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Abstract 

Eucalyptus plantations in Brazil can be assigned to one of two management regimes; high forest and 
coppice. The characterization of the diameter distribution in plantations under different management 
regimes is important for making decisions regarding the optimal regime, and helps quantify numerous 
wood products. The aim of this study was to evaluate the diameter distribution of a Eucalyptus urophylla 
S. T. Blake stand in the State of Minas Gerais, Brazil, under different management regimes and ages. 
Specific probabilistic density functions for forest area were fitted, and a probability distribution proposed 
in the literature was selected to evaluate the effects of management regime and age on diameter 
distribution. In total, 7,113 trees in stands of three, five, and seven years were assessed. A total of 3,396 
trees grew under a high forest regime and 3,710 under a coppice regime. The fitted distribution curve 
presents negative asymmetry according to the stand age. Regarding differences between regimes and 
ages, the distribution curve for high forest results in a diametric distribution with larger trees and highest 
frequency (number of trees), when compared to coppice, for the three ages evaluated. The growth in 
diameter under the high forest regime stagnated before the age of seven years, suggesting earlier clear-
cuts to be performed. 

Keywords: Forest plantation; Probabilistic density functions; Growth; Age. 

Resumo 

Plantios de eucalipto são predominantemente conduzidos no Brasil por meio de dois regimes de manejo, 
alto fuste e talhadia. A caracterização da distribuição diamétrica de plantios sob diferentes regimes de 
manejo auxilia na tomada de decisão sobre o melhor regime a ser adotado, bem como na quantificação 
de multiprodutos madeireiros. O presente trabalho teve como objetivo avaliar a distribuição diamétrica 
de um povoamento de Eucalyptus urophylla S. T. Blake no Estado de Minas Gerais, sob diferentes regimes 
de manejo e idade. Funções de densidade probabilísticas específicas para a área florestal foram 
ajustadas, sendo que uma função proposta na literatura foi selecionada para avaliar os efeitos dos 
regimes de manejo e idade na distribuição diamétrica. Foram analisadas 7.113 árvores, sendo 3.396 do 
regime alto fuste e 3.710 do regime talhadia, contemplando as idades 3, 5 e 7 anos. Observou-se que, 
conforme a idade do povoamento, a curva de distribuição ajustada apresenta assimetria negativa. Ao 
avaliar as diferenças entre os regimes por idade, a curva de distribuição do regime alto fuste resulta em 
uma distribuição diamétrica com árvores de maior porte e com maior frequência (número de árvores), 
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quando comparada ao regime talhadia, em todas as idades avaliadas. O crescimento em diâmetro no 
regime de alto fuste estagnou antes do sétimo ano, sugerindo a antecipação do corte raso. 

Palavras-chave: Floresta plantada; Funções de densidade probabilística; Crescimento; Idade. 

INTRODUCTION 

The diameter distribution of forest stands can be affected by age as the distribution curve 
tends to flatten and move to the right (Bartoszeck et al., 2004). Populations of the genus 
Eucalyptus are grown in Brazil predominantly under two different management regimes: high 
forest and coppice. Under the high forest regime, also known as reforestation, harvesting if 
followed by planting of new plants, typically with the exchange of genetic material between 
the rows of the old plantation, which is a needed silvicultural measure (Scolforo & Maestri 
1998; Silva, 2013). The coppice regime is based on regrowth of the cut stems (Silva, 2013). This 
system was predominantly adopted during the first decades of cultivation of the genus 
Eucalyptus in Brazil due to the lower timber production costs (Lamprecht, 1990). 

Under the coppice regime, the presence of an established root system facilitates the 
absorption of water and nutrients and the use of organic and inorganic reserves contained by 
stems and roots (Cacau et al., 2008; Teixeira et al., 2002). However, in an attempt to increase 
productivity, the high forest regime was adopted by forestry companies from the mid-1990s 
(Stape, 1997; Gonçalves et al., 2013). In 2009, coppicing accounted for 25% of the total 
eucalyptus area in Brazil, and this regime became an alternative mitigation for the global 
economic crisis of 2008 (Gonçalves et al., 2014). 

