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Abstract 
The estimation of specific gravity (SG), modulus of elasticity (MOE), and modulus of rupture (MOR) of loblolly pine (Pinus 

taeda L.) clear wood samples from a diverse range of sites across the southern United States was investigated using near infrared 
(NIR) spectroscopy. NIR spectra were obtained from the radial and cross sectional (original, rough, and sanded) surfaces ofblocks cut 
from the ends of 280 clear wood samples (140 matching juvenile and mature wood). Calibrations based only on juvenile or mature 
wood samples had weak calibration statistics and failed to perform well when applied to a separate test set. Calibrations developed us- 
ing both juvenile and mature wood NIR spectra provided good relationships for all properties with coefficients of determination ($) 
ranging from 0.82 (MOE, radial face) to 0.90 (SG, radial face) demonstrating that it is possible to obtain multi-site calibrations for SG, 
MOE, and MOR estimation. Prediction 9 ranged from 0.77 (MOE, radial face and SG, original cross-sectional face) to 0.86 (MOR, 
sanded cross-sectional face). Though differences between surfaces were small, on average the sanded cross-sectional surface pro- 
vided the best calibration and prediction statistics. 

T h e  Southern United States produces more timber prod- 
ucts than any other single nation in the world. The South pro- 
duces 60 percent of the wood used in the United States and 15 
percent of the wood consumed globally (Wear and Greis 2002). 
An increasing proportion of this production is from planta- 
tion-grown loblolly pine (Pinus taeda L.), which has been fa- 
vored over other Pinus species native to the South because of its 
ability to grow well on a wide variety of sites. Owing to its im- 
portance as a plantation species, loblolly pine has been sub- 
jected to genetic improvement that has greatly improved the 
growth and yield of plantation-grown trees. Li et al. (1999) re- 
ported that loblolly pine trees grown from seeds obtained from 
first-generation seed orchards have produced 7 to 12 percent 
more volume per acre at harvest, and from second-generation 
seedorchards, it is estimated that gains in volume will be 13 to 2 1 
percent more than trees grown from wild seed. 
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The southern United States encompasses a \vide range of 
geographic regions and studies have shown that \vood proper- 
ties differ between them (Zobel and McElwee 1928. Talbert 
and Jett 198 1). The southern pine wood industry is interested in 
knowing how important wood properties, such as wood spe- 
cific gravity (SG), modulus of elasticity (MOE). and modulus 
of rupture (MOR), vary between geographic regions. Cur- 
rently, the determination of MOE and MOR are based on tests 
that require destructive sampling and extensive sample prepa- 
ration; the industry would benefit fkom employing a more 
rapid, nondestructive technique for the estimation of these 
properties. 

An option for the estimation of these wood properties is near 
infi-ared (NIR) spectroscopy. Several studies (Hoffn~eyer and 
Pedersen 1995; Gindl et al. 2001 ; Schimleck et al. 2001,2002a; 
Thumm and Meder 2001; Via et al. 2003: Kelley et al. 2004) 
have demonstrated that it is possible to estimate the wood prop- 
erties of clear wood samples. Hoffmeyer and Pedersen ( I  995) 
examined the ability of NIR spectroscopy to nondestructively 
determine several Norway spruce (Picea ubies (L.) Karst) 
wood properties (moisture content [MC]. SG. con~pression and 
bending strength, and chemical and biological degradation) us- 
ing NIR spectra collected from the cross-sectional surface of 
clear wood samples. Their results showed that NIR spectros- 
copy is an excellent nondestructive method for the estimation 
of many wood properties. Gindl et al. (2001) based their study 
on European larch (Larix decidua Miller) samples (cross- 
section 18 by 18 mm, 250 mm longitudinally) cut from boards 
purchased from a commercial supplier. NIR spectra were col- 
lected from the sanded radial surface of each sample at three 
points using a fiber optic probe (spot size 4 mm). Strong cali- 
brations (3 ranged from 0.93 to 0.97 for 5 1 samples) were ob- 
tained for basic density, bending strength. MOE. and compres- 
sive strength. It was also found that the properties of compres- 
sion wood samples were well modelled. Kelley et al. (2004) 
also used a fiber optic probe to collect NIR spectra from the 
surface of 989 clear wood samples from six softwood species. 
Correlation coefficients (r-values) varied depending on the 
sample set used, i.e., single species or mixed species. but were 
generally greater than 0.8 for both MOE and MOR. Meder and 
Thumm (2001) also utilized a large sample set (406 samples 
for calibration and 80 for prediction) for the de~lelopn~ent of a 
radiata pine (Pinus radiura D. Don) MOE calibration. NIR 
spectra were collected from the radial surface of samples in 
motion (moving past the NIR detector at a rate of 900 mm/ 
min). A prediction f2 of 0.74 was reported when first derivative 
spectra were used. Studies by Schimleck et al. (2001, 2002a) 
used small strips (2 mm tangentially, 7 mm longitudinally, -20 
mm radially) cut from the end of larger alpine ash (Ezlca!~pttls 
delegatei7sis R.T. Baker) and radiata pine clear \vood samples 
for NIR analysis. Strong calibrations were developed for den- 
sity, MOE, microfibril angle, and MOR. In a later study 
(Schimleck et al. 2002b). it was shown that the alpine ash and 
radiata pine samples could be combined to give a single broad 
calibration for MOE. Recently Via et al. (2003 ) developed 
whole tree density. MOE and MOR calibrations using NIR 
spectra obtained from the radial face of strips cut from discs 
(five different heights) from 10 mature longleaf' pine (Pinus 
paltrsrris Mill.) trees. 1' ranged from 0.7 1 to 0.89 depending on 
the statistical method used to develop the calibl-ation. When 
NIR spectra collected from pith wood only were used only cali- 
brations for density provided strong i2  (0.69 to 0.87). 

