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Abstract The use of calibrated near-infrared (NIR) spec- 
troscopy for predicting of a range of solid wood properties 
is described. The methods developed are applicable to 
large-scale nondestructive forest resource assessment and 
to tree breeding and silviculture programs. A series of Pinus 
radiata D. Don (radiata pine) samples were characterized 
in terms of density, longitudinal modulus of elasticity (EL), 
and microfibril angle (MFA). NIR  spectra were obtained 
from the radial/longitudinal face of each sample and used to 
generate calibrations for the measured physical properties. 
The relations between laboratory-determined data and 
N I R  fitted data were good in all cases, with coefficients 
of determination (R 2) ranging from 0.68 for 100/MFA to 
0.94 for densitystr~p. A good relation (R 2 = 0.83) was also 
obtained for EL estimated using data collected by SilviScan- 
2. The finding suggests that an N I R  instrument could be 
calibrated to estimate the E L of increment cores based on 
SilviScan data. In view of the rapidly expanding range of 
applications for this technique, it is concluded that appro- 
priately calibrated N I R  spectroscopy could form the basis 
of a testing instrument capable of predicting a range of 
properties from a single spectrum obtained from the prod- 
uct or from the raw material. 
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Introduction 

Rapid cost-effective methods ~or measuring wood quality 
are extremely important to tree improvement programs 
where it is necessary to test large numbers of trees. Tradi- 
tional methods of assessing wood quality have involved 
felling selected trees, which is time-consuming, labor- 
intensive, and destructive. A nondestructive option is to 
sample trees using increment cores. Wood quality param- 
eters, such as density and microfibril angle {MFA), can be 
measured rapidly on SilviScan-11 and SilviScan-2. 2"3 which 
have been specifically designed to test increment cores us- 
ing a combination of scanning X-ray microdensitometry, X- 
ray diffractometry, and image analysis. 

An  important wood quality parameter is wood stiffness 
(longitudinal modulus of elasticity, or EL). In a recent study, 
based on a set of 104 Eucalyptus delegatensis R.T. Baker 
(alpine ash) samples. Evans and Ilic 4 demonstrated that E 
can be rapidly predicted from measurements of density and 
MFA. The stiffness of these samples had been measured 
using a rapid somc technique and a conventional static 
technique]  

These samples were later examined by Schimieck et al.. ~ 
who obtained near-infrared (NIR) spectra from the radial/ 
longitudinal face of each sample. The NIR  spectra were 
used to generate calibrations for a number of physical prop- 
erties measured by Evans and Ilic ~ and Ilic. 5 Schimleck et 
al. 6 obtained good relations for all properties, with coef- 
ficients of determination (R 2) ranging from 0.77 for the 
modulus of rupture (MOR) through 0.90 for EL to 0.93 for 
density. Schimleck et al. ~ concluded that NIR  spectroscopy 
had the potential to predict a range of solid wood propernes 
in E. deIegatensis. 

The work reported by Schimleck et al) was for a 
hardwood species. The aim of our study was to apply the 
methods to a softwood species. N I R  spectroscopy was 
used to estimate density, MFA,  and E L Of a series of 
104 Pinus radiata D. Don  samples. The samples were 
well characterized, having been the subject of previous 
research. 7 



Experimental 

Sample preparation 

Dried clear wood samples of mature P. radiata trees from 
Tallaganda, Canberra, Australia were used in this study. 
The trees were planted in 1971 and harvested in 1994 at age 
23. Boards were cut from green logs, kiln-dried, planed to 
90 • 35mm transversely and then stress-graded. Samples 
(approximately 300mm long) with a range of stress grades 
were then removed from the boards. A small strip (2mm 
tangentially, 7mm longitudinally, - 2 0 m m  radially) was 
cut from one end of each sample for MFA analysis by 
SilviScan-2 and NIR, as described below. 

