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Resumo

Algoritmo para projecdo de crescimento e producgdo de florestas. A modelagem do crescimento e producdo
florestal é uma ferramenta essencial para o manejo florestal, pois permite realizar simulages e projetar
variaveis biométricas da floresta no futuro, auxiliando assim no planejamento de estoque, bem como analises
econdmicas. Neste trabalho é proposto um modelo de crescimento e producéo por distribui¢do de didmetros
com a aplicacéo da fungdo Weibull, baseado na recuperacéo de pardmetros por meio de fungdes simplificadas
entre os atributos da floresta e os parametros da fungdo Weibull. O algoritmo foi desenvolvido em linguagem
VBA do Excel. A validacgo foi realizada com dados de Inventério Florestal Continuo (IFC) em um povoamento
de Khaya grandifoliola e em renques de Eucalyptus spp. em sistema ILPF, que foram organizados ordinalmente
em sete combinac@es de datas, das mais afastadas as mais proximas da data de proje¢do. Os resultados foram
avaliados pelo Erro Padrdo Percentual (EP%) aplicado aos volumes projetados e observados, e pelo teste de
Kolmogorov-Smirnov aplicado as distribuicbes de didmetro para verificagdo de aderéncia. Foi possivel
identificar uma relacdo exata para o pardmetro ¢ da fungdo Weibull em funcéo dos percentis e do parametro b,
aprimorando 0 método de recuperacdo de parametros. Outro aprimoramento metodologico foi o uso do
didmetro maximo e altura méaxima por idade para ajuste da funcdo hipsométrica. O algoritmo apresentou
resultados para volume total com erros de até 20% em 85% dos testes.

Palavras-chave: Prognose, distribuicdes probabilisticas, modelagem.

Abstract

The modeling of forest growth and production is an essential tool for forestry management because it allows
us to perform simulations and project forest biometric variables in the future, thus assisting in stock planning
and economic analyses. In this work, a growth and production model by diameter distribution was proposed
with the application of the Weibull function based on the recovery of parameters through simplified functions
between the forest attributes and the parameters of the Weibull function. The algorithm was developed in
Excel’s VBA language. Validation was performed with data from the Continuous Forest Inventory (CFI) in a
stand of Khaya grandifoliola and in rows of Eucalyptus spp. in the ILPF system, which were ordinarily
organized into seven date combinations, from the most distant from to the closest to the projection date. The
results were evaluated by the percentage standard error (SE%) applied to the projected and observed volumes
and by the Kolmogorov—Smirnov test applied to the diameter distributions to verify adherence. It was possible
to identify an exact relationship for parameter ¢ of the Weibull function as a function of the percentiles and for
parameter b, improving the parameter recovery method. Another methodological improvement was the use of
maximum diameter and maximum height for age to adjust the hypsometric function. The algorithm presented
results for total volume with errors up to 20% in 85% of the tests.

Keywords: Prognosis, probability distributions, modeling.

INTRODUCTION

A forest growth and production model (FG&P) aims to efficiently predict future tree yields, which will
depend on genetic, climatic, pedological, silvicultural tract and phytosanitary factors. As all modeling is a
simplification of reality, to meet this objective, it is necessary to evaluate the cost—benefit relationship, especially
of data acquisition, when considering how many factors should be used, together with the efficiency required to
predict the future dimensions of the trees.

One of the solutions usually employed uses a continuous forest inventory (CFI), which aims to capture
the interference of these factors intrinsically, modeling the growth trend observed in a given period, to predict
production at a future age following this trend. This is the basis of most empirical models, with some biological
characteristics (POGODA et al., 2019; RIBEIRO et al., 2014; LEITE et al., 2013; RETSLAFF et al., 2012;
MIGUEL et al., 2010; CAO, 2004) and the use of artificial intelligence, when there is no need to observe
biophysical relationships between the variables (DIAMANTOPOULOU et al., 2015).

Among the empirical models, Retslaff et al. (2012) presented and tested a set of functions that integrate
a FG&P model for estimating and projecting forest attributes (basal area, minimum, maximum, mean and quadratic
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diameters, and number of remaining trees). The attributes most correlated with the parameters of a probability
distribution will be projected to the future age as input variables, estimating the probability distribution, which
informs the number of trees per diameter class at a future age. CAO (2004) adopted a generic function in one of
the tested methods, considering the parameters a, b and ¢ of the Weibull function and the diameter at the percentile
or the mean diameter as the dependent variables and the spacing, density, dominant height and age as the
independent variables. Leite et al. (2013) tested two methods, parameter prediction and projection. In the
prediction method, functions are fitted involving parameters of the probability distribution and inventory attributes
with all ages, while in the projection method, functions are fitted with a combination of later and earlier ages
associated with the parameters.

