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Abstract

The visible and neer infrared (NIR) (500-2400 nm) spectra
and mechanical properties of almost 1000 smali clear-
wood samples from six softwood species: Pinus taeda
L (obiolly pine), Pinus palustris, Mill. (longleaf pine),
Pinus elliottii Engelm. (slash pine), Pinus echinata Mill.

(Douglas fir) were measured. Projection to Latent Struc-
tures (PLS) modeling showed that the NIR spectra of
these softwoods could be used to predict the mechanical
properties of the clear-wood samples. The correlation
coefficients for moet of these modeis were greater than
0.80. All six softwood species were combined into one
data set and a PLS model was constructed that effec-
tively predicted the strength properties of any of the indi-
vidual softwoods. Reducing the spectral range to
between 650 and 1050 nm only cauees a slight decrease
in the quality of the models. Using this narrow spectral
range enables the use of smaller, faster, lighter, less
expensive spectrometers that could be used either in the
field or for process control applications.

Keywords: mechanical properties; near infrared; NIR;
softwoods.

Introduction

A wide variety of wood and paper properties, including
chemical composition and physical properties, have
been measured using near infrared (NIR) spectroscopy.
Some of the earliest work focused on measuring the
chemical composition of wood, pulp, and paper (Birkett
and Gambino 1988; Wright et al. 1990; Michell 1995;
Wallbbacks et al. 1985; Schimleck et al. 1996, 1997;
Schimileck and Michell 1998; Malkavaara and Alen 1998).
Later work addressed changes in the chemical compo-

sition of celiulose and the physical properties of peper
(Svensson et al. 1997; Berthold et al. 1998; Svedas 2000;
Ali et al. 2001).

Although most of the work with NIR spectroscopy has
focused on the chemical composition of wood or the
properties of paper, some work has also been done on
wood properties. For exampie, Hoffmeyer and Pedersen
(1995) showed that NIR spectra could be used to predict
the density, and compression and bending strength of
dry wood; Thygesen (1994) and Schimieck et al. (1999)
showed that NIR spectroscopy couid be used to meas-
ure the density of wood; and Tsuchikawa and coworkers
(1992) showed that NIR spectroscopy could be used to
measure the grain angle of wood. More recently we have
demonstrated the use of NIR spectra taken from solid
wood to predict the chemical composition, mechanical
properties and microfibril angle (MFA) of Pinus taeda L.
(loblolly pine) (Kelley et al. 2002). Very recently, NIR spec-
troscopy has been used to predict the mechanical prop-
erties of Pinus radiata (radiata pine) (Thumm and Meder
2001; Schimileck et al. 2002), Larix deciduas Mill. (Euro-
pean farch) (Gindl et al. 2001) and Picea abies (Norway
spruce) (Hauksson et al. 2001).

The goal of this work is to demonstrate the usefuiness
of NIR for predicting the mechanical properties of a num-
ber of different softwood species and to demonstrate the
generality of the modeis between species. The impact of
reducing the spectral range from S00-2400 nm to 650-
1050 nm, which could enable the use of low-cost hand-
heid NIR systems, is also investigated. The ability to pre-
dict the strength and stiffness properties of wood could
be useful for selective breeding and silvicultural studies.

Materials and methods

Collection of wood samples

The trees were gathered for several different studies and_thus
the sampling protocol was not identical for all the sampies. The
three Pinus tseda were harvested from a 48-year-old stand
grown under a conventional plantetion regime in the Croesett
Experimental Forest in Southern Arkansas. The £, taeds had an
average diameter at breast height (dbh) of 42 cm and an average
height of 30 m. The five Pinus eliotti Engeim. (slash pine) were
harvested from a natural stand in the DeSoto National Forest
south of Hattiesburg, Mississippi. Two of the five P. elfiotti were
taken from a wet site approximetely 26 years of age and had an
average dbh and height, respectively, of 20 cm and 17 m. Three
other P. efliottii were taken from a dry site and were 60 ysars of
age and had aversge dbh and height of 35 cm and 25 m, sespec-
tively. The Pinus palustris, Mill. fongieaf pine) and Pinus echinata
Engeim (shortieaf pine) were harvested from the Palustris Exper-
imental Forest in central Louisiana. The P. palustris were taken
from a conventional plantation regime and had an average dbh
and height of 20 cm and 27 m. The P. echineta had an average
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Figure 1 Schematic of the process used to obtain the bending
samples.

