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Abstract. Mangrove monitoring on small islands requires methods that are accurate at the stand level yet 

feasible for rapid surveys. This study assessed mangrove community structure and canopy closure on 
Pagerungan Besar Island (Sapeken Islands, Sumenep Regency, East Java, Indonesia) using ground-based 

plots and hemispherical photography, and evaluated Unmanned Aerial Vehicles-Red-Green-Blue (UAV RGB) 

imagery processed with the excess green (ExG) index for density mapping. Eleven mangrove species (four 

families) were recorded, with Rhizophora mucronata Lam. dominating the sheltered North Station (2,600 

ind ha⁻¹) and Rhizophora stylosa Griff. the wave-exposed South Station (2,500 ind ha⁻¹). Canopy closure 

indicated dense to very dense stands (86.8% North; 74.9% South), while diversity contrasted strongly (H’ 

= 1.85 North; 0.50 South) due to pronounced southern dominance (D = 0.68). Correspondence analysis 

(CA) separated stations along a substrate-wave exposure gradient, revealing zonation between back-

mangrove and pioneer zones. In contrast, UAV-based classification (ExG resampled to 10 cm pixel-1) 

underestimated density, classifying 88.2% (North) and 94.1% (South) of the area as sparse. These findings 

support integrated field-UAV monitoring for island scales, but show that density estimation in 

heterogeneous canopies likely requires native-resolution processing and/or complementary active sensors. 
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Introduction. Mangrove forests are among the most valuable coastal ecosystems, 

providing shoreline stabilization, nursery habitats for fisheries, and major contributions to 

“blue carbon” storage that supports climate regulation (Rahardjanto et al 2021; Sidik et al 
2023; Choudhary et al 2024; Wibowo et al 2024, 2025; Bajahmoum & Almaghamsi 2025). 

In archipelagic countries such as Indonesia, mangroves also function as natural 
infrastructure for small islands, where exposure to waves, tidal currents, and storm surges 

can rapidly reshape shorelines and threaten settlements and livelihoods (Blankespoor et al 

2017; Latumahina & Susilawati 2024; Husamah et al 2025). However, mangrove 
ecosystems remain vulnerable to multiple pressures, including land-use change, coastal 

development, and resource exploitation, which collectively drive deforestation and 

degradation and reduce the long-term capacity of mangroves to deliver ecosystem services 
(Nurwidodo et al 2023; Tran et al 2024; Gunawan et al 2025; Ngo et al 2025). These 

challenges make consistent, spatially explicit monitoring essential, not only to detect 
changes in areal extent but also to track structural condition and community composition 

as indicators of ecosystem health. 

Monitoring approaches have therefore expanded from conventional plot-based 
vegetation inventories to remote sensing products. Field surveys provide species-level 

identification and robust ecological indices, but they are time-consuming and spatially 
limited, especially in fragmented island settings. Satellite-based mapping offers broad 

coverage, yet moderate spatial resolution can be problematic in narrow coastal fringes and 

mixed land-water pixels (Lawley et al 2016; Ramdiah et al 2018; Matyukira & Mhangara 
2024; Rahardjanto et al 2024; Wu et al 2025; Zheng et al 2025). As an alternative, small 
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unmanned aerial vehicles (UAVs) equipped with Red-Green-Blue (RGB) sensors have 

emerged as a practical tool for rapid, high-resolution coastal mapping. UAV 
photogrammetry can generate detailed orthomosaics, and simple vegetation indices 

derived from RGB channels, such as the excess green (ExG) index, are increasingly used 
to delineate vegetation cover efficiently (Morgan et al 2022; Kovanič et al 2023; Aierken 

et al 2024; Maes 2025). In principle, these products can support operational monitoring 

by local stakeholders because they are relatively low-cost and can be repeated frequently. 
Despite these advances, a key methodological gap remains: UAV RGB indices are 

often applied for mapping mangrove extent, but their reliability for estimating stand density 

and representing canopy complexity is less certain, particularly in heterogeneous 
mangrove mosaics and under strong tidal, substrate, and shadow effects. Classification 

outcomes can be sensitive to preprocessing choices (e.g., resampling, threshold selection) 
and may underrepresent structural attributes that are critical for management decisions, 

such as canopy closure, zonation, and dominance patterns (Budi et al 2025; Budiarto & 