These are the main characteristics of a FG&P model with diameter distribution used to obtain forest
inventory attributes that are correlated with the parameters of a probabilistic distribution and to propose functions
that obtain greater efficiency in the estimation of the parameters at a future age.

Thus, the functionality of a model lies in its functions and not in the equations, which will be useful only
for the conditions under which they were generated. For growth and production prognosis, the distribution model
by diameter classes using the diameter at breast height (DBH) of the trees is the most common metric (OGANA
etal., 2020; MIRANDA et al., 2018; JESUS et al., 2018; JESUS et al., 2017; AZEVEDO et al., 2016; POUDEL,;
CAO, 2013; LEITE et al., 2013; RETSLAFF et al., 2012; MIGUEL et al., 2010) used for the information on the
forest structure with only dendrometric measurement variables (CAP and Ht).

There are growth and production models called individual trees, which include variables that simulate
factors that affect tree growth, such as tree size, distance between trees, age, site index, canopy coverage rate and
basal area, and these are used to generate competition indices. Although they were developed for application in
native forests, they have been applied in planted forests (CASTRO et al., 2014). These models require a greater
number of variables from forest inventories than empirical models require.

Other models, such as process-based models (PBMs), which simulate ecophysiological processes such as
radiation use efficiency, carbon balance models, and partitioning and simple stand nutritional parameters, are
deterministic models. An example is 3-PG (physiological processes predicting growth), which calculates
photosynthesis, transpiration, biomass partitioning to tree parts and litter production from rainfall, temperature,
solar radiation, soil water, local quality, and other biophysics variables (GUPTA and SHARMA, 2019; OLIVEIRA
etal., 2018). These models are more robust because they implement functions that simulate plant growth; however,
they have a high demand for data entry compared to empirical models.

Among the software that implement empirical models for the prognosis of planted forests is SigmaE,
which contains a module for the growth and production of trees based on the diameter distribution, which includes
percentage inflows, with a simulator of thinning and conversion of stems into logs (DynaTree) (COSTA et al.,
2020), and the Sis family (OLIVEIRA, 2011) for several forest species, which simulates forest growth and
production with or without thinning, with economic evaluation of classes of wood products. A specialty of its
methodology is a set of internal information, which does not require the continuous forest inventory (CFI) data or
consolidated data on the stand, such as basal area, density, site index, and age.

However, this work implements a model by diametric distribution, in which it is necessary to adopt a
probability function, such as SB Johnson, Beta, Gamma, Log-Normal, or Weibull. However, in methodologies for
estimating prognosis (POGODA et al., 2019; RETSLAFF et al., 2012; MIGUEL et al., 2010; CAO, 2004), the
Weibull function is regularly present, and it has even applied in native forests (ORELLANA et al., 2017; LIMA
et al., 2015) due to the good results of adherence to the observed data (RIBEIRO et al., 2014; LEITE et al., 2013).

To estimate the parameters (location, scale and shape) of the Weibull function, techniques of percentiles,
maximum likelihood, method of moments, or linear regression are used (HUDAK; TIRYAKIOGLU et al., 2009;
CAO, 2004; BERGER and LAWRENCE, 1974). To project the diameter distribution at a future age, prediction
techniques are adopted when the parameters of the probability density function are obtained by regression with
the attributes of the forest (WANG et al., 2011) or by recovery of the parameters using the method of moments or
percentiles (POUDEL; CAO, 2013).

The methodologies for projecting the parameters of the Weibull function use 1st- and 2nd-order statistics
of variables extracted from remeasured samples of the CFI, such as the quadratic diameter, mean diameter,
minimum and maximum diameters, dominant height and age. These variables obtained from the samples usually
correlate with the location, scale and shape parameters of the Weibull function (AZEVEDO et al., 2016; LEITE
et al., 2013; MIGUEL et al., 2010).

The hypothesis is that the forest growth and production model developed using linear functions, the
Weibull function and the parameter recovery method obtains results with errors less than or equal to 20% accuracy
(i.e., the error level threshold usually required by forest inspection agencies, such as the State Institute of Forests
of Minas Gerais). For validation, data from continuous forest inventories in different production systems of
approximately 9 years of age were used (a stand of Khaya grandifoliola C. DC. 1907 and rows of Eucalyptus spp.
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in an ILPF system), and these data were grouped into minimal sets of three measurements to generate estimates of
tree diameter and height growth, which were then compared to the observed data.

