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__________________________________________________________________________________________________ 

Resumo 

Modelos individuais para projeção do diâmetro e altura com contribuição do índice de competição em 

povoamentos de Pinus taeda L. O objetivo deste trabalho foi avaliar e propor modelos para projeção do 

diâmetro à altura do peito e altura total para árvores individuais de pinus e a contribuição de índices de 
competição nesses modelos. Os dados foram provenientes de 1.056 unidades amostrais permanentes de 

povoamentos não desbastados de Pinus taeda L. localizados na região de Telêmaco Borba, estado do Paraná, 

Brasil, com idades de 3,4 a 19,5 anos. Para projetar o diâmetro e altura total das árvores, modelos lineares foram 

testados, em função da própria variável na idade atual, da idade de projeção no futuro, da área basal e do índice 
de sítio, assim como transformações dessas variáveis. A correlação de Spearman foi obtida entre índices de 

competição e variáveis dendrométricas e do povoamento, sendo selecionados os índices GH (Glover e Hool), 

LO (Lorimer) e ST (Stage). Esses índices foram avaliados como variáveis independentes nos modelos, cujas 

contribuições foram verificadas por meio do teste "Fci" de contribuição incremental. Os modelos foram 
avaliados pelo coeficiente de determinação ajustado, erro padrão da estimativa e boxplots dos resíduos. Os 

modelos forneceram projeções precisas e livres de tendência. Os índices de competição contribuíram 

estatisticamente para a projeção do diâmetro e da altura total conforme indicado pelo teste "Fci", aumentando a 

precisão dos valores projetados para a maioria dos modelos testados. Os índices com maiores contribuições na 
projeção do diâmetro e altura total de Pinus taeda foram os de Glover e Hool (GH) e o de Lorimer (LO), 

respectivamente. 

Palavras-chave: modelos de projeção, índices de competição, contribuição marginal. 

Abstract 

The aim if this work was to assess and propose projection models for diameter at breast height and total height 

of individual pine trees and the contribution of competition indexes in these models. Data was obtained from 

1056 permanent sampling units of non-thinned Pinus taeda L. stands located in the Telêmaco Borba region, 

Paraná, Brazil, with ages between 3.4 and 19.5 years. In order to project the diameter and total height of the 

trees, linear models were tested according to the variable in the current age, the projection age in the future, the 

basal area, and the site index, as well as their transformations. The Spearman correlation was obtained between 

competition indexes and dendrometric and stand variables, with the GH (Glover and Hool), LO (Lorimer) and 

ST (Stage) indexes being selected. These indexes were assessed as independent variables in the models, whose 
contributions were verified through the “Fci” test on the incremental contribution. The models were assessed 

through the adjusted coefficient of determination, standard error of the estimate, and boxplots of residuals. The 

models provided precise and bias-free projections. The competition indexes statistically contributed to diameter 

and total height projection according to the “Fci” test, increasing the precision of projected values for the 
majority of models tested. The indexes with major contributions to individual tree modelling for diameter and 

total height projection of Pinus taeda were Glover and Hool (GH) and Lorimer (LO), respectively. 

Keywords: projection models, competition indexes, marginal contribution. 
____________________________________________________________________________________________________________________________________ 

INTRODUCTION 

Growth and production models for individual trees have great flexibility and characterize in a precise 

manner the growth of stands under several conditions with detailed results (WEISKITTEL et al., 2011) such as 

stand structure and dynamics. The understanding of growth (or increment) of individual trees is important to know 

the dynamics and productivity of forest biomass, as well as plan the wood supply and subsidize forest management 

(CARRIJO et al., 2019). 