Dewanto 2025; Duan et al 2025). For small islands where management actions frequently 
target specific zones (front/pioneer vs back-mangrove), the ability to integrate vegetation 

structure with spatial mapping is especially important (Ghorbanian et al 2022; Astarika 
2024; Bakar et al 2024; Casal et al 2024). Pagerungan Besar Island (Sapeken, Sumenep 

Regency, East Java) represents a relevant case: an earlier baseline study documented 

mangrove communities in the área (Hidayah & Andriyani 2019; Rahardjanto et al 2020; 
Nugraha & Luthfi 2024), yet updated evidence is needed to describe current community 

structure and to evaluate practical monitoring tools that can be used for repeated 

assessment. 
Building on this need, this paper advances a monitoring paradigm that treats 

structural ground-truth (density, zonation, and canopy closure) as a required validation 
layer for UAV RGB mapping, rather than assuming that RGB-derived indices alone can 

represent stand condition in complex canopies. Accordingly, this study investigated 

mangrove community structure and canopy condition at two contrasting stations on 
Pagerungan Besar Island and evaluated the performance of UAV-based RGB mapping for 

density classification. Specifically, we aimed to: (1) quantify species composition and 
density, and calculate ecological indices (diversity, richness, evenness, dominance) using 

plot inventories; (2) validate forest structural condition using hemispherical photography-

derived canopy closure; (3) explore species-station associations and zonation patterns 
using correspondence analysis (CA) (McGarigal et al 2000) in relation to substrate and 

exposure gradients; and (4) compare ground-truth indicators of density with UAV RGB 
classification based on the ExG index. This work contributes (1) an updated, station-scale 

ecological baseline for mangroves on Pagerungan Besar Island, including quantitative 

indices and zonation interpretation relevant for conservation and restoration planning; and 
(2) an applied evaluation of UAV RGB-ExG mapping for density-related monitoring in small-

island mangroves, highlighting conditions under which low-cost UAV workflows may 

misestimate structural condition and therefore require careful validation or methodological 
refinement. 

 
Material and Method 

 

Research location. This research was conducted on Pagerungan Besar Island, Sumenep 
Regency, East Java, Indonesia (central coordinate approximately 6.9568°S, 115.9182°E, 

WGS84). The study focused on two distinct mangrove stations characterized by differing 
environmental conditions (Figure 1). The North Station is located in the back-mangrove 

zone (≈ 6.9527°S, 115.9250°E), exhibiting a sheltered environment with a heterogeneous 

substrate composed of deep mud interspersed with coral patches. In contrast, the South 
Station is situated in the coastal fringe zone (≈ 6.9606°S, 115.9271°E), characterized by 

a muddy sand substrate and exposed to direct wave action and tidal currents (Figure 1). 
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Data collection 

Vegetation survey. Mangrove community structure was assessed using a stratified 
purposive sampling method. A total of four observation plots, each measuring 10x10m, 

were established to represent the dominant vegetation zones: three plots in the North 
Station and one plot in the South Station. Within each plot, all mangrove trees were 

identified to the species level following standard taxonomic keys. The number of individuals 
was recorded to calculate species density (ind ha⁻¹) and community indices. 

 

 
Figure 1. Map of the study area in Pagerungan Besar Island showing the location of North 

and South sampling stations. 

 
Drone image acquisition and processing. Aerial imagery was acquired using a DJI 

Phantom 4 quadcopter equipped with a standard onboard RGB camera (1/2.3” CMOS 
sensor). Flight missions were conducted at an altitude of 80 meters to ensure consistent 

ground sampling distance (GSD). The raw images were processed using photogrammetric 

software to generate a high-resolution orthomosaic with a native spatial resolution of 2.22 
cm pixel-1. The orthomosaic was used to compute the ExG on a per-pixel basis using the 

standard formulation ExG = 2G - R - B, where R, G, and B represent the red, green, and 

blue band values, respectively. For density mapping, the ExG raster was classified into four 
canopy-density classes using fixed numeric thresholds (T1 = 0.05, T2 = 0.12, T3 = 0.20. 

As shown in Table 1, to align with the operational mapping workflow, the ExG raster was 
additionally resampled to 10 cm pixel-1 before classification, and the same thresholds were 

applied to the resampled product. 

