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1 | INTRODUCTION

Abstract

For more than three decades, major efforts in sampling and analyzing tree diversity
in South America have focused almost exclusively on trees with stems of at least 10
and 2.5cm diameter, showing highest species diversity in the wetter western and
northern Amazon forests. By contrast, little attention has been paid to patterns and
drivers of diversity in the largest canopy and emergent trees, which is surprising given
these have dominant ecological functions. Here, we use a machine learning approach
to quantify the importance of environmental factors and apply it to generate spa-
tial predictions of the species diversity of all trees (dbh>10cm) and for very large
trees (dbh =2 70 cm) using data from 243 forest plots (108,450 trees and 2832 species)
distributed across different forest types and biogeographic regions of the Brazilian
Amazon. The diversity of large trees and of all trees was significantly associated with
three environmental factors, but in contrasting ways across regions and forest types.
Environmental variables associated with disturbances, for example, the lightning flash
rate and wind speed, as well as the fraction of photosynthetically active radiation,
tend to govern the diversity of large trees. Upland rainforests in the Guiana Shield and
Roraima regions had a high diversity of large trees. By contrast, variables associated
with resources tend to govern tree diversity in general. Places such as the province
of Imeri and the northern portion of the province of Madeira stand out for their high
diversity of species in general. Climatic and topographic stability and functional adap-
tation mechanisms promote ideal conditions for species diversity. Finally, we mapped
general patterns of tree species diversity in the Brazilian Amazon, which differ sub-

stantially depending on size class.

KEYWORDS
big trees, diversity map, forest ecology, forest inventory, remote sensing, species richness

have allowed further analysis of ecological and spatial variation over

Understanding how the diversity of tree species is distributed is a
great challenge, especially in tropical forests, a hyperdiverse biome.
Once multiple plot inventories are combined, then they can reveal
key large-scale patterning in community diversity, for instance, that
some Amazon forests are extremely diverse (Gentry, 1988), or that
wet Neotropical climates support high arboreal diversity (Clinebell
etal., 1995). Multiple, recentinitiatives that combine forest inventories

large scale (e.g., Bastin et al., 2018; Crowther et al., 2015; ForestPlots.
net et al., 2021; Slik et al., 2015). These studies have confirmed that
parts of South America and particularly western Amazonia, as well
as the Andean foothills, are global epicenters for plant diversity and
trees in particular (Cazzolla Gatti et al., 2022; Liang et al., 2022;
Sabatini et al., 2022; Ter Steege et al., 2013).

More generally, it has long been known that the diversity of tree
species follows latitudinal variations, consistent with the metabolic
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theory of biodiversity (Liang et al., 2022), or is affected by grain-
dependent effects of both environment and biogeographic regions
(Keil & Chase, 2019). In the Amazon basin tree diversity at the
one-hectare scale are driven by gradients of precipitation and soil
(Esquivel Muelbert et al., 2016; Ter Steege et al., 2003). However,
most work focuses on trees with stems 210cm in diameter, and
sometimes as small as 2.5cm diameter or less (Draper et al., 2021;
Sabatini et al., 2022), meaning that diversity patterns among rela-
tively small trees tend to dominate our understanding of tropical for-
est diversity. By contrast, few studies have attempted to analyze the
largest trees at larger scales, let alone explore how environmental
factors influence their diversity.

Large trees have a dominant influence on the aboveground
biomass, productivity, and sustainable use of tropical for-
ests (Ali et al.,, 2022; Fauset et al.,, 2015; Kearsley et al., 2019;
Lindenmayer, 2017) and they are considered indicators of stable
ecosystems (de Lima et al., 2022; Lindenmayer & Laurance, 2016;
Roswell et al., 2021; Slik et al., 2013). However, even for the com-
munity of all tree species of all sizes, spatial diversity models are
still scarce in Amazonia (Ter Steege et al., 2003, 2013), and primarily
regional spatial diversity models for large trees are poorly studied.
Thus, while we may expect divergent diversity patterns between
small and large tree species, but have lacked the data or analyses
to explore this in detail, and thus, key gaps remain concerning the
main environmental factors driving diversity in the Amazon basin.

There are a few reasons to expect the diversity patterns of large
trees to differ from those of smaller trees: (1) Areas of occupancy:
Large trees can occupy larger areas than small trees, which means
they can support more species in their habitat (Liu et al., 2019);
(2) Habitat heterogeneity: Large trees can create different micro-
habitats in their structure, such as ecological niches at different
tree heights, allowing different species to occupy specific areas
(Mendieta-Leiva et al., 2022); (3) Habitat connectivity: Large trees
can also serve as habitat connectors, linking different areas and al-
lowing species to move between them. This can increase species
diversity in an ecosystem (Craven et al., 2016; Keeley et al., 2021).

