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Abstract

Amazonian large trees act as central elements of forest ecosystems, storing a disproportion-
ate fraction of aboveground biomass. However, these trees are not randomly distributed
across the landscape, and it is expected that edaphic attributes influence floristic composi-
tion, forest structure, and vegetation biomass. In this study, we investigated how variation
in soil chemical and physical properties affects the diversity and biomass of large trees.
Forest inventories were conducted at five sites within protected areas in the states of Pará
and Amapá. Aboveground biomass was estimated using allometric equations, while soil
samples were analyzed for their physical and chemical properties. Diversity indices, rar-
efaction, Redundancy Analysis, and Generalized Additive Models were applied. Edaphic
variables such as soil pH, organic matter, phosphorus, and aluminum were associated
with floristic composition and the biomass of these individuals. Trees with a diameter
at breast height greater than or equal to 70 cm accounted for up to 80% of total biomass,
revealing a pattern of biomass hyperdominance. The results indicate that the occurrence
of large trees is related to edaphic and structural attributes, such as tree density and size
distribution, suggesting that these individuals are not randomly distributed along soil gra-
dients. Understanding these patterns is essential for improving ecological models, biomass
extrapolations, and management strategies aimed at conserving the Amazon rainforest.

Keywords: Amazon basin; forest biomass; forest conservation; large trees; soil–vegetation
interactions

1. Introduction
The Amazon, the largest continuous tropical forest on the planet, harbors unparalleled

biological and structural diversity shaped by complex interactions among stable climate,
high water availability, and heterogeneous edaphic gradients [1,2]. Together, these factors
support highly specialized plant communities, including mega-trees that stand out not only
for their exceptional dimensions but also for their central role in ecological and climatic
regulation [3].
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Within the Amazonian landscape, large trees [4] are defined as individuals with a
diameter at breast height (DBH) ≥ 70 cm [5]. These individuals hold cultural significance
for local communities, perform essential ecological functions, and sustain a wide range of
associated organisms [3]. They also store a substantial portion of forest biomass, playing a
critical role in carbon storage and in maintaining forest structural integrity [6]. This DBH
threshold has been widely adopted in studies of forest structure and biomass distribution in
tropical ecosystems and in global monitoring networks, as well as in the protocol proposed
by Harris et al. [7] for forest research in the Republic of the Congo. Recent surveys in the
Amazon [6] also employ this threshold, which marks the size class above which individuals
begin to concentrate a disproportionate fraction of total aboveground biomass [8,9]. This
standardized definition facilitates comparisons among studies and reinforces the functional
importance of large trees in sustaining carbon stocks and forest structure.

Recent studies have identified regions with high concentrations of giant trees in the
states of Pará and Amapá, Brazil [6,10]. This region encompasses pronounced gradients of
geomorphological units, soil types, and hydrological conditions, making it an ecologically
strategic setting for investigating the drivers of large-tree occurrence [2,6,11]. Ecologically,
these trees function as “ecosystem engineers,” influencing both the structure and diversity
of plant communities, while contributing disproportionately to aboveground biomass and
carbon stocks [3,6]. Their role in carbon storage further underscores their relevance in the
context of climate change [6,10].

Large trees account for a significant proportion of aboveground biomass in trop-
ical forests, exemplifying the phenomenon of biomass hyperdominance, described by
Slik et al. [8], whereby a small number of individuals or species are responsible for a dispro-
portionate share of carbon storage. This pattern is consistently observed across Amazonian
forests [12], and is supported by pantropical evidence showing that approximately 1%
of species can contain up to half of total biomass and carbon productivity [13]. From a
functional perspective, trees with DBH ≥ 60–70 cm may represent between one-third and
nearly half of living biomass [9,14], thereby acting as structural keystones for forest stability
and carbon storage in tropical forests.

Despite their ecological importance, the environmental conditions that enable the
establishment, persistence, and growth of these large trees remain poorly understood,
particularly with respect to edaphic controls. Soil physical and chemical properties are
major determinants of tropical forest structure, as they regulate nutrient availability, water
retention, root development, and interspecific competition [2]. However, large areas of
the Amazon remain scientifically unexplored, limiting our understanding of its ecological
heterogeneity [15]. This knowledge gap is especially pronounced in eastern Amazonia,
where complex soil mosaics prevail and the role of edaphic heterogeneity in shaping forest
biomass distribution and large-tree dominance remains unresolved.

In this study, we evaluate whether edaphic heterogeneity is associated with spatial vari-
ation in the occurrence, diversity, and aboveground biomass of large trees (DBH ≥ 70 cm)
across eastern Amazonia. Specifically, we test the hypothesis that variation in soil phys-
ical and chemical properties is statistically associated with both the diversity and the
aboveground biomass of large-sized individuals.

