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Abstract: The increasing availability of field data presents an opportunity to understand the funda-
mental ecological relationships and functions of large trees in tropical forests at regional and global
scales. However, it is not always clear what the relationships or patterns of diversity and structure
are among sites in different biogeographic regions. We evaluated the relationship of the biomass and
diameter of the largest trees with a diversity of species and compared, between the sites, the attributes
of structure, diversity, and the influence of the 50 hyperdominant species in each site, aiming at the
potential formation of groups by sites with characteristics and patterns of similar diversity within
biogeographic regions. The average wood density together with the diversity of genera and families
are the most important attributes to discriminate biogeographic regions when considering all forest
information. Large trees play a fundamental role in forest ecology and seem to express regional
environmental characteristics. The upper canopy of tropical forests remains one of the least studied
environments in all terrestrial biomes, and is often referred to as “the last biotic frontier” or a “black
box,” and large trees are also part of this mysterious frontier.

Keywords: larger species; forest inventory; forest structure; forest plots; random forest

1. Introduction

The mega-biota has massive importance for biosphere function [1,2] and human
living [3]. Big-sized trees in forests regulate resources such as light, water, and soil nutrients,
hence the growth and performance of medium-sized and small-sized trees. Big trees are
usually associated with areas with high conservation value, since they provide habitat
and food for many organisms [4] and store a large amount of biomass [1]. Big trees also
influence forest recovery, since they are linked with forest structural attributes [5] and
act as nuclei of forest regeneration. Big trees help to kick-start succession by improving
microclimate and soil conditions, attracting frugivorous seed dispersers, and favoring the
regeneration of old-growth species [5].

Due to buttresses and other trunk anomalies, big trees are much harder to measure
accurately than smaller ones [3]. The challenges persist with other attributes, such as height
and crown diameter. However, the relative rarity of big trees in the forest, compared to
smaller trees, also brings advantages. Species identification is more accessible than that for
smaller trees [6], due to the restricted species pool. It is much easier to memorize specific
trunk and bark characteristics for big trees.

The sheer size of the Amazon, its environmental heterogeneity and species diversity
pose challenges and practical difficulties in understanding general ecological relationships
and biogeographic patterns [7]. The Amazon already has well-documented gradients

Diversity 2022, 14, 503. https://doi.org/10.3390/d14070503 https://www.mdpi.com/journal/diversity

https://doi.org/10.3390/d14070503
https://doi.org/10.3390/d14070503
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/diversity
https://www.mdpi.com
https://orcid.org/0000-0001-5915-4045
https://orcid.org/0000-0003-2517-0279
https://doi.org/10.3390/d14070503
https://www.mdpi.com/journal/diversity
https://www.mdpi.com/article/10.3390/d14070503?type=check_update&version=3


Diversity 2022, 14, 503 2 of 10

affecting forest composition and structure: one from the Guiana Shield to the Southwestern
Amazon, related to variation in soil fertility, and another gradient from Colombia to the
Southeastern Amazon, related to the length of the dry season [8–10]. However, for big trees,
simple questions, e.g., “How many species become big trees?”, “What species of big trees
are more abundant?” and “What is governing the distribution of the big trees?”, are still
open and intriguing to scientists. Previous studies, for example, have documented that big
trees seem to be more abundant in Africa [11], and they seem to contribute more to the
total biomass than the same class of trees in Asia and South America [12].

From the perspective of biodiversity conservation, the communities and structures of
large trees are fundamental, mainly for the maintenance and functioning of the ecosystem
(by conserving and increasing carbon storage and productivity), and, above all, by provid-
ing insights for a better understanding of the role of each large species in biogeochemical
cycles [13]. In this study, we analyzed the primary relationships between large trees’ di-
versity and structure attributes. We identified which patterns and dominant large species
correspond to the biogeographic regions proposed by Morrone [14]. We used individual
tree characteristics (diameter, biomass, and wood density) and a diversity index at the
plot and site levels. Since the complementarity of the values of these characteristics can
inform us about a positive influence on biogeographic patterns [15] and are convincing
hypotheses that deserve to be tested, we evaluated how the attributes of structure, diversity,
and dominance of the leading large species are related to representing which sites have
the most similar ecological patterns and characteristics [16,17], and how these patterns are
essential in explaining the defined biogeographic regions. Using this relational assessment,
we investigated the following research questions: (a) What is the relationship between
species diversity and richness and the size of large trees? With large species being more
susceptible to biodiversity loss, more significant insights into the functional importance of
these species in local biodiversity and biomass are imperative. Recent studies in a tropical
forest in Congo [18] and temperate forests in North America [19] showed how large species
contribute disproportionately to an ecosystem’s functional diversity, structural heterogene-
ity, and ecological importance. Investigating whether these results are valid in the Amazon,
regarding species composition, forest structure, and biogeographic conditions, is particu-
larly important to provide more information about the need for biodiversity conservation
for ecosystem functioning. (b) What is the relationship between the proportion of large
species richness and its contribution to community biomass storage? In terms of planning
for forest carbon mitigation and biodiversity conservation, identifying whether a potential
relationship exists will allow for integrated forest management planning, or will highlight
the need for similar tactics in terms of management for carbon mitigation and management
for biodiversity conservation [18]. (c) How do the attributes of structure and diversity
potentially explain sites with similar patterns and biogeographic regions in Amazonia? We
discuss which locations with large trees present similar patterns of diversity and structure
and how these locations are distributed in biogeographic regions. This study focused on
the ForestPlots network data available for the Brazilian Amazon (availability data on 10
October 2021) and categorized individuals over 70 cm in diameter with a breast height
more than 1.3 m as large trees.

