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Abstract

The Amazon rainforest hosts a diverse array of forest types, including those where Brazil
nut (Bertholletia excelsa) occurs, which plays a crucial ecological and economic role. The
Brazil nut is the second most important non-timber forest product in the Amazon, a
symbol of development and sustainable use in the region, promoting the conservation of
the standing forest. Understanding the vertical structure of these forests is essential to
assess their ecological complexity and inform sustainable management strategies. We used
terrestrial laser scanning (TLS) to assess the vertical structure of Amazonian forests with
the occurrence of Brazil nut (Bertholletia excelsa) at regional (Amazonas, Mato Grosso, Par4,
and Amapad) and local scales (forest typologies in Amapd). TLS allowed high-resolution
three-dimensional characterization of canopy layers, enabling the extraction of structural
metrics such as canopy height, rugosity, and leaf area index (LAI). These metrics were
analyzed to quantify the forest vertical complexity and compare structural variability across
spatial scales. These findings demonstrate the utility of TLS as a precise tool for quantifying
forest structure and highlight the importance of integrating structural data in conservation
planning and forest monitoring initiatives involving B. excelsa.

Keywords: Brazil nut tree; canopy; leaf area density; leaf area index; forest height; forest
vertical profile

1. Introduction

The Brazil nut tree is an iconic and endemic species to the Amazon and occurs in all
the countries that make up the pan-Amazon region [1,2]. During recent decades, there
has been an intensification of research on the species, touching on diverse aspects such as
ecology, health, and the economy [3-8]. There has also been a large increase in demand
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within the Brazilian economy, causing an increase in the price of the Brazil nut on the
commodities market [9,10].

As result of this increase in demand, the necessity for more research on this species
has arisen, especially on a regional scale. In spite of the existence of a large diversity of
studies that have been conducted on the Brazil nut tree, there is still a considerable gap in
knowledge of the species, especially with respect to aspects that influence its occurrence
and abundance in Amazonian forests, such as the incidence of solar radiation [11,12]. The
Brazil nut tree is a heliophyte and needs large clearings in order to establish itself [7,13,14],
having difficulty developing in the sub-forest [15]. These facts justify the need to conduct
studies examining the forest canopy structure.

However, conducting such studies in forest stands with Brazil nut trees is complicated,
since these trees can reach up to 50 m in height [5,6,13,16,17]. The traditional sampling
methods such as visual observation are subjective [18,19] and of difficult application,
especially in trees with such great height. In addition, obtaining information in the field,
such as tree height and canopy stratification, becomes very expensive, especially for large
areas and principally in Amazon tropical forests.

In this context, the use of remote sensing technologies in forest ecology studies is
becoming more frequent, since these technologies possess greater potential, efficiency,
and agility than traditional methods [20]. The Portable Canopy LiDAR (PCL) permits the
acquisition of a large quantity of field data with high precision and accuracy in a short
interval of time, thus allowing for the estimation of a large range of variables, including
height and biomass [21-26].

Although LiDAR has been increasingly used to evaluate forest structure in the Amazon,
most existing studies have primarily relied on airborne LiDAR data or satellite-derived
products to assess canopy height, gap fraction, and biomass distribution [27-30]. These
approaches have yielded important insights into regional-scale forest dynamics but often
lack the fine-scale vertical detail and near-ground resolution necessary to fully understand
vertical leaf area distribution and its ecological implications. Terrestrial LIDAR, by contrast,
offers an unprecedented opportunity to assess vertical stratification and canopy complexity
from the forest floor to the emergent layer with high accuracy [21,22,25].

Recent studies have used airborne LiDAR to describe forest height profiles, biomass
variation, and canopy roughness across the Amazon Basin (e.g., [22,28,31,32]). However,
most of these works have focused on regional-scale mapping or forest productivity, without
accounting for how vertical structural variation may be linked to the presence, dominance,
or ecological role of key species such as Bertholletia excelsa. Moreover, while some research
has examined canopy structure in relation to biodiversity or light penetration (e.g., [33,34]),
few have directly quantified how individual species influence vertical canopy profiles
across scales.

Additionally, despite the proven capabilities of terrestrial LIDAR for high-resolution
structural analysis [21,25], its application in natural tropical forests—especially in connec-
tion with species-specific patterns of dominance or regeneration—is still limited. There
is a distinct lack of studies integrating terrestrial LIDAR data with multiscale analysis of
forest typologies, particularly in transition ecosystems such as savannah—forest mosaics.
This study seeks to fill that gap by evaluating how the vertical forest profile, derived from
terrestrial LIDAR, correlates with the abundance and distribution of Brazil nut trees in both
regional (multi-state) and local (typological) contexts, offering a novel approach to forest
monitoring that merges structure, scale, and species-level analysis.

However, few studies have integrated terrestrial LIDAR data with species-specific
analyses in Amazonian forests, particularly regarding Bertholletia excelsa, a heliophilous
species of high ecological and economic relevance. This study addresses that gap by analyz-



Sustainability 2025, 17, 6049

30f19

ing vertical structural metrics in forests with differing densities and distributions of Brazil
nut trees across multiple spatial scales. By linking LiDAR-derived canopy features to the
abundance and vertical position of Brazil nut trees, we provide new insights into how this
species shapes forest structure and how such interactions vary between dense ombrophile
forests and transitional savannah systems. This cross-scale, species-focused approach
distinguishes our work from previous LiDAR studies in the Amazon and underlines its
ecological and methodological novelty.

