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Abstract: Acacia, including Acacia hybrids, are some of
the most important species grown as part of the Viet-
namese wood industry. Rapid methods to identify the
variations in the wood properties of Acacia hybrids how-
ever, are a currently lacking and creating limits for their
breeding programs. In this study, nine Acacia hybrid
clones, including those that were diploid, triploid, and
tetraploid were evaluated using near-infrared spectros-
copy (NIR) and hyperspectral imaging (HSI). The standard
normal variate (SNV) and second derivative (SP2D) were
applied to compare the performances of NIR and HSI using
partial least square regression. The HSI images were ac-
quired at wavelengths from 1033 to 2230 nm and the SNV
and SP2D described the variations in the wood properties.
The NIR predicted thewood physical properties better than
HSI, while they provided similar predictions for the
mechanical properties. The mapping results showed low
densities around the pith area and high densities near the
bark. They also revealed that the air-dry moisture content
changed at different positions within a disk and was
dependent on its position within the tree. Overall, NIR and
HSI were found to be potential wood property prediction
tools, suitable for use in tree improvement programs.

Keywords: Acacia hybrid; mechanical properties; near-
infrared hyperspectral imaging; near-infrared spectros-
copy; physical properties; wood properties mapping.

1 Introduction

Plantation forests are increasingly providing many indis-
pensable products to help meet the demands of our daily
lives. The switch from harvesting natural forests to plan-
tations has occurred in many countries, including Viet-
nam, where the total plantation area has increased
considerably from 167.5 to 277.9 million hectares (Payn
et al. 2015). In Vietnam,Acacia includingAcacia hybrid (an
interspecific hybrid of Acacia mangium and Acacia auric-
uliformis), are some of the most important species planted
for the wood industry, and they contribute to their lead in
South east Asia’s furniture export industry. Furniture
sector exports produced over 6.8 billion USD in revenue in
2019 (Phuc et al. 2020).

Acacia hybrid and plantation trees have become
increasingly important resources as they yield incredible
growth, and this allows for shorter rotation lengths,
compared to the previously used species (Kha et al. 2012;
Sein 2012; Talbert and Marshall 2005). When wood is har-
vested from stands after short rotations, it has a negative
effect on the wood properties, owing to the increments of
juvenile wood (core wood) (Moore and Cown 2017). Juve-
nile wood has lower wood mechanical properties, such as
modulus of rupture (MOR), modulus of elasticity (MOE),
and lower dimensional stability, when compared to wood
harvested from older stands (Gartner 2005; Moore and
Cown 2017; Vikram et al. 2011). The tetraploid Acacia
mangium (AM-4×) had an incredible growth when
compared to other Acacia clones but its wood strength
properties are much lower than those of other species (Viet
et al. 2020). Additionally, the fiber in angiosperms such as
Acacia plays a key point for material strength with MOR
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and MOE contrasted with gymnosperm that a longitudinal
tracheid serves as the main factor for wood properties
(Brodersen and McElrone 2013; Morris et al. 2016).
Furthermore, a study inAcacia spp. foundwood strength to
be controlled by tree size diameter whereas it is controlled
by cambial age inEucalyptus (Kojima et al. 2009). However,
the variations in wood properties are well studied in
gymnosperm such as conifers but still not fully revealed for
angiosperms (Rungwattana and Hietz 2018).

