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SUMMARY

The application of near infrared (NIR) spectroscopy to a large number 
of mixed species that display extremely wide variations in wood chem-
istry, anatomy and physical properties, is described. The mixed species 
samples were characterized in terms of density, longitudinal modulus 
of elasticity and microfibril angle. NIR spectra were obtained from the 
radial / longitudinal face of each sample and used to generate calibra-
tions for the measured physical properties. The calibrations developed 
for density and longitudinal modulus of elasticity had the highest 
coefficients of determination (R2) and demonstrated that it is possible 
to develop general calibrations for these important wood properties 
across a wide range of species.
The mixed species calibrations were used to estimate wood properties 
of two species, Eucalyptus delegatensis R.T. Baker and Pinus radiata 
D.Don. The results obtained for density and longitudinal modulus of 
elasticity indicated that mixed species calibrations can be used to rank 
trees. In practice the extreme variation of samples selected for this study 
would not be required. It is expected that refinement of calibrations, 
through sample selection, would provide more accurate prediction of 
physical properties.
Key words: Near infrared spectroscopy, density, wood stiffness, micro-
fibril angle.

INTRODUCTION

Several studies have demonstrated that near infrared (NIR) spectroscopy can be used 
to estimate wood properties such as density, wood stiffness (longitudinal modulus of 
elasticity - EL ) and microfibril angle (MFA). NIR spectroscopy is an analytical tech-
nique that has been widely used to rapidly estimate parameters that traditionally have 
been time consuming and difficult to measure. NIR spectra consist mainly of over-
tone and combination bands of the fundamental stretching vibrations of O-H, N-H 
and C-H functional groups and contain chemical and physical information about a 
sample (Kaye 1954; Shenk et al. 1992). NIR spectroscopic analysis involves measur-
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ing the NIR spectra of a large number of samples, developing a regression calibration 
that links the spectra to the parameter of interest and then using the calibration and 
the spectra of a new set of samples to validate the calibration (Martens & Næs 1984; 
Thomas 1994).
    Studies that have used NIR spectroscopy to estimate wood properties have gener-
ally been based on solid wood samples of single species such as Picea abies (L.) 
Karsten (Thygesen 1994; Hoffmeyer & Pedersen 1995), Eucalyptus delegatensis R.T. 
Baker (Schimleck et al. 2001a) and Pinus radiata D. Don (Schimleck et al. 2001c). 
Studies have also been based on the milled wood of Eucalyptus globulus Labill. subsp. 
globulus (Schimleck et al. 1999; Schimleck & French 2001).
    Recently Schimleck et al. (2001b) developed a calibration for wood stiffness which 
had been estimated using SilviScan-2 data and measured density (Evans & Ilic 2001), 
using both E. delegatensis and P. radiata samples (referred to in the remaining text as 
the E. delegatensis + P. radiata calibration). The calibration had a strong coefficient 
of determination (R2) of 0.88 and fitted the data very well over the range of approxi-
mately 5 to 25 GPa. The stiffness of samples greater than 25 GPa was underestimated. 
Considering that the calibration was developed with species that exhibit large dif-
ferences in wood chemistry and anatomy (E. delegatensis is a hardwood and P. radiata 
is a softwood) the strength of the calibration was surprising. Schimleck et al. (2001b) 
expressed the opinion that the baseline shift observed between samples of different 
densities (Schimleck et al. 2001a) was fundamental to the success of the calibration 
and that the shift was relatively consistent for the two species.
    The E. delegatensis + P. radiata calibration developed by Schimleck et al. (2001b) 
indicated that it might be possible to produce general NIR calibrations based on sam-
ples from a number of different species of a single genus or samples from a number of 
different genera. The aims of this study were:

a) to develop calibrations for density, EL and MFA using NIR spectra obtained from 
the radial / longitudinal face of samples representing a number of different species, 
and

b) to use the density, EL and MFA calibrations to estimate wood properties of samples 
from two species, E. delegatensis and P. radiata.