MATERIALS AND METHODS

Study area

The plantations of African mahogany (Khaya grandifoliola) and eucalyptus rows (E. urophilla clone x E.
grandis) in the ILPF systems used for validation were located in Sete Lagoas, in the central region of Minas Gerais,
in the Cerrado biome, and the fertilization methods followed the recommendations for potential production. The
mahogany seedlings were drip irrigated in the first two years because the climate of the region is seasonal, Cwa
type, with a dry season in winter (May to October). The average annual rainfall is 1,335 mm, approximately 70%
of which occurs between October and February (PEEL et al., 2007). Eucalyptus plantations in this region do not
require irrigation, but in the case of planting in 2009, it was necessary to irrigate in the first year because planting
occurred late, in early February.

Mahogany was planted on 12/01/2009 at 5 x 5 m spacing (25 m?). For this study, a plot with 50 trees was
selected from the CFI. The diameter at the 1.3 m (DBH in cm) and total height (h in m) in the respective months
are reported in Table 1.

Eucalyptus was planted at 15 x 2 m spacing in the ILPF system on two dates: the first on 02/05/2009 and
the second on 10/24/2011. In each row, one tree was selected for every 10 trees, and 40 trees per system were
sampled. The diameter at 1.3 m (DBH in cm) and total height (ht in m) were measured. The measurement periods
of both systems are reported in Table 1.

Table 1. Dates and months of forest inventory measurement (CFI) on the forest systems.
Tabela 1. Datas e meses de mensuracdo do IFC para os sistemas florestais.

Mahogany Euc2009 Euc2011

Date Months  Date Months Date Months
01/05/2012  29.0 04/06/2012 39.9 06/12/2013 25.8
01/05/2013 41.0 24/04/2013 50.6 13/11/2014 37.2
01/05/2014 53.0 27/05/2014 63.7 26/11/2015 49.8
17/05/2015 65.5 09/07/2015 77.1 03/10/2016 60.2
12/06/2016 78.4 03/10/2016 92.0 21/11/2017 74.0
04/06/2017 89.7 14/08/2017 102.3 27/11/2018 86.4
05/10/2018  106.2 29/05/2018 111.8 12/11/2019 98

Volume models

To model the shape of the bole, 13 mahogany trees were cubed in 2018 using a digital dendrometer RD
1000 Criterion, with an accuracy of 6 mm (NICOLETTI et al., 2015). To model the shape of the bole in the two
eucalyptus plantations, rigorous cubing was performed in 2014, using 29 trees thinned at planting in 2009 and 24
trees thinned at planting in 2011.

Algorithm and functions

The algorithm was developed in Visual Basic Application (VBA) with the purpose of projecting the DBH
and the total height of trees in a future age. Table 2 presents a summary of the use cases. The first step was to
obtain the thinning and volume equations per tree from the tree shape data (obtained by cubing one or a set of
trees). This was performed by the first button (Shape Factor, Shape Eq., Cubage.txt) by reading the Taper.txt file
to adjust the shape equation according to the Kozak model (1969) (Eq. 1). The form factor per tree was generated,
and the cubage file “Cubagem.txt” was automatically created. The second button (Volume Equation) requests the
reading of the Cubagem.txt file to adjust the volume equation of the Schumacher and Hall model (1933) (Eq. 2).
Finally, the coefficients b, b; and b, of Eq. 1 and Eq. 2 were calculated.

h; hi\2
(di/dap)? = by + by *+1%+ by + () (1)

ht

v =-exp (b, + b; *In (dap) + b, * In (ht)) (2)
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where by, by, and b, are estimated parameters; di and DBH (cm) are the diameter along the trunk and the diameter
at breast height, respectively; eh; (m) is the height along the trunk; and ht (m) is the total height.

The third button “Projection” executes the other procedures in an integrated manner. With the data from
the CFlI, the attributes of the sample were calculated, including the dominant height (hd) by the Assmann method,
the basal area of the sample (G), the quadratic diameter (Dg), minimum (Dmin) and maximum (Dmax), the annual
minimum height (Hmin) and maximum height (Hmax), the periodic increment (IPA) and the current increment (ICA).
The number of trees per hectare (N/ha), the basal area per hectare (Gm?#/ha) and the volume per hectare (Vm?®ha)
were reported.

