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ABSTRACT: Soil properties and classes can influence the occurrence of plants and the 
production of Brazil nut fruits and may have a different distribution between sites. This study 
aimed to evaluate the relationship of plants’ occurrence, production of Brazil nut fruits, and 
spatial variability of the properties in different soil classes in two Brazil nut stand in the state 
of Acre, Brazil. The study was conducted in two plots in two native Brazil nut stand, Cachoeira 
(CP01 and CP02 - plots 1 and 2) and Filipinas (FP01 and FP02 - plots 1 and 2). The soil profiles 
were described morphologically. Sixty soil samples were collected in each plot. The chemical 
properties, granulometry, soil density, particle density, and estimated total porosity were 
determined. The average fruit production was calculated by counting the fruits in a sample 
of Brazil nut trees. Subsequently, the trees were divided into three classes of production: 
low (≤1.5 can; the can unit has 18-L, which is able to hold 59 and 77 fruits, respectively, 
for Cachoeira and Filipinas), medium (1.6 to 3.9 cans), and high (≥4.0 cans). The can unit is 
the traditional measure of volume in the region and varies according to the locality. Cluster 
analysis was performed to determine whether there was a difference between Brazil nut 
stands and soil profiles, and geostatistics was used to evaluate the spatial dependence of 
soil properties. The highest occurrence of Brazil nut trees with high fruit production (≥4.0 
cans) was found in the Latossolo Vermelho Distrófico argissólico (Oxisol) and Argissolo 
Vermelho-Amarelo Distrófico típico (Ultisol). However, the Argisol also hosted the plants 
with the lowest productions (≤1.5 can). The pH, total organic carbon, sum of bases, P, N, 
granulometry, and porosity showed a greater spatial variability, and FP02 showed a greater 
number of properties with high spatial variability compared to the other areas. Although 
the occurrence of plants and the production of Brazil nut fruits (Bertholletia excelsa) were 
associated with the classes and the physical and chemical properties of the soil, pyxidium 
production differed between areas. In general, soil physical properties were limiting factors 
for Brazil nut production and/or higher tree occurrence. Filipinas environment showed a low 
fruit production and a greater spatial variability of soil properties compared to Cachoeira.
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INTRODUCTION
The extraction of non-timber forest products (NTFP) is a fundamental means of subsistence 
for traditional populations of the Amazon (Silva et al., 2016). In addition, these products 
contribute to forest conservation, provide medicines, shelter, and food, and have great 
relevance to the local economy and culture (Homma, 2014). Non-timber forest products 
are resources obtained in native forests, planted forests, or agroforestry systems. They 
may be from plant or animal, including fruits, seeds, barks, fibers, essential oils, and 
latex, among others (Elias and Santos, 2016).

Brazil nut (Bertholletia excelsa Bonpl.), endemic to the Amazon (Muller, 1981), is one of the 
main NTFP of the Amazon, with strong socio-economic potential. The extractivism of this 
species generates income for traditional populations and family farmers and establishes 
the commercialization of seeds between nearby cities and abroad (Ortiz, 2002). It is a 
species protected by law (MMA et al., 2017), and it is classified as vulnerable in the IUCN 
Red List of Threatened Species (Americas Regional Workshop, 1998).

Brazil nut, the edible part within the nutshells of Brazil nut trees, is the product that 
gives all this prominence to the species. In 2019, the north and central-western regions 
of Brazil accounted for 93.2 and 6.8 %, respectively, of the national production of Brazil 
nuts, with a production of 37.0 % in the state of Amazonas, 22.2 % in Acre, 21.2 % in 
Pará, 6.8 % in Mato Grosso, 5.9 % in Roraima, 5.7 % in Rondônia, and 1.2 % in Amapá 
(IBGE, 2020).

The species B. excelsa has good development in deep soils, with clayey or sandy clayey 
texture, in areas of dryland and high land, not tolerating areas subject to flooding or with 
a large accumulation of water (Neves, 1938). In natural forests, Brazil nut seeds can 
germinate in the understory, but the seedlings need clearing for further development 
(Myers et al., 2000). The fruit of the Brazil nut tree, commonly called “ouriço” (Portuguese 
for hedgehog), contains between 7 and 29 seeds (Peres and Baider, 1997). Brazil nut 
has high nutritional value, being rich in phosphorus, calcium, magnesium, potassium 
(Costa et al., 2009), and selenium (Vilhena, 2004).

Recent studies, such as those conducted by Costa et al. (2017), Guerreiro et al. (2017), 
and Ivanov et al. (2018), have sought to understand and relate the edaphoclimatic factors 
with fruit production in native stands of B. excelsa. Explaining the variation in Brazil nut 
fruit production, Kainer et al. (2007) highlighted that soil and nutrient availability influence 
fruit production variation. The authors verified that the cation exchange capacity (CEC) 
of the soil was positively correlated with the increase in fruit production of B. excelsa. 
The variation in the production of Brazil nut fruits is also due to other soil properties. 
Staudhammer et al. (2021), comparing two populations of B. excelsa in the Western 
Amazon for understanding the variation in fruit production, found that trees in sites with 
higher levels of available P and K + produced three times more fruit.

A method that can be used to study the spatial variability of soil properties is geostatistics. 
Using geostatistics to analyze the spatial distribution of soil properties in a native stand 
of Brazil nut in the Tapajós National Forest, Guerreiro et al. (2017) verified that silt and 
clay contents, macroporosity, pH values, and phosphorus, zinc, and copper contents 
showed a spatial relationship with B. excelsa. The authors observed a high density of 
Brazil nut trees in areas with high values of silt and clay and low values of macroporosity, 
pH, phosphorus, zinc, and copper.

Two tools are often used in geostatistics: semivariogram and kriging. The semivariogram 
is used to represent and model the spatial distribution of the variable, relating distances 
and semivariance through a graph (Seidel and Oliveira, 2014), while kriging estimates 
the variable in unsampled locations, making it possible to verify the spatial continuity 
of the property through variability maps (Silva et al., 2020). 
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Studies show that geostatistics can be used to optimize the management of species 
of economic interest. Pelissari et al. (2017), when estimating the spatial variability of 
the volume of wood assortments and identifying spatial patterns in stands of Tectona 
grandis in the state of Mato Grosso, found that geostatistical modeling helped to manage 
the species, such as in thinning and pruning. Oliveira et al. (2009), when analyzing the 
spatial variability of the macronutrient contents in the soil and plants and the potential 
of citrus productivity in the Eastern Amazon, found high variability in fruit production 
and size. The authors concluded that geostatistics contributed to managing the different 
sites, increasing crop productivity, and decreasing costs.