Wood properties 

Dimensions and masses of the dried 300-mm clear wood 
test samples (at 12% moisture content) were used to calcu- 
late their average air-dried densities (Dstick). The dynamic 
elastic modulus was determined using the natural frequency 
of vibration along the fibre direction. A detailed description 
of this procedure was given by Ilic. 5 

Dimensions and masses of the SilviScan-2 test samples 
were used to calculate their average air-dried densities 
(Dstr~p), and MFA was estimated on SilviScan-2 using 
scanning x-ray diffractometry. 2-4 The experimental layout 
for scanning x-ray diffractometry of wood on SilviScan-2 is 
illustrated in Fig. 1. Schimleck et al. 6 found that the relation 
between laboratory-determined MFA and NIR fitted MFA 
was not linear for E. delegatensis. A simple transformation 
(100/MFA) was used to transform the data, giving an 
improved calibration. 100/MFA was calculated using the 
equation 

Fig. 1. Experimental arrangement for microfibril angle (MFA) mea- 
surement on SilviScan 2. Typical sample dimensions in this study were 
2ram (tangential), 7mm (longitudinal), and 20mm (radial). Samples 
were cut to maintain growth rings approximately parallel to the X-ray 
beam 
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100/MFA = (1/MFA) • 100 (1) 

The specific longitudinal modulus of elasticity (specific EL) 
was calculated using the equation 

Specific EL = EL/Dstick (2) 

The E L was also estimated based on SilviScan-2 data and the 
density of the stick 4 and is designated as EL(ss) 

NIR spectroscopy 

The NIR diffuse reflectance spectra were obtained from the 
radial/longitudinal face of each sample using a NIR Systems 
model 5000 scanning spectrophotometer. Samples were 
held in a custom-made holder. A 5 • 20mm mask was used 
to ensure that a constant area was tested. The spectra were 
collected at 2-nm intervals over the wavelength range 1100- 
2500 nm. The instrument reference was a ceramic standard. 
Fifty scans were accumulated for each sample and the 
results averaged. One spectrum was obtained per sample. 
Experiments were conducted that demonstrated that the 
2-mm strips could be considered to be infinitely thick for 
the power output of the NIR instrument used in this study. 

The spectra were converted to the second derivative 
mode 8 for the development of calibrations using the 
instrument's NSAS software. A segment width of 10nm and 
a gap width of 20nm were used for the conversion. 

Calibration 

Calibrations were developed using partial least squares 
(PLS) regression. PLS regression is a data decomposition 
technique that extracts the systematic variation that 
exists in a single data set (X). It is possible to extract a few 
factors that explain most of the variation from NIR spectra 
because bands in NIR spectra display a large degree of 
intercorrelation. 

The PLS regression involves simultaneous and inter- 
dependent principal components analysis (PCA) decom- 
position of both matrix X and matrix Y. The X matrix 
consists of n objects (rows, tested samples) and p variables 
(columns, absorbances at wavelengths in the NIR spectra); 
it is an n • p matrix. The Y matrix consists of n objects 
(defined as above) and q variables (in this study Dstick, Ostr ip,  

MFA, 100/MFA, EL, specific EL, and EL(ss) data); itis an n • 
q matrix. PLS uses the y-data structure (y-variance) to 
guide the decomposition of the X matrix. 9 Calibrations were 
developed using NSAS software (version 3.52). Calibra- 
tions were developed with four cross-validation segments 
and a maximum of ten factors. The selection of how many 
factors to use is important, and for all calibrations the final 
number of factors used was recommended by the software, m 

Calibrations were developed using approximately two- 
thirds (n = 70) of the available samples, whereas the re- 
maining one-third (n = 34) were used to test the predictive 
performance of the calibrations. Samples were selected at 
random for each set. A summary of wood properties for 
each set is given in Table 1. 
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Table 1. Range of wood properties for calibration and prediction sets 

Wood Calibration set Prediction set 

property Minimum Maximum Average Minimum Maximum Average 

Density~ k (kg/m 3) 332.0 505.0 411.0 341.0 502.0 419.7 
Density~p (kg/m 3) 305.1 540.4 423.0 324.0 524.9 427.4 
MFA (degrees) 11.3 28.1 16.5 10.7 25.1 15.8 
100/MFA (degrees ~) 3.6 8.8 6.4 4.0 9.4 &6 
EL (GPa) 5.6 15.8 10.5 6.7 14.3 !0.6 
Specific E L (MPa m3/kg) 15.0 32.0 25.5 17.0 32.0 25.3 
EL(~) (GPa) 5.2 15.0 10.3 6.0 14.9 10.8 

MFA, micro fibril angle; EL, longitudinal modulus of elasticity; EL(~), longitudinal modulus of elasticity based on SilviScan-2 data 

