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HIGHLIGHTS

Predictive models were developed for estimating wood density from NIR spectra.

Averaged wood density by trees were associated with NIR spectra measured in the wood 
of breast height.

More reliable predictions were obtained using mean values   per clone in calibration set.

The best model for predicting wood density presented R²cv of 0.77 and RMSEcv of 15 kg.m-³

ABSTRACT

The objective of this study was to establish multivariate models for the prediction of wood 
basic density with reference to the values of average density of trees and near infrared 
(NIR) spectra measured in the breast height. The wood basic density of 39 Eucalyptus 
clones was determined in the laboratory by means of the mean longitudinal positions 
of 0%, 2%, 10%, 30%, 50% and 75% of the commercial height of the tree by the 
gravimetric method. NIR spectra were recorded using a spectrometer using optical fiber 
probe and integrating sphere directly on the transverse plane of the solid wood in disks 
collected from diameter at breast height and later in the sawdust. The performance of the 
NIR based models was evaluated according to the spectral acquisition method and sample 
preparation. The results showed that the best model for basic density estimation using 
indirect measurements was developed from the average spectra per clone measured in 
solid wood disks (R2cv of 0.77 and RMSEcv of 15 kg.m-³).
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INTRODUCTION

Wood quality can be defined as the result of the 
physical and chemical characteristics of the tree or part 
of the tree that allow it to meet the requirements of 
properties for different final products (Mitchell, 1961). 
The evaluation of the quality of the wood is a routine 
activity in companies that seek rational use of the raw 
material in the productive processes. Therefore, forest 
breeding programs have focused on producing varieties 
of genetic material with characteristics that meet the 
quality requirements of a particular product.

Wood basic density has been used as an object 
feature in forest breeding programs (Batista et al., 2010; 
Githiomi & Kariuki, 2010) because of its high heritability 
(Raymond, 2002) and because it is an easily determined 
variable (Panshin & de Zeeuw, 1980). In practice, wood 
density serves as a reference for classification (Dias et al., 
2018), since it has a direct relationship with several other 
properties, besides influencing different products and 
co-products (Zobel & Buijtenen, 1989). Although it is a 
simple determination feature, obtaining the wood basic 
density is time consuming and has a high operating cost, 
depending on the number of samples to be prepared. 

Near infrared (NIR) spectroscopy has been 
pointed out as a promising technique for the evaluation 
of large numbers of samples, saving time and reagents 
for predictions (Pasquini, 2018). The technique is based 
on the interaction of radiation in the near infrared region 
with matter, resulting in a spectrum of absorption (or 
reflection) of energy by organic molecules (Brereton, 
2003). In general terms, the spectral signature can be 
used for qualitative and quantitative evaluation of the 
chemical composition of a particular compound present 
in the sample, or even to estimate the physicochemical 
properties of a material (Sandak et al., 2016). For instance, 
Rosado et al. (2019) have applied NIR technology for 
estimating the amount of non-structural carbohydrates 
in Toona ciliata wood based on spectral signatures.

NIR spectroscopy has been widely used to 
estimate the basic density of wood. Several studies have 
reported predictive models based on the NIR spectral 
signature able to satisfactorily estimate the basic density 
of Eucalyptus woods and other species (Hein et al., 
2009a; Fujimoto et al., 2012; Lia et al., 2012; Labbé et al., 
2013; Lazzarotto et al., 2016; Nascimento et al., 2017).

In these studies, the development of models for 
predicting the basic density of wood was carried out based 
on NIR spectra associated to the basic density values of 
the wood coming from the transverse face of the wood 
disk (Alves et al., 2012; Baettig et al., 2017; Fujimoto et 

al., 2012; Pfautsch et al., 2012), or core (Schimleck et 
al., 2005; Estopa et al., 2017) removed from the trunk 
at breast height (~1.3 m). Thus, most of the predictive 
models have been based on spectral signatures and basic 
density values obtained directly in the same sample. 
However, we do not know the performance of predictive 
models developed from spectral signatures measured 
on wooden discs taken at breast height associated with 
values of average basic density per tree or clones. Thus, 
the objective of this study was to establish multivariate 
models for the prediction of wood basic density with 
reference to the values of average density of trees and 
NIR spectra measured in the breast height region.

