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Highlights

What are the main findings?

e  Tree 3D canopy traits derived from UAV-derived data yielded high-resolution mod-
els that revealed differential structural attributes across communities depending on
focal species and precipitation.

e  The canopy structure unveiled tree-tree species-specific ecological relationships be-
tween immediate neighbors, as well as the effect of traditional home garden manage-
ment and environmental conditions.

What are the implications of the main findings?

e  Tree-tree ecological relationships can be studied using UAV-generated models, rep-
resenting a robust and accessible approach for understanding complex interactions
occurring in the canopy, often limited by traditional methods.

e  Structural canopy analysis led to the incorporation of a third dimension to classic
interaction indices, revealing competence and facilitation interactions between trees.

Abstract

Understanding the spatial structure of tree communities is fundamental for evaluating
ecological interactions and management dynamics in agroforestry systems. However, the
structural complexity and small spatial scale of traditional agroecosystems often limit the
use of conventional remote sensing approaches. Recent advances in drone-based photo-
grammetry offer new opportunities to reconstruct the three-dimensional structure of veg-
etation at high spatial resolution and to quantify tree-level structural attributes. In this
study, we applied aerial photogrammetry from unmanned aerial vehicles (UAVs) to char-
acterize the spatial structure of agroforestry systems in traditional home gardens (THGs)
in the Yucatan Peninsula, Mexico. The immediate neighborhood structure of the tree com-
munity of 20 THGs distributed along a south-north precipitation gradient was analyzed
using two focal species as anchor references: Spondias purpurea and Annona muricata. High-
resolution orthomosaics and three-dimensional point cloud models were generated to
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estimate structural attributes, including tree height, crown area, crown surface area, and
canopy volume, which were combined with field measurements of diameter at breast
height. Spatial indices describing aggregation, dominance, and neighborhood diversity
were calculated to evaluate tree spatial organization and potential interaction patterns.
The UAV-derived structural metrics revealed significant differences in canopy architec-
ture across regions and between focal species. Regardless of the focal species, trees in the
southern region exhibited greater height, crown diameter, and canopy volume than those
in the northern region. Moreover, the spatial arrangement of tree communities also dif-
fered depending on which focal species was considered as the anchor, suggesting con-
trasting strategies of canopy dominance and spatial coexistence. Finally, our results vali-
date the use of drone-based photogrammetry as an effective approach for capturing fine-
scale spatial structure in complex agroforestry systems. By enabling detailed three-dimen-
sional reconstruction of tree canopies, UAV remote sensing offers an affordable, simple
approach to investigate neighborhood interactions, management effects, and structural
dynamics in traditional agroecosystems that are difficult to assess using conventional
field- or satellite-based methods.

Keywords: UAV photogrammetry; canopy structure; tropical agroforestry;
three-dimensional vegetation modeling; tree neighborhood analysis; traditional home
gardens; spatial ecology

1. Introduction

Understanding the spatial structure of tree communities is fundamental to explain-
ing potential ecological interactions and species coexistence. In forest ecosystems, tree spe-
cies diversity influences ecosystem functioning and productivity through potential inter-
actions among species with different ecological strategies [1]. In addition, the spatial ar-
rangement of trees and the canopy’s three-dimensional structure play key roles in shaping
ecological dynamics and resource partitioning among neighboring individuals [2]. Tradi-
tional ecological approaches for studying tree interactions have relied mainly on field
measurements such as diameter at breast height (DBH), inter-tree distances, and neigh-
borhood indices [3,4]. Although these methods provide valuable information about stand
structure, they often fail to capture the full three-dimensional complexity of vegetation.
Canopy structure, crown overlap, and vertical stratification play critical roles in mediating
structural relationships among trees and determining access to resources such as light
[4,5]. Unfortunately, these features are difficult to quantify accurately using ground-based
measurements alone. Consequently, the characterization of tree spatial relationships has
progressively shifted from approaches based primarily on trunk-based metrics toward
more integrative methods that incorporate crown architecture and canopy traits as struc-
tural proxies [3,5].

In recent years, advances in remote sensing technologies have opened new opportu-
nities for characterizing vegetation structure across spatial scales [6,7]. Unmanned aerial
vehicles (UAVs), combined with structure-from-motion photogrammetry, enable the gen-
eration of high-resolution orthomosaics and three-dimensional point clouds, enabling de-
tailed reconstruction of canopy architecture and spatial relationships among individual
trees. These technologies offer new opportunities to quantify structural attributes, such as
tree height, crown dimensions, and canopy volume, which are essential for understanding
structural organization in complex vegetation systems [7]. These approaches are espe-
cially relevant for the study of small-scale agroforestry systems, where vegetation struc-
ture is often highly heterogeneous and spatially complex.
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Traditional Home Gardens (THGs) are among the most diverse and structurally com-
plex agroecosystems in tropical regions worldwide. These systems are typically managed
by local families and integrate cultivated species with naturally established trees tolerated
by the peasants, resulting in multilayered vegetation structure and high levels of plant
diversity [8,9]. These systems typically combine fruit trees, timber species, medicinal, or-
namental, shade, and other culturally important plants. THGs exhibit heterogeneous ver-
tical and horizontal structure, reflecting both ecological processes and management deci-
sions [10]. THGs have long been recognized in many regions as multifunctional systems
that contribute to household food security, biodiversity conservation, and the provision
of ecosystem services. Despite their ecological and cultural importance, the spatial organ-
ization of trees within THGs remains poorly quantified [11]. Previous studies have docu-
mented the high species richness and functional diversity of these systems. Yet relatively
little is known about how trees are spatially arranged or how canopy structure influences
interactions among neighboring individuals. Understanding these spatial relationships is
particularly important because structural organization in the canopy is often associated
with spatial associations among neighboring trees [3,5].