 
Table 1 

ExG thresholds used for UAV-based canopy-density classification 
 

Class Canopy density label ExG range (thresholds) 

1 Sparse ExG < 0.05 
2 Moderate 0.05 ≤ ExG < 0.12 

3 Dense 0.12 ≤ ExG < 0.20 

4 Very dense ExG ≥ 0.20 
Note: ExG is the excess green index, a popular, simple RGB-based vegetation index used to distinguish green 

vegetation. 
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To estimate mangrove density, the orthomosaic was converted into the ExG 

vegetation index. For the purpose of this spectral analysis, the orthomosaic was resampled 
to a resolution of 10 cm pixel-1 to optimize processing efficiency during classification. The 

vegetation cover was then classified into density classes based on ExG thresholding values. 
Hemispherical Photography. To validate canopy density from the ground, 

hemispherical photography was acquired at the center of each plot using a fisheye lens. 

The images were analyzed to calculate the percentage of canopy closure, serving as a 
ground-truth proxy for forest density. 

 

Data analysis. The structure of the mangrove community was analyzed using several 
standard ecological indices. 

 
The Shannon–Wiener diversity index was calculated as: 

 
𝐻′ = −∑𝑝𝑖𝑙𝑛⁡ 𝑝𝑖  

 

Where: 
𝐻′⁡= Shannon–Wiener diversity index, 

𝑝𝑖 ⁡= proportion of individuals belonging to species 𝑖, calculated as 𝑝𝑖 = 𝑛𝑖/𝑁, 𝑛𝑖 ⁡is the number 

of individuals of species 𝑖, 
𝑁⁡= total number of individuals in the community, 

𝑆⁡= total number of species present in the sample. The summation was performed across 

all species present in the sample (𝑖 = 1…𝑆), and the natural logarithm (𝑙𝑛⁡) was used in the 

calculation (Shannon & Weaver 1949; Nolan & Callahan 2006). 

 

Pielou’s evenness index was calculated as: 
 

𝐽′ =
𝐻′

𝑙𝑛 𝑆
 

 

Where:  
𝑬 = Pielou’s evenness index, 

𝐻′⁡= Shannon–Wiener diversity index, 

𝑆⁡= total number of species (Pielou 1966; Ricotta & Avena 2003). 

 
Margalef’s richness index was calculated as: 

 

𝑅 =
𝑆 − 1

𝑙𝑛𝑁
 

 
Where: 
𝑅⁡i = Margalef’s richness index, 

𝑆 = the total number of species, 

𝑁 = total number of individuals, and the natural logarithm (ln) was used (Margalef 1963; 

Gamito 2010).  

Margalef’s richness index is sometimes denoted as DMg or d in ecological studies. 
 

Simpson’s dominance index was calculated using the following formula: 

 

𝑫 = ∑𝒑𝒊
𝟐 

 

Where: 
𝐷⁡= Simpson’s dominance index, 

𝑝𝑖 ⁡= proportion of individuals belonging to species 𝑖, calculated as 𝑝𝑖 = 𝑛𝑖/𝑁, where 𝑛𝑖 ⁡is the 

number of individuals of species 𝑖⁡and 𝑁⁡is the total number of individuals of all species 

(Simpson 1949). 
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In this study, higher 𝐷⁡values indicate greater species dominance and lower diversity 

within the community. 

To visualize the association between mangrove species and sampling stations, CA 
was performed using statistical software. Species abundance data were log-transformed 

using log(x+1) before analysis to stabilize variance. The results were presented in a biplot 

to identify the spatial segregation of species assemblages across sampling stations. In CA, 
inertia refers to the amount of variation in the species-by-station matrix explained by a 

given axis, analogous to the proportion of variance explained in principal component 
analysis. Therefore, axes with higher inertia represent the major ecological gradients 

structuring the assemblages. 

 
Results and Discussion 

 
Taxonomic composition and species density. A total of 11 mangrove species belonging 

to 4 families (Rhizophoraceae, Lythraceae, Acanthaceae, Primulaceae) were identified 

across the study area. The detailed taxonomic composition and distribution of these species 
are presented in Table 2. 

 

Table 2 
Taxonomic composition and distribution of mangrove species 

 

Class Order Family Species 

Magnoliopsida Malpighiales Rhizophoraceae Rhizophora mucronata Lam. 

   Rhizophora stylosa Griff. 
   Bruguiera gymnorrhiza (L.) Lam. 

   Bruguiera sexángula (Lour.) Poir. 
   Bruguiera parviflora (Roxb.) Wight & 

Arn. ex Griff. 

 Myrtales Lythraceae Sonneratia alba Sm. 
   Sonneratia ovata Backer 

   Pemphis acidula J. R. Forst & G. Forst. 