2. Materials and Methods
2.1. Description and Location of the Study Area

This study was conducted at five sites with a high occurrence of giant trees in the
northern Amazon region, located in the states of Amapá and Pará, Brazil (AG, Urucupatá,
Ipitinga, Iratapuru, and Cupixi). These sites were selected based on recent large-scale
assessments identifying eastern Amazonia, particularly Pará and Amapá, as regions with
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some of the highest densities of giant trees across the Amazon basin [6]. In addition, all
study sites are located within legally protected areas, which allowed the establishment and
long-term maintenance of permanent forest plots.

Although the selected sites do not aim to represent the entire Amazon region, they
encompass environmentally heterogeneous landscapes within a recognized giant-tree
hotspot. Forest inventory and soil data were collected and analyzed between 2019 and 2024.
Three of the study sites are located within the Environmental State Park of the Giant Trees
of the Amazon (0◦41′29′′ N, 53◦28′41′′ W), and two sites are situated in the Rio Iratapuru
Sustainable Development Reserve (0◦19′05′′ N, 52◦43′29′′ W) (Figure 1).

Figure 1. Location and sampling design of the study areas in the Eastern Amazon, Brazil.
(A) Delimitation of the protected study areas, represented by different colors according to the legend
in the figure, including the Environmental State Park of the Giant Trees of the Amazon and the Rio
Iratapuru Sustainable Development Reserve. (1) Schematic representation of the sampling design,
illustrating the delineation of the sampling clusters centered on a reference giant tree and the orienta-
tion of the subplots along the cardinal directions. (2) Spatial arrangement of the sampling clusters
within each study area. (B) Regional reference map indicating the location of the study areas in
northern Brazil (black frame). (C) Map of Brazil showing the geographic context of the study region
within South America.

Both areas are situated within the domain of Amazonian dense ombrophilous forest,
under a climate classified as Af (Köppen), characterized by a humid equatorial regime with
abundant rainfall throughout the year, mean annual temperatures above 25 ◦C, and total
annual precipitation generally exceeding 2500 mm [16].
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2.2. Data Collection
2.2.1. Floristic Inventory

At each study site, a cluster-based sampling design (conglomerate sampling) was
adopted. Three sampling clusters were established per site, each centered on a giant tree
serving as the central reference point (Figure 1A). Each cluster was composed of four
rectangular subplots arranged in the four cardinal directions (north, east, south, and west),
each measuring 20 × 50 m (1.000 m2; 0.1 ha).

This design resulted in 12 subplots per site and a total sampled area of 1.2 ha per
site, summing to 6.0 ha across the five study sites. The use of 20 × 50 m subplots follows
the methodological guidelines of the Brazilian Forest Service (SFB/IFN) [17] and repre-
sents an operationally efficient and scientifically robust sampling strategy for Amazonian
forests, particularly under conditions of limited accessibility and complex terrain. When
applied within a clustered design centered on large trees, this subplot size ensures ad-
equate representation of forest structure and aboveground biomass while maintaining
field feasibility.

All woody individuals with a diameter at breast height (DBH) ≥ 10 cm were measured,
a threshold widely adopted in tropical forest inventories focused on forest structure and
aboveground biomass estimation. Tree height was estimated using a hypsometer, except for
the giant trees serving as central references for the clusters, whose heights were obtained
from LiDAR (Light Detection and Ranging) data [10]. Smaller diameter classes were not
included in the analyses because they tend to contribute less to total biomass and are more
commonly used to investigate forest dynamics and regeneration processes, which, although
addressed in complementary studies, were not the primary focus of this work.

Botanical identification was performed with the assistance of experienced local paratax-
onomists, based on dendrological characteristics such as leaves, crown shape, trunk, and
bark. Scientific names and families were validated using the Flora and Funga of Brazil
database (https://reflora.jbrj.gov.br/reflora/, accessed on 6 August 2025). The geographic
coordinates of each tree were recorded using a GPS receiver (Garmin 65 CSx; Garmin Ltd.,
Olathe, KS, USA; manufactured in Taiwan).

2.2.2. Soil Sampling and Analysis

Soil sampling followed EMBRAPA guidelines, which recommend a minimum of
eight subsamples per subplot combined into a representative composite sample [18]. Each
subplot was subdivided into quadrants of 25 m2, from which eight were systematically
selected for soil sampling in the 0–20 cm layer. The simple samples were homogenized
to form a composite sample representative of each subplot [19]. Physical and chemical
analyses were conducted at the EMBRAPA Soil Laboratories of Amapá and Pará, following
the protocols established by [20].

2.2.3. Biomass Calculation

Biomass estimation was performed using regional allometric models implemented in
the BIOMASS package (version 2.2.4-1) [21]. The equation followed the allometric model
developed by Chave et al. [22], which incorporates as independent variables the diameter
at breast height (DBH, in cm), tree height (H, in m), and wood density (WD, in g/cm3),
expressed as:

AGB = 0.0673 × (WD × DBH2 × H)0.976, (1)

where AGB represents the aboveground biomass of each tree (in kg). The total biomass of
each sampling unit was converted to biomass per area (Mg/ha), considering the effective
sampled area in each plot.
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2.2.4. Data Analysis

To assess the relationship between the biomass of trees with DBH ≥ 70 cm, overall
floristic diversity (species richness and Shannon index), and forest structure (individual
density (individuals ha−1)), Spearman’s rank correlation coefficient was applied.

