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Abstract: The catastrophic 2021 eruption of Mount Semeru severely degraded local ecosystems, necessitating rapid pioneer vegetation establishment to restore landscape stability. While conventional satellite imagery often obscures critical micro-scale ecological interactions, ultra-high-resolution unmanned aerial vehicles (UAVs) provide an unprecedented tool for assessing post-disaster resilience. This study aimed to quantify the multitemporal recovery rate and model the micro-topographic constraints dictating the spatial heterogeneity of pioneer colonization. A 127.08-ha primary lahar corridor within Volcanic Hazard Zone III was mapped using UAVs (2.7 cm/pixel) over a three-year period (2022, 2023, 2025). Vegetation cover was extracted using the Excess Green (ExG) index and automated Otsu thresholding. The methodology was rigorously validated using 300 multitemporal ground-truth points, yielding an overall accuracy of 93.00%, an F1-score of 0.933, and a Cohen’s Kappa coefficient of 0.860, confirming exceptional classification reliability. Post-classification spatial analysis revealed a net positive vegetation expansion rate of +1.88

ha/year, indicating a successful transition from initial colonization to ecological stabilization. However, recovery was profoundly heterogeneous, governed entirely by geomorphological constraints rather than uniform macro-climatic factors. Population-based zonal statistics identified significant ecological preferences for higher peripheral elevations (mean 3,081.0 m), gentler slopes acting as natural seed traps (45.5°), and Southwest-facing aspects that provide essential micro-climatic buffering against equatorial desiccation. These findings offer a strategic paradigm shift for environmental management, recommending that artificial restoration and erosion control interventions in active stratovolcanoes be precisely targeted at these highly resilient micro-topographical hotspots to accelerate the formation of a natural biological shield. 
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1 Introduction

The eruption of Mount Semeru on December 4, 2021, was a catastrophic natural disaster that triggered an acute ecological and humanitarian crisis in Lumajang Regency, East Java, Indonesia. The collapse of the lava dome generated massive pyroclastic and lahar flows that buried the Curah Kobokan plains, devastating the surrounding ecosystems. Initial post-eruption assessments identified over 2,331 ha of severely affected land, encompassing vital natural forests, agricultural fields, and community plantations [1]. The profound loss of vegetation cover not only decimated local biodiversity but also severely destabilized the geomorphology of the landscape. In such highly
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disturbed volcanic environments, the rapid re-establishment of vegetation a process known as primary succession is the most critical natural mechanism for restoring landscape stability, preventing catastrophic secondary erosion, and rebuilding essential ecosystem services [2, 3]. 

Research on post-eruption ecosystem recovery and landscape resilience in Indonesia has predominantly relied on satellite-based remote sensing. For instance, a seminal study successfully modeled the spatial resilience of the Mount Merapi ecosystem by analyzing land cover transitions from open volcanic deposits to vegetated land using multitemporal Landsat imagery [3]. A similar macro-scale approach was employed at Mount Unzen, Japan, utilizing a Landsat time-series to model landscape recovery rates [4]. While invaluable for assessing regional-scale recovery, these satellite-based studies possess significant methodological limitations. The relatively coarse spatial resolution of freely available satellite imagery e.g., 30 meters for Landsat often obscures critical micro-scale ecological interactions [5, 6]. Furthermore, researchers emphasize that resulting land cover classifications are often too general to detect species-level changes [7–10] and frequently fail to capture the influence of micro-topography on pioneer seed survivability [11–14]. Consequently, there is an urgent and widely recognized call for more detailed research utilizing remote sensing imagery with much higher spatial resolution [15–20]. 