Production of B. excelsa fruits can vary between Brazil nut stands and over the years, 
interfering with the economy of traditional populations in the Amazon region who use 
Brazil nut as a means of subsistence (Staudhammer et al., 2021). Therefore, investigating 
the spatial variability of soil properties and soil classes that occur in Brazil nut stands 
help to understand how these variables are distributed, allowing us to associate them 
with the occurrence of plants and production of B. excelsa fruits. The objectives of  this 
study were to evaluate the relationship between the occurrence of plants and fruit 
production of Brazil nut and different soil classes and the spatialization of soil physical 
and chemical properties in two native stands of Brazil nut (Cachoeira and Filipinas) 
located in the state of Acre, Brazil.

MATERIALS AND METHODS

Study areas

The study was carried out in two native stands of Brazil nut located in the state of Acre, 
Brazil, where a series of studies were carried out by the Kamukaia Network (Wadt et al., 
2008). One is called Cachoeira, located in the Chico Mendes Agro-extractivist Settlement 
Project (Projeto de Assentamento Agroextrativista - PAE), in Xapuri, and the other is 
called Filipinas, located in Colocação Rio de Janeiro, Chico Mendes RESEX, municipality of 
Epitaciolândia, between the geographic coordinates 10° 41’ 05.6” S latitude and 68° 40’ 
10.7” W longitude and between 10° 47’ 38.2” S latitude and 68° 39’ 57.7” W longitude, 
respectively. These are areas where traditional populations extract forest resources and 
practice subsistence agriculture and small-scale livestock farming (Bertwell et al., 2018).

The community where Cachoeira is located has higher anthropization levels than Filipinas 
due to better road access, development projects, and sustainable forest management since 
2001 (Stone, 2003; Serrano, 2005). The areas have similar forest composition and cover 
(90 and 92 %, respectively) (Coopeagro, 2001; SEMA, 2010), but there is a greater presence 
of lianas in Filipinas (Neves et al., 2016; Bertwell et al., 2018). The climate of the region is 
“Aw” type according to Köppen’s classification system, with an average annual temperature 
of 25 °C, decreasing to 8 °C in the dry season from June to August (Alvares et al., 2013) and 
average annual precipitation of 1830 mm. The predominant vegetation is humid tropical 
forest (Holdridge, 1978). The region has an altitude ranging between 160 and 350 m, with 
relief ranging from gently undulating to undulating (ZEE, 2000). The soils occur on the 
geological formation Solimões, being influenced by volcanic material, deposited during their 
genesis by Andean winds. The soil classification used in the present study was adapted 
from the studies conducted by Bardales et al. (2011) and Ferreira et al. (2017). The soils 
have been described as Argissolo Vermelho-Amarelo, Latossolo Vermelho, and Argissolo 
Vermelho, according to the Brazilian Soil Classification System — SiBCS (Santos et al., 2018), 
corresponding to Ultisol and Oxisol in the Soil Survey Staff (2014).

Soil chemical and physical properties

To evaluate the spatial variability of soil properties, samples were collected in plots with 
dimensions of 600 × 600 m (36 ha), systematically in the intersection of the 100 × 60 m 
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grid. In each Brazil nut stand, samples were collected in two plots, totaling 72 ha of 
sampled area per stand. The plots were named CP01 and CP02 - plots 1 and 2 of Cachoeira, 
and FP01 and FP02 - plots 1 and 2 of Filipinas. A total of 120 samples were collected in 
each plot, 60 disturbed samples at a layer of 0.00-0.20 m for the analysis of chemical 
properties and particle size and 60 undisturbed samples at a layer of 0.07-0.13 m for the 
analysis of bulk density, particle density, and total porosity estimation. At each sampling 
site, the geographic coordinates were recorded with a navigation GPS, in UTM, zone 19S, 
and Datum SIRGAS 2000.

Soil profiles, in a total of three and six in Cachoeira and Filipinas, respectively, were 
morphologically described according to Santos et al. (2015) (Bardales et al., 2011; 
Ferreira et al., 2017). In the samples collected at the 0.00-0.20 m layer, the following 
properties were analyzed and calculated: pH(H2O), total organic carbon (TOC), available 
phosphorus (P), total nitrogen (N), sum of bases - SB (Ca2+ + Mg2+ + K+ + Na+), aluminum 
saturation index (m %), and particle size analysis for the determination of sand, silt, and 
clay contents. Samples collected at 0.07-0.13 m layer were analyzed for bulk density 
(BD) and particle density (PD), the latter by the volumetric cylinder method, and used 
for estimation of total porosity. 

The pH was measured in a 1:2.5 (w/v) mixture of soil and water. Exchangeable Al, Ca2+, and 
Mg2+ were extracted with KCl 1 mol L-1. The Al3+ was determined by titration with sodium 
hydroxide 0.025 mol L-1, and Ca2+ and Mg2+ by titration with ethylenediaminetetraacetic 
acid (EDTA) 0.125 mol L-1. Phosphorous, K+, and Na+ were extracted with Mehlich-1. 
Phosphorous was determined by colorimetry, and K+ and Na+ by flame photometry. Sum 
of bases was obtained by the sum of Ca2+ + Mg2+ + K+ + Na+ contens. The m % was 
obtained by the relationship between Al3+ and the effective cation exchange capacity 
of the soil. The TOC was quantified by oxidation using potassium dichromate in sulfuric 
acid. The determination of N was obtained through sulfuric digestion followed by Kjeldahl 
distillation. The pipette method was used for the granulometric characterization of the 
samples. Clay, silt, coarse sand, fine sand, and total sand fractions were separated. Soil 
density was determined by the volumetric ring method based on the mass/volume ratio, 
and the particle density was determined by the volumetric flask method. The total porosity 
was calculated based on the relationship between the properties of particle density and 
soil density. These analyses followed the methods described by Teixeira et al. (2017).

