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Abstract
We investigated the spatial distribution of population data and diameter classes and modeled the diameter structure 
of Vouacapoua americana Aubl. (Acapu) trees in a community forest management area. A forest census of trees with 
diameters ≥ 33 cm was carried out in the 2015 Annual Production Unit (APU-2015). Ripley’s univariate K function 
and the global Moran’s index were used to describe spatial autocorrelation. Three harvest intensities (50, 70, and 
80%) were simulated for the potential trees. The Weibull (3P) function provided the best performance to describe the 
diameter distribution of the original tree population, as well as in the harvested 50 and 70% intensities. In general, 
the spatial pattern of V. americana was aggregated. However, other natural factors, as population size, dynamics, 
geographic distribution, should be used as indicators for forest management and conservation of the specie.
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1. INTRODUCTION AND OBJECTIVES

Brazil stands out on the world stage for having extensive 
native forest areas, protecting an expressive fraction of fungi 
and plants (between 9.5 and 9.9%) of the world diversity 
(Forzza et  al., 2010). With 18,932 endemic species, Brazil 
also has one of the highest rates of endemism on the planet 
(46.2%) (Forzza et al., 2010). Moreover, the Amazon biome 
has gained notoriety for harboring 13,375 documented species, 
of which 2,046 (15.4%) are endemic (Forzza et al., 2012).

However, the accelerated destruction and fragmentation 
of habitats threatens the rich biodiversity of Brazilian plant 
species. In regards to the Brazilian Amazon, Martinelli & 
Moraes (2013) estimated that 87 endangered species, 90 
species with insufficient data, and 142 least concern species 
were of interest to conservation and research. Feeley & Silman 
(2009) estimated that, by 2050, 5–9% of Amazon plant species 
will have gone extinct and that their habitat will have been 
reduced by 12–24%.

In the Amazon, several of the species used for commercial 
timber are included in the Red Book of the Brazilian Flora 
(Martinelli & Moraes, 2013). For example, Vouacapoua 
americana Aubl. (Fabaceae), which is also known as Acapu, is 
categorized as endangered, since it has been reduced above 50% 
in abundance over the last 90 years (Martinelli & Moraes, 2013).

In response to the publication of the Red Book of the Brazilian 
Flora, in which V. americana is included, the Brazilian government 
has established total protection of the species, which includes the 
prohibition on the collection, cutting, transportation, storage, 
handling, processing, and commercialization, among others 
(BRASIL, 2014). Between January 1 and February 21, 2016, the 
System of Commercialization and Transportation of Pará Forest 
Products (Pará, Brazil) issued 5300 Forest Guides (GF1) that 
were related to the commercialization of 190,283.3415 m³ of 
Vouacapoua americana wood. Before the Official National List 
of Endangered Flora Species (LNOEAE) was released in 2014, 
the consumption of Vouacapoua americana wood in that year 
was of 24,481.4624 m³. However, this consumption (January and 
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1	 Annual Production Unit (APU): subdivision of the Forest Management Area (FMA) or its Forest Management Units (FMUs), 
destined for exploration in one year.

2	 Forest management units (FMU): operational subdivision of the Annual Production Unit (APU).
3	 Actual harvest area (AHA) in the effort unit (FMU): area with trees without commercial size for harvest, excluding areas of permanent 

preservation, inaccessible areas, infrastructure and anthropized areas, under fallow or not, and legally unavailable areas.

February only) decrease by 68.71 and 97.33% in 2015 and 2016, 
respectively, and the average value of Vouacapoua americana 
wood increased, reaching R$207.00 in 2016 (SEMAS, 2016).

Owing to the endangered status of Vouacapoua americana, 
Martinelli & Moraes (2013) noted the necessity of population 
and genetic studies. Indeed, knowledge of the spatial distribution 
and diameter structure of forest species is valuable for species 
management and conservation, including the establishment 
of Minimum Cutting Diameter (MCD).

Understanding the spatial distribution of key species is 
crucial to elucidating species’ use of available resources, relative 
dependence those resources, and role of resources in species’ 
establishment and reproduction (Condit et al., 2000). The 
spatial pattern in tropical forests is even more relevant since 
high diversity is closely related to population density and, 
therefore, with the proximity of individuals (John et al., 2002).