These analyses of the forest canopy can be used in studies of ecological processes and
ecosystem services. The height of dominant trees and the biomass of a stand can be used, for
example, to describe site quality [35]. Additionally, the profile of the vertical stratification
of a tropical forest and the evaluation of structural attributes such as clearings or gaps
can be associated with species composition and richness [36], carbon stocks and species
coexistence [37], biomass growth and production [22,38], and forest biodiversity [34].

In this context, we acquired LiDAR data from forest stands with Brazil nut trees, on
the local scale (two neighboring areas with different typologies) and on the regional scale
(four geographically distant areas), to test the hypothesis that forest canopy attributes can
be related to the abundance of Brazil nut trees, depending of the scale of data collection
and analysis. Sites spread through several states that are part of the Brazilian Amazon were
sampled to test if these different forest stands with Brazil nut trees possess a similar pattern
of vertical structure, even when in geographically distant areas.

2. Materials and Methods
2.1. Study Area and Sampling Design

This study was conducted in forests with Brazil nut trees at two different scales:
(1) regional scale, incorporating forest sites in four states of the Brazilian Legal Amazon,
one site at each; (2) local scale, in the Rio Cajari Extrativist Reserve (RESEX Cajari), in the
southern portion of the state of Amapad, containing two sites with different forest typologies
(Figure 1).

At the regional scale, three dense ombrophilous forests and one seasonal forest [39]
were sampled on soils classified as Ultisols and dystrophic Oxisols [40], with a tropical
climate [41]. At the local scale in the state of Amap4, the study site was a forest island
located in an area of Savannah/Forest transition. The detailed description of the study sites
is located in Appendix A (Table A1), as well as illustrative pictures of the Savannah/Forest
transition site (Figure A1).

At each forest site, a 9 ha area (300 m x 300 m) was sampled, in accordance with
the method defined in [42], as part of the standardization of the data collection methods
established in the Kamukaia research network. In each area, 18 subplots were created
(50 m x 50 m), interspersed every 50 m, as a function of the research objectives (Figure 2).

2.2. Data Collection in the Field

A LiDAR Rangefinder (model LD90-3100VHS-LP-Riegl USA, Inc., Orlando, FL, USA)
with a portable terrestrial platform was used for canopy data collection. For more infor-
mation about the project and method, see [24]. The path with the LiDAR was walked
in the middle of the transect from one end and then back to the other using a constant
velocity (0.3 m s™!). Every 50 m, the LiDAR operator stopped to save the data collected
(Appendix E, Figure A3).

The heights of individual Brazil nut trees in each plot were measured by walking with
the LiDAR in 8 radii of 15 m, measured from the trunk of each Brazil nut tree. For the
survey of the abundance of Brazil nut stems, an inventory was conducted in 100% of the
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9 ha area of each plot in all sites. All Brazil nut stems were identified, tagged, and mapped
within the 50 m x 50 m subplots.

(1) Regional scale
Legal Amazon
"Forests"

(2) Local scale
RESEX of Cajari River
"Different typologies"

’ Forest Sites

States with sites
Forests typologies

Forest
@& savannah/Forest

Figure 1. Location of the study areas. (1) Regional scale: Forest sites with Brazil nut trees distributed
in four states of the Brazilian Legal Amazon—Amazonas (AM), Mato Grosso (MT), Para (PA), and
Amapa (AP); (2) Local scale: Forest sites in two different forest typologies in the Extrativist Reserve
of the Cajari River (RESEX Cajari).

™ T2 T3 T4 T5 16

29m,

300 m

50 m 300 m n=18

Figure 2. Representation of the sampling units at each study site, for study of canopy structure of
vegetation using terrestrial LIDAR and variation in the density of Brazil nut stems. Dashed lines (T1,
T2, ...T6) = transects sampled with LiDAR; Gray area = sampling units at each study site.
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2.3. Lidar Metrics for the Analysis of the Vertical Structure of the Forest

Leaf Area Density (LAD) is derived from the values obtained along a vertical plane in
the transect, generating a three-dimensional field of leaf density (Appendix F, Figure A4).
An equation was used to calculate LAD [43], according to Equation (1).

LAD;; = In (pulses.in/pulses.out) x Ah 1)

where

LAD Brazil nut is the leaf area density of a “voxel” of 1 m in height X 2 m in length;

i: “voxel” in the vertical plane: 1-2 m, 2-3 m, 3-4 m, etc.;

j: “voxel” in the horizontal plane, in intervals of 0-2 m, 24 m, 4-6 m, etc.;

pulses.in: number of pulses that entered each voxel;

pulses.out: number of pulses that passed through that voxel; and

Ah: height of the voxel (Ah =1 m).

Leaf Area Index (LAI): the calculation of LAI was conducted using an equation that sums
all the LADs from a pile of voxels in a specific height interval (Equation (2) and Figure A2).

Ni
LAL = Zi _ (LAD;; )

where

LAIj: leaf area index of the linear stretch j of the transect;

Canopy Rugosity (R): standard deviation of maximum heights measured at 1 m horizontal
resolution;

Maximum height (Hmax): highest value found in the interval of 50 m, considering varia-
tions at each meter along the axis of the LiDAR path;

Average height (Havg): average value of the highest points, considering variations at each
meter in the interval of 50 m;

Fraction of clearings (F): opening of the canopy at a specific height (10 m or 15 m), which
is calculated using the proportion of columns of 1 m in width along the x-axis, without
information about the vegetation starting from the threshold of height, as defined by the
total number of columns in the sampled interval (Appendix C, Table A3).