Fruit production

Average fruit production was calculated by monitoring the count of fruits in a sample of 
Brazil nut trees with a diameter at breast height (DBH) greater than or equal to 0.50 m 
in both stands. In Cachoeira, the fruits of 51 reproductive trees were quantified (22 and 
29 individuals in plots 1 and 2, respectively) and, in Filipinas, the fruits of 34 reproductive 
trees were quantified (18 and 16 individuals in plots 1 and 2, respectively), between the 
years 2010 and 2020, in January and February after the fall of the fruits. After the fruits 
were counted, the trees were divided into three production classes: low (≤1.5 can), 
medium (1.6 to 3.9 cans), and high (≥4.0 cans). The can unit is the traditional measure 
of volume in the region and varies according to the locality; the can used in our study 
has 18-L, which is able to hold 59 and 77 fruits, respectively, for Cachoeira and Filipinas 
(unpublished data).

Statistical and geostatistical analysis

Fruit production measured in cans and soil chemical and physical properties were 
subjected to descriptive analysis to verify data dispersion. The mean, median, minimum, 
maximum, standard deviation, and coefficient of variation (CV %) were obtained. Values 
of CV <12 %, 12< CV <60 %, and CV >60 % were considered as low, medium, and high 
data variability, respectively (Warrick and Nielsen, 1980). To verify whether there was a 
difference between the Brazil nut stands and between the soil profiles, cluster analysis 
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was performed using the Euclidean distance and the complete method. The variables 
used were the number of individuals and production classes (low, medium, and high). 
To verify whether there was difference between the stands, the plots of each stand were 
analyzed, while for the differences between the profiles, the analysis was performed 
for each soil profile. Descriptive statistics and cluster analysis were performed using 
R 4.0.2 software (R Development Core Team, 2020).

Geostatistics was applied to verify the existence and quantify the degree of spatial 
dependence and spatialize the soil properties in each plot. First, to analyze the structure 
of spatial dependence, the semivariogram was obtained for each variable. Based on 
the models presented by Silva et al. (2018), three theoretical models were fitted and 
tested: spherical, exponential, and Gaussian. After confirming the structure of spatial 
dependence and fitting the model for each variable, ordinary kriging was used to estimate 
the variables in non-sampled sites, enabling the construction of the maps (Vieira, 2000; 
Silva et al., 2020). The semivariogram and ordinary kriging were performed using ArcGIS 
10.5 software.

Cross-validation indexes, coefficient of determination (R²), and degree of spatial 
dependence (DSD %) were used to evaluate and compare the theoretical models. 
In cross-validation, the following indices were used: root-mean-square error (RMSE), mean 
error (ME), root-mean-square standardized error (RMSSE), and average standard error 
(ASE). For this, RMSE and ASE values should be as close to one another and as low as 
possible, ME should be near 0, RMSSE should be near 1 (Mello and Oliveira, 2016), and R² 
should be the closest to 1. The DSD was calculated by the ratio [C0/(C0+C) × 100], with 
spatial dependence classified as follows: strong (DSD ≤25 %), moderate (25< DSD ≤75 %) 
and weak (DSD >75 %). If DSD is equal to 100 %, it suggests a semivariogram with 
pure nugget effect (PNE), that is, the variable is spatially independent, or sampling 
problems may have occurred (Cambardella et al., 1994). 

RESULTS

Fruit production

The plots of Cachoeira had higher means of fruit production, while Filipinas had lower 
mean values (Table 1). In plots CP01 and CP02, there was a higher number of trees, with 
medium (6 and 13 trees, respectively) and high (7 trees in each plot) fruit production. 
On the other hand, Filipinas had a higher number of individuals with low fruit production 
(17 and 12 trees in plots FP01 and FP02, respectively), fewer individuals, and no tree 
with high fruit production.

A high standard deviation (s) was observed in both Brazil nut stands, indicating 
heterogeneity in the production. The difference in the means of fruit production between 
the Brazil nut stands was confirmed by cluster analysis, in which the plots of each Brazil 
nut stand were located in different clusters (Figure 1).

Table 1. Descriptive statistics of total fruit production measured in cans in the Brazil nut stands 
Cachoeira - Plots CP01 and CP02 and Filipinas - Plots FP01 and FP02

Plot Mean Median Minimum Maximum s
can

CP01 2.66 2.20 0.00 6.30 2.10
CP02 2.76 2.60 0.10 6.70 2.00
FP01 0.73 0.35 0.00 3.50 0.80
FP02 0.97 0.65 0.00 3.90 1.10

s: standard deviation; 1 can: 18 L, which is able to hold 59 and 77 fruits for Cachoeira and Filipinas, respectively.
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Soil classification

The soil classes Latossolo Vermelho Distrófico argissólico (LVdar) (Oxisol) and Argissolo 
Vermelho-Amarelo Distrófico típico (PVAdti) (Ultisol) had higher occurrence of Brazil 
nut trees with high fruit production (≥4.0 cans), while in the areas of Argissolo 
Vermelho-Amarelo Distrófico latossólico (PVAdla) (Ultisol), Argissolo Vermelho-Amarelo 
Distrófico petroplíntico (PVAdpe) (Ultisol), and Argissolo Vermelho Distrófico abrúptico 
(PVdab) (Ultisol), all present in Filipinas, there were only Brazil nut trees with low 
and medium fruit production. In the area of Argissolo Vermelho-Amarelo Distrófico 
plintossólico (PVAdpl) (Ultisol), there was few individuals and only one Brazil nut tree 
with high fruit production (Figure 2).

In the area of Argissolo Vermelho-Amarelo Distrófico típico, a higher number of Brazil nut 
trees with low (20 individuals) and high (7 individuals) fruit production was observed. 
In the area of Latossolo Vermelho Distrófico argissólico, there was a higher number of 
Brazil nut trees with medium fruit production (15 individuals) compared to the other 
areas. The areas of Argissolo Vermelho Distrófico latossólico, Argissolo Vermelho-Amarelo 
Distrófico petroplíntico and Argissolo Vermelho Distrófico abrúptico were the only ones 
which had Brazil nut trees with high fruit production, and these classes were present 
only in Filipinas. Therefore, the profiles corresponding to these areas were included 
in the same cluster (Figure 3). The areas of Argissolo Vermelho-Amarelo Distrófico 
plintossólico, and Latossolo Vermelho Distrófico argissólico were classified in the same 
cluster and the area of Argissolo Vermelho-Amarelo Distrófico típico was classified 
alone (Figure 3).