This new procedure is particularly interesting 
for those companies that have plantations with clones 
whose average wood density is known and who wish to 
apply the NIR technique to select superior individuals. 
Selection may be based on average values per tree, 
taking into account all the spatial variation existing along 
the shaft, and not only in estimating the wood basic 
density at a specific region of the tree.

MATERIAL AND METHODS

Material origin and sampling

In this study thirty-nine (39) Eucalyptus spp. clones, 
81 months of age, were used. The trees originated from a 
clonal test located in Curvelo in the central region of the state 
of Minas Gerais, Brazil (18°45’44” S and 44°33’39” W). The 
planting was installed at a spacing of 3 x 3 m, at an altitude of 
690 m and with annual precipitation of 1308.3 mm.

Three trees of medium diameter per genetic 
material were selected and felled, totaling 117 trees. In 
the selected trees, discs 2.5 cm thick were removed at 
six longitudinal sampling positions, at 0% (base); 2%; 
10%; 30%; 50% and 75% of the commercial height 
(CH), considered up to the diameter with bark of 4 
cm, to determine the mean basic density of the tree 
by conventional method. An extra disk was obtained 
from the conventional diameter at breast height (DBH) 
position to obtain the NIR spectra (Figure 1).

Sample preparation

The discs removed at breast height had their 
cross-sectional surface sanded using an electric sander 
with sandpaper number 40 and 120. The discs were 
conditioned in an air-conditioned chamber (60% relative 
humidity and 20°C) until moisture stabilization at 14% 
before acquisition of the NIR spectra in the solid wood 
condition. Subsequently, the disks were cut in the 
middle for removal of wood samples. These samples 
were ground, classified through 40 and 60 mesh sieves 
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and conditioned in the air conditioned chamber until 
moisture stabilization for subsequent use to obtain the 
spectra in sawdust.

NIR spectra acquisition and multivariate analysis

After the preparation of the two types of samples 
(solid wood and sawdust), on the solid sample (cross-
sectional area) the integration sphere and the optical 
fiber probe were used as pathways to obtain the NIR 
spectra, whereas in the milled wood only the integration 
sphere path was used. NIR spectra were obtained from 
all evaluated trees and clones. In order to obtain the 
spectra, the Bruker FT-NIR spectrometer (model MPA, 
Bruker Optik GmbH, Ettlingen, Germany) was used in 
the spectral range of 12,500 to 4,000 cm-1 with a spectral 
resolution of 8 cm-1 in diffuse reflection mode, with 
16 scans per sample, in conjunction with the Opus 4.2 
program. Spectra at wavelengths from 9000 cm-1 to 4000 
cm-1 were analyzed in the program The Unscrambler 9.7 
(CAMO AS, Norway), applying principal component 
analysis (PCA) and partial least squares regression (PLS-R) 
for predicting wood density. NIR spectra were evaluated 
in two manners, one with all 117 spectra (39 clones and 
three trees) and another considering the mean value of 
the 39 evaluated clones. Treatments performed in the 
spectra were: exclusion of wavelengths with presence 
of noise, removal of anomalous samples (outliers) 
and first derivative (13-point filter and a second-order 
polynomial using Savitzky-Golay algorithm), in search of 
improvement in the performance of the models. The 
best models were selected based on the coefficient of 
determination of calibration (R2c) and cross validation 
(R2cv), root mean standard of calibration error (RMSEc) 
and cross validation (RMSEcv), number of latent variables 
(LV) used in the models and the ratio to performance 
deviation (RPD) as suggested by Estopa et al. (2017).

Determination of basic density by conventional 
method

The disks removed at the longitudinal sampling 
positions, except at breast height, were subdivided into 

wedges passing through the medulla and two opposing 
wedges were used to determine the wood basic density. 
The wood basic density was determined according to 
standard NBR 11941 (ABNT, 2003). The mean basic 
density of the tree was considered the arithmetic mean 
of the longitudinal sampling positions. 

RESULTS

NIR Spectra 

The NIR spectra acquired by the integrating 
sphere and fiber optic probes are shown in Figure 2a 
without treatments and in Fig. 2b treated by means of the 
first derivative. The spectra present absorption bands as 
a function of the wavelengths, in which those obtained by 
means of the sphere obtained higher absorbance values 
than those acquired by means of the fiber. 

FIGURE 1 Sampling for NIR spectra acquisition and determination of the wood basic density by conventional method..

