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Article 
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Abstract: Dipteryx spp. is an important species in reforestation in the Amazon. The objective of this study is to 
characterize and compare the relationships between dendrometric variables in Dipteryx spp. stands in the 
Western Amazon by fitting linear regression equations for total height and crown diameter. Six forest stands 
were evaluated in three municipalities. Dendrometric variables collected included diameter at 1.3 m height 
(dbh), total height (ht) and crown diameter (dc). Simple and multiple linear regression equations were fitted to 
characterize the relationships between ht and dc. The total aboveground biomass of Dipteryx spp. trees and the 
carbon stock of the stands were estimated. The general equations showed higher R² values, exceeding 0.7. The 
general equations for estimating ht and dc were significant for all coefficients. The trees averaged 22 t/ha of 
aboveground biomass in the stands. There was a variation in carbon sequestration potential among stands, 
ranging from 5.12 to 88.91 t CO2.ha-1. Single-input equations using dbh as an independent variable are 
recommended for estimating dc and ht for individual Dipteryx spp. stands. Stands in the Western Amazon play 
a significant role in carbon sequestration and accumulation. Trees can sequester an average of 4.8 tons of CO2 
per year. 

Keywords: carbon; crown diameter; regression 

1. Introduction

The Amazon rainforest is widely recognized as one of the main ecosystems on the planet and is 
the largest tropical forest in Brazil, covering approximately 60% of the national territory [1]. In its 
extension of 5,015,068 km² in the region known as the Legal Amazon, the forest is home to a great 
diversity of living organisms, including a wide variety of plants and animals [2,3]. In addition to 
preserving biodiversity, the Amazon ecosystem also provides important environmental services, 
such as carbon storage and contribution to the conservation of water resources, playing a key role in 
maintaining the global climate [4,5,6]. 

Regardless of their relevance, tropical forests in the Amazon region have been severely impacted 
by the expansion of the agricultural and livestock frontier, illegal logging and mining, and other 
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activities since the 1970s [7,8,9]. These practices directly reflect high deforestation rates and increased 
degradation of areas [10]. 

From this context, the adoption of production systems focused on supplying goods and services 
sustainably, such as reforestation with native species and agroforestry systems (AFS), is considered 
a very promising alternative [11,12]. These systems are legally and environmentally accepted as 
sustainable alternatives for the conversion of degraded areas and help to reduce the exploration 
pressure on native forests [13,14], in addition to the potential for providing ecosystem services due 
to the similarity with a natural environment of secondary forest [15]. 

Among the various species used in reforestation in the Amazon, those of the genus Dipteryx, 
popularly known as tonka beans, stand out. The adoption of tonka beans as a tree component in 
agroforestry systems is a widespread silvicultural practice by small and medium-sized producers in 
the Eastern Amazon [16,17]. Part of the interest of producers is related to the possibility of multiple 
uses of the species and its growth potential in degraded areas [18,19]. Its use is extremely diverse, 
however, it stands out for containing in its seeds an aromatic essential oil that is widely used in the 
cosmetics, perfumery and pharmaceutical industries [20], also showing potential for antifungal action 
[21]. In regard to the production of tonka beans, the state of Pará is responsible for a significant 
portion of it, with a production of 79 tons per year [1]. 

Knowledge of the dendrometric variables of a forest stand is essential for its proper 
management, since it is part of the production prognosis [22]. Estimates of variables such as total 
height, stem volume, crown diameter and others, through regression models, enable adequate and 
sustainable management of production, as well as assist in decision-making [23,24]. In addition, 
knowledge of the behavior of dendrometric variables allows recommending interventions, such as 
the application of thinning, and inferring about the growth of the population. 

Scientific and technological advances have driven a significant increase in the productivity of 
reforestation with species of the genus Eucalyptus and Pinus in the southeastern and southern 
regions of Brazil, as highlighted by [25]. However, similar advances have not yet been observed in 
the planting of native species, especially in the Amazon region. 