Soil chemical and physical properties

For the physical and chemical properties of the soil, there were similar values of mean 
and median. In general, low (CV >12 %) and moderate (12< CV <60 %) data variability 
was observed, and only SB had high variability (CV >60 %) in the plots CP01 and FP02 
(Table 2). The values of pH, BD, PD, and porosity showed low variability in all plots, while 
moderate variability was detected for particle size and soil chemical properties.

In general, for the physical and chemical properties of the soil, moderate spatial 
dependence was verified, and the models with the best fit were spherical and 
exponential, followed by Gaussian (Table 3). It was not possible to fit any model 
for SB in the plot FP01, so it was not possible to construct the map with its spatial 

Figure 1. Dendrogram with the clustering of the plots of the Brazil nut stands Cachoeira and 
Filipinas related to fruit production and number of individuals. CP01 and CP02: Cachoeira; FP01 
and FP02: Filipinas.

0.1

0.2

0.3

0.4

0.5

Di
st

an
ce

FP
01

CP
01

FP
02

CP
02



Silva et al. Soil classes and properties explain the occurrence and fruit production of...

7Rev Bras Cienc Solo 2021;45:e0200188

0.0

0.4

0.8

Di
st

an
ce

PV
Ad

pl

LV
da

r

PV
Ad

la

PV
Ad

ti

PV
da

b

PV
Ad

pe

Figure 3. Dendrogram with the clustering of soil classes (profiles), in relation to fruit production 
and number of individuals. PVAdpl: Argissolo Vermelho-Amarelo Distrófico plintossólico; LVdar: 
Latossolo Vermelho Distrófico argissólico; PVAdti: Argissolo Vermelho-Amarelo Distrófico típico; 
PVdab: Argissolo Vermelho Distrófico abrúptico; PVAdla: Argissolo Vermelho-Amarelo Distrófico 
latossólico; PVAdpe: Argissolo Vermelho-Amarelo Distrófico petroplíntico.

Figure 2. Map with soil profiles and average fruit production of Brazil nut trees in Cachoeira - Plots 1 and 2 (CP01 and CP02) and 
Filipinas - Plots 1 and 2 (FP01 and FP02). Circles on the maps correspond to the fruit production classes between the years 2010 
and 2020, while points represent the locations where soil samples were collected. Source: Adapted from Bardales et al. (2011) and 
Ferreira et al. (2017).
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Table 2. Descriptive statistics of soil physical and chemical properties in four plots of 36 ha each, 
in two native stands of Brazil nut in the state of Acre, Brazil

Variables Mean Median Minimum Maximum s CV
%

CP01
pH(H2O) 4.49 4.48 4.02 5.69 0.29 6.40
TOC (g kg-1) 6.26 5.86 2.35 13.89 2.63 42.01
P (mg dm-3) 5.24 5.13 2.80 8.57 1.13 21.65
N (g kg-1) 0.84 0.81 0.55 1.66 0.20 24.01
SB (cmolc dm-3) 0.58 0.53 0.25 3.07 0.38 66.01
m (%) 74.53 78.61 0.00 91.45 15.96 21.41
Total sand (g kg-1) 468.00 461.50 247.00 759.00 111.90 23.91
Silt (g kg-1) 403.70 406.00 188.00 577.00 103.46 25.63
Total clay (g kg-1) 128.40 123.00 46.00 228.00 32.57 25.37
BD (Mg m-3) 1.38 1.39 1.22 1.67 0.09 6.34
PD (Mg m-3) 2.52 2.52 2.42 2.68 0.05 2.04
Porosity (%) 45.12 44.85 32.49 53.61 3.92 8.69

CP02
pH(H2O) 4.32 4.33 3.98 4.79 0.20 4.61
TOC (g kg-1) 8.36 8.32 3.07 17.18 2.95 35.35
P (mg dm-3) 5.08 4.97 2.74 7.62 1.13 22.18
N (g kg-1) 1.07 1.00 0.65 1.61 0.22 20.92
SB (cmolc dm-3) 0.71 0.60 0.24 1.79 2.95 52.76
m (%) 75.13 79.90 29.70 93.70 13.93 18.54
Total sand (g kg-1) 459.90 458.00 242.00 724.00 100.30 21.81
Silt (g kg-1) 320.60 352.50 5.00 545.00 134.53 41.96
Total clay (g kg-1) 219.60 218.00 84.00 356.00 76.48 34.83
BD (Mg m-3) 1.30 1.30 1.08 1.67 0.12 9.10
PD (Mg m-3) 2.65 2.67 2.47 2.78 0.08 3.02
Porosity (%) 50.59 51.00 38.48 59.86 4.65 9.20

FP01
pH(H2O) 4.06 3.99 3.73 5.00 0.24 6.04
TOC (g kg-1) 8.58 8.77 1.50 19.73 3.59 41.87
P (mg dm-3) 3.94 3.70 2.81 7.33 0.79 20.04
N (g kg-1) 0.86 0.86 0.58 1.40 0.15 17.48
SB (cmolc dm-3) 0.33 0.28 0.16 1.34 0.16 50.50
m (%) 87.15 89.38 49.73 94.23 7.56 8.67
Total sand (g kg-1) 542.60 544.00 205.00 675.00 89.74 16.54
Silt (g kg-1) 320.90 317.50 214.00 568.00 69.60 21.69
Total clay (g kg-1) 136.70 130.00 87.00 238.00 32.10 23.49
BD (Mg m-3) 1.28 1.27 0.99 1.53 0.10 7.86
PD (Mg m-3) 2.62 2.62 2.52 2.75 0.04 1.65
Porosity (%) 51.29 51.27 41.80 61.89 3.75 7.31

FP02
pH(H2O) 4.28 4.21 3.86 6.49 0.39 9.10
TOC (g kg-1) 6.97 6.77 3.55 12.41 2.10 30.11
P (mg dm-3) 3.72 3.25 2.19 7.13 1.19 31.95
N (g kg-1) 0.70 0.69 0.36 1.04 0.16 23.07

Continue
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distribution due to the pure nugget effect (PNE) observed. The range varied from 
120.48 (TOC, SB, and porosity) to 736.20 (N and total clay) m in CP01, 120.48 (P) to 
736.18 (TOC, SB, silt, and PD) m in CP02, 137.87 (total clay) to 737.20 (P, SB, total 
sand, silt, and PD) m in FP01, and 114.87 (pH, TOC, and N) to 737.22 (BD, PD, and 
porosity) m in FP02.