To investigate the association between floristic composition and edaphic attributes
across sites, a Redundancy Analysis (RDA) was performed. This multivariate ordination
technique combines elements of Principal Component Analysis and multiple linear regres-
sion [23], allowing multiple soil attributes to be evaluated simultaneously as explanatory
variables, while assessing their individual contributions to the variation in floristic compo-
sition among plots. The tree species abundance matrix was constructed based on counts of
woody individuals per plot and transformed using the Hellinger method [24].

Continuous edaphic variables were standardized (mean = 0, standard deviation = 1)
to ensure comparability among scales. To reduce multicollinearity among predictors,
a forward selection procedure based on statistical significance (p < 0.05) was applied
using the forward.sel function from the adespatial package (version 0.3-28) [25]. The
RDA was conducted using the rda() function of the vegan package (version 2.7-2) [26].
The significance of canonical axes and individual predictor variables was tested using
permutation tests (999 iterations). The adjusted coefficient of determination (adjusted R2)
was used to quantify the explanatory power of the model.

To evaluate whether the physical and chemical characteristics of the plots’ soils influ-
enced the variation in large-tree biomass, a Generalized Linear Model (GLM) with Gamma
distribution and log link function was initially fitted, which is suitable for continuous
and strictly positive data. From the full model, edaphic variables were selected through a
bidirectional stepwise procedure based on the Akaike Information Criterion (AIC), in order
to reduce collinearity among predictors and avoid model overfitting [27]. The functions
glm() and step() from the stats package (version 4.5.2) [28] were used.

The variables selected through the stepwise procedure were subsequently employed
to fit a Generalized Additive Model (GAM) with Gaussian family, which incorporates
smoothing functions (splines) to model nonlinear relationships between soil attributes
and tree biomass [29]. This approach does not impose a rigid functional form on the
relationships, providing greater flexibility for describing complex ecological patterns [30].
The model was fitted using the gam() function of the mgcv package (version 1.9-4) [29].
The analysis considered only plots with positive biomass values of large trees, excluding
17 plots with zero values to satisfy the assumptions of the Gamma distribution and focus
inference on areas with the actual presence of these trees.

3. Results
A total of 101 large-sized tree individuals (DBH ≥ 70 cm) were recorded in the

sampled areas, representing 52 species distributed across 21 families, with one individual
not identified. These individuals exhibited DBH values ranging from 70.03 to 321.49 cm
and heights between 11 and 79 m. Individual biomass ranged from approximately 0.002
to 0.209 Mg. A summary of the structural attributes of these individuals is presented in
Table A1.

The results indicate that biomass, particularly that of large trees, depends more
strongly on the abundance of these individuals (r = 0.75, p < 0.001) than on overall floristic
diversity (Figure 2). This outcome is expected, as biomass accumulation is directly related
to the number of large-sized individuals present. A strong correlation was also observed
between the biomass of large trees and the total forest biomass (r = 0.99, p < 0.001), demon-
strating that a small number of large trees concentrate a substantial proportion of the total
biomass stock across the evaluated sites.
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Figure 2. Correlations among the Shannon diversity index, total species richness per hectare (R_ha),
total tree density per hectare (N_ha), total aboveground biomass per hectare (AGB_ha_Mg; Mg ha−1),
density of large trees per hectare (NG_ha), and aboveground biomass of large trees per hectare
(AGB_Gha_Mg; Mg ha−1) in giant-tree sites of the Eastern Amazon (Pará and Amapá, Brazil).
Significance levels are indicated as follows: *** p < 0.001.

Biomass hyperdominance was driven by a small number of species. Across all sites,
six species accounted for a disproportionate share of aboveground biomass per hectare
among trees: Swartzia polyphylla (n = 1), Dinizia excelsa (n = 4), Inga auristellae (n = 2),
Terminalia amazonia (n = 3), Inga sp. (n = 4) and Bertholletia excelsa (n = 6) (Table A1).
Although represented by few individuals, these species contributed substantially to total
biomass, highlighting the species-specific nature of biomass hyperdominance. This pattern
is further illustrated by the site-level distribution of aboveground biomass, which shows
the disproportionate contribution of a small number of large individuals to total biomass
(Figure A1).

