figure 3).

The difference map highlights the magnitude and direction of
vegetation change, with some light green and predominantly white
shades indicating minimal changes in vegetation health. The persis-
tence of brown patches in certain areas suggests ongoing vegetation
stress or degradation despite overall improvements. These findings
indicate a moderate improvement in vegetation health, with the
intervention contributing to recovery, though some areas remain
resistant to change.

Study Area 3 exhibits a complex pattern of vegetation change over
time, as shown in Figure 3. The pre-treatment map shows hetero-
geneous vegetation conditions, with low EVI values concentrated in
the central and lower-eastern sections, while the northern and
southwestern portions display moderate to high vegetation health.
Post-treatment, the response to the intervention varies. While some
regions, particularly in the lower-western section, show visible
improvement, other areas, including parts of the central and
southeastern sections, remain degraded or exhibit continued stress.

The difference map confirms this spatial variation, with green areas
indicating vegetation recovery, while brown areas signify a contin-
ued decline in EVI values (Figure 3). White areas represent mini-
mal change. Overall, the results suggest that while the intervention
had some positive effects, certain regions remained unchanged or
continued to degrade.

The Control Area provides a baseline for comparison in the absence
of intervention. The pre-treatment map displayed in Figure 3
shows moderate to high vegetation health, with some localized
brown patches, indicating areas of vegetation stress or degradation.
Post-treatment, vegetation health improves naturally, with previ-
ously degraded areas transitioning to green, suggesting a gradual
recovery over time. The difference map highlights this natural
trajectory, with light green and white areas dominating, suggesting
that most of the Control Area either remained stable or experienced
slight improvements. Some brown patches persist, particularly in
the upper-left section, indicating localized vegetation decline.

3.3. Enhanced Vegetation Index empirical cumulative
distribution functions

The ECDF comparison for Study Area 1, shown in Figure 4,
reveals mixed effects of the intervention on vegetation health.
The post-intervention ECDF lies below the pre-intervention
ECDF at lower EVI values, indicating that fewer areas had very

low EVI values after the intervention, suggesting an overall
improvement in degraded areas. This is further supported by an
increase in median EVI from 0.3 to 0.36 post-intervention. How-
ever, at EVI values above 0.35, the post-intervention ECDF rises
above the pre-intervention ECDF, indicating that fewer areas
retain moderate to high vegetation health compared to pre-
intervention conditions. This suggests that while the intervention
was beneficial for the most degraded regions, it coincided with a
decline in vegetation health in previously stable areas. Overall,
these results indicate that the intervention had both positive and
negative effects, improving conditions in severely degraded
pixels while reducing vegetation health in areas that initially had
moderate EVI values.

The ECDF comparison for Study Area 2, shown in Figure 4,
suggests a decline in vegetation health following the intervention.
The post-intervention ECDF is above the pre-intervention ECDF
at lower EVI values, indicating an increase in low-EVI areas. This
is further supported by a drop in median EVI from 0.21 pre-
intervention to 0.14 post-intervention, suggesting a general shift
toward lower vegetation health. In the moderate EVI range (0.2—
0.6), the post-intervention ECDF remains above the pre-
intervention ECDF, meaning that many areas with previously
moderate vegetation health shifted toward lower values. At
higher EVI values (above 0.6), the ECDF curves for pre- and post-
intervention converge, suggesting that regions with already high
vegetation health remained stable. Overall, these results indicate
a general reduction in vegetation health, particularly in areas that
previously had moderate EVI values, while the healthiest regions
were largely unaffected.

The ECDF comparison for Study Area 3 in Figure 4 shows a notable
shift in vegetation health between the pre- and post-intervention
periods. The post-intervention ECDF (dark green) is consistently
below the pre-intervention ECDF (light brown), particularly at lower
EVI values, indicating an overall increase in vegetation health. The
median EVI has shifted from approximately 0.21 to 0.3, suggesting
a meaningful improvement in vegetation conditions following the
intervention. At lower EVI values, the post-intervention curve rises
more gradually compared to the pre-intervention curve, implying a
reduction in the proportion of degraded areas. Conversely, at higher
EVI values, the curves remain close, indicating that healthier regions
have remained stable. This pattern suggests that the intervention
had a positive impact on vegetation health, with a general shift
toward higher EVI values and an improvement in median vegetation
condition.