Regarding the spatial distribution of soil properties in the plots of Cachoeira, the occurrence 
of Brazil nut trees was higher in areas with lower pH (Figures 4a and 5a). In plot CP01, 
the Brazil nut trees occurred in the different TOC contents (Figure 4b), and, in plot CP02, 
in general, the individuals with higher fruit production were observed in the regions 
with higher TOC contents (Figure 5b). There was no pattern of distribution of P and N 
contents in the plot CP01 (Figures 4c and 4d); however, in the plot CP02, there was a 
higher number of trees where P and N contents were higher, in addition to high fruit 
production in areas with higher N contents (Figures 5c and 5d). In the regions with lower 
contents of SB, there was a predominance of Brazil nut trees with high fruit production 
in CP01 and low fruit production in CP02 (Figures 4e and 5e).

Brazil nut trees with high fruit production occurred in areas with higher values of aluminum 
saturation (m%) in the two plots of Cachoeira (Figures 4f and 5f). In general, in regions 
with high contents of sand, silt, or clay, few individuals were observed in plots CP01 and 
CP02 (Figures 4g, 4h, 4i, 5g, 5h, and 5i). Trees with low and medium fruit production 
were verified in areas with high values of bulk density and particle density (Figures 4j, 
4k, 5j, and 5k). In Cachoeira, Brazil nut trees were distributed in soils with all levels of 
porosity (Figures 4l and 5l).

Based on the maps of figures 4 and 5, it was found that the relief of the plot CP01 was 
flatter, with little topographic variation, with no pattern in the distribution of Brazil nut 
trees. However, in the plot CP02, there was greater variation in altitude, with areas of 
higher elevation, where trees with higher fruit production were verified. The altitude 
in Filipinas showed a pattern similar to that observed in Cachoeira, and the FP01 plot 
showed a small variation in altitude, with lower areas than those observed in FP02, with 
most individuals located in the higher portions (Figure 6). In the plot FP02, there was a 
greater amplitude of altitude variation, with individuals found at all elevations; however, 
the most productive trees occurred in the higher regions (Figure 7). 

In the plot FP01, the occurrence of Brazil nut trees was higher in areas where the pH 
was lower (Figure 6a), while in FP02, the trees were observed in areas with greater 
amplitude of pH variation (Figure 7a). In general, individuals with low and medium fruit 
production were observed where TOC contents ranged from low to high, respectively 
(Figures 6b and 7b). For SB, a distribution similar to that observed for TOC in plot 
FP02 was verified (Figure 7e). It was not possible to spatialize SB in FP01, due to its 
random distribution in the soil. In the plot FP01, the individuals occurred at different 

Continuation
SB (cmolc dm-3) 0.42 0.32 0.10 2.11 0.32 76.88
m (%) 77.73 85.42 0.00 93.73 18.44 23.72
Total sand (g kg-1) 649.10 657.50 438.00 785.00 71.53 11.02
Silt (g kg-1) 221.20 208.00 140.00 430.00 55.87 25.26
Total clay (g kg-1) 129.80 126.00 48.00 217.00 39.32 30.29
BD (Mg m-3) 1.35 1.35 1.23 1.65 0.07 5.39
PD (Mg m-3) 2.67 2.66 2.57 2.86 0.06 2.32
Porosity (%) 49.44 49.53 42.25 54.80 2.52 5.10

CP01: Cachoeira - Plot 01; CP02: Cachoeira - Plot 02; FP01: Filipinas - Plot 01; FP02: Filipinas - Plot 02; s: standard 
deviation; CV: coefficient of variation; TOC: total organic carbon; P: phosphorus; N: nitrogen; SB: sum of bases; 
m: aluminum saturation index; BD: bulk density; PD: particle density.
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Table 3. Theoretical models fitted and cross-validation for soil physical and chemical properties in four plots of 36 ha each, in two 
native stands of Brazil nut in the state of Acre, Brazil

Variable Model C0 C0+C a DSD R² RMSE ME RMSSE ASE
m %

CP01
pH(H2O) Sph 0.04 0.07 210.05 60.41 0.19 0.26 0.00 1.03 0.25
TOC (g kg-1) Exp 3.79 5.81 120.48 65.24 2.57 0.12 1.02 2.51 0.08
P (mg dm-3) Exp 0.64 1.51 512.00 42.03 0.21 1.00 0.00 0.99 1.03
N (g kg-1) Gaus 0.04 0.05 736.20 72.69 0.04 0.20 0.00 1.02 0.20
SB (cmolc dm-3) Sph 0.01 0.10 120.48 8.89 0.14 0.37 0.00 1.16 0.30
m (%) Gaus 126.35 425.37 720.75 29.70 0.35 12.78 0.00 1.05 12.06
Total sand (g kg-1) Sph 0.00 10879.97 129.49 0.00 0.24 98.07 -4.54 1.02 92.69
Silt (g kg-1) Gaus 9.09 9097.28 128.03 0.10 0.43 79.21 2.23 1.13 66.40
Total clay (g kg-1) Sph 705.56 1342.83 736.20 54.82 0.18 29.28 0.96 0.99 29.61
BD (Mg m-3) Exp 0.01 0.01 238.88 91.37 0.01 0.09 0.00 0.97 0.09
PD (Mg m-3) Exp 0.00 0.00 249.15 23.17 0.23 0.04 0.00 0.98 0.05
Porosity (%) Exp 11.18 14.57 120.48 76.72 0.01 4.05 0.02 1.01 4.00