For the Weibull function, the diameters (x; and x») at the 24th and 93rd percentiles, adopted by Wendling
etal. (2011), and the location, scale and shape parameters were estimated using the percentile method (RETSLAFF
et al., 2012; WENDLING et al., 2011) from observed distributions, with a diameter class width of 1 cm.

The linearizable functions were then fitted: for dominant height, hd (m), the inverse of age (1/1) was used
(Eq. 3); to project the future basal area (G), Eqg. 5 was used; and the dominant height at a future age (hdf), which
was calculated by the guide curve method using S (hd at index age (li)) and future age (If) was calculated using
Eqg. 4. The equations are as follows:

In(hd) =b, + b, () @3)
In(hdf) = In(S) + b, * (%_ Il) )
In(G) = by + by * In(I * hd) 5)

where bo and b, are the parameters to be estimated, | is the age, li is the index age, If is the future age, S is the
dominant height at the index age, hd is the dominant height, hdf is the dominant height at the future age, and G is
the basal area of the sample.

The functions to obtain the minimum (Dmin) and maximum (Dmax) diameters were used for the designed
diameter classes (Egs. 6 and 7). The quadratic diameter (Dg) of the sample was informative (Eg. 8), and the
functions of the diameters at the 24th (x1) and 93rd (x2) percentiles, Eqgs. 9 and 10, were used to recover the diameter
distribution parameters at a future age. All these attributes were regressed by the variable Naperian logarithmic
age, In (1), by the characteristic of linearity of the parameters as a function of time.

(Dminr Dmax, Dg,xl, xZ) = bo + b1 * ln(l) (6'10)

The origin or location parameter (a) was adjusted by the diameter at the 24th percentile (x1), and the scale
parameter (b) was adjusted by the diameter at the 93rd percentile subtracted from a (x2-a), as expressed in Egs. 11
and 12. The parameter of form ¢ has a power function: y = b, *k™* , where k = (XZ%) which can be linearized
according to Eq. 13. This relationship behaves as deterministically when applying the estimate of the parameters
of the Weibull function by age (Figure 1). The recovery of parameters a, b and ¢ of the Weibull function depends
only on the diameters in the percentiles (x; and x2) at a future age.

a= bO + bl * x1 (11)
b = bo + bl * (xz - a) (12)
In(c) =b, + by *In [@] (13)
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Figure 1. Scatterplot of the ¢ parameter and k ratio from the adjustment of the Weibull function for the three
forest systems with all measured data (data not shown).

Figura 1. Disperséo entre o pardmetro c e a razdo k resultantes dos ajustes da fun¢do Weibull para os trés
sistemas florestais com todas as datas mensuradas (dados ndo mostrados).

To obtain the cumulative distribution, Fx, of future trees by diameter class using the Weibull function
formula (Eq. 14), the upper limit of the diameter class (cl) and the projected parameters of the Weibull function

were used:
Fo=1-em{-[(%2)]) 0

The hypsometric function (Eg. 15) was fitted with the data of maximum height, Hmax (M), and maximum
diameter, Dmax (cm), of all ages from the CFI, eliminating the interference-suppressed trees and the need for an
equation by age. This function was used to calculate the total height by diameter class of the designed trees:

ln(Hmax) = b0 + bl * ln(Dmax) (15)
With the number of trees per class with a diameter of 1 cm and the total height corresponding to the class,
the file of future trees was generated in a ‘name.txt’ file, which was the final objective of the algorithm.

Table 2.  Use cases
Tabela 2. Casos de uso

Auxiliary
Button Spreadsheet worksheet File Purpose
Fator Forma Generate shape function
Eq.Forma EgFormaVol Report_Fshape Taper.txt Calculate volume and form factor
Cubagem.txt Generate Cubagem.txt file
Equacé . .
\fuulzfnaeu EqgFormaVol Cubing.txt Generate volume function
Eqg. basal area (G)
Eg. minimum, maximum and quadratic diameters
(Dmin, Dmax| Dg)
Eqg. for recovery of Weibull parameters
(X1, X2, &, b, €)
. B Weibull_D — Eq. dominant height (Hd)
PROJECAD —
¢ Projection Weibull_D_aux Projection.txt Projection of Hd and G

Projection of Dmin, Dmax, Dy
Projection of X1, X2, a, b, ¢

Estimated future diameter distribution
Estimated height by Eq. Hypsometric
Generate future ‘Tree.txt’ file
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Validation

To aid in the validation of the total volume calculated by the projected diameter distribution, the total
volume was also calculated using the linearized Gompertz equation (Eq. 16), where Vimax (ha) is the maximum
volume reached or the stagnation point of the curve. As vimax Will vary with the genetic material and the site, the
user needs to define a proportional factor in the projection age to reach vmax from the projected volume. In this
study, Vmax = 1.3 * volume observed at the last age measured in the CFI.

