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Abstract
Here, we evaluated the application of near-infrared (NIR) spectroscopy for estimating the degradation level of archeological 
wood samples from the Tohyamago area, the dendrochronological ages of which were also determined. The wood samples 
were radially cut from three logs obtained from the Tohyamago area. NIR reflectance spectra were measured from the tan-
gential faces of air- and oven-dried wood samples using a Fourier transform NIR spectrophotometer. The second derivative 
spectra within the wavenumber range of 6400–5200 cm−1, in which the effect of moisture content in wood is suspected to be 
insignificant, showed a characteristic behavior with age. By comparing the second derivative spectral change in our wood 
samples with that in wood degraded by aging, thermal treatment, fungal attack, and lightning reported in the literature, we 
found that the second derivative spectra of wood samples from one log was similar to those of wood degraded by hygro-
thermal treatment, whereas those of wood samples from another log was similar to those of wood degraded by brown-rot 
fungi. The physical and chemical properties of archeological wood were well predicted using a combination of partial least 
square regression analysis and NIR spectroscopy.

Keywords NIR spectroscopy · Archaeological wood · PLS regression analysis

Introduction

The study of wood aging is of great importance in Japan 
because of its long history of wood culture. Archeologi-
cal wood decomposes at an archeological site because of 
natural phenomena, such as biodegradation, weathering 
(lightning), and aging [1]. Changes in archeological wood 
are evident through changes in the structure and physical, 
chemical, and mechanical properties of wood; however, the 
mechanism and rate of degradation of wood components 
significantly depend on environmental factors. For example, 
in waterlogged archeological wood samples, the most impor-
tant effect of decay on chemical properties may manifest as 
compositional change within cell walls due to hydrolysis 

processes that mainly involve carbohydrate compounds, with 
a consequent increase in the relative lignin concentration 
[2–4]. The life span of Japanese cypress (Chamaecyparis 
obtusa) wood, which is used in construction, can exceed 
thousands of years when unexposed to biodegradation and 
weathering. Factors associated with wood aging during 
long-term use include combined effects of thermal oxida-
tion by air oxygen and acid hydrolysis by adsorbed/bounded 
water and acids contained in wood.

Rapid and accurate estimation of the degradation level of 
archeological wood is important as it influences the selection 
of optimal restoration and conservation procedures. Near-
infrared (NIR) spectroscopy is one of the best methods for 
this as it is rapid, inexpensive, nondestructive, and precise for 
evaluating molecular vibrations. The application of NIR spec-
troscopy in the evaluation of degradation level of wood due to 
aging [2–9], fungal decay [10–15], thermal treatment [16–19], 
and lightning [20, 21] has revealed that NIR spectroscopy 
is a promising method for monitoring chemical changes in 
degraded wood. Yonenobu et al. reported that compared with 
modern wood, the difference in the second derivative NIR 
spectra in archeological wood used for 1300 years under 
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atmospheric conditions suggests that in archeological wood, 
hemicellulose and holocellulose is less, whereas lignin is 
more [5]. They also investigated the aging-associated changes 
in the fine structure of microfibrils in the cell wall using the 
deuterium exchange method [7]. Pecoraro et al. used NIR 
spectroscopy for evaluating the residual chemical composi-
tion of wood decayed by biotic agents when preserved for a 
long time in waterlogged conditions [4]. They established a 
highly reliable prediction model to assess the residual chemi-
cal composition of waterlogged archeological wood. Thus, the 
NIR second derivative spectral change is sensitive for detect-
ing changes in the chemical structure of degraded wood.

Because the construction of a calibration model requires 
considerable amount of data, NIR spectroscopy is not 
widely used in archeological wood science in which only 
small number of archeological wood samples can be used. 
Therefore, we focused on wood samples that have been 
buried for a long time in the Tohyamago area. The deg-
radation processes in archeological wood can be classified 
as follows: thermal oxidation, acid hydrolysis, weathering 
(lightening), and biodegradation [1]. Although thermal 
oxidation and acid hydrolysis are considered as dominant 
degradation processes in archeological wood samples from 
temples or statues [22], all the aforementioned processes 
are responsible for the degradation of buried wood samples. 
The advantage of using buried wood samples is the possibil-
ity of using many samples, thus enabling estimation of the 
sample’s dendrochronological age. Recently, we selectively 
assessed the thermal and hygro-thermal treatment times 
of duplex heat-treated samples from the softwood hinoki 
cypress (Chamaecyparis obtusa) and the hardwood Japa-
nese zelkova (Zelkova serrata) by NIR spectroscopy with 
principal component analysis (PCA) and spectral-kinetic 
analysis. In the study, wood samples from each species were 
thermally or hygro-thermally treated at 120, 130, 150, and 
180 °C, and the second derivative spectra of these samples 
in the 6300–5450 cm−1 range, where moisture content has 
the smallest effect, were then subjected to PCA. It is shown 
that calculation of the inner product between the second 

derivative spectra of duplex heat-treated wood and a loading 
vector that explained the spectral variation due to thermal or 
hygro-thermal treatment allowed us to selectively assess the 
thermal and hygro-thermal treatment times [23].