CP02
pH(H2O) Sph 0.02 0.04 133.05 55.63 0.06 0.20 0.00 1.00 0.20
TOC (g kg-1) Gaus 6.62 11.69 736.18 56.63 0.06 2.88 0.04 1.06 2.70
P (mg dm-3) Sph 1.15 1.25 120.48 92.31 0.00 1.19 0.04 1.01 1.18
N (g kg-1) Exp 0.04 0.05 453.64 79.74 0.01 0.23 0.00 1.02 0.22
SB (cmolc dm-3) Gaus 0.10 0.20 736.18 48.75 0.08 0.36 0.00 1.10 0.33
m (%) Exp 108.11 143.63 135.18 75.27 0.18 12.63 0.03 1.01 12.50
Total sand (g kg-1) Sph 2930.14 8917.74 146.97 32.86 0.25 86.38 -0.56 0.97 89.26
Silt (g kg-1) Exp 0.00 26172.15 736.18 0.00 0.73 69.13 0.59 0.89 79.51
Total clay (g kg-1) Sph 0.00 3626.24 170.12 0.00 0.62 46.92 1.26 1.04 45.61
BD (Mg m-3) Gaus 0.01 0.02 377.34 66.08 0.19 0.11 0.00 0.97 0.11
PD (Mg m-3) Gaus 0.00 0.01 736.18 25.80 0.52 0.06 0.00 0.96 0.06
Porosity (%) Exp 11.99 24.61 514.83 48.71 0.16 4.26 0.00 1.00 4.28

FP01
pH(H2O) Sph 0.04 0.06 299.00 58.47 0.14 0.23 0.00 0.99 0.23
TOC (g kg-1) Gaus 6.44 14.97 390.80 42.99 0.41 2.74 0.01 0.98 2.82
P (mg dm-3) Exp 0.23 0.81 737.20 28.42 0.16 0.73 0.00 1.13 0.65
N (g kg-1) Exp 0.01 0.03 571.38 59.24 0.09 0.14 0.00 1.00 0.14
SB (cmolc dm-3) PNE 0.03 0.03 737.20 100.00 - - - - -
m (%) Sph 41.95 67.63 266.90 62.03 0.03 7.52 0.11 0.98 7.66
Total sand (g kg-1) Exp 4665.16 9687.44 737.20 48.16 0.05 88.42 -0.82 1.08 81.56
Silt (g kg-1) Gaus 3845.70 6237.43 737.20 61.66 0.05 67.99 0.43 1.04 64.96
Total clay (g kg-1) Sph 451.01 1067.20 137.87 42.26 0.04 32.18 1.03 1.00 32.13
BD (Mg m-3) Sph 0.01 0.01 275.80 60.97 0.10 0.10 0.00 1.01 0.09
PD (Mg m-3) Gaus 0.00 0.00 737.20 87.39 0.04 0.04 0.00 1.04 0.04
Porosity (%) Gaus 10.17 14.48 232.01 70.23 0.08 3.59 0.11 1.01 3.57

FP02
pH(H2O) Exp 0.03 0.13 114.87 23.45 0.00 0.42 -0.01 1.12 0.37
TOC (g kg-1) Exp 3.60 4.23 114.87 85.09 0.02 2.13 -0.06 0.97 2.19
P (mg dm-3) Sph 0.56 1.76 140.63 31.93 0.01 1.23 0.00 0.98 1.27
N (g kg-1) Sph 0.00 0.03 114.87 0.00 0.13 0.15 0.00 1.01 0.15

Continue
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Continuation
SB (cmolc dm-3) Exp 0.00 0.11 152.17 0.00 0.02 0.34 0.00 1.09 0.30
m (%) Sph 208.84 351.66 277.07 59.39 0.08 17.68 -0.18 1.02 17.22
Total sand (g kg-1) Sph 0.00 5620.90 173.69 0.00 0.45 53.00 -0.20 0.97 56.16
Silt (g kg-1) Gaus 3.39 3389.64 134.83 0.10 0.55 37.93 0.37 1.09 37.45
Total clay (g kg-1) Gaus 408.68 1777.23 210.36 23.00 0.51 27.37 0.37 0.99 27.83
BD (Mg m-3) Gaus 0.00 0.01 737.22 46.02 0.02 0.07 0.00 1.15 0.06
PD (Mg m-3) Exp 0.00 0.00 737.22 55.36 0.00 0.06 0.00 1.10 0.06
Porosity (%) Gaus 5.38 7.69 737.22 69.93 0.00 2.60 0.04 1.07 2.42

CP01: Cachoeira - Plot 01; CP02: Cachoeira - Plot 02; FP01: Filipinas - Plot 01; FP02: Filipinas - Plot 02; Sph: spherical; Exp: exponential; Gaus: Gaussian; 
C0: nugget effect; C0+C: sill; a: range; DSD: degree of spatial dependence; R²: coefficient of determination; RMSE: root-mean-square error; ME: mean 
error; RMSSE: root-mean-square standardized error; ASE: average standard error; TOC: total organic carbon; P: phosphorus; N: Nitrogen; SB: sum of 
bases; m: aluminum saturation index; BD: bulk density; PD: particle density.

Figure 4. Spatial distribution of soil physical and chemical properties in Cachoeira - Plot 1, in the 
state of Acre, Brazil. Lines and values in the maps correspond to the altitude of the area, circles 
correspond to the average fruit production between the years 2010 and 2020, and values presented 
in the legends are the soil properties.
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levels of P and N (Figures 6c and 6d), whereas in FP02, Brazil nut trees with low and 
medium fruit production were observed, in general, in areas where P and N contents 
were higher (Figures 7c and 7d).

In general, most Brazil nut trees occurred in regions where Al saturation contents 
were lower in the two plots of Filipinas (Figures 6e and 7f). For sand, silt, and clay 
contents, no distribution pattern was observed in the plots FP01 and FP02 (Figures 
6f, 6g, 6h, 7g, 7h, and 7i). From the information of BD and PD, it was verified that 
the individuals occurred in areas where the values of these variables were lower in 
FP01 (Figures 6i and 6j). In FP02, Brazil nut trees with the highest production were 
observed where the values of these variables were lower (Figures 7j and 7k). It was 
found that the individuals occurred in the areas with higher porosity in both plots of 
Filipinas (Figures 6k and 7l).
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Figure 5. Spatial distribution of soil physical and chemical properties in Cachoeira - Plot 2, in the 
state of Acre, Brazil. Lines and values in the maps correspond to the altitude of the area, circles 
correspond to the average fruit production between the years 2010 and 2020, and values presented 
in the legends are the soil properties.
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DISCUSSION
The Latossolos Vermelhos Distróficos argissólicos of the South-Western Amazon region 
are very deep, well-structured, with low natural fertility, medium texture, and abundant 
presence of silt (Ferreira et al., 2017). Brazil nut trees can produce more seeds in 
deep soils with clay loam and sandy clayey texture, when compared to shallow soils 
(Ivanov et al., 2018). Therefore, this may explain the occurrence of Brazil nut trees with 
high fruit production in this soil class.