The LAIs were generated for different intervals of height classes in order to represent
the profile of vertical stratification of the forest according to the classification adapted [38].
Five height classes were analyzed along the profile: I—understory (1-7 m); Il—inferior
(8-18 m); Ill—intermediate (19-26 m); [IV—superior (27-35 m); and V—emergents (>35 m).
Indices were calculated for each height class (LAI L, LAIII, LAIIII, LAIIV, LAI'V), for the
sum of the upper canopy and emergent (LAI IV + V), and the general LAI for all strata.

The selection of LiDAR-derived metrics such as Leaf Area Index (LAI), Leaf Area
Density (LAD), and maximum canopy height (Hmax) was based on their relevance for
characterizing vertical forest structure and their ecological relationships with the pres-
ence and abundance of emergent tree species such as Bertholletia excelsa. These structural
attributes are particularly important in Amazonian forests, where vertical heterogeneity
plays a crucial role in determining species composition, resource availability, and competi-
tion dynamics.

LAI represents the total leaf area per unit of ground surface and is a key parameter in
assessing forest productivity, light interception, and evapotranspiration. Since B. excelsa typ-
ically emerges above the main canopy and has a distinctive crown architecture, variations
in LAI may indicate forest strata where its crown occupies space or where light conditions
favor its establishment and growth. LAD provides insight into the vertical distribution of
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foliage within the canopy, allowing for finer-scale identification of stratification patterns
that may be associated with forest types where B. excelsa is more abundant.

Maximum canopy height (Hmax) is a widely used metric in forest structural studies
and serves as a proxy for both forest age and successional stage. In the context of Brazil
nut populations, taller canopy structures may signal mature forest conditions, which are
typically associated with the presence of old-growth individuals of B. excelsa. Moreover,
emergent individuals contribute directly to local increases in Hmax, making this metric
particularly useful in detecting areas where Brazil nut trees are present or dominant.

Together, these metrics provide a robust set of structural indicators that support the
identification of habitat conditions favorable to B. excelsa, as well as the differentiation
of forest typologies in which the species tends to occur with higher abundance. Their
selection was therefore guided not only by their availability from TLS data but also by their
ecological interpretability in the context of Amazonian forest dynamics and species-specific
requirements.

2.4. Data Analysis and Processing

All calculations and analyses were conducted in the software R version 3.4.3 [44]. For
the regional scale, the Kruskal-Wallis non-parametric test was used to compare differences
between attributes of the vertical profiles of the forests at each sampling site. At the local
scale, the Wilcoxon-Mann-Whitney non-parametric test was used to compare the results
of the two areas with different typologies. Additionally, the kernel distribution of the
probability for heights and the chi-square test were used for the partitions of LAI along
the profile.

For the evaluation of the abundance of Brazil nut trees in relation to the LAI, the
Spearman correlation was used, and the analyses were conducted for each scale.

3. Results
3.1. Vertical Structure of Amazonian Forests with Brazil Nut Trees (Regional Scale)

The forests studied in the Brazilian Amazon have an abundance of Brazil nut trees
that is similar in three of the four evaluated forests: in the sites of Amapad, Pard, and Mato
Grosso, according to Table 1.

Table 1. Biometric data for Brazil nut stems and matrix vegetation located in forest sites in four states
of the Brazilian Amazon: Amazonas (AM), Mato Grosso (MT), Para (PA), and Amapa (AP).

Brazil Nut Matrix Vegetation
Forest Sites :
D (ind. ha™1) Havg Hmax HmaxA Havg Hmax Hmax A
AM 5 33 36 49 25 29 40
MT 11 31 34 41 28 34 38
PA 10 - - - 29 39 48
AP 12 38 42 51 29 38 49

D = density of Brazil nut stems per hectare; Havg = total average height (m); Hmax = total maximum height (m);
Hmax A = absolute maximum height (m).

The forest site in Amazonas was the one that presented the least abundance, with a
density of 5 ind. ha~!. This site also presented the forest with the lowest height average.
The heights of the forest canopies in the northeast region of the Amazon are higher than
those in the western region of Amazonas state and in the southeast region of Mato Grosso
state (Figure 3A), which is true as well for the comparison of the heights of the Brazil
nut stems.
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Figure 3. Maximum and average heights in forest sites of Amazonas (AM), Mato Grosso (MT), Par4
(PA), and Amapd (AP), with occurrence of Brazil nut trees in the Brazilian Amazon. (A) Height
data shown in a boxplot; kernel probability distributions for the average heights (B) and maximum
heights (C).

The Kruskal-Wallis test showed a highly significant difference for the heights Hmax,
but there was no difference for Havg heights between the forests (Table 2).

Table 2. Descriptive statistics comparing average (M) and standard deviation (SD) for the metrics
obtained with the terrestrial lidar for the vertical profile of forests with Brazil nut stems in forest
sites of different states of the Brazilian Amazon: Amazonas (AM), Mato Grosso (MT), Paré (PA), and

Amapa (AP).