Despite the positive results from these studies several ques- 
tions remain before NIR spectroscopy can be developed sufi- 
ciently to replace some or all of the standard destructive test 
methods. For example. is it possible to develop strong calibra- 
tions with wood of the same species having diverse genetic 
backgrounds and grown a wide range of sites? Do spectra col- 
lected from the radial or cross-sectional surface provide better 
calibration statistics? Is there any benefit in sanding the cross- 
sectional surface of a sample prior to NIR analysis? Is it possi- 
ble to develop strong calibrations with only juvenile wood or 
only mature wood that are predictive? This study addresses 
these important questions utilizing loblolly pine, the most com- 
mercially important tree species in the United States. 

Materials and methods 

Sample origin 
Two hundred and eighty clear wood samples obtained from 

trees growing on 81 plantations across the southern United 
States were utilized in this study. The location of the planta- 
tions sampled is shown in Figure 1. Table 1 provides growth 
and age information, by physiographic region, for the sampled 
trees. The 280 samples represented 140 trees that had been 
sampled to yield matching juvenile and mature wood samples. 
Three trees were selected from each plantation for destructive 
sampling. The selected trees were harvested, and a 600-mm 
bolt was cut at 2.4 m above ground. A 50-mm-thick slab was 
cut from bark to bark through the pith for processing into static 
bending samples. The static bending slabs were kiln-dried to 
12 percent equilibrium moisture content (EMC). Afier drying 
the slab, two clear static bending samples (25.4 by 25.4 by 406 
mm) were cut from juvenile wood and two from mature wood. 
Juvenile wood samples were cut from rings 2 through 4 (to 
avoid sampling transition wood), and mature wood samples 
were cut next to the bark. The static bending samples were con- 
ditioned at 12 percent EMC before testing. 

Determination of wood properties 
The 25.4- by 25.4- by 406-mm clear static bending samples 

were tested at 12 percent EMC over a 355.6-mm span with cen- 
ter loading and pith up on a Tinius Olsen static bending ma- 
chine following the procedures for alternate sample size under 
ASTM D 143 (ASTM 1980). A continuous load was applied at 

+ Upper Coastal F l a ~ n  
H~l ly  Coastal P la~n 
Gulf Coastal P la~n 
F~edmont  

Figure 1. - Location of i? taeda plantations sampled for this 
study. 
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Table I. - Average characteristics of trees sampled by physiographic region. 
- 

D~ametrr at breast hr~ght Totdl helyht .4ge 
No. of trees 

Rzgion sampled Clean Range CIr3n Range Mean Range 
-- 

- - - - - - - - - ( c m ) - - - - - - - - -  - - - - - - - - - ( r n ) - - - - - - - - -  - - - - - - - - -  (yr) - - - - - - - - - 
South Atlantic Coastal Plain 3 3 24 4 13.0 to 33.5 10 7 15.8 to 75.3 2 3 21 to 25 

North Atlantic Coastal Plain 28 3 . 9  20.6 to 36.6 210 18.0 to 74.7 - 7 - 7 70 to 25 

Lpper Coastal Plain I 4 25.9 20.6 to 33.0 10.7 16.2 to 27.1 13 20 to 26 

Piedmont 29 25.9 20.8 to 32.0 I 8.L) 15.9 to 23.2 23 20 to 26 

Gulf Coastal Plain 9 22.6 19. I to 29.0 20.4 16.5 to 22.6 2 I I8 to 22 

Hilly Coastal Plain 27 24.4 19.3 to 30.2 19.5 14.3 to 23.2 22 20 to 25 

All regions combined 140 25.1 18.0 to 36.6 10. 1 14.3 to 27. I -- 77 18 to 26 

Table 2. - Range of each parameter for the calibration and prediction sets. 