Positive relationships between plant diversity and environmen-
tal factors are common in various vegetation types (Balvanera &
Aguirre, 2006; Beck etal.,2011; Sliketal.,2009; Zhengetal.,2019) and
ecological gradients (Maharjan et al., 2021; Song et al., 2021; Tolmos
et al., 2022; Venter et al., 2017; Wittmann et al., 2006). The available
remote sensing environmental data provide spatially refined infor-
mation on landscape and vegetation heterogeneity over the Amazon
basin that can be readily incorporated into spatial models to study
diversity distribution patterns. For example, the maximum large tree
height in different biogeographic regions in the Amazon is influenced
by edaphic, climatic, and topographic variables (Gorgens et al., 2021).
These patterns might be expected to impact large tree diversity over
space and/or time, depending on which factors are key—for example,
the role of increased lightning occurrences and wind speed in limiting
tree height suggests potential for concomitant changes in the diver-
sity patterns of large trees (Bennett et al., 2015; Clark et al., 2019;
Gora & Esquivel-Muelbert, 2021; Yanoviak et al., 2020).

The significant regional variation within the large Brazilian
Amazon, and growing efforts to inventory tree plot biomass and
species, favors the development of large area ecological and distri-
bution models to understand how and which environmental factors
influence the diversity of large and small trees. Here, using a multi-
site dataset from across the Amazon, we aim to explore how envi-
ronmental factors influence patterns of total tree species diversity,
and patterns of large trees, contributing to understanding how the
forest is spatially structured and according to its biodiversity and

environmental components.

2 | MATERIALS AND METHODS

2.1 | Studyarea

Individual tree data were obtained from 243 forest plots distributed
across 65 sites in the Brazilian Amazon (Figure 1). Plot sizes and
shape varied according to the objectives of each acquisition source.
While the majority were standardized at 100x 100m (10,000 m?),
others are 40x250m (10,000m?), 10x250m (2500m?), 20x200m
(4000m?), and 20x50m (1000m?). Only plots with at least 90% of
the trees identified genus level and at least 60% to at species level,
were included in the analysis. Thus, we included 108,450 trees with
a stem diameter of 1.30m from the ground (dbh—diameter at breast
height) > 10cm in the analyses.

A subset of the data was created by filtering only trees with
dbh>70cm, highlighting the largest trees, as suggested by Harris
et al. (2021). The choice of large trees with a diameter 270cm can
be consulted for more details in Appendix S3. This subset had 240
plots and 3863 trees. All plots contribute to the wider ForestPlots.
net meta-network and database (https://www.forestplots.net/),
which curates inventories conducted over the last 25years (1997-
2021) (ForestPlots.net et al., 2021). Our sites span different forest
types and cover several biogeographic regions. To ensure the com-
parison of plots with different sample sizes, plot data were stan-
dardized to the 1ha sampling effort (Bastin et al., 2018; Clark &
Clark, 2000).

Taxonomic nomenclature was checked using the Taxonomic
Name Resolution Service (https://tnrs.iplantcollaborative.org) and
Missouri Botanical Garden (https://www.missouribotanicalgarden.
org/). To verify any uncertainty in the correct name of the species,
we used the taxonomic conference implemented in the flora package
(Carvalho, 2020) for R software version 4.2.1 (R Core Team, 2022).

2.2 | Species diversity

Diversity was analyzed for all trees (dbh = 10cm) and for large trees
only (dbh>70cm), using the Fisher's alpha-diversity index (a) and
Shannon entropy diversity index calculated for each plot:

szaln(1+§) "
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FIGURE 1 Distribution of plots in the Brazilian Amazon and delimitation of the biogeographic regions in the biome scale.

e —ep( -3, (P)xIn(P)) (2)

Tree alpha diversity, expressed as Fisher's alpha (a), is a
measure which corrects for the sample size (Fisher et al., 1943).
The exponential Shannon entropy index is a transformation of
Shannon's index that weights species in proportion to their fre-
quency (Jost, 2006); n is the number of individuals. H" is the
Shannon diversity index; S is the total number of species for a
given plot; P; is the proportion of the total number of individ-
uals in the sample belonging to species i. The Shannon index
provides information on abundance and equability without fa-
voring any species, as it counts all species according to their
frequencies (Borges Silva et al., 2022). To complement the in-
formation on the diversity index, the richness resulting from
the total number of species was also calculated for each plot.
Richness and diversity are considered indicators of general bio-
diversity (Gastauer et al., 2021). All data were analyzed using
the vegan (Oksanen et al., 2022) and BiodiversityR packages
(Kindt, 2022) in R.

Rarefaction curves of cumulative individuals were cre-
ated, one for each dataset, using the iNEXT package (Hsieh
et al., 2022).

2.3 | Environmental variables

Sixteen candidate spatially explicit environmental variables were
selected and grouped into three distinct categories: topographic, cli-
matic, and edaphic (Table 1). To allow comparison of our results with
those from other studies, we used the same variables as considered
in the work developed by Gorgens et al. (2021). Data were cropped
considering the limits of the Brazilian Amazon and re-sampled to a
spatial resolution of 30 arc seconds (~1 km) when necessary.