The demand of plantation wood used for furniture is
increasing, but still insufficient considering the low wood
properties. Consequently, increasing the tree improvement
program to improve the satisfactory wood properties is
desired. To achieve this, wood properties need to be
assessed on a large scale. Nondestructive approaches such
as near-infrared (NIR) spectroscopy and NIR hyperspectral
images (HSI) could be used for the assessment of wood
properties in standing trees with effective costs (Meder
2015; Schimleck et al. 2019). Tsuchikawa and Schwan-
ninger (2013) and Tsuchikawa and Kobori (2015) reviewed
the previous research on wood property predictions using
NIR. The predictions were conducted for several types of
samples, from small clear samples to lumber (Fujimoto
et al. 2007; Hauksson et al. 2001; Inagaki et al. 2012; Kelley
et al. 2004a,b; Kobori et al. 2015). Owing to size and vari-
ability, the predictions for lumber were found to be
noticeably more challenging than those for small clear
samples. Fujimoto et al. (2008) predicted the mechanical
properties for small clear samples and lumber specimens of
Japanese larch. They found that a reasonable prediction
model from lumber was obtained when using MOR and
MOE but the accuracy of the MOR calibrations was much
weaker than those for MOE when using the same speci-
mens. The coefficient of determination (R2) for the MOR
lumber calibration set was 0.49 while that for the MOE
lumber was 0.72. Similarly, Dahlen et al. (2017) predicted
the MOR and MOE of southern pine lumber using NIR
spectroscopy. Moderate results were obtained for both the
MOR and MOE predictions with R2 values from 0.4 to 0.58.

Recently, HSI has been used in numerous studies of
woodandbiologicalmaterial properties investigationdue to
the better visualization of the wood variations with imaging
(Agresti et al. 2013; Awais et al. 2020; Bonifazi et al. 2016;
Burger and Geladi 2006; Fujimoto et al. 2015; Haddadi et al.
2015a,b; Ma et al. 2020a,b; Schimleck et al. 2020; Thumm
et al. 2010, 2016). Radiata pine chemical properties in mul-
tipleheights of thediskweremappedbyThummet al. (2010,
2016). Ma et al. (2017) described maps with radial strips
Cryptomeria japonica for density and microfibril angle var-
iations at high spatial resolutions. Using the same method,
Ma et al. (2018) reported that the density and grain direction

of Douglas fir could be predicted at high accuracies using
key wavelengths. The variations in moisture content and
density for subalpine fir (Abies lasiocarpa Hook) lumber
were studied previously by Haddadi et al. (2015a,b).

These previous investigations indicate that wood
property variations, both within and between trees, have
not yet been fully described. The tree improvement pro-
gram aimed to determine how to apply these techniques on
a large scale with huge samples, cloned trees (Meder 2015;
Mora et al. 2011a,b), and in real conditions that consider
environmental humidity (Hein et al. 2017). Meder et al.
(2011) predicted kraft pulp yield and cellulose content by
NIR to calculate genetic gain using the traditional labora-
tory pulping of wood chips. The result described that it had
sufficient accuracy and precision to assess every individual
tree in a breeding trial to determine breeding values. It was
also found that increased sampling could improve the
profits gained from these techniques. Moreover, the per-
formance of the NIR and HSI on Acaciawood properties for
whole trees, both within and between clones, is limited.
Hence, there is a need to estimate whole tree and between
tree properties for tree improvement programs, and to
evaluate how NIR and HSI could be utilized for this pur-
pose. The aims of this investigation were to: (1) predict
physical and mechanical properties using NIR and HSI for
polyploidAcacia hybridwood collected fromVietnam; and
(2) map wood properties to examine how specific gravity
(SG) and air-dry moisture content (MC) change both be-
tween and within clones.

2 Materials and methods

2.1 Acacia polyploid hybrid clones

Nine Acacia hybrid clones from a plantation at the Institute for Forest
Tree Improvement and Biotechnology, Dong Nai, Vietnam were
selected for this study. Acacia hybrid diploid (2×) clones from com-
mercial breeding, namely BV10, BV16, and AH-2× were chosen. The
tetraploid (4×) clones were transformed from the best diploid clone
using in vitro colchicine treatment and those selected included Acacia
auriculiformis (AA-4×), Acacia mangium (AM-4×), and the Acacia
hybrid (AH-4×). Triploid (3×) clones produced via pollination between
2× and 4× included X101, X102, and X41. The sample trees were felled
at 3.8 years of age, except for AH-2×, whichwas felled at 8 years of age.
Five ramets of each of the 2× and 3× clones together with three 4× trees
were collected for sample.