In the simulation of growth by individual tree modelling, the information about diameter at breast height 

and total height are usually used due to their strong correlation with total volume of trees (WEISKITTEL et al., 

2011). This modelling can be subdivided into distance-dependent, independent, and semi-dependent models 

(CONTRERAS et al., 2011). 

mailto:rovmiranda@gmail.com
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Distance-independent models typically consist of three basic components: a diameter growth equation, a 

height growth equation, and a mortality component (BURKHART; TOMÉ, 2012). In these models, growth by tree 

is simulated according to their attributes, basal area, crown ratio, site quality, and a measurement that expresses 

tree competition, such as a competition index (BURKHART; TOMÉ, 2012). 

Competition indexes are a way of analytically representing the competitive status of a tree in the forest 

stand, being calculated by mathematical formulations, able to consider variables of the competing trees and the 

stand, and distance measures. 

The consideration or not of a distance measure between the trees defines the dependent and independent 

indexes of the distance. There are still semi-independent distance indexes, representing the most recent class of 

these competition indexes. The most used competition indexes are described in Costa et al. (2020). These indexes 

represent an important tool for forest management (PEDERSEN et al., 2013). 

Two conceptual approaches have been useful to estimate individual tree growth. The first, from the direct 

growth estimate using regression analysis; and the second, in an indirect and robust way, by using a modifier 

function of potential growth (WEISKITTEL et al., 2011). Martins et al. (2011) reported that there is no 

confirmation of the advantages of modifier functions in relation to regression equations. 

Canopy modifications can be modelled according to diameter and transversal area, as well as their 

respective increments. In this sense, there is debate regarding the preference to model increment in transversal area 

or in diameter, however, there is no superiority of a model over another (WEISKITTEL et al., 2011). 

Studies in Brazil have been developed to assess individual growth of several species, being the major part 

performed with the use of increment modelling instead of production modelling. Among those who modelled 

increment we have the works of Chassot et al., (2011) for araucaria trees (Araucaria angustifolia (Bertol.) Kuntze); 

Martins et al. (2011) and Carrijo et al. (2019) for eucalyptus clones; Santos et al. (2015) for imbuia (Ocotea porosa 

(Nees & Mart.) Barroso); Cunha et al. (2016) for commercial Amazonian species; Castro et al. (2014) and Silveira 

et al. (2015) for species of the Semideciduous Seasonal Forest; Orellana et al. (2016) for species of the Mixed 

Ombrophilous Forest in south Brazil. 

Although the genus Pinus has great importance in the Brazilian forestry sector, especially in the south of 

Brazil, individual tree models for this genus are scarce, mainly due to the greater use of whole-stands and diameter 

classes models. Therefore, the aim of this work was to assess and propose individual projection models for 

diameter and total height, with competition index as an independent variable, under the hypothesis that these 

competition indexes significantly contribute with projection models for diameter and height in Pinus taeda stands. 

MATERIAL AND METHODS 

The area of this study has a slightly undulated relief and average altitude 743 m above sea level. According 

to Köppen-Geiger classification, the local climate is Cfa, mean annual temperature is 19.3 °C, and average annual 

rainfall is 1,437 mm (CLIMATE-DATA.ORG, 2021). 

Data were obtained from 1,056 permanent sampling units randomly distributed in non-thinned 

commercial plantings of Pinus taeda L., with ages varying between 3.4 and 19.5 years, spacing of 2.5 x 2.5 m, 

located in Telêmaco Borba, in the Campos Gerais region, Paraná state, Brazil. The approximate sampling intensity 

was one sampling unit by hectare. 

Each sampling unit was determined by the count of 10 planting lines and 10 plants per line. In each line, 

the diameter at breast height of all trees, the total height (h) of the ten first trees, and the total height of the dominant 

trees were measured. The total height (h) of the remaining trees of the sampling units was estimated by the 

following generic hypsometric equation: 

 

ℎ = 𝑒0.72145 + 0.02395 𝑆 − 5.90105 𝑑−1+ 0.72669 ln (𝐼) (𝑅𝑀𝑆𝑅% = 6.7%) 

 

Where: S = site index (m); d = diameter at 1.3 m above ground (cm); I = age (years), RMSR% = root mean square 

residual. 