In the context of the Amazon region, the cultivation of native species for timber purposes is still 
at an early stage, and is mainly aimed at small producers, as evidenced by mapping works carried 
out in western Pará [16,26]. In this sense, the objective of this work is to characterize and compare the 
relationships between dendrometric variables in populations of Dipteryx spp. in the Western Amazon 
by adjusting regression equations for total height and crown diameter. 

2. Materials and Methods 

2.1. Study and data collection locations 

The present research was conducted in six distinct reforestation areas located in three 
municipalities (Alenquer, Belterra and Mojuí dos Campos) in the Western Amazon, more specifically 
in the west of the state of Pará, Brazil (Figure 1). The predominant climate in the region is hot and 
humid, with rainfall concentrated in the first half of the year, average annual temperature between 
25º and 27ºC, average air humidity of 86%, average annual rainfall of 1,920 mm, varying in terms of 
monthly rainfall between 170 mm and 60 mm [27], being part of the Am3 climate subtype [28]. The 
predominant soil types in the region are oxisols and argisols, which correspond to 81% of the state of 
Pará [29]. The vegetation typology is called Dense Ombrophylous Forest [30]. 
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Figure 1. Location map of the municipalities. 

Sampling of tonka bean trees was carried out in six stands of different ages and spatial 
arrangements, four of these being agrisilvicultural systems, one silvopastoral system and one 
monoculture area (Table 1). More detailed descriptions of the sampled systems can be found in [16], 
[17] and [31]. 

Table 1. Description of the characteristics of the six populations of Dipteryx spp. researched in the 
Eastern Amazon. 

Forest stand City Age (years) Spacing (m) 
Species cultivated/raised in 

consortium * 

Homogeneous Alenquer 10 6 x 6 - 

AFS 1 Alenquer 6 5.5 x 4.5 Ab 

AFS 2 Belterra 7 8 x 6 C; Aç; Gr; Bn; P 

AFS 3 Alenquer 8 10 x 8.5 Lm 

AFS 4 
Mojuí dos 

Campos 
9 4 x 8 Lj 

Silvopastoral Belterra 11 10 x 10 Bovines 

* Ab: Pineapple (Ananas comosus L. Merril); C: Cupuaçu (Theobroma grandiflorum (Willd. ex Spreng.) K. Schum.); 
Aç: Açaí (Euterpe oleracea Mart); Gr: Soursop (Annona muricata L.); Bn: Banana (Musa spp.); P: Black pepper (Piper 
nigrum L.); Lm: Lemon (Citrus limon L.); Lj: Orange (Citrus sinensis L Osb.). 

Sampling of measured trees was carried out systematically, excluding individuals located at the 
edges of plantations and the subsequent trees, as shown in Figure 2. The dendrometric variables: 
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diameter at 1.3 m height (dbh), total height (ht), commercial height (hc), crown length (cc), and crown 
diameter (dc) were collected in 25 trees in each system and 50 trees in the silvopastoral system. The 
dbh was measured with a dendrometric tape around the perimeter of the trees at a height of 1.30 m 
in relation to the ground level. Total and commercial heights were measured indirectly with the aid 
of a Vertex IV hypsometer with a T3 transponder. To obtain the crown diameter, two measurements 
were taken, one in the east-west direction and the other in the north-south direction, using a 50 m 
measuring tape. The mean of the two measurements was considered as the dc of the tree. The crown 
length of each individual was determined from the difference between the total height of the tree and 
the crown insertion height, as recommended by [31]. 

 

Figure 2. Illustrative scheme of the tree sampling procedure carried out in six stands of Dipteryx spp. 
in the Eastern Amazon. 