In a previous study, we focused on THG immersed within the Mayan forest in the
Yucatan Peninsula (YP), Mexico [12], where we investigated the main drivers of tree di-
versity and population structure; however, the factors modeling spatial structure within
these THG remain. In this follow-up study, we combined field measurements with UAV-
derived photogrammetric models to investigate the spatial structure of tree communities,
using two anchor species (Spondias purpurea and Annona muricata) as focal reference spe-
cies. We analyzed structural attributes, including tree height, crown area, crown surface
area, and canopy volume derived from three-dimensional canopy models. Additionally,
spatial indices describing aggregation, dominance, and neighborhood diversity were cal-
culated to explore patterns of tree coexistence and structural organization within these
agroforestry systems. Specifically, this study aimed to determine whether the previously
identified abundance associations between the focal species [12] were related to specific
spatial structure patterns. This study represents an innovative approach relative to classi-
cal tree-tree neighborhood interactions by integrating spatial metrics derived from UAVs
and applying these methods to THGs, a system rarely studied this way.

2. Materials and Methods
2.1. Study Area

We conducted this research in the Mayan forest, located in the YP, which is charac-
terized by predominantly karstic limestone soils (Vertisol or Phaeozem), shallow, well-
drained soils, and low topographic variation. Natural vegetation varies along the precip-
itation gradient, ranging from tropical dry forest in the north to semi-deciduous and sub-
humid tropical forests in the south. Mean annual temperature is approximately 24-26 °C
across the YP, with marked seasonality in rainfall [13]. We selected 20 representative Tra-
ditional Home Gardens (THGs) from 48 previously studied [12], located in six rural local-
ities across the states of Yucatan and Campeche. THGs in the study area are typical small-
scale agroforestry systems managed by local peasant families [14]. The sites represent
three regions characterized by contrasting precipitation regimes and associated environ-
mental conditions (Figure 1a). The northern region includes the localities of Uci (N1) and
Yaxkukul (N2), receiving 500-1000 mm of mean annual precipitation. The central region
includes Bethania (C1) and Nohakal (C2), with annual rainfall of 1000-1200 mm. The south-
ern region includes Venustiano Carranza (S1) and La Libertad (S2), where annual precipita-
tion ranges from 1200 to 1800 mm [13]. Basic physicochemical soil parameters of the three
regions are included in the Supplementary File S1.
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Figure 1. Data collection (a) map of the study sites in the Yucatan Peninsula, Mexico. Markers indi-
cate the localities of the THGs. Precipitation regimes are shown in different colors. (b) Schematic
representation of a typical Traditional Home Garden (THG). Anchor focal trees from Anonna muri-
cata and Spondias pupurea trees (White location markers) were located at each THG. In situ measure-
ments and drone flights were performed during the same visit. (c) Crown delimitation and taxo-
nomic assignment to orthophotos of focal trees and immediate neighbors. (d) Measurements ob-
tained in situ (bold) and derived from photogrammetry.

2.2. Anchor Focal Species

To contrast the spatial structure of tree communities in these agroforestry systems,
we selected 36 THGs, 20 of which harbor at least one individual of each of two anchor
focal species, aiming to detect distinctive patterns within the same THG and, hence, the
same family owners and presumably the same general management. We selected Spondias
purpurea L. (Sapindales: Anacardiaceae) and Amnnona muricata L. (Magnoliales: An-
nonaceae) as focal trees based on a previous evaluation (Figure 1b) [12]. These species
were chosen because they are widely distributed across the precipitation gradient, with
relative abundances >2.5% and occurrences >50%. Both species were also considered be-
cause they represent a direct-sourcing utilitarian value to their owners (Supplementary
File S2). Finally, S. purpurea and A. muricata show contrasting ecological strategies along
the precipitation gradient. S. purpurea is a deciduous tree reaching up to 15 m in height
and 80 cm in diameter. It is drought-tolerant and commonly used in land restoration, liv-
ing fences, and shade provision. The species performs well in shallow or nutrient-poor
soils and tolerates temporary flooding [15,16]. On the other hand, S. purpurea and A. mu-
ricata are Mesoamerican-native species, perennial trees 3-10 m tall, cultivated primarily
for fruit production. It grows best in deep, well-drained soils rich in organic matter and
thrives in warm, humid climates. It is sensitive to cold temperatures and prolonged
drought without irrigation [17].
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2.3. Analysis of Tree Communities

Within each THG, we evaluated the tree community using individuals of the focal
species and their immediate neighbors (IN). A total of 36 tree communities were evaluated
(18 per focal species). For each focal individual, IN were defined as all trees with DBH > 5
cm located within a fixed radius of <15 m from the base of the focal tree. The <15 m radius
was selected to capture the potential zone of canopy interaction and belowground com-
petition. This spatial scale represents a robust standard in neighborhood competition anal-
ysis; sensitivity tests in mixed forest ecosystems have demonstrated that neighborhood
indexes are consistent and stable at this scale, with variations between <15 m and <20 m
radii yielding similar statistical outcomes in tree interaction models [18]. All eligible trees
within this radius were included; therefore, the number of neighbors varied among the
analyzed tree communities. For each focal individual and its IN, the following variables
were recorded in the field: species determination (Figure 1c), diameter at breast height
(DBH), tree-to-tree base distance, crown diameter (measured with a measuring tape), and
Cartesian coordinates to characterize spatial relationships (Figure 1d). DBH was meas-
ured at 1.3 m above ground using standard forestry procedures.

2.4. Aerial Image Acquisition and Processing

Flight plans for each THG were generated prior to field visits using the Litchi plat-
form (www flylitchi.com, VC Technology, Covent Garden, UK). Flights followed a grid
pattern at 25 m altitude and 5 km h, configured with 80% forward (heading) and 75%
lateral (side) overlap to ensure optimal canopy stereoscopic coverage. A DJI Mini SE 4K
drone (Cat. MT2SD DJI, Shenzhen, China), equipped with a 1/2.3” CMOS sensor (12 MP
effective pixels, 83° FOV), captured aerial images every 2 s at a -90° (nadir) angle and at
4000 = 3000-pixel resolution. Image georeferencing relied on the aircraft’s onboard GNSS
(GPS + GLONASS) system; Ground Control Points (GCPs) were not deployed because the
analysis focused on relative, individual-tree structural metrics rather than absolute multi-
temporal geodetic positioning.