The advancement of unmanned aerial vehicle (UAV) technology presents a transformative solution to this resolution gap, offering a highly precise tool for environmental management and disaster impact assessment. UAVs can flexibly acquire ultra-high spatial resolution imagery centimeter-level (<5 cm/pixel) below the cloud cover. In the Semeru context, preliminary studies have demonstrated the efficacy of UAVs for rapid geomorphological damage assessment immediately following the eruption [21–23]. Furthermore, the workflow for quantifying vegetation growth parameters from UAV time-series [22] data has been well-established in other disciplines, proving capable of constructing high-precision growth curves and extracting metrics like canopy area [24, 25]. Adapting this high-precision phenotyping methodology to an ecological succession context allows researchers to shift from landscape-level to plot-level analysis [26–31]. However, the application of ultra-high-resolution UAV time-series data to quantitatively model the spatial heterogeneity of early vegetation resilience and its micro-topographic constraints remains largely unexplored in tropical volcanic settings. 

This study aims to fill this critical methodological and ecological gap by conducting a pixel-based landscape analysis of post-eruption vegetation resilience. A 127.08-ha Area of Interest (AOI) within the Volcanic Hazard Zone III (Kawasan Rawan Bencana/KRB III) was purposively selected, as it represents the most heavily impacted primary lahar corridor, serving as an ideal laboratory for observing the limits of ecological endurance. The specific objectives are to: (1) quantify the multi-temporal rate of vegetation recovery to evaluate overall landscape resilience; (2) map the spatial heterogeneity of recovery density; and (3) model the macro-topographic constraints (elevation, slope, and aspect) that dictate the spatial distribution of pioneer vegetation. By linking spatial recovery patterns with geomorphic controls, this research provides a vital scientific foundation for environmental management, enabling local authorities and conservation agencies to design targeted, evidence-based interventions for erosion control and ecological restoration in hazardous volcanic landscapes. 

2 Methodology

2.1 Research Design and Study Area

This study employed a quantitative longitudinal design to model the spatial heterogeneity of early vegetation resilience following the Mount Semeru eruption. The research is administratively located in Pronojiwo District, Lumajang Regency, East Java, Indonesia. To ensure a robust landscape-scale analysis, a continuous wall-to-wall mapping approach was applied to a primary AOI covering 127.08 ha. This specific AOI size and location were purposively delineated because it encompasses the primary lahar corridor within Volcanic Hazard Zone III (KRB

III) the area subjected to the most severe pyroclastic and debris flow impacts. Therefore, it serves as an ideal and representative spatial laboratory for evaluating the geomorphological constraints on pioneer vegetation establishment in highly disturbed environments (see Figure 1). 

2.2 Data Acquisition and Acccuracy Assessment

Primary spatial data consisted of ultra-high-resolution optical imagery acquired using a rotary-wing UAV. To capture the critical phases of primary succession, data acquisition was strategically conducted during the dry seasons (to minimize cloud cover) at three distinct time points: June 2022, June 2023, and June 2025. This specific temporal spacing was designed to evaluate two distinct ecological phases: the initial one-year interval (2022–2023) captures the rapid, short-term colonization rate of pioneer species, while the subsequent two-year interval (2023–2025) evaluates the stabilization and survival capacity of this new growth against secondary geomorphological disturbances. The study area experiences a uniform tropical monsoonal climate; thus, macro-climatic factors (such as the >2000 mm/year regional rainfall) were treated as a constant baseline rather than variable drivers of spatial heterogeneity. 
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Figure 1. Research area map

All flight missions were executed at a consistent altitude of 110 meters Above Ground Level (AGL), ensuring an ultra-high spatial resolution of 2.7 cm/pixel. To guarantee multi-temporal comparability and spatial precision, a robust network of 12 Ground Control Points (GCPs) was established using Geodetic GPS. These GCPs were strategically distributed across the relatively stable margins of the AOI to avoid the highly dynamic and inaccessible lahar channels. 

Furthermore, an extensive set of 24 Independent Check Points (ICPs) was deployed per observation year to objectively validate the positional accuracy without influencing the photogrammetric model calibration. 

