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Global near infrared models to predict lignin and cellulose content of pine wood were developed using 517 samples for lignin and
457 samples for cellulose. Samples came from seven different pine species, including tropical species (Pinus caribaea, P. oocarpa, P.
maximinoi, P. patula and P. tecunumanii) and temperate species (P. radiata and P. taeda) from five different countries (Brazil, Colombia,
Chile, South Africa and the USA). The global models were tested on an independent validation data set and had excellent fits for lignin
[correlation coefficient (r?)=0.97 and standard error of prediciton (SEP)=0.44] and good fits for cellulose (r?=0.82 and SEP=1.08). Sub-
sets of the data were used to develop smaller multi-species, multi-site calibrations that could be tested on independent datasets con-
taining different species not included in the calibration model. For calibrations based on four or more species, predictions from those
models on independent datasets were generally good, with only slight degradation in r? and SEP relative to the calibration R? and SECV.
The results suggest that global calibrations could be valuable in tree breeding programmes to rank species and genotypes for lignin and
cellulose content. Species-specific models were developed for two species (P. tecunumanii and P. taeda) which had sufficient numbers

of observations; the global calibrations gave predictions as good as the species-specific calibrations.
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Introduction

Near infrared (NIR) spectroscopy can be used to provide rapid
indirect assessments of chemical properties of various mate-
rials. NIR is being utilised or investigated for a broad range
of uses in the forestry and forest products industry.” An early
application of NIR in the forestry field was to conduct foliar
analyses of nitrogen in a variety of forest tree species.?® Today
itis more commonly used to assess wood properties, including
the prediction of pulp yield and lignin and cellulose content of
wo0d.“® More recently, NIR has been shown to have utility to
measure solid wood properties such as density, microfibril
angle and modulus of elasticity.”'® There are a number of
advantages with the use of NIR compared to traditional labo-
ratory methods of measuring wood properties. These include
rapid speed, reliable and easy measurement of NIR spectra,
multiple analyses resulting from one scanning operation and
non-destructive sampling.’® These features are particularly
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appealing to tree breeders interested in genetic improvement
of wood properties, as breeding programmes can often have
hundreds or thousands of candidates of interest, and often
work with more than one species, multiplying the potential
workload.

Tree breeders have known for many years that most wood
quality traits are under a high degree of genetic control.
Despite this, there has been limited use of selection pressure
on these traits in most operational breeding programmes, even
though these traits can have significant impact on mill profit-
ability.” '8 Measuring wood properties, particularly chemical
traits such as pulp yield or lignin content, can be both slow
and expensive. In a tree breeding programme, any technique
used to assess wood quality must be fast, inexpensive and
reliable. NIR spectroscopy appears to offer that combination
of attributes.
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Camcore is a 30-year-old international university—-industry
research partnership working in the area of gene conservation
and tree improvement. There are 28 active and four associate
Camcore members in 17 countries. Most of these organisa-
tions have a very diverse landbase, necessitating the use of
several pine species (as well as eucalypt and other hardwood
species)in their plantation and tree improvement programmes.
The pine species include a number of tropical and sub-tropical
pines from Central America and Mexico, as well as temperate
species such as P radiata (native to California, USA) and P
taeda (native to the south-eastern USA). Global NIR models
(i.e. robust, multi-site, multi-species calibration models) able
to predict wood chemical properties would be very valuable for
joint Camcore tree breeding programmes, as well as internal
company selection and breeding efforts. Previous research
has demonstrated that robust NIR models could be developed
to predict lignin content of tropical pine wood samples."
Models, including samples from multiple regions (i.e. Brazil
and Colombia) and multiple tropical species (P caribaea, P.
oocarpa, P. tecunumanii, P. patula and P. maximinoi), had very
good fits, with r? around 0.95 and standard errors of prediction
(SEP) around 0.40%. In this current study, the work is extended
to include both lignin and cellulose content, as well as addi-
tional pine species and regions, specifically P. radiata samples
from Chile, P. patula samples from South Africa and P. taeda
samples from three geographical regions in south-eastern
USA. The objectives of this study were:

1. to develop global NIR spectroscopy models to predict lignin
and cellulose content of wood samples from different tropical,
subtropical and temperate pine species grown in different
locations around the world

2. to examine how well a multi-site, multi-species calibration
could be extended to or extrapolated to an independent data
set, possibly with samples from different species and/or
regions

3. to compare predictions from a species-specific calibration
to the predictions for that species derived from a global
calibration model.

Materials and methods

Wood samples

Wood samples were collected from seven species of pines
(Pinus caribaea, P. maximinoi, P. oocarpa, P. tecunumanii, P
patula, P radiata and P. taeda) in five different countries: Brazil,
Chile, Colombia, South Africa and the USA (Table 1).