The ECDF comparison for the Control Area shown in Figure 4
suggests a slight decline in vegetation health between the pre-
and post-intervention periods. The median EVI decreased from
0.35 (pre-intervention) to 0.31 (post-intervention), indicating a
shift toward lower vegetation health. At lower EVI values, the
post-intervention ECDF (dark green) is slightly above the pre-
intervention ECDF (light brown), suggesting a small increase in
degraded areas. This implies that more areas have shifted to
lower vegetation index values post-intervention. In the moderate
EVI range (0.2—0.4), the post-intervention curve remains above
the pre-intervention curve, reinforcing the trend of declining
vegetation health. At higher EVI values (above 0.4), the curves
converge, indicating that regions with already high vegetation
health remained relatively stable. Overall, the results indicate a
slight degradation in vegetation conditions within the Control
Area, as reflected in the downward shift in median EVI and the
increased proportion of lower EVI values post-intervention.
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Figure 4 « Empirical cumulative distribution functions (ECDFs) comparing vegetation health, as measured by Enhanced Vegetation
Index (EVI) values, before (pre-intervention) and after (post-intervention) the intervention across Study Areas 1—3 and the Control
Area. In Study Area 1, the post-intervention ECDF indicates an improvement in vegetation health, as the median EVI has increased
from 0.30 to 0.36. The post-intervention ECDF lies below the pre-intervention ECDF at lower EVI values, meaning that fewer areas
have poor vegetation health, while higher EVI values remain stable. In Study Area 2, the post-intervention ECDF shows a significant
upward shift at lower and moderate EVI values, highlighting a general reduction in vegetation health following the intervention, along
with a significant decrease in the median EVI, with little change in the highest EVI values. In Study Area 3, the post-intervention ECDF
shows a rightward shift in vegetation health, with the median EVI increasing from 0.21 to 0.30. The post-intervention ECDF lies below
the pre-intervention ECDF at lower EVI values, indicating that fewer areas have poor vegetation health. This suggests an overall
improvement in vegetation conditions rather than stability. In the Control Area, there is a slight decline in vegetation health, as
indicated by a decrease in the median EVI from 0.35 to 0.31. The post-intervention ECDF lies above the pre-intervention ECDF at
lower EVI values, meaning that a greater proportion of areas now have lower EVI values. However, the ECDFs for higher EVI values

remain nearly identical, suggesting that the healthiest areas remained stable despite the overall decline.

3.4. Enhanced Vegetation Index probability density
functions

The PDF for Study Area 1 shown in Figure 5 indicates positive
vegetation health changes following the intervention. At lower
EVI values, the post-intervention distribution (green curve) is
below the pre-intervention distribution, indicating a reduction in
degraded areas. In the medium EVI range, the post-intervention
curve rises above the pre-intervention curve, suggesting that a
portion of the study area shifted from low to moderate vegetation
health. The peaks of the distributions support this trend, with the
post-intervention peak occurring at a higher EVI value than the
pre-intervention peak. This is further confirmed by the increase
in median EVI, which rose from 0.22 to 0.35 post-intervention.
However, at higher EVI values, the post-intervention curve falls
slightly below the pre-intervention curve, indicating a decline in
vegetation health in areas that initially had the highest EVI
values. This suggests that the intervention benefited lower EVI
regions but may have contributed to some loss in areas that
previously had the strongest vegetation cover.