dbh and height of 25 cm and 20 m, respectively. Ten Pseudo?-
suga menziesil (Mirb.) Franco (Douglas fir) and nine Pinus pon-
derosa Dougl. ex Laws (pondercsa pine) wers cut from
over-stocked stands at several different sites in the Cascade
Mountains of southem Oregon. All of the trees were at least
40 years oid from naturally regenerated, unmanaged stands. The
P. mentiesii averaged 28 cm dbh while the P. ponderosa sver-
aged 30 cm dbh.

Measuring mechanical properties

The sampie preparation method is outlined in Figure 1. in the
case of all the southem pines, a 0.3 m long “disk™ was cut every
5 m elong the trees producing four or five disks from every tree.
“Boerds” approximately 2.5 cm wide and 0.3 m long, were cut
from the “disk” centered on the pith. The boards were then
pianed to a final thickness of about 1.5 cm. Bending samples
containing three growth rings were then cut from these siices.
The southemn pine bending samples were centered on growth
rings 2, 5, 9, 16, 25, and 48. For these sampies the width in the
radial direction depended on the width of the growth rings. The
final dimensions of the bending sampies were 20 cm in the lon-
gitudinal direction, 1.5 cm in the tangential direction, and 2-
3.5 cm in the radial direction. Care was taken to minimize any
slope of grain in the samples.

in the case of the P. ponderosa and P. mentiesk, the 0.3 m
sampie "disks” were cut from ground level and at 5§ or 10 m.
The boards were cut from the disk and planed to 1.8 cm thick-
ness. The boards were cut through the pith and then 2 cm sam-
ples were taken at evenly spaced intervais from the pith to the
bark to produce 8 bending sampiles from each disk. The bending
samples were 20 cm in the longitudinal direction, 1.5 cm in the
tangential direction, and 2 cm in the radial direction. These were
slow growing trees and the bending sampies contained between
4 and 7 growth rings.

The P. taeda, F. paiustris, and P. echinata sampies were oven
dried at 105°C, while the P. menziesdl, P, ponderosa, and P. elliot-
til samples were air-dried. All of the samples were reconditioned
to 12% moisture content prior to testing.

Stiffness, or modulus of elasticity (MOE), and ultimate
strength, or modulus of rupture (MOR), of clear wood sampies
were measured in three-point bending according to ASTM stan-
dards (ASTM 1999). Al of the sampiles were broken with the load
applied againet their radial face. All tests were conducted with
an Instron 5500, and the MOR and MOE were calculated with
instron's Meriin software. Samples that broke at a visual defect
were exciuded from the analyses.

NIR measurements

The NIR analysis is deecribed in detsil eisewhere and is only
briefly reviewed here (Kelley ot al. 2002). The NIR measurements
were all made with an Anelytical Spectral Devices (ASD) Fleld
Spectrometer at wavelengths between 500-2400 nm using the
default parameters. A fiber optic probe oriented at a right angle
to the sampie surface was used 10 coliect the reflectance spec-
tra. A piece of commercial microporous Teflon was used as the
white reference material The samples were Hluminated with a
DC lamp oriented at 30° above the sampies and aligned In par-
allel with the longitudinal axis of the sampile. For each sample,
30 scans were collected and averaged into a single spectrum
and four spectra were collected for each sample. The 4 aver-
aged spectra collected were averaged to provide a single spec-
trum thet was used to predict the mechanical strength of the
individua! sample. The NIR spectra of the different softwoods
were measured at different times over a one-yesr period, but all
of the samples from one species were measured at one time.