In Brazil, samples of P. caribaea, P. oocarpa and P. tecu-
numanii were collected from progeny tests established by
Aracruz and samples of P, caribaea, P. maximinoi and P. tecunu-
manii from progeny tests established by Cenibra. In Colombia,
samples of P. maximinoi, P. patula and P. tecunumanii were
collected from progeny tests established by Smurfit Kappa
Cartén de Colombia in Colombia. The tests from Brazil and
Colombia ranged in age from 13 years to 21 years, and trees
representing four to six provenances and 15 to 32 different

families were sampled from each species at each site. Trees
were felled and discs approximately 2cm thick were taken
at breast height (1.3m). The discs were air dried, and then
shipped to North Carolina State University, Raleigh, NC, USA.
Small wedges [approximately 15° to 20°) from the breast
height discs were taken and split into “juvenile” and “mature”
sections, producing two samples per tree. For the Brazil
samples, growth rings were visible and wood laid down in
the 10th rings and beyond were considered “mature”. For the
Colombia samples, which were grown very near the equator,
growth rings were not well-defined. Since it was not possible
to use growth rings to section the wedges into juvenile and
mature wood, an estimated separation point was used. Trees
sampled at the Buenos Aires site (elevation 2040 m) were 13
years old and wood in the outer % of the wedge was considered
mature. Trees sampled at La Paz and La Arcadia [elevation
1750 m) were 17-21 years old and wood in the outer 1/3 of the
wedge was considered mature. Juvenile and mature sections
from each tree were chopped into small sticks, ground in a
Wiley mill, and passed through a 1 mm screen.

All wood sampling in Chile, South Africa and the USA was
done with 12mm bark-to-bark increment cores taken at
breast height. The P. radiata samples from Chile came from
plantations at 10 different sites ranging in age from 11 years
to 23 years. The P. patula samples from South Africa came
from nine families in a single progeny test aged 14 years.
The P. taeda samples from the USA came from 163 families
in three different regions (Northern, Coastal and Piedmont),
and from multiple progeny test sites in each region, ranging
in age from eight years to 16 years. For all trees sampled
with increment cores, a single pith-to-bark core was used for
this study and all cores were processed in the same manner.
First, the 1cm section of the core nearest to the pith was
excised and discarded. This was done as the wood near the
pith was thought to be more variable and less typical of the
remaining core or the whole tree than material laid down
when the cambium was older. Next, the remaining core was
sliced into thin discs which were then ground in a Wiley mill
and passed through a 1 mm screen.

Near infrared scanning

Wood meal samples were oven dried at 50°C for 12h and
then 4g of wood meal of each sample were scanned using a
Foss NIRSystems Model 6500 Spectrometer equipped with a
spinning sample module (www.foss-nirsystems.com, Laurel,

Maryland, USA]. Reflectance was measured over the range
of 400-2500nm at 2-nm intervals. A total of 32 scans were
completed and averaged to produce a single reflectance spec-
trum for each sample.

Wet-laboratory chemistry

Klason lignin content (i.e. acid-insoluble lignin content]
was determined on two 1-g samples of woodmeal following
TAPPI (Technical Association of the Pulp and Paper Industry)
procedure T222 (http://www.tappi.org/Hide/branded-links/
Educational-Resource-4021-425225/Standards/TMs/Fibrous-
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Materials/Acid-Insoluble-Lignin-in-Wood-and-Pulp-Test-

Method-T-222-om-06.aspx]). This technique involves two
phases of hydrolysis with H,S0,, first with 72% H,S0, for 2h at
20°C and then with 3% H,S0, performed on a hot plate, with a
4h boiling period. The insoluble residue remaining is Klason
lignin content.

The a-cellulose content was determined following TAPPI
procedure T429 (http://www.tappi.org). This method consists
of treating the sample with 17.5% sodium hydroxide for 10
min. Distilled water is then added to reduce the sodium
hydroxide to 7.3% and allowed to stand for 1h. The a-cellulose
is collected by filtering and determined volumetrically after
oxidation with potassium dichromate. In this study, the proce-
dure began with a 5g sample of woodmeal to assess holo-
cellulose content and then two 1.5g samples of holocellulose
used to assess a-cellulose content. For the remainder of the
manuscript, “cellulose” will refer to a-cellulose content. A
total of 457 samples were assessed for cellulose content and
517 samples for lignin content. There were 340 samples with
wet-laboratory data for both cellulose and lignin content.

Statistical analysis

Calibration equations were determined correlating NIR spectra
to lignin and cellulose content measured using wet chemistry.
All models were developed using Foss NIRSystems Vision®
software (www.foss-nirsystems.com/software.html, Laurel,
Maryland, USA] using the following steps. A mathematical
pretreatment was applied to all spectra in order to minimise
the effects of particle size variation among samples.?’ Both
multiplicative scatter correction (MSC) and standard normal
variate (SNV) transformation were examined for both cellu-
lose and lignin models. Preliminary investigations indicated
that MSC gave slightly better results for lignin models, and
that SNV gave slightly better results for cellulose models.
Consequently, all lignin models were developed using MSC
and all cellulose models were developed using SNV. Following
those pretreatments, spectra were then converted to the 2nd
derivative of Savitzky-Golay smoothed spectra (using seven
points in the convolution window and a quadratic convolu-
tion polynomial). Partial least squares (PLS) equations were
then developed using the wavelength range of 1100-2500 nm.
Coefficients of determination and standard error were calcu-
lated for both the calibration (R?) and validation (%) data sets,
with notation as follows: SEC=standard error of calibration
(calibration data set], SEP=standard error of prediction [vali-
dation data set). The calibration data set was also partitioned
into four sets for cross-validation, with the equation fit on %
of the calibration set and cross-validated on the remaining %
of the data. This was repeated four times, so that all obser-
vations were part of the independent % of the data and the
average standard error is the standard error of cross-valida-
tion [(SECV). The ratio of performance to deviation (RPD, the
ratio of the standard deviation of the laboratory measure-
ments to the standard error of the NIR assessments)?! was
also calculated. RPD., RPD,, and RPD, will be used to indi-
cate the RPD of calibration, cross-validation and prediction,