3. Statistical Analysis 

The total individual volume with tree bark (m³) was estimated using a volumetric equation 
(Equation 1) adjusted for individuals of Dipteryx spp. in the state of Pará, available in [26]. Due to the 
scarcity of specific equations to estimate the species' biomass (kg/tree), it was decided to use the 
double-entry equation (Equation 2) adjusted by [32] for tropical forests in the Amazon region. The 
value of basic wood density (p) for tonka bean trees of 0.87 g/cm3 was adopted, corresponding to the 
average of the densities reported for the species in the literature [33,34,35,36]. To calculate the carbon 
stock, it was considered that 50% of the biomass corresponds to carbon and the conversion factor of 
carbon stock into carbon sequestration (CO2) used was 3.67 [37]. Annual carbon sequestration rates 
were obtained by dividing the total carbon sequestered by the age of the settlement. 

v = 0.009440 + 0.0000241 * dbh²ht 

R²aj. = 0.891 

(1) 

w = p * exp(-1.499 + 2.148 * ln(dbh) + 0.207 * (ln(dbh))² - 0.0281 * (ln(dbh))³)  

R²aj. = 0.996 

(2) 

Pearson's correlation coefficients were estimated for the dendrometric variables (ht, hc, dc, cc, 
dbh, v, w) in each of the stands considering a significance of 5%. The descriptive statistics of the 
dendrometric variables evaluated in the different stands is presented in Table 2. 

Table 2. Descriptive statistics (mean and standard deviation) of the data collected in six stands of 
Dipteryx spp. in the Eastern Amazon. 

Forest stand n ht (m) hc (m) cc (m) dbh (cm) dc (m) 

Homogeneous 25 7.04 ± 1.43 1.9 ± 0.73 4.48 ± 1.34 8.79 ± 2.86 4.1 ± 1.26 
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AFS 1 25 8.08 ± 0.78 0.64 ± 0.47 6.03 ± 0.93 8.88 ± 1.51 5.15 ± 0.77 

AFS 2 25 9.68 ± 1.94 2.78 ± 1.1 6.22 ± 2.03 11.95 ± 3.31 4.7 ± 1.57 

AFS 3 25 5.26 ± 1.4 1.26 ± 0.84 2.74 ± 1.42 6.18 ± 2.78 3.15 ± 1.54 

AFS 4 25 9.62 ± 1.38 0.7 ± 0.35 7.83 ± 1.2 14.09 ± 2.6 7.25 ± 0.76 

Silvopastoral 50 14.35 ± 4.55 5.45 ± 2.58 10.45 ± 3.77 16.57 ± 5.31 7.97 ± 3.16 

Total and average 175 9.77 ± 4.2 2.6 ± 2.45 6.88 ± 3.56 11.86 ± 5.22 5.76 ± 2.68 

Before adjusting the regression models, the Shapiro-Wilk normality test was applied with 5% 
significance. In order to meet the assumption of normality for all stands, it was decided to adjust the 
models on a logarithmic scale. 

Simple (Equations 3 and 4) and multiple (Equations 5 and 6) linear regression models were 
adjusted for each of the stands, using the total height (ht) and crown diameter (dc) as dependent 
variables. The evaluation of adjustments was performed using the adjusted determination coefficient 
- R²aj. (Equation 7), and the standard error of estimates of total height and crown diameter - Syx 

(Equation 8). 
The overall significance of the models was tested using the F test for regression models at 5% 

significance (Equation 9). In addition to the statistical criteria, the residuals of the adjusted equations 
(Equation 10) were graphically evaluated. When more than one stand did not show significant 
regression, an identity test of linear models was performed in order to group the data for a single fit, 
considering both as stands [38]. 

4. Results 

Most of the significant correlations (95% probability) between the dendrometric variables 
evaluated in the tonka bean trees stands are positive (Figure 3). The AFS 2 and 4 systems showed a 
negative and significant relationship between marketable height and canopy diameter, these being 
the only negative correlation coefficients found in the 6 stands. The dendrometric variables dbh, 
individual volume and biomass per area showed strong and very strong correlation values, with 
values above 0.86 for all stands. 