Temperature, precipitation, and the 19 bioclimatic variables were
downloaded from WorldClim version 2 (Fick & Hijmans, 2017). The
average number of cloudless days throughout the year was obtained
from the surface reflectance products of the MODIS (Moderate
Resolution Imaging Spectroradiometer) sensor. The Terra product
MODO9GA Version 6 was used, which provides an estimate of the
spectral reflectance of the MODIS surface, corrected for atmo-
spheric conditions.

The average number of days per year with precipitation above
20mm has been calculated from the precipitation time series of
the Climate Hazards Group InfraRed Precipitation with Station
(CHIRPS) dataset (Funk et al.,, 2015). Potential evapotranspira-
tion was obtained from TerraClimate data, which combine cli-

matological normals from WorldClim, the Climate Research Unit
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TABLE 1 Listof the main environmental variables selected for this study.
Environmental variable
Category Subcategory Name and unit Abbreviation Spatial resolution (period) Source
Topographic Elevation Elevation above sea level (m) elev 30m SRTM
Climatic Temperature Mean annual temperature (°C) tannual 30 arc seconds WorldClim
Maximum temperature (°C) tmax 30 arc seconds WorldClim
Temperature seasonality (%) tseason 30 arc seconds WorldClim
Precipitation Average annual precipitation pannual 30 arc seconds WorldClim
(mm)
Precipitation seasonality (%) pseason 30 arc seconds WorldClim
Precipitation of the wettest pwettest 30 arc seconds WorldClim
month
Other climatic Number of clear days per year clearDays 500m (2014-2018) MODIS
(days)
Days with precipitation greater days20 0.05 degrees (2014-2018) CHIRPS
than 20mm (days)
Potential evapotranspiration pet 2.5 arc minutes TerraClimate
(mmyear™) (1990-2016)
Fraction of absorbed fapar 0.05 degrees (2016-2018) NOAA AVHRR
photosynthetically active
radiation (%)
Lightning rate (flashes rate lightning 0.1 degrees LIS TRMM
year™)
Meridional speed (N-S) (ms™?) vspeed 0.25 degrees (2014-2018) ECM-RWF
Zonal speed (W-E) (ms™) uspeed 0.25 degrees (2014-2018) ECM-RWF
Edaphic Fraction of clay Soil structure physical properties  clayContent 250m SoilGrids
content water availability (%)
Fraction of Soil structure physical properties  waterContent 250m SoilGrids
water water availability (%)
content

Note: Variable categories, subcategories, names, and their corresponding units and abbreviations are shown.

(CRU) Ts4.0, 55-year Japanese Reanalysis (JRA-55) data, and the
Penman-Monteith methodology. Fraction of absorbed photo-
synthetically active radiation (fapar) was obtained from the cal-
ibrated and corrected Earth surface reflectance product of the
Advanced Very High-Resolution Radiometer (AVHRR) of the
National Oceanic and Atmospheric Administration (NOAA). The
fapar layer provides information on the photosynthetic activity of
plants (Baret et al., 2013).

Lightning frequency is associated with climatic events and
tree mortality (Gora et al., 2020). This variable was obtained from
the Lightning Imaging Sensor (LIS) instrument aboard the Tropical
Rainfall Measuring Mission provided by the Global Hydrology
Resource Center of NASA's Earth Observation System (EOSDIS).

Wind speed data were made available from the maximum
daily average wind speeds over the last 5years produced by
the fifth reanalysis of the global model (ERA5) of the European
Center for Medium-Term Weather Forecasts (ECMWF). Two
metrics of wind speeds were used: u-speed, which is the zonal
speed (a component of the wind toward the east), and v-speed,
which is the meridional speed (a component of the wind toward
the north). Studies indicate that winds are related to disturbances

that result in tree mortality in the Amazon (Marra et al., 2014;
Rifai et al., 2016).

Edaphic variables were obtained from the SoilGrids based on the
World Reference Base (WRB) and USDA classification systems (ca.
280 raster layers in total; Hengl et al., 2017). The layers of clay con-
tent (% fine particles <2 pm) and water content (% volumetric at field
capacity at 30cm), both with a spatial resolution of 250m, were es-
timated from machine learning applied over a global profile compila-
tion and soil layers (Hengl et al., 2017). All variables were processed
using ArcMap 10.1 (ESRI, 2019), and analysis was performed using R
software version 4.2.1 (R Core Team, 2022).