Forest Sites (M 4+ SD) Test Kruskal-Wallis

Metrics

1(AM) 2 (MT) 3 (PA) 4 (AP) W p-Value

Hmax 29.1 +6.20 33.7 £3.18 38.8 + 5.80 38.1 £8.77 23.3 <0.01
Havg 24.6 + 4.46 279 +£3.14 28.8 + 6.55 28.9 +9.03 5.85 0.120
R 3.98 +1.79 490 +1.39 751 4+ 3.45 754 +2.54 23.9 <0.01
S (%) 1.82 +£1.79 2.51 +491 0.64 +0.97 3.71 £5.39 16.0 0.001
F (10m) 0.01 £ 0.02 0.00 £ 0.01 0.06 = 0.13 0.05 £ 0.08 6.56 0.087
F (15m) 0.03 £+ 0.05 0.03 £ 0.04 0.12 +£0.18 0.15 £+ 0.20 3.72 0.292
LAII 1.16 = 0.35 0.80 +0.26 1.42 £0.44 1.10 £ 0.57 19.2 <0.01
LAIII 2.29 4+ 0.60 2.25 +0.39 2.04 +£0.77 1.90 £+ 0.57 5.12 0.163
LAIIII 1.31 £ 0.57 1.05 £ 0.31 1.00 £0.44 0.73 £ 0.61 9.32 0.025
LAIIV 0.30 4+ 0.36 0.82 £+ 0.45 0.83 £0.71 0.49 + 0.39 13.7 0.003
LAIV 0.04 £+ 0.09 0.01 £ 0.03 0.30 = 0.48 0.44 £+ 0.50 18.6 <0.01
LAIIV+YV 0.30 + 0.38 0.82 +0.45 1.12 £ 1.05 0.94 4+ 0.69 14.6 0.002
LAI General 5.11 + 0.49 494 + 0.51 5.58 + 0.98 4.65 + 0.68 10.9 0.012

Hmax = maximum height; Havg = average height; R = roughness; S = sky shots; F = fraction of clearings;
LAI = leaf area index; I, II, I1I, IV, and V = stratum of vegetation height classes.

The proportion of sky shots is lower in the forest in Parad and higher in the forests in
Amapa and Mato Grosso. The roughness of the canopy in the forests in Amazonas and
Mato Grosso is less in magnitude, meaning that there is little variation in the height of the
upper canopy.

In spite of the differences in the direct comparisons with most of the metrics of LAI
between the forests in different sites of the Amazon (Table 2), a pattern was observed
for the leaf area density (LAD) in the forests along the vertical profile. In general, in the
proportions of each stratum, the accumulated leaf density was similar between the forests
in the different sites. LAI Il contributes to this pattern, since it was not statistically different,
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Height of
vegetation (m)

and the cumulative LAI shows that the majority of the vegetation is always concentrated in
the inferior strata (Figure 4).

Sites: — 1 (AM) — 2 (MT) 3 (PA) — 4 (AP)

0.00 0.15 0.30 0.00 0.15 0.30 0.00 0.15 0.30 0.00 0.15 0.30 0 2 4 &6

LAD (m’m-3) LAl (m*m~2)

Figure 4. Leaf area density (LAD) and cumulative leaf area index (LAI) along the vertical profile
in forest sites with Brazil nut stems in the Brazilian Amazon. Color lines: continuous = average of
LAD at each meter height; dashed = standard error; gray dashed = absolute maximum height of
vegetation; gray dotted = height at the threshold of 18 m. Sites: Amazonas (AM), Mato Grosso (MT),
Para (PA), and Amapa (AP).

Combining the first and second strata, the LAD was >50% of LAI in all forests,
demonstrating that there is a pattern of accumulation of leaf area and density in the inferior
strata in forests with Brazil nut trees in the different sites. Even in forests with different
densities of Brazil nut stems, there is a predominance of leaves of understory vegetation
and of dominated trees, in comparison with the other three strata above 18 m. The second
stratum (8-18 m) was the one that presented a larger proportion of leaf density in all forests.

The chi-square test for partition showed that, for the proportion that leaf density in
each stratum represents of total LAI, only the density in the V stratum of the forest in
Amap4d was statistically different from the remainder (x? = 10.1337, p = 0.0015). At the
Amapa site, this stratum (>35 m in height) represented 8.4% of the LAI of the vertical
profile, well above the values from the sites from other states.

3.2. The Structure of the Canopy in Different Forest Typologies in Sites in the State of Amapd
(Local Scale)
The typology transition Savannah/Forest presented an abundance of Brazil nut stems

that was superior to the dense forest typology, with 149 stems and a density of 17 ind.ha™!
(Table 3).

Table 3. Biometric data for Brazil nut stems and matrix vegetation located in different forest typologies,
forest and transition Savannah/Forest, in the south of the state of Amapa.

Brazil Nut Matrix Vegetation
Forest Sites
D (ind. ha—1) Havg Hmax Hmax A Havg Hmax Hmax A
Forest 12 38 42 51 29 38 49
Savannah/Forest 17 36 38 42 31 37 44

D = density of Brazil nut stems (per hectare); Havg = total average height (m); Hmax = total maximum height (m);
Hmax A = absolute maximum height (m).

There were no significant differences between the maximum (W = 200, p = 0.238) and
average (W = 148, p = 0.673) heights of the forest canopies between the two typologies
(Appendix C, Table A3; Figure 5A). The density distributions for the average and maximum
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heights of the vegetation of the Savannah/Forest transition have a lower amplitude, but
these were not different from the dense forest typology (Figure 5B,C).