To further explore the environmental drivers of species composition, the Redundancy
Analysis (RDA) revealed that six edaphic variables, potential acidity (H+ + Al3+), fine sand
content, potassium (K+), aluminum (Al3+), total sand, and soil organic matter (SOM), jointly
explained 21.5% of the variation in tree species composition (Figure 3), with an adjusted
R2 of 12.6%. The canonical axes (RDA1 and RDA2) represent the main edaphic gradients
among plots. RDA1 was associated with lower concentrations of H+ + Al3+ and SOM,
and higher levels of Al3+, K+, total sand, and fine sand. In contrast, RDA2 was related to
higher concentrations of H+ + Al3+ and Al3+, and lower values of SOM, K+, fine sand, and
total sand.
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Figure 3. Redundancy Analysis (RDA) of floristic composition as a function of edaphic variables
in Amazonian sites located in the states of Pará and Amapá, Brazil. The ordination is based on a
Hellinger-transformed tree species abundance matrix. The associated table summarizes the edaphic
variables retained by the forward selection procedure, including the proportion of explained variance,
F-values, and P-values for each attribute. H_Al = potential acidity (H+ + Al3+); Fine Sand = fine sand;
K = potassium (K+); Al = aluminum (Al3+); Total Sand = total sand; and SOM = soil organic matter.

All selected variables were significant in the analysis, according to permutation tests
from the RDA forward selection procedure, indicating the presence of environmental
gradients affecting tree species composition. Among the analyzed sites, Cupixi stood out
for its strong association with the potential acidity gradient (H+ + Al3+), positioned at the
negative extreme of the RDA1 axis. All selected variables showed individual statistical
significance, reinforcing that edaphic factors play a key role in shaping the floristic structure
and composition of the studied area.

The Generalized Additive Model (GAM) indicated significant nonlinear effects of soil
pH, soil organic matter (SOM), phosphorus (P), and aluminum (Al3+) on the biomass of
large trees (DBH ≥ 70 cm), with varying degrees of smoothness and statistical support
(Table A4). The model explained 74.6% of the total variance (adjusted pseudo-R2 = 0.631),
demonstrating a good fit to the data (Figure 4).

Nonlinear GAM responses revealed clear functional ranges for key soil variables
(Table A5). Large-tree biomass increased within a soil pH range of approximately 3.52–6.17,
indicating optimal slightly to moderately acidic conditions. Biomass also showed a positive
marginal response to phosphorus availability between 1.60 and 6.50 mg kg−1, after which
the response tended to stabilize rather than decline. Aluminum exhibited a positive effect
within an intermediate range (0.73–1.42 cmolc kg−1), suggesting a tolerance window
characteristic of species adapted to acidic Amazonian soils, rather than a simple toxicity
threshold. Soil organic matter did not exhibit a well-defined threshold or monotonic
response, indicating a weak or non-linear influence on large-tree biomass.
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Figure 4. Smoothed effects of the edaphic variables pH (p = 0.00107), SOM (p = 0.01410), P
(p = 0.00426), and Al (p = 0.00235) on the biomass of large trees (DBH ≥ 70 cm) in the Eastern
Amazon, according to the Generalized Additive Model (GAM) fitted for the states of Pará and
Amapá, Brazil. (A) displays the nonlinear effects of each soil attribute on biomass (Mg ha−1), while
(B) shows the relationship between observed and predicted values. The red line represents the values
predicted by the GAM, and the gray shaded area indicates the 95% confidence interval. The model
explained 74.6% of the total variance (adjusted pseudo-R2 = 0.631).

4. Discussion
4.1. Edaphic Controls on Large-Tree Biomass

Total biomass was strongly associated with the abundance of large trees, confirming
the pattern of biomass hyperdominance in the Amazon [8]. This phenomenon reflects the
disproportionate contribution of a small number of individuals to total biomass stocks,
indicating that emergent trees play a central structural role in the stability and functioning
of the ecosystem [14,30]. In some sites, a single individual accounted for up to 82% of living
biomass, supporting previous studies that emphasize the importance of large trees as key
carbon reservoirs and regulators of forest dynamics [6].

Potential acidity, fine sand, potassium, aluminum, total sand, and soil organic mat-
ter explained a statistically significant but moderate proportion of variation in floristic
composition (Figure 3). Although the amount of variance explained by the RDA was
relatively low, this outcome is expected in highly diverse tropical forests, where strong
environmental heterogeneity, stochastic demographic processes, and unmeasured biotic
interactions constrain the explanatory power of constrained ordination methods. Within
this context, the detected edaphic gradients represent dominant axes of environmental
filtering rather than exhaustive drivers of community structure.

This pattern reflects the intrinsically low fertility of most Amazonian soils [31], which
limits both diversity and growth, consistent with studies highlighting the direct influence
of edaphic properties on species composition and distribution [11,32,33]. The strong
association of the Cupixi site with potential acidity (H+ + Al3+) suggests that higher soil
acidity may act as a restrictive filter, potentially contributing to the low floristic composition
observed at this site (Figure 3). Such conditions may limit recruitment and coexistence,
particularly for species less tolerant of acidic and aluminum-rich substrates.
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Among the analyzed attributes, soil pH emerged as one of the most relevant predictors.
This trend can be explained by the role of pH in regulating nutrient availability [34,35].
Such a pattern aligns with studies reporting an association between lower soil acidity and
higher aboveground biomass production [36,37], as pH directly influences the availability
of essential nutrients [34,38]. At the Amazonian scale, this suggests that areas within this
acidity range may function as productivity hotspots, where relatively small variations in
soil chemistry induce substantial biomass responses.