In the present study, we evaluated the degradation level of 
archeological wood samples, the dendrochronological ages 
of which were also determined, using NIR spectroscopy. 
We compared the second derivative spectra of archeological 
wood with those of various other degraded wood samples 
reported in the literature for analyzing degradation history. 
We observed that the second derivative spectral change at 
the wavenumber range of 6400–5200 cm−1 highly depends 
on the type of degradation. Furthermore, partial least square 
(PLS) regression analysis was employed to predict various 
wood properties from NIR spectra.

Materials and methods

Samples

We collected two buried logs of Japanese cypress (NNTY99p 
and NNTY59a) (See Fig. 1a, b). One modern log of the same 
species was used for comparison. The former ones were 
found as fully buried tree stems, and were recovered from a 
single fluvial sediment layer at a recent renovation of river 
banks along the River Tohyama, Nagano Prefecture, Central 
Japan (N35°20′ E137°57′). The area of sampling is situated 
in a typical collapse terrain, and ancient imperial documents 
(e.g., Shoku-Nihongi in the eighth century) described that a 
big earthquake in AD 704 or 705 caused large-scale land-
slides and damming of the river, geomorphologically sug-
gesting that the logs were all deposited simultaneously. The 
logs were wet when excavated, lacking most part of sapwood, 
but having color and scent specific of hinoki heartwood. No 
insect galleries were found under naked-eye and microscopic 
observation. It is, therefore, very likely that the buried logs 
had been to some extent kept in a uniform condition.

Fig. 1  Sample preparation
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To obtain objective evidence for the ages, tree-ring dates, 
i.e., the years of outer-most ring formation, were determined 
by means of the standard dendrochronological method [24]. 
The buried and modern wood samples were successfully 
crossdated with the reference chronologies [25, 26], show-
ing that the tree-ring dates were AD 623, 683, and 2001 for 
NNTY99p, NNTY59a and Modern, respectively.

A total of 121 experimental specimens were prepared 
from the samples (68, 27, and 26 for NNTY99p, NNTY59a, 
and Modern, respectively). The wood samples were radially 
cut to obtain a tangential dimension of 10 mm (Fig. 1c). 
The specimens were then cut tangentially to obtain dimen-
sions of 5 × 10 × 100  mm3 (radial × tangential × longitudinal) 
(Fig. 1d). Each specimen contained 1–20 tree rings. The 
specimens were kept in room environment until their mois-
ture content reached equilibrium condition.

NIR spectral measurement

NIR reflectance spectra were measured from the tangential 
face of air-dried wood samples using a Fourier transform 

NIR spectrophotometer (MATRIX-F, Bruker, Massachu-
setts; TE-InGaAs detector with a fiber optic probe with a 
measurement area of 7  mm2) under laboratory conditions. 
A white plate (barium sulfate) served as the reference signal. 
To improve the signal-to-noise ratio, 32 scans were co-added 
at a spectral resolution of 8 cm−1 over the wavenumber range 
of 10,000–4000 cm−1. A zero-filling of two (correspond-
ing to a spectral interval of 4 cm−1) was applied. Five NIR 
spectral measurements were made at different positions on 
the tangential faces and were averaged for each sample. 
The dimensions and weights of the samples were measured 
before and after the NIR spectral measurements.