Calibration szt Prediction set 

Wood property Minimum Maximum Average SD blinimum Maximum Average SD 

Juvenile plus mature 
Specific gravity 0.33 0.71 0.49 0.09 0.54 0.64 0.48 0.08 

MOE (GPa) 2.54 14.84 7.4 1 3.43 2.32 14.69 7.25 3.15 

MOR (MPa) 3 1.64 126.17 73.48 24.42 32.74 1 15.69 72.00 21.94 

Juvenile 
Specific gravity 0.33 0.48 0.12 0.03 0.34 0.48 0.42 0.03 

MOE (GPa) 2.50 8.94 4.59 1.45 2.32 8.80 4.62 1.37 

MOR (MPa) 3 1.64 80.67 52.79 10.13 32.79 78.74 52.89 8.9 1 

Mature 
Specitic gravity 0.47 0.7 1 0.57 0.05 0.45 0.64 0.55 0.04 

MOE (GPa) 1.24 14.84 10.05 2.49 1.91 14.69 9.88 2.02 

MOR (MPa) 56.77 126.17 93.36 15.60 61.59 1 15.69 91.1 1 12.18 

SD = standard deviation. 

a head speed of 1.78 mm per minute, rather than 1.29 rnrn per 
minute to reduce test time. Preliminary tests showed specimens 
failed primarily in compression with no defined break or ten- 
sion failure. After testing, each sample was ovendried at 
103"C, and SG was calculated based on specimen dimensions 
at 12 percent EMC and ovendry weight. MOE and MOR were 
calculated using procedures outlined in ASTM D 143 (ASTM 
1980). 

each surface; for the cross-sectional surface, the long axis of the 
window was perpendicular (approximately) to the growth rings. 
As both ends from a clear wood sample were tested, a total of 
four spectra were obtained per sample to give a total of 1,120 
spectra per surface (4 spectra per sample multiplied by 280 sam- 
ples). The spectra were collected at 2-nrn intervals over the 
wavelength range 1100 to 2500 nrn. The instrument reference 
was a ceramic standard. 

NIR spectroscopy Partial least squares calibrations for the prediction 
After static bending tests were completed, a small block (25.4 of SG. MOE. and MOR 

mm radially, 25.4 n-& tangentially, and approx. 25.4 mm longi- 
tudinally) was cut from each end of one juvenile and one mature 
clear wood sample for each tree. To analyze the importance of 
surface roughness on calibration statistics, the cross-sectional 
surface was tested in its original state (very rough and highly 
variable), after being cut with a bandsaw (rough) and after being 
sanded with 300-grit sandpaper for approximately 25 seconds 
(sanded). Difise reflectance NIR spectra were collected from 
the radial and cross-sectional surface of each block using a 
NIRSystems [nc. Model 5000 scanning spectrometer. Samples 
were held in a custom-made holder similar to that described in 
Schimleck et al. (2001). A mask with a 5- by 12.5-mm window 
was used to ensure an area of constant size was analyzed. Two 
spectra were collected from adjacent 12.5-mm windows for 

For the calibration set, matching samples from an individual 
tree from each site were randomly selected for calibration. As 
there were a total of 8 1 sites, 162 samples were used for cali- 
bration; the remaining 1 18 samples were used as a separate test 
set. To examine juvenile and mature wood relationships, the 
two sets were split into their juvenile and mature wood halves 
giving a total of 8 1 samples for the calibration set and 59 sam- 
ples for the prediction set. Table 2 contains the summary statis- 
tics for the different sets. 

All calibrations were created using the ~nscrambler  (ver- 
sion 8.0) software package (Camo AS, Norway) and second 
derivative spectra (obtained from the untreated spectra using 
the Savtizky-Golay approach, with left and right gaps of 8 nm). 
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Partial least squares (PLS) regression was used for the calibra- 
tions with four cross-validation segments and a maximum of 
10 factors. The unscramblerB software recommended the final 
number of factors to use for each calibration. 

The Standard Error of Calibration (SEC) (determined from 
the residuals of the final calibration), the Standard Error of 
Cross Validation (SECV) (determined fiom the residuals of 
each cross validation phase), the coefficient of determination 
(?), and the ratio of performance to deviation (RPDc) (Wil- 
liams and Sobering 1993), calculated as the ratio of the stan- 
dard deviation (SD) of the reference data to the SECV were 
used to assess calibration performance. RPDc allows compari- 
son of calibrations for different wood properties that have dif- 
fering data ranges and units, the higher the RPDc the more ac- 
curate the data is described by the calibration. 