respectively. The number of factors in the final model was
determined by minimising the predicted residual sum of
squares (PRESS).?? The PRESS statistic is defined as the sum
of the squared prediction errors for all observations, where
the residual for each observation is computed as the differ-
ence between the laboratory value and the prediction from a
calibration model that was fit with a data set excluding that
observation. Increasing the number of factors in a model will
initially decrease PRESS, but eventually the calibration model
will be over-fitted, observations used for cross-validation will
be poorly predicted, and PRESS will increase.

Models were developed for a number of different data sets.

1. Global models for cellulose and lignin were developed using
67% of the available observations as a calibration data set,
and 33% of the observations as an independent validation data
set.

2. Overall global models were then developed using all 457
observations for cellulose and all 517 observations for lignin.
3. After development of the global models, models were devel-
oped for certain subsets of the data, and then used to make
predictions for completely different independent data sets, for
example, different species and/or different regions.

i. Temperate species models were developed using the data
for P. radiata and P. taeda, and Tropical species models
were developed using the data for P. caribaea, P maximinoi,
P. oocarpa, P. patula and P. tecunumanii. The Temperate
models were then used to predict cellulose and lignin for
the Tropical species, and vice versa.

i.Models for two independent species mixes were devel-
oped. Both mixes contained samples of temperate and
tropical-sub-tropical species. Mix 1 contained samples
of P. caribaea, P. maximinoi, P. patula and P. taeda from
the Northern and Piedmont regions and Mix 2 contained
samples of P. oocarpa, P. radiata, P. tecunumanii and P.
taeda from the Coastal region. The Mix 1 models were
then used to predict cellulose and lignin for the Mix 2
dataset, and vice versa.
4. Species-specific models for P taeda and P. tecunumanii were
developed in order to compare their fit with the more broadly-
based global models. The species-specific models were fitted
using the same observations for fitting the calibration (67% of
the data set) and for validation (33% of the data), as were used
for the global models. Models were compared by examining r?
and SEP of the two types of models.

Results
Chemical analyses

Wet-chemistry determinations of lignin content for a partic-
ular sample had a standard error of +0.25%. Wet-chemistry
determinations of cellulose content for a particular sample
had a standard error of +0.98%. Across the whole dataset,
the range in lignin values was from 22% to almost 33%, while
for cellulose the range was from 34% to almost 48% (Figure
1). For the 340 samples that were assessed for both traits,
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Figure 1. Scatterplots for calibration models and validation datasets for lignin and cellulose. Laboratory-determined chemical content

is on the x-axis, and NIR predicted value is on the y-axis.

there was a negative correlation between lignin and cellulose
content (r=-0.53, P<0.0001).

Global calibration: validation models

Lignin

The global lignin calibration model gave an excellent overall fit,
with 11 factors producing an R?=0.97, SEC=0.34, SECV=0.45
and RPD.=5.91 (Table 2]. For each of the seven species,
the sub-set of laboratory values and NIR predictions were
compared, and correlations, prediction errors and RPD were
determined. The model fitted well across all seven species-
sub-sets, with R? ranging from 0.88 for P radiata to 0.97 for

P caribaea (Table 2). Mean lignin values for species ranged
from 24.5% for P. oocarpa to 29.0% for P. taeda. The calibration
model predicted species means extremely accurately, with
species mean for NIR-predicted lignin within +0.1% of the
mean laboratory value in all cases.

The calibration equation also fit the validation dataset
extremely well, with an overall R?=0.95, SEP=0.44 and
RPD,=4.63 (Table 2). The SEP for the validation dataset
matched the SECV for the calibration dataset almost exactly.
The SEP and SECV compared reasonably well with the labo-
ratory standard error of 0.25%, which should be the theo-
retical minimum for calibration models. As in the calibration
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Table 2. Fit statistics for global calibration-validation models for lignin and cellulose using 67% of all data for calibration and 33% of all data

for validation.