' Hmax E Havg Sites: — Forest — Savannah/Forest
A B Cc
— 501
E =
Y Y
S = 40! 2 0.101 0.101
£ 0O @
o= a)
oI 30 =
£ T 0.051 0.05;
D -
] . (0}
> 20 . 2
0.00+ 0.00+
Savannah/Forest  Forest 20 30 40 20 30 40 50
Forest sites Height of vegetation(m)

Figure 5. Maximum and average heights in different forest typologies with occurrence of Brazil
nut trees in sites in the south of the state of Amap4d. Typologies: Dense Forest and Forest transition
Savannah/Forest. (A) Boxplot graph of maximum and average heights; (B) Kernel probability distri-
butions of the frequencies of average heights; (C) Kernel probability distributions of the frequencies
of maximum heights.

The forest site has greater canopy roughness (R = 7.5 x 5.0 in transition Savan-
nah/Forest; W = 252, p = 0.004) and a larger proportion of gaps (F15 m = 0.15, F10
m = 0.05 x 0.01, 0.00, respectively in transition Savannah/Forest; W = 232, 227; p = 0.012,
0.007), while there is no difference in the quantity of sky shots between sites (Appendix C,
Table A3).

The significant differences for leaf area index between the inferior stratum (LAI I:
W =239, p =0.014; LAIIl: W =231, p = 0.029) and intermediate stratum (LAI III: W = 85,
p = 0.014) of the two typologies were confirmed by the analysis of the distribution of foliar
density along the vertical profile (Appendix C, Table A3). The two typologies have different
LAD structures along the profile, principally in the intermediate and inferior strata near
26 m in height (Figure 6).

Sites: == Savannah/Forest — Forest

50 1 50 -
_E 40 40 -
=
€ 90 304 30
[
T 20- 20 -
0>J 10 - 10 -
o J == .
0.00 0.15 0.30 0 2 4 &
LAD (m®’m™3) LAl (m*m~2)

Figure 6. Leaf area density (LAD) and cumulative leaf area index (LAI) along the vertical profile of
areas in different forest typologies with Brazil nut trees in the south of the state of Amapa. Color lines:
continuous = average of LAD at each meter height; Dashed = standard error; Gray dashed = absolute
maximum height of vegetation; Gray dotted = height at the threshold of 18 m.
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In the intermediate stratum, LAIIII (W = 85, p = 0.014), the Savannah/Forest transition
site has a LAI that is significantly greater than that of the forest (Appendix C, Table A3). The
height classes (strata) clearly demonstrate the differences in LAI between the typologies
in the different strata, showing a greater LAI for the transition between heights varying
from 19 to 35 m (Figure 7). In the superior stratum IV (W =120, p = 0.189) and emergent V
(W =173, p = 0.725), the differences were not significant.

0.95 - Sites
. ®  Forest
N 0.20 - Savannah/Forest
£
o 0.15 -
E
< 0.10 -
- |

| ! ]! v V

Height class (strata)

Figure 7. Leaf area index (LAI) per height classes (strata) in areas with Brazil nut trees with different
forest typologies (dense Forest and Savannah/Forest transition) in the south of the state of Amapa.
Stratum: I (1-7 m), II (818 m), III (19-26 m), IV (27-35 m), and V (>35 m).

3.3. Relationship Between Abundance of Brazil Nut Trees and Leaf Area Index in Different
Height Strata

In general, for forests with Brazil nut trees located in the four sites in the Amazon, the
abundance of this species was more significantly associated with the understory canopy
stratum I (tho = —0.25, p = 0.03) and the uppermost strata IV + V (rho = 0.33, p = 0.004
(Figure 8). Figure 8 shows the relationships of LAI and Brazil nut trees with all forest sites.
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Figure 8. Spearman correlation between abundance of Brazil nut trees and LAl in different strata
or vegetation height classes I =1to 7 m, II = 8 to 18 m, III 19 to 26 m, IV = 27 to 35 m, and
V =>35 m) in forests sites of different states in the Amazon (AM, MT, PA and AP). n = 72, significance
probability = * 5%, ** 1%. Negative correlation of Brazil nut tree abundance with the LAI of the lower
stratum (I) and positive correlation with the LAI of the upper stratum (IV + V), confirming that where
there are more Brazil nut trees the upper canopy is more closed, and the understory is thinner.
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With respect to the different typologies in the state of Amap4, there was a significant
relationship with the abundance of Brazil nut trees with LAI in the dense forest in the
uppermost strata IV + V (tho = 0.50, p = 0.03) and emergent stratum V (rho = 0.57, p = 0.01).
In the Savannah/Forest transition, there was a significant relationship with intermediate
strata III (rho = —0.75, p< 0.01), IV (rho = 0.50, p< 0.04), V (rho = 0.57, p< 0.01), and IV+ V
(rho = —0.57, p< 0.01) (Figure 9).
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Figure 9. Spearman correlation between abundance of Brazil nut trees and LAI in different strata or
vegetation height classes (I=1to 7 m, Il =8 to 18 m, IIl =19 to 26 m, IV = 27 to 35 m, and V = >35 m)
in two forest typologies in the state of Amapd. n = 36; probability significance of the test: * 5%, ** 1%,
and *** <1%. Positive correlation between the abundance of Brazil nut trees and LAI of the upper
stratum (IV + V) confirmed for both typologies. The negative correlation was verified only with the
intermediate stratum (III) of the Savannah/Forest typology.