Given the extreme and inaccessible nature of the post-eruption volcanic terrain, the multitemporal orthorectification process yielded exceptional and consistent spatial accuracy across all observation periods. To quantitatively evaluate the geometric reliability, the positional deviations between the orthomosaic coordinates (Xi, Yi) and the reference GPS coordinates (Xref , Yref ) from the ICPs were calculated. The Root Mean Square Error (RMSE) for both X and Y axes, the combined horizontal error (RMSExy), and the Circular Error at 90% confidence (CE90) were determined using the following established photogrammetric equations:
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As detailed in Table 1, the calculated CE90 values for 2022, 2023, and 2025 were consistently below the 1.5-meter threshold. According to the updated Indonesian Geospatial Information Agency standard (Peraturan Badan Informasi Geospasial No. 6 year 2018, amending Regulation No. 15 year 2014) for base map geometric accuracy, all multitemporal datasets strictly satisfy the highest spatial tolerance criteria (Class 1 Accuracy) for a 1:5,000 mapping scale. 

Table 1. Accuracy evaluation based on 24 Independent Check Points (ICPs) per observation year Observation Year

RMSEx (m)

RMSEy (m)

RMSExy (m)

CE90 (m)

2022

0.384

0.418

0.568

0.861

2023

0.389

0.382

0.545

0.828

2025

0.388

0.392

0.551

0.836

Note: RMSE, Root Mean Square Error; CE90, Circular Error at 90% confidence. 

This rigorous geometric validation ensures that the subsequent multi-temporal landscape comparisons and zonal statistical analyses are positionally absolute and free from significant spatial misalignments. Finally, to ensure precise pixel-to-pixel temporal co-registration among the 2022, 2023, and 2025 orthomosaics, a manual image-to-image registration was performed utilizing permanent, undisturbed geomorphological features (e.g., massive bedrock boulders at the corridor margins) as fixed tie points. 
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2.3 Data Processing Procedure

The acquired UAV imagery was processed using a standard photogrammetric Structure-from-Motion (SfM) workflow to generate two primary geospatial datasets for each observation period: a Digital Elevation Model (DEM) and an RGB Orthomosaic. 

To discriminate vegetation from bare volcanic substrates, the Excess Green (ExG) vegetation index was calculated using the formula ExG = 2G − R − B. The ExG index was explicitly selected over other visible-band indices (such as Visible Atmospherically Resistant Index (VARI) or Green Leaf Index (GLI)) due to its superior sensitivity in isolating early-stage photosynthetic pigments against the highly reflective, bright-gray background of fresh volcanic ash. 

Subsequently, a binary land cover classification (Vegetation vs. Non-Vegetation) was executed using the automated Otsu thresholding algorithm, which objectively determines the optimal separation threshold based on the image histogram. 

To rigorously evaluate the reliability of the ExG Otsu thresholding algorithm across the highly heterogeneous post-eruption landscape, an accuracy assessment was conducted using 300 ground-truth validation points distributed across the 2022–2025 temporal datasets. Given the imbalanced nature of volcanic landscapes where bare lahar deposits typically dominate over pioneer vegetation relying solely on overall accuracy can be misleading. Therefore, this study incorporated advanced evaluation metrics, including the F1-score and Cohen’s Kappa coefficient. The assessment yielded a robust overall accuracy of 93.00% and a high F1-score of 0.932 for vegetation detection. 

Crucially, the Cohen’s Kappa coefficient of 0.860 confirmed an almost perfect agreement between the automated UAV classification and the actual ground conditions, validating the robustness of the methodology for monitoring micro-scale ecological succession. 

2.4 Data Analysis Techniques

2.4.1 Landscape resilience and transition analysis

To quantify the vegetation recovery rate, a post-classification comparison was performed. The binary maps from 2022, 2023, and 2025 were spatially intersected to create a transition matrix. The resulting pixel trajectories were grouped into ecological resilience categories (e.g., Stable Vegetation, Persisting New Growth, Temporary Vegetation). 

The net change rate was calculated using the stock difference method to determine the overall landscape balance between colonization and degradation over the three-year period. 