We processed the aerial images using the structure-from-motion (5fM) workflow in
the DroneDeploy® platform (www.dronedeploy.com, San Francisco, CA, USA). The pho-
togrammetric processing yielded high-resolution 2D orthomosaics (Figure 1c) with a the-
oretical Ground Sampling Distance (GSD) of 0.86 cm/pixel, alongside densified 3D point
clouds (average density ~450 points m=) and Digital Surface Models (DSMs). To correct
terrain topography and isolate vegetation height, a Digital Terrain Model (DTM) was gen-
erated by filtering ground-level points from the dense point cloud. A Canopy Height
Model (CHM) was subsequently constructed by subtracting the DTM from the DSM.
These products enabled visualization and quantification of canopy architecture at the in-
dividual-tree level. All point clouds were generated with identical reconstruction param-
eters to reduce variability in point density and reconstruction artifacts. Point clouds were
voxelized at a 10 cm spatial resolution, as recommended in previous work [19]. Based on
these photogrammetric models, canopy contact was defined as the presence of occupied
voxels from neighboring crowns within a 10 cm threshold distance. We performed man-
ual crown delineation directly on the DroneDeploy® platform via cursor-assisted tracing
on high-resolution orthomosaics, adjusting polygon vertices to the visible boundaries of
each canopy to minimize spatial interpretation errors, and using ground-level photo-
graphs and in situ measurements for each tree as references. Once obtained individual-
ized crowns, we obtained the following measurements for each tree in the community (the
focal tree and all IN): (1) tree height (m) extracted directly from the CHM, (2) crown di-
ameter (m), (3) crown interaction distance (m), (4) 2D crown area from orthophotos (m?),
(5) crown surface area from 3D point cloud models (m?), and (6) crown volume (m?3). Fi-
nally, we combined the CHM spatial layers and soil-level datasets to analyze spatial

https://doi.org/10.3390/rs18152605



Remote Sens. 2026, 18, 2605

6 of 22

patterns and neighborhood relationships among focal species and their IN. As a dimen-
sional validation control, we obtained x, y, and z errors + SD for each THG from an inde-
pendent imagery process by WebODM, version 3.2.1 (www.github.com/WebODM/We-
bODM, accessed on 15 April 2026) (Supplementary File S3); in all cases, the error averaged
less than 1 voxel, making any dimensional determination error negligible.

2.5. Neighborhood Spatial Indices

To evaluate the spatial structure of each tree community, we employed the neighbor-
hood indices previously developed by Gadow et al. [20] (Supplementary Table S1). The
Mingling Index, to describe the species spatial heterogeneity, was calculated as the num-
ber of species observed among the immediate neighbors divided by the total number of
immediate neighbors; the dominance index by DBH, height, crown area, surface, and vol-
ume, to reflect the size difference, was calculated as the number of disadvantageous rela-
tionships relative to the number of immediate neighbors, angle uniformity index to de-
scribe the degree of regular distribution of neighborhood (a standard angle of 72°), crown
aggregation index to describe the extent of canopy contact between the reference tree and
immediate neighbors and deciduousness index to describe the number of deciduous trees
of IN over the total number of IN.

2.6. Statistical Analysis

To test statistical differences, we analyzed the data using a one-way PERMANOVA
(9999 permutations) in PAST v.5.22 [21] to evaluate significant differences in spatial struc-
ture among the three regions. To account for the hierarchical structure of the sampling
design and avoid potential pseudo-replication, permutation tests were constrained within
THGs during PERMANOVA analyses using stratified permutations. Values for the crown
dominance index (calculated from DBH, height, crown area, surface, and volume), angle
uniformity index, crown aggregation index, and deciduousness index were included.
PERMANOVA analyses were conducted using Bray—Curtis dissimilarities on standard-
ized z-score data. Pairwise comparisons were performed using pairwise Adonis, and p-
values were adjusted using the Benjamini-Hochberg false discovery rate correction. Ho-
mogeneity of multivariate dispersions was assessed using betadisper prior to interpreta-
tion of significant differences. In our analysis, PERMANOVA was applied to multivariate
datasets in which each sample was represented by multiple species-specific structural var-
iables (e.g., species-level canopy height values), rather than to single univariate indicators
independently. The explanatory variables (region or focal species) were used as grouping
factors to compare the multivariate response matrix.

2.7. Bidimensional and Tridimensional Graph Analysis

To facilitate the interpretation of the statistical results, we generated two and three-
dimensional stacked representations of tree communities, including animated files (*.gif)
for 3D plots (Supplementary File S3). For this purpose, we constructed these models from
previously collected data using Cartesian coordinates, tree DBH, height, and crown diam-
eter, and plotted them wusing NumPy v2.3.2 [22], Pandas v2.3.2 (https://pan-
das.pydata.org), and Matplotlib v3.10.6 (https://matplotlib.org) in Python v3.17 (www.py-
thon.org).

3. Results
3.1. Diversity of Tree Communities

Taxonomic identification of species in each tree community revealed high species di-
versity, with 79 species, reflecting a global Shannon index of 3.901 and a Simpson index

https://doi.org/10.3390/rs18152605



Remote Sens. 2026, 18, 2605

7 of 22

a

Species

Cedrela odorata
Spondias purpurea
Anonna muricata
Citrus sinensis

Citrus % paradisi
Annona squamosa
Citrus aurantium
Cocos nucifera

Citrus reticulata
Cordia dodecandra
Tecoma stans
Chrysophyllum cainito
Ehretia tinifolia
Annona reticulata
Brosimum alicastrum
Citrus latifolia

Citrus limon
Byrsonima crassifolia
Carica papaya
Gmelina arborea
Mangifera indica
Persea americana
Hibiscus rosa-sinensis
Swietenia macrophylla
Adonidia merrillii
Melicoccus bijugatus
Plumeria rubra

Sabal yapa
Anacardium occidentale
Bixa orellana

Cordia gerascanthus
Melicoccus oliviformis
Psidium guajava
Roystonea regia

Sabal mexicana
Annona macroprophyllata

Arecaceae (Fam) ®
Bursera simaruba %

Guazuma ulmifolia
Manilkara sapota
Pithecellobium dulce
Simarouba amara
Thevetia peruviana
Others (n=1)

of 0.966 across the study area. At the regional level, these values were as follows (Figure
2a): north, 47 species, Shannon = 3.782, Simpson index = 0.974; center, 37 species, Shannon
= 3.143, Simpson index = 0.927; and south, 37 species, Shannon index = 3.339, Simpson
index = 0.953. When we analyzed these ecological indices by focal species (Figure 2b), the
following values were obtained: for S. purpurea, 54 IN species; Shannon = 3.589; Simpson
index = 0.950; for A. muricata, 56 IN species; Shannon index = 3.933; Simpson index = 0.912.
In all cases, diversity was standardized using abundance-based estimates [23], yielding
correlation coefficients> 0.9 in both analyses. This observation included species such as
Cedrela odorata L., Citrus spp., Annona squamosa L., Cocos nucifera L., Cordia dodecandra A.
DC., and Tecoma stans (L.) Juss. ex Kunth, which accounted for 55.37% of the occurrences.