In [ln ("m%)] =In(by) + by *1I (16)

where bg and by are the parameters to be estimated, | is the age, v max is the volume at the age of stagnation of
growth, and v is the volume at age .

To make the projections, the CFI data were divided into seven combinations (six for three dates and one
for all dates), not including the projection date.

The CFI date combinations for mahogany and eucalyptus planted in 2009 were 2012, 2013, and 2014;
2013, 2014, and 2015; 2014, 2015, and 2016; 2015, 2016, and 2017; 2012, 2014, and 2016; 2013, 2015, and 2017;
and 2012, 2013, 2014, 2015, 2016, and 2017.

The combinations used for eucalyptus planted in 2011 were 2013, 2014, and 2015; 2014, 2015, and 2016;
2015, 2016, and 2017; 2016, 2017, and 2018; 2013, 2015, and 2017; 2014, 2016, and 2018; and 2013, 2014, 2015,
2016, 2017, and 2018.

The combinations have an ordinal nature, starting with more distant dates and ending with all dates, and
two combinations (5 and 6) have dates with distances of approximately 2 years.

To identify the date combinations with the best approximation between the projected data and the CFlI
data, the percentage standard error (SE%) between volumes per hectare (Eg. 17) was obtained, and the
Kolmogorov—Smirnov test was applied with 5% significance for adherence between the projected and observed
diameter distributions:

EP = (projetado—observado) *100 (17)

observado

RESULTS

The coefficients of determination (R?) for the equations of shape (Eqg. 1) and volume per tree (Eq. 2) were
0.85 and 0.95 for mahogany; 0.93 and 0.94 for eucalyptus planted in 2009; and 0.97 and 0.98 for eucalyptus
planted in 2011, respectively.

Table 3 provides the coefficients of determination (R?) of the equations for basal area, minimum,
maximum and quadratic diameters, diameters at the 24th and 93rd percentiles (Egs. 5-10), parameters a, b, and ¢
(Egs. 11-13), dominant height (Eq. 4), total height per tree (Eg. 15), and the Gompertz function (Eq. 16). Table 4
shows the projected values of the same parameters for each combination of CFI dates.

The function that presented an exact fit (R?=1) in all tests was the shape parameter (c), showing that ¢ =

_ -b
by * (%) ' , Where c is expressed as a power ratio of the amplitude between the diameters at the 24th and

93rd percentiles divided by the scale parameter b.

The high R? values of the linear fit of the maximum and square diameters and of the percentiles with the
logarithm of age (except for combinations 3 and 4 of the 2009 eucalyptus) indicated that the linear relationships
of these variables with age were highly correlated, and the estimation of these parameters was not particularly
complex in this case.

The variable that showed the lowest correlation in the adjustment for mahogany was the minimum
diameter. For the 2009 eucalyptus, combinations 3 and 4 presented very low R? values. Nevertheless, in the
diameter distribution of eucalyptus in 2009, parameter a showed a low quality in the fit of combinations 3 and 5-
7. For the 2011 eucalyptus, no inconsistencies or R? values lower than 0.78 were observed.
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Table 3.  Coefficient of determination (R?) of the fitted equations with data from the combinations.
Tabela 3. Coeficiente de determinacdo (R?) das equagdes ajustadas com dados das combinacdes.

Dates of
Comb.

G Dmin Dmax Dy X1 X2 a b c S hipsm  VGptz

Mahogany
2012-13-14 098 0.83 1.00 1.00 1.00 100 099 1.00 100 0.96 0.93 1.00
13-14-15 098 1.00 1.00 1.00 098 100 099 099 1.00 0.95 0.94 0.99
14-15-16 1.00 0.79 0.97 1.00 097 099 095 098 1.00 1.00 1.00 1.00
15-16-17 1.00 069 091 1.00 097 100 099 099 1.00 0.99 1.00 1.00
12-14-16 1.00 1.00 0.99 1.00 1.00 100 1.00 1.00 1.00 0.99 0.98 0.99

13-15-17 099 097 1.00 1.00 100 100 098 1.00 100 0.98 0.96 1.00
12-13-14-15-
16-17