2.4 | Spatial modelling

Choosing the suitable algorithm for modelling depends on the prob-
lem and avaiable data. Here we used the Random Forest algorithm to
model the relationship between environmental variables and diver-
sity using 500 random, regression-type decision trees. According to
the approach carried out by Meyer and Pebesma (2022), the Random
Forest (RF) algorithm is widely used for data analysis of plant
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diversity, mainly to understand patterns, due to several reasons: (1)
effectively handles high-dimensional data: rainforests contain a wide
variety of species, which results in highly complex, high-dimensional
data. RF can handle this complex data and produce accurate results;
(2) it is a nonparametric algorithm: as the relationships between spe-
cies in a rainforest can be highly nonlinear, a nonparametric algorithm
such as RF is best suited to handle these data types; (3) Can handle
missing data: according to Cai et al. (2023), data collected in trop-
ical forests may need to be completed or have missing values. RF
can handle this missing data without dropping or replacing it; (4) can
handle overfitting: the presence of rare species in a tropical forest
can lead to an overfitting problem, where the model is overfitted
to the available data and RF is less prone to this problem due to its
ensemble model nature, where many smaller models are combined
to produce an overall result; (5) it is highly scalable: The RF algorithm
is highly scalable and can be easily applied to larger datasets, which
is an advantage in a rainforest environment where the number of
species can be large.

For all these reasons, RF is widely used for data analysis in trop-
ical forests to understand diversity patterns. However, this does
not mean that other machine-learning algorithms cannot be used to
analyze rainforest data or other data types. Choosing the suitable
algorithm depends on the problem and available data.

The number of variables randomly sampled as candidates in each
division was defined as the number of explanatory variables divided
by 3 (default algorithm parameterization). Evaluation of the model's
accuracy was performed using the standard error of the estimate
(RMSE) and coefficient of determination (R?), considering the k-fold
cross-validation (k=15). The importance of environmental variables
was analyzed using marginal graphs, keeping the other variables con-
stant at an average value. The importance of variables is measured
by permuting variables in the model and measuring the increase in
estimation error (MSE).

The RF model was applied to the environmental layers at the
pixel level, for the entire Amazon region, through map algebra. The
model parameters were applied independently to each pixel to pro-
duce the diversity maps for all trees and for the giant trees of the
Amazon forest (Figure 2). Statistical analysis was applied in an R en-
vironment (R Core Team, 2022), using the MASS (Ripley et al., 2022)
and RandomForest (Cutler & Wiener, 2022) packages.

3 | RESULTS

3.1 | Species diversity

Considering only the large trees (dbh>70cm), 240 plots had 3863
individuals (~3.6% of the measured trees) grouped into 449 spe-
cies (for every 8.6 trees, one large species was found). The lack
of a plateau indicates that many additional species are likely to be
discovered if sampling increases (Figure 3a). Considering all trees
measured (dbh = 10cm), the rarefaction curve reached a plateau with
approximately 25,000 individuals distributed in approximately 240
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species in a total of 2832 species sampled (Figure 3a). Fisher's alpha
diversity of all trees showed a poor, but significant correlation (r=.2,
p<.001) with the Fisher's alpha diversity of large trees (Figure 3b).
The median Fisher's alpha-diversity index for all trees (101) was ap-
proximately 94% higher that for large trees (4).

3.2 | Spatial modelling and environmental factors
The fitted RF model showed a standard error of 0.69 (MAE=3.22;
RMSE =4.81) for large trees and 0.65 (MAE =29.14; RMSE=41.7) for
all trees. The variation explained by the RF models was markedly
high for Fisher's alpha diversity all trees (R?=.71) and for Fisher's
alpha diversity large trees (R>=.85). The graphical analysis of ob-
served versus predicted diversity data shows positive associations,
with a higher degree of adherence for all trees compared to large
trees (Figure 4).

The 16 environmental variables considered in this study showed
different degrees of importance when analyzing the association
between large trees and trees in general (Figure S1). Four different
degrees of association were observed: positive (diversity increases
as the factor increases), negative (diversity decreases as the factor
increases), paraboloid behavior with downward concavity (diversity
initially increases but then decreases as the factor increases), and
upward concave paraboloid behavior (diversity initially decreases
but increases as the factor increases). Furthermore, these environ-
mental variables can be divided into two groups: environmental
variables associated with tree growth resources and those with dis-
turbances. Although some variables can reflect both resources and
disturbances, to facilitate the discussion, we here associate variables
of this type with the most relevant of the two categories. The envi-
ronmental variables associated with disturbances (uspeed, vspeed,
lighting, days 20) were the most relevant for the diversity of large
trees. The variables associated with tree growth (clearDays, psea-
son, pwettest, elevation, pannual, pet, tannual, and fapar) were the
most relevant for the diversity of trees in general (Figures 5 and 6).

Among the variables associated with disturbance, wind speed,
lightning occurrence rate, the number of days with precipitation
above 20mm, and the maximum temperature stand out. These vari-
ables are generally directly related to tree mortality and were more
relevant to the diversity of large trees than to the diversity of all
trees (Figure 5b-e). While four of these variables above are among
the six most relevant for the diversity of giant trees, only three are
among the six most relevant considering all trees. Climatic metrics
derived from precipitation (pannual and pseason) are of greater pre-
dictive importance for diversity indices analyzed and RF models.