Absolute abundance b Species Absolute abundance
10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
I Cedrela odorata |
Citrus sinensis |GGG
Citrus x paradisi
Spondias purpurea
Annona squamosa |
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Citrus reticulata | R
Ehretia tinifolia R
Annona reticulata R
Brosimum alicastrum |l
Chrysophyllum cainito |l
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Persea americana R
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Adonidia merrillii il
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Anacardium occidentale il
Bixa orellana il
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Center Melicoccus oliviformis il
Psidium guajava il
. South Roystonea regia il
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Simarouba amara i
Thevetia peruviana i
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W
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B S purpurea
B 4 muricata

® Wood / Forage
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Figure 2. Abundance of species diversity and its use in THG by region, including focal individuals

(a) and immediate neighbors by focal species excluding focal individuals (b).

3.2. Spatial Structure of Tree Communities: Differences by Region

The results of this study reveal significant variations in the spatial structure of THGs
across the analyzed regions. We measured 131 trees in the northern region, 141 in the
central region, and 95 in the southern region. The dispersion of the original data is shown
in Figure 3.
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Figure 3. Individual spatial measurements. Focal individuals and IN trees are grouped by regions,
north, center, and south, or IN trees by focal species. (a) Diameter at breast Height (DBH), (b) tree

height, (c) crown diameter, (d) distance to IN, (e) crown contact distance (focal tree-IN), (f) crown

aggregation angle, (g) crown area (2D from ortho-photos), (h) crown surface area (3D from dot cloud
models), and (i) crown volume. Numbers under the x-axis correspond to the significance p-value
obtained by the PERMANOVA test. * = p <0.05; ** = p <0.01; and *** = p < 0.001; no data means the

significance p-value was greater than 0.05.
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3.2.1. North Region

We obtained a mean of 17.29 IN trees per focal individual in this region. The trees
had an average DBH of 25.7 cm, an average height of 5.13 m, and an average crown diam-
eter of 4.53 m. The average distance from the focal species to the nearest neighbor was 6.60
m. In contrast, the interaction between crowns (a measure of direct competition for light
calculated as the distance at which crowns become tangential) was low (avg. = 0.50 m).
The crown area averaged 16.76 m? the surface area 49.84 m? and the volume 42.16 m3.
Regarding the neighborhood structure, the northern region showed moderate species
mixing (Mingling avg = 0.78). DBH dominance (avg. = 0.57) and height dominance (avg.
= 0.34) were calculated based on the ratio of the focal individual’s size relative to its neigh-
bors. Similarly, crown-related dominance indices (area avg. = 0.43 m?, surface area avg. =
0.40 m?, volume avg. = 0.69 m?) reflect the focal tree’s spatial occupancy. The angular uni-
formity index was = 0.84, canopy aggregation averaged 0.30, and the proportion of decid-
uous species was =0.17.

3.2.2. Center Region

In the central region, the average number of immediate neighbors per focal tree was
higher (avg. = 18.57), as was the mean (DBH = 30.3 cm). However, crown volume (avg. =
19.3 m?) and crown area (avg. = 13.3 m?) were lower than those observed in the northern
region, suggesting that larger trees may develop more compact crowns, with a higher
proportion of supporting structure relative to photosynthetic area, potentially as a strat-
egy for resource-use efficiency and adaptation to neighborhood density. The mean crown-—
crown interaction distance was 1.56 m, while the mean height was =5.38 m, and the mean
crown diameter was = 4.09 m. The distance to the nearest neighbor averaged = 6.46 m,
crown aggregation reached 4.19 m, and crown surface area averaged = 38.29 m?2. Regard-
ing neighborhood indices, a greater species mixture was observed (Mingling avg. = 0.95),
along with moderate dominance in DBH (avg. = 0.48) and height (avg. = 0.36). Canopy-
related indices were low, with area (avg. = 0.23), surface (avg. = 0.22), and volume (avg. =
0.24). Angular uniformity was high (avg. = 0.82) and canopy aggregation was low (avg. =
0.20). The proportion of deciduous to evergreen species was avg = 0.35, higher than in the
northern region.

3.2.3. South Region

In this region, an average of 13.83 IN per focal tree was recorded. Trees exhibited a
mean DBH of 27.5 cm and the highest mean height among the three regions (7.43 m), with
a crown diameter of 4.57 m. The mean distance to the nearest neighbor was = 4.98 m.
Crown-crown interaction reached an average of 1.10 m, and crown aggregation was an
average of 4.33 m. Average crown area, surface, and volume were 17.43 m?, 59.75 m?, and
32.17 m3, respectively. Regarding neighborhood structure, the average species mixing was
0.78, the average DBH dominance was 0.52, and height dominance was the highest among
the regions at 0.57. Crown-related indices were also higher: area average = 0.59, surface
average = 0.47, and volume average = 0.49. Angular uniformity average = 0.70, crown ag-
gregation average = 0.40, and the proportion of deciduous species average = 0.35, similar
to that observed in the central region.

3.3. Spatial Analysis of Focal Individuals and Their Immediate Neighbors by Region

Multivariate analysis using PERMANOVA revealed significant differences in struc-
tural variables both between regions and among focal species (Figure 3). Trees in the cen-
tral region had higher DBH values (Figure 3a), while tree height differed both by region
and focal species (Figure 3b). Crown diameter showed significant differences between the
north and central regions (Figure 3c), as well as among the IN of different focal species.
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Distances to IN were shortest in the southern region (Figure 3d), whereas crown-crown
contact was highest in the central region (avg. = 1.56 m, Figure 3e).