Total phosphorus showed a marginal positive effect on the biomass of large trees, after
which the response tended to stabilize rather than increase sharply. This pattern indicates
the presence of a functional response range to phosphorus, rather than a single threshold
value. The result is consistent with previous studies that identified total phosphorus
as a key edaphic factor related to coarse timber production in Amazonian forests [11].
Therefore, the increase in biomass observed within this phosphorus range suggests that the
soil phosphorus reservoir plays an important role in sustaining the growth of large trees
under nutrient-limited conditions.

The study region lies predominantly on dystrophic Oxisols and Ultisols [39,40], typi-
cally oxidic soils characterized by low phosphorus availability, low cation-exchange capac-
ity (CEC), and high aluminum content [31]. These conditions constrain nutrient availability
and explain the strong influence of phosphorus on biomass variation. The phosphorus
range identified in this study therefore represents an optimal availability window, capable
of sustaining the growth of large trees even in highly weathered soils.

Aluminum exhibited a positive marginal effect on biomass within an intermediate
concentration range, indicating physiological tolerance rather than simple toxicity. This
response suggests adaptive mechanisms in Amazonian tree species inhabiting acidic soils.
Previous studies have shown that aluminum-tolerant plants can alter cell wall composition
and activate specific transporters that sequester aluminum into vacuoles, thereby reducing
its toxic effects [41]. Such physiological tolerance may enhance the performance of species
adapted to acidic environments, particularly light-demanding species, for which aluminum
has been shown to correlate positively with growth [42]. Collectively, these findings indicate
that some Amazonian tree species have developed adaptive strategies that allow them to
persist and grow under acidic, aluminum-rich soil conditions.

The relationship with soil organic matter (SOM) remained relatively stable along
the gradient, indicating that, despite its central role in fertility, it did not emerge as a
limiting variable for biomass. SOM functions as a strategic reservoir of nutrients for
both plants and microorganisms [43]. Its maintenance strongly depends on litter input
and decomposition processes, which are regulated by litter quality and environmental
conditions [36]. However, the dynamics of litter production and decomposition in tropical
forest ecosystems are complex and still poorly understood [44]. This stability suggests that
the biomass of large trees responds less to short-term fluctuations in SOM and more to long-
term processes related to nutrient cycling, key mechanisms underpinning the resilience of
Amazonian ecosystems.

It is important to emphasize that these results should be interpreted within the limita-
tions of the study design. The conclusions cannot be extrapolated to the entire Amazon
basin due to the restricted spatial coverage, the cluster-based sampling centered on existing
large trees, and the pronounced environmental heterogeneity that characterizes Amazonian
landscapes. Factors such as microtopography, hydrological regimes, disturbance history,
and landscape connectivity were not explicitly addressed here and may alter edaphic-
biomass relationships in other locations. Consequently, the identified patterns represent
site-specific ecological responses within a recognized large tree tipping point.
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4.2. Limitations and Future Research

This study advances the understanding of edaphic controls on large-tree biomass; how-
ever, it also highlights key methodological and conceptual gaps that represent important
opportunities for future research.

Aboveground biomass was estimated using pantropical allometric equations, which
are widely recommended for comparative tropical studies but may not fully capture local
structural variability, particularly for extremely large trees. Future research integrating
locally calibrated allometric models, repeated height measurements, and high-resolution
terrestrial or airborne LiDAR would substantially reduce uncertainty in biomass estimates
and improve representation of giant trees in carbon assessments.

Wood density values were obtained from global databases, with species- or genus-level
averages applied when species-specific information was unavailable. While this approach
follows current best practices, it reinforces the need for expanded field-based wood density
measurements in Amazonian forests, especially for dominant and hyperdominant species
that disproportionately contribute to biomass.

Plot design represents an additional challenge. The relatively small subplots used here
may not fully capture the spatial extent, competitive interactions, and neighborhood effects
of large trees, whose crowns and rooting systems operate at scales larger than conventional
inventory units. Combining larger permanent plots with spatially explicit approaches
would improve understanding of large-tree dynamics across heterogeneous landscapes.

Importantly, our results underscore a broader methodological gap: there is currently
no standardized protocol specifically designed to study giant trees in Amazonian forests.
Most inventory methods target average stand structure rather than the growth, mortality,
and ecological role of extremely large individuals. Developing dedicated protocols for giant-
tree monitoring is a critical step toward improving biomass estimates and understanding
forest carbon dynamics.