Among the environmental variables associated with resources
are photosynthetically active radiation, precipitation metrics (annual
average, wettest month, and coefficient of variation), temperature
metrics (annual average and coefficient of variation), number of days
without clouds, evapotranspiration, elevation above sea level. These
variables were the most strongly associated with all tree diversity
(Figure 6a, c, e-g, I-n).
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FIGURE 2 Data processing and analysis flowchart: (a) plot network organization; (b) stacking of environmental spatial layers; (c) crossing
the field plots and the stack of environmental variables; (d) for each forest typology and biogeographic region, we submitted plot records
to identify the least collinear collection of covariates; (e) fitted of the Random Forest model for diversity; (f) a top-tier predictive model was
selected or created by averaging the model using cross-validation; (g) diversity estimation for the entire Amazon at the pixel level; and (h)

distribution of diversity for all trees and for large trees.
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FIGURE 3 Comparison of rarefaction curves based on sample size (solid lines) and extrapolation (dashed curves) of species diversity

of large trees and set of all trees (a). It is expected that greater species richness of large trees will be identified for the same number

of individuals sampled, compared with the group of all trees already approaching a plateau. The bootstrap method obtained the 95%
confidence intervals (shaded regions) based on 1000 repetitions using the iINEXT package algorithm (Hsieh et al., 2016). The reference
samples of individuals are zoomed in to highlight the slight difference in species richness for the two datasets analyzed. (b) Relationship
between Fisher's alpha-diversity metrics for large trees and the set of all trees measured in different locations in the Amazon biome.

The solid line refers to a trend with statistical significance (.05), and the area around the line sets up a 95% confidence interval. Marginal
histograms indicate the frequency and distribution of values. There is a low frequency and decrease in the values of the diversity metrics for
both cases. However, this modest but significant correlation suggests that a single tree of just one species can significantly increase diversity

at the plot level (de Lima et al., 2022).

Average annual precipitation, the number of annual days with
precipitation greater than 20mm, evapotranspiration, precipitation
of the wettest month, elevation, and soil clay content were positively
associated with the Fisher's alpha diversity of big trees. However, the
factors lightning occurrence rate, component meridional wind speed,
zonal wind speed, precipitation variation coefficient (pseason), mean
annual temperature, number of annual days without cloud, and maxi-
mum annual temperature showed a negative association. The factors
photosynthetically active radiation, coefficient of temperature vari-
ation, and soil water content showed a paraboloid association with
Fisher's alpha diversity, with upward concavity (Figure 5).

The Fisher's alpha diversity of large trees increased substan-
tially with average annual precipitation, elevation, and a fraction of
photosynthetically active radiation with a threshold above 80% and
number of days with precipitation greater than 40 mm. In contrast,
increased wind speed and lightning occurrence rate are associated
with lower Fisher's alpha diversity of large trees (Figure 5).

Considering the Fisher's alpha diversity of all trees, the num-
ber of annual days with precipitation greater than 20mm, lightning

occurrence rate, average annual precipitation, elevation, and pho-
tosynthetically active radiation, and average annual temperature
showed a positive association with diversity. In contrast, the fac-
tors coefficient of variation of precipitation, number of annual days
without cloud, evapotranspiration, and soil water content showed
a negative association. Precipitation of the wettest month, zonal
wind speed, meridional wind speed, maximum temperature annual,
coefficient of temperature variation, and soil clay content showed
a paraboloid association with upward concavity with the total tree
diversity (Figure 6).

The highest Fisher's alpha-diversity values for large trees were
higher in terra-firme forest in the northern portion of the Guiana
Shield biogeographic province and the eastern portion of the
Roraima biogeographic province (about -54 to -51° longitude,
Figure 7). Fisher's alpha of large trees in this region exceeded
40. The predictive maps also reveal many areas with intermedi-
ate alpha-diversity values for large trees (10<20) in areas west of
Imeri, Madeira, and north of Xingu-Tapajés and Pantepui. Large
areas in central Amazonia between Xingu-Tapajés and Madeira and
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its tributaries are dominated by forests with low alpha diversity of
large trees (<6). The central and eastern provinces (Madeira, Xingu-
Tapajos, and Para) are dominated by open ombrophilous forests (also
known as rainforest or tropical rainforest, is a type of ecosystem
that develops in tropical and subtropical regions with high rainfall
throughout the year). The areas of ecological tension or transition
belt showed the lowest diversity values for all trees and large trees
(Figure 7). These regions coincide with the arc of deforestation.

The relationships between environmental factors and the
Shannon diversity index produced trends similar to those based on
the Fisher's alpha for both large (Figure S4) and all trees (Figure S5).
However, a spatial appreciation for this index suggests a significant
divergence in the potential distribution of the diversity of large
species and the set of all analyzed species (Figure S6). The greatest
Shannon diversity for all trees was observed in the Imeri province,
northwest of the Madeira and Pantepui regions, closely associated
with forests with high rainfall. The supplementary information re-
sults can reveal more details of the correlation analysis for the esti-
mated diversity metrics versus the inventoried plot size (Figure S2)
and the number of large trees (Figure S3).

