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Abstract In the present study, we identify similar Pinus
species that have been used as building materials for tra-
ditional architecture in Korea. Discriminant models were
designed to identify wood species of Pinus densiflora
forma erecta Uyeki, P. densiflora Sieb. et Zucc., and P.
sylvestris L. grown in Russia and Germany using near-
infrared (NIR) spectroscopy coupled with multivariate
analysis. Wood block samples are more practical to use in
the field for wood identification; however, the face mea-
surements have different spectral characteristics. Thus, we
also prepared tablet samples from wood powder to deter-
mine the key factors for species identification without the
spectral differences resulting from the wood faces. P. den-
siflora for. erecta and P. densiflora were clearly classified
from P. sylvestris grown in Russia and Germany with a
correct prediction rate of 100 % in both sample types. The
discriminant models using wood block samples exhibited
good performances as the Rg values corresponding to NIR
spectral regions of 8000—4000 cm ™' were higher than 0.90.
The discriminant models using tablet samples also showed
good discriminant performance. The tablet samples
reduced the spectral differences of each species in the
second derivative NIR spectra. However, using the tablet
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samples provided more specific species information,
resulting in a more accurate classification.

Keywords Wood identification - NIR spectroscopy -
Multivariate analysis - Pinus densiflora forma erecta
Uyeki - Pinus sylvestris L.

Introduction

Pinus densiflora distributed in Korea is divided into six
types by natural habitats and tree forms [1]. Pinus densi-
flora forma erecta Uyeki is one of the local varieties of P.
densiflora species, and is defined by a straight trunk and
outstanding properties. It is naturally distributed in Gang-
won-do and northern Gyeongsangbuk-do Provinces along
the Taebaek Mountains among the P. densiflora species in
Korea. P. densiflora for. erecta is known as Geumgangsong
in Korea, and is a particularly high quality pine. Their
lumbering was prohibited by ancient dynasties, and they
were called Hwangjangmok (yellow heartwood pine).

In Korea, pine trees have been commonly used as a
building material since the Koryo Dynasty (AD 918-1392),
and they became the most dominant species from the
Joseon Dynasty (AD 1392-1910) to modern times [2]. In
particular, P. densiflora for. erecta was used for building
material and caskets for the royal family in the Joseon
Dynasty. Most of the Joseon Dynasty’s architectural her-
itages were constructed using P. densiflora for. erecta as
the primary building material.

Unfortunately, the Sungnyemun Gate, also known as
Namdaemun (South Main Gate), a national treasure of
South Korea, was damaged by an arson fire in 2008. The
fire destroyed 10 % of the first floor and 90 % of the sec-
ond floor. After the fire, the Korean government took
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5 years to completely restore the Sungnyemun Gate using
P. densiflora for. erecta as a building material. However,
after restoration was completed, it was suspected that the
used timbers were not P. densiflora for. erecta but P. syl-
vestris (Scots pine) imported from Russia. In Korea, when
repairing and restoring historic architecture, the same wood
species as the original should be used to preserve the
authenticity following Notification No. 2009-74 of the
Cultural Heritage Administration of Korea [3]. Thus, it was
necessary to distinguish between P. densiflora for. erecta
and P. sylvestris. However, species differentiation was
impossible using conventional methods of microscopic
analysis, since the anatomical characteristics of these two
species are very similar. Therefore, the genetic character-
istics of the species were compared using molecular
markers. The molecular markers determined that the timber
suspected as P. sylvestris was identified as P. densiflora
[4]. However, if the DNA cannot be probed from wood
samples, it cannot be used for wood identification, and it is
very difficult to probe the genetic characteristics in har-
vested timbers.

In previous studies, several researchers investigated
chemometric approaches combined with spectroscopy and
multivariate analysis for wood identification. Lewis et al.
[5] investigated wood identification using near-infrared
Fourier transform Raman (NIR-FTR) spectroscopy coupled
with neural computing. Brunner et al. [6] reported that
cluster analysis could be used to distinguish 12 different
wood species. Tsuchikawa et al. [7] developed a species
classification method using NIR spectroscopy combined
with Mahalanobis’s generalized distance, and investigated
the diffusion process of deuterium-labeled molecules using
NIR spectroscopy [8]. The most widely used multivariate
analysis techniques for species classification are principal
component analysis (PCA) and partial least square dis-
criminant analysis (PLS-DA). Schimleck et al. [9] classi-
fied pine and eucalyptus species, and differentiated
between samples of the same eucalyptus species grown in
different habitats using PCA. Antti et al. [10] determined
that a PLS model could be used to distinguish individual
species from mixed wood chips including Swedish pine,
Swedish spruce, and Polish pine. Pastore et al. [11] dis-
criminated true mahogany from similar species using PLS-
DA, Horikawa et al. [12] used NIR spectroscopy in com-
bination with multivariate analysis to distinguish between
P. densiflora and P. thunbergii, and Hwang et al. [13] also
reported that the identification of P. densiflora and P.
densiflora for. erecta could be possible using chemometric
approaches.