FIGURE 2 Original NIR spectra (A) and treated by first derivative 
(B) recorded from wood and sawdust. FW: Spectra 
collected using optical fiber probe on wood. SW: 
Spectra collected using integrating sphere on wood. SS: 
Spectra collected using integrating sphere in sawdust.
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Exploratory Analysis

Scores obtained by PCA from the spectra collected 
on the wood disks by means of the integrating sphere and 
optical fiber probe are presented in the two-dimensional 
graph of Figure 3. The first principal component (PC 1) 
explains 99.38% of the variation of the data while PC 2 
explains 0.48%, totaling 99.86% of the data variation. 

DISCUSSION

In Figure 2, both for the untreated spectra 
(Figure 2A) and for the treated spectra (Fig. 2B), the 
absorption bands are more prominent from the 9000 
cm-1 to 4000 cm-1 wavelength, which evidences the 
greater interaction of near infrared radiation with the 
functional groups of wood compounds in that region. 
According to Lestander et al. (2009), in biomass NIR 
radiation interacts with C-H, C-O, C-O-H, C=C bonds 
and also with the water always present in the material. 
By means of the first derivative treatment (Fig. 2B) 
there was a modification in the behavior of the spectra 
evidencing the absorption bands at the wavelengths in 
the near infrared. The higher absorbance intensity in 
the integrating sphere spectra may be due to the higher 
light beam incidence area obtained with the use of this 
spectral acquisition pathway, it is larger than the optical 
fiber area. It is not possible to perform an interpretation 
of the collected data only through the visualization of the 
spectra, requiring statistical analysis.

The PCA scores (Figure 3) are distinguished by 
three groups: spectra obtained by means of fiber on solid 
wood, obtained by means of the sphere on wood and by 
the sphere on wood reduced to powder. The data collected 
by the sphere are concentrated more homogeneously, 
especially the sawdust data. With this, it can be inferred 
that the sphere is able to collect the information of the 
material more efficiently than the fiber. Perhaps this is 
possible because the sphere has a larger diameter than 
the fiber, thus has a larger area of contact with the sample 
and greater representativeness of the existing variations. 
Moreover the sawdust wood is more homogeneous than 
solid wood. NIR spectra measured in solid wood are 
influenced by local heterogeneities, while ground wood 
is more homogeneous (Hein et al., 2010). However, the 
milling process can be a hindrance to processing large 
numbers of samples. Regarding the particle size, these 
same authors find greater differences between the solid 
and powder spectra than between the spectra measured 
in different particle size of wood powders.

For the prediction of basic density by partial least 
squares regression (Table 1), the best result was observed 
in the solid wood with reading via integrating sphere, 
using the average per clone, which presented coefficient 
of determination of the cross-validation (R2cv) of 0.77 
and performance to deviation ratio (RPD) of 2.07. The 
lowest R2cv values were obtained by optical fiber probe 
n solid wood, with R2cv of 0.38 and an RPD of 1.24, 
from the data with the three replicates. By observing the 
dispersion of the values measured in the laboratory and 
predicted by the NIR (Figure 4), the results obtained by 

FIGURE 3 PCA scores made with wood and sawdust spectra 
collected by integration sphere and optical fiber. FW: 
Spectra collected using optical fiber probe on wood. SW: 
Spectra collected using integration sphere on wood. SS: 
Spectra collected using integration sphere on sawdust.

Estimating wood density by PLS-R models

The basic density of the wood by tree, determined 

in the laboratory, presented average, minimum and 
maximum values of 524.30 kg.m-3, 444.65 kg.m-3 and 
578.19 kg.m-3, respectively. Table 1 presents the statistics 
associated with the prediction models of the wood basic 
density of the clonal materials based on the solid and 
ground wood spectra. The dispersion of the measured 

and predicted values by NIR is shown in Figure 4.
TABLE 1 Descriptive statistics of the data groups.