EXPERIMENTAL

Sample selection
    Fifty-nine samples, which had an extremely wide range of wood properties and 
included many commercially important timber species from around the world, were 
selected from the CSIRO Forestry and Forest Products H.E. Dadswell wood library. 
The samples, country of origin and wood properties (density, EL, MFA and 100 /MFA) 
are given in Table 1.
    Fifty Eucalyptus delegatensis and forty-nine Pinus radiata samples were selected 
from samples described in Schimleck et al. (2001a, c). The samples were selected to 
encompass the variation that existed in the E. delegatensis and P. radiata sets. The 
wood property data used were the same as that used in Schimleck et al. (2001a, c).
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Sample preparation
    Dried clear wood samples were equilibrated to approximately 12% moisture con-
tent and cut to 20 mm × 20 mm transversely and 300 mm longitudinally. After meas-
urement of EL, a small strip (2 mm tangentially, 7 mm longitudinally, ~20 mm radially) 
was cut from one end of each sample for MFA analysis on SilviScan-2 and NIR analy-
sis, as described below.

Wood properties
    Dimensions and masses of the dried clearwood test samples (at 12% moisture con-
tent) were used to calculate their average air-dry densities (Dstick). EL was determined 
using the natural frequency of vibration along the fibre direction. A detailed descrip-
tion of this procedure is given in Ilic (2001).
    Dimensions and masses of the SilviScan-2 test samples were used to calculate 
their average air-dry densities (Dstrip), and MFA was estimated on SilviScan-2 using 
scanning X-ray diffractometry (Evans 1997, 1999; Evans & Ilic 2001). Schimleck 
et al. (2001a) found that the relationship between laboratory determined MFA and 
NIR fitted MFA was not linear for E. delegatensis. A simple transformation (100 /
MFA) was used to give an improved calibration.

Near infrared spectroscopy
    NIR diffuse reflectance spectra were obtained from the radial/longitudinal face of 
each sample using a NIRSystems Inc. Model 5000 scanning spectrophotometer. Sam-
ples were held in a custom-made holder (Schimleck et al. 2001a). A 5 mm × 15 mm 
mask was used to ensure 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.
    The spectra were converted to the second derivative mode (Shenk et al. 1992) for 
the development of calibrations using the instrumentʼs NSAS® software. A segment 
width of 10 nm and a gap width of 20 nm were used for the conversion.

Calibration
    Calibrations were developed for each wood property using Partial Least Squares 
(PLS) regression. A detailed description of PLS regression is provided by Esbensen 
et al. (1994). All mixed species samples were used to develop the calibrations. The 
calibrations were tested on the E. delegatensis and P. radiata sample sets.
    Calibrations were developed using NSAS® software (version 3.52). Calibrations 
were developed with four cross validation segments and a maximum of ten factors. 
The choice of how many factors to use is very important. NSAS® software recom-
mends the optimum number of factors based on the ratio of the mean square error of 
cross validation (MSECV) for a given factor, to the minimum MSECV obtained for all 
factors. The software recommends the first factor that gives a ratio of less than 1.25 
(Anonymous 1990). In this experiment two factors were recommended for each wood 
property (apart from MFA where one factor was recommended) but it was observed 
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that the ratio of MSECV to minimum MSECV was less than 1.25 for several addi-
tional factors. For Dstick and Dstrip the ratio was less than 1.25 from factors two to six, 
for MOE factors two to seven, for MFA factors one to ten and for 100 /MFA factors 
two to ten. Results are reported for all calibrations that had ratios of less than 1.25 
apart from MFA and 100/MFA where the results are only reported up to the sixth 
factor, as additional factors did not improve predictions made by the calibrations.

Calibration statistics
    The measure of how well a calibration fits the data is the Standard Error of Cali-
bration (SEC). The measure of how well the calibration predicts the constituent of 
interest for a set of unknown samples that are different from the calibration test set is 
given by the Standard Error of Prediction (SEP). Formulas used to estimate the SEC 
and SEP are given in Schimleck et al. (2001a).