The Standard Error of Prediction (SEP) (determined from 
the residuals of the predictions) was calculated and gives a 
measure of how well a calibration predicts parameters of inter- 
est for a set of samples not included in the calibration set. The 
predictive ability of the calibrations was also assessed by calcu- 
lating the R; (defined as the proportion of variation in the in- 
dependent prediction set that was explained by the calibration) 
and the RPDp (which is similar to the RPDc) but uses the SD 
prediction set reference data and the SEP. 

Results 

SG, MOE, and MOR calibrations: 
Juvenile plus mature wood 

Calibrations for each wood property were created using PLS 
regression and NIR spectra obtained in 12.5-mm sections from 
the radial and cross-sectional (original, rough, and sanded) sur- 
faces of blocks cut fiom the ends of 162 P taeda clear wood 

samples. The calibrations were then applied to a separate test 
set of 1 I8 NIR spectra. Table 3 provides summary statistics of 
each calibration. 

SG, MOE, and MOR calibrations all gave strong relationships 
regardless of whether the cross-sectional or radial surface was 
very rough, rough, or sanded (Table 3). The coefficients of det- 
ermination (2) ranged from 0.82 for the original cross-sectional 
surface and radial surface MOE calibrations to 0.90 for the radial 
surface SG calibration. RPDc values were generally good rang- 
ing fiom 2.1 9 for the radial surface MOE calibration to 2.88 for 
the radial surface SG calibration. On average the SG calibrations 
gave the highest RPDc values (2.67), but it should also be noted 
that fewer factors were generally recommended for the MOE 
and MOR calibrations. Relationships between measured values 
and NIR-estimated values for SG, MOE, and MOR are shown in 
Figure 2 (the results shown are for NIR spectra obtained from 
the sanded cross-sectional surface). 

The calibrations were applied to the separate test set. Strong 
to moderate relationships were obtained for all properties with 
R< ranging from 0.77 for MOE predicted using the original 
cross-sectional and radial surface calibrations to 0.86 for MOR 
predicted using the sanded cross-sectional surface calibration. 
SEP values were very similar to the SEC and SECV values re- 
ported for each calibration. RPDp values ranged from 2.06 to 
2.67 and were lower than RPDc values. On average predicted 
SG gave the highest RPDp values (2.42), followed by predicted 
MOR (2.37) and predicted MOE (2.23). 

For each of the four surfaces tested, the RPD, and RPDp val- 
ues for each property were averaged, to determine which sur- 
face gave the best overall calibration and prediction statistics. 
The sanded cross-sectional surface gave the highest average 
RPDc (2.67) followed by the rough cross-sectional surface 
(2.57), and the radial surface as well as the original cross- 

Table 3. - Summary of calibrations obtained for SG, MOE, and MOR using NIR spectra collected from juvenile and mature wood 
samples. 

Calibration set Prediction set 

Wood property # factors 2 SEC SEC\' RPDc R,: SEP R P D ~  

Original 
Specific gravity 4 0.89 0.03 0.03 2.60 0.84 0.03 2.3 1 

MOE (GPa) 2 0.82 1.46 1.48 2.32 0.77 1.53 2.06 

MOR (MPa) 2 0.88 8.63 9.53 2.56 0.82 9.58 2.25 

Rough 
Specific gravity 3 0.86 0.03 0.04 2.44 0.82 0.03 2.30 

MOE (GPa) I 0.87 I .24 1.25 2.74 0.82 I .37 2.30 

MOR (MPa) 1 0.84 9.55 9.65 2.53 0.8 1 9.69 2.23 

Sanded 
Specific gravity 2 0.88 0.03 0.03 2.77 0.84 0.03 2.47 

MOE (GPa) 1 0.85 I .33 I .34 2.55 0.84 I .29 2.45 

MOR (MPa) - 9 0.87 8 60 9.08 2.69 0.86 8.09 2.67 

Radial 

Specific gravity 3 0.90 0.03 0.03 2.88 0.85 0.03 2.61 

MOE (GPa) -, 1 0.82 1.45 1.57 2.19 0.77 1.51 2.09 

MOR (MPa) -, > 0.84 9.6 1 10.16 2.40 0.82 9.34 1.31 
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SEC = 8.60 MPa 
SECV = 9.08 MPa 

RPD, = 2.69 

NIR specific gravity NIR MOE (GPa) NIR MOR (MPa) 

Figure 2. - Relationships between measured values and NIR-estimated values for (a) SG, (b) MOE, and (c) MOR. Calibrations 
were developed using 162 NIR spectra collected from the sanded cross-sectional surface of blocks cut from the ends of short 
clear samples. Note that the regression line has been plotted through the origin. 