Spectra N MT R2c RMSEc R2cv RMSEcv LV RPD
FW

117
-1 out/1d 0.38 25.00 0.32 26.00 2 1.24

SW -2 out/1d 0.57 20.00 0.55 21.00 3 1.54
SS 1d 0.54 21.00 0.43 24.00 5 1.33

FW
39

- 0.48 22.00 0.40 23.00 2 1.35
SW -3 out 0.89 10.00 0.77 15.00 8 2.07
SS - 0.54 21.00 0.38 25.00 8 1.24

FW: Spectra collected using optical fiber probe on wood. SW: Spec-
tra collected using integration sphere on wood. SS: Spectra collec-
ted using integration sphere on sawdust. N: Number of samples; 
MT: Mathematical treatment; out: Outlier; 1d: First derivative; R2c: 
Coefficient of determination of the calibration; RMSEc: Root mean 
square error of the calibration; R2cv: Coefficient of determination of 
the cross validation; RMSEcv: Root mean square error of the cross-
-validation standard error; VL: Number of latent variables; RPD: ratio 
of the deviation performance.
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means of the fiber were also the ones that have worse 
association. The integration sphere was able to collect 
more useful information, during the acquisition of wood 
spectra, for predicting the basic density than fiber optics, 
a fact also reported by Costa et al. (2018). Thus, it can 
be inferred that it is more efficient and its preference 
for use must be taken into account. Hein et al. (2010) 
have observed the influence of sample preparation on 
chemical properties estimation of Eucalyptus urophylla by 
NIR spectroscopy, in which the best calibrations were 
developed using wood dust spectra. This study shows 
that for basic density the best calibrations are obtained 
using solid wood spectra.

Viana et al. (2010) have evaluated Eucalyptus 
clones at three years of age to develop models for 
predicting the wood basic density, and the samples for 
analysis in the NIR were collected at 1.30 m from the soil 
for calibration based on laboratory data of the density 

(similar to this work) and the disk itself at the DBH. 
The authors presented calibrations for basic density 
estimation at the DBH with R2cv ranging from 0.73 to 
0.86 and RPD of 1.4 to 2.0 and calibrations performed 
from mean tree density (DBM) with R2cv ranging from 
0.56 to 0.97 and RPD from 1.1 to 4.7. 

Baettig et al. (2017) have evaluated the efficiency 
of the NIR technique to predict basic density in the cross 
section of discs at different positions in the marrow to 
bark direction of Pinus radiata through the optical fiber 
probe using basic density reference values obtained by 
X-ray and found R2cv varying from 0.91 to 0.93. Kothiyal 
et al. (2014) used the NIRS technique to calibrate models 
to predict the basic density of green wood (27-30% 
moisture) on the radial and tangential faces of Eucalyptus 
tereticornis wood from 10 to 12 years of age. The authors 
present models with R2cv from 0.74 to 0.77 and RPD 
from 2.06 to 2.38 for the integrating sphere; and values 

FIGURE 4 Wood basic density values estimated by models based on spectra obtained by the integration sphere and optical fiber on solid 
wood and sawdust determined in the laboratory.
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from 0.64 to 0.77 and 2.31 to 2.46 for R2cv and RPD, 
respectively, for the optical fiber.

Considering the indirect method used in this 
study, the results are promising, that is, the practicality of 
the method justifies the use. In other works that use the 
NIR spectroscopy technique to predict wood properties, 
they usually use the same position (same sample) in the 
bole for conventional laboratory analysis and for reading 
in the spectrometer, as in Hein (2010, 2012) and Hein 
et al. (2009). According to Schimleck et al. (2003) 
calibrations in NIR with RPD equal to or higher than 1.5 
are sufficient for initial readings in order to select young 
trees with potential for use of the technique, and the 
higher the RPD value, the better the fit of the model 
(Fujimoto et al., 2008).

CONCLUSION

Considering the indirect sampling method 
(spectrum obtained on the DBH disk and reference data 
obtained from the mean in the longitudinal portions of 
the trunk) and using clonal materials, i.e. low variability 
it was possible to develop models for fast prediction of 
basic wood density. The best performance of predictions 
through the PLS regression for the basic density was 
obtained through the mean per clone, which showed 
better performance than the prediction performed from 
the data with the replicates (three trees) per clone. 
The acquisition path that allowed this result was the 
reading by the integration sphere realized in the solid 
wood (DBH disk), a result that agrees with the analysis 
of main components that obtained greater homogeneity 
in the dispersion of the spectra scores obtained by 
this acquisition path. Considering that training models 
process is performed only once and that it is possible to 
capture tree representativeness in terms of wood density 
by collecting spectra only at breast height, using this 
approach is worth, rapid and reliable for initial screening. 
The practicality of this approach justifies its use since it 
optimizes the time of analyzes in the laboratory and the 
collection of the trees in the field.
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