 Lamiales Acanthaceae Avicennia lanata Ridl. 
   Avicennia alba Blume 

 Ericales Primulaceae Aegiceras corniculatum (L.) Blanco 

 

The spatial distribution of these species across the island highlights a distinct separation 

between the two stations, as illustrated in the Species Distribution Map (Figure 2). The 
North Station exhibits a complex mix of species, whereas the South Station is mono-

dominant. 
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Figure 2. Spatial distribution of dominant mangrove species at the North and South 

Stations (Source: Researchers' personal data). 
 

The ecological health of the community is further summarized in Table 3. The North Station 
supports a much higher species richness and diversity compared to the South, which is 

characterized by high dominance (D = 0.68). 

 
Table 3 

Ecological indices comparison between North and South Stations 

 

Ecological index North station South station 

Richness index (R) 1.84 0.31 
Diversity index (H’) 1.85 0.50 

Evenness index (E) 0.84 0.72 

Dominance index (D) 0.28 0.68 

Quantitative analysis of vegetation density confirmed that both stations support "Very 
Dense" mangrove forests. The North Station recorded a total density of 2,600 ind ha⁻¹, 

dominated by Rhizophora mucronata (1,333 ind ha⁻¹). The South Station recorded 2,500 

ind ha⁻¹, dominated almost exclusively by Rhizophora stylosa (2,000 ind ha⁻¹) (Figure 3). 

 

 
Figure 3. Vegetation analysis and mangrove species density. 
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Spatial zonation and substrate influence. The CA biplot revealed a sharp ecological 

gradient between the two stations (Figure 4). The analysis demonstrated an extremely 
high goodness-of-fit, with the first two dimensions explaining 99.7% of the total inertia. 

Dimension 1 accounted for 97.5% of the variance, highlighting the critical role of 
environmental factors in driving species segregation. 

 

 
Figure 4. Correspondence analysis Biplot showing the distinct association between 

mangrove species and sampling plots driven by substrate heterogeneity (CA input 

summary: No. Species in CA matrix: 11; No. Plots: 4 [North = 3; South = 11). 
 

The plots from the North Station clustered tightly on the positive axis of Dimension 1. This 

grouping reflects a consistent community structure supported by a heterogeneous 
substrate. As detailed in Table 4, the North Station consists of deep mud interspersed with 

coral patches. This habitat mosaic facilitates high species richness (S = 9) by providing 
suitable niches for both mud-specialists (R. mucronata & Bruguiera spp.) and species 

adapted to firmer substrates (Sonneratia alba). 

Conversely, the South Station formed an isolated cluster on the negative axis, 
exclusively associated with R. stylosa and P. acidula. The dominance of these species 

indicates a "front-mangrove" environment with muddy sand substrate and higher wave 
energy, which selects for specific pioneer species capable of withstanding physical stress. 

 

Table 4 
Environmental characteristics of the study sites 

 

Environmental parameter North Station South Station 

Substrate type Deep mud mixed with coral 

patches 

Muddy sand 

Inundation type Daily tidal inundation Tidal + wave splash 

Wave exposure Low (sheltered back-reef) High (open coastal fringe) 
Dominant vegetation zone Mid/back mangrove zone Front/pioneer mangrove zone 
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Methodological discrepancy 

Drone and ground truth. A significant finding of this study is the discrepancy between 
drone-derived density (ExG) and ground-truth data. While field surveys and hemispherical 

photography (Canopy Closure > 74%) confirmed the forest as "Very Dense," the drone 
analysis classified 88% of the North area and 94% of the South area as "Sparse Mangrove" 

(Table 5). 
 

Table 5 

Comparison of mangrove density estimation methods 
 

Parameter Method Metric / Classification North Station  South Station  

Field survey Plot counting 

(10×10 m) 

Tree density 

(ind ha⁻¹) 

2,600 

(Very dense) 

2,500 

(Very dense) 

Canopy cover Hemispherical 

photography 

Canopy closure 

(%) 

86.8% 

(Very dense) 

74.9% 

(Dense) 

Drone analysis RGB Orthomosaic 

(ExG Index)* 

Sparse mangrove area 

(%) 

88.2% 94.1% 

  Moderate mangrove 

area (%) 

8.5% 4.2% 

  Dense mangrove area 

(%) 

3.3% 1.7% 

 

This underestimation is visualized in the Density Maps (Figure 5), where the area appears 
largely sparse despite the dense reality on the ground. 