2. Materials and Methods
2.1. Study Area

This study was based on the ForestPlots network (Figure 1), including recent plots
where giant trees have been reported in the Brazilian Amazon [20] (https://www.forestplots.
net/, (accessed on 10 October 2021)). The plots were monitored by different research teams
(Supplementary Materials Appendix S3). Within the plots, each tree had its diameter (d)
recorded. We filtered out plots where less than 90% of the trees had been identified, at least
at the genus level. Botanical identification was harmonized using the Taxonomic Name
Resolution Service (https://tnrs.iplantcollaborative.org (accessed on 10 October 2021)),

https://www.forestplots.net/
https://www.forestplots.net/
https://tnrs.iplantcollaborative.org


Diversity 2022, 14, 503 3 of 10

Missouri Botanical Garden (https://www.missouribotanicalgarden.org/ (accessed on 10
October 2021)), and Flora package in R.
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Figure 1. Distribution of plots in the Brazilian Amazon and delimitation of the biogeographic regions
proposed by Morrone [14].

2.2. Data Analysis

Each tree in the dataset was associated with a basic wood density using the lowest
available taxonomic level of botanical identifications (i.e., species or genus) and the cor-
responding average wood density recorded in the Global Wood Density Database [21,22].
The plots were totalized in terms of structure and diversity. The diversity was computed
using the Shannon index for species, genus, and family levels. The structural attributes
were computed as mean, maximum, and standard deviation of diameter, and mean and
standard deviation of basic wood density. The individual tree-level biomass for each site
was obtained using the pan-tropical allometric model developed by [23]:

AGBest = 0.673 × (ρD2H)0.976; σ = 0.357, AIC = 3130, df = 4002

where D is in cm, H is in m, and ρ is the basic density of wood in g cm3. This model
performed well in all forest types and bioclimatic conditions [23].

The analysis considered two contexts for the recorded trees: (1) all trees with diameter
greater than 10 cm, and (2) only the big trees (diameter greater than 70 cm) (Figure 2). The
threshold of 70 cm for diameter was suggested by Harris et al. [3] to define big trees in
tropical forests. For both contexts (all trees and big trees), we computed the average of the
diversity, richness, and structural attributes for each site. We estimated the forest diversity,
characterizing the communities in terms of species, genus, and family composition [24].
Diversity was calculated using the Shannon index (H’). A species accumulation curve was
used to compare the theoretical and actual numbers of recorded species [25]. The top 50
abundant species were also retained to describe the sites in terms of relative density. In
total, we computed 116 variables (100 of species density, 6 of diversity, and 10 of structure).

https://www.missouribotanicalgarden.org/
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Figure 2. Processing flowchart. dmean, dmax, and dsd are the mean, maximum, and standard
deviation of the diameters, respectively.

We implemented a k-means analysis with increasing numbers of clusters to groups
based on the attributes of structure (dbh and wood density) and diversity (species, genus,
and family diversity), and the relative density of top 50 species for all trees (dbh ≥ 10 cm)
and big trees (dbh ≥ 70 cm). The algorithm compared the source dataset and synthetic
datasets with similar distribution properties to determine the interrelationships between
the attributes through their dimensions (components).

Based on its geolocation, each site was associated with one biogeographic region,
as proposed by Morrone [14]. Morrone’s regions considered terrestrial plant and animal
taxa to divide the Brazilian Amazon into eight regions. We excluded three biogeographic
regions (i.e., Pantepui, Guianan Lowlands, and Cerrado) due to single-site occurrence. We
used the biogeographic regions to extract structural and diversity patters based on the
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big tree dataset. The attributes were used to classify the regions using a random forest
algorithm, followed by analysis of importance of the variables. We compared the patterns
extracted from big trees (d ≥ 70 cm) to patterns derived from all recorded trees (d ≥ 10 cm).