The purpose of the present study was to identify similar
Pinus species used for traditional architecture. For species
identification, we applied chemometrics using NIR

spectroscopy in combination with multivariate analysis,
and discussed the effect of sample pretreatment on species
classification.

Materials and methods
Samples

For species identification, wood blocks of four different
Pinus species were used: P. densiflora for. erecta Uyeki, P.
densiflora Sieb. et Zucc., and P. sylvestris L. grown in
Russia and Germany. Five samples were used for each of
the four species, and each wood sample was collected from
different trees. The samples of P. densiflora and P. densi-
flora for. erecta were collected from Uljin city,
Gyeongsangbuk-do, Korea. The wood blocks of P. densi-
flora for. erecta was designated as KYOw19535, 19536,
19537, 19539, and 19540 in the Xylarium at the Research
Institute for Sustainable Humanosphere, Kyoto University.
Those of P. densiflora were designated as KYOw19542,
19543, 19544, 19545, and 19546. In addition, a part of
wood blocks was milled with a rough file, from which hand
pressed tablet of approximately 1 g/cm® were prepared The
samples was used to examine the effect of sample pre-
treatment on species identification, since NIR spectra show
different spectral characteristics depending on the face of
wood examined [14-16].

Optical microscopy

Samples were prepared for optical microscopy. Radial
sections approximately 20 um thick were cut using a
sliding microtome, and observed after staining with safra-
nin. The sections were observed using a light microscope
(Olympus BX51) equipped with a digital camera (Olympus
DP73).

NIR spectroscopy

NIR spectra were obtained from the cross and radial
section of wood blocks and tablet samples for each
sample by the NIR integrating sphere diffuse reflectance
accessory of the PerkinElmer Spectrum 100 N system
(PerkinElmer Co., USA). The spectra were collected for
wavenumbers of 10,000-4000 cm ! at a spectral resolu-
tion of 16 cm™', and 32 scans were averaged per scan.
For wood block samples, 12 spectra were acquired on the
heartwood and sapwood in cross and radial sections
respectively, namely, 48 spectra were obtained per sam-
ple. For tablet samples, 12 spectra were acquired per
sample. Thus, 960 and 240 spectra were collected from
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wood block and tablet samples, respectively. Before the
multivariate analysis, the original spectrum was second
derivatized by Savitzky—Golay filter smoothing to nine
points with fifth order function [17].

Multivariate analysis

PLS-DA and PCA were performed using Unscrambler v.
9.8 software (CAMO Software, Inc., Woodbridge, NJ)
applied on the spectral range of 8000-4000 cm™'. The
species identification was carried out by a one-to-one
identification for each species using PLS-DA models.
Therefore, four groups were formed for identification:
(A) P. densiflora for. erecta and P. sylvestris grown in
Russia, (B) P. densiflora for. erecta and P. sylvestris grown
in Germany, (C) P. densiflora and P. sylvestris grown in
Russia, and (D) P. densiflora and P. sylvestris grown in
Germany. In addition, one more group was added to
identify a group of the same Pinus species: (E) all P.
densiflora (P. densiflora for. erecta and P. densiflora) and
all P. sylvestris (P. sylvestris grown in Russia and Ger-
many). Namely, a total of five groups were considered. The
dataset was divided into a calibration and prediction set.
Then, 320 calibration and 160 prediction samples from the
wood blocks, and 40 calibration and 20 prediction samples
from the tablet samples were selected randomly for each
group (Table 1). For the development of the discriminant
model using PLS-DA models, we assigned a class value of
+1 or —1 in the calibration set. Table 2 shows discriminant
groups and the class value of each sample. The perfor-
mance of the discriminant model was validated with an
independent prediction set of samples, consisting of 160
and 40 spectra from wood blocks and tablet samples,
respectively, for each group. The coefficient of determi-
nation for calibration (R?) and the root mean square error of
calibration (RMSEC) were used to assess the calibration
performance. The models were evaluated using the coef-
ficient of determination of prediction (Rg) and the root
mean square error of prediction (RMSEP).