Projection to latent structures (PLS) modeling

In this study, no spectral preprocessing techniques were used.
A compiete description of muitivariate analysis can be found
elsewhere (Martens and Naes 1991; Vandeginste et al. 1998).
Multivariate analysis was performed using Unscrambier® ver-
sion 7.6 (CAMO, Corvaliis, OR) software. All of the resuits pre-
sented here are based on PLS-2 analysis, which simultaneously
predicts both MOR and MOE. A PLS-2 type of anelysis was
used since the MOR and MOE of small clear sampies are highly
correlated (Tsehaye et al. 1998). To compensate for the large
differences in the absolute value of the MOE and MOR, they
were weighted by the inverse of their standard deviations. The
modeis were constructed with an X-matrix of either 190 points
(500-2400 nm) or 40 points (650-1050 nm). All of the PLS mod-
eis were based on 4 to 6 factors. The comelations for most of
the models could have been improved by adding more latent
variables, but the number of latent variables was limited to min-
imize concemna with overfitting.

Since the sample sets have different sizes, the callbration
models (CALB) were constructed based on one-haif to two-
thirds randomly selected samples. For the larger sample sets,
a.g., all softwoods, all southern pines, P. elfottli, and P. taeda,
one helf of the samples were used to construct the CALB mod-
els. in the case of the smaller deta sets, P. palustris, P. echinata,
P. ponderosa, and P. menziesii two thirds of the samples were
used to construct the CALB models. All of the CALB models
were conetructed using full cross-validation. (Martens and Nees
1991; Vandeginste et al. 1998).

The quelity of a correlation model can be messured in seversl
ways; two common measures, r-value and RMSEP (Martens and
Naos 1001; Vandeginste et al. 1998), are used in this work. The
r-value is a measure of the strength of the correlation of the
measured and predicted data. For a heterogensous maeterial
such as wood, r-values of 0.85 and above are generally consid-
ered good. The RMSEP is a measure of the prediction error,
expressed in the units of the original measurement.

Results and discussion

NIR spectra

Representative spectra data collected from P. menziesii,
P. palustris and P, elliottii heartwoods are shown in Figure
2. The spectra all have similar spectral features with small
differences in intensity. Many of the NIR peaks have been
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softwoads.

previcusly assigned (Marten st al. 1885; Curran et al.
1892: Fourty &l al, 1996; Svedas 2000 Ali ot al, 2007],
The major vibrations include the yellow-brown coior of
the wood at 400-700 nm, which is primarily due to the

presence of lignin and extractives, and the relatively high
intensity of the B menziesi wood speclrum, which is
indicative of its red-brown calor. The major peak belween
1400 nm and 1880 nm has been assigned to the first
overtone of callulose and hemicellulose hydroxyls. The
pealk between 1880 nm and 2020 nm has been sssigned
1o interactions betwean hydroxyls and water in the wood.
There Is an additional strong vibration centered on
2020 nm that has hean assignad to the combination
vibrations of e catochydrate hydroxyls, Lignin hydroxyl
vibrations overlap the carbohydrate hydroxyl vibrations;
o.g., the first overtone of the lignin hydnzxyl vibrations
aeour betwaeen 1400 nm and 1520 nm. The first overlone
af the lignin G-H stretching vibrations is seen at 1700 nm,
Those assignments provide some insight inte the chem

ioel structure of the wood.

Spectral differences betweaan all of the wood samples
ara highlighted by PGA. The results of a PCA of all of the
wood samples ara shown in Figure 3, The PGA highlights
the grealest spectral differenceas batween all of the wood
samplas. In this case, the two principal components (PC)
shown In Figura 3a account for 97 %6 of the variation pres-
ent in the spectra. The results shown in Figure 2a show
that in spile of somo overlap, there ate clear differences
betwaen several of the different wocod specias, Thesa dif-
ferences are clarfied in Figure 3b, which shows the same
rasyll on the same scale, but with a singie point &1 ks
average valug now representing each soffweod spacies
for PC1 and PGE. The ellipse around each species aver-
age {Figurs 3k} represents the standard deviation of PG
and PC2 for the differant softwonds. This presentation
clearly shows the difference hetween the six softwoods,
While there is some overdap between the four southern
pines, tha P menziesii and A ponderosa are cleary dif-
ferent from the southern pines. Examination of additional
PCs {not showr) did not enhance the separation of the
diffarent southern pines,

Mechanical properties

[t this study we measurad tha mechanical properlies of
almeoal 1000 small, clear softwooad samples. The sum-
mary data for MOE end MOR, or stiffness and atrangth,
of the samples are shown in lable 1. The average MOE
of the B taedz and B eliotti ara similar, whiie the B pal-
ustriz and P menziesif are slightly stiffar, and the P echin-
ataz and P pondercsa sre less stiff, In the case of tha
average MOR, tha P tasda, P echinata, and F. ponderosa
ara all wesker, and the B menziesi is stranger. All of tha

Tabla 1 Summary of properties or the different wosd species, The number of sampias for each group o species is showe in

prarpntheses.