𝑙𝑛(ℎ𝑡) =  𝛽଴ + 𝛽ଵ𝑙𝑛(𝑑𝑏ℎ) +  𝜀 (3) 𝑙𝑛(𝑑𝑐) =  𝛽଴ + 𝛽ଵ𝑙𝑛(𝑑𝑏ℎ) +  𝜀 (4) 𝑙𝑛(ℎ𝑡) =  𝛽଴ + 𝛽ଵ𝑙𝑛(𝑑𝑏ℎ) + 𝛽ଶ𝑙𝑛(𝑑௖) +  𝜀 (5) 𝑙𝑛(𝑑𝑐) =  𝛽଴ + 𝛽ଵ𝑙𝑛(𝑑𝑏ℎ) + 𝛽ଶ𝑙𝑛(ℎ௧) +  𝜀 (6) 

𝑅²௔௝. =  1 −  𝑄𝑀௥௘௦𝑄𝑀௧௢௧௔௟  (7) 

𝑆௬௫ =  ඥ𝑄𝑀௥௘௦   (8) 

𝐹௖௔௟ =  𝑄𝑀௥௘௚𝑄𝑀௥௘௦  
(9) 

Where: βn= estimated regression coefficient; ln = natural logarithm; ε = random error; n = number 
of observations; 𝑄𝑀௥௘௦ = residual mean square; 𝑄𝑀௥௘௚ = regression mean square. 
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Figure 3. Significant Pearson correlation coefficients at 95% probability between dendrometric 
variables of individuals of Dipteryx spp. in six stands in the Western Amazon. 

The AFS 1 and AFS 4 stands did not show significant regressions (5% significance) for total 
height and crown diameter. Thus, the models were adjusted jointly for these stands (Tables 4 and 5). 
The general equations adjusted with data from all stands for dc and ht showed global significance by 
the F test and all estimated coefficients were significant by the t test in both models. The values of R² 
aj. were greater than 0.70 for the four equations. 

Table 4. Estimated coefficients and fit statistics of linear and multiple regression models for total 
height (ht) in six stands of Dipteryx spp. in the Eastern Amazon. 
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Model System 𝛽଴ 𝛽ଵ 𝛽ଶ 𝑅²௔௝. 𝑆௬௫ F 

𝑙𝑛(ℎ𝑡) =  𝛽଴ + 𝛽ଵ𝑙𝑛(𝑑𝑏ℎ) +  𝜀 

Homogeneous 0.857056 * 0.50536 *   0.589 2.500 34.556 

AFS 1 1.382878 * 0.32745 *   0.358 1.131 28.310 

AFS 2 0.839736 * 0.57845 *   0.696 2.924 73.442 

AFS 3 0.857707 * 
0.446987 

* 
  0.698 2.159 35.696 

AFS 4 1.382878 * 0.32745 *   0.358 1.131 28.310 

Silvopastoral 0.762366 * 
0.671219 

* 
  0.516 23.599 50.384 

General 

model 

-0.584886 

* 

1.010811 

* 
  0.713 9.497 359.300 

𝑙𝑛(ℎ𝑡) =  𝛽଴ + 𝛽ଵ𝑙𝑛(𝑑𝑏ℎ) +𝛽ଶ𝑙𝑛(𝑑𝑐) +  𝜀  

Homogeneous 0.921099 * 
0.353371 

* 

0.19068 

ns 
0.617 1.139 20.344 

AFS 1 1.303266 * 
0.219919 

* 

0.187483 

ns 
0.378 1.129 15.880 

AFS 2 1.0934 * 
0.370159 

* 

0.172467 

ns 
0.767 1.117 40.406 

AFS 3 0.922075 * 
0.204625 

ns 
0.33709 * 0.708 1.170 30.078 

AFS 4 1.303266 * 
0.219919 

* 

0.187483 

ns 
0.378 1.129 15.880 

Silvopastoral 1.030821 * 
0.251216 

ns 

0.447024 

* 
0.636 1.265 43.872 

General 

model 
0.617836 * 

0.458415 

* 

0.300522 

* 
0.760 1.231 275.800 𝛽௡: coefficients estimated by the model; 𝑅²௔௝. .: adjusted coefficient of determination; 𝑆௬௫ : standard error of 

estimated total height in meters; F: calculated F-value. 