Data set Lignin—calibration Lignin—validation
Factor R? SEC | SECV | RPD, | Mean | NIR mean r? SEP | RPD, | Mean | NIR Mean
GLOBAL 11 0.97 | 0.34 0.45 5.91 26.1 26.1 095 | 0.44 | 4.63 | 26.4 26.4
caribaea 097 | 0.29 5.84 25.2 25.3 0.83 | 0.36 | 2.44 | 250 25.0
maximinoi 0.91 0.4 3.27 25.8 25.8 0.89 | 0.53 | 297 | 255 25.4
oocarpa 0.94 | 0.30 3.99 24.5 24.4 0.94 | 0.37 | 4.04 | 251 25.2
patula 0.96 | 0.30 4.94 26.6 26.6 095 | 0.46 | 378 | 26.6 26.6
radiata 0.88 | 0.34 2.92 26.4 26.4 0.82 | 0.35 | 2.32 | 262 26.1
taeda 0.92 | 0.38 3.53 29.0 29.1 0.87 | 0.53 | 2.74 | 29.0 29.1
tecunumanii 0.96 0.31 5.22 25.3 25.4 094 | 0.39 | 4.24 | 25.6 25.7
Data set Cellulose—calibration Cellulose—validation
Factor R? SEC | SECV | RPD, | Mean | NIR mean r? SEP | RPD, | Mean | NIR mean
GLOBAL 10 0.84 | 0.83 1.08 2.53 431 43.1 0.72 | 110 | 1.80 | 43.0 43.0
caribaea 0.88 | 0.84 2.92 42.9 431 093 | 0.76 | 3.80 | 42.4 42.8
maximinoi 0.81 0.78 2.20 44.0 43.9 0.62 | 0.70 | 0.93 | 44.0 43.7
oocarpa 0.92 | 0.65 3.03 43.7 43.8 0.76 | 0.84 | 1.57 | 441 4b.6
patula 0.77 | 0.82 1.96 43.7 43.5 0.61 1.09 | 1.59 | 44.3 44.0
radiata 0.87 | 0.50 2.79 43.7 43.6 0.62 | 1.04 | 1.52 | 433 43.6
taeda 0.85 | 0.78 2.54 42.2 42.2 0.78 | 1.03 | 1.99 | 42.4 42.3
tecunumanii 0.81 0.94 2.29 43.3 43.4 0.60 | 1.32 | 152 | 428 4277

dataset, all species sub-sets were fit very well, with r?
ranging from 0.83 for P. caribaea to 0.94 for P. tecunumanii
(Table 2 and Figure 1). Also of interest was the fact that the
species means for wet-laboratory lignin and NIR-predicted
lignin were almost identical, again never differing by more
than +0.1%.

Cellulose

The overall cellulose calibration model was also quite good.
The optimum model used 10 factors to produce an R?=0.84,
SEC=0.83, SECV=1.08 and RPD_=2.53. For the seven species,
R? ranged from 0.77 for P. patula to 0.92 for P. oocarpa (Table
2). There was a smaller range among species for laboratory
cellulose content than for lignin content, with mean cellulose
values ranging from 42.2% for P. taeda to 44.0% for P. maximinoi.
Despite this, the species mean NIR-predicted cellulose for the
calibration data sets matched the laboratory values almost
exactly, with differences from 0 to £0.2%.

The fit statistics for the validation data set showed some
degradation from the calibration fit statistics. Overall r* was
0.72, compared to 0.84 for the calibration data set, but the
SEP of the validation data set was again nearly identical to
the SECV from the calibration data set (SEP=1.10, SECV=1.08)
and compared favourably with the laboratory standard error
of 1.01%. The species means for laboratory cellulose and
NIR-predicted cellulose matched up nicely, with a correlation
of 0.92 and a maximum difference of 0.5% (Table 2).

Global calibrations: all data

The calibration models using all 517 observations for lignin
and all 457 observations for cellulose gave very similar fit
statistics to the calibration models using 67% of the data
(Table 3). R? were essentially identical and SECV decreased
slightly for both lignin (from 0.45% to 0.44%) and cellulose
(from 1.10% to 1.08%].

The correlation between NIR-predicted lignin and cellulose
content was -0.58, similar to the observed correlation between
laboratory lignin and cellulose content (-0.53). Since wood is
made up of lignin, cellulose, hemicellulose and extractives,
increases in biomass directed to one of these components
will necessarily mean less biomass directed toward the other
components. In view of the negative correlation between lignin
and cellulose, one might expect that some wavelengths would
be useful in predicting both traits. Table 4 presents R? and
SEC for single wavelengths for both lignin and cellulose. The
region 1668 nm to 1672nm has been found to be associated
with lignin content in both pines and eucalypts, % and the
wavelength of 1670nm had a strong correlation with lignin
content (r?=0.68) in this study. Other wavelengths with high
correlations with lignin content were 1482nm and 1772nm,
with r? of 0.73 and 0.62, respectively. All of these wavelengths
were also informative for cellulose content, although 1484nm
gave a slightly better correlation with cellulose content than
did 1482nm, and 1668 nm was slightly better than 1670 nm.
In this study, some wavelengths gave good correlations with
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Table 3. Fit statistics for global calibration models for lignin and cellulose using all data from five countries and seven species.

Data set Lignin Cellulose

Factor | R? | SEC | SECV | RPD, | Mean | NIR | Factor | R? | SEC | SECV | RPD. | Mean | NIR

mean mean

GLOBAL 12 097 | 0.34 | 0.44 | 6.04 | 26.2 26.2 10 0.82 1 0.89 | 1.08 | 2.33 | 43.0 43.0
caribaea 0.97 | 0.26 5.34 | 251 25.1 0.88 | 0.88 2.83 | 429 43.0
maximinoi 0.92 | 0.40 3.55 | 257 25.7 0.76 | 0.79 1.92 | 44.0 44.0
oocarpa 0.94 | 0.32 3.98 | 24.6 24.6 0.84 | 0.65 2.53 | 439 44.0
patula 0.96 | 0.33 4.85 | 26.6 26.5 0.76 | 0.87 1.94 | 439 43.7
radiata 0.90 | 0.31 3.09 | 263 26.4 0.79 | 0.70 213 | 43.6 43.4
taeda 0.93 | 0.36 3.90 | 290 29.0 0.83 | 0.82 2.44 | 423 42.3
tecunumanii 0.96 | 0.33 492 | 25.4 25.5 0.76 | 1.03 2.04 | 431 43.2

cellulose content, but not lignin, for example, 2384 nm with an
r?0f 0.29 and 0.01, for cellulose and lignin, respectively.