The purpose of the paper was to conduct a case study to 
describe the spatial distribution of Vouacapoua americana 
diameter classes using Ripley’s univariate K function, to evaluate 
the species’ original diameter structure using probability 
density functions (PDFs). Furthermore, the aim was to simulate 
scenarios with different cutting intensities for the species, in 
accordance with the current forest legislation and the established 

technical criteria. The main hypothesis of this study was that 
the Voucapoua americana could be managed according to 
maintenance criteria, with a low impact on the remaining of 
the diametric structure, depending on the exploration intensity.

2. MATERIALS AND METHODS

2.1. Study area and data set

The study was carried out at the Virola-Jatoba Sustainable 
Development Project (SDP), which is located at Belo Monte 
Glebe, in the northern area of the city of Anapu, Pará, Brazil 
(51°17’55.60’’W and 3º10’5.90’’S), and encompasses an area of 
37,000 ha, where 352 families have settled (Porro et al., 2015).

Data were obtained from a census of 2,400 V. americana 
specimens with diameter at breast height (i.e., 1.30 m; DBH) of 
≥ 33 cm. The census had been performed in the 2015 Annual 
Production Unit1 (APU-2015), which has a total area of 545.27 
ha and is subdivided into six forest management units2 (FMUs; 
Figure 1). Through microzoning, the APU-2015 was also separated 
into the following zones: i) Actual Harvest Area (AHA)3; ii) 
Anthropized Areas (AA); and (iii) Permanent Preservation 
Areas (PPA; Table S1).

Figure 1. Spatial distribution of Vouacapoua americana trees (DBH ≥ 33 cm) in the 2015 Annual Production Unit of Anapu, Pará, Brazil.
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The exploitation of the APU-2015 was approved by Forest 
Cut Authorization No. 272790/2015, which was granted 
to the Virola-Jatoba Association, a part of the Sustainable 
Development Project of Anapu. The permit allowed 24 species 
to be harvested, and a total of 11.642 individuals (26.4077 
m³∙ha-1) were removed, of which 2137 (4476 m³) were cut 
in a 440.8733-ha Area of Effective Management4 (AEM).

The permit prohibited the extraction (i.e., harvest) of 
V. americana trees from the Sustainable Forest Management 
Plan (SFMP) area or from the 2015 Annual Operational Plan 
(AOP), in compliance with current legislation, in particular, 
MMA Ordinance No. 443, which was issued on December 17, 
2014. Details of Forest Cut Authorization No. 272790/2015 
are available in the Integrated System of Monitoring and 
Environmental Licensing - Public Module (Public SIMLAM) on 
the Pará State Department of Environment and Sustainability 
website (https://www.semas.pa.gov.br/).

2.2. Exploratory analysis and Probability 
Density Functions (PDFs)

Initially, we performed an exploratory analysis of the data 
by calculating the measures of central tendency, dispersion, and 

shape to the continuous variables (diameter and volume) to each 
annual production and work unit. The diameter structure of V. 
americana trees was studied in the APU-2015 and its working 
units using frequency histograms with a class amplitude of 10 
cm of DBH (C1: DBH = 30 ˫ 40 cm; C2: DBH = 40 ˫ 50 cm; 
C3: DBH  =  50 ˫ 60 cm; C4:  DBH  =  60 ˫  70  cm; and 
C5: DBH ≥ 70 cm). 

Based on the distribution of diameters in previously 
determined amplitude classes, we fit probability density 
functions to estimate the future diametric structure of the 
forest stand. Several types of distribution can describe the 
diametric structure of trees. Among the most prominent 
in the literature, and used in this paper, are Log-Normal, 
Weibull- 3P, Gamma-2P, Burr-3P, and Johnson SB (e.g., 
Lima et al., 2014, Gorgoso-Varela & Rojo-Alboreca, 2014, 
Lima et  al., 2017). The parameters of these probability 
distribution functions were estimated using the maximum 
likelihood estimator (MLE). The fitted f(x) and the 
packages and functions of the R statistical environment, 
version 3.4.3 are presented in Table 1. After fitting the 
functions, the estimated frequency curves were plotted 
on the frequency histograms.

Table 1. R statistical environment packages and probability density functions (PDFs) adjusted to describe the diameter distribution of 
Vouacapoua americana trees (DBH ≥ 33 cm) in a dense tropical forest in Anapu, Pará, Brazil.