Cal ibrat ion statistics Table 2. Summary statistics of calibrations developed for Pinus radiata 
solid-wood properties 

In this study the measure  of how well a cal ibrat ion fits the 
data  is the s tandard error  of cal ibrat ion (SEC),  1~ which is 
given by: 

I NC 2 
i=1 

SEC = (NC - k - 1 )  ( 3 )  

where ~ is the value of the const i tuent  of interest  for 
val idat ion sample i es t imated using the calibration; y~ is the 
known value of the const i tuent  of interest  of sample i; N C  is 
the number  of samples used to develop the calibration; and 
k is the number  of factors used to develop the calibration. 6oo 

In this study, a measure  of how well the cal ibrat ion 
predicts the consti tuent  of interest  for a set of unknown 
samples that  are different  from the cal ibrat ion test set is ~-- 5oo 
given by the s tandard error  of predict ion (SEP). 1~ 

2~ 

S E P = ~  ~ - ~ - _ ~  (4) 
-~ 300 

where Yi is the value of the consti tuent  of interest  for eo 
sample i predic ted  by the calibration; y~ is the known value ~_ 200 
of the const i tuent  of interest  for sample i; and N P  is the �9 

number  of samples in the predic t ion set. 
t00 d 

Results and discussion 

N I R  calibrations for P. radiata solid-wood proper t ies  

Calibrat ions developed for each P. radiata sol id-wood prop-  
erty are given in Table  2. The  relat ions were good in all 
cases, with coefficients of de te rmina t ion  (R 2) ranging from 
0.68 for 100/MFA to 0.94 for density~trip. SEC and SEP re- 
sults (note that  the SEP was de te rmined  using the predic- 
t ion set) for each cal ibrat ion were similar for each property.  
The similar s tandard errors  indicate that  cal ibrat ions based 
on the N I R  spectra of P. radiata sol id-wood samples can be 
used to predict  wood proper t ies  of a separa te  set. 

The  calibrations deve loped  for densitystri p and density~t~k 
had cal ibrat ion statistics that  were quite different,  but  it 

Wood property No. of factors R 2 SEC SEP 

Density~ti~ k (kg/m s) 2 0.69 22 .85  21.80 
Density~tri p (kg/m 3) 7 0.94 12.5I 17.30 
MFA (degrees) 3 0.78 1.91 2A 1 
100/MFA (degrees -~) 2 0.68 0.78 0.81 
E L (GPa)* 2 0.82 1.01 1.08: 
Specific E L (MPa m3/kg) ' 5 0.88 1.46 1.82 
EL(~ ~ (GPa) 2 0.83 0,92 0.91 

Note: calibrations were developed using 69 samples 
SEC, standard error of calibration; SEP, standard error Of prediction 
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NIR fitted densitYstic ~ (kg/m 3) 

Fig. 2. Plot of laboratory-determined densit5%~k versus near-infrared 
(NIR) fitted density~ti~k 

should be noted that  the densitystick cal ibrat ion was devel- 
oped with five fewer factors. If the density~ujp cal ibrat ion 
were deve loped  using two factors, the R; (0.79) a n d  SEC 
(21.68) were still superior.  Plots of laboratory-determil~ed 
density versus N I R  fitted density for both  the stick and strip 
calibrat ions are given in Figs. 2 and 3, respectively. N I R  
spectra  collected from the surface of each strip were used to 
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Fig. 5. Plot of laboratory-determined MFA versus NIR fitted MFA 
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Fig. 4. Plot of density,tr~ p versus densitys,,c k 

develop the density~tick calibration. Consequently, the 
density~t~ck calibration depends on the relation between 
densityst~ck and density~rip. A poor relation between the two 
gives a poor NIR calibration for densityst~ok. The relation 
between the two was good (R 2 = 0.75) (Fig. 4) but not as 
strong as expected based on the strong relation reported (R 2 
= 0.98) for the E. delegatensis samples studied previously. <6 
Three samples had strip and stick densities that were quite 
different, and their exclusion improved the R 2 to 0.88. Two 
of these samples were part of the prediction set and were 
detected as outliers (based on their large residuals, note that 

the residual = NIR fitted value - laboratory-determined 
value) and excluded when the density~tick and specific EL 
calibrations were applied to the prediction set. A small bias 
exists because the strips that were removed from the sticks 
generally had higher densities. 