This discrepancy is attributed to the methodological decision to resample the 

imagery to 10 cm pixel-1. Although the DJI Phantom 4 captured data at a high resolution 
(2.22 cm pixel-1), the downsampling process introduced a "mixed pixel" effect. In a 

complex mangrove canopy, a single 10x10 cm pixel-1 likely aggregates the spectral values 
of leaves, branches, and background water/mud, thereby diluting the greenness signal 

(ExG). Furthermore, the RGB-based index lacks the sensitivity to detect the dense 

understory vegetation (Bruguiera saplings and Aegiceras shrubs) that contributes 
significantly to the total density observed in the field. This suggests that while cost-effective 

RGB drones are suitable for mapping the areal extent, accurate density estimation in 
heterogeneous forests requires processing at native resolution or the integration of active 

sensors, Light Detection and Ranging (LiDAR) to account for vertical stratification. 

The field results indicate that both stations support high mangrove density, yet their 
community structure differs substantially. The sheltered North Station showed higher 

richness and diversity, which is consistent with the presence of multiple microhabitats 

created by a heterogeneous substrate (deep mud mixed with coral patches) and low wave 
exposure. Such habitat mosaics can provide suitable niches for taxa with different rooting 

strategies and tolerances, allowing co-occurrence of Rhizophora, Bruguiera, Avicennia, 
Sonneratia, and associated shrubs. By contrast, the coastal fringe South Station was 

strongly dominated by Rhizophora stylosa and Pemphis acidula, reflecting a pioneer front-

mangrove setting where stronger hydrodynamic energy and muddy-sand substrate filter 
the community to a narrower set of stress-tolerant species. 
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Figure 5. Comparison of mangrove density maps derived from drone ExG index 

(resampled to 10 cm): (A) North Station showing fragmented density, and (B) South 
Station showing sparse classification (Source: Researchers' personal data). 

 
To improve future monitoring and reduce the underestimation observed with RGB-ExG 

classification, subsequent surveys should integrate complementary tools that better 

capture canopy complexity. Incorporating UAV multispectral sensors (red-edge/NIR) would 
allow indices such as NDVI/red-edge metrics that are less sensitive to shadows and mixed 

substrate-water reflectance than RGB-only ExG. In parallel, using 3D structural products 

from UAV surveys (SfM point clouds/canopy height models, and UAV LiDAR where 
available) would provide direct proxies of stand structure (height and canopy complexity) 

that can be linked more robustly to density and canopy closure. Operationally, applying 
RTK/PPK GNSS and GCPs for repeated surveys and moving beyond fixed thresholds to 

OBIA or machine-learning classifiers that combine spectral and textural features would 

strengthen classification reliability in heterogeneous small-island mangrove mosaics. 
From a conservation perspective, the coexistence of a diverse back-mangrove zone 

and a simplified fringe zone highlights the importance of maintaining landscape-level 
heterogeneity on small islands. Back-mangrove areas with higher species richness may 

enhance resilience through functional complementarity and can underpin long-term 

ecosystem services such as shoreline stabilization and carbon sequestration (Rahman et al 

A 

B 
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2021; Woroniecki et al 2023; Ferreira et al 2024). At the same time, dominance-driven 

communities at the fringe can still provide critical coastal protection but may be more 
sensitive to additional disturbances because reduced diversity can limit recovery pathways 

following extreme events or human pressures (see Table 6) (Jordan & Fröhle 2022; 
Sacatelli et al 2023; DiPetto et al 2025; Meraj et al 2025). 

 

Table 6 
Ecological implications of dominance-driven fringe mangroves versus diverse back-

mangrove stands (Pagerungan Besar Island) 
 

Aspect 

Dominance-driven 

fringe (e.g., South 

Station) 

More diverse back-mangrove 

(e.g., North Station) 

Implication for 

management 

Community 
pattern 

Few species 
dominate; low 

diversity 

Higher richness/diversity Interpret resilience 
differently across 

zones 

Coastal 

protection 
function 

Often high (dense 

roots/stems at 
shoreline) 

Moderate-high (depends on 

stand structure) 

Protect shoreline-

front stands as 
priority buffers 

Sensitivity to 

disturbance 

Potentially higher 

(limited diversity → 

fewer recovery 

pathways) 

Potentially lower (higher 

functional redundancy) 