2.4.2 Geomorphological constraints and zonal statistics

To identify the micro-topographic factors dictating recovery patterns, a wall-to-wall zonal statistical analysis was conducted. Unlike sample-based approaches, this study analyzed the entire pixel population within the 127.08 ha landscape. The classified vegetation map was utilized as the zone definition layer (recovery vs. non-recovery zones) to extract descriptive statistics from three primary topographic variables derived from the UAV-DEM: (1) elevation (mean and standard deviation), (2) slope (mean and standard deviation), and (3) aspect. Furthermore, a spatial density analysis with discrete classification bounds was executed to pinpoint statistically significant agglomerations of high vegetation resilience. 

3 Results

3.1 Landscape Resilience and Spatiotemporal Recovery Rates

The multitemporal pixel-based analysis of the 127.08 ha AOI revealed a highly dynamic, yet distinctly resilient, post-eruption landscape. The rigorous accuracy assessment (overall accuracy = 93.00%; Cohen’s Kappa = 0.860) ensures that the detected land cover transitions represent genuine ecological succession rather than classification artifacts. Table 2 details the spatial extent of these transition categories over the three-year observation period. 

Table 2. Landscape resilience dynamics and vegetation cover transition within the 127.08 ha Volcanic Hazard Zone (2022–2025)

Change Category

Ecological Interpretation

Area (ha)

Stable Non-Vegetation

Highly unstable substrate

106.89

Stable Vegetation

Surviving ecosystem core

8.93

Persisting New Growth since 2023

Established pioneer colonization

4.38

Recent New Growth in 2025

Late-stage pioneer colonization

3.12

Temporary Vegetation

Failed succession

1.46

Recovered Vegetation Lost Then Regrew

Resilient recolonization post-secondary disturbance

0.94

Vegetation Loss in 2025

Recent secondary disturbance

0.90

Persistent Vegetation Loss since 2023

Persistent ecological degradation

0.43

Total AOI

127.08

Note: AOI, Area of Interest. 
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To visually contextualize these ecological dynamics, Figure 2 illustrates the spatial distribution of the landscape resilience categories. The map clearly demonstrates that while the core lahar paths remain largely unstable, the peripheral zones exhibit significant recolonization capacity. 

Figure 2. Spatial distribution of vegetation resilience and landscape transition categories within the 127.08 ha Volcanic Hazard Zone (2022–2025)

The landscape demonstrated a net positive vegetation recovery trajectory. Despite the persistent instability of the primary lahar beds (characterized by 106.89 ha of Stable Non-Vegetation), the ecosystem exhibited a steady colonization rate. The presence of 8.93 ha of ‘Stable Vegetation’ functions as critical undisturbed refugia, acting as primary seed sources for the surrounding degraded areas. Furthermore, the combined area of ‘Persisting New Growth’

(4.38 ha) and ‘Recent New Growth’ (3.12 ha) significantly outweighed the areas experiencing secondary vegetation loss. Quantitatively, the landscape achieved a net vegetation expansion rate of +1.88 ha per year. This positive net change during the crucial 2022–2025 window indicates that the early pioneer colonization phase has successfully transitioned into a stabilization phase, demonstrating robust intrinsic resilience against the harsh volcanic substrate. 

3.2 Spatial Heterogeneity of Vegetation Density

While the overall net recovery is positive, the spatial distribution of this recolonization is profoundly heterogeneous. 

Figure 3 illustrates the vegetation recovery density, mapped using discrete classification bounds to highlight significant spatial agglomerations. 

Figure 3. Spatial heterogeneity of pioneer vegetation recovery density The density map reveals that pioneer vegetation does not colonize the volcanic deposits uniformly. Instead, 901
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recovery is highly clustered, forming distinct high-density “hotspots” predominantly located along the upper margins of the primary lahar corridor. The central, low-elevation paths of the corridor remain largely barren. This extreme spatial clustering strongly suggests that macro-climatic factors (such as regional rainfall) are not the primary drivers of succession in this localized 127.08 ha landscape. Rather, the survival and establishment of pioneer seeds are fundamentally dictated by micro-topographical constraints that govern physical stability and resource retention. 