Ina prior study with unextracted woodmeal samples from Brazil
and Colombia, the wavelengths 1144nm, 2154nm and 2388nm
had strong correlations with lignin content.' In the current study,
with the addition of new species and more sampling environ-
ments, 1144nm was predictive of lignin content, but not cellulose
content. Wavelength 2154nm was not strongly correlated with
either trait, but 2158 nm was informative for both lignin (#=0.58)
and cellulose (#=0.24). In this study, wavelength 2388 nm was not
correlated with either trait; however, wavelength 2384 nm was
relatively strongly correlated with cellulose.

Extrapolation of models to independent
datasets

Validation of NIR models is typically done with an inde-
pendent set of samples, similar to those used to create

Table 4. Fit statistics for the prediction of lignin and cellulose
contents for selected single wavelengths.

Wavelength Lignin Cellulose

(nm]) r2 SEC r2 SEC

(%) (%)
144 0.47 1.44 0.03 2.01
1482 0.73 1.03 0.42 1.56
1484 0.61 1.23 0.43 1.55
1487 0.47 1.43 0.33 1.68
1668 0.62 1.21 0.27 1.76
1670 0.68 ™ 0.25 1.77
1772 0.62 1.21 0.26 1.76
2154 0.04 1.93 0.13 1.91
2158 0.58 1.28 0.24 1.79
2172 0.53 1.36 0.09 1.96
2384 0.01 1.96 0.29 1.73
2388 0.04 1.93 0.13 1.92

the calibration.?’ It is clear from the above results that the
global models in this study could be used to predict values for
samples from the same or similar populations. To examine
the question of how well these models could be extended
or extrapolated to independent datasets with samples from
different geographical regions and/or different species, inde-
pendent models for the two temperate species (P. radiata
and P. taeda), and the five tropical species (P. caribaea, P
maximinoi, P. oocarpa, P. patula and P. tecunumanii) were
developed and used to predict lignin and cellulose for the
other data set. In addition, two other independent mixes of
species were created (Table 1). Lignin and cellulose models
were calculated for each mix, and then the calibration was
used to predict the other data set. Results of these extrapo-
lations can be seen in Table 5 and Figure 2.

The Tropical and Temperate calibration models and the
Mix 1 and Mix 2 models behaved similarly to the full dataset
calibration models for those traits: for lignin, R? was around
0.94-0.97, with SECV around 0.40-0.50% and for cellulose R?
was around 0.70-0.91 with SECV around 0.90-1.20% (Table
5). When extrapolated to an independent data set, in three of
the four cases there was a good fit for lignin and moderately
good fit for cellulose. In one case, the extrapolation of the
Temperate calibrations to the Tropical dataset, there was a
significant reduction in fit.

The Temperate calibration models were based on only two
species and, when extrapolated to the Tropical dataset, gave
r’=0.41, SEP=1.59% and RPDD=O.92 for lignin and r’=0.43,
SEP=1.53% and RPD,=1.28 for cellulose. While the r? values
are highly statistically significant (p<0.0001) and correspond
to correlation coefficients of r=0.64 and r=0.66 for lignin and
cellulose, respectively, the RPD ratios are well below 2.0, and
spectroscopists would deem these models unsatisfactory.?'
However, for the extrapolation of the Tropical calibrations to
the Temperate dataset, the fit statistics were much better:
r’=0.88, SEP=0.71% and RPDP=2.69 for lignin; and r’=0.70,
SEP=1.09% and RPD,=1.80 for cellulose. Considering that
these values result from an extrapolation of tropical species to
temperate species, these values compare well to the validation
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Table 5. Fit statistics for independent datasets containing samples of different species and/or geographic regions. Calibrations were fit on
each dataset, and then used to predict lignin and cellulose values for the other corresponding dataset.

. . Lignin Cellulose
Calibration model
Factor| R? | SEC | RPD, | SECV | RPD,, |Factor| R? | SEC | RPD_| SECV | RPD,,
Tropical 7 094 | 0.36 | 4.10 | 0.45 3.25 10 0.83 | 0.81 | 2.43 1.19 1.65
Temperate 6 0.95 | 0.43 | 4.45 | 0.53 3.60 9 0.88 | 0.66 | 2.96 0.93 2.11
Mix 1 8 0.97 1 0.38| 5.78 | 0.51 4.30 I 0.91 | 0.65| 3.05 1.02 1.95
Mix 2 10 0.97 |1 0.29 | 6.06 | 0.41 4.33 5 0.70 | 1.08 | 1.83 1.16 1.71
Prediction Validation Lignin Cellulose
equation dataset r? | SEP | RPD, | Mean NIR r? | SEP | RPD, | Mean NIR
mean mean
Temperate Tropical 0.41 1 159 | 0.92 | 25.4 28.6 0.43 | 1.53 | 1.28 43.4 44.3
Tropical Temperate 0.88 | 0.71 | 2.69 | 28.2 28.0 0.70 | 1.09 | 1.80 42. 417
Mix 2 Mix 1 092 | 0.66 | 3.32 | 268 26.7 0.60 | 1.37 | 1.45 43.0 42.0
Mix 1 Mix 2 0.92 | 0.51 | 3.48 | 257 25.8 0.55 | 1.29 | 1.54 43.2 43.6

statistics for the full global model: r?=0.95, SEP=0.44% and
RPD,=4.63 for lignin; and r?=0.72, SEP=1.10% and RPD,=1.80
for cellulose (Table 2].