SEP = 8.09 MPa 

NIR predicted specific grav~ty NIR predioted MOE (GPa) 
NIR predicted MOR (MPa) 

Figure 3. - Relationships between measured values and NIR-predicted values for (a) SG, (b) MOE, and (c) MOR. Predictions 
were made on a set of 1 18 NIR spectra collected from the sanded cross-sectional surface of blocks cut from the ends of short 
clearsamples. Note that the regression line has been plotted through the origin and that the thin broken line represents the line of 
equivalence. 

sectional surface both gave average RPD, values of 2.49. For 
the prediction set, the sanded cross-sectional surface clearly 
gave the highest average RPDp (2.54). followed by the radial 
surface (2.35), the rough cross-sectional surface (2.28), and the 
original cross-sectional surface (2.22). In addition to having 
the highest average RPDc and RPDp values, the sanded cross- 
sectional surface calibrations were also obtained using the least 
number of factors, two for SG and MOR and one for MOE 
(Table 3). Relationships between measured values and NIR- 
predicted values for SG, MOE, and MOR are shown in Figure 
3 (the results shown are for NIR spectra obtained from the 
sanded cross-sectional surface). 

SG, MOE, and MOR calibrations: Juvenile wood 

Juvenile wood calibrations for each property were developed 
using PLS regression and NtR spectra obtained from the radial 
and cross-sectional (original, rough, and sanded) surfaces of 
blocks cut from the ends of 81 juvenile clear wood samples. 
The calibrations were then applied to a separate test set of 59 
NIR spectra (also from juvenile wood samples). Table 4 pro- 

vides summary statistics of each calibration. The SG, MOE, 
and MOR calibrations gave variable relationships with 2 rang- 
ing from 0.43 (rough cross-sectional surface SG calibration) to 
0.86 (original cross-sectional surface SG calibration). Nine 
factors were recommended for the original cross-sectional sur- 
face SG calibration, which could be considered excessive. The 
next strongest r' (0.77) was for the sanded cross-sectional sur- 
face SG calibration. RPD, values (1.18 to 1.36) were lower 
than found fbr the juvenile plus mature wood calibrations. 
Each property had similar RPD, values (1.25 to 1.28) when av- 
eraged over the four surfaces. 

When applied to the separate test set, the calibrations gener- 
ally performed poorly. The SG prediction, using the sanded 
cross-sectional surface calibration gave the strongest Rp2 
(0.6 1), while the next best Rp2 was 0.49 (SG predicted using the 
radial surface calibration). RPDp values ranged from 0.96 to 
1 .j6, with predictions based on NIR spectra obtained from the 
sanded cross-sectional surface giving the highest RPDp values 
h r  each property. When averaged over the four surfaces pre- 
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Table 4. - Summary of calibrations obtained for SG, MOE, and MOR using NIR spectra collected from juvenile wood samples. 
-- - 

Callbration set Prediction set 

Wood property # factors 
? 

I- SEC SECY RPDc R,,: SEP R P D ~  

Original 
Specific gravity 9 0.86 0.01 0.03 1.26 0.34 0.03 1.15 

MOE (GPa) 4 0.6 1 0.89 1.10 1.32 0.23 1.26 1.09 

MOR (MPa) 3 0.58 6.53 7.80 1.29 0.1 1 9.38 0.96 

Rough 
Specific gravity 3 0.43 0.02 0.03 1.18 0.35 0.03 1.28 

MOE (GPa) 1 0.49 I .03 1.07 I .36 0.27 1.13 1.21 

MOR (MPa) 2 0.49 7.28 7.81 1.29 0.26 7.92 1.14 

Sanded 
Specific gravity 5 0.77 0.02 0.02 1.34 0.61 0.02 1.56 

MOE (GPa) 2 0.50 I .02 1.16 1.26 0.47 0.99 1.38 

MOR (MPa) 3 0.50 7.15 8.15 I .23 0.26 7.77 1 .I6 

Radial 
Specific gravity 3 0.60 0.02 0.02 1.36 0.49 0.02 I .40 

MOE (GPa) 6 0.69 0.79 I .23 1.18 0.2 1 I .33 1.03 

MOR (MPa) 4 0.54 6.81 8.43 1.19 0.13 9.13 0.99 

dicted SG gave the highest RPDp (I .35), followed by predicted RPDp values (I .34), followed by predicted MOR (1.3 I), and 
MOE (1.1 8) and predicted MOR (1.06). predicted MOE (1.29). 

When average RPDc  and R P D p  values were determined for 
each of the four surfaces, it was found that RPDc  values were 
very similar (1.24 to 1.30) regardless of the surface used. The 
highest average RPDc  was for the original cross-sectional sur- 
face but more factors were used for these calibrations than for 
the other surfaces. For the prediction set. the sanded cross- 
sectional surface gave the highest average RPDp ( I  .37), fol- 
lowed by the rough cross-sectional surface ( I  .2 I ). the radial 
surface (I .l4), and the original cross-sectional surface (I .07). 