Name pdf Package Function Author

Log-Normal
f(x)

ln(x)-

= 1
x 2

e

- < x < ; > 0ex > 0

-1
2

2

fitdistrplus fitdist Delignette-Muller & Dutang (2015)

Stats dlnorm R-base (R Core Team, 2017)

Weibull (3P)
f

a

(x) = x - e
-1 - x-

x x0 0 0; ;

MASS fitdistr or seed Venables & Ripley (2002)

FAdist dweibull3 Aucoin (2015)

Gamma (2P)
f(x) = x

( )
e

> 0; > 0

-1

–

-x

fitdistrplus fitdist Delignette-Muller & Dutang (2015)

stats dgamma R-base (R Core Team, 2017)

4	 Area of Effective Management: Area of the Forest Management Unit (FMU) with potential for immediate or future harvest, excluding areas 
of permanent preservation, inaccessible areas, infrastructure and anthropized areas, under fallow or not, and legally unavailable areas.

	 All definitions are taken from Normative Instruction No. 05 of September 10, 2015.
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2.3. Quality of adjustments

After fitting, each of the PDFs was evaluated using the 
Kolmogorov-Smirnov (K-S) test, to determine whether the 
functions adhered to the observed diameter distribution 
(Péllico Netto et al., 2012). 

The K-S test was used to compare the observed and estimated 
cumulative distributions of the adjusted functions, using the 
following formula: dcal =, where dcal represents the calculated 
K-S statistic, which reflects the maximum difference between 
Fo(X) and Fe(X); Fo(X) represents the observed cumulative 
frequency; Fe(X) represents the expected cumulative frequency 
(estimated by the model); and n represents the number of 
observations (Orellana et al., 2014; Marangon et al., 2016; 
Cysneiros et al., 2017). 

The null hypothesis (H0) of the K-S test was that the 
observed diameters follow the tested distributions, and 
the alternative hypothesis (H1) was that the observed 
diameters do not follow the tested distributions. When 
dcal was lower than the critical value (dcrit.), the null 
hypothesis was not rejected, and we concluded that the 
adjusted function adhered to the real distribution data, 
at 99% level of probability.

The absolute and percentage standard error of estimation 
(SEest) were calculated using the following equations: 
SEest= - ŷ / (n -p)i i

2  and SEest% = (SEest/ý).100, 
respectively, where SEest represents the standard error of 
estimation (absolute or percentage); yi represents the number 
of trees observed in the i-th diameter class; ŷi represents 

the number of trees estimated in the i-th diameter 
class; p  represents the number of function parameters; 
n represents the total number of trees; and ý represents 
arithmetic mean for data grouped into classes (Lana et al., 
2013; Orellana et al., 2014). The arithmetic mean was used 
to calculate the SEest% of data grouped into classes. The 
PDFs were ranked according to the lowest dcal. of the K-S 
test. Therefore, the PDF that presented the lowest lowest 
dcal. was considered the one with the best adherence among 
all the distributions evaluated. In addition, estimated 
frequency curves were plotted for each function on the 
histogram of the observed frequencies, by diameter class 
(Machado et al., 2009; Binoti et al., 2014).

2.4. Spatial autocorrelation

The spatial autocorrelation of the V. americana trees was 
evaluated using the K function proposed by Ripley (1976) and 
the global Moran’s index, using the geographic coordinates 
of each plant in the APU-2015.

Ripley’s K function was applied for univariate cases, the 
total APU-2015 population, and for samples represented 
by the classes C1–C5. Owing to the low representativeness 
of trees in the upper classes, individuals with DBH values 
of ≥70 cm were grouped so that the K function could still 
be used.

The null hypothesis (H0) for the K function is that occurs 
Complete Spatial Randomness (CSR) (Scalon et al., 2012), 
that is, individuals present random spatial distribution. 

Name pdf Package Function Author

Burr (3P)
f x =

k x

x

x > 0; > 0;k > 0

k( )

1+

-1

+1

;

ExtDist eBurr Wu et al. (2015)

actuar dburr Dutang et al (2008)

Johnson SB

f(x)

z z
e

x

ln z
1-z

2 1

1
2

2

( )
; 0 0;

SuppDists JohnsonFit or seed Wheeler (2016)

SuppDists ou 
ExtDist

dJohnson ou 
dJohnsonSB Wheeler (2016) e Wu et al. (2015)

Log-Normal: x = value of random variable (center of diameter class, cm); μ = arithmetic mean (log scale) of random variable diameter, cm; σ = standard deviation 
(log scale) of random variable diameter, cm; π = “pi” constant (3.1416); e = exponential; and ln = Napierian logarithm. Weibull (3P): x = value of random variable, 
cm; γ = location parameter; β = scale parameter; α = shape parameter; and e = exponential. Gamma (2P): x = value of random variable diameter, cm; α = shape 
parameter; β = distribution scale parameter; Γ = Gamma function; and e = exponential. Burr (3P): x = value of random variable (center of diameter class, cm); 
k and α = shape parameter; and β = scale parameter. Johnson SB: x = value of random variable, cm; γ and δ = distribution shape parameters; ζ = location parameter; 
λ = scale parameter; e = exponential; and z = (x - ζ)/λ. For reference packages see supplementary document S1.