Wood property measurement

After the NIR spectral measurements, static bending tests 
were performed. A load was applied on the tangential faces 
with a load cell (SL6001, Imada SS Corp., Toyohashi). The 
test span was set at 92.6 mm, and the load was applied at 
the center. The modulus of elasticity (MOE) in bending was 
obtained from the load–deflection curve. After the bending 

Fig. 2  NIR reflectance spectra of air-dried wood. a Absorption spec-
tra at the wavenumber range of 7500–4000 cm−1 and second deriva-
tive spectra at the wavenumber ranges of b 7500–6400 cm−1, c 6400–
5350  cm−1, and d 5350–4000  cm−1. The vertical axes in b–d have 
different scales to clearly show the spectral features. Green solid line 

(NNTY99p, AD 303), green dashed line (NNTY99p, AD 253), red 
solid line (NNTY 59a, AD 349), red dashed line (NNTY 59a, AD 
411), blue solid line (Modern, AD 1778), and blue dashed line (Mod-
ern, AD 1859)
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test, the wood samples were left for more than a month in 
a desiccator with phosphorus pentoxide to ensure that the 
samples reached a complete dry condition. The oven-dried 

wood samples were removed after equilibrium was reached, 
and their NIR spectra, dimensions, and weights were meas-
ured. Densities and moisture contents of the air-dried wood 

Table 1  Assignments of near-infrared (NIR) second derivative spectra of wood

OT overtone, asym. asymmetric, str. stretching vibration, bend bending vibration, def. deformation vibration
Lig. lignin, Holo. holocellulose, Hemi. hemicellulose, Cell. cellulose

Wavenumber  (cm−1) Assignment Component Wavenumber from 
reference [23]  (cm−1)

1 7040 Not assigned
2 7020–6998 1st OT O–H str. +  H2O Amorphous regions in cell., water 7003–6993
3 6930 1st OT O–H str. Lignin
4 6795 1st OT O–H str. Semi crystalline region in cell. 6790
5 6720 1st OT O–H str. Semi crystalline region in cell. 6740–3700

1st OT O–H str. Intramolecular H-bond in cell. ≈ 6715
6 6595 Not assigned
7 6450 1st OT O–H str. Crystalline regions in  CI, O(3)-H(3)…O(5) 

intrachain H-bond, crystalline cell.
6460

1st OT O–H str. Crystalline regions in  CI, O(3)-H(3)…O(5) 
intrachain H-bond, crystalline cell.

6334

8 6290 1st OT O–H str. Crystalline cell. II 6307–6267
Strong O(2)-H(2)…O(6) of cell. 6300–6295
Crystalline region in cell. 6281

9 6120 Not assigned
10 6012–5980 1st OT O–H str. Hemi. 6003

1st OT  Carm–H str. Lig. 5980, 5974, 5963, 5978
11 5902–5885 1st OT O–H str. – 5900

1st OT C–H str. Lig. 5890
1st OT C–H str. Cell. 5872
1st OT O–H str. Hemi. 5865

12 5807 − 5803 1st OT O–H str. Lig./hemi./cell. 5814, 5816
Hemi. 5800
Lig. 5795

13 5738 Not assigned
14 5475 O–H str. + 2nd OT C–O Cell. 5495

O–H str. + 2nd OT C–O Semi crystalline or crystalline region in 
cell.

5464

15 5228–5215 2nd OT C = O str. Hemi. 5245, 5236
O–H asym. str. + O–H def. of water Water 5220–5150

16 4414–4402 O–H str. + C–O str. Lig. 4411
O-–H str. + C–O str. Cell. 4405
C–H2 str. + C–H2 def. Cell./hemi. 4404
C–H str. + C–H def. Hemi. 4401
O–H str. + C–C str. And/or C–H str. +C–H 

def.
Cell. 4392

17 4287 C–H str. + C–H def. Hemi. 4296–4288
C–H str. + C–H def. Cell./hemi. 4283

4281
C–H str. + C–H2 def. Lig. 4280
C–H str. + C–H2 def. Cell. 4277

18 4208–4200 2nd OT O–H def. Holo. 4202
Not assigned Lig. 4195
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samples were calculated from the physical dimensions and 
averaged mass of the air- and oven-dried samples. Thin tan-
gential sections measuring approximately 50–100 µm were 
then sliced from sample blocks using a sliding microtome. 
The thin, oven-dried samples were extracted using ben-
zene–ethanol (2:1 volume ratio) in a Soxhlet apparatus for 
6 h and were then delignified for 4 h using the acid chlo-
rite method. Extractive-free, lignin-free holocellulose was 
treated with sodium hydroxide and acetic acid, and the 
obtained residue was defined as α-cellulose.