Aggregation angles were larger in the north than in the central region (Figure 3f), and
the IN of S. purpurea exhibited larger angles than those of A. muricata, indicating differ-
ences in neighbor arrangement and potential avoidance strategies. Crown area, surface,
and volume varied among regions and focal species (Figure 3g—i), with S. purpurea gener-
ally having larger crown dimensions. These patterns suggest that structural differences
are influenced by both tree size and species identity and may also reflect varying degrees
of competition and facilitation.

Spatial Indices of Tree Communities

To assess spatial structure, we obtained several neighborhood indices from each tree
community. These indices revealed marked regional contrasts for both the Mingling Index
and the other dominance indices applied (Figure 4). The Mingling Index was slightly
higher and more dispersed in the central region compared to the north and south (Figure
4a). Although no significant differences were detected between focal species, the number
of IN in S. purpurea tree communities was greater than that of A. muricata. For dominance
indices of IN trees, our results show significant differences for DBH between the central
and southern regions (Figure 4b); for height between the northern and south regions (Fig-
ure 4c); for canopy area level between the central and southern regions (Figure 4d); for
canopy surface between the northern and central regions (Figure 4e); and for canopy vol-
ume level between the northern. central and south regions (Figure 4f). None of the domi-
nance indices calculated show significant differences between the IN of the two focal spe-
cies, nor significant differences by region or by focal species for the angle uniformity in-
dices or the canopy aggregation indices (Figure 4g,h). In addition, we observed significant
differences in the deciduous species index for S. purpurea IN trees, which were higher than
those for A. muricata (Figure 4i). To construct putative causal relationships for spatial shifts
between regions, we performed Pearson’s correlation analysis of spatial indices with bio-
logical, environmental, and management variables previously determined for the same
THGs [12], which yielded significant (p < 0.05) strong positive and negative correlations
(Supplementary File 54). Among other factors, such as soil physicochemical properties,
precipitation correlated positively with tree height and height dominance, whereas crown
diameter, crown area, and crown surface showed negative correlations with the voluntary
index, pruning, and irrigation.
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Figure 4. Neighbor competition indices. Focal individuals and IN indices are grouped by regions

(north, center, and south) or by focal species. (a) Mingling (a measure of the IN species diversity),
(b) diameter at the breast height (DBH) dominance index, (c) tree height dominance index, (d) crown
area (2D from orthophotos) dominance index, (e) crown surface area (3D from dot cloud models)
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dominance index, (f) crown volume dominance index, (g) uniform angle index, (h) crown aggrega-
tion index, and (i) deciduous tree index. Numbers under the x-axis correspond to the significance
p-value obtained by the PERMANOVA test. * =p < 0.05; ** = p <0.01; no data means the significance
p-value was greater than 0.05.

3.4. Spatial Structure of Tree Communities: Differences by Focal Species

To examine and visualize the spatial patterns of IN by region and focal species, we
generated two- and three-dimensional maps by stacking the values derived from all focal-
individual sets and their respective IN (Figure 5). The 2D representations show the hori-
zontal distribution of both S. purpurea and A. muricata, along with their corresponding IN.
In addition, the 3D graphs represent canopy structure using tree DBH, height, and crown
area data from trees measured in this study. The stacked 2D graph analysis shows no
apparent differences between regions (Figure 5a—c); however, when we analyze our data
by focal species, the communities show evident differences; in the case of S. purpurea (Fig-
ure 5d), IN are generally taller, with larger crown diameters, in contrast to IN of A. muri-
cata (Figure 5e), which are mostly shorter with smaller crown areas. Spatial differences by
focal species become more evident when analyzed across regions. In the northern region
(Figure 5f), S. purpurea exhibits a denser aggregation pattern and greater height; IN are
strongly clustered, with large, overlapping crowns, whereas trees where A. muricata was
the focal species displayed a more dispersed pattern (Figure 5i), with greater distances
between individuals. In the central region, S. purpurea is characterized by taller IN
grouped in a more widely distributed pattern, with less crown aggregation, and larger
crown volumes. In this case, the IN—despite their height—are located closer to the focal
trees, whereas in A. muricata, taller IN trees are found farther away, and shorter ones are
located closer to the focal individuals (Figure 5gj). Finally, in the southern region, S. pur-
purea and IN show the densest and most compact assemblage among the three regions,
being considerably taller, with larger, overlapping crowns (Figure 5h). On the other hand,
A. muricata and its IN trees exhibit a more dispersed pattern with smaller individuals.
Although relatively tall trees were found, they have smaller crown volumes and form a
more open canopy (Figure 5k).
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Figure 5. Stacked vertical and spatial representations of focal and IN trees by region and focal spe-

cies. Bidimensional zenithal plots by region: (a) north, (b) center, and (c) south. Bidimensional zen-
ithal and Tridimensional plots by focal species and region. (d) S. purpurea focal trees and IN in all
regions, or (f) by region: north, (g) center, (h) and south; (e) A. muricata focal trees and IN in all
regions or (i) by region: north, (j) center, (k) and south. For all plots, the coordinates 0, 0 on the x-

and y-axes correspond to the location of the focal individuals (In zenithal views orange circles rep-

resents the stacked S. purpurea focal individuals; purple circles represent A. muricata focal individu-

als, whereas IN are represented as green circles.), and the dimensions of the axes are distances in
meters. Numbers in brackets correspond to the significance p-value obtained by the PERMANOVA
test. * = p <0.05; ** = p <0.01; and *** = p <0.001; “ “=p > 0.05.

https://doi.org/10.3390/rs18152605



Remote Sens. 2026, 18, 2605

14 of 22

3.5. Spatial Structure of Tree Communities: Differences at the Species-Level

To explore the spatial distribution of tree communities at the species level relative to
focal individuals, we analyzed the species that together represent 67% of the total diver-
sity of the THG in this study, pooling those belonging to the Citrus, Annona, and Cordia
genera. To achieve this goal, we generated stacked representations of the horizontal dis-
tribution of IN and focal trees by IN species, incorporating spatial measurements (Figure
6). The Citrus spp. population was the most abundant, with higher abundance in the cen-
tral region. However, spatial analysis shows higher overlapping and crowding, as seen in
S. purpurea IN. In the north and center regions, Citrus spp. were shorter in comparison to
southern trees. C. odorata was practically absent in the north and very common in the cen-
ter, but only when they were S. purpurea IN. Regardless of the focus species, C. odorata
trees occupied the higher canopy levels in all cases, except when they were recorded as
IN of A. muricata. The same case appears to apply to Cordia spp. trees. Among focal species
serving as IN trees, their numbers were low, and they behaved very similarly to the focal
individuals. For less-represented species, the numbers were too low to identify a clear
spatial pattern by region or focal species.