SG, MOE, and MOR calibrations: Mature wood 

Mature wood calibrations for each property were created us- 
ing PLS regression and NIR spectra obtained from the radial 
and cross-sectional (original, rough, and sanded) surfaces of 
blocks cut from the ends of 8 I mature clear wood samples. The 
calibrations were then applied to a separate test set of 59 NlR 
spectra (also from mature wood samples). Table 5 provides 
summary statistics of each calibration. The SG. MOE. and 
MOR mature wood calibrations gave moderate relationships 
with I-? ranging from 0.57 to 0.80 for the sanded cross-sectional 
surface SG calibration. r2 were generally stronger than reported 
forjuvenile wood but weaker than reported for the juvenile plus 
mature wood calibrations. RPD, values were better than those 
obtained for the juvenile wood calibrations ranging from I .30 
to 1.85. When averaged over the four surfaces. MOE gave the 
highest RPD, (1.58) followed by SG ( I  .55) and MOR ( 1.47). 

When applied to the separate test set. the calibrations per- 
formed poorly with R; ranging from (0.35 to 0.57). RPDp val- 
ues ranged fiom 1. I I to I .54. similar to those obtained forjuve- 
nile wood. Predictions based on NIR spectra obtained froin the 
sanded cross-sectional surface gave the highest RPDp values 
for MOE and MOR. On average predicted SG gave the highest 

When average RPDc  and RPDp values were determined for 
each of the four surfaces, it was found that the sanded cross- 
sectional surface gave the highest RPD, and RPDp values ( 1.68 
and 1.4 I ,  respectively). The radial surface gave the next highest 
average RPDp (I .36) but had the lowest average RPDc (1.43). 
The original cross-sectional surface gave the lowest average 
RPDp (1.18). 

Discussion 

The SG, MOE. and .MOR calibrations reported in this study 
were developed through correlations to traditional low resolu- 
tion, destructive measures. These strong calibrations demon- 
strate that the properties of loblolly pine clear wood samples 
can be estimated by NIR spectroscopy provided that both juve- 
nile and mature wood samples are included in the calibration 
set. Limiting the calibration set to juvenile or mature wood 
samples gave calibrations with weaker statistics that failed to 
perform well when applied to a separate test set. The failure of 
the juvenile wood calibrations could be expected as the varia- 
tion in wood properties was small being approximately half of 
what it was for the combined juvenile/mature wood set (Table 
2). The mature wood calibration set was more variable than the 
juvenile wood set; for example. variation of the mature MOE 
data was 86 percent of the combined juc7enile/mature wood set, 
and while some reasonable relationships were obtained for cal- 
ibrations. the strongest Rp2 was only 0.57. 

The SG. MOE, and MOR calibrations reported in this study 
were developed using clear wood samples obtained fiom trees 
growing in 81 plantations spread across the southern United 
States. Owing to geographic and genetic differences, the varia- 
tion included in the calibration set should be considerable and 
quite possibly representative of much of the wood property 
variation present in plantation-grown loblolly pine. The ability 
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Table 5. - Summary of calibrations obtained for SG, MOE, and MOR using NIR spectra collected from mature wood samples 
- - -- 