Results and discussion
Anatomical characteristics

Pinus densiflora, P. densiflora for. erecta, and P. sylvestris
have very similar anatomical characteristics. P. densiflora
and P. densiflora for. erecta are the same species with
different habitats and tree forms. In the identification keys
of these species, they have large pinoid pits, resin canals,
ray tracheids, and spiral thickenings in the tracheid walls.
They also have distinct growth ring boundaries, abrupt
transitions from earlywood to latewood, and large resin
canals with thin epithelial cells. For P. densiflora, the
dentated walls in ray tracheids are the key anatomical
characteristics from other Pinus species. However, P. syl-
vestris also has dentated walls in ray tracheids (Fig. 1). For
these reasons, they cannot be identified by conventional
microscopic methods. Therefore, we applied a chemomet-
ric approach using NIR spectroscopy combined with mul-
tivariate analysis for wood identification.

Characteristics of NIR spectra

Figure 2 is the original NIR spectra and the second
derivative spectra of P. densiflora for. erecta, P. densiflora,
and P. sylvestris grown in Russia and Germany in the
spectral region of 10,000-4000 cm™'. In the original
spectra, it has been difficult to distinguish each species,
because the spectral characteristics appeared almost iden-
tical. However, in the second derivative spectra, some
differences were revealed in the absorption bands at 7000,
5464, 5220, 48904620, 4404, and 4280 cm™' for each
species. In these absorption bands, all bands except for
5220 cm™! assigned to water [18], are associated with
cellulose among the wood components. The absorption
bands at 7000, 5464 and 4280, and 4890-4620 cm ™' are
assigned to amorphous regions in cellulose, semi- or
crystalline regions in cellulose, and cellulose, respectively

[8, 18, 19]. The absorption band of 4404 cem s assigned
1

Table 1 The number of near-
infrared (NIR) spectra used for

calibration and prediction sets

to cellulose and hemicellulose, and 5980 cm™ " is the

Species Sample type Calibration set Prediction set Total
P. densiflora for. erecta Wood block 160 80 240
Tablet 40 20 60

P. densiflora Wood block 160 80 240
Tablet 40 20 60

P. sylvestris grown in Russia Wood block 160 80 240
Tablet 40 20 60

P. sylvestris grown in Germany Wood block 160 80 240
Tablet 40 20 60

Total 800 400 1200
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Table 2 The wood species and

Species [class value]

class value of each group for Groups
species identification using A
partial least squares
discriminant analysis (PLS-DA) B

C

D

E

P. densiflora for. erecta [+1]—P. sylvestris grown in Russia [—1]
P. densiflora for. erecta [+1]—P. sylvestris grown in Germany [—1]
P. densiflora [+1]—P. sylvestris grown in Russia [—1]

P. densiflora [+1]—P. sylvestris grown in Germany [—1]

All P. densiflora [+1]—all P. sylvestris [—1]

Fig. 1 Optical micrographs of ray tracheids with dentate thickening in the radial section. a Pinus densiflora for. erecta, b P. densiflora, ¢ P.

sylvestris grown in Russia, d P. sylvestris grown in Germany

aromatic skeletal area due to lignin [18, 20]. The absorp-
tion bands of 5800 cm ™" assigned to furanose or pyranose
due to hemicellulose [18] showed similar spectral patterns
for each species.

Discriminant analysis based on block type samples

Table 3 shows the statistical summary of discriminant
models for species identification based on wood block
samples in the spectral region of 8000-4000 cm™'. All
the models were relatively reliable because the R* values
of the calibration and prediction model were higher than
0.80 in all discriminant groups. RMSEP provides an