PLS regression analysis

Wood properties (moisture content, air-dry density, air-dry 
MOE, extractive content, holocellulose content in wood 
and extractive-free wood, α-cellulose content in wood and 
extractive-free wood) were estimated from the NIR spectra 
of air-dried wood samples using PLS regression (PLS-R) 
analysis. OPUS Quant 2 software (Bruker, Karlsruhe, Ger-
many) was used for data preprocessing and for calibrating 
and validating the PLS-R models. The spectra were pro-
cessed using a 17-point smoothing filter and a second-order 
polynomial to obtain first derivatives, second derivatives, 
straight-line subtraction, min–max normalization, constant 
offset elimination, standard normal variate, and multipli-
cative scatter correction; their combination was applied 
to wavenumber regions for calculating the PLS-R models. 
The optimum number of PLS components was determined 
using leave-one-out full cross validation. Calibration and 
cross validation were evaluated based on the coefficient of 
determination (R2) between predicted and measured values 
and root mean square error of cross validation (RMSECV), 
respectively. No outlier was excluded from this study. The 
residual prediction deviation or ratio of performance to 
deviation (RPD) was calculated as the ratio of two standard 
deviations: the standard deviation of the reference data for 

the validation set and the standard error of prediction from 
cross validation.

Results and discussion

Second derivative NIR spectral change between logs

Figure 2 shows the representative NIR absorption spectra 
of air-dried wood samples from each log at the wavenum-
ber range of (1) 7500–4000 cm−1 and the second derivative 
spectra at the wavenumber ranges of (2) 7500–6400 cm−1, 
(3) 6400–5350 cm−1, and (4) 5350–4000 cm−1. The absorp-
tion band characteristics of the wood samples are labeled, 
and their assignments are summarized in Table  1. The 
assignments in Table 1 refer to data reported by Schwan-
ninger et al. [27].

Table 2  Summary of second derivative spectral changes with degradation of softwood

a NA indicates that the spectral change with degradation was unclear

Refs. Fig. Species Degradation 6130 cm−1 5986 cm−1 5890 cm−1 5800 cm−1 5750 cm−1

Peak 9 Peak 10 Peak 11 Peak 12 Peak 13

2-c Cypress (Chamaecyparis obtusa) NNTY9p + − + − +
2-c Cypress (Chamaecyparis obtusa) NNTY59a − + NA − NA

17 1-a Cedar (Cryptomeria japonica) Thermal (air-dry) NAa − − − NA
16 2-c Cypress (Chamaecyparis obtusa) Hygrothermal + NA + − +
7 2-a Cypress (Chamaecyparis obtusa) Aging (Todaiji) NA – + − NA
12 1-e Spruce (Picea abies L. Karst) White-rot fungi NA − − − NA
12 1-e Spruce (Picea abies L. Karst) Brown-rot fungi NA + − − NA
4 4 Pine Waterlogged NA + + + NA
20 4 Cypress (Chamaecyparis obtusa) UV lightning NA − NA − NA

Fig. 3  Relation between NIR second derivative values at 6117 cm−1 
and extractive contents (%). Green closed circles indicate NNTY99p 
wood samples, red closed circles indicate NNTY59a wood samples, 
and blue closed circles indicate Modern wood samples



352 Journal of Wood Science (2018) 64:347–355

1 3



353Journal of Wood Science (2018) 64:347–355 

1 3

The type of degradation in wood samples that have been 
degraded for a long time can be estimated by comparing 
the second derivative spectra with the spectra acquired 
from other reports on the investigation of the NIR spectral 
change in wood caused by thermal treatment, aging in water 
or atmosphere, lightening, or fungal treatment. The spectral 
range of 6400–5400 cm−1 is sensitive for quantifying deg-
radation as the effect of moisture content on these regions 
is insignificant. The second derivative spectral change with 
degradation of softwood reported in the literature has been 
summarized in Table 2. Because of the peak intensity and 
position in the second derivative spectral change with the 
measurement (i.e., spectral resolution and step) and pre-
treatment (i.e., gap, segments, and method) conditions, it is 
possible to understand wood degradation by observing the 
relative increase and decrease between the peaks.

The second derivative spectra of NNTY99p wood 
samples (green line) showed a different trend than that of 
NNTY59a (red line) and Modern (blue line) wood sam-
ples, as shown in Fig. 2b–d. The second derivative spectral 
change in NNTY99p wood samples is similar to that with 
hygro-thermal treatment reported by Inagaki et al. [16]. The 
relative increase in peak 3 in Fig. 2b, the increase in peak 9 
with peak shift toward lower wavenumber, the increase in 
peak 11 with peak shift toward lower wavenumber, and the 
increase in peak 13 and the decrease in peak 12 in Fig. 2c 
compared with Modern wood were also observed for the 
second derivative spectra of hygro-thermally treated cypress, 
as shown in Fig. 2c, based on the report by Inagaki et al. 
[16]. Thus, we assumed that NNTY99p wood samples 
were in high-humidity or water-rich conditions for a long 
time. Although we compared the second derivative spectral 
change in NNTY99p wood samples with the second deriva-
tive spectra of thermally treated sugi wood in air-dry condi-
tions [17] and of spruce treated by white- or brown-rot fungi 
[12] or lightening [20], the specific behavior, i.e., increase in 
peaks 9 and 11, was found only in hygro-thermally treated 
cypress [16].