Calibration set - -- 
Predict~on set 

Wood property factors 
7 

I -  SEC SECV RPD, R, ' SEP RPD~ - 

Original 
Speci tic gravity 3 r) 66 0.03 0.04 I .42 0.35 0.04 1.1 1 

MOE (GPa) 7 0.57 1.6 1 1.67 I .49 0.38 1.70 1.19 

MOR (MPa) 3 0.69 Y .64 10.03 1 56 0.45 9.70 1.23 

Rough 
Specific gravity 5 0.75 0.02 0.04 1.41 0.52 0.03 1.36 

MOE (GPa) 1 0.70 1.36 1.43 1.74 0.18 1.54 1.31 

MOR (MPa) I 0.57 10.30 10.66 1.46 0.36 9.88 1.21 

Sanded 
Specific gravity 3 0.80 0.02 0.03 1 .85 0.55 0.03 1.36 

MOE (GPa) 1 0.66 1 .45 1.52 1.64 0.52 1.47 1.37 

MOR (MPa) 3 0.70 8.52 10.02 1.56 0.57 7.97 1.50 

Radial 
Specific gravity 3 0.7 1 0.03 0.03 1 .52 0.57 0.03 1.54 

MOE (GPa) 1 0.70 1.33 1.70 1 .46 0.44 1.60 1.27 

MOR (MPa) 4 0.64 9.30 12.04 1.30 0.45 9.34 1.28 

to develop calibrations across many different sites and encom- 
passing wide variation is important as it provides calibrations 
that are more robust (Berzaghi et al. 2002). Generally studies 
that have utilized NIR for the estimation of wood properties 
have not included a wide variety of sites. In a recent study, 
Jones et al. (2005) was able to obtain calibrations for SilviScan 
measured air-dry density (Evans 1994, 1997), microfibril an- 
gle, and MOE (determined using x-ray densitometry and x-ray 
diffraction data) using a large set of samples From sites repre- 
senting the Lower Atlantic Coastal Plain, Upper Atlantic 
Coastal Plain, and Piedmont physiographic regions in Georgia. 
Standard errors were larger than those reported for calibrations 
based on a set of radiata pine samples (Schimleck and Evans 
2002a, 2002b, 2003) from a single site but this could be ex- 
pected as the multiple-site set utilized by Jones et al. (2005) en- 
compassed far greater variation. Hence the calibrations re- 
ported here do not have the excellent calibration statistics re- 
ported by Gindl et al. (2001), for example, but it is probable 
that they would provide more robust predictions of wood prop- 
erties from trees in breeding populations and from trees grown 
on a wide variety of sites. 

When NIR spectra are obtained from clear wood samples, 
three surfaces are available for analysis: cross-sectional, radial, 
and tangential. In this study the tangential surface was not ex- 
amined because it does not represent all of the wood property 
variation present in a short clear wood sample. Thumrn and 
Meder (2001) compared results for spectra collected From the 
radial and tangential surface and found that the tangential sur- 
face provided inferior results to the radial surface. Thumm and 
Meder (2001) also noted that a NIR spectrum collected from 
the radial surface better represents the whole sample. Poten- 
tially NIR spectra collected from the cross-sectional surface 
could represent as much variation as NIR spectra collected 
from the radial surface. The samples used in this study were 

25.4 by 25.4 mm. By using a 12.5-mm window to collect two 
adjacent spectra from either the radial or cross-sectional sur- 
face of samples cut from both ends of short clear wood sam- 
ples, four spectra per sample were collected that when aver- 
aged represented the sample very well. This approach differed 
from that of Thumm and Meder (200 l), who collected spectra 
from the radial and tangential surfaces of moving samples, and 
Gindl et al. (2001) who collected three spectra from three dif- 
ferent locations on the radial surface of their samples. Owing to 
the straight grain of the samples analyzed in this study, it was 
not thought necessary to collect additional spectra from the ra- 
dial surface in an attempt to better represent it. Both the radial 
and cross-sectional surfaces provided good results for all prop- 
erties when the juvenilelmature wood sample set was used. 
NIR spectra obtained From the radial surface provided margin- 
ally better calibration and prediction results for SG, while NIR 
spectra collected from the sanded cross-sectional surface pro- 
vided the best predictions of MOE and MOR. When RPDc and 
R P D p  values for each wood property were averaged for each 
surface, it was found that the sanded cross-sectional surface 
provided the best overall results, particularly in prediction. 

The influence of surface roughness on calibration and pre- 
diction results was examined by collecting spectra from the 
original cross-sectional surface, which was very rough and also 
had resin bleeding from resin canals for many samples, a fresh 
cross-sectional surface (referred to as rough) produced when 
blocks were cut from the ends of the clear wood samples using 
a bandsaw and a sanded cross-sectional surface. Each surface 
provided similar calibrations and predictions for each wood 
property but overall the sanded cross-sectional face gave the 
best results (based on average EWDc and RPDp values). The 
poor condition of the original cross-sectional surface had a 
small negative impact on the quality of NIR spectra collected 
from its surhce. This finding is in agreement with those of 
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Hofieyer  and Pederson (1995) and Schimleck et al. (2003) 
who reported a only a small negative difference between cali- 
brations using NIR spectra collected from rough and smooth 
surfaces. 

Conclusions 
NIR spectroscopy can be used to estimate SG, MOE, and 

MOR of loblolly pine clear wood samples from a wide range of 
sites provided that both juvenile and mature wood samples are 
included in the calibration set. 

Calibrations based solely on juvenile or mature wood sam- 
ples had weaker calibration statistics, compared to the juve- 
nilelmature wood calibrations and failed to perfom well when 
applied to a separate test set. 

Though differences between results with the sanded and 
rough cross-sectional surfaces were small as were differences 
between the sanded cross-sectional and radial faces, NIR spec- 
tra obtained from the sanded cross-sectional surface provided 
the best overall calibration and prediction statistics. 

Literature cited 
American Society for Testing and Materials (ASTM). 1980. Standard 

methods of testing small clear specimens of lumber. ANSIIASTM D 
143-52(78). 1980 Annual Book of ASTM Standards. Part 22. ASTM, 
Philadelphia, PA. pp. 58-1 15. 