Sampla Set MOE [P} MOR IMPa)
hin Mz iy Bin Max Ave

Al softwoncds {SES) 2200 22600 aano 14 1949 101
Al southern pines (TH4) FRO0 2 GO0 10 190 14 150 02
F eliofi (3573) 2200 22 B30 a4914 14 100 1
P laeda [285) 2600 16 700 o180 21 138 i)
P palisiis (144) 2200 20 F00 11 140 14 188 1%
B menzisai {104 G300 16 300 11 580 35 160 115
1 pondarosa [101) HEH 14 Q00 5620 25 144 71
£ achinata [52) 3000 23 800

Flr v a3 194 E5




NIR of six softwoods 255

Table 2 Summery of PL8-2 model parameters. The corelation coefficient for the calibration model (r CALB) and the prediction
model {r TEST), and the normalized RMSEP (RMSEP divided by the average MOE or MOR for that group or species).

MOE (MPs) MOR (MPa)
Al SFWD PC=3 PC=4 PC=5 PC=8 PC=3 PC=4 PC=5 PC=8
r (CALB) 0.81 0.83 0.88 0.87
r (TEST) 0.81 0.84 0.86 0.87
Norm. RMSEP 23 22 1R 17
Al SP PC=3 PC=4 PC=§ PC=8 PC=3 PC=4 PC=5 PC=6
r (CALB) 0.82 0.84 0.88 0.88 088 0.89
r (TEST) 0.83 0.85 0.87 0.85 0.88 0.88
Norm. RMSEP 2 an 10 19 17 17
P. elfiotti PC=3 PC=4 PC=5 PC=8 PC=3 PC=4 PC=§ PC=6
r (CALB) 0.84 0.80 0.89 0.85 0.90 0.90
r (TEST) 085 0.9 0.90 0.98 0.8 0.90
Norm. RMSEP 20 7 17 18 18 1
P. ponderosa PC=3 PC=4 PC=§ PC=6 PC=3 PC=4 PC=5 PC=@
r (CALB) 0.88 0.87 0.67 0.86 0.90 0.90
r (TEST) 0.82 0.84 0.84 0.84 0.80 0.8
Norm. RMSEP 38 30 22 21 17 18

mechanical properties of the samplee used in this study
are 10% to 20% below the published values (Green et
al. 1999); however, the rank order of the different soft-
woods corresponds to data published in the Wood Hand-
book (Green et al. 1999). The differences in the average
values for MOE and MOR are likely due to the inclusion
of a large proportion of juvenile wood in the samples
used for this study. As expected, P. schinata and P. pon-
derosa are generally weaker than the other softwoods
studied. The average values for the F. efliotti samples
used in this study are slightly lower than expected.
Table 2 shows the r-values and RMSEP for the CALB
and TEST sets for the modeis based on groups of spe-
cies and several of the individual species. Table 2 also
shows the effects of varying the number of latent varia-
bles on the quality of the models. The latent variables
contain chemical or physical information that is used to
predict the mechanical properties of the sampiles.
Increasing the number of latent variables improves the
model but will also increase the risk of overfitting the
data. The resuits in Table 2 show that for the single spe-
cies models, e.g., P. elfottii and P. ponderosa, there is
little benefit to using more than 4-5 latent variables. In

the case of the models that are based on groups of spe-
cies, e.g., all softwoods and all southern pines, more
latent variables may be needed to obtain a good model.
The model for all the softwoods musat measure the chem-
ical and physical information that is related to mechanical
properties but it must also "account™ for a more heter-
ogeneous set of samples. Thus, the model for all the
softwoods requires 6 latent variables to effectively pre-
dict mechanical properties. The model for the group of
southern pines only requires 5 latent variables, which
indicates that these sampiles are relatively homogeneous.
The large number of samples and relatively wide range
of physical properties contained in the all southemn pine
group also tends to reduce the number of latent variables
needed for a good model.