2.2 Material processing

Logs that were 0.2–1.3 m and 1.5–3 m in length were taken from each
tree stem after felling to use as the bending and compression test
samples. Samples from thefiveAH-2× treeswere takenwhen theywere

1068 D.D. Viet et al.: NIR and HSI for prediction and mapping polyploid acacia hybrid wood properties



1.3 m in height to compare their properties with the other clones in the
mapping results. 5-cmdiskswere taken at various heights (0.2–13.5m)
for the MC and SG measurements of the specimens. The sampling
processes were previously described by Viet et al. (2020).

2.3 Air-dry equilibrium moisture content and specific
gravity

Strips with diameters of (mm) × 30 × 20 (mm) were cut from each disk
after air drying. The strips were then divided into small pieces that
were 1 cm in the radial direction from the pith to bark, using a razor
blade. Air-dry MC was determined at room temperature and humidity
conditions (around 25 °C and 25–35% relative humidity (RH)) by using
an oven dry method. Each piece was weighed just after its NIR spectra
were recorded and then dried at 103 ± 3 °C to determine its dry weight.
The weight and volume of the SG samples was measured with an
electronic densimeter (EW-300SG, Alpha Mirage, Japan).

2.4 Static bending measurements

Bending samples were conditioned to a constant mass at 20 ± 2 °C and
an RH of 65 ± 5% and determined MC from the undamaged portion of
the sample immediately after the bending testing. The size of the
specimens for static bending was 20 × 20 × 320 mm (radial × tangen-
tial× axial). Specimenswere cut from 20mm thick boards. Testingwas
carried using three loading points on the specimens, according to the
procedure described in ISO standards (ISO 13061-3, 2014a; ISO 13061-
4, 2014bSO 13061-4, 2014b). Loading was kept constant at 5.0 mm per
minute in a 100 kNuniversal testingmachine (AG-I, Shimazdu, Japan).
Deflections were recorded at regular intervals for the load and the
graphwas plotted using the deflection and load applied. The values of
MOR and MOE were calculated using the following formulas:

MOR = 3Fmax l

2bh2
(1)

MOE = Pl3

4f bh3
(2)

where: Fmax is the maximum load; P is load at the limit of propor-
tionality; l, b, and h are the span, breadth, and depth of the test
specimens, respectively, inmm; f is the deflection inmmat the limit of
proportionality.

2.5 Compression test

The samples for the compression test were also conditioned to a mois-
ture content around 12% before testing. The size of the compression
sampleswas 20× 20× 30mm(radial× tangential×axial). Compressions
tests parallel to the grains were performed according to ISO standards
(ISO 13061-17, 2017; ISO 13061-4, 2014b). The loading speed was kept at
5 mm per minute in the same device as for the bending test. The strain
gage (FLAB 511, TML, Japan) with a gage factor of approximately 2.1%
was used to calculate the deflection. Young’s modulus (E ) was deter-
mined using the following formula:

E = P
abϵ

(3)

where:P is the loadat the limit of proportionality;a andb are thewidth

and length of the test specimens, respectively, in mm; ε is the strain

gage deflection at the limit of proportionality.

2.6 NIR measurement

The FT-NIR spectrometer was a Matrix-F (Bruker Optics GmbH) with a
wavenumber range of between 10,000 and 4000 cm−1 (wavelengths:
1000–2500 nm) and a resolution of 4 cm−1 working in diffuse absor-
bancemode. Spectra were collected from: three positions nearly in the
center of the cross section of the MC and SG samples; three positions
on each face of the two tangential/longitudinal sides of the bending
samples, in which one side was in contact with the pressure beam
directly during the bending test and the other was on the opposite
side; four positions in the four tangential sections of the compression
samples, of which two were attached with strain gages in the
compression test. 32 scans were collected for each position and all the
scans were averaged into a single spectrum.