099 095 099 1.00 099 100 099 100 1.00 0.98 0.96 0.99

Euc. 2009
2012-13-14  1.00 0.79 0.99 0.99 099 099 08 097 100 0.96 1.00 0.96
13-14-15 098 0.76 0.95 0.93 095 093 093 099 100 0.85 1.00 0.93
14-15-16 053 100 0.12 0.72 075 058 0.00 097 100 1.00 0.26 0.72
15-16-17 001 099 031 0.45 058 003 087 100 100 0.78 0.99 0.66
12-14-16 099 099 0.93 1.00 100 100 016 100 1.00 0.92 0.87 1.00

13-15-17 0.88 093 0.69 0.94 09 088 030 100 1.00 1.00 0.94 0.93
12-13-14-15-
16-17

092 095 081 0.96 097 093 010 099 1.00 0.95 0.86 0.95

Euc. 2011
2013-14-15 097 098 0.98 0.99 098 100 1.00 100 1.00 0.98 1.00 0.99
14-15-16 083 098 097 0.88 092 087 100 098 1.00 1.00 0.98 0.91
15-16-17 0.86 098 0.97 0.88 099 086 100 079 1.00 0.99 0.78 0.98
16-17-18 095 096 0.98 0.94 088 086 098 099 1.00 0.99 0.97 0.96
13-15-17 097 099 1.00 0.95 095 094 099 100 1.00 1.00 1.00 0.95

14-16-18 099 098 0.99 1.00 100 099 100 097 100 1.00 0.95 1.00
13-14-15-16-
17-18
Legend: Eq. for G, basal area (m); Dmin, minimum diameter; Dmax, maximum diameter; Dg, mean diameter; x;, diameter at the 24th
percentile; x,, diameter at the 93rd percentile; a, location parameter; b, scale parameter; c, shape parameter of the Weibull function; S, dominant
height at the index age; hypsom, full height; VVGptz, volume per hectare calculated by the Gompertz function.

0.97 098 0.98 0.97 097 09 099 099 100 0.98 0.98 0.97

Table 4. Values projected by the equations in Table 3 for each combination of dates and the observed CFI values
for the parameters.

Tabela 4. Valores projetados pelas equacdes da Tabela 3 para cada combinag&o de datas e valores observados do
IFC para os parametros.

Dates of
Comb.

G Dmin Dmax Dy X1 X2 a b c S Vm3ha VGptz

Mahogany

2012-13-14 104 6.4 221 16.5 148 207 O 179 6.8 196 689 93.9
13-14-15 100 104 21.4 17.9 168 207 O 189 108 227 842 92.0
14-15-16 11.0 7.8 24.2 18.3 166 216 O 192 87 160 796 80.2
15-16-17 11.1 7.7 23.2 18.5 164 222 0 195 76 159 801 79.6
12-14-16 10.8 7.2 23.5 17.6 157 213 0 187 7.4 188 762 86.4
13-15-17 10.7 9.0 22.3 18.4 168 216 0 194 90 177 810 82.8

12'1136'_11"'7'15' 10.8 8.0 22.8 18.0 163 214 0 190 83 177 743 85.5

IFC 10.3 8.3 23.6 18.3 162 220 O 193 7.4 153 761
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Dates of

Comb. G Dmin Dmax Dy X1 X2 a b c S Vm3ha VGptz

Euc. 2009
2012-13-14  16.7 20.8 31.8 24.6 237 281 210 4.9 25 277 2145 236.0
13-14-15 194 20.1 33.8 27.0 249 311 202 76 27 301 2564 2827
14-15-16 155 219 28.8 25.6 237 286 176 86 40 349 2009 2316
15-16-17 14.8 224 27.2 245 231 269 100 150 89 323 2715 2131
12-14-16 15.0 214 29.2 24.9 234 279 172 86 43 316 2063 2271
13-15-17 175 21.7 30.2 25.8 241 289 127 141 65 313 2323 2391

122340 165 217 300 255 239 286 148 117 55 314 2273 2376
IFC 185 223 317 266 249 298 201 72 32 316 2522

Euc. 2011
2013-14-15 157 171 27.6 23.4 218 270 166 7.7 32 255 1563 1813

14-15-16 12.2 15.2 27.2 21.3 206 243 162 6.1 36 261 1298 1436
15-16-17 10.0 151 26.6 19.5 182 220 151 50 29 258 986 114.6
16-17-18 11.4 15.8 28.2 20.8 195 243 158 60 276 268 1304 1331
13-15-17 11.8 15.6 27.0 20.9 195 237 156 59 31 255 1141 1294
14-16-18 115 15.8 28.2 21.0 199 246 160 6.1 28 267 1251  136.6

P01 116 158 276 209 197 242 158 60 29 258 1195 1342
IFC 127 167 3055 221 207 252 167 61 30 279 1538

Legend: Vmeha, total volume calculated with the projected diameter distribution and the hypsometric equation.