A summary of the r-values and normalized RMSEP for
both MOE and MOR of all the sample sets are shown in
Table 3. With the exception of the MOE predictions for
P, taeda and P. echinata the r-values are all above 0.80.
These r-values are comparable to those reported by Hoff-
meyer and Pedersen (1995), Thumm and Meder (2001)
but lower than those reported by Gindi et al. (2001) and
Schimleck et al. (2002), although these other studies

Table 3 Summary of correlation coefficients (r) and normalized RMSEP for the within groupe or within species predictions of MOE
and MOR. The number of latent variables used in the CALB modeis are shown in parentheses.

MOE (MPa) MOR (MPa)
Normaelized Normekzed
RMSEP RMSEP
AlLL SFWD (6) 0.84 22 0.87 17
ALL SP (5) 0.87 20 0.88 17
P eliotth (4) 0.50 17 0.89 16
P. taeda (5) 0.78 20 0.84 13
P. palustris (5) 091 19 0.85 22
P. menziesii (4) 0.83 10 0.80 13
P. ponderosa (5) 0.84 30 0.89 17
P. echinata (5) 089 3 0.92 14




256 8.S. Kelley et al

£ g,

NIR (MPa)
;

MOE Predicted with

MOR Predicted with
NIR (MPa)

Measured MOE (MPa)

Figure 4 Measured and predicted (A) MOE and (B) MOR for all
six softwoods (ALL SFWD). The solid symbois indicate the CALB
set and the open symbols indicate the TEST set.

used PLS-1 modeis and more latent variables in their
predictions. Both of these considerations will increase
the quality of the cormrelations. The low r-value for the P,
echinata is likely due to the relatively small sample size
that results in a lower quality mode!. The relatively poor
cormrelation between the measured and predicted MOR
for the P. taeda set is surprising since this is a relatively
large set of samples, and the cormrelation coefficient for
MOR is in line with the other species. Table 3 also shows
that based on either r-value or the normalized RMSEP,
NIR spectra can be used to predict MOR better than
MOE. This is surprising since MOE is generally thought
to be strongly linked to MFA, density, fiber orientation,
and wood composition (Tsehaye et al. 1998), while even
in small clear samples MOR is strongly influenced by
small undetectable defects. NIR is sensitive to MFA (Kel-
ley et al. 2002), density (Hoffmeyer and Pedersen 1985;
Gindl et al. 2001; Schimleck et al. 2002), fiber orientation
(Tsuchikawa et al. 1992), and the chemical composition
of wood (Schimleck et al. 1997; Kelley et al. 2002), how-
ever it is not obvious that NIR should be sensitive to very
small defects.

Figure 4a shows a plot of the measured MOE versus
the MOE predicted from the NiR spectra using the PLS-
2 models for all of the six softwoods treated as a group.
Figure 4b shows a similar plot for MOR. While there is
some scatter in the data, it is clear that there is strong
corelation between the measured mechanical properties

Measured MOR (MPa)

Figure 8 Measured and predicted (A) MOE and (B) MOR for
the four southern pines (ALL SP). The solid symbols indicate the
CALB set and the open symbois indicate the TEST set.

and the mechanical properties predicted with NIR spec-
troscopy. It is important to note that although the PCA
results highlighted the fact that there are chemical differ-
ences between the six different softwoods, the resuits of
this PLS-2 show that these chemical differences do not
prevent data from all six softwoods from being used to
produce one model for predicting mechanical strength.
The r-values for both the CALB and TEST sets are very
similar (Table 2). The spectra and mechanical properties
data in the TEST set were not used in constructing the
original PLS-2 model and thus the results from the TEST
set can be viewed as a prediction of the mechanical
properties of unknown samplee of the six different soft-
woods from their NIR spectra.

Figure 5a and b show the results for MOE and MOR
from similar PLS-2 modeis for all the southem pines
treated as a group. Again, the r-values for both the CALB
and TEST sets are very similar (Table 2). The mechanical
strength values of the TEST set predicted from the NIR
spectra are highly correlated with the measured strength
values. Compared to the set of all six softwoods, the
southern pines are viewed as a relatively homogenous
group. In addition, the quality of the predictive models
based on the southern pines alone (ALL SP) is similar to
those based on the entire set of softwoods, indicating
that the modeis for all softwoods (ALL SFWD) are quite
robust.