 

The site classes were established by the guide curve method, in which the Chapman-Richards model and 

the index age of 18 years were used, whose resulting equation was: 

 

ℎ𝑑𝑜𝑚 = 41.224399 (1 − 𝑒−0.061832 𝐼)1.156161 (Syx = 9.5%) 

 

Where: hdom = dominant height (m); I = age (years); Syx = standard error of the estimate. 
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Three site classes were established: class I (28.0 < hdom ≤ 33.0 m); class II (23.0 < hdom ≤ 28.0 m); and 

class III (18.0 ≤ hdom ≤ 23.0 m), representing the classes of high, medium, and low productivity, respectively. 

The descriptive statistics of the sample for each variable used are in Table 1, to fit as well as test the 

projection models of diameter and total height. To testing of projection models 300 sampling units were used. 

Trees with height shorter than 4 m were disregarded due to the wide variation. The discrepant values (outliers) 

related to the projection of heights were also removed from the dataset, which focused on initial ages. 

Table 1. Range of variables used in the adjustment and testing of projection models of diameter and total height 

for a Pinus taeda stand located in the Telêmaco Borba region, Paraná state, Brazil 

Tabela 1. Amplitude das variáveis utilizadas no ajuste e teste dos modelos de projeção do diâmetro e altura total 

para povoamento de Pinus taeda localizado na região de Telêmaco Borba, Paraná, Brasil 

Variable 
  Fitting   Test 

 Min Med Max CV (%) NP  Min Med Max CV (%) NP 

d (cm)   3.8 17.6 53.8 29.8 96,037  4.1 17.8 39.8 29.3 29,653 

h (m)  4.0 12.5 30.2 41.3 85,060  4.8 12.8 28.9 39.5 29,177 

I (years)  3.4 8.0 19.5 44.6 NPVM  3.6 8.4 19.2 43.6 NPVM 

G (m² ha-1)  5.1 35.8 75.2 37.8 NPVM  6.8 37.8 73.2 37.6 NPVM 

S (m)   18.7 26.6 36.7 10.0 NPVM   17.5 26.4 34.9 10.0 NPVM 

Where: d = diameter at breast height; h = total height; I = age; G = basal area; S = site index; Min, Med and Max = minimum, medium and 

maximum values; NP = number of paired data; NPVM = number of paired data of the modelled variable (diameter or total height). 

According to a preliminary analysis through the correlation between dendrometric and stand variables 

and distance-independent competition indexes, higher correlation values were observed for diameter and height, 

compared to their respective increments. Thus, projection models of diameter and height were tested and assessed. 

The projection models of diameter and total height were based on a model whose production, in an age 

of interest (Y2), was estimated according to the same variable in a current age (Y1), the interest age, the site index 

of the area and basal area of the stand, resulting in a multiple linear model (model 1) (Table 2). 

Competition indexes were also assessed as an independent variable in the projection models of diameter 

and total height. Other four models (models 2 to 5) were tested, whose dependent and independent variables were 

the same previously described, however changed by some sort of transformation, selected through Spearman 

correlation (α ≤ 0.05), in order to not repeat the variable in the model (CHASSOT et al., 2011). 

Table 2.  Projection models of diameter and total height for a Pinus taeda stand located in the Telêmaco Borba 

region, Paraná state, Brazil 

Tabela 2.  Modelos de projeção do diâmetro e altura total para povoamento de Pinus taeda localizado na região 