4 | DISCUSSION

4.1 | Species diversity and environmental factors

In this study, we asked what factors explain the diversity of large
trees (dbh=70cm) in the Amazon and how these patterns differ
from those affecting smaller trees (dbh>10cm). We show that the
diversity of large trees is mainly determined by environmental fac-
tors linked to the intensity of disturbances. In contrast, the diversity

FIGURE 4 Correlations between
observed and predicted diversity values
by the Random Forest model for the
243 plots. The straight line indicates the
predicted best fit for each case.

of smaller trees is more affected by factors that control productivity.
Higher diversity values for large trees were found in the extreme
Northest of Amazonia (Amapa), while the highest values for smaller
trees were found in the Northwest.

We found that the diversity of large trees decreased with in-
creasing meridional wind speed and lightning occurrence rate. Large
trees that emerge above the forest canopy are most susceptible
to lightning strikes and toppling by wind due to the greater expo-
sure to these factors (Bennett et al., 2015; Clark et al., 2019; Gora
& Esquivel-Muelbert, 2021; Yanoviak et al., 2020). Recent research
shows that lightning has been a prominent cause of crown damage in
the tropics, often leading to tree mortality (Gora et al., 2017, 2021;
Marra et al., 2014).

The highest diversity of large trees was found in terra-firme areas
(well-drained rainforest including on hills) in the Guiana Shield and
Roraima regions. These regions also have the greatest potential for
the growth of very tall trees (Gorgens et al., 2021). This strong rela-
tionship between well-drained upland areas and large tree diversity
has also been observed in other forests in the tropics and has been
associated with ecologically stable environmental conditions for tree
establishment and growth (Duivenvoorden, 1995; Fagua et al., 2021,
Slik et al., 2009; Ter Steege et al., 2003; Venter et al., 2017).

Recurrent increases in wind speed can significantly modify the
structure and composition of forests. For example, the predicted
changein tropical cyclone regimes due to climate change can strongly
impact forests in the tropics (Hall et al., 2020; Rau et al., 2022; Rifai
et al., 2016). Our largely equatorial forests are not affected by cy-
clones but strong winds associated with convectional storm down-
bursts, and also cold fronts in southern and western Amazonia, may
drive significant mortality for large trees. Since most trees in the
forest are not large (dbh>70cm), lightning and wind are much less
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FIGURE 5 Graphs of the marginal effect of each environmental variable on the diversity of large trees (dbh 2 70cm) in the Random Forest
model. The environmental factors are shown in order of decreasing importance.

important for the set of all trees (dbh>10cm). Furthermore, wind
and lightning are essential factors in the diversity and dynamics of
species since they are considered to be agents of natural disturbance
in forests and can act by selecting individuals (Hall et al., 2020; Kling
& Ackerly, 2021; Laurance & Curran, 2008; Mitchell, 2013; White &
Pickett, 1985).

Our results show higher diversity for trees in general
(dbh>10cm) in low-altitude forest regions with permanent, sea-
sonal, or transitional (ecotone) flooding along the Imeri province
(Figure 7). This region is dominated by extensive river systems,
floodplains, and lowlands. Depending on their proximity to riv-
ers and their sediment load and topography, forests contain
great diversity. These results are possibly expected because
these areas are among the lowest densities of human population
in the Amazon region, and roads are absent, giving them a par-
ticular value in conservation. Areas that are low or humid have
trees with smaller crowns (Barbier et al., 2010) but with high
species heterogeneity, mainly because they are ecotones or

forest transition areas (Amaral et al., 2021; Marques et al., 2011;
Silveira et al., 2016). These wetlands are also hotspots for en-
demic flora and fauna (Berde et al.,, 2020; Morrone, 2014) and
contribute significantly to regional and global biodiversity (Junk
et al., 2006; Liang et al., 2022). Similar results have been found
in floodplain areas at the Biome scale (Duivenvoorden, 1995;
Moraes et al., 2021; Silman et al., 2007; Ter Steege et al., 2013;
Wittmann et al., 2006). These diversity patterns are also observed
in the context of source-sink effects along topographic gradients
(Colville et al., 2020; Maharjan et al., 2021; Nanda et al., 2021;
Syfert et al., 2018; Zeleny et al., 2010) and along latitudinal gra-
dients (Kraft et al., 2011; Roy et al., 2007; Slik et al., 2009). This
would mean that on evolutionary timescales, these ecological
mechanisms of lowland forests are essential for maintaining tree
diversity in tropical mountain forest (Coelho de Souza et al., 2019;
Slik et al., 2009).