S. purpurea A. muricata
North Center South North Center South
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Figure 6. Stacked horizontal representations of focal trees and IN by region and focal species. Each
graph shows the focal individuals in red, with the gray background corresponding to the IN. Green
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individuals correspond to the species in each row. The numbers in the graphs are the IN counts for

the species in each condition. All graphs are 15 m by 15 m (both horizontally and vertically).

To statistically determine these differences at the species level, while accounting for
spatial data in THG (Table 1), we performed a PERMANOVA analysis, which revealed
significant differences in tree populations across regions and among focal trees. As sum-
marized in Supplementary File S5, the attributes showed statistical differences when all
tree species were considered, except for DBH, which differed only when comparing tree
communities by focal species and crown area by region. When pooled species were com-
pared by region, significant differences (** p < 0.01) were found for Citrus spp. at the dis-
tance to the focal tree, DBH, tree height, and crown diameter; for C. odorata, the crown
diameter, area, surface, and volume. In contrast, when comparing tree populations by the
focal tree, we found similar differences (*** p < 0.001) for Citrus spp. at the crown surface;
for C. odorata at tree height and crown area; and for C. cainito at crown area and volume.

Table 1. Spatial measurements of immediate neighbor trees by species, focal tree (Am = Annona
muricata; Sp = Spondias purpurea), and region (N = north; C = center; S = south). Absent lines, such as

for C. odorata sp. in the north, mean that no individuals were present.

< r % 3 % )3 % )3 %
. X Dist. X DBH . Crown Crown Crown Crown Crown Crown Crown Crown

IN Species Focal Reg. # (m) (cm) H(elg)ht diam. diam. Area Area surf. surf. vol. vol.
™ m M m m m) m  m) ()

Citrusspp. Am N 5 632 1224 201 1395 279 3032 606 8922 1784 4132 826
C 14 567 3251 317 5479 391 8806 629 14399 1029 49.75 3.55

S 9 343 1884 600 2436 271 5059 562 17497 19.44 5834  6.48

Sp N 10 730 1369 239 2474 247 4403 440 15329 1533 5043 504

C 25 7.09 3499 447 9905 396 30676 1227 931.10 37.24 23022 921

S 9 442 1900 680 2999 333 7923 880 29290 3254 14433 16.04

C.odorata Am C 6 446 3122 352 1888 315 5786 964 17713 2952 91.77 1529
S 2 68 3750 1381 992 496 5146 2573 12175 60.88 5827 29.14

Sp N 1 1110 51.00 1020 287 287 1297 1297 3185 31.85 14.62 14.62

C 23 705 2736 1054 10839 471 35411 1540 83473 3629 330.76 14.38

S 8 508 3275 1093 6229 7.79 28483 3560 10613 132.67 55939 69.92

AZ;;?“ Am N 5 613 2662 439 1646 329 4101 820 11781 2356 7193 14.39
C 4 519 2271 433 1568 392 3596 899 10126 2531 3153 7.88

S 2 548 2430 707 865 432 3083 1542 8938 4469 5696 28.48

Sp N 10 613 2908 468 4062 406 10905 1090 19612 19.61 13858 13.86

C 7 692 3324 621 2653 379 6938 991 18313 2616 3579 5.1

S 4 534 2811 678 1299 325 6407 1602 25839 64.60 89.75 22.44

S.purpures Am N 1 1250 5050 419 475 475 2026 2026 49.81 4981 3889 38.89
S 3 570 3623 633 1352 451 4891 1630 133.08 4436 4240 14.13

Sp N 3 887 2303 480 1538 513 4456 1485 9411 3137 37.85 12.62

C 5 747 6604 58 2893 579 9269 1854 283.66 5673 63.89 12.78

S 2 448 5260 654 1118 559 4268 21.34 107.06 5353 32.07 16.04

Cordiaspp. Am N 2 655 850 427 1050 525 1159 580 2917 1458 1039 520
Sp N 1 870 1800 1000 282 282 543 543 1244 1244 159 159

C 10 802 1919 764 6174 617 18563 1856 84245 8424 50442 50.44

C.nucifera Am N 3 583 2420 508 1783 594 5849 1950 29574 9858 158.03 52.68
S 2 652 2860 1134 1175 588 3230 1615 190.83 9542 9039 45.19

Sp N 3 628 2727 427 1087 362 2619 873 10680 3560 3518 11.73

C 1 760 1790 311 404 404 997 997 3586 3586 414 414
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S 1 638 28.40 6.37 5.38 5.38 11.20 11.20 7091 7091 2437 24.37

T.stans Am N 8 4.21 8.83 3.29 16.65 2.08 26.05 3.26 84.07 10.51 30.56 3.82

Sp N 1 970 5.10 4.19 2.05 2.05 3.04 3.04 17.60 17.60 141 1.41

C.cainito Am N 5 844 31.48 5.88 26.96 5.39 131.14 26.23 350.44 70.09 332.23 66.45

Sp N 2 9.00 38.35 9.59 15.34 7.67 7294 36.47 161.75 80.88 140.59 70.29

C 1 413 1580 13.13 2.92 2.92 3.20 3.20 4.58 4.58 0.27 0.27

E. tinifolia  Am N 2  3.95 19.20 6.42 8.48 4.24 2765 13.82 7587 3794 8579 4290

C 3 10.72 4537 9.12 16.72 557 10233 34.11 24534 81.78 154.78 51.59

Sp C 2 824 22.20 4.68 8.00 4.00 717 3.59 48.68 24.34 8.65 4.33

S 1 428 1550 11.98 5.14 5.14 20.32 2032 7544 7544 35.66 35.66

B. ali- Am N 1 3.80 11.00 8.06 2.92 2.92 6.12 6.12 2425 2425 19.04 19.04
castrum

C 1 1137 61.00 4.10 4.07 4.07 13.55 1355 3948 3948 2485 24.85

Sp. N 1 1040 11.00 8.06 2.92 2.92 6.12 6.12 2425 2425 19.04 19.04

CcC 3 751 8.48 4.12 9.32 3.11 20.21 6.74 3349 11.16 2.94 0.98

S 1 540 17.70  15.38 7.25 7.25 3793 3793 115.09 115.09 85.72 85.72

4. Discussion

The spatial structure of tree communities in Traditional Home Gardens (THGs) re-
sults from multifactorial interactions including biological, environmental, and cultural
factors. In our previous study [12], exploring these factors led us to identify precipitation
as the strongest contributor to explaining tree community structure in the Yucatan Penin-
sula. Moreover, we identified two species, A. muricata and S. purpurea, whose relatively
constant abundance suggests important resilience to climatic, ecological, and manage-
ment factors, making them useful for understanding tree—tree interactions in complex and
stochastic natural environments. In this study, we studied the same THG to evaluate the
spatial structure of tree communities employing robust spatial indicators previously de-
veloped [20].