Table 1. Continued...
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Thus, in order to evaluate the CSR, confidence bounds 
were constructed at 99% probability from 1000 Monte 
Carlo simulations. The relationships between pairs of 
occurrences were measured every 5 m, up to a maximum 
distance of 1,500 m.

Based on the simulations, denotative graphs of the spatial 
patterns were obtained. Machado et al. (2012) point out that 
the positive and the negative boundary lines identify the 
CSR trust envelope. In addition, Capretz et al. (2012) state 
that the occurrence of values within the bounds indicates a 
random spatial pattern. Otherwise, when the k values are 
either above or below the envelope limits, the H0 should 
be rejected and the alternative hypothesis of an aggregate 
pattern should be accepted.

The global Moran’s index comprises values that vary from 
-1 to +1 (Silva et al., 2017). Values between 0 and +1 indicate 
positive spatial corrections, whereas those between -1 and 0 
indicate negative spatial correlations, and null values (zero) 
indicate a lack of spatial autocorrelation. The global Moran’s index 
is a statistical test in which the null hypothesis express spatial 
independence (H0: I = 0 vs. H1: I ≠ 0) (Dalposso et al., 2013).

2.5. Harvest intensity scenarios 

The V. americana harvest scenarios were established under 
the hypothetical assumption of legal access to the species. Prior 
to analyzing the harvest intensity scenarios, the V. americana 
trees were categorized according to the technical criteria of 
SEMAS-PA and current forest legislation (Resolution No. 406, of 
February 2, 2009): i) Remaining with Future Harvest Potential 
(RFHP; DBH < 50 cm, located in the AHA); ii) Harvest Potential 
(HP; 50 cm ≤ DBH < 80 cm, located in the AHA, with stem quality 
type 1 or 2); iii) Protected by Law (PL; located in permanent 
preservation areas); iv) Remaining with Non‑commercial Stem 
(RNS; DBH ≥ 50 cm, located in the AHA, with stem quality 
type 3 or 4, that is, crooked and without commercial value); 
v) Remaining in Anthropized Area (RAA; located in the AA); 
and vi) Parent Trees (PT; exhibiting desirable phenotypic 
features or not found in any other category). All trees with DBH 
values of ≥ 80 cm were preserved, owing to their rarity. Then, 
the effects of hypothetical sustainable Vouacapoua americana 
harvest on the diameter structure of the species were explored, 
under three harvest intensity scenarios (50, 70, and 80%). For 
this purpose, the function that best fit the original diameter 
structure was adjusted to the remaining diameter structure 
under each harvest scenario. 

The scenarios were assessed under a conservative maintenance 
criterion (i.e., maintaining 15% of harvestable Vouacapoua americana 
trees in the AHA of the APU). The permanence criterion of a 
tree in the area, addressed by the Normative Instruction No. 01 

from February 2015, is based on the sustainable management 
of vulnerable tree species according to the Official National List 
of Endangered Flora Species (Brasil, 2014).

Scenario 1 (Sc1): removal of ~50% of harvestable trees, 
with the same harvest intensity within each FMU. 

Scenario 2 (Sc2): removal of ~70% of harvestable trees, 
with the same harvest intensity within each FMU.

Scenario 3 (Sc3): removal of ~80% of harvestable trees, 
with the same harvest intensity within each FMU. 

For each scenario, the createDataPartition function of 
the caret package in R, version 3.4.3, was used to select 
from among harvestable trees (Kuhn, 2008), with FMU as 
the base of stratification. All data and R scripts are available 
as additional files.

3. RESULTS AND DISCUSSION

3.1. Exploratory analysis 

Descriptive statistics for two dendrometric variables that 
were measured for the pre-harvest forest inventory (forest 
inventory at 100%) of APU-2015 (545.27 hectares), from 
which an area of 440.87 hectares was effectively managed 
for other species, except Vouacapoua americana (Table 2). 
A total of 2,400 V. americana specimens were identified 
in the APU-2015 (4.40 ind.ha-1). The DBH of the trees 
ranged from 33.42 to 127.32 cm, with an interquartile range 
of 15.92 cm, which indicated that 50% of the diameters 
were between 44.56 (Q1) and 60.48 cm (Q3). Variation of 
DBH was relatively low (19–26%), especially for being 
an uneven-aged forest stand, and indicated a reasonably 
homogeneous data set.