objective means of evaluating the effect of the data pre-
treatment of the classification process [21]. It also can be
interpreted as the average prediction error, expressed in
the same units as the original response values [22]. All
discriminant groups achieved 100 % accuracy using the
original spectra and the second derivative spectra with a
spectral region of 8000-4000 cm ™', except for the group
E in the original spectrum. In previous studies, many
researchers reported that this represents the most efficient
classification performance in some specific spectral
regions [12, 21, 23, 24], but the present study showed a
clear classification in the spectral region of
8000-4000 cm™'. For the prediction model of P.
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Fig. 2 a The original near- (a)
infrared (NIR) spectra and b the ~
second derivative spectra for ;
each species based on wood ~
block samples. Encircled one S
7000 cm™" assigned to the g
amorphous regions in cellulose, =
encircled two 5980 cm™' 2
aromatic skeletal due to lignin, ﬁ
encircled three 5800 cm™'
furanose or pyranose due to
hemicellulose, encircled four 10000 9000
5464 cm™' semi- or crystalline
region in cellulose, encircled
five 5220 cm™~! water, encircled (b) 0.0002
six 4890-4620 cm™" cellulose, 0.00015
encircled seven 4404 cm™'
cellulose and hemicellulose, 0.0001
encircled eight 4280 cm™' L 0.00005
semi- or crystalline regions in 3 0
cellulose X
= -0.00005
-0.0001
-0.00015
-0.0002
10000 9000

5300 5200 5100

densiflora for. erecta and P. sylvestris grown in Russia
(group A), it showed the highest Rf, and RMSEP values as
Rﬁ was 0.95 and RMSEP was 0.21 in the original spectra
(factor 4), and R*> was 0.91 and RMSEP was 0.30 in the
second derivative spectra (factor 2). The discriminant
group B including P. densiflora for. erecta and P. syl-
vestris grown in Germany also showed good discriminant
performance as R* was 0.91 and RMSEP was 0.30 in the
second derivative spectra (factor 2). The discriminant
groups C and D including P. densiflora and P. sylvestris
grown in Russia and Germany showed the same predic-
tion performance as R; was 0.90 and RMSEP was 0.32 in
the second derivative spectra (factors 2 and 3).

@ Springer
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Figure 3 shows the PLS score plot of the group E based on
wood block samples. In this score plot, it indicates the two
clusters formed clearly. The cluster formed on the top-right
side indicates mixed plots with P. densiflora for. erecta and
P. densiflora, and lower-left indicates P. sylvestris grown
Russia and Germany. The mixed species of each cluster are
fundamentally the same species. P. densiflora for. erecta is
one of the local varieties of P. densiflora distributed in Korea.
P. sylvestris grown Russia and Germany are also the same
species grown in different habitats. Thus, these two clusters
were separated by each species as P. densiflora and P. syl-
vestris. From this result, these two species can be classified
using the developed models on the wood block samples.
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Table 3 Statistical summary of

L . Groups  Spectra pretreatment  Factors  Calibration set Prediction set Correct prediction (%)
discriminant models for species
classification based on wood R? RMSEC RI?J RMSEP
block samples
A Original 4 095 0.23 095 0.21 100
Second derivative 2 091 0.30 091 0.30 100
B Original 6 0.86 0.37 0.89 0.34 100
Second derivative 4 0.90 0.32 091 0.30 100
C Original 3 0.92 029 0.94 0.24 100
Second derivative 2 092 027 0.90 0.32 100
D Original 6 0.89 034 0.90 0.32 100
Second derivative 3 091 0.30 0.90 0.32 100
E Original 7 0.89 0.33 090 0.33 99.7
Second derivative 5 0.92 028 0.93 0.28 100

Rg coefficient of determination for calibration, Rf) coefficient of determination for prediction, RMSEC root
mean square error of calibration, RMSEP root mean square error of prediction

Fig. 3 The partial least squares 3.00E-04
(PLS) scores plot on the first
two PLS CQmponents in the 2. 00E-04
second derivative near-infrared
(NIR) spectra with the o
8000-4000 cm ™" region based & LOOE-04
©~
on wood block samples =
T 0.00E+00
(o]
-3
£ -1.00E-04
Q
Q
-2.00E-04
-3.00E-04
-4.00E-04
-4.00E-04

The effect of sample pretreatment on species
identification

The discriminant model was designed based on the tablet
samples made from wood powder to determine the effect of
sample pretreatment on species identification. Figure 4
shows several spectral regions in the second derivative NIR
spectra of tablet samples. These spectral regions are the
same regions referred to in Fig. 2b. As we can see in
Fig. 4, the spectral differences between each species of the
tablet samples were significantly reduced compared with
those of the wood block samples. The spectral differences
of all the absorption bands were reduced except for
5464 cm™!. In the absorption bands at 7000, 4890-4620,
4404, and 4280 cmfl, there were no spectral differences
between each species. However, the absorption band at
5464 cm™' maintained the spectral difference in the second