4.1. Species Diversity of Immediate Neighbors

The diversity of tree species in TGHs, as evaluated by our approach including anchor
focal individuals and their IN, was medium to high across all regions. The less abundant
species were different by region, showing, a marked dominance of only eight species was
observed (Cedrela odorata, Citrus spp., Annona squamosa, Cocos nucifera, Cordia dodecandra
and Tecoma stans, including the focal species S. purpurea and A. muricata, which reinforce
the existence of a common core of preferred or functional species in the THGs, possibly
tolerated or selected by the THG owners for their multiple uses (food, medicinal, timber),
besides their ability to easily adapt to local conditions, including management, or a com-
bination of these factors. Interestingly, our data demonstrate that this species core is main-
tained at the IN tree community level regardless of the focal species, reinforcing the het-
erogeneity and multifunctionality of these systems in small areas, in accordance with find-
ings from other agroforestry systems [24-26]. We therefore propose that tree diversity
plays a key role in local productivity and resilience, since most of the effects of diversity
on ecosystem services act at the tree-to-tree interaction scale [27]. At this level, the use of
spatial indices enables us to unveil putative ecological relationships of competition and
facilitation in agroforestry systems [28]. Detailed interpretations and limitations of these
analyses are discussed in the following sections, considering management, tree dimen-
sions, species identity and their spatial distribution.
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4.2. Differences in Tree Community Spatial Structure Between Regions

The spatial structure in the tree communities we considered showed regional differ-
ences in spatial arrangement. In those THGs where taller species with larger canopy vol-
umes predominate, a more marked dominance pattern is reflected, likely associated with
competition for light and resources (Figure 3b,i). These patterns are consistent with those
reported previously, in which the spatial structure of forests and agroforestry systems is
strongly influenced by the distribution, size, and heterogeneity of IN trees, thereby mod-
ulating competition, facilitation, and tree growth dynamics [2,26,29]. The species mix ob-
served in this work, particularly in the center region, where the surrounding forest integ-
rity index is higher [12], is consistent with the mix-size hypothesis proposed previously
[30,31], which found that large trees tend to be surrounded by smaller neighbors and have
a high tendency to be surrounded by a richer mix of species, which promotes both struc-
tural heterogeneity and their coexistence.

The analyzed tree communities showed significant differences in spatial structure
across the three regions. The most heterogeneous region was the center, where the highest
number of IN per focal tree was observed, followed by the south region, where THG tree
individuals have greater height and crown volume. This spatial behavior could be re-
sponding to higher precipitation regimes, as has been reported previously [32]. Moreover,
the spatial patterns found are consistent with previous studies in which neighborhood
indices, such as Mingling, or competition indices, such as the dominance index or angle
uniformity index, were applied to explain the spatial structure in natural forests and ag-
roforestry systems [2,31,33]. The applicability of structural indices originally developed
for natural forests to agroforestry systems is consistent with the idea that THGs —despite
being semi-natural managed spaces— behave like natural spaces also at the spatial scale,
in which tree—tree interactions shape the canopy structure, responding as in this case to
higher precipitation regimes and tropical, sunnier latitudes [34,35]. In our data, the dom-
inance in height and canopy volume in the south region aligns with previous evidence,
suggesting that under conditions of greater resource availability, specific individuals ac-
quire competitive advantages that intensify vertical competition closely related to the abil-
ity to intercept resources in complex forest systems [33,36]. Pearson’s correlations between
biological, environmental, and management factors and spatial indices (Supplementary
File S4) support the idea that, even when environmental and ecological factors exert sto-
chastic effects, such as precipitation, these effects are evident at the regional level. In our
case, we were able to detect a significant positive correlation with tree height attributes,
including tree height and tree dominance index, as occurs in natural environments [32].
On the other hand, management practices that behave stochastically at the individual
THG level, like pruning, poor management (linked to voluntary tree increase in our case),
or irrigation, resulted in statistically significant negative correlations with tree diameter,
crown area, and crown diameter, following a similar effect previously reported for these
practices [37,38]. Altogether, this evidence suggests that these patterns respond to the syn-
ergistic effect of stochastic management and ecological factors; however, our sample size
was insufficient to effectively identify their effects.

4.3. Differences in Tree Community Spatial Structure by Focal Species

The tree communities in agroforestry and domestic systems have been extensively
analyzed only at the THG level. In this study, we explored the structural attributes of the
tree community canopies at the IN level using two focal tree species (anchor individuals).
For each THG, we evaluated the tree communities surrounding (IN) two focal species.
The spatial analysis of tree communities based on focal species revealed differences across
regions, confirming that competition and facilitation do not occur uniformly but may de-
pend on species identity and local environmental conditions. In this regard, our results

https://doi.org/10.3390/rs18152605



Remote Sens. 2026, 18, 2605

18 of 22

from tree communities in which S. purpurea (a dominant species) was the focal species
indicate that this species tends to develop in close proximity to neighbors and with more
expansive canopies, suggesting competitive advantages in height and space. This evi-
dence is consistent with what has been documented in Pinus sylvestris, where neighbor
competition was shown to significantly increase estimated biomass [31]. In that study, P.
sylvestris was the dominant species and sensitive to the proximity of its neighbors. In con-
trast, tree communities in which A. muricata (a non-dominant species) was the selected
focal species showed a more dispersed arrangement, with fewer immediate neighbors, a
pattern comparable to that of Quercus pyrenaica, whose biomass was not significantly af-
fected by local competition, according to the same authors. The consistency of these pat-
terns may suggest that the spatial structure in orchards is not stochastic but rather reflects
both ecological interactions of competition and facilitation, occurring differentially within
a single THG in response to species-specific tree-tree interactions.