The diameter distribution of forest stands can be used for assessing parameters including 
identification of differences of diameter structure between forest stands, range of diameter 
variation of the entire forest or of specific species, and forest growth, typically by using 
production tables that consider the dynamics of the forest population (Loetsch et al., 1973; 
Scolforo, 2006). Moreover, the diameter distribution is of great importance as a tool for 
management decision-making regarding the regime choice (Arce, 2005; Scolforo, 2006). 

Diameter distributions allow for evaluating growth and production in the different classes 
of a forest and are typically based on probability density functions which are useful for 
evaluating thinning and the economic achievement with multiple products (Burkhart et al., 
1981; Scolforo, 2006). 

The aim of this study was to evaluate the effects of high forest and coppice management 
regimes on diameter distributions in clonal stands of Eucalyptus urophylla at different ages, 
based on probability density functions in order to provide information for forest management. 

MATERIAL AND METHODS 

Study area 

Data was obtained from the continuous forest inventory of clonal stands of E. urophylla 
of the company Plantar, located near Felixlândia, state of Minas Gerais, Brazil. 

The predominant soil in the region is the dystrophic Red-Yellow Latosol (dRYL), 
characterized by predominant Alayer and clayey texture (Fundação Estadual do Meio 
Ambiente, 2010). The relief is classified as smooth-wavy. The predominant climate type is Aw, 
a tropical zone with dry winters, with average annual precipitation from 1,300 to 1,600 mm, 
and average annual temperature is between 20 and 22°C (Alvarez et al., 2013). 

Inventory data were collected in rectangular plots of different areas and with a fixed 
number of 60 pits. The plots were randomly allocated, and over-bark circumferences at 1.30 
m above-ground (CBH) of all trees were measured within each plot using metric tape. One plot 
per ten hectares was installed, with at least two plots per stand. The plots were randomly 
selected using the ArcGis software and were allocated in field using GPS coordinates. 
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Number of trees and diameter class widths 

All the trees were of the same genotype and from a unique site quality, with plant spacing 
of 3.5 × 2.6 m. The plantations were managed under high forest or coppice regimes at ages of 
three, five, and seven years. Data from eight different stands (area ranging from 3.4 to 45.2 
hectares) of each regime were analyzed. 

In total, data of 7,113 trees were recorded, from which 3,396 were grown under a high 
forest regime and 3,710 under a coppice regime (Table 1). The diameter at breast high (DBH) 
ranged from 4.1 to 22.9 cm under the high forest regime. Under the coppice regime, the DBH 
ranged from 2.5 to 19.0 cm. 

Table 1. Number of trees by management regime, stand age and diametric amplitude of Eucalyptus 
urophylla trees. 

Management regimes Age (years) 𝒏𝒏 𝑫𝑫𝑫𝑫𝑫𝑫𝒎𝒎𝒎𝒎𝒎𝒎 (𝒄𝒄𝒄𝒄) 𝑫𝑫𝑫𝑫𝑫𝑫𝒎𝒎𝒎𝒎𝒎𝒎 (𝒄𝒄𝒄𝒄) 
High forest 3 1122 3.6 20.2 
High forest 5 1060 4.6 24.5 
High forest 7 1214 4.1 23.9 

Coppice 3 1362 2.5 16.8 
Coppice 5 1356 2.6 19.3 
Coppice 7 992 2.6 21.0 

Where: n is the total number of trees; minDBH is the minimum diameter in centimeters; maxDBH  is the maximum 

diameter, in centimeters. 

The number of diameter classes was determined by the formula of Sturges (1926): 

.   logc 10n 1 3 322 n= +  

where   cn is the number of classes and n  is the number of trees. 

For all cases, the diameter class widths were obtained from the following equation: 

c
c

Ai
n

=  

where  ci  is the diameter class widths,  A  is the amplitude, and 𝑛𝑛𝑐𝑐is the number of classes. 