-2.00E-04
Comp. 1 (47.2%)

O P densiflora for. erecta
O P. densiflora
P. sylvestris [Russia]

A\ P, sylvestris [Germany]

0.00E+00 2.00E-04 4.00E-04

derivative spectra of tablet samples. The change of NIR
spectra by sample pretreatment as tablet types is possibly
due to the morphological characteristics of the wood face
measurements. For the wood block samples, it showed
different spectral patterns on the wood surface; the absor-
bance was higher in the cross section than the radial sec-
tion. The cross section typically showed higher absorbance
than the radial and tangential section. The cross section
was morphologically different from the radial and tan-
gential section, because it had many cell lumens. That is,
the NIR light travelled deeper into the cross section than
into the radial and tangential section, with less reflectance
in the cross section [14—16]. For the tablet sample, it had a
relatively uniform surface without morphological differ-
ences on the face measurements. Therefore, it enabled a
comparison of chemical components without the spectral
differences of the face measurements.
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~— P. densiflora for. erecta —— P. densiflora

® ®

5950

7100 7000 6900 6050 6000
® ®
5300 5200 5100 4900 4800 4700 4600

Fig. 4 The second derivative near-infrared (NIR) spectra of repre-
sentative wood components based on tablet samples. encircled one
7000 cm™" assigned to the amorphous regions in cellulose, encircled
two 5980 cm™! aromatic skeletal due to lignin, encircled three
5800 cm ™! furanose or pyranose due to hemicellulose, encircled four

Figure 5 is a two-dimensional scatter plot of scores for
two specific factors from the PCA on the wood block and
tablet samples. The scores of the radial and cross section
are roughly separated into their own clusters. As mentioned
above, this is may be due to the morphological differences
between the cross and radial section in the wood block
samples. In the score plots of all of the species except for
P. sylvestris grown in Russia, the scores of the tablet
samples are more closely distributed in the radial sec-
tion. From this result, we can assume that the tablet sam-
ples have similar morphological characteristics with the
radial section than the cross section. Via et al. [25] inves-
tigated the effect of radial versus random orientation of
flakes on the density prediction during composite pro-
cessing. They reported that random oriented flakes by
oriented strand board (OSB) processing exhibited increased
error in the prediction of flake density. Defo et al. [16]
reported that tangential sections showed poorer perfor-
mance than cross and radial sections in the prediction
model for green moisture content of red oak timber.
Therefore, control of the measuring face is important to
determine the precision of prediction models.

For the absorption band at 5464 cm™' in the second
derivative spectra of tablet samples, it maintains the
spectral differences between each species as in the wood
block samples. This absorption band is an important region
for species identification not related to the morphological
differences of wood faces. Therefore, the absorption band
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5464 cm™' semi- or crystalline region in cellulose, encircled five
5220 cm™' water, encircled six 48904620 cm™" cellulose, encircled
seven 4404 cm™' cellulose and hemicellulose, encircled eight
4280 cm™! semi- or crystalline regions in cellulose

at 5464 cm™' assigned to semi- or crystalline region in
cellulose is considered a key region and chemical compo-
nent for species identification between P. densiflora and P.
sylvestris.

Table 4 is the statistical summary of discriminant
models for tablet samples. In these models, we expected
poorer discriminant performance than that observed in the
models for wood block samples, because the tablet samples
reduced spectral differences in the second derivative
spectra. Contrary to expectation, however, it also showed
very high discriminant performances with correct predic-
tion rates of 100 %. Even the discriminant group B indi-
cated better performance than the model using wood
blocks. This group, including P. densiflora for. erecta and
P. sylvestris grown in Germany, showed the best prediction
performance with an Rf, value of 0.95 and RMSEP value of
0.21 in the second derivative spectra with factor 2.