The spatial distribution of tree communities showed that those in which S. purpurea
was considered a focal species tended to form dense clusters with overlapping crowns,
especially in the south. In contrast, tree communities in which A. muricata was the focal
species showed more dispersed patterns and lower crown volume, with more distant
neighbors. This pattern was repeated in all three regions included in this study, suggest-
ing that the spatial arrangement of IN may influence competition and facilitation at the
individual level, affecting dominance, canopy aggregation, and resource availability. Pre-
vious studies have shown that the proximity of taller or more canopy-dominant neighbors
can lead to intense competition for light. At the same time, a more dispersed arrangement
allows coexistence and mitigates direct competition [23,28]. The pattern of large trees sur-
rounded by neighbors of different species has been documented in a diversity of forest
ecosystems. Some authors have associated this phenomenon with mechanisms that pro-
mote local diversity by reducing competition between individuals of the same species [26].
In this sense, the patterns observed in those tree communities where the focal species was
S. purpurea could reflect increased competition between individuals of the same species.

On the other hand, the dispersal of trees in A. muricata-associated tree communities
may be related to an avoidance of competitive interaction. Previous studies in subtropical
forests in Asia have demonstrated that spatial segregation of species and sizes is closely
related to the three-dimensional structure of forests, promoting higher functional diver-
sity and reducing direct competition [23]. This dynamic also appears to be present in the
tree communities we studied in THGs, where the spatial structure depends not only on
the focal species but also on interactions with its IN.

The difference in spatial arrangement between S. purpurea and A. muricata can also
be explained by the theory of asymmetric competition, which proposes that larger indi-
viduals exert greater competitive pressure on their neighbors, particularly in light acqui-
sition [32]. In this context, S. purpurea appears to benefit from a more aggressive competi-
tive strategy, while A. muricata adopts a more dispersed arrangement, possibly to avoid
competition. The coexistence of functional species in THGs—either tolerated or deliber-
ately selected by farmers—reinforces this dynamic. Moreover, previous studies demon-
strate that leaf size may impact species fitness in certain environments [38]; in accordance,
our study suggests the small foliole area of S. purpurea may be a significant advantage in
drier regions.

4.4. Differences at the Species-Level Analysis of Tree Communities

The species-level analysis of spatial attributes revealed that Citrus spp., C. odorata, C.
caimito, B. allicastrum, Cordia spp., and C. nucifera showed differences across regions or by
focal species. Interestingly, the spatial attributes showing differences were also species-
specific. For example, whereas Citrus spp. showed differences in tree—tree distance, DBH,
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tree height, crown diameter, and surface. C. odorata showed differences in tree height,
crown diameter, area, surface, and volume. These differences indicate that our approach
was useful for capturing spatial differences at the species level, revealing contrasting be-
haviors across regions and focal species.

Unfortunately, our study was limited by the high tree diversity found in THGs from
the YP. Previous studies estimated that 95% of the variation in tree diversity should be
captured by sampling only 16 THGs per region [12,35]; however, only 12 THGs per region
were considered from our previous THG universe, due to the fact that only those harbor
the selected focal species; moreover, the less abundant species were too scarce, limiting
their use in statistical analyses. Consequently, in future studies, deeper sampling is
needed to reveal differences in spatial attributes that could help identify the specific eco-
logical relations of facilitation and competence among rare species. Despite this limitation,
empirical knowledge from THG owners represents an additional, albeit informal, source
of information that may contribute to the understanding of tree-tree interactions [12]. Fur-
thermore, the subsequent monitoring of these THGs, alongside direct measurements of
physicochemical parameters such as light intensity [39] that may trigger species displace-
ment [40], or event-based experimental shadowing [41], or individual removal [42], will
provide additional evidence to disentangle underlying ecological interactions.

4.5. Limitations and Future Recommendations

The use of remote sensing approaches to elucidate tree-tree interactions requires
complementary evidence like light competence, including foliar area, canopy coverage,
photosynthetically active radiation (PAR), crown intercepted radiation, or crown plastic-
ity; water competence, including soil humidity, foliar hydric potential, stomatal conduct-
ance, transpiration, or root distribution; nutrient competence, including available nutri-
ents, C/N ratio, microbial biomass, or soil enzymatic activity; biological factors, such as
mycorrhizal colonization, nitrogen fixation communities abundance, herbivory, diseases,
productivity, mortality, pollinizers and seed dispersers recruitment; and microtopogra-
phy. The evaluation of these factors, alongside spatial indices of trees and their IN, will
strongly contribute to effectively identifying direct and indirect effects between compe-
tence, facilitation, and environmental conditions.

5. Conclusions

Our approach using UAVs demonstrates the feasibility of this technology for acquir-
ing high-resolution data from semi-natural, anthropized rural areas, such as THGs. This
information was effectively used to develop models to identify putative competitive in-
teractions among neighboring trees. Using focal individuals in the spatial analysis of sur-
rounding tree communities enabled us to identify the effects of contrasting environmental
conditions, such as precipitation regimes, on canopy structure. The data obtained clearly
show that tree communities in THGs exhibit significant variation in height, crown dimen-
sions, and aggregation patterns in response to the precipitation gradient and the focal spe-
cies.

Based on these results, future research should explore the temporal dynamics of tree
interactions in THGs to assess how competition and facilitation change over time. It
should also integrate edaphic, microclimatic, and local management variables to better
understand how ecological and cultural factors interact to shape spatial structure. Addi-
tionally, comparing the spatial patterns of tree communities in THG with those in inten-
sive agroforestry systems or natural forests would allow assessment of management im-
pacts on tree—tree interactions and the consequent functional properties.

Finally, the use of spatial indices such as dominance, aggregation, and angular uni-
formity links this study to contemporary approaches in ecological field theory and
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neighborhood interaction models, which consider forest structure as an emergent prop-
erty of local interactions among individuals. In this context, THGs function as complex
ecological systems in which human management decisions intertwine with ecological pro-
cesses shaping the three-dimensional canopy structure.
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