Table 5. Estimated coefficients and fit statistics of linear and multiple regression models for crown 
diameter (dc) in six stands of Dipteryx spp. in the eastern Amazon. 

Model Sistem 𝛽଴ 𝛽ଵ 𝛽ଶ 𝑅²௔௝. 𝑆௬௫ F 

𝑙𝑛(𝑑𝑐) =  𝛽଴ + 𝛽ଵ𝑙𝑛(𝑑𝑏ℎ)+  𝜀 

Homogeneous -0.335868 

ns 

0.797088 

* 

  0.507 
1.282 

25.666 

AFS 1 0.42463 * 0.57355 

* 

  0.544 
1.161 

59.440 

AFS 2 -1.470793 * 1.207716 

* 

  0.793 
1.236 

92.693 

AFS 3 -0.190952 

ns 

0.718981 

* 

  0.573 
1.364 

33.147 

AFS 4 0.42463 * 0.57355 

* 

  0.544 
1.161 

59.440 

Silvopastoral -0.600536 

ns 

0.939553 

* 

  0.582 
1.390 

69.203 
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βn: coefficients estimated by the model; 𝑅²௔௝.: adjusted coefficient of determination; 𝑆௬௫: standard error of the 
total height estimate in meters; F: calculated F value. 

All adjustments stratified by stands for total height and crown diameter showed significance 
considering the 5% level by the F test (Table 4). However, of the 20 equations adjusted for individual 
stands, only 8 are significant for all coefficients estimated by the T test (5% significance). For the 
simple equations to estimate crown diameter, the AFS 3, homogeneous and silvopastoral stands did 
not show a significant β0 coefficient, which does not generate practical implications, since they are 
simple linear equations. 

All estimated coefficients for the simple linear model to estimate total height were significant at 
5%, according to the T test (Table 4). However, the multiple regression models with the introduction 
of the dc variable generated at least one non-significant estimated coefficient in each of the stands. 
The highest values of R²aj and the lowest value of Syx were obtained with the multiple model. 

For the homogeneous population, the equation adjusted from the multiple model for dc showed 
significance for the regression by the F test (5% significance), however, none of the estimated 
coefficients were significant by the t test (Table 5). The coefficient of determination adjusted for 
multiple equations varied between 0.55 and 0.80, being higher than for simple linear equations. 
However, only the adjusted equation for the silvopastoral stand presented all the estimated 
significant coefficients. 

Estimates of total height (Figure 4) and crown diameter (Figure 5) were plotted against the 
observed values for each stand. The general equations, using both models, resulted in overestimation 
and underestimation trends for the two estimated variables. Such trends can be seen more 
expressively in the AFS 1, AFS 2, AFS 4 and silvopastoral stands for both variables. Estimates for the 
simple linear model obtained slightly more heterogeneous dispersions when compared to the values 
estimated by the multiple model, both for total height and for crown diameters. 