The intermediate stratum of the savannah area showed, besides a significant correla-
tion, a strong negative correlation with the abundance of Brazil nut trees, meaning that as
the quantity of Brazil nut trees increases, LAl in this stratum decreases.

4. Discussion

Tropical forests with Brazil nut trees that were evaluated in different sites in the
Brazilian Amazon and that were similar with respect to typology, soils, and climate, in
general presented differences in the metrics derived from terrestrial LIDAR for variables
such as maximum height and roughness of the canopy. A study using PCL reported similar
results from the central Amazon [21]. However, these differences were not observed for the
fraction of gaps in [33].

The forest sites located in northeastern Amazonia have a larger stature, and this is
demonstrated by the maximum average height of approximately 40 m. Additionally, these
forests have the tallest Brazil nut stems, reaching heights above 50 m. Studies carried
out with airborne LiDAR reported results similar to the current study, in which forests
in the northeastern Amazon are taller than those in the central and south regions of the
Amazon [27,28].

The forest in the state of Amazonas had the lowest stature, with values for maximum
height near 30 m (Figure 3B,C). This forest also presented the lowest value for canopy
roughness and an elevated LAI, demonstrating that it is a dense forest with a homogenous
and uniform canopy. These results are corroborated by [33], which also found a dominant
maximum height in a forest in Amazonas of around 30 m and in a forest in Para of around
40 m.

In spite of the fact that Amazonia is generally characterized by large-statured forests
with a large biomass per hectare, this study demonstrates that there are variations in
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forest structure across regions. These differences between forests in different sites can
be associated with species diversity and dominance, abundance, anthropogenic pressure,
age of vegetation, and competition. The variation of abiotic factors in the Amazon was
modeled, relating them to the density and diversity of trees, and it was shown that these
forest attributes, as well as precipitation, are higher in the central-west region of the
Amazon [29], and this region also has a greater amount of biomass per hectare [31,32].

These conditions might explain the differences found in this research, since a greater
density of trees will necessarily induce greater inter-species competition and a more closed
and denser canopy, as observed in the forest in Amazonas. This could also explain the
lower abundance of Brazil nut trees, since this species is a heliophyte and depends on large
gaps in order to reach the canopy [7].

Although there were significant differences in the direct comparison of the metrics,
a pattern in the vertical distribution of vegetation was identified in the forests in all four
sites, wherein there was always a greater concentration of LAD and LAI in the inferior
strata (Figures 4 and 5). This pattern showed that there was a greater concentration of
leaves up to 18 m in the strata of the understory and dominated trees; similar results in
Amazon forests were shown by [22,23]. Therefore, the majority of LAl in the inferior strata
of these forests cannot be related to Brazil nut trees, since the canopy of these trees is almost
always well above 18 m in height. In spite of the variation in the density of Brazil nut
stems in the different study sites, there was always a larger leaf density for stems in the
understory and the inferior strata. This could be a result of the reduced solar radiation that
these trees receive in the understory, which forces them to develop mechanisms that serve
to increase photosynthetic capacity, such as increasing the quantity, size, and position of
leaves [12,45,46].

The structural variation observed among forest sites with Brazil nut trees in the
Brazilian Amazon aligns with findings from other tropical regions where forest canopy
traits vary according to environmental gradients and disturbance history. For instance,
studies in Central Africa and Southeast Asia have shown that maximum canopy height and
vertical heterogeneity are closely tied to precipitation, soil fertility, and logging intensity,
which in turn affect species composition and light regimes (e.g., [47,48]). In the Amazon,
our observation that forests in the eastern region (e.g., Para and Amap4d) exhibit greater
canopy heights and roughness parallels similar findings in Guyana and French Guiana,
where terra firme forests on better-drained soils sustain taller trees and a higher LAl in the
upper strata, often dominated by long-lived emergent species.

Furthermore, the distinctive structure of the savanna—forest transition in Amapa
mirrors transitional ecotones in other tropical regions, such as the Miombo woodlands in
southern Africa, where species like Brachystegia form monospecific stands that influence
canopy stratification [49]. The strong influence of Bertholletia excelsa on upper canopy LAI
and vertical structure in this transition zone suggests a comparable dynamic, where one
dominant species shapes the structural profile. These parallels underscore the importance
of considering not only spatial scale but also ecological function and disturbance legacy in
interpreting forest structure across tropical biomes.

Considering that the amount of light entering the forest is a determining factor for the
regeneration and development of this species [7,11,12], the interaction between LAI and
the abundance of Brazil nuts trees, considering all forest sites on a regional scale, showed
a negative correlation with the understory stratum and a positive correlation with the
upper strata IV + V. Thus, as the abundance of Brazil nuts increases, the LAI in the upper
strata also tends to increase, since the crowns of the Brazil nuts increase the number of
leaves in the upper canopy. In the lower strata, the opposite occurs: the amount of Brazil
nuts decreases as the LAI increases, since the increase in leaf area in the upper canopy
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hinders the entry of light into the forest, and consequently, the species will have more
difficulty developing.