Fisher’s measure of skewness (g1) for DBH ranged from 
0.51 to 1.78 in the forest management units, indicating positive 
skewness (g1 > 0), with the longest tail to the right. Fisher’s 
measure of flatness (g2) for DBH ranged from -0.20 to 5.69 in 
the assessment units, indicating a leptokurtic curve (g2 > 0), 
that was more elongated than the normal distribution curve 
(0.263). Only FMU 2 yielded a platykurtic distribution 
(g2 < 0), with a degree of flatness that was smaller than the 
Gauss curve.

Of all the trees inventoried, 1,909 were in the AHA 
(4.33 trees.ha-1). The initial inventory5 of each FMU in the 
AHA ranged from 0.0215 to 0.0494 m³∙ha-1, with an overall 
mean of 0.0265 m³∙ha-1 and a total volume of 3,885.46 m³. 
Descriptive statistics for the height (h), basal area (m²∙ha-1), 
and volume (m³) of trees in each FMU and in the entire 
APU-2015 are not included in the text, but they are important 
to better understand of Vouacapoua americana population 
structure in the forest (Table S2).
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3.2. Probability density functions (PDFs)

The diametric distribution obtained from all inventoried 
individuals Vouacapoua americana population (UPA-2015) 
proved that most of the trees are in the diametric classes 
of 40 ˫ 50 cm (C2) and 50 ˫ 60 cm (C3), covering 59.96% 
of the total number of inventoried individuals.  Similarly, 
the study of the diametric structure by UT also showed a 
tendency towards a higher concentration of individuals 
in classes C2 and C3, with accumulated percentages that 
varied between 24.80% (UT3) and 38.90% (UT6). The 
distribution of trees among the diameter classes was 
relatively similar among the FMUs, as long as the diameter 
categories were separated by 10 cm. However, the frequency 
histograms of FMU 3 and FMU 5 were slightly different 
than those of the other FMUs. More specifically, in the 
FMU 3, a greater number of trees was placed in C3 than 

in C2, and in the FMU 5, a smaller number of trees were 
placed in C3 than in C1. 

There was a noticeable reduction of the number of 
individuals per class as the diameter of the classes increased, 
which indicates that large individuals (DBH > 80 cm) were 
rare. In fact, less than 3% of the total inventoried individuals 
had DBH measurements > 80 cm, and within FMUs, the 
percentage ranged from 0 (FMU 5) to 4% (FMU 3). Therefore, in 
a hypothetical scenario of Vouacapoua americana management, 
focused on its conservation, low-density diameter classes 
should be protected from harvest.

In most cases, we were unable to reject the null 
hypothesis (p-value > 0.01) of the K-S, which indicated 
that the adjusted PDFs adhered to the original diameter 
distribution. However, for the individual FMUs, ranking 
the K-S and SEest% values revealed that other PDFs better 
fit the distributions data (Table 3).

Table 2. Descriptive statistics and initial stock in the actual harvest area of Vouacapoua americana trees (DBH ≥ 33 cm) in the 2015 
Annual Production Unit of Anapu, Pará, Brazil.

n Mean Q0.25 Md Q0.75 Sd g1 g2 Min. Max. IQR

Diameter (cm)