de Telêmaco Borba, Paraná, Brasil 

Model Nº Model 

1 𝑌2 = 𝛽0 + 𝛽1𝑌1 + 𝛽2𝐼2 + 𝛽3𝑆 + 𝛽4𝐺 + [𝛽5𝐼𝐶𝑖] + 𝜀𝑖 

2 𝑌2 = 𝛽0 + 𝛽1𝑌1
2 + 𝛽2(𝐼2𝑆)−1 + 𝛽3 ln(𝐺) + [𝛽4𝐼𝐶𝑖] + 𝜀𝑖 

3 ln (𝑌2) = 𝛽0 + 𝛽1(𝑌1𝑆)−1 + 𝛽2ln (𝐺 𝐼2) + [𝛽3𝐼𝐶𝑖] + 𝜀𝑖 

4 ln(𝑌2) = 𝛽0 + 𝛽1ln (𝑌1) + 𝛽2𝑙𝑛(𝐼2𝑆)−1 + 𝛽3ln(𝐺) + [𝛽4𝐼𝐶𝑖] + 𝜀𝑖 

5 ln (𝑌2) = 𝛽0 + 𝛽1𝑙𝑛(𝑌1𝑆)−1 + 𝛽2ln (𝐺 𝐼2) + [𝛽3ln (𝐼𝐶𝑖 + 1)] + 𝜀𝑖 

Where: Y1 and Y2 = variable of interest (diameter and height) in the current and projected age, respectively; I2 = projection age (years); S = 

site index (m); G = basal area (m² ha-1) in the current age; ICi = competition index; ɛi = random error of the model; ln = Napier’s logarithm. 

Several competition indexes were tested, and the most correlated with diameter were GH (GLOVER; 

HOOL, 1979) and LO (LORIMER, 1983), and the most correlated with total height were LO and ST (STAGE, 
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1973 – BAL), thus being included in the models to project diameter and height. These indices are presented in 

Costa et al. (2020) e Schons et al. (2020). The indexes were calculated with the expressions to follow. 

 

𝑆𝑇 = ∑ 𝑔𝑖

𝑛

𝑗=1

                              𝐺𝐻 = (𝑑𝑖𝑑̅−1)
2

                              𝐿𝑂 = ∑ 𝑑𝑗𝑑𝑖
−1

𝑛

𝑗=1

 

 

Where di is the diameter at breast height of the object tree (cm); dj the diameter at breast height of the competitor 

trees (cm);  𝑑̅ = the arithmetic mean value of the diameters at breast height of trees in the sampling unit (cm); 

gi = transversal area of trees larger than the object tree (m²). 

These competition indexes were tested as independent variables in the models, being selected the one 

with the highest statistical contribution to the projections. In order to verify the statistical contribution of the 

competition index to the models, the marginal or increment contribution was calculated based on the analysis of 

variance, through the “Fci” test, according to the expression to follow. 

 

𝐹𝑐𝑖 = [(𝑆𝑄𝐸𝑛𝑒𝑤 − 𝑆𝑄𝐸𝑜𝑙𝑑 ) 𝑛𝑖⁄ ][(𝑆𝑄𝑅𝑛𝑒𝑤) (𝑛 − 𝑝𝑛𝑒𝑤)⁄ ]−1 

 

Where Fci is the test of increment contribution; SQEold is the sum of regression squares of the old model, that is, 

not including the new independent variable; SQEnew is the sum of the regression squares of the new model, 

including the new independent variable; SQRnew is the sum of the squares of model residuals with the new 

independent variable; ni is the number of new variables included in the model; n is the number of observations; 

and pnew is the number of parameters of the model including the new independent variable. 

 

In practical terms, this statistical test is indicated when there are doubts regarding the statistical viability 

of adding an independent variable when there are other independent variables in the model (GUJARATI; 

PORTER, 2011). The result of the “Fci” test was compared with the tabled value of Fisher-Snedecor “F”, 

corresponding to the number of degrees of freedom of numerator and denominator of the ratio of the sum of 

squares, considering the 5% significance. Models were fitted with and without the competition indexes. This test 

is similar to the partial F-test used by Tomé and Burkhart (1989) and Martins et al. (2011). 