2.7 NIR hyperspectral imaging (HSI) measurements

The hyperspectral imaging (HSI) device (Compovision; Sumitomo
Electric Industries, Ltd., Tokyo, Japan) used a push broom line scan-
ning system that covered the spectral range from 913 to 2518 nm in 256
spectral bands (spectral resolution of 6.2 nm) with 320 × 533 spatial
pixels. The HSI spectra were acquired on the same surfaces as the NIR
measurements. The device setupwas described previously byMa et al.
(2017, 2019, 2020a,b) and Sofianto et al. (2018). The distance between
the sample and the camerawasmanually adjusted to achieve a 30mm
horizontalfield of viewwith a spatial resolutionof 94 µm. Twohalogen
lamps were positioned above the sample holder to illuminate the
samples. The sample was placed on the slider and scanned line-by-
line to obtain the spectral images. The movement speed of the
conveyer was 18 mm s−1 and the exposure time was set to 4.5 ms for
each line. Before collecting the sample images, a white plate was
placed at the same position as the sample with the same parameters
and used as a reference (W ). The dark current (D) was obtained by
turning the light source off and fully covering the lenswith its cap. The
regions of interest in the HSI were manually determined for each
image so that they contained the whole region of the sample surface.
The relative reflectance (R) of all collected spectral images was then
calculated using the measured images (I), in accordance with the
following formula:

R = I − D
W − D

(4)

2.8 Partial least square (PLS) calibration

PLS calibrationmodels were constructed from theMC, SG, MOR, MOE,
Young's modulus, and spectra averaged over the samples. The spec-
tral data from all samples were split randomly into the calibration and
prediction sets, which consisted of 70% for calibration and 30% for
prediction.MATLABwas used for data processing and image analysis.
The PLSmodels were developed for a spectral range of 1000–2500 nm
for the NIR and 1033–2230 nm for the HSI. Raw spectra were pre-
processed with the SNV and second derivative (SP2D). These
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techniques were applied because they could reduce physical inter-
ference while maintaining the chemical information (Goyaghaj 2009).
Determination coefficients for cross validation (R2), determination
coefficients for prediction (Rp

2), the root mean square error of cross-
validation (RMSECV) and the root mean square error of prediction
(RMSEP)were calculated. TheRPDwas not used to assess themodel as
it is directly related to R2 (Minasny and McBratney 2013). The
maximum number of latent variables (LV) was fixed at five for SG and
MC and 10 for the other properties. The optimal number of LV for each
modelwas selected based on thefirst localminimumof the RMSECVof
a cross validation method.

2.9 Mapping the prediction values for the wood
properties

The mapping process steps for the spectra are briefly described in
Figure 1. The best calibrationmodel for the PLS analyses resulted from
the HSI spectra with the pre-processing treatment (SP2D by segment
(s) = 3 and gap (g) = 0 combined SNV in 5 LVs for SG,MC and 10 LVs for
mechanical properties) was performed by mapping the wood
properties.

Hypercube data from the HSI were measured in a three-way data
matrix and then transformed into a two-way data matrix. The latter
was pre-processedwith the best pre-processing treatment before being
multiplied with the regression coefficients of each wavelength. The
wood property prediction results were the matrix-vector products.
They were then reshaped to the spatial dimensions of the mapping
image of the wood properties.

The images of the mapped bending and compression prediction
values were compared for two types of values (the lowest and the
highest) to observe the variation distributions of the mapped predic-
tion values on the sample surfaces. TheHSI data spectra for the SG and
MC were mapped for all the samples from the pith to bark and con-
structed into each clone from the butt-end to top of the tree. These
maps described the distribution of the SG and MC predicted values for
the whole sample within and between the clones.