3.3 Macro-Topographical Constraints on Pioneer Colonization

To objectively determine the geomorphological rules governing these recovery hotspots, a wall-to-wall zonal statistical analysis was performed on the total pixel population of the UAV-DEM. By utilizing a complete spatial census rather than a sample-based approach, the extracted parameters represent true population parameters, eliminating sampling error. The analysis compared the topographic signatures of the vegetated ‘recovery zone’ against the barren

‘non-recovery zone’ (Table 3 and Figure 4). 

Table 3 shows a distinct topographic dichotomy between recovery and non-recovery areas. Vegetation recovery is heavily concentrated at higher elevations (mean = 3,081.0 m, SD = 145.2 m) compared to the non-recovery areas (mean = 2,488.0 m, SD = 210.5 m). Ecologically, this suggests that the higher elevations within the KRB III zone likely function as lateral safe zones. While the lower elevations act as active depositional channels that are repeatedly scoured by secondary lahar flows during heavy monsoon rains, the higher peripheral elevations appear to remain physically stable enough to allow seedling root systems to anchor. 

Table 3. Comparison of topographic statistics between recovery and non-recovery zones Topographic Variable

Recovery Zone (Mean ± SD)

Non-Recovery Zone (Mean ± SD)

Difference

Elevation (m)

3,081.0 ± 145.2

2,488.0 ± 210.5

+593.0 m

Slope (°)

45.5 ± 6.3

50.2 ± 8.1

-4.7°

Figure 4. Topographic differences between recovery and non-recovery zones: (a) mean elevation; (b) mean slope Similarly, slope acts as a critical geomorphological filter. Pioneer colonization shows a distinct spatial preference for relatively gentler inclines (mean = 45.5°) compared to the steeper barren zones (mean = 50.2°). In the context of highly porous and unconsolidated volcanic ash, steeper slopes are exceptionally vulnerable to rapid surface runoff and severe rill erosion. The gentler slopes in the recovery areas likely function as natural “seed traps”, accumulating wind-blown pioneer seeds and retaining sufficient surface moisture to support germination before the substrate erodes. 

In Figure 4, the error bars represent the standard deviation, indicating the spatial dispersion of elevation and slope values within each zone. 

The reliability of the vegetation–non-vegetation classification used to delineate these recovery patterns was further supported by the multi-temporal accuracy assessment presented in Table 4. Based on 300 ground-truth validation points, the ExG thresholding algorithm achieved an overall accuracy of 93.00%, with high user’s accuracy for vegetation (96.00%) and non-vegetation (90.00%). The vegetation class also showed a strong F1-score of 0.933, while Cohen’s Kappa reached 0.860, indicating substantial agreement between classified data and ground-truth observations. 

These results confirm that the mapped recovery zones provide a reliable basis for interpreting the geomorphological controls of vegetation recovery. 
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Table 4. Multi-temporal confusion matrix and rigorous accuracy assessment of the Excess Green (ExG) thresholding algorithm based on 300 ground-truth validation points (2022–2025)

Classified Data

Vegetation

Non-Vegetation

Total

User’s Accuracy

Vegetation

144

6

150

96.00%

Non-vegetation

15

135

150

90.00%

Total

159

141

300

–

Producer’s accuracy (Recall)

90.57%

95.74%

–

–

Overall accuracy

–

–

–

93.00%

F1-score (Vegetation)

–

–

–

0.933

Cohen’s Kappa

–

–

–

0.860

Note: A dash (–) denotes no data. 

The spatial heterogeneity of landscape resilience appears to be strongly influenced by slope aspect. 

As

demonstrated in Figure 5, landscape resilience is overwhelmingly concentrated on Southwest-facing (SW) micro-sites. 

This directional preference is thought to be linked to the micro-climatic buffering capacity of the terrain. In tropical montane environments, Southwest-facing slopes may receive favorable photosynthetically active radiation during part of the day while being partially buffered from extreme direct insolation that can rapidly desiccate porous volcanic topsoil. By maintaining a slightly more stable soil moisture regime, these SW aspects may provide a more conducive micro-niche for early root development. 