The fits were assessed with the adjusted coefficient of determination (R²aj), the standard error of the 

estimate percentage (Syx%), both calculated for the variable of interest (Machado et al. 2015), and the residual 

graphic analysis with boxplots. 

To analyse the precision of the models applied in the database selected for testing, the root mean square 

residual (RMSR) was applied, according to the expression to follow. 

 

𝑅𝑀𝑆𝑅% = 100 × [∑(𝑌𝑖 − �̂�𝑖)
2

𝑛

𝑖=1

𝑛⁄ ]

1 2⁄

�̅�⁄  

 

Where RMSR was calculated in percentage, being “n” the number of paired data, 𝑌𝑖 and �̂�𝑖 the observed 

and estimated values, respectively. For the models which the dependent variable had a logarithmic transformation 

(Ln), the projected variable was multiplied by the correction factor of Meyer logarithmic discrepancy (FM) before 

the statistical calculations, according to the methodology applied by Sanquetta et al. (2017). 

RESULTS 

Fitting of the diameter projection models 

The five models were fitted to data and assessed. All coefficients were significant at 5% significance level 

(Table 3). The fits in which competition indexes in the model were disregarded performed less than those with the 

inclusion of these indexes, in all situations, with emphasis on models 3 and 5 and the use of index GH as an 

independent variable. According to the “Fci” test, competition indexes contributed statistically to the projected 

values of diameter, except for the index LO for model 4. The t-test indicated that the coefficients associated with 

competition indexes were significant in the models. Based on the results found, model 1, which used the 

competition index GH, provided the best statistical results. 

Table 3.  Coefficients and statistics of the tested projection models for diameter in a Pinus taeda stand in the 

Telêmaco Borba region, Paraná state, Brazil 
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Tabela 3.  Coeficientes e estatísticas dos modelos testados para projeção do diâmetro, para povoamento de Pinus 

taeda localizado na região de Telêmaco Borba, Paraná, Brasil 

Nº. Model β0 β1 β2 β3 β4 β5 R²aj Syx% Fci 

1 

W/out IC -0.4136* 1.1098* 0.0395* 0.1200* -0.0927* - 0.95 5.76 
- 

GH -1.0818* 0.9299* 0.0967* 0.1225* -0.0578* 1.7812* 0.96 5.59 5,904.9* 

LO 0.7052* 1.0640* 0.0380* 0.1197* -0.0804* -0.0080* 0.96 5.73 694.1* 

2 

W/out IC 18.3960* 0.0262* -160.068* -2.0377* - - 0.90 8.59 - 

GH 10.1976* 0.0142* -612.996* 0.4721* 5.1891* - 0.94 6.67 62,946.0* 

LO 19.2756* 0.0184* -221.303* 0.2108* -0.0639* - 0.94 6.69 62,330.0* 

3 

W/out IC 3.55803* -293.913* 0.0162* - - - 0.81 11.81 - 

GH 2.70403* -155.798* 0.1060* 0.3309* - - 0.92 7.59 365,285.4* 

LO 2.34812* -129.539* 0.1108* -0.0058* - - 0.90 8.51 112,602.0* 

4 

W/out IC 3.14187* 1.0230* -0.0714* -0.2180* - - 0.95 5.94 - 

GH 0.41214* 0.8370* -0.1022* -0.1449* 0.2245* - 0.95 5.79 49,674.9* 

LO 0.36667* 1.1527* -0.0742* -0.2855* 0.1272* - 0.95 5.90 -46.4ns 

5 

W/out IC 0.35458* -293.913* 0.0162* - - - 0.81 11.81 - 

GH -0.3064* -121.254* 0.1293* 0.7947* - - 0.94 6.82 439,168.6* 

LO 3.55803* -147.001* 0.0989* -0.5631* - - 0.91 8.11 214,720.3* 

Where: W/out IC = fitted model without the competition index; GH = competition index (Glover and Hool); LO = competition index (Lorimer); 

R²aj = adjusted coefficient of determination; Syx% = standard error of the estimate percentage; Fci = F-test for marginal or increment contribution; 

βi = estimated coefficients; * significant at 5%; ns = non-significant at 5%. 