3 Results and discussion

3.1 NIR and HSI spectral data

The NIR and HSI spectral data for each wood property with
the pre-processing treatments, are shown in Figure 2. The
Figure shows the samewavelength range between NIR and
HSI spectral which help to compare PLS results. However,
the interval inHSI (6.2 nm) is inferior to that of NIR (2.4 nm).
For the HSI models, 5 LVs was optimal for the SG and MC,
and 10 LVs was optimal for all the other properties. The
optimal LV values for the NIR model were similar with
those for the HSI models. The band assignments for the
best models for all properties are described in Tables 1 and
2. It shows that although HSI had a lower interval than that
of NIR, it could achieve higher prediction accuracies on the
wood properties, such as MOR, MOE, and Young’s

modulus. It suggests that either theNIR spectrawith higher
spectral resolution just contain less useful information for
the prediction model constructions, or the small absorp-
tion peaks in the NIR spectra affected the prediction model
robustness.

The measured and predicted values using the NIR and
HSI with the best model for the pre-treatments are visual-
ized in a scatter plot in Figure 3a, b. It was found that the
pre-treatments SNV and SP2D could incredibly improve the
accuracy of all models. The models for SG and MC have
higher accuracies than the mechanical properties models.
Furthermore, it was found that the estimates for the MOR
and compression models were not accurate, which may
caused bywood defects. The SG andMC estimations for the
HSI camera were lower than those for the NIR spectrom-
eter, while their estimations for the mechanical properties
were similar. The results could be explained by two rea-
sons. The first reason is that the resolution of the NIR
spectrometer was better than that of the HSI camera at
4 cm−1 (about 2.4 nm) and 6.2 nm, respectively. This could
lead to the NIR spectra intensity was better than that of HSI
(Mora et al. 2011b; Schimleck et al. 2018b). The second
might be that the sample was a specified distance from the
HSI camera while the NIR spectrometer could have contact
directly with the sample.

3.2 PLS calibration

The results for the calibration models and their predictions
for the various properties measured in the study using NIR
and HSI are presented in Table 3. For SG and MC, five
factors were chosen for both the NIR model and the HSI
model resulting in an R2 of 0.59 and 0.85 for the SG andMC
ofNIR, 0.49 and0.62 for the SG andMCofHSI, respectively.
The RMSECV of the SG for NIR andHSI were 0.06, while the
MC for NIR and HSI were 0.22 (%) and 0.16 (%),
respectively.

When NIR was used to predict MOR, an R2 of 0.30 and
RMSECV of 12.4 (MPa) were obtained at 9 LV. Similarly,
when predictingMORbyHSI,R2 of 0.32 and RMSECVof 12.2
(MPa) were obtained at 10 LV. For NIR and HSI, the cali-
bration model for MOE gave an R2 of 0.65 and 0.66
respectively, and RMSECV of 0.9 (GPa). The prediction
using NIR for Young’s modulus was slightly weaker than
that of HSI as there was an R2 of 0.22 compared to 0.30,
respectively, with the RMSECV of 1.29 (GPa) and 1.22 (GPa).
For Young’s modulus prediction, 7 LV was chosen for the
NIR and 10 LV HSI models.

While Dahlen et al. (2017) determined their results for
lumber samples of southern pine using the NIR SP2D, the
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Figure 1: Experiment procedure andmappingprocesswith (a) datapreparation; (b) PLSmodels analysis and (c)mappingwoodproperties. SG:
specific gravity, MC: air-dry moisture content, MOR: Modulus of rupture, MOE: Modulus of elasticity, SNV: Standard normal variate, SP2D:
Second derivative, PLS: Partial least square.
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NIR models in this study had higher accuracies for SG
(R2 = 0.59 vs. 0.53), MOE (R2 = 0.65 vs. 0.58), and slightly
lower for MOR (R2 = 0.30 vs. 0.4). The lower accuracy for
MOR and compression may be affected by variations in the
core wood and outer wood. The main factor affect strength
and compression properties of core wood was density,
whereas that of outer wood was MFA (Ishiguri et al. 2012).
The bending and compression samples for this study from
fast growing plant which usually difficult to control wood
defect. In contrast, natural defects in gymnosperm species
seem to be well managed. Additionally, the samples were
collected in huge number and based on mixed clones,