The standard error of volume per hectare projected by the diameter distribution and by the Gompertz
function in relation to that of the CFI is presented in Table 5. For mahogany, the diameter distribution generated
better volume per hectare results than did the Gompertz function, with a maximum error of 11% (13-14-15). In
the 2009 eucalyptus, the maximum error for volume was 20% (15-14-16). For the 2011 eucalyptus, the best results
were estimated by the Gompertz function, but both underestimated the volume per hectare with higher errors,
reaching 36% (14-15-16).

Table 5.  Percentage standard error (SE%) between the projected volume per hectare by the diameter distribution
and the Gompertz function and the observed volume of the CFI.

Tabela 5. Erro Padrdo Percentual (EP%) entre volume por hectare projetado pela distribui¢do de didmetros e pela
funcdo Gompertz, e volume observado do IFC.

Forest System (projection date)

Mahogany  (05/10/2018) Euc_2009 (29/05/2018) Euc_2011 (12/11/2019)
Dcitﬁ]sb()f v_Weibull v_Gptz v_Weibull v_Gptz Dates of comb. v_Weibull v_Gptz
2012-13-14 -9 23 -15 -6 2013-14-15 2 18
13-14-15 11 21 2 12 14-15-16 -16 -7
14-15-16 5 5 -20 -8 15-16-17 -36 -25
15-16-17 5 5 8 -16 16-17-18 -15 -13
12-14-16 0 13 -18 -10 13-15-17 -26 -16
13-15-17 6 9 -8 -5 14-16-18 -19 -11
12-13-14-15- 13-14-15-16-
1617 -2 12 -10 -6 17.18 -22 -13

The adhesion test between the projected distributions and the observed frequency for the diameter classes
of 1 cm amplitude (Figure 2) is shown in Table 6. For mahogany, the only adhesion rejection occurred in the 2012-
13-14 combination. For the 2009 eucalyptus, only the 13-14-15 combination generated a projected adherent to the
observed diameter distribution, and for the 2011 eucalyptus, non-adherence occurred in combinations 1 and 3.

In the 2009 eucalyptus, low coefficients of determination in the equations, especially in combinations 3
and 4 and for the parameter a of the Weibull function (Table 3), affected the displacement of the diameter
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distributions in relation to the observed data. The cause was the irregularity of the diameter distribution observed
and the low frequency of data in the sample, causing greater inaccuracy in the estimation of the parameters of the
Weibull function.

10 10
i Freq. )
Obs. Freq. 2018 (Mahogany) K N \ 3 Obs. Freq. 2018 (Euc. 2009)
20121314 \ y
2012-13-1; K v Y ——2012-13-14
s - - -13-1415 B -~ -13-14-15
14-15-16
14-15-16
- --151617
- --15-16-17
4
3 12_14_16 12_14_16
131517
13-15-17
——12-13-14-15-16-17 .
s ——12:13-14-15-16-17

number of trees
number of trees

Upper limit(Class DAP {cm)) Upper limit (Class DAP(cm))

¥ Obs. Freq. 2019 (Euc.2011)
——2013-14-15
- - ~-14-15-16
15-16-17
- ==16-17-18
13-15-17
14-16-18

N\ 13-14-15-16-17-18
A
\

number of trees

Upper limit (Class DAP(cm))

Figure 2. Diameter distributions projected by the combinations and observed data for each forest system.
Figura 2. DistribuicGes dos diametros projetadas pelas combinacdes, e dados observados de cada sistema
florestal.

Table 4. Kolmogorov—Smirnov test for date combinations from forestry inventory.
Tabela 4. Teste Kolmogorov-Smirnov para combinacgdes de dadas dos inventérios florestais.

Comb. 1 2 3 4 5 6 7 (Ei I)?(?s')
Mahogany ~ 0222* 0148 0068" 00577 013" 0075"* 00877  0.190
Euc.2009  0365% 00947  0306*  0545% 0399  0216*  0268% 0213
Euc.2011  0342% 01237  0475% 061" 0204" 0103" 0150"  0.208

* significant at 0.05, ns not significant.