The boxplots of residuals for model 1 of diameter projection using the competition index GH is shown in 

Figure 1. These boxplots of residuals indicated a slight tendency to overestimation of diameters in the initial 

classes. 

On the other hand, from the diameter class of 10 cm, a large part of residuals was around “zero”, bias-

free, with few extreme values (outliers). With the advance of diameter classes, the precision of projected values 

increased, since there was a reduction in the range of variation. By also considering the extreme values, variation 

oscillated mostly ±30%. 

 
Figure 1. Boxplots of residuals by current diameter class for model 1 with competition index GH for diameter 

projection in a Pinus taeda stand in the Telêmaco Borba region, Paraná state, Brazil. 

Figura 1. Boxplots dos resíduos por classe de diâmetro atual para o modelo 1 com índice de competição GH para 

projeção do diâmetro em povoamento de Pinus taeda localizado na região de Telêmaco Borba, Paraná, 

Brasil. 

Fitting of the height projection models 

The statistics of fits assessment and the estimated coefficients of the models for total height projection as 

well as diameter projection indicated all coefficients significant at 5% (Table 4). The values of standard error of 

the estimate oscillated between 5.91% and 9.93%, with emphasis to model 1 using the index LO. 
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According to the “Fci” test, the competition indexes contributed statistically for the precision of 

projections, however in a lower intensity given by Syx% and R²aj, in relation to the equations of diameter projection. 

The index LO was an exception for model 4 with a similar result to the model for diameter projection. 

Table 4. Coefficients and statistics of models used to project total height in a Pinus taeda stand in the Telêmaco 

Borba region, Paraná state, Brazil 

Tabela 4. Coeficientes e estatísticas dos modelos empregados para projetar a altura total para povoamento de 

Pinus taeda localizado na região de Telêmaco Borba, Paraná, Brasil 

Nº. Model β0 β1 β2 β3 β4 β5 R²aj Syx% Fci 

1 

W/out IC 1.2524* 0.7723* 0.2739* 0.0439* -0.0033* - 0.96 6.70 - 

ST -0.3142* 0.5433* 0.5242* 0.0954* 0.0370* -0.6188* 0.97 6.25 12,542.5* 

LO 1.1139* 0.3231* 0.6614* 0.1468* 0.0517* -0.0322* 0.97 5.91 24,214.7* 

2 

W/out IC 13.3480* 0.0224* -980.917* 0.4384* - - 0.96 7.03 - 

ST 12.8898* 0.0215* -1089.27* 0.9305* -0.4680* - 0.96 6.64 10,324.6* 

LO 14.7394* 0.0197* -1057.01* 0.9423* -0.0256* - 0.97 5.99 31,889.4* 

3 

W/out IC 1.33958* -80.985* 0.2767* - - - 0.92 9.93 - 

ST 0.97039* -65.024* 0.3452* -0.0604* - - 0.93 9.02 36,719.1* 

LO 0.76823* -33.453* 0.3468* -0.0032* - - 0.95 7.70 91,539.0* 

4 

W/out IC 1.06252* 0.6115* -0.2913* -0.0612* - - 0.96 6.77 - 

ST -0.2519* 0.4783* -0.4009* 0.0141* -0.0906* - 0.96 6.49 24,109.7* 

LO -0.7211* 0.2034* -0.5275* 0.1022* -0.2558* - 0.97 6.12 -1,134.7ns 

5 

W/out IC -1.2119* -0.4235* 0.1997* - - - 0.94 8.46 - 

ST 0.0288* -0.3467* 0.2737* -0.1293* - - 0.95 7.80 30,663.1* 

LO -0.9446* -0.2628* 0.2729* -0.2613* - - 0.96 6.91 26,474.2* 

Where: W/out IC = fitted model without the competition index; ST = competition index (Stage – BAL); LO = competition index (Lorimer); 

R²aj = adjusted coefficient of determination; Syx% = standard error of the estimate percentage; Fci = F-test for the increment or marginal 

contribution; βi = estimated coefficients; * significant at 5%; ns = non-significant at 5%. 