Probabilistic density functions 

The classical probabilistic density functions (pdf) Normal, Weibull, Exponential, Log-
Normal, Beta, Gamma (Johnson & Kotz, 1970), and novel functions of Weber (2006), and 
Silva et al. (2003) were tested to estimate frequency distributions of trees by diameter classes. 
The pdf proposed by Silva et al. (2003) yielded the best fit to the sample data and was 
therefore applied. This pdf was developed and first applied to forest variables, specified as 
follows: 
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where n , d , and  h are positive integers; 1a , 2a , ... ma , are real numbers; 1c  and 2c  are real 

numbers; k is the value of the integral [ ( ) ]d n n 1 n 2 2
1 1 2 3 m xh

0

cx c a x a x a x a d
x

∞
− −+ + + +…+ +∫ ;  x is the variable; 

1l : upper limit of the class where the function 1c * dx , 2l : upper limit of the last class will be 
adjusted up to where the polynomial produces a good fit. 

This polynomial distribution consists of three mathematical functions and is known as 
“truncated pdf” which shows great flexibility when fit to forest data (Silva et al., 2003). In this 
model, the first part consists of a positive potential increasing function and the second is a 
polynomial fit by the least-squares method. The third is a hyperbolic function with y = 0 as an 
asymptote. The three functions must meet the assumptions of a pdf, that is, they must be 
continuous, with non-negative and convergent values in (0, + ∞). Silva et al. (2003) emphasize 
that five steps are necessary to fit these functions, i.e.: 
First step: fit a polynomial of a specified degree, identified as ( )2g x , which best represent the 

absolute frequencies observed; 
Second step: produce a graph of the fitted polynomial in order to observe in which classes it 

assumes negative values or contradicts the tendency of the observed data. Here, classes 
should be disregarded; 

Third step: for the classes identified in step two, the following functions should be fitted - for 
the first class the function is ( )  d

1 1g x c x= and for the last class the function ( )  / h
3 2g x c x= . 

Fourth step: combine the three functions defined previously: ( ) d
1 1g x c x= , 

( ) n n 1 n 2
2 2 3 mg x x a x a x a− −= + + +…+ . Subsequently, the result of the integral ( )0 g x dx∞

∫ must be 
calculated to obtain the value of k; 

Fifth step: multiply the function ( )g x by 1
k

 to obtain a probability density function ( )f x , where 
( )0 f x dx 1∞ =∫ . 

Goodness of fit tests 

To verify the goodness of fit of the obtained probability density function, a Kolmogorov-
Smirnov test was used at the 99% probability level. 

o e
n

max |F -F |D
n

=  

critical (α=0,01)
1.36D = 

n
 

where Dn is the diameter class widths, Fo is the accumulated distribution observed, and Fe is 
the estimated cumulative distribution. 

Evaluation of the diameter distribution 

The analyses of management regimes and ages were performed applying the probability 
distribution determined by Silva et al. (2003), to test the respective effects on diameter 
distributions. 

Subsequently, the diameter distribution was subdivided into the following three classes, 
to produce a percentage estimation of a forest multiproduct: 
Class 1: trees with DBH <8 cm; 
Class 2: trees with 8 cm ≤ DBH<12 cm; 
Class 3: trees with DBH ≥ 12 cm. 

The integrals of each fitted function were calculated using the function ( )  0 g x dx∞
∫ to obtain 

the total area under the respective curve. Subsequently, the proportion of the integral area of 
each class was estimated in relative values from the total result of the integration, indicating 
the proportion of trees in the stand distributed in the three diameter classes (Figure 1). 
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Figure 1. Procedure for calculating the integral of the curve and the relative proportions of the areas 
corresponding to each assortment class, performed for each estimated distribution curve. 

RESULTS AND DISCUSSION 

Goodness of fit to all different management regimes and ages analyzed was tested using 
a Kolmogorov-Smirnov test (Table 2). 

Table 2. Results of the Kolmogorov-Smirnov goodness of fit test for different management regimes and 
ages in a plantation of Eucalyptus urophylla, Minas Gerais, Brazil. 

Probability 
distribution Management regime Age (years) 

Kolmogorov-
Smirnov (D) Dcalculated (99%) 

Silva et al. 
(2003) 

Coppice 3 0.0369 0.0110ns 
Coppice 5 0.0369 0.0185ns 
Coppice 7 0.0432 0.0093ns 

High forest 3 0.0406 0.0068ns 
High forest 5 0.0412 0.0089ns 
High forest 7 0.0389 0.0033ns 

The probability distribution determined by Silva et al. (2003) has been applied in few 
studies so far. For example, Ebling & Péllico Netto (2015) used this function for diameter 
distribution of Araucaria angustifolia to assess bi-modal distributions in cohorts in Southern 
Brazil. It is worth noting that the application of Silva's function to diametric distributions in 
forest stands begins to be competitive when compared to other functions of expressive use 
by the international scientific community, such as Weibull, Normal, Gamma, Beta and others. 