General 

model 
-0.4364 * 0.8743 *  0.699 1.331 404.400 

𝑙𝑛(𝑑𝑐) =  𝛽଴ + 𝛽ଵ𝑙𝑛(𝑑𝑏ℎ) +𝛽ଶ𝑙𝑛(ℎ𝑡) +  𝜀  

Homogeneous -0.883262 

ns 

0.474319 

ns 

0.638691 

ns 

0.547 
1.269 

15.503 

AFS 1 0.045817 

ns 

0.483848 

* 

0.273933 

ns 

0.5581 
1.158 

31.950 

AFS 2 -1.970995 * 0.863153 

* 

0.595666 

ns 

0.805 
1.228 

50.667 

AFS 3 -0.996543 * 0.299154 

ns 

0.939239 

* 

0.695 
1.300 

28.293 

AFS 4 0.045817 

ns 

0.483848 

* 

0.273933 

ns 

0.558 
1.158 

31.950 

Silvopastoral -1.086688 * 0.511525 

* 

0.637688 

* 

0.695 
1.325 

56.760 

General 

model 
-0.674451 * 

0.521555 

* 

0.489129 

* 
0.741 1.303 250.500 
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Figure 4. Dispersion between observed total height and estimated total height by simple and multiple linear regression models for six stands of Dipteryx spp. in the Eastern Amazon. 
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Figure 5. Dispersion between observed crown diameter and estimated crown diameter by simple and multiple linear regression models for six stands of Dipteryx spp. in the Eastern 
Amazon. 
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Table 6 contains estimates of volume, aboveground biomass, aboveground carbon and carbon 
sequestration per area in each tonka bean stand. The average aerial biomass of the tonka bean stands 
was 22 t.ha-1 (±15 t.ha-1), which indicates a significant potential for carbon storage in these areas. The 
average amount of carbon stored in the tonka bean trees was 11.07 t.C.ha-1 (±7.64 t.C.ha-1). 
Furthermore, the total amount of carbon sequestered by population varied considerably, with values 
between 5.12 and 88.91 t.CO2.ha-1, with an average of 40.64 (± 28 t.CO2.ha-1). 

Table 6. Volume and aerial biomass per tree and per area, carbon stored above ground and 
accumulated carbon sequestration per year in six stands of Dipteryx spp. in the Eastern Amazon. 

 

Sistem 

 

N.ha-1 𝑣 V 𝑤 W C CO2 CO2/year 

  (m³/tree) (m³.ha-1) (kg/tree) (t.ha-1) (t.C.ha-1) (t.CO2.ha-1) (t.CO2.ha-1/year) 

Homogeneous 278 0.0252 7.0163 50.820 14.128 7.064 25.925 2.592 

AFS 1 405 0.0254 10.2899 45.121 18.274 9.137 33.533 5.589 

AFS 2 209 0.0479 10.0087 107.739 22.517 11.259 41.320 5.903 

AFS 3 118 0.0163 1.9288 23.661 2.792 1.396 5.123 0.640 

AFS 4 313 0.0578 18.0926 154.792 48.450 24.225 88.906 9.878 

Silvopastoral 100 0.1261 12.6057 267.135 26.714 13.357 49.019 4.456 

N.ha-1: number of trees per hectare; 𝑣: individual volume with bark in m³ per tree; V: volume per area in m³.ha-

1; 𝑤: individual aerial biomass in kg/tree; W aerial biomass per area in t.ha-1; C: total carbon per unit area in 
t.C.ha-1; CO2: carbon dioxide per area in t.CO2.ha-1 

The annual carbon sequestration rates of the different systems varied between 0.64 and 9.88 
t.CO2.ha-1/year with an average of 4.84 t.CO2.ha-1/year (±3.16 t. CO2.ha-1/year). AFS 4 obtained the 
highest values for all evaluated variables, with an estimated CO2 sequestration potential 17 times 
greater than the system with the lowest amount of CO2 (AFS 3). 

5. Discussion 

This section is not mandatory but may be added if there are patents resulting from the work 
reported in this manuscript. Equine stands, in general, demonstrate greater correlations between 
dendrometric variables due to characteristics shared by trees, such as the same spacing and the same 
age [39,40,41]. In these stands, competition conditions for light and nutrients tend to be similar, which 
may lead to well-defined correlations between dendrometric variables [42,43]. 

The negative correlations between dc and hc found in AFS 2 and 4 demonstrate that tonka bean 
trees with larger crown diameters have lower commercial heights, which apparently, in this study, is 
related to conducting AFS 2 with periodic silvicultural pruning operations and, in the case of AFS 4, 
due to the predominance of the D. punctata species [17] and the greater availability of space. 
Commercial height has a strong biological relationship with tree crown diameter and crown vigor, 
since the lower branches of living crowns may die, resulting in an increase in hc and a reduction in 
dc [44,45]. The relationships between morphometric parameters, such as crown diameter and tree 
height, are strongly influenced by individual species, site and competition-related factors [46,47]. 