The boxplots of residuals for the model 1 of total height projection using the competition index LO is 

shown in Figure 2. These boxplots indicate that the range of variation around ±25%, except for the class of 5 m, 

around ±30%. Disregarding the extreme values, an increase of precision of projected values in the class of 9 m 

was observed. 

 
Figure 2. Boxplots of residuals by class of actual total height for model 1, with competition index LO for 

projection of total height in a Pinus taeda stand in the Telêmaco Borba region, Paraná state, Brazil. 

Figura 2. Boxplots dos resíduos por classe de altura total atual para o modelo 1, com índice de competição LO, 

para projeção da altura total em povoamento de Pinus taeda localizado na região de Telêmaco Borba, 

Paraná, Brasil. 

Testing of the diameter and height projection models 

The model 1 was chosen as the most suitable for projection of diameter and total height, in the first case 

using the GH index, in the second using the LO index. These models were applied to the selected data for testing 

the estimated parameters. For the projection model of diameter (model 1) with the index GH, the RMSD was 
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5.50%. For the projection model of total height (model 1) using the index LO, the same statistics was 5,98%. The 

boxplots of residuals for both models are shown in Figure 3. 

 

 

 
Figure 3. Boxplots of residuals by current diameter class in the projection models of diameter (a) and current total 

height class in the projection models of total height (b) to the selected data for testing, in a Pinus taeda 

stand in the Telêmaco Borba region, Paraná state, Brazil. 

Figura 3. Boxplots dos resíduos por classe de diâmetro atual dos modelos para projeção do diâmetro (a) e por 

classe de altura total atual dos modelos para projeção da altura total (b) aos dados separados para teste, 

em povoamento de Pinus taeda localizado na região de Telêmaco Borba, Paraná, Brasil. 

The projections by model 1 for the variable diameter (a) and total height (b) are shown in Figure 4, for 

the site index classes I (30.5 m), II (25.5 m), and III (20.5 m). For this projection, mean values of basal area 

(m² ha-1) by age and site classes were considered. 

   

Figure 4. Diameter (a) and total height (b) projection according to site classes 30.5, 25.5 and 20.5 m, by model 1, 

in a Pinus taeda stand in the Telêmaco Borba region, Paraná state, Brazil. 

Figura 4. Projeção do diâmetro (a) e da altura total (b) em função das classes de sítio, a partir do modelo 1, em 

povoamento de Pinus taeda localizado na região de Telêmaco Borba, Paraná, Brasil. 
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DISCUSSION 

Despite the result of t-test, improvements in quality and precision were to a minimum mainly for models 

1 and 4. In these cases, it is likely that one or other model would provide similar results. It can be a reflex of the 

high correlation between the competition indexes and the diameter measured in the current age, since these indexes 

are obtained according to this variable. 

The verification of the contribution of competition indexes in predictive models using the F test was 

performed by other studies. As an example, Tomé and Burkhart (1989) for E. globulus in Portugal; Martins et al. 

(2011) for clonal eucalyptus plantations in Monte Dourado, state of Pará, Brazil. 

As observed in this work, the GH competition index was highlighted in other studies. Santos et al. (2015) 

observed a high correlation of the GH index with the the increment in transversal area for imbuia (O. porosa) in 

Rio Negro, Paraná, Brazil. Aakala et al. (2013) observed that the GH index was the one that best estimated growth 

for Pinus resinosa in North Minnesota, United States. 

Vieira et al. (2018) observed that the GH index was the one that most correlated with the diameter and 

height growth and age, in clonal eucalyptus plantations. This index was strongly recommended to determine 

competition between homogenous stands of the same age, size and potential growth (DIMOV et al., 2008). 