The probability distribution determined by Silva et al. (2003) was developed for 
application on tree variables of natural forests, and it can be extended to stands and 
conditions in which the traditional models do not attain sufficient goodness of fit. The 
calculated coefficients are shown below: 

Coppice, 3 years 
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In the coppice regime distributions, goodness of fit of the polynomial curves for the 
observed frequencies was obtained for all considered ages (Figure 2). The class centers ranged 
from 3.1 to 11.7 cm, which was smaller than the ones from the high forest regime (4.3 to 14 
cm). Seven-year old stands presented higher classes as the most frequent, when compared to 
five-year old and three-year old stands (the 10.1 cm class was most frequent). Also, the five-
years old stands had higher classes as the most frequent than three-years old stands (the class 
of 9.3 cm was the most frequent), showing that older stands have a diametric distribution with 
larger trees. Accordingly, the adjusted of probability distribution determined by Silva et al. 
(2003) showed negative asymmetry, which accurately described the characteristics of each 
stand, thus producing a good fit for all examined ages. 

The frequency distributions of the three and five year age classes showed a tendency to 
normality (three years) and slightly negative asymmetry (five years) (Figures 2a and 2b). At the 
age of seven years, there was a stronger tendency to negative asymmetry, and the adjusted 
probability distribution determined by Silva et al. (2003) underestimated the frequency in the 
two larger diameter classes (Figure 2c). This trend indicates that, at the age of seven years 
under the coppice regime, trees with larger diameters predominate and thinner trees are less 
common, which may indicate the optimal time for harvesting. Eucalyptus trees in stands for 
energy production should have a tip diameter below 8 cm (Couto & Bastos, 1987; 
Mendonça et al., 2014) 

 
Figure 2. Tracing of lines according to the observed frequency histogram for the ages three (a), five (b), 
and seven years (c), under a coppice management regime for Eucalyptus urophylla, Minas Gerais, Brazil. 

Furthermore, a good fit of probability distribution determined by Silva et al. (2003) was 
observed under the high forest regime (Figure 3). Minor differences of diameter distributions 
were observed in five-year and seven-year old stands of the high forest regime.The fact that 
the value of the most frequent class for the age five years was higher than the value found for 
the age of seven years, is an indicator for the decision-making usually adopted by companies 
in plantations of eucalyptus for energy purposes, an age range in which harvesting are usually 
made (Gonçalves et al., 2014). Also, we observed tendencies of underestimation in the 
adjusted distributions for the observed frequencies for all evaluated ages. 

 
Figure 3. Tracing of lines according to the observed frequency histogram for the ages three (a), five (b), and 

seven years (c), under a high forest management regime for Eucalyptus urophylla, Minas Gerais, Brazil. 
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Trees of the high forest regime showed DBH values from 3.60 to 24.45 cm, and the 
diameters of the most frequent class were larger than that of trees under the coppice regime. 
There, the DBH values were 2.45 cm to 21.00 cm.  

Sousa et al. (2013) examined 5-year-old E. urophylla stands under coppice and high forest 
management regimes and found little variation in DBH values (8.69 to 16.87 cm under the high 
forest regime and 6.21 to 15.25 cm under the coppice regime), indicating that growth did not 
differ substantially between the regimes. Gonçalves et al. (2014) analyzed E. grandis x urophylla 
hybrid plantations in six different municipalities in Bahia and found that the productivity of 
plantations was influenced by the amount of available water, and that in areas with higher 
rainfall the productivity of the coppice regime was higher than that of the high forest regime. 