Tree species inserted in systems with greater structural complexity, both vertically and 
horizontally, as in AFS 2 and 4 that have arrangements composed of other tree species, tend to have 
greater plasticity of the crowns [48]. Thus, the negative correlation between hc and dc may also be 
associated with a strategy of the tonka bean trees to circumvent the competition microclimate 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 30 September 2023                   doi:10.20944/preprints202309.2134.v1

https://doi.org/10.20944/preprints202309.2134.v1


 12 

 

established by the interaction with other species in AFS 2 and 4, investing in crown growth and 
aiming to increase the amount of intercepted light [39,49]. 

From a productive point of view, tonka bean trees with lower commercial heights and larger 
crown diameters are preferable, as they facilitate the collection of fruits by farmers. Even so, it is 
worth mentioning that hc and canopy insertion require minimum values due to their influence on 
the operability of fruit harvesting, since l, for tonka beans, it is expected that there will be maturation 
for the collection of fruits under the canopy. Thus, trees with crown insertions below the average 
height of workers can make the operation more time-consuming and costly. 

Very strong positive correlations between tree diameter, bole volume and aerial biomass are 
expected in even stands and may be associated with several factors. In the present study, both the 
bole volume and the tree biomass were estimated indirectly through allometric equations where the 
dbh was one of the independent variables. However, these positive relationships are expected even 
without the interference of the equations, since the dbh is a variable that biologically and 
mathematically expresses the dimensions of tree individuals and their growth [22,50,51]. 

The β1 coefficients, estimated by the simple linear models for the two variables, indicate that 
when increasing 1 cm in the dbh of the tonka bean trees, there is an average increase of 1.01 m in the 
total height of the tree and of 0.87 m in the diameter of the crown. All equations adjusted with 
collective data from the six tonka bean stands resulted in adjustments with global statistical 
significance and in the estimated parameters, as well as adequate precision statistics. Thus, such 
equations can be used to estimate the total height and crown diameter dendrometric variables in 
other stands of tonka bean trees in the Eastern Amazon with just the diameter of the trees. 

The measurement of variables such as crown diameter and total tree height is quite costly and 
in cases of multistrata stands, such as AFS and uneven forests, it becomes even more complex due to 
overlapping crowns [52,53]. Regression equations that estimate these variables accurately are 
essential for prescriptions for silvicultural purposes and management of stands, since they make it 
possible to obtain the dimensions of trees from easily measured variables and, combined with other 
methods, provide available wood stocks or other products [54,55]. 

The significant coefficients of the adjusted simple linear model equations for total height 
demonstrate the strong correlation between tree height and diameter at a height of 1.3 m. This strong 
biological relationship between dh and total height is expected in forest stands, allowing the 
construction of allometric models with high precision and biological realism [56,22]. 

The introduction of the crown diameter variable in the equations for estimating the total height 
resulted in equations with high multicollinearity and the opposite was also observed in the equations 
for estimating the crown diameter. Multicollinearity can be identified from the existence of regression 
equations with global significance by the F test, that have non-significant estimated coefficients, as in 
the cases of multiple regressions of total height and crown diameter adjusted individually for the 
stands [57]. 

In the multiple equations to estimate the crown diameter, the effect of the multicollinearity 
generated by the correlation between dhd and total height can be seen in a more accentuated way in 
the adjusted equation to estimate the dc in the homogeneous stand. The strong association between 
these independent variables generates a significant effect on crown diameter; however, individually, 
the effect is not very significant since there is a high correlation between the variables, resulting in 
non-significant coefficients. It is possible to use equations with multicollinearity to generate estimates 
of the dependent variables without major losses; however, the interpretation of the estimated 
parameters and the relationships performed between the variables are compromised [58, 59, 57]. 