Both sets of MOE/MOR data show a slight decrease
in the quality of the comrelations for the individual bending
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Table 4 Sumimany ol comsdation casllicients for e within groups or spacies (Mumbers in bold), and bebweean graups or species
precdictions of MOE MPa) (48] and MOR (MPa} [db). The numbser of lalent variable used inthe CALB madals are shown in parentheses.

A, WMOE TEST s&t
CALE =8t ALL ALL =3 = ' B [ 123
SEWD 5P i i taecla palustris menziesi ponderass echinata

ALL SPND {5} 084 0.84 0.0 0.7 0.0 0.6 0.54 0.75
ALL EP (5) 0.75 0.87 0,68 0.7% 093 (.81 0,76 Q.80
F allloted i4) [3.54 .78 ERE]) 0.7 090 0,83 D.B2 0.v5
F taeda (5] 0,72 0,73 0|2 0,78 .84 0BG 0.7 0E3
F paiustris [5) .66 07T 0.0z 0.74 0.91 0.5 0,75 0.8
B menziesh (4} [noa 0,54 [1.HE G.ad (L] 0,83 aya ora
R pondernsa (5] o,71 0,73 0eaE X 080 081 0.84 (LB
P echinata {3} 0.7 0.7 0.85 0,35 0.Ed Lrd .68 LY
B. MO TEST set

CALB set ALL ALL P B H H E B

BRPWD 5P ellfatti tasda paiustis menziesii POIdErosE echingla

ALL SEWD ) 0.87 .38 0. RE [hH? 0.83 0Tz 0.8 093
ALL 8P (5) 0.83 0.o8 0.88 0,84 0.85 0.1 0.8R am
P aliothi (4) .40 054 0.84 0.81 0.07 0.74 0.72 0.27
F taada [5) 0,79 0,78 0.85 0,84 At .71 0.7e 085
B patusiog (b) 0,75 0.62 Q.25 0.20 L1813 0,70 [.¥E 083
B menziesi [4) 067 0.7G 0.8 LG 0.7E 0,80 oz 0.Fa
£ pondarasa 15) 0.75 07y .55 0,78 0.8G 0.63 0.88 0.81
B eahinata [H) 0.7 0,79 0,84 051 .84 0.54 0.7 082

samples with lower values. The samples with lower stiff-
nase and strangth came primaily from juvenile wood and
many of them Included a portion of the pith. The MNIR
spectra were collacted from both sides of the samples,
and the dark color and substantial chemical differences
of the pith would resull in NIR spectra thatl are vary dif
forcmt from “normal” weak wood. Thus, poorer correla-
liens for the weaker samples that inchided a podion of
the pith is not unexpected. Plots that are very similar to
those shown in Figures 4 and & can be oblainaed from all
of the individual weod species (not shown).

Prediclions within and between species

The rasults for predictions of all the models are shown in
Tables 4 and 5. Table 4 shows the r-values for all of the
intra- group or species and inter- group or specias mod-
els for MOL (Table de) and MOHE (Table 4b), Table &
shows the corasponding BMSEP for the predichions of
MOE (Table 5a) and MOR (Table Sh). Faor both tablas the
intra=group or specics value is shown on the disgonal in
hald, The other cellz show the r-values or HMSER for the
inter-group of spacias madels. For axampla, the first row
in lable 4g, e.g., ALL SFWD, shows the rvalues for MOE
predicted using a CALE model constructed with samples
from all six softwood spacies. This "eix specias™ CALB
maodal was then used to predict the MOE values of TEST
sets made Up of all six species combined, four southern
pines combined, and each af tha individual spacias.
., Thasa values are shown in each cell for the first row. In
the second row of Table 4a the values are bazed on &
CALE model constructed for the four southern pines.
This ALL SP model is then used to predict the MOE val-
ues of TEST sats made up of all six species combined,
four southern pines combinad, and aach af the individual
species. |he first column in Table 4a shows the rvalues

for the ALL SPWD TEST set predicted with different
CALR models, Tha first r-valua is based on a CALH mod-
el construcled with all six softwoods. The last call in col-
umn one shows the r-valua for the prediction of the MOE
of the TEST set that includes all six softwoods hased on
a CALR model constructed from only the B echinals.
This same format is used to caloulate the values in Tablas
4b, 5a, and 5k,