Table 2. Summary statistics of the mixed species stick density (Dstick) calibrations and of 
predictions made by these calibrations on the E. delegatensis and P.  radiata sample sets. 
MSECV is the mean square error of cross validation, SEC is the standard error of calibra-
tion and SEP is the standard error of prediction.

                   Mixed species calibration                            E. delegatensis              P. radiata
  ————————————————————————             —————————       —————————
     # of                MSECV /            R2        SEC              R2        SEP              R2         SEP
   factors          MSECV (min)

       2                       1.00               0.76       87.2             0.41       109.0            0.57       90.8
       3                       1.04               0.81       79.4             0.59       75.5              0.64       44.5
       4                       1.10               0.82       76.2             0.72       65.8              0.67       39.4
       5                       1.12               0.85       72.0             0.69       71.9              0.62       45.1
       6                       1.19               0.86       69.1             0.67       84.0              0.62       53.8

Table 3. Summary statistics of the mixed species strip density (Dstrip) calibrations and of 
predictions made by these calibrations on the E. delegatensis and P. radiata sample sets. 
MSECV is the mean square error of cross validation, SEC is the standard error of calibra-
tion and SEP is the standard error of prediction.

                   Mixed species calibration                            E. delegatensis              P. radiata
  ————————————————————————             —————————       —————————
     # of                MSECV /            R2        SEC              R2        SEP              R2         SEP
   factors          MSECV (min)

       2                       1.00               0.76       86.0             0.43       112.0            0.68       97.5
       3                       1.04               0.81       77.2             0.65       72.8              0.77       49.4
       4                       1.16               0.83       74.0             0.75       65.4              0.79       40.0
       5                       1.16               0.85       70.0             0.72       70.4              0.75       34.7
       6                       1.22               0.87       66.9             0.70       82.0              0.75       40.3
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RESULTS

Dstick and Dstrip calibrations
    The calibrations developed for Dstick and Dstrip and the results obtained when these 
calibrations were used to predict the stick and strip density of the Eucalyptus dele-
gatensis and Pinus radiata sample sets are given in Tables 2 and 3.
    Calibrations developed for Dstick and Dstrip had similar coefficients of determina-
tion (R2) and SECs. The two sets of calibrations were very similar because the strips 
that were used to obtain the spectra represented very well the sticks from which they 
were cut (R2 for the linear relationship between Dstick and Dstrip = 0.99). The statistics 
of the Dstrip calibrations were slightly better than for the Dstick calibrations (i.e., lower 
SEC and SEPs) because the NIR spectra used to develop both stick and strip calibra-
tions were obtained from the surface of the strips and therefore the spectra related 
directly to the measured strip density.
    The mixed species Dstick and Dstrip calibrations had R2 values that were compara-
ble to those reported for E. delegatensis and P. radiata (Schimleck et al. 2001a, c), 
while the SECs were considerably higher. When comparing these statistics it is im-
portant to consider the range of the calibration. Compared to the mixed species sam-
ple set, the range of densities for E. delegatensis and P. radiata was narrow (Evans & 
Ilic 2001; Schimleck et al. 2001c) and hence a lower SEC can be expected for these 
sets. A plot of laboratory determined Dstick versus NIR fitted Dstick for the four factor 
calibration, which gave the best results when used on the E. delegatensis and P. radiata 
sample sets, is given in Figure 1. Note that the regression line has been plotted for all 
figures.

Fig. 1. Relationship between laboratory determined stick density (Dstick) and NIR fitted Dstick 
for the four factor mixed species calibration.
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    Examination of Figure 1 shows that relationship between laboratory determined 
Dstick and NIR fitted Dstick was good (R2 = 0.82) considering the extremely wide range 
of wood chemistries and anatomies represented. There are some samples that are a 
considerable distance from the regression line, these samples contributed to the high 
SEC. Eight samples were found to have residuals greater than 100 kg /m3 and two of 