For the two species mixes, the results of extrapolating one
calibration model to the other dataset gave similar results.
Lignin model extrapolations gave better fit statistics than
cellulose models. For example, using Mix 2 calibrations to
predict Mix 1 data, for lignin gave r?=0.92, SEP=0.66% and
RPD,=3.32. For cellulose, r?=0.60, SEP=1.37% and RPD,=1.45
(Table 5).

The results suggest that a global calibration, even one based
ononly four species, as in the two mixes examined in this study,
can be used to predict values for an independent dataset (very
precisely for lignin, less so for cellulose], even if it contains
species not included in the calibration dataset (Figure 2]. The
extrapolated models generally ranked the species correctly
relative to one another for mean lignin and cellulose content.
For the Tropical calibration extrapolated to the Temperate
dataset, mean lignin content for P. radiata and P. taeda were
26.3% and 29.0%, respectively. The Tropical calibration gave a
mean NIR-predicted lignin content for P radiata and P. taeda
of 26.0% and 29.1%, respectively (Figure 3). Similarly, the
Tropical to Temperate extrapolation for cellulose ranked the
two temperate species correctly with P. radiata having 1.3%
more cellulose than P taeda [mean NIR-predicted cellulose
of 42.7% and 41.4%, compared to mean cellulose content of
43.6% and 42.3%, respectively).

The Mix 1 to Mix 2 extrapolations and the Mix 2 to Mix 1
extrapolations gave nearly perfect estimates of species means
for lignin and good species rankings for cellulose (Figure
3). There was only one case where a species was clearly
incorrectly ranked: the mean cellulose content of P. radiata
predicted by the Mix 1 calibration extrapolated to the Mix 2
dataset. The mean cellulose content for P. radiata was 0.4%
higher than P. tecunumanii, but the Mix 1 calibration gave a

mean NIR prediction of cellulose content 0.6% lower than P,
tecunumanii (Figure 3).

There was no bias apparent in the lignin extrapolations;
however, there was a tendency for cellulose extrapolations to
resultinslightly biased predictions. The Tropical-to-Temperate
and the Mix 2-to-Mix 1 NIR cellulose predictions were biased
low relative to the laboratory values, while the Mix 1-to-Mix 2
NIR cellulose predictions were biased high relative to labora-
tory values (Figures 2 and 3). This means that extrapolation
predictions might not give “true” cellulose content, but should,
nevertheless, give precise relative rankings of species and
genotypes.

Species-specific calibration models relative
to global models

Species-specific models were developed for two species
with a substantial number of observations: P. taeda and P.
tecunumanii. As observed with other datasets in this study, the
lignin models were excellent (R?=0.96 and 0.98, SEC=0.23%
and 0.38% and RPD.=5.83 and 4.26, respectively), and cellu-
lose models were good (R?=0.81 and 0.70, SEC=0.86% and
1.10% and RPD.=2.30 and 1.96, respectively) (Table 6]. The
species-specific calibrations did use fewer factors than the
global models [four to eight factors versus 10 to 11 factors,
respectively). However, the global model dataset (seven
species and 457 observations for cellulose and 517 observa-
tions for lignin, Table 1) was much more variable and complex
than the species-specific models (for P. taeda, one species,
149 observations for cellulose and 92 for lignin; for P. tecunu-
manii, one species, 133 observations for cellulose and 156 for
lignin, Table 1). It seems reasonable to expect that the global
model would require some additional factors in the model.
Somewhat unexpectedly, the global models gave predictions
essentially as good as the species-specific models, with r? and
SEP values for the validation data sets nearly identical. For P
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Tropical Calibrations used to Predict Temperate Species
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Figure 2. Extrapolations of NIR calibrations to predict lignin and cellulose for independent datasets. Upper panels: Tropical species
calibrations (based on P. caribaea, P. maximinoi, P. oocarpa, P. patula and P. tecunumanii) used to predict values for Temperate species (P.
taeda and P. radiata). Lower panels: Mix 2 calibrations (based on P. caribaea, P. maximinoi, P. patula and Coastal P. taeda) used to predict
Mix 1 values (P. tecunumanii, P. oocarpa, P. radiata and Northern and Piedmont P. taeda).

taeda lignin, the global model SEP was 0.53%, slightly higher
than the SEP for the P taeda model of 0.45%. For cellulose, the
two SEP values were 1.02% for the P. taeda model and 1.03%
for the global model (Table 6). For P. tecunumanii, the results
were similar: for lignin, the global model SEP for the P tecu-
numanii validation dataset was 0.39%, slightly lower than the
SEP for the P tecunumanii model of 0.47%. For cellulose, the
SEP values were 1.30% and 1.32% for the P. tecunumanii and
the global models, respectively (Table 6). In summary, there is
no evidence in this study to support the idea that predictions
from species-specific calibration models will always be better
than those from a robust global calibration model.