The coppice regime has been adopted by several forestry companies and, in some cases, 
plantation costs were reduced by 50%, but some researchers found a reduction in wood 
productivity. Chaves & Marrichi (2015) and Almado (2015) reported a reduction of wood 
productivity by about 10% in the second rotation, while Silva (2016) found a reduction by up 
to 78% from the first to the second rotation, which is in line with the results presented above. 
Moreover, the coppice regime is advantageous because of the lower usage of fertilizers and 
water which helps to conserve the soil (Chaves & Marrichi, 2015; Hakamada et al., 2015). 

In the distributions fitted for the different ages and management regimes we observed 
that a negative asymmetry in the frequency distributions occurred as population age 
increased (Figures 4 and 5), corroborating the results of Bartoszeck et al. (2004). 

 
Figure 4. Probability density functions at ages three (green), five (blue) and seven years (orange), for the 

coppice (a) and high forest (b) regimes for Eucalyptus urophylla, Minas Gerais, Brazil. 

 
Figure 5. Comparison between the fitted curves of coppice and high forest regimes for the ages three 

(a), five (b) and seven years (c) for Eucalyptus urophylla, Minas Gerais, Brazil. 

Moreover, the curves of the coppice regime presented negative asymmetry with 
increasing age. However, there was a gradual reduction of tree frequencies between the ages 
of five and sevenyears. 

Under the high forest regime, the curves stabilized between ages of five and seven years, 
showing a tendency of DBH stagnation and indicating that harvesting can be performed 
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before the age of seven years; however, no respective analysis of optimal harvest age was 
performed in the present study. 

Regarding differences between ages in both management regimes, the distribution 
curves of the high forest were positioned to the right of those of the coppice curves, and 
showed a stronger effect of age. The difference between ages was minimal at the age of five 
years when the coppice regime curves was similar to the distribution at the age of three years. 
The most pronounced difference between distribution curves was observed at the age of 
seven years, as DBH growth is stabilized at this age under the high forest regime, and the curve 
concentrates higher frequencies in a smaller number of classes compared to the frequencies 
observed at the age of five years. Under the coppice regime, the amplitude of the distribution 
increased because the trees were still growing. The calculated probabilities (P) of the fitted 
distributions for each assortment class are shown in Table 3. 

Table 3. Area proportion under the curve for the three assortment classes, for coppice and high forest 
regimes, for Eucalyptus urophylla, Minas Gerais, Brazil. 

Management 
Regime 

Age 
(Years) 

Class 1 (4-8 cm) Class 2 (8-12 cm) Class 3 (>12 cm) 
P (%) P (%) P (%) 

Coppice 3 16.5 37.8 45.6 
Coppice 5 16.4 16.0 67.6 
Coppice 7 5.1 16.6 78.3 

High Forest 3 2.2 10.1 87.8 
High Forest 5 0.4 2.8 96.8 
High Forest 7 0.2 1.5 98.3 

Under all conditions, the class 3 (trees with diameter> 12 cm) presented greater 
percentage values for the area under the fitted distributions. However, the proportional values 
differed less between the three classes under the coppice regime. There, the values of class 2 
and 3 differed less at the age of three years. Regarding the high forest regime, more than 85% 
of the areas of the fitted distributions originated from class 3, corroborating the visual analysis, 
in which a minor part of the distribution included trees with diameters between 4 and 12 cm. 

The proportional areas under the curves fitted according to assortment classes indicated 
the diameter classes with the largest number of trees. On average, 64% of the trees under the 
coppice regime and 94% of the trees under the high forest regime had diameters larger than 
12 cm. This information may be useful for forest management regarding decisions on 
commercial use of produced wood, which may help to increase profit margins. 

CONCLUSIONS 

•  The probability distribution proposed by Silva et al. (2003) is appropriate for describing 
the diameter distributions at different ages and management regimes of E. urophylla 
stands in Minas Gerais, Brazil, verified by the adherence detected by the Kolmogorov-
Smirnov test. 

•  The diameter distributions differed between the two management regimes. Diameter 
growth stagnated before the age of seven years under the high forest regime, suggesting 
earlier clear-cuts. Under the coppice regime, harvesting is recommended at seven years 
of age. Moreover, in spite of the fact that the high forest regime incurred in higher 
operational costs; it results in a diametric distribution with larger trees than that obtained 
in the coppice regime, for the three ages evaluated. 
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