Fig. 2. Relationships between laboratory determined density and NIR predicted density for the 
E. delegatensis samples (Dstick) (a) and the P. radiata samples (strip density (Dstrip)) (b). 
Predictions were made using the four factor mixed species Dstick and Dstrip calibrations.
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these had residuals greater than 150 kg/m3 (the residual = NIR fitted value - labora-
tory determined value). The two samples were Chlorophora excelsa (Welw.) Benth. 
et Hook. f. (–173.6 kg/m3) and Daniellia ogea Rolfe ex Holl. (–226.7 kg/m3). When 
the NIR spectra of C. excelsa and D. ogea were compared with samples of similar 
density it was found that both species had spectra of lower absorbance than the spec-
tra of the other samples. Chlorophora excelsa and Daniellia ogea contain high levels 
of extractives, which may have an influence on their NIR spectra. Calibrations devel-
oped using extractives free wood may provide improved results for these species and 
will be investigated.
    When the Dstick calibrations were used on the E. delegatensis and P. radiata sam-
ple sets the four factor calibration gave the best results for both species. In compari-
son, the two factor calibrations recommended by the software gave poor estimates of 
both the stick and strip densities. Generally the density of the E. delegatensis samples 
were well predicted by the four factor calibration but estimates were poor for samples 
with high density (Fig. 2a). The highest density E. delegatensis sample (990 kg/m3) 
had a very large residual (–283.4 kg /m3). If this sample was removed from the E. 
delegatensis sample set, the R2 improved to 0.77 while the SEP dropped to 52.4 kg /
m3. Generally the density of the P. radiata samples was overestimated by the mixed 
species calibration. Despite most samples having their densities overestimated one 
sample was observed to have a large negative residual (–79.4 kg/m3). Previously 
Schimleck et al. (2001c) had reported that three P. radiata samples had strip and stick 
densities that were quite different. The sample identified in this study as having a 
large negative residual was one of those three samples and if removed from the P. 
radiata set the R2 improved to 0.76 and the SEP dropped to 38.1 kg /m3.
    When the Dstrip calibrations were used on the E. delegatensis sample set, the re-
sults were similar to those obtained using the Dstick calibrations, four factors again 
gave the best predictions. The highest density sample was again observed to have a 
large residual (–232.2 kg/m3), if this sample was removed the R2 improved to 0.77, 
while the SEP dropped to 52.4 kg /m3. Predictions of P. radiata strip density gave 
similar SEPs but the R2 were much higher regardless of the number of factors used. 
Four factors gave the highest R2 (0.79) but five factors gave the lowest SEP (34.7 
kg/m3). A plot of laboratory determined Dstick versus NIR fitted Dstick for the four fac-
tor calibration is shown in Figure 2b. Differences between predictions of P. radiata 
stick and strip densities were due to the strips not representing the sticks as well as 
they did for the E. delegatensis samples (R2 for the linear relationship between P. 
radiata Dstick and Dstrip = 0.80, E. delegatensis R2 = 0.98).

EL calibrations
    EL mixed species calibrations and results obtained when these calibrations were 
used to predict the EL of the E. delegatensis and P. radiata samples are given in 
Table 4. The EL calibrations had lower R2 than the density calibrations for a given 
number of factors. The SEC ranged from 2.81 (two factors) to 2.14 GPa (seven fac-
tors) and was higher than the EL obtained for single species calibrations developed 
using E. delegatensis (four factors recommended, SEC = 1.51GPa) (Schimleck et 
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2001a) and P. radiata (two factors recommended, SEC = 1.01 GPa) (Schimleck et al. 
2001c). As for density, the wide EL range of the mixed species contributed to the 
higher SEC. The E. delegatensis + P. radiata calibration developed for SilviScan 
estimated stiffness had a similar range. A three factor calibration was reported that had 
an SEC of 1.96 GPa (Schimleck et al. 2001b).
    When the EL calibrations were applied to the individual sample sets, the seven fac-
tor calibration (Fig. 3) gave the best results for both species. Three samples had large 
residuals for this calibration, i. e., Daniellia ogea (–4.3 GPa), Atherosperma moscha-
tum Labill. (4.2 GPa) and Sindora sumatrana Miq. (–4.1 GPa).