We computed variable importance by permuting data. For each tree, the prediction
error on the out-of-bag portion of the data is recorded (error rate for classification). Then,
the same is conducted after permuting each predictor variable. The difference between
the two are then averaged over all trees and normalized by the standard deviation of
the differences. We considered both variable importance indicators: decrease in average
accuracy and decrease in Gini importance (mean decrease in impurity). The analyses were
performed using R software with the packages randomForest and terra.

3. Results

The plot network recorded 102618 trees, divided into 239 plots, representing 65 sites
distributed in the Brazilian Amazon. Big trees (DBH ≥ 70 cm) identified at the species level
were present in 222 of the plots, covering 62 sites. The 3900 big trees represented 3.8% of
the trees measured and were distributed across 344 species. The number of trees reaching
the big-sized classification ranged from 0 to 46 individuals inside a single plot. The highest
density of big trees was found in the State Forest of Amapá (FEA) (Appendix S1).

The most abundant species were Goupia glabra (6.9%, n = 267), Dinizia excelsa (2.56%,
n = 99), Aspidosperma excelsum (2.4%, n = 94), Nectandra rubra (2.3%, n = 89), Minquartia
guianensis (2.25%, n = 87), Couratari guianensis (2.14%, n = 83), Conceveiba guianensis (2.07%,
n = 80), Manilkara huberi (1.88%, n = 73), Eperua rubiginosa (1.65%, n = 64), Micropholis venulosa
(1.63%, n = 63), Dipteryx odorata (1.47%, n = 57), Tabebuia serratifolia (1.44%, n = 56), Qualea
albiflora (1.42%, n = 55), Bertholletia excelsa (1.39%, n = 54), Caryocar villosum (1.37%, n = 53),
Sloanea grandiflora (1.32%, n = 51), and Eschweilera coriacea (1.29%, n = 50). The other 82 records
(2.12%) were associated with the genus Eschweilera, not identified at the species level.

The species accumulation curve, considering all plots, was not stabilized (Figure 3A),
indicating that expanding the sampling area would potentially include new species. There
was a negative relationship between the diversity of big trees and the maximum diameter
(r = −0.36, p < 0.001; Figure 3B). Many species can have individuals reaching 70 cm in
diameter. However, with the higher diameter, fewer species were recorded. Only 20% of the
big tree species reached classes above 115 cm (Figure 3C). A stronger positive relationship
was observed between species richness and the proportion of biomass in big trees (r = 0.5
p < 0.001; Figure 3D), and 75% of the biomass was concentrated in less than 10% of big tree
species. The increase in the occurrence of big tree species resulted in a significant increase
in total biomass.

The 116 attributes were computed for each site, considering trees equal to or greater
than 10 cm, and a subset of trees equal to or greater than 70 cm. The k-means algorithm and
the optimal gap statistic indicated the formation of four groups (Figure 4). The k-means
algorithm produced two significant axes that explained 75% of the total variance, separating
the sites into four distinct groups. The FEA site formed a single group, strongly influenced
by the high diversity and abundance of big trees. An intermediary group had the largest
number of sites (n = 59) and split into two other groups on a gradient related to diversity
and biomass.

The first k-means component was dominated by information related to big tree strata
of the forest. A total of 49 of the 50 most abundant big tree species contributed with high
loadings, together with 30 of the 50 most abundant trees and the mean diameter of all trees
above 10 cm in diameter. The second component was related to the diversity and biomass.
This second component highlighted the influence of 10 species that were not registered as
big trees in the database.
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Figure 3. Richness and diversity estimates and their relationship with dendrometric attributes of
the big trees. Panel (A) shows the species accumulation curve by sampled area. Panel (B) shows the
relationship of species diversity with the largest diameters per plot. Panel (C) indicates the percentage
of species by diameter class. Panel (D) shows the proportion of biomass of the big trees in relation to
the percentage of species richness of big trees per plot. Marginal histograms indicate frequency.
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Figure 4. (A) Distinction and formation of groups by sites with similar characteristics (structure
and diversity attributes) generated by k-means. (B) The percentage of variation explained by the
eigenvalues of the formed groups was 75%.

The random forest plot indicated that average wood biomass was the most important
attribute to characterize the biogeographic regions proposed by Morrone [14]. The second
most important attribute was the relative abundance of Minquartia guianensis. The diversity
of species, genera, and families showed intermediary importance, as well as structural
attributes. Besides Minquartia guianensis, two other species were highly important to
biogeographic determination: Eschweilera coriacea and Goupia glabra (Figures S2 and S3).