The shape of the second derivative spectra of NNTY59a 
wood samples was similar to that of Modern wood sam-
ples despite the fact that the range of dendrochronological 
age was similar to that of NNTY99p wood samples. The 
increase at peak 10 can be clearly observed for NNTY59a 
compared with Modern wood samples. This behavior was 
also found for the second derivative spectra of spruce treated 

with brown-rot fungi (Coniophora puteana), as reported by 
Fackler et al. [12]. This change was attributed to the relative 
increase in lignin content. As the relative increase in peak 10 
with degradation and the decrease in peak 12 with peak shift 
to a lower wavenumber can be found only in wood treated 
with brown-rot fungi in previous studies, we estimated that 
the NNTY59a wood had been degraded by brown-rot fungi 
with relatively minor degradation due to aging.

It is well known that most of the extractives disappear 
or degrade during thermal treatment; particularly, the most 
volatile but new compounds that can be extracted from wood 
appear, resulting from the degradation of cell wall structural 
components [28]. Figure 3 shows the relation between the 
second derivative values at peak 9 and the measured extrac-
tive contents. The measured extractive content in NNTY59a 
wood samples was slightly lower than that in Modern wood 
samples, although that in NNTY99p wood samples was in 
the range of 5–50%. Peak 9 at approximately 6130 cm−1 
has not been assigned [27]. As the second derivative val-
ues, which correspond to the concentration of assigned 
functional group, at peak 9 showed a high correlation with 
extractive content with determination coefficient value of 
0.73 as shown in Fig. 3, this peak may be assigned to func-
tional groups in extractives resulting from the degradation of 
cell wall structural components. The noticeable decrease in 
peak 10 (mainly assigned to first overtone of OH stretching 
vibration of an aromatic group in lignin and hemicellulose) 
and increase in peak 11 (mainly assigned to first overtone of 
C–H stretching vibration in lignin) observed for NNTY99p 
(Fig. 2c) wood samples is suspected to be due to the decom-
position of hemicellulose into extractives and structural 
changes in lignin, consistent with the results reported by 
Nuopponen et al. [29] in their study investigating the FT-IR 
spectroscopy of Scots pine planks, which were heat-treated 
with steam at a temperature range of 100 °C–240 °C.

From the observation of the second derivative spectra 
of archeological wood samples, we could estimate that 
NNTY59a had been dominantly degraded by brown-rot 
fungi, with relatively minor degradation due to aging, result-
ing in the degradation of extractives and hemicellulose. This 
spectral change in NNTY59a wood samples is consistent 
with the findings of Karppanen et al. [30] who reported that 
brown-rot fungus radically changed the extractive concen-
trations of Scots pine heartwood, as shown by the decrease 
in the concentrations of stilbenes, resin acids, and free fatty 
acids. On the contrary, we estimated that NNTY99p had 
been exposed to high-humidity or water-rich conditions, 
resulting in the dominant degradation of hemicellulose and 
cellulose into extractives. As it is not possible to completely 
understand the history of these archaeological wood sam-
ples, there is the possibility that these archaeological sam-
ples have been exposed to other kinds of degradation, i.e., 
lightning, chemical substance intrusion into wood from the 

Fig. 4  NIR predicted (solid line with closed circle) and measured 
(dashed line with open circle) wood properties as a function of the 
dendrochronological age. Spectral pretreatment, wavenumber used 
for regression, R2, RMSECV, RPD, regression line bias, and opti-
mum number of PLS components yielding the best R2 are shown 
on the right side of each figure. MM: min–max normalization, FD: 
first derivative, MSC: multiplicative scattering correction, and SNV: 
standard normal variate

◂
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environmental. However, we can still conclude that the dom-
inant change in the second derivative spectra of NNTY59a 
and NNTY99p are similar to the spectral change due to 
brown-rot fungi degradation and hygro-thermal treatment.