Reduce additional 

stressors in fringe; 

maintain connectivity 

Recovery after 

extreme events 

Can be slower if 

dominant species is 

impacted 

More pathways for 

recruitment/compensation 

Plan post-disturbance 

restoration by zone 

Monitoring focus Track dominant 
species condition + 

canopy gaps 

Track composition shifts + 
recruitment across 

microhabitats 

Use zone-specific 
indicators and 

sampling designs 

 
The UAV comparison demonstrates a key operational limitation: RGB-based ExG mapping 

can be highly sensitive to spatial resolution and preprocessing choices when used to infer 
density rather than extent. In this study, resampling the orthomosaic to 10 cm pixel-1 likely 

increased spectral mixing between foliage and non-vegetated background (water, mud, 

shadows), leading to systematic dilution of greenness signals and classification into lower 
density classes. Moreover, an RGB index primarily captures upper-canopy greenness and 

may not represent understory contributions to stand density, which were captured in plot 

inventories and indirectly reflected in canopy closure measurements. These findings 
suggest that UAV RGB workflows are most reliable for delineating mangrove cover and 

broad structure at native resolution, while density estimation in heterogeneous stands 
should either avoid coarse resampling, incorporate object-based approaches, or combine 

passive imagery with structural information (e.g., LiDAR-derived canopy height models) 

(Jurado et al 2022; Lassalle et al 2023; Mai et al 2025; Qin et al 2025; Zhai et al 2025). 
Taken together, the integrated field-UAV workflow provides an updated baseline for 

Pagerungan Besar Island and supports practical monitoring on small islands. Future 
monitoring should prioritize consistent acquisition protocols, retain native spatial resolution 

during classification when structural metrics are needed, and expand plot replication in 

exposed fringe zones to strengthen inference on community gradients and restoration 
priorities. 

Taken together, the integrated field-UAV workflow provides an updated baseline for 

Pagerungan Besar Island and offers a practical, scalable monitoring template for 
Indonesian coastal management, including institutional contexts such as Malang, East 

Java, where universities and local agencies can serve as regional hubs for capacity building 
and rapid ecological assessment. In particular, combining plot inventories and 

hemispherical photography with low-cost UAV RGB mapping enables (i) species- and 

structure-resolved baselines for restoration planning, and (ii) repeatable, high-resolution 
shoreline monitoring that can be implemented by local stakeholders after short training. 

Future monitoring should prioritize consistent acquisition protocols, retain native spatial 
resolution during classification when structural metrics are needed, and expand plot 



AACL Bioflux, 2026, Volume 19, Issue 2. 
bioflux.com.ro/aacl 478 

replication in exposed fringe zones to strengthen inference on community gradients and 

restoration priorities. 
For Indonesian government implementation, we recommend: (1) institutionalize a 

standard operating procedure (SOP) for small-island mangrove monitoring that couples 
field plots + canopy closure with UAV surveys (including tidal-stage and illumination 

controls) to improve comparability across districts; (2) invest in local capacity and shared 

equipment pools (UAV units, GNSS/RTK, and processing workstations) through 
provincial/DLH and university partners (e.g., regional hubs in East Java such as Malang) 

to reduce cost barriers and ensure continuity; (3) require ground-truth validation when 

UAV products are used for density/condition reporting (not only extent), and promote 
higher-fidelity tools (multispectral or 3D structural products) for heterogeneous canopies 

where RGB indices underperform; and (4) link monitoring outputs to actionable programs—
zoning-based protection of fringe buffers, targeted enrichment in back-mangrove areas, 

and performance-based evaluation for restoration funding—so that monitoring directly 

informs coastal protection, livelihoods, and blue-carbon outcomes. 
 

Conclusions. Mangrove stands on Pagerungan Besar Island were classified as dense to 
very dense based on plot inventories and hemispherical canopy closure, with clear 

ecological contrasts between a heterogeneous, species-rich back-mangrove North Station 

and a wave-exposed, low-diversity pioneer South Station. Correspondence analysis 
indicated strong zonation linked to substrate and wave exposure. UAV RGB-ExG 

classification at a resampled resolution of 10 cm pixel-1 substantially underestimated 

density, highlighting the importance of processing at native resolution and validating 
structure-related metrics with ground data. These findings support the use of integrated 

field-UAV approaches for rapid small-island monitoring and for informing conservation and 
restoration planning. For local management, the zonation pattern suggests prioritizing 

strict protection of the wave-exposed fringe as a coastal buffer while directing restoration 

and enrichment actions to more diverse back-mangrove areas, with monitoring protocols 
calibrated to avoid underestimating canopy condition. 
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