Figure 6 is a two-dimensional scatter plot of scores for
the first two factors from PLS-DA of group E based on
tablet samples. The score plot of the PLS-DA model using
tablet samples was separated into four clusters by each
species, whereas only two clusters were formed in wood
block samples. P. densiflora for. erecta and P. densiflora
each formed a cluster on the right side based on the value 0
of component 1, and P. sylvestris grown in Russia and
Germany formed clusters on the left side, respectively. The
discriminant group B including P. densiflora for. erecta
and P. sylvestris grown in Germany showed the farthest
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block and tablet samples. a P. densiflora for. erecta, b P. densiflora,
¢ P. sylvestris grown in Russia, d P. sylvestris grown in Germany, CS
cross section, RS radial section

Table 4 Statistical summary of

discriminant models for species Groups  Spectra pretreatment  Factors  Calibration set Prediction set Correct prediction (%)
classification based on tablet R? RMSEC Rg RMSEP
samples
A Original 6 094 0.25 093 0.27 100
Second derivative 2 0.93 0.26 0.95 0.24 100
B Original 7 095 021 095 0.22 100
Second derivative 2 0.96 0.20 0.95 0.21 100
C Original 7 0.88 0.35 0.87 0.36 100
Second derivative 3 0.89 0.33 092 0.28 100
D Original 6 092 028 0.88 0.34 100
Second derivative 2 0.88 0.34 0.93 0.26 100
E Original 9 0.90 0.31 094 0.31 100
Second derivative 4 0.89 0.34 0.89 0.37 100

Rf. coefficient of determination for calibration, Rf, coefficient of determination for prediction, RMSEC root
mean square error of calibration, RMSEP root mean square error of prediction
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distance between each cluster, this group also exhibited the
best discriminant performance. From these results, we
found that using the tablet type samples in the development
process for the discriminant model provided more specific
species information, resulting in a more accurate classifi-
cation. For the field application, however, the wood block
sample may be more suitable because it can be applied
without destruction.

Factors affecting species identification

The discriminant models were designed to determine the
factors affecting species identification based on wood
block and tablet samples. From the developed models using
both sample types, we determined whether species could be
identified, and which components affect species identifi-
cation regardless of the sample pretreatment.

‘.“ % @' H OU g \
.\4\ @ O %;% b
1987 2 o) %

-5.00E-05 0.00E+00 5.00E-05 1.00E-04 1.50E-04

Comp. 1 (92.0%)

Table 5 shows the statistical summary of discriminant
models based on wood block and tablet samples. Gener-
ally, the models using wood block and tablet samples
together showed poorer discrimination than those of wood
block or tablet samples only. The number of factors and
values of RMSE increased, and R? decreased. Neverthe-
less, the correct prediction rates still showed high values.
Discriminant group B showed the best discriminant per-
formance in the second derivative spectra with an RMSEP
value of 0.38, and Rg value of 0.86 with correct prediction
rate of 100 %. Figure 7 shows the histograms of each
discriminant model based on wood block and tablet sam-
ples in the second derivative spectra with the spectral
region of 8000-4000 cm™'. In this region, the species
identification of all discriminant groups was possible
regardless of sample pretreatment.

We analyzed the regression coefficients and the second
derivative spectra to determine the factors affecting species

Table 5 Statistical summary of

L . Groups  Spectra pretreatment  Factors  Calibration set Prediction set Correct prediction (%)
discriminant models for species
classification based on wood R? RMSEC RIZ) RMSEP
block and tablet samples
A Original 7 0.77 048 0.78 0.46 99.0
Second derivative 5 0.80 0.44 0.80 0.44 100
B Original 7 0.78 046 0.81 044 99.5
Second derivative 6 0.85 0.39 0.86 0.38 100
C Original 7 0.82 042 0.79 045 974
Second derivative 5 0.83 042 0.81 044 100
D Original 6 0.80 044 0.79 046 98.5
Second derivative 5 0.82 042 0.85 0.38 99.0
E Original 8 0.77 048 0.80 043 99.0
Second derivative 4 0.80 0.45 0.80 043 99.5

R? coefficient of determination for calibration, Rf) coefficient of determination for prediction, RMSEC root
mean square error of calibration, RMSEP root mean square error of prediction
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Fig. 7 Histograms of class
value computed by partial least
squares discriminant analysis
(PLS-DA) in the second
derivative spectra based on
wood block and tablet samples.
a P. densiflora for. erecta and P.
sylvestris grown in Russia in
factor 5, b P. densiflora for.
erecta and P. sylvestris grown in
Germany in factor 6, ¢ P.
densiflora and P. sylvestris
grown in Russia in factor 5, d P.
densiflora and P. sylvestris
grown in Germany in factor 5,
e All P. densiflora and all P.
sylvestris in factor 4
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Fig. 8 The spectra of regression coefficients of partial least squares
discriminant analysis (PLS-DA) models for each group in second
derivative spectra based on wood block and tablet samples. Each
arrow indicate the following; encircled one 7000 cm™" assigned to
the amorphous regions in cellulose, encircled two 5980 cm™
aromatic skeletal due to lignin, encircled three 5800 cm™! furanose