Table 4. Summary statistics of the mixed species longitudinal modulus of elasticity (EL) 
calibrations and of predictions made by these calibrations on the E. delegatensis and P. 
radiata sample sets. MSECV is the mean square error of cross validation, SEC is the stan-
dard error of calibration and SEP is the standard error of prediction.

                   Mixed species calibration                            E. delegatensis              P. radiata
  ————————————————————————             —————————       —————————
     # of                MSECV /            R2        SEC              R2        SEP              R2         SEP
   factors          MSECV (min)

       2                       1.07               0.61       2.81             0.68       5.25              0.62       3.10
       3                       1.00               0.66       2.63             0.66       4.20              0.67       2.52
       4                       1.07               0.69       2.53             0.67       4.14              0.66       1.82
       5                       1.08               0.74       2.34             0.71       3.47              0.71       1.26
       6                       1.19               0.77       2.22             0.70       3.63              0.72       1.26
       7                       1.20               0.79       2.14             0.76       3.00              0.75       1.18

Fig. 3. Relationship between laboratory determined longitudinal modulus of elasticity (EL) 
and NIR fitted EL for the seven factor mixed species calibration.
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    Large improvements in the SEP were obtained as additional factors were used, 
particularly for the E. delegatensis set. For example, the SEP dropped from 5.25 GPa 
using two factors to 3.0 GPa using seven factors. Plots of laboratory determined EL 
versus NIR predicted EL for the E. delegatensis and P. radiata samples are shown in 
Figure 4.

Fig. 4. Relationships between laboratory determined EL and NIR predicted EL for the E. dele-
gatensis samples (a) and the P. radiata samples (b). Predictions were made using the seven 
factor mixed species EL calibration.
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    Generally the mixed species calibration predicted EL quite well for the E. delega-
tensis set, but it tended to underestimate EL when greater than 20 GPa and the residuals 
became greater as EL increased. The range of EL in the mixed species calibration was 
1.7 to 23.8 GPa and six E. delegatensis samples had EL values beyond the range of the 
calibration, explaining the poor predictions. If these samples were removed the R2 
dropped to 0.75 but the SEP fell to 2.14 GPa. Predictions of EL for the P. radiata samples 
were in close agreement with the reference data.

MFA and 100 /MFA calibrations
    The mixed species MFA and 100/MFA calibrations and the results obtained when 
these calibrations were used on the E. delegatensis and P. radiata sample sets are given 
in Tables 5 and 6.

Table 5. Summary statistics of the mixed species microfibril angle (MFA) calibrations 
and of predictions made by these calibrations on the E. delegatensis and P. radiata sample 
sets. MSECV is the mean square error of cross validation, SEC is the standard error of 
calibration and SEP is the standard error of prediction.

                   Mixed species calibration                            E. delegatensis              P. radiata
  ————————————————————————             —————————       —————————
     # of                MSECV /            R2        SEC              R2        SEP              R2         SEP
   factors          MSECV (min)

       2                       1.06               0.36       2.86             0.58       2.03              0.58       4.62
       3                       1.00               0.41       2.75             0.61       1.91              0.55       3.98
       4                       1.06               0.50       2.58             0.54       2.30              0.60       3.22
       5                       1.07               0.52       2.53             0.54       2.19              0.63       3.10
       6                       1.06               0.59       2.35             0.49       2.36              0.63       3.05
       7                       1.08               0.70       2.05             0.45       2.56              0.59       3.35

Table 6. Summary statistics of the mixed species 100 divided by microfibril angle (100 /
MFA) calibrations and of predictions made by these calibrations on the E. delegatensis 
and P. radiata sample sets. MSECV is the mean square error of cross validation, SEC is 
the standard error of calibration and SEP is the standard error of prediction.