FMU-1 317 54.11 45.20 50.93 63.66 11.99 1.29 3.87 33.42 117.77 18.46

FMU-2 336 56.73 47.03 54.91 65.25 12.67 0.51 -0.20 35.01 98.68 18.22

FMU-3 641 56.66 46.15 55.70 65.57 13.10 0.61 0.40 34.06 114.27 19.42

FMU-4 531 51.64 42.97 48.70 57.30 13.08 1.78 5.69 35.01 127.32 14.32

FMU-5 156 47.13 39.39 45.52 51.57 9.15 0.85 0.43 35.01 76.39 12.18

FMU-6 419 49.82 42.34 48.38 55.70 9.92 1.10 2.36 35.01 103.13 13.37

APU-2015 2,400 53.41 44.56 50.93 60.48 12.55 1.08 2.16 33.42 127.32 15.92

Initial volume in AHA (m³.ha-1)*

FMU-1 241 0.0266 0.0154 0.0215 0.0332 0.0175 3.2501 17.3196 0.0066 0.1495 0.0178

FMU-2 239 0.0279 0.0171 0.0249 0.0360 0.0141 0.8623 0.3271 0.0067 0.0747 0.0188

FMU-3 537 0.0248 0.0139 0.0214 0.0325 0.0143 1.7992 6.4770 0.0047 0.1243 0.0186

FMU-4 393 0.0265 0.0161 0.0217 0.0312 0.0183 4.2373 28.3695 0.0075 0.1868 0.0151

FMU-5 110 0.0494 0.0318 0.0415 0.0570 0.0253 1.5084 2.1431 0.0134 0.1368 0.0252

FMU-6 389 0.0215 0.0140 0.0187 0.0268 0.0108 1.8269 5.4289 0.0069 0.0896 0.0128

APU-2015 1,909 0.0265 0.0154 0.0223 0.033 0.0169 2.8527 15.0651 0.0047 0.1868 0.0177

n = number of trees; Q0.25 = first quartile; Md = median; Q0.75 = third quartile; Sd = standard deviation; g1 = skewness; g2 = Kurtosis; Min. = minimum; Max. = 
maximum; IQR = interquartile range; FMU = forest management units; and APU = Annual Production Unit. *commercial volume of trees calculated using the form 
factor 0.7 (Pará 2015), through the formula vi = 0.7 [(πDB H2/4)h].
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Table 3. Estimated parameters of probability density functions and Kolmogorov-Smirnov adherence values for the entire 2015 Annual 
Production Unit and for each of six working units.

Functions

ESTIMATED PARAMETERS
K-S SEest

Annual Production Unit (APU-2015)

k α β γ δ ξ λ σ μ dcal. dcrit. R % R

Log-Normal − − − − − − − 0.223 3.952 0.0308ns

0.033

3 15.13 3
Weibull 3P − 1.604 23.039 33.576 − − − − − 0.0159ns 2 1.77 1

Gamma (2P) − 19.743 0.369 − − − − − − 0.0501* - 20.68 4
Burr (3P) 0.693 8.979 48.241 − − − − − − 0.0397* - 29.06 5

Johnson SB − − −  1.381 1.608 28.708 94.84 −  −  0.0158ns 1 4.28 2
FMU-1

Log-Normal − − − − − − − 0.208 3.969 0.0381ns

0.091

2 3.97 3
Weibull 3P − 1.830 23.678 33.070 − − − − − 0.0229ns 1 1.55 1
Gamma 2P − 22.515 0.416 − − − − − − 0.0527ns 3 5.33 4
Burr (3P) 0.719 9.515 49.629 − − − − − − 0.0537ns 4 5.63 5

Johnson SB − − −  1.521 2.475 29.018 133.576 −  −  0.0911ns 5 2.37 2
FMU-2

Log-Normal − − − − − − − 0.221 4.014 0.0559ns

0.089

3 5.97 3
Weibull 3P − 1.925 26.465 33.237 − − − − − 0.0476ns 1 3.64 1
Gamma 2P − 20.570 0.363 − − − − − − 0.0541ns 2 6.65 4
Burr (3P) 1.376 6.937 59.216 − − − − − − 0.0601ns 5 9.49 5

Johnson SB − − −  1.572 1.786 22.724 110.405 −  −  0.0562ns 4 4.12 2
FMU-3

Log-Normal − − − − − − − 0.228 4.011 0.0330ns

0.064

3 5.20 4
Weibull 3P − 2.202 32.608 28.366 − − − − − 0.0156ns 1 0.74 1
Gamma 2P − 19.316 0.341 − − − − − − 0.0292ns 2 3.98 3
Burr (3P) 1.390 6.757 59.311 − − − − − − 0.0431ns 5 7.72 5

Johnson SB − − −  0.573 1.133 29.336 69.06 −  −  0.0350ns 4 0.93 2
FMU-4

Log-Normal − − − − − − − 0.227 3.917 0.0577ns

0.071

3 4.41 3
Weibull 3P − 1.404 18.821 34.494 − − − − − 0.0203ns 2 0.28 1
Gamma 2P − 18.417 0.357 − − − − − − 0.0829* - 7.63 4
Burr (3P) 0.539 10.362 44.664 − − − − − − 0.0580ns 4 8.32 5