It was observed that P. radiata samples of different den- 
sities demonstrated considerable baseline shifts; NIR spec- 
tra of high-density samples were shifted upward relative to 
spectra of low-density samples. When a calibration for den- 
sity (stick or strip) was developed, it was strongly influenced 
by these baseline shifts. 

The calibration developed for MFA (Fig. 5) had an R 2 
of 0.78. Generally MFA was well fitted, and most of the 
samples had residuals of less than 3 ~ . One sample was ob- 
served to have a very large residual (-5.4~ The calibration 
developed for MFA had a higher R 2 than the 100/MFA 
calibration. In contrast, Schimleck et al. 6 reported that 
the 100/MFA calibration was more successful for 
E. delegatensis. They observed that the distribution of 
MFAs in the E. delegatensis sample set was skewed, with 
most of the samples having MFAs of less than 12 ~ and they 
suspected that poor estimates when the MFA was greater 
than 17 ~ was caused by the skewed distribution. The 
P. radiata sample set, in comparison, had a more even distri- 
bution of MFAs. The good calibration statistics obtained 
for MFA may be due to the systematic within-tree variation 
in a range of associated properties, such as cellulose con- 
tent, that would be expected to exist within this sample set. 

The calibrations developed for EL and specific EL had 
coefficients of determination of 0.82 and 0.88, respectively. 
A plot of laboratory-determined EL versus NIR fitted E L is 
given in Fig. 6. The EL was well fitted over the range of the 
calibration (5.6-15.8GPa). Two samples had residuals of 
more than 2 GPa. An important factor in the success of the 
EL and specific EL calibrations was the baseline shift that 
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had been observed for samples of differing density. The EL 
calibration performed well for predicting the separate test 
set (Fig. 7). A small bias exists (0.398) because the calibra- 
tion tended to overestimate EL. If the two samples that had 
the largest residuals were removed, the bias would be 
almost nonexistent. 

The calibration developed for EL(ss } (Fig. 8) was similar 
to the calibration developed for EL. Two samples had 
residuals of more than 2 GPa, the largest being 2.7 GPa. The 
EL(ss) calibration had a lower SEC than the EL calibration, 
indicating that the residuals for the EL(ss) calibration were 

smaller. This finding suggests that an NIR instrument could 
be calibrated to estimate the EL of increment cores, based 
on data collected by SilviScan-2. Further experiments have 
been conducted at our laboratory and will be repor ted  later. 
Significantly, Ec(ss) was observed to be strongly correlated 
with EL (R 2 = 0.86). The relation was not as strong as that 
found for E. delegatensis (R 2 = 0.96). 4 

Calibrations reported in this study demonstrate that 
properties of P. radiata clear wood can be estimated by NIR  
spectroscopy. An  important aspect in the success of this 
work was that the strips used for N I R  analysis were repre- 
sentative of the sticks from which they were removed. If the 
methods described in this paper were applied to larger 
samples (i.e., boards), it is probable that the strips removed 
for analysis would poorly represent the sample and the 
calibrations would suffer. 

The N I R  spectra were measured from the surface of 
wooden strips that can easily be prepared from increment 
core samples, facilitating the nondestructive sampling of 
standing trees. For  nondestructive sampling to be success- 
ful, the core must represent the whole tree. S tudies  are 
being conducted that investigate the relations between 
wood properties estimated by NIR  spectroscopy on core 
samples and whole trees. 

Conclusions 

The use of caiibrated NIR  spectroscopy for predicting a 
range of Pinus radiata clear wood properties was investi- 
gated. N I R  spectra were obtained from the radial/longitu- 
dinal face of each sample and were used to genera te  
calibrations for a number  of solid wood properties including 



densitys~ick, densitys~r,p, MFA, 100/MFA, EL, and specific EL 
determined using SilviScan-2 data. The relations between 
laboratory-determined data and NIR fitted data were good 
in all cases, indicating that useful calibrations for a number 
of important solid wood samples can be developed using 
NIR spectroscopy. The calibrations were also used success- 
fully to predict wood properties of samples in a separate set. 
These results and others widely reported in the literature 
indicate that NIR spectroscopy can be calibrated for pre- 
dicting a number of wood properties, making NIR spectros- 
copy an important tool for cost-effective evaluation of wood 
properties in tree breeding and resource evaluation studies. 
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