The PDF for Study Area 2 shown in Figure 5 indicates a decline
in vegetation health post-intervention. The post-intervention
curve is above the pre-intervention curve at lower EVI values,
reflecting an increment in degraded areas. In the moderate EVI

range, the post-intervention curve falls below the pre-interven-
tion curve, suggesting that some areas previously classified as
moderate vegetation shifted toward lower EVI values. The peaks
of the curves reinforce this trend, with the post-intervention peak
occurring at a slightly lower EVI value than before. This is further
supported by the decline in median EVI, indicating a general
downward shift in vegetation health. At higher EVI values, the
post-intervention curve remains below the pre-intervention
curve, suggesting a slight decrease in the proportion of areas with
high vegetation health. These outcomes suggest that the in-
tervention was not effective in improving vegetation health in the
short term for Study Area 2, leading to a slight overall decline
across areas with initially moderate to high vegetation health.

The PDF comparison for Study Area 3 in Figure 5 shows an
overall increase in observed values post-intervention. The post-
intervention curve is above the pre-intervention curve at higher
values, reflecting a positive shift in the distribution. In the lower
value range, the post-intervention curve falls below the pre-
intervention curve, suggesting that some areas previously
concentrated at smaller values have shifted upward. The peaks of
the curves reinforce this trend, with the post-intervention peak
occurring at a slightly higher value than before. This is further
supported by the increase in the median value, indicating a
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general upward shift. These outcomes suggest that the interven-
tion was associated with an overall increase in values across
Study Area 3, resulting in a broader distribution and an upward
shift in overall vegetation health.

The PDF for the Control Area in Figure 5 indicates a negative
shift in the distribution of vegetation health values over time. The
post-period distribution (green) exhibits a higher density at
lower values compared to the pre-period distribution (yellow),
suggesting an increase in the proportion of areas experiencing
vegetation decline. In the moderate range, the post-period curve
initially rises above the pre-period curve but then subsequently
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falls below it, indicating that while some areas retained moderate
vegetation health, others transitioned to lower values. The peaks
oof the distributions further support this trend, with the post-
period peak occurring at a slightly lower value than before,
reflecting an overall downward shift. Additionally, the decline in
the median value reinforces this pattern, suggesting a general
reduction in vegetation health across the area. At the higher end
of the distribution, the post-period curve remains below the pre-
period curve, indicating a decrease in the proportion of areas
maintaining strong vegetation health. These findings suggest
that, in the absence of intervention, vegetation health in the
Control Area exhibited a short-term downward trend.
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Figure 5 » The probability density functions illustrate changes in vegetation health before and after the intervention across the three
study areas and the Control Area. In Study Area 1, the post-intervention distribution (green) shows a reduction in the proportion of
areas with low vegetation health and an increase in medium Enhanced Vegetation Index (EVI) values, along with a rise in the median
EVI, indicating an overall improvement. Study Area 2 exhibits an increase in low EVI values post-intervention, suggesting a decline in
vegetation health in some areas and a slight decrease in the median EVI. In Study Area 3, vegetation health appears to have improved
post-intervention, as indicated by a slight upward shift in the median EVI and an increase in the proportion of areas with higher EVI
values. While some regions still exhibit lower EVI, the overall distribution suggests enhanced vegetation conditions compared to pre-
intervention levels. The Control Area, where no intervention was implemented, shows a significant decline in vegetation health, with a
shift toward lower EVI values and a substantial decrease in the median EVI, suggesting that in the absence of intervention, vegetation
health deteriorated over time.

3.5. Kolmogorov—Smirnov tests improved conditions. Similarly, Study Area 3 demonstrated the
most substantial shift among the intervention sites (D = 0.2018),
with mean EVI rising from 0.27 to 0.31.

The two-sample K-S test results in Table 2 statistically confirm
shifts in EVI distributions between the pre- and post-interven-
tion periods across all study areas. The null hypothesis (Ho) of
the K-S test posited no difference between the distributions, but
the test results revealed statistically significant changes (p <
0.05) in all four locations, affirming notable shifts in vegetation
health.