Argissolos Vermelho-Amarelos Distróficos típicos are soils prone to erosive processes 
and have imperfect drainage, which may lead to reduction in their effective depth 
(Ferreira et al., 2017). This pattern may explain the highest number of Brazil nut trees with 
low fruit production in this soil class. Latossolo Vermelho and Argissolo Vermelho-Amarelo 
were the soils that most occurred in the studied Brazil nut stands. The occurrence of Brazil 
nut trees in Argissolos Vermelho-Amarelos and Latossolos Vermelho-Amarelos is common 
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Figure 6. Spatial distribution of soil physical and chemical properties in Filipinas - Plot 1, in the 
state of Acre, Brazil. Lines and values in the maps correspond to the altitude of the area, circles 
correspond to the average fruit production between the years 2010 and 2020, and values presented 
in the legends are the soil properties.
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(Spera et al., 2019); however, it was observed in this study that Brazil nut trees also 
occur in Latossolos Vermelhos, showing high fruit production. In the Amazon, in general, 
Latossolos Vermelho-Amarelos, Latossolos Amarelos, and Argissolos Vermelho-Amarelos 
commonly occur in plateau areas (Lepsch, 2010), which may explain the occurrence of 
Brazil nut trees in these areas.

The absence or scarcity of Brazil nut trees with high fruit production in the areas of 
Argissolo Vermelho-Amarelo Distrófico latossólico, Argissolo Vermelho-Amarelo Distrófico 
petroplíntico, and in Argissolo Vermelho-Amarelo Distrófico plintossólico is probably due 
to the low natural fertility and presence of plinthite and petroplinthite. The presence of 
plinthite in the soil leads to imperfect drainage and prevents root penetration, causing low 
absorption of water and nutrients. Brazil nut trees with low and medium fruit production 
were found in the area of Argissolo Vermelho Distrófico abrúptico. This result is probably 
due to the presence of abrupt textural change, which can limit the internal flow of 
water and favor the formation of a suspended water table, causing oxygen deficiency 

Figure 7. Spatial distribution of soil physical and chemical properties in Filipinas – Plot 2, in the 
state of Acre, Brazil. Lines and values in the maps correspond to the altitude of the area, circles 
correspond to the average fruit production between the years 2010 and 2020, and values presented 
in the legends are the soil properties.
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in the period of higher rainfall. Analyzing the distribution of soil classes aiming at the 
stratification of environments, management, and correlation with B. excelsa productivity 
in Filipinas, Bardales et al. (2011) found that the Argissolos Vermelho-Amarelos that 
occur in this Brazil nut stand are more susceptible to instability, with a predisposition 
to erosion. The slope of the area (6 to 14 %) and the soil depths (varying from shallow 
to deep) may have favored the appearance of concretions and processes of moderate 
to strong erosion in this soil class (Bardales et al., 2011). The authors observed that, 
although Brazil nut trees have low production in this type of pedoenvironment, there is 
a large number of trees.

Through cluster analysis, it was found that there is a difference in the number of Brazil 
nut trees and fruit production between Cachoeira and Filipinas (Figure 1). This pattern 
was reflected in the clusters of soil profiles, in which Argissolo Vermelho Distrófico 
latossólico, Argissolo Vermelho-Amarelo Distrófico petroplíntico, and Argissolo Vermelho 
Distrófico abrúptico were grouped because they did not have any Brazil nut tree with 
high fruit production and also because they occur only in Filipinas (Figure 3). The soil 
classes Argissolo Vermelho-Amarelo Distrófico plintossólico and Latossolo Vermelho 
Distrófico argissólico were probably grouped because they had Brazil nut trees with high 
fruit production. However, in the Argissolo Vermelho-Amarelo Distrófico plintossólico, 
there were only three Brazil nut trees, one in each production class. The area of Argissolo 
Vermelho-Amarelo Distrófico típico was probably isolated because it had Brazil nut trees 
with high and low fruit production. In addition, this soil class occurred in both stands, 
but Cachoeira had a higher number of trees with high production, and Filipinas had low 
fruit production. 

In general, the CV observed in this study was low to moderate, evidenced especially by 
geostatistics, which indicated moderate to high spatial dependence for most variables. 
It is common soil properties have moderate to high data variability since environmental 
factors can interfere with these variables (Carvalho et al., 2003). Regarding the spatial 
dependence of soil physical and chemical properties, for SB, a random distribution 
was observed in the FP01 plot, due to the spacing adopted in the soil sampling, larger 
than necessary to detect spatial dependence. In this study, approximately 60 % of the 
variables showed moderate spatial dependence. According to Cambardella et al. (1994), 
moderate spatial dependence occurs when there is a homogenization of soil. This may 
occur due to the use and management adopted in these areas (Cavalcante et al., 2007).

When evaluating the semivariograms of the soil properties, we observed that some 
variables (pH, COT, and N) of the FP02 plot had lower range values (114.87 m) compared 
to the CP01, CP02, and FP01 areas, indicating greater variability and less spatial continuity, 
and consequently, less fruit production when compared to Cachoeira. This variability 
may be due to the strong tendency to erosion and the predisposition to instability, in 
addition to the variation in the declivity of this area (Bardales et al., 2011). According to 
Wanderley et al. (2012), the range (a) is the distance at which the samples are spatially 
correlated; that is, it represents the maximum distance of influence of the evaluated 
property, and after this distance, the samples are spatially independent, showing no 
spatial dependence. This pattern indicates that the smaller the range, the greater 
the variability, as samples located in an area of radius equal to the range are more 
homogeneous (Marques Júnior et al., 2008).