Johnson SB − − −  0 2.823 17.974 30.91 −  −  0.0188ns 1 0.90 2
FMU-5

Log-Normal − − − − − − − 0.185 3.835 0.0729ns

0.130

2 4.88 4
Weibull 3P − 1.900 21.279 28.540 − − − − − 0.0199ns 1 0.09 1
Gamma 2P − 28.556 0.606 − − − − − − 0.0766ns 3 4.63 3
Burr (3P) 0.598 11.529 42.479 − − − − − − 0.0897ns 4 10.64 5

Johnson SB − − −  0.939 1.026 31.001 49.05 −  −  0.0926ns 5 2.01 2
FMU-6

Log-Normal − − − − − − − 0.189 3.889 0.0318ns

0.079

4 2.06 3
Weibull 3P − 2.281 23.410 29.030 − − − − − 0.0195ns 1 0.12 1
Gamma 2P − 27.393 0.549 − − − − − − 0.0277ns 3 1.18 2
Burr (3P) 0.685 10.667 45.766 − − − − − − 0.0498ns 5 11.74 5

Johnson SB − − −  1.121 1.323 29.789 61.99 −  −  0.0222ns 2 2.13 4

k and α = estimated distribution shape parameter; β = estimated scale parameter; γ and δ = estimated distribution shape parameters; λ = estimated scale parameter; ξ = estimated 
location parameter; σ = standard deviation;μ = arithmetic mean; dcal. and dcrit. = calculated and critical Kolmogorov-Smirnov values; * = significant at the 99% level, indicating 
no adherence to the distribution; ns = not significant, exhibiting adherence to the distribution (α = 0.01); SEest = standard error of estimation; and R = ranking.
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Figure 2. Frequency and adjusted probability density functions for the diameter structure of Vouacapoua americana in the entire 2015 
Annual Production Unit of Anapu and in each of six forest management units.

The Weibull (3P) PDF exhibited the best overall fit 
to the original data, yielding the smallest dcal. for FMU 1, 
FMU 2, FMU 3, FMU 5, and FMU 6, although the Johnson 
SB PDF presented the best fit for the entire APU-2015 and 
FMU  4. The Weibull (3P) PDF was also superior to the 
other distributions in regard to SEest%, with values that 
ranged from 0.09 (FMU 5) to 3.64% (FMU 2) (Figure 2).

Although the Johnson SB PDF performed better than the 
Weibull (3P) PDF in the APU-2015 and FMU 4, it did not 
maintain its performance in the other FMUs, reaching the 
fourth or fifth position on the K-S ranking, with the exception 
of FMU 6. On the other hand, the Johnson SB PDF yielded 
small SEest% values that ranged from 0.90 (FMU 4) to 4.28 
(APU-2015). 
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Interestingly, a smaller K-S value does not necessarily 
infer a smaller SEest% value. For instance, in situations where 
the Johnson SB PDF performed better than the Weibull (3P) 
PDF, the standard errors of the functions estimate of absolute 
frequencies were higher than those of the Weibull (3P) PDF.

The Gamma (2P) PDF was unable to adhere to the diameter 
distribution data of either the APU-2015 or FMU 4, and the 
Burr (3P) PDF was unsatisfactory for modeling the diameter 
structure of the APU-2015. In general, the Burr (3P) PDF 
exhibited the worst fit to the real distribution data, according 
to the K-S test and SEest% values. 

3.3. Spatial distribution analysis 

The V. americana trees presented an aggregated spatial 
distribution, as indicated by the univariate Ripley K function. 

The estimated L(s) in classes C1 and C5 yielded continuous 
aggregate patterns over the whole distance scale. The horizontal 
line (L(s)=0) represents the reference for the confidence 
bounds (dashed line) at 99% probability, and the solid lines 
represent the adjustment obtained using the modified Ripley’s 
K function, L(s) (Figure 3).

Spatial autocorrelation was also verified by the global Moran’s 
index (I = 0.191266, z-score = 14.221354, p-value = 0.000), 
which confirmed a highly aggregated distribution at a 99% level 
of probability. Unique transition points were observed in the 
APU-2015, as well as in classes C2, C3, and C4, which exhibited 
changed spatial patterns. The estimation of K for the APU-2015 
yielded increasing L(s) values up to ~400 m and then a random 
pattern at ~1,100 m. In classes C2, C3, and C4, the estimated 
L(s) values increased up to the 400, 400, and 700 m distances, 
respectively, with transition points at 600, 700, and 1,200 m. 