4. Discussion

Populations of big trees are not homogeneous within the Brazilian Amazon, and
their abundance (or absence) may express environmental and ecological differences in
biogeographic regions. Exploring patterns of big trees is very important to forest ecology.
Identifying big trees is usually easier than identifying smaller trees [6], and on the other
side, the importance of big trees has been subject to recent discoveries [1,5,26].
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Of the 102618 trees recorded in the database used in this study, 3.8% represented big
trees (3900 trees). Our proportion was superior to values observed in Africa, where Harris
et al. [3] registered 2.6% (118 out of 4560 trees). We recorded 2374 species of tree above 10
cm dbh and 344 species (14%) of trees that could reach ≥70 cm. In a similar study in Africa,
Harris et al. [3] recorded 400 species, and 92 species (~25%) that could reach dbh ≥ 80 cm.
The number of species and maximum diameter were inversely proportional, reinforcing the
idea that the big tree species pool is more restricted [3]. The range of big trees per hectare
in Africa varies between 5 and 11.7, while we observed a more comprehensive range in
Brazil—0 to 46.

Larger individuals are often considered the strongest competitor [27], and they are the
main contributor to woody biomass production, highlighting the importance of big trees to
biogeochemical cycling. A previous study correlated the above-ground biomass to the size
of big trees [1]. However, we expanded the importance of big trees, noticing the dominance
of some species and a positive relationship between big tree diversity and above-ground
total biomass.

We found four distinct patterns driven by the structure and diversity attributes derived
from big trees (Figure 4 and Appendix S4). However, those four patterns did not match
the boundaries of the biogeographic region. Our results showed a big average group
formed by 49 out of 65 sites (Group 3—centered in both k-means dimensions), while three
other groups occupied the extremes of the biplot dimensions (Figure 4B). Groups 2 and 4
dominated the opposite extremes of the second-dimension axis (diversity and biomass),
and group 1 was located at the extreme of the first-dimension axis (big trees stratum).

The Northeastern Amazon site exhibits patterns of diversity and structure that are
more evident than in other regions (Figure 4B, Group 1). It is not clear why this region has
such strong patterns of dominance in biomass, diversity, and structure of big trees. It may be
related to the better conservation status, as this sub-region has been less exposed to intense
anthropogenic activities than other regions [28]. However, this may also be partly due to the
lower environmental heterogeneity in this region, which contains relatively few variations
in altitude, precipitation, soil, and temperature [29]. Recognizing and documenting those
differences is important, because several studies have focused on dominance patterns in
Southeastern Amazonia [30–32], which may not represent the Amazon [33].

Although the natural patterns extracted by k-means did not match the boundaries of
the biogeographic regions proposed by Morrone, it was possible to extract unique character-
istics in terms of big tree populations. The Madeira region is governed by Alexa grandiflora,
Hymenolobium petraeum, and Minquartia guianensis. The Pará region has the most diverse
dominance, composed mainly of Bertholletia excelsa, Carapa guianensis, Caryocar glabrum,
Eschweilera coriacea, Qualea albiflora, and Symphonia globulifera. The Xingu-Tapajos region
is dominated by Alexa grandiflora, Caryocar glabrum, Goupia glabra, and Hymenaea courbaril.
Rondônia is dominated by Caryocar glabrum, Goupia glabra, Protium decandrum, Symphonia
globulifera, and Tabebuia serratifolia. Roraima province is characterized by Dinizia excelsa,
Minquartia guianensis, and Osteophloeum platyspermum (Figure S3). Those biogeographic
regions have already been related to other characteristics, such as forest height [34,35], struc-
tural trends for biomass [36,37], and diversity [17,38–40]. Related diversity patterns and
species ecology to already known patterns could improve forest ecology comprehension.

Several species of trees coexist around big trees, and this is intrinsically associated
with their three-dimensional shape (biomass, diameter, and height), producing direct and
indirect effects on the structure and diversity of tropical forests [26,41]. In general, the tree
biomass, height, and shape vary greatly over large ecological gradients [42], and due to
competition for light and nutrients [43,44]. Big trees act by filtering sunlight and direct
precipitation above the forest canopy [45], regulating the space and spatial distribution
of several other species’ floristic composition and richness [46]. Big trees are long-term
survivors, suggesting that they may be more adapted to local factors [46]. Consequently, big
trees themselves may be considered natural indicators, expressing the differences between
regions and reflecting forest ecology singularities.
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In addition to supporting biodiversity, species with large trees may be inextricably
linked to essential ecosystem services that tropical forests provide locally and globally. For
example, these larger trees contain the highest proportion of carbon in forests, even though
the highest densities of trees within a given ecosystem type are often associated with young
or recovering forests, characterized by many small trees. The loss of such fundamental
resources—for example, through selective logging—can lead to the functional collapse of
entire forest ecosystems due to impacts at various trophic levels.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/d14070503/s1: Figure S1: Loadings for the attributes forming the
two main k-means components. Figure S2: Importance of the attributes based on the random forest
modeling for the big tree subset (only trees above 70 cm in diameter). Figure S3: Importance of the
attributes based on the random forest modeling for the forest (all trees above 10 cm in diameter).
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