DISCUSSION

The validation was performed by two tests: (1) the accuracy between the volume per ha projected by each
set of measurements, from the ages farthest from the projection date to the closest, and the volume per ha observed
on the projection date, measured by the percentage standard error; and (2) the test of adherence between the
distributions projected, based on measurements, and that observed on the projection date. These tests allowed the
following evaluations of the efficiency of the methodology implemented.

Among the studies that have addressed the volume attribute is that of Miranda et al. (2018), who applied
the parameter prediction method, testing several models, some obtained by stepwise regression, from the
correlation matrix between attributes of the continuous forest inventory with the b and ¢ parameters of the Weibull
function. Their results showed estimates of projected volume per ha with percent standard errors between -14.5%
and 23.3%. Azevedo et al. (2016), who also applied the parameter prediction method, did not obtain satisfactory
adjustments in the equations to estimate the b and ¢ parameters of the Weibull function, which was reflected in the
underestimates of the volume per ha of Eucalyptus urophylla at ages 48, 60 and 72 months with errors of -7.72%,
-15.16 and -12.99%, respectively. The volume errors per ha obtained in this study with the projection of the
Weibull distribution ranged from -36 to 11%.
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Regarding the adherence between the estimated and observed diameter distributions, in the study by
Ogana et al. (2020), the distributions estimated by the generalized Weibull function did not adhere to those
observed in 16 of 35 plots, a result similar to the 9 of 21 combinations that were not adhered to by the same
Kolmogorov—Smirnov test in this study (Table 6).

That is, there were some errors with low accuracy and adherence associated with the locations where the
data were provided for growth and yield modeling. For these cases, it is likely that the imprecision is greater when
using “ready-made” equations from other locations, even with similar genetic, pedological and climatic
characteristics, evidencing the importance of continuous forest inventories to obtain reasonable levels of accuracy.
In this sense, the developed algorithm worked with data from the local CFI generating equations that could be
used only for the forest under study, and there was no need to maintain or disclose the coefficients of these
equations.

Regarding validation, the results for mahogany were superior when compared to the results for eucalyptus
in the ILPF system, and it was not possible to identify whether the cause was due to its structure or due to the
spacing between trees that, in the ILPF, were under less competition. Regarding the date combinations, except for
mahogany, the combinations further from the projection date did not result in greater errors, and this was an
unexpected result because the closer the projection date is to the observed data date, the more precise it should be.

Another finding was the nonassociation between adherence to the projected distribution (Table 6) and the
percent standard error of volume per hectare (Table 5), originating from the projected distribution between the
ILPF 2009 and 2011 systems, showing that more accurate modeling of the diameter distributions may not result
in more accurate volume estimates due to a combination of factors that have not yet been identified. This
divergence was observed when comparing the precision of the equations (R?) for the 2009 and 2011 eucalyptus
trees (Table 3) with the volume errors per ha in Table 5, noting that the lowest projection errors were not associated
with the largest coefficients of determination of the equations.

The purpose of the presented algorithm was to locally model the growth rate as a function of age,
indirectly capturing the influences of site quality, climate, species, genetic material and silvicultural tracts from a
minimal dataset of the CFIl. Even with this control, some significant errors were observed, especially for 2011
eucalyptus, in the ILPF system, and this magnitude of errors is common in prognosis studies (OGANA et al., 2020;
MIRANDA et al., 2018; AZEVEDO et al., 2018; AZEVEDO et al., 2020; MIRANDA et al., 2018; AZEVEDO
et al., 2020; al., 2016).

Among the advances in the development of the proposed methodology is the identification of the function
for parameter ¢ (Eg. 13), which showed an exact potential relationship with the diameters in the percentiles and
the b parameter of the Weibull function (Table 3); the hypsometric function, constructed as the maximum height
as a function of the maximum diameter, regardless of age (Eg. 15); and the application with integrated adjustment
of all functions, using only taper data, DBH data and total height by age. Using a minimum of three measurements
from the CFlI, the results were generated for the projection of the volume per hectare with errors of up to 20% in
85%. For use of the algorithm, taper data from the study area are recommended.

CONCLUSIONS

e The algorithm presented accuracy results within the expected range, with an error up to 20% in 85% of the
cases, but there was an inverse relationship between the modeling precision and the accuracy of the volume
per hectare in the ILPF systems, requiring further tests in other forest production systems to evaluate its
efficiency.
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