The three variables related to precipitation were among the most
important associated with the diversity of all trees (dbh>10cm).
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FIGURE 6 Graphs of the marginal effect of each environmental variable on the diversity of all trees (dbh = 10cm) in the Random Forest
model. The environmental factors are shown in order of decreasing importance.

FIGURE 7 Fisher's alpha-diversity distribution for large trees (dbh > 70cm) and diversity distribution considering all trees (dbh = 10cm)
estimated by the RF model for the Brazilian Amazon.
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Rainfall in Amazonia averages approximately 2300mmyear™?, and
is driven in part by the austral monsoons and generates a well-
defined environmental gradient. In areas near the Brazilian bor-
ders with Colombia and Venezuela, the annual total rainfall can
reach 3500mm (Figueroa & Nobre, 1990). Here, there is no defined
dry period, with potential to flood some forests most of the year
(Householder et al., 2021; Junk et al., 2018). These high precipita-
tion values are associated with less seasonal equatorial climates, and
near the Andes mountains, rainfall is further enhanced by the oro-
graphic rise of moisture transported by the east trade winds of the
Intertropical Convergence Zone (ITCZ).

Various studies report changes in tree species composition
along tropical altitudinal gradients (Guimaraes et al., 2021; Tolmos
et al,, 2022; Venter et al., 2017). In our analyses, lower rainfall and
lower elevation (<50 ma.s.l.) in certain areas are associated with de-
creases in the diversity indices both for large trees and for the set
with all trees (Figures 5-7). In these environments, the lower areas
are characterized by communities of taxa that have difficulty grow-
ing to reach large dimensions (Da Cunha et al., 2021).

The annual number of days without clouds (clearDays year™)
and the seasonality of precipitation (pseason %) were essential pre-
dictors to explain the patterns of diversity of all trees (Figure 6).
However, they were of only intermediate importance for the diver-
sity of large trees (Figure 5). An increase in cloudless days is associ-
ated with direct solar radiation (Barkhordarian et al., 2019; Gorgens
et al., 2021), favoring photosynthetic activity for the species pool
up to a thermal tolerance threshold (Green et al., 2020; Sullivan
et al., 2020). Although atmospheric dryness, caused by the combi-
nation of these factors, can increase photosynthetic activity in the
Amazon forest when water supply is abundant (Green et al., 2020),
reductions in diversity in southern Amazonia may result from the
long exposure of plants to high solar radiation and associated ex-
tended periods of seasonal water deficit. Bennett et al. (2015) found
that droughts consistently negatively impacted larger trees' growth
and mortality rates on a global scale. Other studies report that the
number of clear days and the seasonality of precipitation are deter-
minant factors for floristic diversity patterns at regional and con-
tinental scales (Bruijnzeel et al., 2011; Ehbrecht et al., 2021; Jiang
et al., 2017; Wagner et al., 2016; Wilson & Jetz, 2016).

Elevation, here treated as a proxy for distinguishing terra-firme
from floodplains, had a significant positive association with the di-
versity of both trees in general and large trees. Studies in tropical for-
ests of Borneo (Slik et al., 2009), tropical lowlands of South America
(Neves et al., 2020), Tanzania (Tallents et al., 2005), Colombia (Fagua
et al., 2021; Tolmos et al., 2022), and Papua New Guinea (Venter
et al., 2017) have also reported the importance of altitude in species
diversity and composition.

4.2 | Study limitations

Inthe meta-analysis performed, we explored a variety of data sources
and analytical tools that can be applied to develop predictive maps
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that incorporate the observed spatial pattern of diversity in biome-
scale landscapes, forest types, and biogeographic regions. However,
available data still lacks good coverage or resolution for some areas,
leading to potential limitations.

First, it is common to face problems using inventory data col-
lected differently in each location, mainly associated with taxonom-
ically reliable data, and correctly defined forest typologies in a given
locality. As a result, some species common in the biome may go un-
noticed, and not all forest types may be equally represented, leading
to high standard deviations or biased diversity estimates for each
forest type or biogeographic region (Slik et al., 2009). Although the
locations were spatially well distributed for the biome, some loca-
tions were close to one another. An effort was also made to correct
taxonomic names in specialized websites and packages and in using
maps of forest typologies in finer detail. This procedure was neces-
sary to correct errors about the representativeness of forest typol-
ogies and species richness at the plot level and the biome scale (Ter
Steege et al., 2016). The analysis of the diversity patterns discussed
is also based on accurate classifications of land cover and markedly
anthropic gradients, which may not be available or may occasionally
be misaligned with the inventoried plots (Schmit et al., 2006).