Simple linear models graphically demonstrated greater dispersion in the distribution between 
estimated and observed values; however they generated equations with significance and the absence 
of multicollinearity. The general equations, although significant, showed different performances 
among the tonka bean stands, with the presence of estimation trends in some cases. The graphical 
performance of the estimates generated through the equations adjusted by stand may be a reflection 
of the adjustment strategy by stratification, which allows the adjustment of specific equations for each 
of the stands. In many cases, the adoption of stratification tends to reduce the presence of under and 
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overestimation trends in the dependent variables, in addition to being more efficient in capturing 
different behaviors between the variables studied in different strata [60,61]. 

The use of models for selection and adjustment of equations based on easy-to-measure inventory 
variables, such as dbh, has significant potential to help small and medium-sized forestry producers 
who have restricted access to technical assistance and consulting resources [35,62]. The application 
of equations, together with the use of electronic spreadsheets and mobile applications that allow the 
precise measurement of dendrometric variables, can be considered an essential tool for the 
implementation of forest production control strategies in reforestation areas [63, 64]. The 
dissemination and use of these tools in the management of tonka bean plantations managed by small 
and medium-sized producers in the Amazon region can significantly improve production, as they 
allow better production control. 

Variations in aerial biomass, aboveground carbon and carbon sequestration between systems 
may be related to characteristics such as species richness, planting density adopted for the tree 
component and the age of each of the reforestation areas [65,66,67,68]. 

Carbon sequestration rates reflect the ability of plantation systems to capture and store 
atmospheric carbon over time, which could be compensated or subsidized with payment programs 
for environmental services due to the perennial cultivation of tonka bean trees as form of stimulus 
mainly to family-based farmers [69,70]. The successful values of AFS 4 were mainly driven by the 
high values of crown length, total height and crown diameter. 

Production systems with tonka bean trees have a variable potential for carbon sequestration, 
with a high range of values between stands, as well as biomass and carbon stocks that are higher or 
close to those of other perennial species included in reforestation and AFS [71,72]. Reforestation areas 
are strategic systems for carbon sequestration in the Amazon region, especially AFS and consortia 
with multiple perennial species [73]. The carbon sequestration potential is strongly influenced by 
factors such as environmental conditions, management and silvicultural practices adopted in the 
system, the regions where the plantations are located and others [74]. 

Tonka beans reforestation areas in the Eastern Amazon region have a complex diversity of 
adopted silvicultural practices, including even the absence of interventions, which contributes 
significantly to the variation in stocks and the potential for carbon sequestration [74,16]. In addition, 
the different types of productive arrangements adopted and the history of the cultivated areas also 
play a fundamental role in the differences in the carbon sequestration potential of the agroecosystem 
[75,71]. 

It is important to point out that this study focused only on estimating the biomass and carbon 
sequestration of the tonka bean trees present in the studied systems. This fact implies that the carbon 
sequestration potential of these systems is being underestimated, since the carbon stored in the soil 
and in other consortium species is not being considered. In any case, the study indicates, even 
considering only one perennial species, the importance of intercropping crops mainly as an 
environmental regulation service, contributing to the sustainability of the system (environmental 
service laws - [76]). 

6. Conclusions 

Simple linear equations that use dbh as an independent variable are recommended both in the 
stratified adjustment forms for each stand, and in general form, with data from all stands, as they 
present good precision and significant estimated parameters. The use of these equations is 
operationally easier, since they only need to measure the diameter of the trees at a height of 1.3m. 

Multiple linear equations fitted with data from the six populations of Dipteryx spp. can be used 
to estimate the total height and crown diameter dendrometric variables in new stands of tonka bean 
in the Eastern Amazon with good accuracy. However, the equations generated from the adjustments 
stratified by settlement present multicollinearity, indicating the need of caution in their use. 

It is important to point out that the tonka bean stands in the Western Amazon play a significant 
role in carbon sequestration and accumulation. Culture systems that include individuals of Dipteryx 
spp. as a tree component are able to sequester, on average, 4.8 tons of CO2 per year. 
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