PLS prediction of the archeological wood properties

NIR spectra predicted for cross validation (solid line with 
closed circle) and measured wood properties (dashed line 
with open circle) as a function of dendrochronological age 
are shown in Fig. 4 (Green indicates NNTY99p, red indi-
cates NNTY59a, and blue indicates Modern wood sam-
ples). Spectral pretreatment, regression wavenumber, R2, 
RMSECV, RPD, regression line bias, and optimum number 
of PLS components yielding the best R2 are shown on the 
right side of each figure. For all wood properties, NIR can 
trace the changes that occur in wood with aging.

PLS analysis provided good regression models for mois-
ture content of wood, with R2 = 0.88 (Fig. 4a). Although it 
the equilibrium moisture content decreases with aging or 
thermal treatment [1, 28], moisture content showed higher 
value in NNTY59a wood samples than in Modern wood 
samples. The NIR second derivative peaks 2 and 15 shown 
in Fig. 2b, d assigned to water for air-dried NNTY59a wood 
samples also increased compared with those of Modern 
wood samples, which correspond to the higher moisture con-
tent. Karppanen et al. [30] also reported that water adsorp-
tion capacity of the fungus-decayed heartwood in Scots pine 
is significantly higher than that of undecayed heartwood. 
The air-dry density of both archeological woods (Fig. 4b) 
was higher than that of Modern wood. We confirmed that 
the measured oven-dry density of NNTY99p and NNTY59a 
wood samples, which can also be well predicted from the 
NIR spectra, was higher than that of the Modern wood sam-
ple. Although the density of the archeological wood samples 
was higher than that of the Modern wood sample, their air-
dry MOE, which was well predicted from the NIR spectra 
with R2 = 0.82, was smaller than that of Modern wood sam-
ples (Fig. 4c). This decrease might be due to decomposi-
tion of chemical component (cellulose crystalline region), 
i.e., smaller amount of α-cellulose content in archaeologi-
cal wood sample compared to Modern wood samples were 
observed as shown in Fig. 4g, h). The determination coef-
ficients for the chemical components were R2 = 0.90, 0.78, 
0.73, 0.76, and 0.69 for extractive content, holocellulose 
content in wood, holocellulose in extractive-free wood, 
α-cellulose content in wood, and α-cellulose content in 
extractive-free wood, respectively. The extractive content 
in NNTY59a wood samples was in the range of 5–50%, 
which was slightly lower than that in Modern wood sam-
ples. Holocellulose content and α-cellulose in extractive-free 
wood of NNTY59a were the lowest among the three types 
of wood log samples, corresponding to the lowest MOE for 

NNTY59a. This study showed that the physical and chemi-
cal properties of archeological wood samples can be traced 
using NIR spectroscopy. The changes in these properties 
between and within the wood samples can be well predicted 
as a function of distance in the radial direction.

PLS regression was constructed for determining the den-
drochronological ages of NNTY59a and NNTY99p. For 
cross validation, high coefficients of determination between 
predicted and measured values were obtained with R2 = 0.79 
and RMSECV = 43.2 years. Figure 5 shows the relation 
between the dendrochronological and predicted ages, where 
the green and red closed circles represent NNTY99p and 
NNTY59a wood samples, respectively. Although the second 
derivative spectral change with age significantly differed, 
which was, therefore, expected to be more difficult to pre-
dict, the coefficients of determination obtained were good 
for age, physical and chemical properties, which means PLS 
regression analysis extracted any common spectral varia-
tion corresponding to wood parameters from archaeological 
wood samples.

Conclusion

The second derivative NIR spectra of air-dried archeologi-
cal wood, the dendrochronological ages of which were also 
determined, showed specific behavior with aging. By com-
paring the second derivative NIR spectra at the wavenum-
ber range of 6400–5200 cm−1, we estimated that the main 
degradation in the log NNTY99p (determined dendrochro-
nological age: AD 220) was because of long-term aging in 

Fig. 5  Relation between the dendrochronological and NIR predicted 
ages. Green closed circles indicate NNTY99p wood samples, and red 
closed circles indicate NNTY59a wood samples. SD indicates second 
derivative



355Journal of Wood Science (2018) 64:347–355 

1 3

high-humidity or water-rich conditions, although the main 
degradation in the other log NNTY59a (determined dendro-
chronological age: AD 340) was estimated to be biodegrada-
tion by brown-rot fungi. Chemical and physical properties 
of Modern and archeological wood samples were well pre-
dicted from the NIR spectra. Although the second derivative 
spectral change significantly differed with age, the PLS pro-
vided a good prediction model for dendrochronological age 
with RMSECV = 43.2 years for NNTY99p and NNTY59a.
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