Clesse axamination of Table 4 shows that, in general,
the ryalugs for predictions using the same group or spe-
cles for hoth the CALE and TEST sets, shown on the
diagonal, are the highest. Tha samea trends ara gean in
Table 5 where the lowesl normalized AMEER, or the best
predictions, are seen an the diagenal. This iz not too sur-
prising since one would expect that the CALE models
constructad fram one group or species would have all of
the spectral fealures seen in the TEST set for that group
ar species, and thus ba mest effective for predicting the
properties of thal group of species. While this general
trend is seon for the values in Table 4 and Table 5, thera
ara several notable exceplions in Table 44, In the case of .
the TEST scts of B elliottl and P palustds the rvalues
ara relatively high regardiess of the CALB model. This
may be because these two species hdve tha largest
range of MOE values. With a few exveplions, lhe nor-
malized BMSEP (Tables 5 and 6) show that the CALB
madels constructad from one group or species do the
Best job of predicting the properties of that group or spe-
cies. Tha rasults in Takle 5 alsc highlight the difficulty of
uzing CALE models based on samples that are dissimilar
from thosea in the TEST sat. Tha CALE modals bazed on
2 menziesi and P pondercsa do a poor job of predicting
the properties of any of the other TEST sets, and the
properies of the B menziesi and B ponderosa TEST sals
are best pradictad by the respective . menziesii and A
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Table 5 Summary of the percentage normalized AMSEP (AMSER/ Ayerage Froporty) within graups of specles (numbers in bold),
g belwesn qroUps oF species predictions of MOE (MPa) fba) and MOR (MPa) iS0). The nurriser of latent variable used In the CALE

madels are shown in paranihesas

A MOE TEST =&l
Gl B get ALl ALL P P B E F F
BRWL ap alliotii tagda palusing menziesi ponderasa echinata

ALL BRWD {6} 22 21 17 23 21 16 40 26
ALL SF [5) 28 20 20 /M 15 24 ad 25
F aiiattll (4} aa 30 17 40 ar = 52 2
H tavds (5] 35 a7 il 20 24 27 &7 2g
B paiystris (5] a5 29 32 ap 18 54 i) ]
B manziasil {4) 59 56 &6 52 a8 10 1pa 03
P ponocrmsa {5 41 45 HE 50 &1 ah 30 18
P echinata |5) 50 43 41 55 GG a7 B |
B. MCH TEST sel

CALH set ALL ALL E ! L] F F E

SPWD sP afliotti faaehe palsts manziesii prorndarasa schinata

ALL SPWD (8] 17 19 24 22 3 = 4 26
ALL SF (5] ik 17 17 14 20 21 a5 28
P elliath (4] 24 24 16 al K| 25 a3 18
F taeda [3) az 28 a8 i3 25 24 32 13
B palustiz &5 31 oy o9 40 22 54 a0 13
P rmonziesi (4) 55 58 B4 45 &7 14 a3 &0
P ponderosa (5) 34 a7 24 40 54 an 17 18
£ achinata (5) ] P i 28 25 24 28 a0 14

ponderasa CALE madels. This is not too surprising given
the lack of similarily between B menziesii and B pon-
derosa comparad to the soulhern pines,

These results highlight the potential for using a sinale
CALE model, construsted with a large number of swir-
ples from different species, to predict the mechanical
propertios of a wide variety of different softwoods. Whils
other species of commercial intarest, e.g., nobie fir, grand
fir, white fir, or spruce species, were nat included in this
study, it appears likely thal & single CALE medel can be
constructed for all of thaze different soflwoods. Schim-
lack et al. (2002 showed that a singla high quality model
cotld ke construsted from one softwood (Pinus radiata)
and one hardwood [Eucalyolus delogatonsis), howeavar
our preliminary analysis of a data set thel included these
giv softwoods and two hardwoods (Populus deftoids and
Alnua ashea) {not shown) suggests that it is unlikely that
high quality madals can be constructed from this partic-
ular cornbination of scftwoods and hardwoeods,