juveniles and mature wood, and thus the samples con-
tained a wide variation of characters and this could be the
reason for poor prediction (Dahlen et al. 2017). It should be
noted that the effects of the different species such as
gymnosperm and angiosperm in prediction of MOR and
compression properties need further studies. The perfor-
mance of the SG models which were developed (R2 = 0.59)
was lower than the performance found by Inagaki et al.
(2012) for air-dry SG (R2 = 0.89–0.91). The accuracy for the
MC predictions in the current study was also lower than
that of the model by Kobori et al. (2013) that reported R2

values of 0.99 for European beech and Scots pine. In this

Figure 2: NIR spectral andHSI spectral with SNV and SP2Dpre-processing treatment in eachwood properties. SG: specific gravity, MC: air-dry
moisture content, MOR: Modulus of rupture, MOE: Modulus of elasticity.

Table : Band assignments from wood properties spectral in the NIR model.

SG MC MOR MOE Compression

Band (nm) Componenta Band (nm) Componenta Band (nm) Componenta Band (nm) Componenta Band (nm) Componenta

 Cell.  Cell.  Cell.  Cell.  Cell.
 Lig.  Lig.  Cell.  Cell.  Hemi.
 Hemi.  Hemi.  Cell.  Cell.  Hemi.
 Cell.  Cell.  Cell.  Cell.  Cell.
 Cell.  Cell.  Hemi.  Hemi.  Lig.
 Lig.  Lig.  Cell.  Cell.  Lig.
 Cell.  Cell.  Cell.  Cell.

 Lig.  Lig.

aBased on Shwanninger et al. (); lig., lignin; hemi., hemicellulose; cell., cellulose.
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study, we made no effort to improve the quality of the
surface of the samples before scanning, and the success of
our models based on reasonably rough surfaces indicates
that the prediction of all property variations over the
positions in the clone were reasonable. The species and
number of specimens used varied from that of Fujimoto
et al. (2010) who used 75 pieces of Japanese larch and
Kobori et al. (2015) who used 20 pieces of Japanese cypress.
These differences may have influenced the performance of

the models, as most other studies focused on softwood
species while this study used a hardwood.

A similar comparative study using HSI with loblolly
pine logs for SG and MC predictions of the two scanning
options was also reported by Mora et al. (2011). While HSI
may provide better surface coverage, the quality of the
spectral data are not the same as that from an NIR instru-
ment, and do not provide a substantial improvement in the
performance of themodel. For this investigation, there was

Table : Band assignments from wood properties spectral in the HSI model.

SG MC MOR MOE Compression

Band (nm) Componenta Band (nm) Componenta Band (nm) Componenta Band (nm) Componenta Band (nm) Componenta

 Lig.  Cell.  Cell.  Cell.  Cell.
 Cell.  Water  Hemi.  Hemi.  Cell.
 Water  Cell.  Water  Cell.  Cell.
 Cell.  Lig.  Cell.  Cell.  Lig.
 Cell.  Water  Lig.  Water  Cell.
 Hemi.  Cell.  Lig./hemi./cell.  Water  Cell.
 Lig./hemi./cell.  Cell.  Water  Water  Cell.
 Water  Lig.  Cell./hemi.  Hemi.
 Water
 Cell./hemi.
 Lig.

aBased on Shwanninger et al. (); lig., lignin; hemi., hemicellulose; cell., cellulose.