Figure 5. Spatial heterogeneity of landscape resilience based on slope aspect 3.4 Implications for Volcanic Environmental Management

The findings of this ultra-high-resolution spatial modeling offer actionable insights for environmental management and disaster mitigation. The identification of specific topographic niches (higher elevations, gentler slopes around 45.5°, and SW aspects) provides local forestry and conservation agencies with a precise spatial blueprint for artificial reforestation efforts. Rather than broadcasting seeds randomly across the unstable lahar corridor which often results in high mortality rates restoration interventions can be strategically targeted at these geomorphologically stable hotspots. Enhancing vegetation cover in these specific niches will likely accelerate the formation of a natural biological shield, significantly improve landscape stability and provide long term erosion control against secondary volcanic hazards. The methodological framework established here, utilizing UAV derived ExG indices coupled with population based zonal statistics, can serve as a highly transferable model for monitoring ecosystem resilience in other active stratovolcanoes across the tropics. 

3.5 Limitations of the Study and Future Directions

While this study provides robust, high-resolution insights into early-stage landscape resilience, certain temporal limitations must be acknowledged. The three-year observation window (2022–2025) successfully captures the critical pioneer colonization and initial stabilization phases; however, it is insufficient to model the long-term climax community succession. Furthermore, the reliance on annual data acquisition necessitated by severe logistical and safety constraints in accessing the highly hazardous KRB III zone precludes the analysis of finer-scale seasonal vegetation dynamics. Future research should ideally incorporate higher frequency multitemporal monitoring (e.g., capturing wet versus dry season fluctuations) and extend the longitudinal baseline to fully comprehend the ultimate ecological trajectory of this recovering volcanic landscape. 
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4 Discussion

The data reveals a stark topographic dichotomy. Vegetation recovery is heavily concentrated at significantly higher elevations (mean = 3,081.0 m, SD = 145.2 m) compared to the non-recovery areas (mean = 2,488.0 m). Ecologically, these higher elevations within the KRB III zone function as lateral safe zones. While the lower elevations act as active depositional channels continuously scoured by secondary lahar flows during heavy monsoon rains, the higher peripheral elevations remain physically stable, allowing seedling root systems to anchor without being washed away. 

Similarly, slope acts as a critical geomorphological filter. Pioneer colonization shows a distinct preference for relatively gentler inclines (mean = 45.5°) compared to the steeper barren zones (mean = 50.2°). In the context of highly porous and unconsolidated volcanic ash, steeper slopes are exceptionally vulnerable to rapid surface runoff and severe rill erosion. The gentler 45.5° slopes function as natural “seed traps”, accumulating wind-blown pioneer seeds and retaining sufficient surface moisture to trigger germination before the substrate erodes. 

Furthermore, the spatial heterogeneity is strongly influenced by slope aspect. As demonstrated in the radar chart (Figure 5), landscape resilience is overwhelmingly concentrated on SW micro-sites. This directional preference is intrinsically linked to the micro-climatic buffering capacity of the terrain. In tropical montane environments, Southwest-facing slopes typically receive optimal photosynthetically active radiation during the afternoon [32–34], 

while being partially sheltered from the extreme, direct midday equatorial insolation that rapidly desiccates the porous volcanic topsoil. By maintaining a slightly more stable soil moisture regime, these SW aspects provide the precise micro-niche required to sustain early root development in an otherwise hostile landscape [34, 35]. 

The findings of this ultra-high-resolution spatial modeling offer actionable insights for environmental management and disaster mitigation [32–36]. The identification of specific topographic niches (elevations ∼3,081 m, slopes

∼45.5°, and SW aspects) provides local forestry and conservation agencies with a precise spatial blueprint for artificial reforestation efforts. Rather than broadcasting seeds randomly across the unstable lahar corridor which often results in high mortality rates restoration interventions can be strategically targeted at these geomorphologically stable

“hotspots”. 

Enhancing vegetation cover in these specific niches will rapidly accelerate the formation of a natural biological shield, significantly improve landscape stability and provide long-term erosion control against secondary volcanic hazards [37]. The methodological framework established here, utilizing UAV-derived ExG indices coupled with population-based zonal statistics, proves highly transferable for monitoring ecosystem resilience in other active stratovolcanoes across the tropics. 