The areas evaluated at a local scale with different forest typologies presented similar
patterns of maximum and average heights, around 38 m and 30 m, respectively (Ap-
pendix C, Table A3). The fact that these two areas are statistically equal with respect to
the upper canopy structure could be related to the quantity of Brazil nut trees in the area
of transition, since there is a greater abundance of this species at this site. Consequently,
the increase in LAI in the upper and emergent strata would compensate for the low prob-
ability for height distribution in the sub-forest and lower strata of the Savannah/Forest
transition site.

Although there were no differences between the heights and LAl in the superior strata,
the distribution of the leaf density along the vertical profile showed differences between
the sites. The typology of the Savannah/Forest transition has most of its vegetation in the
intermediate strata, different than in the dense forest, where the leaf area is concentrated
in the inferior strata. This supports the hypothesis that the two areas have very different
vertical profiles of canopy structure. In the transition area, there is a peak of accumulation
of leaf density near 20 m in height that is probably due to the dominated stems in this
stratum (Figure 6). This is confirmed by the larger averages of LAl in the Il and IV strata
(19-35 m) in the Savannah/Forest transition (Figure 7), which also reflects the greater
abundance of Brazil nut trees, with an average height of about 30 m.

The canopy of the forest that is in the transition area Savannah/Forest is less rough
and is more homogeneous, which may be due to the effect that a great abundance of
Brazil nut trees would have in shaping a more uniform canopy height. The Brazil nut
tree is one of the few large-sized species of tree that has been able to establish itself and
have great abundance in areas of the transition Savannah/Forest, an environment wherein
Brazil nut trees generally present a diameter distribution that has only a small amount of
variation, thus indicating that these stems might have originated as a consequence of a
single disturbance event that occurred in the past [50].

In the evaluation of the relationship between the abundance of the Brazil nut tree and
the LAI in the different strata in the areas with different typologies (local scale), there was
correlation between the forest vegetation and the V and IV + V strata. Additionally, in
the transition area, there was a highly significant correlation with the III, IV, V, and IV + V
strata. This indicates that the vertical structure of the upper canopy of these ecosystems is
more dependent on the Brazil nut trees, especially in the transition ecosystem, since in the
dense forest there are also other large trees.

The stronger relationship of Brazil nut trees with the vertical structure of the forest in
the savannah transition area leads to a hypothesis that the forest island in the middle of
the savannah was formed through the initial establishment of Brazil nut trees within the
savannah vegetation. It is therefore suggested that, in order to test this hypothesis, more
specific studies be conducted on the vegetation composition and tree ages in such areas.

The differences observed between regional and local scales underscore the importance
of considering scale-dependent ecological processes when interpreting forest structure in
Amazonian landscapes. At the regional level, broader climatic gradients, edaphic variability,
and historical biogeography appear to be dominant drivers shaping the distribution and
structural roles of Bertholletia excelsa [51,52]. These macroecological factors influence forest
height, roughness, and species assemblages across the Amazon Basin. In contrast, local-
scale patterns are more likely governed by site-specific conditions such as recent disturbance
regimes, land use history, and fine-scale topographic variation, which can modulate the
tree recruitment, light competition, and stratified leaf area distribution within a relatively
homogeneous typological framework [53,54].
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Analyzing potential driving mechanisms behind these scale disparities requires a
multiscalar framework that incorporates both ecological and anthropogenic factors. For
instance, the strong vertical stratification observed in transitional forests may reflect legacy
effects of historical land use or selective extraction, leading to synchronous recruitment
events and simplified vertical profiles [53,55]. Conversely, dense terra firme forests, despite
exhibiting similar canopy heights at the local scale, maintain higher species diversity
and vertical heterogeneity, possibly due to longer periods of structural continuity and
undisturbed succession [52]. Such differences illustrate that emergent species like B. excelsa
may exert varying structural influences depending on the ecological context, highlighting
the necessity of integrating LiDAR-based structural assessments with historical, floristic,
and functional trait data across scales [54,56].

5. Conclusions

In conclusion, forests with Brazil nut trees, spread across four sites in the Brazilian
Amazon, present a pattern of a greater concentration of the distribution of leaf density in
the inferior strata along the vertical profile of the canopy. However, the heights of these
forests are different between the study sites, with the forests in sites of the Eastern Amazon
having taller Brazil nut trees, and also trees of other species from the forest matrix, into
which this species is inserted.

Despite the robustness of the terrestrial LIDAR approach and the clarity of the ob-
served patterns, this study presents certain limitations. The comparison between regional
and local scales relied on uneven sampling frameworks—entire states versus two adjacent
sites—which may have influenced interpretations of scale-dependent effects. Furthermore,
the analysis did not incorporate other potentially explanatory variables, such as soil prop-
erties, disturbance history, or floristic composition, all of which could provide deeper
insights into structural variation. Future research should aim to expand the number of
local sampling sites, particularly across a broader range of forest typologies and ecotonal
gradients, and incorporate multi-temporal data to better capture forest dynamics. Integrat-
ing LiDAR measurements with species composition, functional traits, and environmental
data would significantly enhance ecological interpretations of canopy structure and Brazil
nut distribution.

The stronger relationship of Brazil nut trees with the vertical structure of the forest in
the savannah transition area leads to a hypothesis that the forest island in the middle of
the savannah was formed through the initial establishment of Brazil nut trees within the
savannah vegetation. It is therefore suggested that, in order to test this hypothesis, more
specific studies be conducted on the vegetation composition and tree ages in such areas.
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Appendix A

Table Al. Detailed description of climate, soil, vegetation, and geographical coordinates of the

study sites.