Conversely, Study Area 2 exhibited a negative shift, with the K-S
test statistic (D = 0.158) indicating a substantial departure from
the pre-intervention distribution in the opposite direction. The
mean EVI in this area decreased from 0.27 to 0.20, suggesting
that seeding efforts were less effective in promoting vegetation

Study Area 1 exhibited a moderate but meaningful shift (D =
0.13), accompanied by an increase in mean EVI from 0.34 to
0.37. This result suggests that the drone-facilitated revegetation
had a positive impact on vegetation health, as both the statistical
test and the observed EVI increase indicate a shift toward

recovery. The downward trend in vegetation health in this area,
as confirmed by both the EVI decline and K-S test, highlights the
variability in revegetation success across different conditions.
The control site exhibited the smallest test statistic (D = 0.08) but
still showed a statistically significant shift. The mean EVI
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declined slightly from 0.34 to 0.32, suggesting that natural
regrowth was insufficient to restore vegetation cover in the short
term. While some degree of vegetation change was observed, the
smaller magnitude of the shift compared to the intervention sites
reinforces the notion that active revegetation efforts contributed
more substantially to improvements in vegetation health.

3.6. Long-term pre- and post-intervention analysis

For Study Area 1, as shown in Figure 6, the pre-treatment period
is characterized by lower EVI values and a sustained declining
trend, indicating sparse vegetation cover before to the interven-
tion. Throughout this period, a larger proportion of EVI values
consistently fluctuated below the median reference line,
reinforcing the pattern of limited vegetation presence. Following
the intervention in May, June, and August 2019, a noticeable
shift in EVI distribution emerges, marked by an increasing pres-
ence of green-colored points, suggesting improvements in
vegetation health. Unlike the pre-treatment period, the post-
intervention trend line exhibits a positive trajectory, indicating a
steady increase in vegetation cover over time. This upward trend
suggests that the intervention contributed to sustained improve-
ments in vegetation health. However, despite the overall positive
trend, variability in EVI values remains, highlighting a hetero-
geneous recovery process. While some areas demonstrate signifi-
cant regrowth, others exhibit slower recovery, suggesting that
external factors may still influence the extent and consistency of
vegetation recovery across Study Area 1.

For Study Area 2, as shown in Figure 4, the pre-treatment period is
characterized by lower EVI values and a gradual decreasing trend,

indicating limited and inconsistent vegetation cover before the
intervention. Following the intervention in May, June, and August
2019, there is no clear upward shift in EVI distribution, with values
continuing to exhibit significant seasonal variability. Unlike Study
Area 1, the post-intervention trend line does not demonstrate a sus-
tained positive trajectory in magnitude, suggesting that vegetation
recovery was limited. Instead, EVI values remain highly variable,
with periods of increased vegetation followed by subsequent de-
clines. This pattern suggests that while certain areas may have ex-
perienced temporary improvements in vegetation health, overall
recovery remained inconsistent.

For Study Area 3, as shown in Figure 5, the pre-treatment pe-
riod is characterized by lower EVI values with a declining trend,
indicating sparse vegetation cover before the intervention.
During this period, most EVI values fluctuate below the median
reference line, reinforcing the pattern of limited vegetation
presence. Following the intervention in May, June, and August
2019, a noticeable shift in EVI distribution emerges, with an in-
creasing number of green-colored points, suggesting improve-
ments in vegetation health. Unlike Study Area 2, the post-
intervention trend line in Study Area 3 exhibits a positive
trajectory, indicating a gradual but sustained increase in vegetation
cover over time. While EVI values continue to display some variabil-
ity, the overall upward trend suggests that revegetation efforts had a
measurable impact on vegetation recovery. However, the persistence
of fluctuations in EVI values highlights a heterogeneous recovery
process, where some areas demonstrate significant regrowth, while
others recover at a slower pace.