In addition, hydrological processes were not explicitly assessed and may act as strong
ecological filters in Amazonian landscapes. Integrating edaphic and hydrological data,
along with broader site selection that includes areas where giant trees are rare or absent, will
be essential for advancing a more comprehensive understanding of the factors controlling
large-tree occurrence across the Amazon.

5. Conclusions
Beyond general associations, our results identify quantitative edaphic conditions

linked to the biomass of large trees. Large-tree aboveground biomass increased under
acidic to moderately acidic soils, particularly within a soil pH range of 3.52–6.17, at available
phosphorus levels between 1.60 and 6.50 mg kg−1, and within an intermediate aluminum
concentration range of 0.73–1.42 cmolc kg−1. These thresholds indicate that large trees are
not randomly distributed along soil gradients and suggest that edaphic filtering plays an
important role in structuring biomass patterns.

From a management and conservation perspective, these findings provide opera-
tionally relevant criteria for identifying areas with a higher potential to maintain large-
tree populations and elevated biomass stocks. Forests occurring under these edaphic
conditions may represent priority targets for conservation planning, reduced-impact log-
ging, and restoration strategies focused on preserving structural complexity and carbon
storage capacity.

In summary, the biomass of large trees in the Amazon also results from the interaction
between edaphic composition and the functional responses of species along soil gradients.
This relationship highlights the role of soil as a structuring component of ecological hetero-
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geneity and reinforces the need to integrate edaphic parameters into predictive models and
management policies aimed at conserving high-biomass tropical forests.
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Appendix A
The biomass of all trees and the biomass of large trees also showed significant varia-

tions among the evaluated sites, following a similar pattern (Figure A1). When comparing
the two levels within each site, no statistically significant differences were observed be-
tween the mean biomass values of all trees and those of large trees alone in Urucupatá,
Iratapuru, and Cupixi. This finding reinforces the idea that, in these locations, large trees
account for a large proportion of the stored biomass.

The relative importance of large trees in the composition of forest biomass varied
considerably among the evaluated sites. In Urucupatá, 84.3% of the total biomass of all
trees was attributed to large trees, followed by Iratapuru (71.3%), Cupixi (70.0%), and
Ipitinga (52.1%). These results suggest that, in some sites, large trees play a dominant role
in the structure and accumulation of forest biomass.

Table A1. Summary of large-tree species (DBH ≥ 70 cm) recorded in the studied Amazonian sites.
For each species, we present the taxonomic family, number of individuals (N), density (individuals
ha−1), mean diameter at breast height (DBH ± SD), mean height (H ± SD), and aboveground biomass
(AGB ± SD, Mg ha−1).

Species Family N
(Individuals)

Density
(ind. ha−1) DBH (cm) Height (m) AGB

(Mg ha−1)

Andira sp. Fabaceae 1 0.167 79.6 33 0.001
Aspidosperma carapanauba Apocynaceae 1 0.167 79.6 47 0.002

Aspidosperma paraensis Apocynaceae 1 0.167 88.5 34 0.002
Bertholletia excelsa Lecythidaceae 6 1 164.4 ± 65.3 48 ± 11.3 0.009 ± 0.009
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Table A1. Cont.

Species Family N
(Individuals)

Density
(ind. ha−1) DBH (cm) Height (m) AGB

(Mg ha−1)

Bowdichia nitida Fabaceae 3 0.5 85.6 ± 17.4 20.3 ± 15 0.001 ± 0.001
Bowdichia virgilioides Fabaceae 1 0.167 95.5 35 0.002

Brosimum parinarioides Moraceae 2 0.333 94.7 ± 27.7 35.5 ± 3.5 0.002 ± 0.001
Caryocar villosum Caryocaraceae 3 0.5 131.7 ± 54.1 37.7 ± 16.3 0.005 ± 0.005

Cedrelinga cateniformis Meliaceae 2 0.333 101.1 ± 41.6 59.5 ± 7.8 0.003 ± 0.002
Chrysophyllum lucentifolium Sapotaceae 1 0.167 79.6 33 0.001

Corythophora rimosa Lecythidaceae 1 0.167 90.7 18 0.001
Coutarea hexandra Rubiaceae 1 0.167 79.6 47 0.001

Dinizia excelsa Fabaceae 4 0.667 197.8 ± 34.5 59.2 ± 16.4 0.017 ± 0.007
Dipteryx odorata Fabaceae 2 0.333 130.8 ± 27.5 46.5 ± 7.8 0.006 ± 0.001

Enterolobium schomburgkii Fabaceae 3 0.5 88.1 ± 18.1 37.7 ± 16.2 0.002 ± 0.000
Eschweilera apiculata Lecythidaceae 2 0.333 85.9 ± 9.0 48.5 ± 2.1 0.002 ± 0.001

Ficus sp. Moraceae 1 0.167 111.4 52 0.002
Geissospermum sericeum Apocynaceae 1 0.167 71.6 45 0.002