Discussion
Lignin, cellulose and pulp yield
In this study, the objective was to develop NIR models for lignin
and cellulose content. The true target or breeding objective for
pulp and paper producers would actually be pulp yield. Some
work has been done with pulp yield for pines,* but more effort
has gone into developing NIR models to predict pulp yield for
eucalyptus species.®”25-%8

Measuring pulp yield is typically slow and expensive, which
is the main reason a technique such as NIR spectroscopy is
attractive. However, it is necessary to measure pulp yield on a
large number of samples in order to develop good calibration
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Figure 3. Species means for laboratory lignin and cellulose versus NIR predictions of lignin and cellulose from extrapolations of
calibrations to independent datasets. Upper panels: Tropical species calibrations (based on P. caribaea, P. maximinoi, P. oocarpa, P.
patula and P. tecunumanii) used to predict values for Temperate species (P. taeda and P. radiata). Middle panels: Mix 1 calibrations
(based on P. tecunumanii, P. oocarpa, P. radiata and Northern and Piedmont P. taeda) used to predict Mix 2 values (P. caribaea, P. maximi-
noi, P. patula and Coastal P. taeda). Lower panels: Mix 2 calibrations (based on P. caribaea, P. maximinoi, P. patua and Coastal P. taeda)
used to predict Mix 1 values (P. tacunumanii, P. oocarpa, P. radiata and Northern and Piedmont P. taeda).

models, and the time and cost of the wet-laboratory work can
be substantial. Specific pulping conditions will vary between
mills, and the final kappa number (residual lignin) will also vary
between mills depending on the product objective. Measuring

secondary traits such as lignin and cellulose content is faster
and less expensive than measuring pulp yield® and these traits
are highly correlated to pulp yield.?-*? Selection for increased
cellulose to lignin ratio offers the potential for large economic
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Table 6. Comparison of global calibration-validation models (fitting data on seven species) versus single-species models for lignin

and cellulose. The global and the single-species models use the same 67% of the data for calibration and the same 33% of the data for

validation.
Equation Data set Lignin—calibration Lignin—validation
Factor | R? SEC | RPD. | Mean NIR r’ | SEP | RPD, | Mean | NIR
mean mean
taeda taeda 8 097 | 0.23 5.83 29.0 29.0 091 | 0.45| 3.23 | 290 291
Global taeda 11 092 | 0.38 3.53 29.0 291 0.87 | 0.53 | 2.74 | 29.0 29.1
tecunumanii  |tecunumanii 4 095 | 0.38 4.26 25.3 25.3 0.92 | 0.47 | 3.52 | 256 25.7
Global tecunumanii 11 0.96 0.31 5.22 25.3 25.4 0.94 1039 | 4.24 | 256 25.7
Equation Data set Cellulose—calibration Cellulose—validation
Factors | R? SEC | RPD. | Mean NIR r’* | SEP | RPD, | Mean | NIR
Mean Mean
taeda taeda 0.82 | 0.86 2.30 42.2 42.2 0.75 | 1.02 | 2.01 | 42.4 42.2
Global taeda 10 0.85 | 0.78 2.54 42.2 42.2 0.78 | 1.03 | 1.99 | 42.4 42.3
tecunumanii  |tecunumanii 0.85 1.10 1.96 43.3 43.3 0.59 | 1.30 | 1.54 | 42.8 42.8
Global tecunumanii 10 0.81 0.94 2.29 43.3 43.4 0.60 | 1.32 | 1.52 | 42.8 42.7

gains,® and good global calibrations of the important constit-
uents should provide breeders with the capacity to improve the
wood quality of their commercial species. Breeders might wish
to select on cellulose/lignin ratio, or perhaps could consider a
selection index giving slightly more weight to the lignin predic-
tion due to its higher precision.

Calibrations

In this study, lignin calibrations were better than the corre-
sponding cellulose calibrations in every case. The global
model for lignin had an R?=0.97 and SECV=0.44 across a
range of values from 22% to almost 33% lignin. For cellulose,
the values were R?=0.82 and SECV=1.08 across a range from
34% to almost 48% cellulose. R? values are affected both by
the range of values and standard errors of prediction. The
standard errors of prediction and cross-validation in this study
are similar to those observed in other studies. Garbut et al.’
obtained quite low SEC for a lignin calibration set of 45 euca-
lypt samples (SEC=0.35%) and SEP for a validation data set of
41 samples (SEP=0.22%, after adjustment for bias and skew).
For a study of lignin content in bamboo, Chinese fir, pawlonia
and poplar, SEP on validation data sets ranged from 0.28% to
0.81%.% For pine species, Wright et al.* reported on a cellu-
lose model developed with a small dataset of 29 trees repre-
senting 14 pine hybrids and P. taeda, P. elliottii and P. patula in
South Africa. Fit statistics for the calibration were R?=0.73 and
SEC=2.4%. Raymond and Schimleck® reported on a cellulose
model for E. globulus developed with 120 trees (90 calibration,
30 validation) across three sites. Fit statistics were good, with
R?=0.77, SEC=0.95% and SEP=0.88%. Although not directly
comparable, standard errors on pulp yield prediction models
for eucalypts look similar to the errors on cellulose predic-
tions reported in this study. For example, Schimleck et al.*
reported SECV on the order of 0.73% to 1.23% for E. nitens.