Table 2 ¢ Summary statistics comparing pre- and post-intervention Enhanced Vegetation Index values across study sites in a

revegetation project

Study Area’s  Sample Number of Number of

area number size pre- post-

number of (months) intervention intervention
pixels images images

1 53 33 33 44

2 68 33 37 56

3 60 33 37 56

4 152 33 32 44

(Control)

Pre- Post- n K-S p-Value
intervention intervention Change test

EVI () EVI (p) D

0.34 0.37 0.03 0.3  1.613 x 1071
0.27 0.20 -0.04 0.15 2.2x10716
0.27 0.31 0.05 0.20 2.2x10716
0.34 0.32 -0.03 0.08 4.815 x 10712

The table presents the number of pixels analyzed per site, sample size (in months), and the number of images available in the before- and after-intervention
periods. Furthermore, it includes the mean Enhanced Vegetation Index (EVI) values pre- and post-intervention, the change in mean EVI (u change), and results
from the Kolmogorov—Smirnov (K-S) test assessing distributional shifts. Lastly, the p-values for the K-S test are included, indicating whether or not observed
changes are statistically significant. Overall, Study Areas 1 and 3 showed increments in mean EVI (from 0.34 to 0.37 and from 0.27 to 0.31, respectively),
suggesting a positive effect from the intervention. Study Area 2, however, experienced a decline in EVI (from 0.27 to 0.20), indicating potential challenges in
vegetation recovery. The control site showed a slight decrease in EVI values (from 0.34 to 0.32), suggesting that natural recovery was ineffective in restoring
vegetation cover in the short term for the Control Area. All changes were statistically significant (p < 0.05), with the K-S test confirming notable shifts in EVI
distributions across intervention sites. Study Areas 1—3 exhibited K-S test statistics of 0.13, 0.158, and 0.2018, respectively, indicating varying degrees of
divergence between pre- and post-intervention EVI distributions. The largest shift occurred in Study Area 3 (D = 0.2018), suggesting a substantial change in
vegetation cover following the intervention. Study Area 2 (D = 0.158) also showed considerable change but in the opposite direction, as EVI decreased post-
intervention. Study Area 1 (D = 0.13) displayed a moderate yet significant shift, corresponding to a positive EVI change. The control site had the smallest K-S
statistic (D = 0.08), reflecting minimal distributional change in the absence of intervention.
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Figure 6 « Scatter plots displaying the temporal trends of the Enhanced Vegetation Index (EVI) for Study Areas 1—3 and the Control
Area from August 2016 to December 2024. Each point represents an individual EVI observation, with color coding from brown (low
vegetation) to green (high vegetation) to indicate vegetation health over time. To evaluate vegetation changes in response to the
intervention, separate linear trend lines were fitted for the pre-intervention (2017—-2019) and post-intervention (August 2019—2024)
periods. Additionally, a median line was fitted for each period to establish a baseline for trend comparisons over time. In Study Area 1,
a gradual upward trend in post-intervention EVI values is observed, with a noticeable shift in the post-intervention median EVI
compared to the pre-intervention median. Study Area 2 exhibits a similar pattern, though the increase in EVI is more variable. Study
Area 3 exhibits a clear upward trend in post-intervention EVI values, with a significant rise in the median EVI compared to the pre-
intervention period. This suggests a steady and consistent recovery, indicating a positive vegetation response to the intervention. The
Control Area provides a baseline comparison, where the trend line remains relatively flat, and the post-intervention median EVI shows

little to no change compared to the pre-intervention median. Overall,

these results indicate that vegetation recovery is more evident in

the treated study areas, with varying degrees of effectiveness, whereas the control site remains stable.

Lastly, in the Control Area, as shown in Figure 5, the pre-treatment
period is characterized by relatively stable but lower EVI values, with
a slight downward trend, indicating minimal vegetation growth over
time. Throughout this period, a significant proportion of EVI values
remains below the median reference line, suggesting that vegetation
cover was sparse and exhibited limited natural regeneration. Unlike
the intervention sites, this area did not receive any active revegeta-
tion efforts, serving as a baseline for assessing natural vegetation
trends. Over time, there is no substantial shift in EVI distribution,
and while the post-period trend line exhibits a slight positive
trajectory, the magnitude of change is minimal. Some green-colored
points emerge in later years, indicating localized improvements in
vegetation health, but overall, EVI values continue to fluctuate
without a clear upward shift. The persistence of these fluctuations
suggests that natural regrowth was inconsistent, with some areas
experiencing minor improvements while others remained un-
changed or continued to degrade.