Figure 3: (a) Scatter plot for SG and MC
prediction models using NIR (top) and HSI
(bottom). SG: specific gravity, MC: air-dry
moisture content, LV: latent variables, Rp

2:
Coefficient determination for prediction,
RMSEP: Root mean square error of predic-
tion. (b) Scatter plot for mechanical pre-
diction models using NIR (top) and HSI
(bottom). MOR: Modulus of rupture, MOE:
Modulus of elasticity, E: Young’s modulus,
LV: latent variables, Rp

2: Coefficient deter-
mination for prediction, RMSEP: Root mean
square error of prediction.
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no information on knots or defects, and the relationships
reported here for the NIR and HSI calibrations may be
approaching what can reasonably be expected for the NIR
prediction of physical and mechanical wood properties. If
thewood is high quality, such as having no knots or defects
and a straight grain, the results may improve. The perfor-
mance of HSI predictions of wood properties improved
with fewer defects in the samples, as described previously
by Ruano et al. (2019); Schimleck et al. (2018b); Sofianto
et al. (2018) and Thumm et al. (2010, 2016). Dahlen et al.
(2017) improved the accuracy of the predictions ofMORand
MOE by combining the measured SG values with the NIR
data and by creating models using both measurements. A
similar idea could be explored with defect data to deliver
statistics that are much stronger than those reported here.

3.3 Mapping for MOR, MOE, and
compression

ThemappedMOR, MOE, and compression prediction data
were constructed for the low and high reference data in
Figure 4. The higher reference values are well reflected by
the higher mapping results. Figure 4a, b showed the

mapping result of two samples which had MOR values
that were 33 and 107 MPa respectively. The results for the
low MOE with a value of 5.7 GPa and high MOE with a
value of 13.6 GPa are presented in Figure 4c, d. The

Figure 3: Continued.

Table : Comparison of NIR and HSI models for wood properties.

Tool Property Calibration set Prediction set

LV RMSECV R RMSEP Rp


NIR SG  . . . .
MC (%)  . . . .
MOR (MPa)  . . . .
MOE (MPa)  . .  .
Young’s modulus (GPa)  . . . .

HSI SG  . . . .
MC (%)  . . . .
MOR (MPa)  . . . .
MOE (MPa)  . .  .
Young’s modulus (GPa)  . . . .

LV, latent variable; R, coefficient of determination for cross-
validation; Rp

, coefficient of determination for prediction; RMSECV,
root-mean-square error of cross-validation; RMSEP, root-mean-
square error of prediction; SG, specific gravity; MC, air-dry moisture
content; MOR, modulus of rupture; MOE, modulus of elasticity; E,
Young’s modulus.
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Young’s modulus was reflected in Figure 4e, f. The sig-
nificant differences in the color map can clearly be seen
when comparing the low and high reference values. The
effects of the knots and holes in the MOE mapping are
described by Sofianto et al. (2018). The effects of the
growth rings on the mechanical properties was discussed
by Schimleck et al. (2018). We expected that the results of
themechanical propertymapping in this studymay reveal

some useful information affecting wood factors, such as
defects, position in the heartwood, and sapwood to me-
chanical properties. However, as the samples in this study
are hardwood species, the difference in strength at the
different positions around the earlywood and latewood
are small. Thus, the mapping results here only show the
differences between the low and high values of the me-
chanical properties.

Figure 4: RGB (red-green-blue) photos (a, b)
and mapping level of low and high wood
properties prediction values for MOR (c, d),
MOE (e, f) and Young’s modulus (g, h);
values in parentheses represent for
reference values. MOR: Modulus of rupture,
MOE: Modulus of elasticity.

Figure 5: Mapping profile process (MC) from
RGB to HSI image.