Berzaghi, P., P.C. Flinn, P. Dardenne, M. Lagerholm. J.S. Shenk, M.O. 
Westerhaus, and 1.A. Cowe. 2002. Comparison of linear and non-linear 
near infrared calibration methods using large forage databases. In: 
Near Infrared Spectroscopy. Proc. of the 10th International Conf. pp. 
107-1 11. 

Evans, R. 1994. Rapid measurement of the transverse dimensions of tra- 
cheids in radial wood sections from Pinus radiata. Holzforschung. 
48: 168-172. 

. 1997. Rapid scanning of microfibril angle in increment 
cores by x ray diffkactometry. h: Microfibril Angle in Wood. Proc. of 
the IAWAIIUFRO International Workshop on the Significance of 
Microfibril Angle to Wood Quality. Westport. New Zealand. B.G. 
Butterfield, Ed. Univ. of Canterbury Press. pp. I 16- 139. 

Gindl, W., A. Teischinger, M. Schwanninger, and B. Hinterstoisser. 2001. 
The relationship between near infrared spectra of radial wood surfaces 
and wood mechanical properties. J. Near-Infrared Spectrosc. 
9:255-261. 

Hoffmeyer, P. and J.G. Pedersen. 1995. Evaluation of density and strength 
of Norway spruce by near infrared reflectance spectroscopy. Holz alz 
Roh- und Werkstoff. 53: 165-1 70. 

Jones. P.D., L.R. Schimleck, G.F. Peter, R.F. Daniels, and A. Clark. 2005. 
Nondestructive estimation of Pinus taeda L. wood propenies for sam- 
ples from a wide range of sites in Georgia. Can. J. For. Res. 35535-92. 

Kelley, S.S., T.G. Rials, L.H. Groom, and C.-L. So. 2004. Use of infrared 
spectroscopy to predict the mechanical properties of six softwoods. 
Holzforschung. 58:252-260. 

Li. B., S. McKeand, and R. Weir. 1999. Tree improvement and sustainable 
forestry - impact of two cycles of loblolly pine breeding in the U.S.A. 
Forest Genetics. 8:2 1 3-224. 

Schimleck, L.R., C. Mora, and R.F. Daniels. 2003. Estimation ofthe physi- 
cal wood properties of green Pinus taeda radial samples by near infra- 
red spectroscopy. Can. J. For. Res. 33:2297-2305. 

, J. Ilic, and A.C. Matheson. 2002b. Estimation ofwood stiff- 
ness of increment cores by near infrared spectroscopy. Can. J. For. Res. 
32: 129-135. 

, R. Evans, and A.C. Matheson. 2002. Estimation of Pinus 
radiata D. Don clear wood properties by near infrared spectroscopy. J. 
Wood Sci. 48: 132-1 37. 

and .2002a. Estimation ofwood stifiess of in- 
crement cores by near i n h e d  spectroscopy: The development and ap- 
~lication of calibrations based on selected cores. lAWA J. 23:217-224. 

and 2002b. Estimation of microfibril angle of 
increment cores by near infrared spectroscopy. lAWA J. 23:225-234. 

and 2003. Estimation of air-dry density of in- 
crement cores by near infrared spectroscopy. Appita J. 56:3 12-3 17. 

, and J. Ilic. 2001. Estimation of Eucalyptus 
delegatensis clear wood properties by near infrared spectroscopy. Can. 
J. For. Res. 3 I : I 67 I - 1675. 

Talbert, J.T. and J.B. Jett. 198 1. Regional specific gravity values for plan- 
tation grown loblolly pine in the Southeastern United States. Forest Sci. 
27:801-807. 

Thumm, A. and R. Meder. 2001. Stiffness prediction of radiata pine clear 
wood test pieces using near infrared spectroscopy. J. Near Infrared 
Spectrosc. 9: 1 1 7- 122. 

Via, B.K., T.F. Shupe, L.H. Groom, M. Stine, and C.-L. So. 2003. 
Multivariate modeling of density, strength and stifiess from near in- 
frared spectra for mature, juvenile and pith wood of longleaf pine 
(Pinus palustris). J. Near Infkared Spectrosc. 1 :25-33. 

Wear, D.N. and J.G. Greis, Eds. 2002. Southern forest resource assess- 
ment. Gen. Tech. Rep. SRS-53. USDA Forest Serv., Southern Res. 
Sta., Asheville, NC. 635 pp. 

Williams, P.C. and D.C. Sobering. 1993. Comparison of commercial near 
infrared transmittance and reflectance instruments for the analysis of 
whole grains and seeds. J. Near lnfrared Spectrosc. 1 :25-33. 

Zobel. B.J. and R.L. McElwee. 1958. Natural variation in wood specific 
gravity of loblolly pine. and an analysis of conmbuting factors. Tappi J. 
41(4):158-161. 

DECEMBER 2005 