Figure 3. Estimated and transformed univariate Ripley K function values (estimated L) for Vouacapoua americana in the sampling area 
and diameter class. C1: DBH = 30 ˫ 40 cm; C2: DBH = 40 ˫ 50 cm; C3: DBH = 50 ˫ 60 cm; C4: DBH = 60 ˫ 70 cm; and C5: DBH ≥ 70 cm.

Although there are differences in the estimate curves of 
Ripley’s K function, the aggregate pattern is common in tropical 
forests, mostly due to the large number of conspecific trees 
within specific neighborhoods (Hubbell, 1979). Aggregation 
levels are mainly attributed to resource availability, microclimatic 
conditions, and reduced dispersion capacity (Haase, 1995; Grau, 
2000). Capretz et al. (2012) noted that plants at different life 
stages have different needs and, as a result, exhibit different 
spatial patterns. In particular, the aggregated spatial distribution 

pattern of V. americana over short distances could be attributed 
to its barochoric dispersion, in which seeds fall from parent 
trees and are generally disseminated short distances by small 
rodents (Santos & Jardim, 2012).

3.4. Harvest intensity scenarios

From the 2,400 trees surveyed, 1,304 individuals with 
DBH values of  ≥ 50.0 cm and only 855 with DBH values 
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between 50 and 80 cm were classified under the “Harvest 
Potential” category, since they were located in the AHA and 
presented straight stems (commercially desirable) (Figure 4). 
In every scenario, 15% of the “Harvest Potential” trees 
(129  individuals) were maintained in the APU-2015 and 
the FMUs. Thus, scenarios 1, 2, and 3 involved the harvest 
of 428, 600, and 686 trees of the AHA, which corresponded 
to wood volumes of 15.0415, 20.2033, and 23.2470 m³∙ha-1, 

respectively. The Weibull (3P) PDF provided the best fit to the 
original diameter structure, thus it was able to describe the 
diameter distribution in the APU-2015 and FMUs after the 
simulated removal of 50 and 70% of Vouacapoua americana 
trees. However, the 80% scenario was considered too severe, 
since the Weibull (3P) PDF was unable to describe the 
remaining diameter structure, with the exception of FMU 5 
and FMU 6 (Table S3 e S4).

Figure 4. Harvest intensity scenarios (50, 70, and 80%) for the 2015 Annual Production Unit and effort units, as well as their impact on 
the diameter structure of Vouacapoua americana in Anapu, Pará, Brazil. Sc1-, Sc2-, and Sc3-Remaining: trees remaining in scenarios 1, 2, 
and 3, respectively; Sc1-, Sc2-, and Sc3-Harvested: trees hypothetically harvested in scenarios 1, 2, and 3, respectively.
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Under every scenario, the hypothetical volume harvested 
per ha in the AHA can be considered high when accounting 
for the volume restriction applied by SEMAS-PA, which only 
authorizes the harvest of 6 m³∙ha-1 per species. Conversely, 
the results of the present study confirm, even if indirectly, 
that lower harvest intensities maintain the original diameter 
distribution characteristics of V. americana and, therefore, 
can be safely put into practice.

4. CONCLUSIONS

The V. americana trees presented an aggregated spatial 
distribution. The remaining diameter structures of the 50 and 70% 
harvest scenarios suggest that the effects of harvest on diameter 
distribution and the occurrence of rare classes would be minimal 
and cause little harm to the original diameter structure of the 
population.  However, other natural factors, as population size, 
dynamics, geographic distribution, should be used as indicators 
for forest management and conservation of the specie.
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SUPPLEMENTARY MATERIAL

The following online material is available for this article:

Supplementary S1 - Additional references.

Table S1 - Quantification of areas in the Annual Production Unit 2015 (APU-2015) in a dense tropical forest in 
Anapu, Pará, Brazil.

Table S2 - Descriptive statistics of height (m), basal area (m 2.ha-1) and volume (m3), by FMU and APU-2015, of the data 
set of Vouacapoua americana (DBH ≥ 33cm), in a dense tropical forest in Anapu, Pará, Brazil.

Table S3 - Number of trees, basal area and simulated volume of exploitation and remaining in the harvest intensity 
scenarios, APU-2015 and each FMU, and conservative maintenance criterion (maintaining 15% of harvestable Acapu trees 
in the AHA of the APU), in a dense tropical forest in Anapu, Pará, Brazil.

Table S4 - Estimate parameters and the values of the Kolmogorov-Smirnov adherence test. for the Weibull function (3P) 
for the remaining diametric structure of Vouacapoua americana after simulation of the harvest intensity scenarios in a 
dense tropical forest in Anapu. Pará. Brazil.
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