5 Conclusions

This study demonstrates the critical utility of ultra-high-resolution UAV imagery and population-based spatial analysis in decoding micro-scale ecological succession within highly disturbed volcanic environments. Over the 2022–2025 observation period, the primary lahar corridor of Mount Semeru exhibited robust intrinsic resilience, successfully transitioning from an initial pioneer colonization phase to a stable ecological expansion. However, the spatial trajectory of this recovery is profoundly heterogeneous and is not governed by uniform macro-climatic factors. 

Instead, early landscape resilience is fundamentally dictated by macro-topographical constraints. Pioneer vegetation strongly favors specific geomorphological niches specifically higher peripheral elevations, gentler slopes acting as natural seed traps, and Southwest-facing aspects that provide crucial micro-climatic buffering. These stable micro-sites protect emerging root systems from secondary lahar scouring and extreme equatorial desiccation. 

Consequently, these findings offer a strategic paradigm shift for post-eruption environmental management. Rather than employing uniform, landscape-wide reforestation strategies that often suffer high mortality rates in active depositional channels, conservation efforts should be precisely targeted at these identified topographic hotspots. 

Prioritizing artificial interventions within these geomorphologically stable niches will accelerate the formation of a natural biological shield, significantly enhancing long-term erosion control and landscape stability. Ultimately, this spatial methodology provides a highly transferable framework for assessing and managing ecological resilience in other active tropical stratovolcanoes. 
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Abstract: The catastrophic 2021 eruption of Mount Semeru severely degraded local ecosystems, necessitating
rapid pioneer vegetation establishment to restore landscape stability. While conventional satellite imagery often
obscures critical micro-scale ecological interactions, ultra-high-resolution unmanned aerial vehicles (UAVs) provide an
unprecedented tool for assessing post-disaster resilience. This study aimed to quantify the multitemporal recovery rate
and model the micro-topographic constraints dictating the spatial heterogeneity of pioneer colonization. A 127.08-ha
primary lahar corridor within Volcanic Hazard Zone IIT was mapped using UAVs (2.7 cm/pixel) over a three-year
period (2022, 2023, 2025). Vegetation cover was extracted using the Excess Green (ExG) index and automated Otsu
thresholding. The methodology was rigorously validated using 300 multitemporal ground-truth points, yielding an
overall accuracy of 93.00%, an Fl-score of 0.933, and a Cohen’s Kappa coefficient of 0.860, confirming exceptional
classification reliability. Post-classification spatial analysis revealed a net positive vegetation expansion rate of +1.88
ha/year, indicating a successful transition from initial colonization to ecological stabilization. However, recovery was
profoundly heterogeneous, governed entirely by geomorphological constraints rather than uniform macro-climatic
factors. Population-based zonal statistics identified significant ecological preferences for higher peripheral elevations
(mean 3,081.0 m), gentler slopes acting as natural seed traps (45.5°), and Southwest-facing aspects that provide
essential micro-climatic buffering against equatorial desiccation. These findings offer a strategic paradigm shift
for environmental management, recommending that artificial restoration and erosion control interventions in active
stratovolcanoes be precisely targeted at these highly resilient micro-topographical hotspots to accelerate the formation
of a natural biological shield.

Keywords: Remote sensing: Spatial analysis; Semeru; Succession; Time-series analysis; Unmanned aerial vehicle;
Vegetation recovery; Volcanic eruption

1 Introduction

The eruption of Mount Semeru on December 4, 2021, was a catastrophic natural disaster that triggered an acute
ecological and humanitarian crisis in Lumajang Regency, East Java, Indonesia. The collapse of the lava dome
generated massive pyroclastic and lahar flows that buried the Curah Kobokan plains, devastating the surrounding
ecosystems. Initial post-eruption assessments identified over 2,331 ha of severely affected land, encompassing vital
natural forests, agricultural fields, and community plantations [1]. The profound loss of vegetation cover not only
decimated local biodiversity but also severely destabilized the geomorphology of the landscape. In such highly
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