identification (Fig. 8). The regression coefficients of the
PLS-DA models using the second derivative spectra were
useful to determine important spectral regions correlating
to species classification [21]. The wavenumbers with an
influence on the discriminant model were 7300-7000 cm ™'
and below 6000 cm™" in all groups. In the NIR spectra, the
spectral region of 7300-6050 corresponded to the OH
overtone  vibrations. = The  spectral region of
60505500 cm ™" corresponded to the CH vibrations and
the vibrations from the aromatic framework, while several
combinatorial vibrations were present in the region of
5500-4000 cm ™' [12].

The spectral regions of regression coefficients indicating
high influence in all groups were 7000 (peak 1), 5464 (peak
4) and 5220-5150 cm™" (peak 5) assigned to an amorphous
region in cellulose, or a semi- or crystalline region in cellu-
lose and water, respectively [8, 18]. In the case of group B, it
showed a high value in the absorption band of 5220 cm™",
which means that the water had a greater influence on the
species identification between P. densiflora for erecta and P.
sylvestris grown in Germany than other discriminant groups.
In the case of the second derivative spectra of wood block
samples, the absorption bands at 7000 (peak 1), 5464 (peak
4), and 5220 cm™! (peak 5) showed some differences
between all species (Fig. 2). Except for 5464 cm™', how-
ever, the spectral differences of these bands were reduced in
the second derivative spectra of tablet samples (Fig. 4). The
absorption band at 5464 cm™' was still maintained the
spectral differences in the spectra based on the tablet sam-
ples. Therefore, the absorption band at 5464 cm™" assigned
to semi- or crystalline regions in cellulose is an independent
spectral region that is not affected by the morphological
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or pyranose due to hemicellulose, encircled four 5464 cm™" semi- or
crystalline region in cellulose, encircled five 5220 cm™' water,
encircled six 4890-4620 cm ™! cellulose, encircled seven 4404 cm™'
cellulose and hemicellulose, encircled eight 4280 cm™! semi- or
crystalline regions in cellulose

differences of wood faces. Namely, it can be assumed that
this is the critical band and chemical component affecting the
species identification of P. densiflora and P. sylvestris.

In summary, the components of cellulose and water,
especially the absorption band at 5464 cm™" assigned to a
semi- or crystalline region in cellulose were the main factors
affecting the species identification in developed models
based on wood block and tablet samples. Except for the
spectral regions mentioned above, the absorption bands of
5350, 4458, and 4348 cm™! showed high regression coeffi-
cients values, but there was no assignment to the specific
wood components corresponding to the these bands in pre-
vious studies. In the future, therefore, advanced analysis is
required to elucidate these unknown absorption bands.

Finally, in order to avoid misunderstanding of useful-
ness of NIR spectroscopy, it should be mentioned that the
accuracy of prediction has to be restricted in the actual
datasets used in this study. It is the percentage of mis-
classification after leave-one-out-validation process, so that
it does not mean that the unknown sample can be classified
at 100 % reliability. By increasing the number of factors in
discriminant model, one can arbitrarily increase the ratio of
correct prediction. In this study, therefore, the factors are
selected to be minimum, consisting of significant bands in
the corresponding loadings, to suppress overestimation.

Conclusion
Pinus densiflora for. erecta and P. densiflora were clearly

distinguished from P. sylvestris grown in Russia and Ger-
many using developed discriminant models. For
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discriminant models using wood block or tablet samples,
these showed the correct prediction rate of 100 %. Using
the tablet samples reduced the spectral differences of each
species; however, it provided more specific species infor-
mation than wood block samples for species classification
in the score plots of PLS-DA. In developed models based
on wood block and tablet samples, the components of
cellulose and water were the main factors affecting species
identification. The absorption band at 5464 cm™"' assigned
to the semi- or crystalline region in cellulose is considered
the most critical component for the identification of P.
densiflora and P. sylvestris. We confirmed that a chemo-
metric approach combined with NIR spectroscopy and
multivariate analysis can be applied for the identification of
similar Pinus species.
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