4. Discussion

Our findings indicate that drone-facilitated vegetation interven-
tions can effectively enhance post-landslide recovery, as demon-
strated in Study Areas 1 and 3, where EVI values improved

markedly following the intervention. This conclusion is sup-
ported by both the long-term Landsat NDVI analysis—capturing
nearly two decades of data—and the more granular Sentinel-2
EVI assessments. Notably, Study Area 1 showed particularly
pronounced gains in its central regions, whereas Study Area 3
exhibited localized improvements around the periphery. These
observations were further reinforced by the outcomes of the K-S
test, ECDF, and PDF analyses, which consistently indicated a
significant post-intervention rise in vegetation health.

Moreover, the success of these interventions aligns with previous
work in Taiwan, which found that vegetation recovery after
landslides depends on multiple environmental factors. Soil
moisture, for instance, is integral for plant establishment, aiding
both growth and slope stabilization [27, 28]. Precipitation levels
can facilitate plant development while also triggering further
landslides, creating a dual effect that is especially evident in the
first few years after a landslide [29, 30]. Topographic features,
such as elevation and slope inclination, also play a notable role:
recovery tends to be weaker at very low (<1,300 m) and high
elevations (>3,300 m) and on gentler slopes (<35°) compared to
steeper slopes (>35°) [30, 31, 32]. Additionally, native pioneer
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species like Arundo formosana and Pinus taiwanensis can
expedite successional processes and are particularly valuable in
steep or exposed locations [31, 33].

By contrast, Study Area 2 did not experience a similar level of
improvement. Its 14-year gap between the major landslide and
the drone-based seeding suggests that substantial natural
recovery had already taken place, potentially minimizing any
observable benefits of the drone intervention. Sentinel-2 data
from this site revealed a negative EVI trend prior to the drone
initiative, followed by a relatively flat trend afterward, indicating
limited improvement attributable to the intervention. The ECDF
and PDF analyses support this, showing a discernible shift
toward lower EVI values post-intervention. These findings
highlight the importance of both timing and environmental
conditions; when drone seeding efforts are introduced after a
lengthy period of natural regeneration, the intervention may be
neither necessary nor impactful.

Meanwhile, the Control Area, which did not receive any drone-
facilitated intervention, exhibited minimal natural recovery in
EVI compared to the improvements observed in Study Areas 1
and 3. Although a degree of successional regrowth did occur, it
was modest, reinforcing the potential limitations of relying on
passive restoration in remote or highly disturbed environments.
The relatively small distributional shift in EVI at the control site
further contrasts with the larger, more statistically significant
gains seen in areas where drone seeding was applied, underscor-
ing the advantages of active intervention.

5. Conclusions

In conclusion, when viewed in the broader context of the research
question “Does drone-facilitated revegetation work?”, our results
suggest that UAV-based aerial seeding can indeed be an effective
method, provided that seed design and environmental parame-
ters are carefully aligned. Additionally, monitoring vegetation
health by analyzing Enhanced Vegetation Index (EVI) and Nor-
malized Difference Vegetation Index (NDVI) can provide valua-
ble insights for such UAV-based methods. Although Study Area 2
exhibited suboptimal outcomes, the approach’s relative ad-
vantages in cost, safety, and coverage across rugged terrain
underscore its value for ecosystem restoration. Future studies
could refine drone seeding strategies by incorporating site-
specific ecological conditions, such as seed mix selection, timing,
and environmental constraints like slope or soil type. Continued
monitoring over extended periods is crucial for evaluating the
stability of revegetated areas and for comparing drone seeding to
other restoration techniques, including manual planting or
helicopter seeding. Ultimately, the ability to balance revegetation
efficacy, cost-effectiveness, and logistical feasibility presents a
compelling case for drone-based restoration efforts in landslide-
prone regions.
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