Effects of reduced spectral range

Tha use of NIR spactra to predict the mechanical
strength af wood has been previously reported by sevaral
groups {Hoffmeyer and Pedersen 1995, Haulksson et al.
2001; Thumim and Meder 2001; Kelley et al. 2002). We
hava alsa reporled on the use of a reducad spactra range
(BE0-1050 rm) ta predict the imechanical propetties of A
taeda {Kelley ct al, 2002}, while Thumm and Meder (2001)
have reported the use of a similar range for predicting
the strangth properlies P radiata, The use of this reduced
speciral range to produce high quality models is & critical
advance, since it enables the use of small, very hght-
weight, inexpanzive, handheld spectrometers with very
rapid sequisition fimes. These handheld specirometors

could be used for pradicting mechanical properties under
practical field conditions or for in-line process monitor-
Ing. Reducing the spectral range to BO0-1100 nm st
allows for the construction of high quality models for the
chermical composition of wood [Axrup ot al, 2000,

Table 5 highlights the impact of reducing the spoctral
range from 500-2400 nm to 650-1050 nm. Heducing the
spectral range to B50-1050 nm, coupled with averaging
the original data priar to PLS modeling, means that only
40 data poinls are used for constructing the CALE med-
als and predicting the properties of the TEST set, Tha
results in Tabla 5§ generally show a slight decrease in the
rvalug for both the CALR and TEST set. For the sample
sats of grealest interest, Le., all softwooeds and all south-
ern pinas, this decrease in the r-value is betwesn 0.03
und 0.05. This |8 a very slight decrease given the signif-
icant advantages of moving to a reduced speciral renge.
Sirmilar results are seen for the PLS modals of 2 efifotl,
£ taecda, and £ palustis, The decrease in the guality of
the models is ganarally greater for P menziesii, B pon-
derosa, and P echinata. As mentioned pravicusly, these
models are based on smaller data sets that include a
narrower range of mechanical property values, This is
probably lhe cause of the greater decrease in model
quislity, rather than some inherent limitation of these
spesies,

Conclusions

The mechanical proporties of almast 1000 small clear-
wood samplas from six sollwood species were mesasUred
in three-point bending. The MNIH reflectance spectra of
these solid swnples wore also collectad. The results of
P4 of these spectra showed clear differences between
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Table 8§ Summary of correlation coefficients for models using a reduced spectral range. The number of latent varieble used in the

CALB models are shown in perentheses.

Sample MOE (MPa) MOE (MPs) MOR (MPa) MOR (MPa)
500-2400 nm 650-1050 nm 500-2400 nm 650~1050 nm
All SPWD (6) 0.84 0.76 0.87 0.82
All SP (5) 0.87 0.81 0.88 0.88
P. elllottii (4) 0.89 0.88 0.80 0.80
P. tasda (5) 0.78 o078 0.84 0.78
P. palustris(5) 091 0.90 0.85 0.88
P. meniesii (4) 0.83 0.78 0.80 0.80
P. ponderosa (5) 084 0.74 0.00 074
P, echinata (5) 0.89 0.08 0.92 0.73

the six different species. Using PLS modeling, the NIR
spectra of these softwoods could be used to predict the
mechanical properties of the clear-wood samples. The
r-values for most of these models were greater than 0.85.
The RMSEP for most of the models was about 209 of
the full range of mechanical values for the samples.

Even though there were subtie spectral differences
between the six species, all of the samples could be
combined into one PLS model that couid effectively pre-
dict the strength properties of any of the individual soft-
woods. The r-values for most of these predictions were
above 0.80.

The CALB model containing all six softwoods per-
formed least well for predicting the properties of A, men-
ziesii, which is least similar to the other five pines used
in the CALB model.

The original CALB modeis were constructed using a
full spectral range between 500 nm and 2400 nm.
Reducing the spectral range to between 500 nm and
1050 nm caused a slight decrease in the quality of the
models, however, this decrease of the r-values by 0.05
was minor considering the advantages of using a
reduced spectral range. These advantages include the
ability to use a much smalier, faster, lighter, less expen-
sive spectrometer that could be used either in the field
or for process control.
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