Goupia glabra Goupiaceae 6 1 90.2 ± 13.3 39.5 ± 9 0.002 ± 0.001
Guarea carinata Meliaceae 1 0.167 75.4 46 0.001
Inga auristellae Fabaceae 2 0.333 189.9 ± 160.5 43.5 ± 13.4 0.012 ± 0.015

Inga sp. Fabaceae 4 0.667 176.6 ± 99.6 42.8 ± 9.1 0.009 ± 0.009
Inga striata Fabaceae 1 0.167 73.2 48 0.001

Laetia procera Salicaceae 1 0.167 109.8 62 0.004
Lecythis lurida Lecythidaceae 1 0.167 79.6 47 0.002

Manilkara paraensis Sapotaceae 2 0.333 84.4 ± 15.8 48 ± 2.8 0.003 ± 0.001
Maquira sclerophylla Moraceae 1 0.167 144.8 41 0.004

Minquartia guianensis Coulaceae 1 0.167 95.5 60 0.004
Myrciaria floribunda Myrtaceae 5 0.833 141.2 ± 21.2 40.6 ± 2.3 0.005 ± 0.002

N.I N.I 2 0.333 75.3 ± 6.1 39.5 ± 10.6 0.001 ± 0.001
Nadenanthera peregrina Fabaceae 1 0.167 124.1 54 0.004

Naucleopsis sp. Moraceae 1 0.167 157.6 42 0.006
Ocotea sp. Lauraceae 1 0.167 89.1 59 0.002

Parkia multijuga Fabaceae 1 0.167 102.5 36 0.001
Pouteria sp. Sapotaceae 2 0.333 175.1 ± 78.8 35 ± 18.4 0.008 ± 0.009

Pouteria vernicosa Sapotaceae 1 0.167 79.7 47 0.002
Protium altsonii Burseraceae 4 0.667 101.7 ± 24.1 39.5 ± 5.6 0.002 ± 0.001

Protium decandrum Burseraceae 2 0.333 140.5 ± 78.1 37.5 ± 10.6 0.004 ± 0.004
Protium sp. Burseraceae 1 0.167 141.6 41 0.004

Pseudopiptadenia suaveolens Fabaceae 4 0.667 87.3 ± 9.4 50 ± 11.9 0.002 ± 0.001
Qualea paraensis Vochysiaceae 2 0.333 105.2 ± 18.2 44 ± 8.5 0.003 ± 0.000
Simarouba amara Simaroubaceae 2 0.333 95.5 ± 22.5 49.5 ± 3.5 0.002 ± 0.001

Swartzia polyphylla Fabaceae 1 0.167 321.5 63 0.035
Tachigali myrmecophila Fabaceae 3 0.5 114.8 ± 42.6 37.7 ± 4.6 0.002 ± 0.002

Terminalia amazonia Combretaceae 3 0.5 155.1 ± 110.0 53.3 ± 8.7 0.009 ± 0.011
Tetragastris panamensis Burseraceae 1 0.167 70.0 11 0.000
Theobroma subincanum Malvaceae 2 0.333 149.6 ± 56.3 41 ± 5.7 0.004 ± 0.003

Toulicia acutifolia Sapindaceae 1 0.167 73.2 32 0.001
Trattinnickia rhoifolia Burseraceae 1 0.167 80.1 33 0.001

Virola sp. Myristicaceae 2 0.333 128.1 ± 21.4 47 ± 12.7 0.003 ± 0.002
Virola surinamensis Myristicaceae 1 0.167 144.8 41 0.003
Vochysia guianensis Vochysiaceae 1 0.167 86.9 49 0.002
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Figure A1. The biomass of all trees and that of large trees also showed significant variation among the
evaluated sites, following a similar pattern. As shown in (A), the boxplots illustrate the distribution
of biomass for all trees and for large trees at each site, with mean biomass values and their associated
variability (standard deviation) indicated. Lowercase letters (a, b) are used to distinguish sites
according to statistical differences. Asterisks indicate levels of statistical significance (* p < 0.05;
** p < 0.01), and ns indicates non-significant differences (p ≥ 0.05). When comparing both biomass
components within each site, no statistically significant differences were observed between the mean
biomass of all trees and that of large trees in Urucupatá, Iratapuru, and Cupixi. (B) shows the
proportion of total aboveground biomass represented by large trees, expressed as a percentage of the
biomass of all trees. This finding reinforces the idea that, in these locations, large trees are responsible
for a substantial share of the stored biomass.

Table A2. Mean (±SD) of soil chemical and physical properties across five study sites. Differences
among sites were assessed using one-way ANOVA or Kruskal–Wallis X2 tests, with Tukey’s or
Wilcoxon post hoc comparisons. Different letters indicate significant differences at 95%.