D.D. Viet et al.: NIR and HSI for prediction and mapping polyploid acacia hybrid wood properties 1075



3.4 Mapping within and between tree
variations for SG and MC

Using NIR with HSI spectra collected from solid wood
presents a remarkable development in the amount of data
that can be collected to study within-tree variation
(Schimleck et al. 2018a). Recently, Ma et al. (2017) and
Fernandes et al. (2013) have reported using this technology
to estimate within ring density variation for Pinus pinea L.
and variations in the density and MFA of radial strips of
C. japonica, respectively. In both studies, the wood prop-
erties were well predicted by the NIR (hyperspectral) data.
Other studies have used hyperspectral images of whole

Pinus radiata disks to develop maps showing variations
across the transverse surfaces for chemical component
properties (Thumm et al. 2010, 2016). The use of hyper-
spectral scanning systems would allow for separations of
the calibration data using the annual ring as well as the
within annual rings (i.e., earlywood and latewood), and
thus improved models could be developed using these
systems.

The construction and manipulation of the SG and MC
samples for themapping results is described in Figure 5. The
samples were measured in the order of each disk from the
pith to bark at every height step of the tree from butt-end to
top. They were then arranged to show all SG mapping in

Figure 6: Mapping for SG distribution within
and between species. AA4×: Tetraploid
Acacia auriculiformis, AH2×: Diploid acacia
hybrid (eight years old), AH4×: Tetraploid
acacia hybrid, AM4×: Tetraploid Acacia
mangium, BV16: Commercial diploid acacia
hybrid, X101: triploid acacia hybrid.
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Figure 6 andMCmapping in Figure 7. The SGwas described
indifferent clonesanddifferent heights of trees (Figure 6). In
each tree, the SGwas lower in the area near the pith, while it
is higher on the bark side. From the end-butt logs to top, SG
showed a decreasing tendency. Five disks at 1.3 m in AH-2×
in doubles age older than the other clones had the same
trend from the pith to bark. This proved that the age of the
trees was not largely affected by the tendencies of the SG
distributions. Nevertheless, this inclination was not clear in
the AA4× clone. The SG mapping was expanded and
corroborated the work of Viet et al. (2020).

The MC differed from tree to tree and these differences
were significant between clones (Figure 7). The lower MC

tended to be located nearer the pith side. The prediction of
the AA4× mapping results replicated this trend. The MC
values for the five AH-2× trees were similar between them-
selves but lower when compared to the other clones. These
results determined that the MC is more dependent on the
internal properties than the ambient conditions that were
examined using theNIR-HSImethod. Previous research that
studied the effects of the extractives and the relationships
between the heartwood-sapwood and wood moisture con-
tent may not explain this result (Ball et al. 2001; Hernández
2007; Jankowska et al. 2017; Sivertsen and Vestøl 2010;
Sjökvist et al. 2019). However, the MC and SGmapping may
explain that those properties depend on tree diameter rather

Figure 7: Mapping for MC distribution within
and between species. AA4×: Tetraploid
Acacia auriculiformis, AH2×: Diploid acacia
hybrid (eight years old), AH4×: Tetraploid
acacia hybrid, BV10: Commercial diploid
acacia hybrid, X102: triploid acacia hybrid,
X41: triploid acacia hybrid.
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than cambial age. This finding is strong consistent with
result for Acacia in a study which described by Kojima et al.
(2009). It should be noted that the effects of the different
environmental conditions and wood anatomical character-
istics requires further investigation.

4 Conclusions

To help meet the goals of breeding programs, wood prop-
erties from the pith to bark, for whole trees, and between
clones could be determined using NIR and this can help to
identify trees with the desired characteristics. NIR and HSI
may provide Acacia tree improvement programs a method
with which to efficiently identify areas of high and low
wood properties for more consideration in later steps of the
program, and thus allow tree breeders to make more
informed decisions on tree growth resolutions.

NIR had a better performance in the prediction of
physical properties than of HSI but HSI could identify the
variations in the wood properties better than NIR. The SG,
MC, and MOE were acceptably predicted by NIR and HSI
but theMOR and Young’smodulus had lowpredictions. All
wood properties were mapped well by the HSI instrument.
The variations in SG and MC for the whole trees and be-
tween the trees was well reflected by the HSI mapping. The
SG and MC mapping results described the relationship
between their value and sample positions in the tree.
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