Second, different scales of environmental data (10 x 10km tables)
and inventory form another complication, as plots covering a few
hectares are unlikely to represent a 10 x 10 km area (Slik et al., 2009).
In addition, some regions or areas contained more inventoried trees,
plots, or surveyed surface area than others, resulting in different
levels of diversity captured by the site. Although attempts have
been made to correct the diversity values for these sampling bi-
ases, likely, they have at least partially influenced the results. Ideally,
meta-analyses such as this should be performed on standardized
plot layouts in combination with high-resolution environmental data
(e.g., Gerstner et al., 2017). Unfortunately, such an approach is still
difficult to carry out in more remote tropical areas in the Amazon,
where the availability of reliable inventory data is already a problem
(ForestPlots.net et al., 2021), not to mention reliable high-resolution
soil and climate data (Fick & Hijmans, 2017).

Third, and related to environmental layers and their poten-
tial to explain the diversity of large trees, it was noted that the
functional importance of edaphic variables (clayContent and wa-
terContent) presented the poorest results among all the variables
tested based on related characteristics to predictive importance.
These low-importance values obtained can be explained perhaps
by the available GIS layers in which the spatially explicit grid (in-
terpolated values) does not correctly explain the inherent values
at the plot level, thus requiring an effort to collect data at local
scales. A detailed investigation of these factors locally would be
fundamental, as it could identify other ecological functions of the
edaphic information set for the diversity of tree species in the
Amazon (Marca-Zevallos et al., 2022; Terra et al., 2018). Edaphic
factors are fundamental in explaining many attributes and eco-
logical patterns of the forest, mainly related to productivity and
diversity in tropical forests (Hofhansl et al., 2020; Homeier &
Leuschner, 2021). Joswig et al. (2022) find a dominant joint effect
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of climate and soil on trait variation of plant functional charac-
teristics on a global scale. However, our results are consistent
with studies of the same tropical geographic regions (e.g., Ter
Steege et al., 2013) with highly varied species composition (Slik
et al., 2015), which leads us to believe that the main conclusion
is satisfactory. Finally, more direct studies on the set of ecolog-
ical forces acting to define patterns of tree species diversity are

needed to clarify these responses.

4.3 | Final considerations

We conclude that the patterns and processes that determine the
diversity of large trees clearly differ from those for smaller trees,
which has clear implications for ecological theories, conservation,
and management.

Although the RF models suggest that the diversity of large trees
(dbh =70cm) and of all trees (dbh > 10 cm) is associated with different
environmental variables, there is a modest and significant associa-
tion (r=.2, p<.001) between the two Fisher's alpha-diversity indices
(Figure 3b).

Richness is strongly associated with the number of individuals
in the sample, especially in the early stages of sampling (Figure 3a).
Furthermore, as the sampling proceeds, the rarefaction curves repre-
senting communities with trees of different sizes intersect twice, first
in a number slightly more significant than 5000 individuals and then
in a number slightly <1500 individuals. This means that the relative
richness of two datasets (albeit in the same samples), measured on
smaller numbers of individuals, does not predict well their relative
richness on a larger sample size. This is generally true even when
using Chaol estimators (Chao et al., 2004; Roswell et al., 2021) to
predict true diversity. Because richness is so sensitive to sampling
effort and relative abundance, its estimate may depend on how sam-
ples are patterned. Even the best estimators of asymptotic richness,
such as Chao1l (Colwell et al., 2012), cannot reliably predict true com-
munity diversity (Jost, 2007). The problem is that both the sample
richness and the individual-based richness estimators are strongly in-
fluenced by the rarest species, which are precisely the species about
which we know less and which are more challenging to identify in
the field. This is another way of saying wealth has high uncertainty
(Roswell et al., 2021). Indeed, this uncertainty is often insurmount-
able in estimating and comparing community diversity from samples.

The resulting maps are a potential distribution of diversity bands
for both large trees and the set of all trees along the basin. Given the
performance of the RF models and the distribution of sampling sites
in the basin, no inferences outside the main range of the sampled data
and on other ecosystems are allowed. Therefore, our analysis of the
distribution of tree diversity is restricted to the Brazilian Amazon basin.

While our analysis does not attempt explicitly to measure
the possible impacts of climate change on large tree diversity, it
is concerning to note that several climatic variables strongly as-
sociated with tree diversity may undergo intense changes under
credible climate change scenarios. Climate-induced changes in the

frequency of anomalous events, such as the increased occurrence
of storms, the frequency of lightning and severe droughts, are al-
ready observed (Dale et al.,, 2001; Kamimura et al., 2022; Seidl
et al., 2017). Changes in environmental variables associated with
disturbances could have large negative impacts on the diversity
and survival of large trees.

Given the enormous tree diversity of tropical forests, under-
standing the effects of climate change on diversity patterns is
critical and should be analyzed as soon as possible at finer scales
within Amazonia. Such knowledge is critical to refining conserva-
tion perspectives in a changing world—for example, to what extent
are currently protected areas in Amazonia susceptible to climate
disturbance-induced impacts on their biologically critical large
trees? Efforts to understand how deforestation and climate change
interact, and to mitigate their impacts, are urgently needed in light of
the high and increasing rates of deforestation that have taken place
in the Brazilian Amazon in recent years and which threaten the most
extraordinary biodiversity on the planet.
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