                   Mixed species calibration                            E. delegatensis              P. radiata
  ————————————————————————             —————————       —————————
     # of                MSECV /            R2        SEC              R2        SEP              R2         SEP
   factors          MSECV (min)

       2                       1.12               0.39       1.38             0.66       1.40              0.55       1.96
       3                       1.07               0.45       1.32             0.65       1.34              0.48       1.44
       4                       1.07               0.51       1.25             0.63       1.27              0.53       1.04
       5                       1.05               0.53       1.23             0.66       1.18              0.56       0.99
       6                       1.07               0.62       1.13             0.63       1.21              0.61       0.92
       7                       1.05               0.67       1.05             0.58       1.29              0.55       0.99
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    The MFA and 100/MFA calibrations were similar but had poorer calibration statis-
tics than the calibrations developed for density and EL. Compared to the MFA and 
100 /MFA individual species calibrations developed for E. delegatensis and P. radiata 
(Schimleck et al. 2001a, c) the statistics were inferior for an equivalent number of 
factors.
    When the two sets of calibrations were applied to the E. delegatensis set the best 
predictions for MFA and 100/MFA were obtained using three and five factors respec-
tively. A plot of laboratory determined 100/MFA versus NIR predicted 100/MFA 
for the five factor calibration is shown in Figure 5. Three samples that had relatively 
low 100/MFAs (high MFAs) were observed to have large residuals. If these samples 
were removed the R2 improved to 0.71 and the SEP dropped to 0.96. For the P. radiata 
set the best results for MFA were obtained using five factors and for 100/MFA six 
factors gave the best predictions.

DISCUSSION

The results presented in this study demonstrate that it is possible to develop general 
calibrations for important wood properties using a wide range of species that display 
extreme variation in wood chemistry, anatomy and physical properties. In addition, 
the calibrations can be used on separate test sets, in this study comprising single 
species, to rank trees. The results obtained for Dstick, Dstrip and EL were particularly 
promising. The ability to rank these trees demonstrates that differences in NIR spec-
tra due to changes in sample density are relatively consistent for spectra obtained 

Fig. 5. Relationship between laboratory determined 100 divided by microfibril angle (100 /
MFA) and NIR predicted 100/MFA for the E. delegatensis samples. Predictions were made 
using the five factor mixed species 100/MFA calibration.
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from the radial / longitudinal face of solid wood samples. Some species, such as Chlor-
ophora excelsa and Daniellia ogea, did not fit the calibration as well as the other 
species and this may be due to the high extractives contents of these samples. It is 
expected that calibrations based solely on these species would be as successful as 
other individual species calibrations.
    The samples selected for this study represent an extreme range and it is improb-
able that such wide variation would be required in practice. For most applications, 
samples from a small number of species would probably suffice, for example calibra-
tions based solely on Eucalyptus nitens and Eucalyptus globulus subsp. globulus would 
satisfy the requirements of nearly all eucalypt plantations in South Eastern Australia. 
Alternatively, calibrations could be developed for hardwoods, softwoods or trees from 
a given area. It is expected that refinement of calibrations through appropriate sam-
ple selection would provide improved calibration statistics, owing to less variation 
in the calibration set, and more accurate predictions of the physical properties of test 
samples.
    An additional finding of this study was that the number of factors used for a cali-
bration, as recommended by the software, does not necessarily provide the best pre-
dictions. An excellent example was provided by the calibrations developed for den-
sity. The two factor Dstrip calibration (recommended by the software) gave an R2 of 
0.43 and an SEP of 112 kg/m3 when used on the Eucalyptus delegatensis set. When 
the five factor calibration was used the R2 improved to 0.75 and the SEP fell to 65.4 
kg/m3. If only the two factor calibration had been used it would have appeared that 
the mixed species calibration could not rank trees based on density. If the mixed 
species Dstrip calibration was applied to a new sample set comprised of a different 
species it is impossible to know how many factors would be appropriate. Based on 
the results obtained for E. delegatensis and Pinus radiata the four factor calibration 
would probably be the best, but this may not be the case for a different species. The 
only way to be sure is to test a selection of samples from the test set and investigate 
which calibration gives the best predictions. As more sets were tested the calibration 
that gave the best predictions on average could be selected and used with confidence, 
negating the need to test subsets of samples.
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