Forest Sites ~ Climate Soil Vegetation Latitude (S) Longitude (W)

AM Af PVAd Dbe 3°38'3.6” 64°18'37.8"
MT Am Lvd Fse 11°5'55.1" 55°2/12.5"
PA Af LAd Dbe 3°3'18,6” 54°55'41.9"
AP Am PVAd Dse 0°33'50.1" 52°18'23.8"
AP* Am LAd Spf 0°25'15.5” 51°57'50.1"

AM = Amazonas, MT = Mato Grosso, PA = Pard, AP = Amapa, AP* = Amapa (transition Savannah/Forest
site). Climate: Am = tropical monsoon climate with two well-defined seasons, Af = humid tropical climate with
no dry season [41]. Soil: PVAd = predominance of yellow-red dystrophic Ultisols, LAd = yellow dystrophic
Oxisol, LVd = red dystrophic Oxisol [40]. Vegetation: Dse = forest-type dense submontane with an emergent
canopy, Dbe = forest-type dense lowland forest with an emergent canopy, Fse = forest seasonal semi-deciduous
submontane forest with an emergent canopy, Spf = savannah with a gallery forest [39].

Figure Al. Illustrative pictures of the sites Savannah/Forest transition and dense forest in the
south of the state of Amapd. (A) Savannah/Forest transition area (within vegetation), (B) Savan-
nah/Forest transition area (without vegetation), and (C) Dense Forest area (within vegetation).
Author: Marcelino Guedes.

Appendix B

Table A2. Multiple comparisons test, Dunn’s post hoc test, applied to website metrics on a re-
gional scale.

AM-AP AM-MT AP-MT AM-PA AP-PA MT-PA

p p-ad p p.ad p p.ad p p.ad P p.ad p p.ad

Hmax 0.000 0.000 0.154 0.924 0.009 0.055 0.000 0.000 0.905 1.00 0.012  0.077
R 0.000 0.000 0235 1.00 0.003  0.019 0.000 0.001 0.673 1.00 0.011  0.068

S (%) 0315 1.00 0949 1.00 0.347 1.00 0.006 0.033 0.000 0.000 0.005 0.027
LAII 0308 1.00 0.005 0.033 0.078 0470 0.141 0844 0.013 0.076  0.000 0.000

Metrics
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Table A2. Cont.
. AM-AP AM-MT AP-MT AM-PA AP-PA MT-PA
Metrics
p.ad P p.ad p p-ad p p.ad p p-ad p p.ad
LAIIII 0.003 0.015 0.255 1.00 0.060 0361 0130 0781 0132 0794 0.708 1.00
LAIIV 0170 1.00 0.001 0.005 0.048 0288 0.005 0.027 0.142 0.855 0.610 1.00
LAIV 0.001 0.006 0.847 1.00 0.001  0.003 0.013 0.075 0426 1.00 0.007  0.043
LAIIV+V 0.002 0.012 0.003 0.020 0.886 1.00 0.001  0.006 0.833 1.00 0.722 1.00
LAI 0.051 0.306 0454 1.00 0.229 1.00 0.205 1.00 0.001  0.008 0.044 0.263
General
Appendix C

Table A3. Descriptive statistics comparing average (M) and standard deviation (SD) for the metrics
of the vertical profile of forests with Brazil nut stems, obtained with the terrestrial LIDAR in different
forest typologies in the south of the state of Amapa.

Forest Sites (M &+ SD) Test Wilcoxon-Mann-Whitney

Metrics
Forest Savannah/Forest W p-Value

Hmax 38.1+8.77 374+ 455 200 0.239
Hmed 28.9 +9.03 31.2 +4.96 148 0.673
R 7.54 £254 5.08 + 1.66 252 0.004
S (%) 3.71 £5.39 315+ 191 120 0.192
F (10m) 0.05 £+ 0.08 0.00 £ 0.01 227 0.007
F (15m) 0.15£0.20 0.01 £0.03 232 0.012
LAII 1.10 £ 0.57 0.69 £+ 0.28 239 0.014
LAIII 1.90 £ 0.57 1.51 £0.29 231 0.029
LAIII 0.73 £ 0.61 1.29 £ 0.69 85 0.014
LAIIV 0.49 £ 0.39 0.65 £+ 0.40 120 0.189
LAIV 0.44 £0.50 0.31 £ 0.34 173 0.725
LAIIV+V 0.94 £+ 0.69 0.92 £+ 0.63 199 0.248
LAI General 4.65 + 0.68 445+ 041 211 0.126

Hmax = maximum height; Havg = average height; R = roughness; S = sky shots; F = fraction of clearings;

LAI = leaf area index; I, II, III, IV, and V = stratum of vegetation height classes.

Appendix D
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Figure A2. Leaf area index (LAI) per height classes (strata) in sites with Brazil nut trees in the
Brazilian Amazon. Stratum: I (1-7 m), IT (8-18 m), ITI (19-26 m), IV (27-35 m), and V (>35 m).
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Figure A3. Illustration of canopy structure metrics.
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Figure A4. LAD profile and LAI calculation. Gray voxels indicate no data captured (coded as NA
voxels). This NA value is important so that occluded forest voxels are not counted as zeros when
obtaining the mean LAD of a transect at each height interval above the ground [21].
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