Regarding the spatial distribution of soil properties in the stands, the predominance 
of Brazil nut trees in areas with lower pH values was also observed by Locatelli et al. 
(2002). These authors verified a good development in diameter and height in Brazil 
nut trees in areas with low pH, CEC, and high levels of Al saturation. This indicates that 
the vegetative development of the species does not necessarily occur in more acidic 
soils, but favors the process of soil acidification due to the absorption of nutrients by 
Brazil nut trees and understory plants, according to Costa et al. (2017). The authors 
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also state that the most productive individuals absorb more nutrients, resulting in 
lower values of SB, favoring acidification and, consequently, reduction of soil fertility. 
This pattern may explain the occurrence of Brazil nut trees in sites with low values 
of SB and regions with higher levels of m % in the plots of Cachoeira. However, the 
occurrence of low pH values and high levels of m % is common in soils of the state of 
Acre (Wadt, 2002; Bernini, 2010). The high content of m % does not cause phytotoxicity 
because the extractor used to determine the levels of Al3+ (KCl) causes the dissolution 
of structural aluminum, which is a non-exchangeable form, increasing the results of 
analytical values, but without reflecting the true contents of exchangeable aluminum 
in the soil, which are lower (Wadt, 2002).

In general, for TOC, similar patterns were verified in the plots of the two Brazil nut stands. 
In plots CP02, FP01, and FP02, it was observed that the variables TOC and SB favored 
a higher fruit production, except in FP01 for SB, which had a pure nugget effect. In 
CP01, there was no pattern in the distribution of TOC in relation to fruit production. The 
association between TOC and fruit production occurred because the accumulation of plant 
residues improves soil properties, providing a more favorable edaphic environment for 
plant development. The same pattern was not found for P distribution in the Brazil nut 
stands. Different results were found for the relationship between P and fruit production 
in the study conducted by Kainer et al. (2007). These authors verified that there were 
individuals with higher fruit production in sites with low P content, indicating the high 
demand of the specie for this nutrient.

In general, in the studied plots, there was no distribution pattern for the variables sand, 
silt, and clay as a function of the fruit production of Brazil nut. According to Guerreiro et al. 
(2017), Brazil nut has better adaptation and, consequently, better production in soils with 
texture ranging from clayey to very clayey. According to the same authors, soils with sandy 
texture are not suitable to maximize the development potential of the species, probably 
due to low nutrient content and moisture retention. However, Ivanov et al. (2018) verified 
that the individuals produce a lower quantity of seeds in soils with clayey texture when 
compared to those growing in soils with clay loam and sandy clay texture, that is, soils 
with lower nutrient adsorption and mainly lower moisture retention, since the regular 
distribution of rainfall in the region favors water supply throughout the year. The pattern 
established by Locatelli et al. (2002) was observed in this study since virtually all plots 
with high production and higher number of individuals were verified in higher regions. 
Spera et al. (2019) point out in their study that the Brazil nut tree has a preference for 
areas with this characteristic. 

The Brazil nut stands Cachoeira and Filipinas showed a similar pattern regarding the 
variables BD and PD. Regions with lower values of these properties had high fruit 
production and/or a higher number of trees. This pattern is possibly due to the low 
adaptation of the species to areas with imperfect drainage in overly compacted or dense 
soils (Locatelli et al., 2005). Analyzing the soil properties that influence the development 
of Brazil nut trees in bauxite mining restoration areas in the Amazon, Melo et al. (2018) 
found that higher values of BD cause a negative effect on the growth of B. excelsa. The 
observed pattern corroborates the results found in the plots FP01 and FP02, because 
the highest occurrence of Brazil nut tree was verified in areas with higher porosity, that 
is, in soils with lower water retention.

The values of range (a) and maps with the spatial distribution of soil properties in Brazil 
nut stands indicated greater spatial variability for pH, COT, SB, P, N, total sand, silt, total 
clay, and porosity. A greater number of properties with high variability was observed 
in FP02 compared to the other areas. These properties may be associated with the low 
fruit production in Filipinas. According to Gandah et al. (2000), the heterogeneity of soil 
properties can interfere with the production of some species. This variability can be 
explained by the source material of the soil or the different landforms found in Brazil 
nut stands (Cambardella et al., 1994).
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The species B. excelsa was observed in different soil types and, consequently, showed 
distinct fruit production between the stands. Naturally, the association of the soil class 
with altitude and distribution of soil chemical and physical properties determined part of 
the fruit production capacity. Therefore, the absence of high fruit production in Filipinas, 
compared to Cachoeira, can be attributed, in part, to the soil classes that occur in this 
area, mainly associated with the soil physical properties and altitude of the area. The 
maps generated through geostatistics can provide support for guiding the management 
of the species, with the objective of increasing fruit production in this Brazil nut stand, 
because they show the locations of soil classes, nutrient content, and the occurrence of 
Brazil nut trees with low, medium and high fruit production. In addition, this study can 
stimulate the development of other research, aiming to better understand the productive 
potential of native cultures, better soil properties, and strategically plan management. 
Therefore, this research results can assist in local agricultural development.

The cutting of lianas associated with individuals of B. excelsa, top-dressing fertilization 
with phosphorus, and the increase in the number of trees from which extractivists collect 
have already been suggested for increasing productivity by Kainer et al. (2007), who 
analyzed the variation in fruit production of B. excelsa in Filipinas. Relating the variations 
in Brazil nut fruit production and nutritional status with soil properties, Costa et al. 
(2017) proposed, as a way to replace the nutrients, to deposit pruning residues and 
the nutshells on the soil, since the fruit has high levels of calcium, magnesium, and 
potassium. Based on this study, together with these management recommendations, 
Brazil nut seedlings should be planted in clearings where soils compatible with high 
fruit production occur.

CONCLUSIONS
Although the occurrence of plants and the production of Brazil nut fruits (Bertholletia 
excelsa) were associated with the classes and the physical and chemical soil properties, 
pyxidium production differed between areas. In general, soil physical properties were 
limiting factors for the Brazil nut presented high fruit production and/or higher occurrence 
of trees. Filipinas environment showed a low fruit production and greater spatial variability 
of soil properties compared to Cachoeira.
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