Variable AG Cupixi Ipitinga Iratapuru Urucupatá Statistic p-Value

pH 4.37 ± 0.21 a 4.05 ± 0.08 b 4.36 ± 0.47 ab 4.33 ± 0.21 a 4.75 ± 1.00 a χ2 = 18.559 <0.001
SOM 30.11 ± 8.19 a 28.92 ± 3.58 a 26.69 ± 4.30 a 16.51 ± 2.53 b 27.50 ± 4.95 a F = 13.716 <0.001

P 2.50 ± 1.15 a 3.17 ± 4.09 ab 1.37 ± 0.59 bc 2.08 ± 0.90 ab 1.00 ± 0.23 c χ2 = 18.980 <0.001
K 0.04 ± 0.01 a 0.02 ± 0.00 b 29.06 ± 9.09 c 0.02 ± 0.01 b 17.40 ± 5.91 d χ2 = 50.764 <0.001

Ca_Mg 0.43 ± 0.15 a 0.08 ± 0.08 b 0.52 ± 0.53 ac 0.18 ± 0.07 cd 0.17 ± 0.15 bd χ2 = 27.973 <0.001
Al 1.30 ± 0.25 ab 1.30 ± 0.19 ab 1.05 ± 0.57 b 1.33 ± 0.31 ab 1.60 ± 0.32 a F = 3.790 0.009

H_Al 6.72 ± 1.44 a 7.62 ± 1.04 a 4.03 ± 0.68 b 3.93 ± 1.29 b 4.61 ± 0.61 b F = 30.041 <0.001
CTC_pH7 7.17 ± 1.47 a 7.71 ± 1.02 a 10.97 ± 12.31 ab 4.12 ± 1.27 b 9.68 ± 8.95 ab χ2 = 23.145 <0.001

BS 6.58 ± 2.35 ab 1.08 ± 1.16 c 28.15 ± 31.33 a 5.00 ± 2.63 b 24.34 ± 35.02 ab χ2 = 28.831 <0.001
AS 74.08 ± 7.70 a 94.42 ± 5.20 b 52.04 ± 38.52 a 87.58 ± 5.37 c 65.50 ± 39.43 ac χ2 = 25.839 <0.001

Clay 309.99 ± 51.33 a 460.00 ± 40.47 b 309.17 ± 140.55 a 300.08 ± 93.05 a 480.75 ± 98.37 b χ2 = 29.459 <0.001
Coarse_Sand 337.33 ± 49.76 a 290.83 ± 30.92 a 298.58 ± 117.44 a 313.75 ± 73.10 a 255.83 ± 131.54 a F = 1.361 0.259
Fine_Sand 124.83 ± 16.27 a 51.83 ± 15.40 b 240.08 ± 122.92 c 105.50 ± 15.80 d 174.50 ± 124.29 acd χ2 = 33.879 <0.001
Total_Sand 462.17 ± 59.42 ab 342.67 ± 25.18 c 538.67 ± 102.64 a 419.25 ± 80.61 bc 430.33 ± 102.44 bc F = 9.568 <0.001

Silt 227.84 ± 40.42 a 197.33 ± 33.62 a 152.17 ± 92.00 b 280.67 ± 51.09 c 88.92 ± 32.60 b χ2 = 38.387 <0.001
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Table A3. Abbreviations, full names, and measurement units of soil chemical and physical properties
analyzed in the study. Chemical properties include pH, organic matter, available phosphorus,
exchangeable cations, cation exchange capacity at pH, base saturation, and aluminum saturation.
Physical properties correspond to soil texture fractions.

Abbreviation Full Name Unit

pH Soil pH (H2O) –
SOM Soil organic matter g kg−1

P Available phosphorus mg kg−1

K Exchangeable potassium cmolc kg−1

Ca_Mg Calcium + magnesium cmolc kg−1

Al Exchangeable aluminum cmolc kg−1

H_Al Potential acidity cmolc kg−1

CTC_pH 7 Cation exchange capacity (pH 7) cmolc kg−1

BS Base saturation %
AS Aluminum saturation %

Clay Clay content %
Silt Silt content %

Coarse_Sand Coarse sand %
Fine_Sand Fine sand %
Total_Sand Total sand %

Table A4. Generalized Additive Model (GAM) results for the effects of edaphic variables on the
biomass of large trees (DBH ≥ 70 cm). edf = effective degrees of freedom; F_value = approximate
F-statistic; p_value = significance level; Deviance_explained (%) = proportion of deviance explained
by the model.

Variable edf F_Value p_Value Deviance_Explained (%)

pH 5.02 5.33 0.001

74.6
SOM 1.00 6.82 0.014

P 2.66 5.43 0.004
Al 4.43 4.75 0.002

Table A5. Quantified thresholds and response patterns of edaphic variables influencing large-tree
biomass derived from GAM analysis. Thresholds were identified using first-derivative analysis
of the GAM smooths. Positive-response intervals correspond to ranges where the derivative was
significantly greater than zero, indicating increasing large-tree biomass.

Edaphic Variable Functional Threshold Unit

pH 3.52–6.17 –
P 1.60–6.50 mg kg−1

Al 0.73–1.42 cmolc kg−1

SOM No defined threshold g kg−1
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