These results show the importance of using competition indexes to model individual trees, what indicates 

that a variable expressing the competitive status significantly contributes to the prediction of dimensional variables 

of trees. Independent variables that express competitive status, in addition to tree size and stand attributes are used 

in modelling of tree growth (WYKOFF, 1990). 

Tomé and Burkhart (1989) and Wykoff (1990) used a multiple linear model to estimate growth in 

diameter and transversal area for individual trees. Estimates were established according to the variables related to 

tree size, competitive status, and the productive capacity of a location. 

The slight tendency to overestimate the diameters in the initial classes is not a major problem. This is 

because these diameters are found in young ages, under five years, which are generally not used as a starting point 

for projections for the genus Pinus, because forest inventories usually start after that age. 

As in the equation to project diameter, the observations made regarding the “Fci” test are suitable for the 

equation of height projection, whose p-values have also assumed values of zero or nearly zero. Martins et al. 

(2011) observed that indexes contributed statistically to the increment models for height in clonal stands of 

eucalyptus, in Monte Dourado, Pará, Brazil. 

The LO competition index contributed to obtain better estimates of total height. Other works have also 

used the Lorimer index to assess the increment of dendrometric variables. Fraver et al. (2014) used the index of 

Hegyi and the modified index of Lorimer (LO) to assess the factors that affect the competitive environment of 

trees of Norway spruce (Picea abies (L.) Karst.) from the Swedish boreal forest. 

The competition between trees clearly affected the growth rate, being the crown volume the variable that 

most contributed for competition. Schons et al. (2020) highlighted the competition index of LO in the correlation 

between the competition indexes and the periodic increment in transversal area for some species of the Mixed 

Ombrophylous Forest, in the National Forest of Irati, Paraná state, Brazil. 

The diameter and height projection models showed non-constant variance in the different diameter 

classes, which possibly can be solved by using models that consider heteroscedasticity, as generalized linear 

models. This result may reflect the non-linear effect of competition indexes, which did not show a clear trend of 

increase or decrease, especially for larger trees and in less productive sites. 

When applying the selected models to the data selected for testing, statistics remained similar to those 

obtained with the fitting data. 

The range of residuals for the model of diameter projection was very similar to that from the fitting data 

(Figure 3a), being the same behaviour observed for the model of total height projection, with a slight inferiority of 

precision of projections, given the higher residual range (Figure 3b). For both models, a higher precision was 

observed for bigger trees, with a substantial part of boxplots indicating symmetry in residuals distribution, a 

desirable property in models of linear regression (GUJARATI; PORTER, 2011). Smaller precisions were verified 

in smaller trees for both diameter and total height, inferring to this observation the reflex of data variability, 

especially in early ages. 

For both variables, projections were capable to differentiate the growth pattern according to the 

characteristic of the location, where higher productions are observed in more productive sites (Figure 4). Diameter 

projections indicated a higher inclination with tendency to reach the asymptotic value in previous ages regarding 

total height (Figure 4a). The projections of total height provided increasing values to a higher rate than diameter, 

the same tendency of observed values (Figure 4b). 

The use of competition indexes in individual modelling of trees for diameter and height projection were 

significant, resulting in better estimates, assuming as true the hypothesis of this study. The importance of 
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competition indexes in prediction models was highlighted by Reyes-Muñoz et al. (2011) for a mixed forest of 

Pinus sp. and Quercus sp. in Mexico. 

CONCLUSIONS 

• The models for diameter and total height provided precise projections, according to the variable itself in the 

current age, as well as the projection age, basal area in the current age, and site index. 

• The competition indexes incorporated to projection models have significant contribution to project diameter 

and total height of Pinus taeda, with emphasis to the indexes of Glover and Hool (GH) and Lorimer (LO), 

respectively. 
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