Downes et al.?® report similar values for a large global model
of 720 samples from more than 40 different eucalypt species;
the calibration model for pulp yield had a SEC=1.25% and a
SECV of 1.36%.

Almost certainly, much of the difference in the models for
lignin and cellulose in this study was due to the difference in
laboratory error for the two traits. Lignin values were quite
precisely estimated in the laboratory, while cellulose standard
errors were approximately four times as large (SE,,=0.25%
and 0.98% for lignin and cellulose, respectively). Better labo-
ratory techniques and/or larger numbers of laboratory repli-
cations on a given wood sample to reduce the laboratory
standard error for cellulose would very likely have resulted
in better NIR calibration models. It is encouraging to note
reports in the literature that calibrations produced with “noisy”
reference values have been used to make very good predic-
tions for validation datasets with more precisely estimated
reference values.* But even without considering that possi-
bility, the global cellulose model in this study (with a correla-
tion between laboratory and predicted value of over 0.90) is
certainly good enough to be of substantial use to breeders.

The global calibrations in this study have high R? (0.97 and
0.82), which should give confidence to breeders considering
their use to assess lignin and cellulose for the purposes of
selection. Some breeders may be concerned about the standard
errors of prediction, particularly for cellulose. However, it is
important to remember that these standard errors apply to a
measurement on a single 4 g sample of woodmeal. For genetic
analyses, multiple offspring from a given parent or full-sib
family are typically sampled to provide estimates of parental
or family genetic value, while for clones, multiple ramets can
be sampled. Without genetic parameter estimates for a tree
species of interest, one cannot directly calculate sample size
per family or clone needed for optimum selection precision. But
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as one example, in a study with Eucalyptus nitens, Schimleck et
al.*" found high heritability (h? from 0.60 to 0.70) and low levels
of genotype x environment interaction for both laboratory and
NIR-determined cellulose content. With these genetic param-
eters, 10 trees per family assessed on each of two sites would
result in family heritability above 0.80, which would produce
very precise rankings of parental genotypes. And, of course,
for individual tree or clonal selection, it would also be possible
to evaluate more than one 4g sample for a single tree. As an
illustration, consider the scenario where a clone is assessed
for cellulose content by sampling five ramets and assume that
the SEP for cellulose is 1.20%. The standard error of the clonal
mean for predicted cellulose would then be quite low, approxi-
mately 1.20% +v5=0.37%.

Utility of global near infrared calibrations

Global NIR calibrations (i.e. multiple-site, multiple-species
models]) for wood chemical properties would be of great
benefit to tree breeders. If new calibrations need to be devel-
oped for every species-site combination, the utility of NIR
would be much reduced. As mentioned above, a very good
global model to predict pulp yield in eucalypts has been devel-
oped,? based on 720 samples from 40 eucalypt species and
covering a range of pulp yields from less than 40% to more
than 60%, with an R?=0.91 and SECV of 1.36%. The results of
this study also suggest that global calibrations for lignin and
cellulose content of pine wood are possible and, furthermore,
that a robust global model can be extrapolated to independent
datasets to precisely rank genotypes, even for sites and/or
species that were not included in the original calibration. In
this study, the extrapolation that performed the worst was the
Temperate calibration extrapolated to the Tropical dataset.
The Temperate model could not fairly be called robust, as it
was based on only two species, and with the bulk of the obser-
vations from P, taeda from the south-eastern USA. There are
some clear differences in how wood is laid down in temperate
pine species compared to tropical pine species: the tropical
species P. tecunumanii and P. maximinoi have been shown to
have less latewood, a higher density earlywood and a more
uniform pith-to-bark density profile than temperate species,
even when grown in the same environment.®37 Nevertheless,
the Tropical-to-Temperate extrapolation performed quite
well in this study, as did the Mix 1-to-Mix 2 and Mix 2-to-
Mix 1 extrapolations. In all of those cases, the calibration
models were based on four or more species sampled in three
or more distinct geographical regions in the world, and might
be expected to be relatively robust. For those extrapolations,
relative to the calibration dataset, the independent validation
dataset showed a slight decrease in r? and an increase in SEP
compared to the R? and SECV of the calibration dataset. The
results imply that use of the full global models described in
this study to predict lignin and cellulose for new independent
datasets would likely produce r?~0.90 and SEP=~0.50% for
lignin, and r’~0.70 and SEP=1.20% for cellulose.

Contrary to expectation, species-specific models for P.
taeda and P. tecunumanii did not produce predictions with

better fit statistics for those species than did the predictions
for those species from the global model. For a tree breeder
wishing to use NIR models to predict lignin and cellulose, a
well-developed species-specific model, based on many wet
laboratory observations, would certainly be preferable to a
global model. However, if a good species-specific model is
not available, a breeder could either choose to develop such
a model (which is expensive and time consuming), or use a
well-developed global model. In this study, the global model
gave predictions with accuracy and precision essentially equal
to those from species-specific models.

Once a global model has been developed, it could probably
be progressively and incrementally improved by the addition of
data from new species and new geographical regions. It has
been demonstrated that the addition of just a few samples
from a new dataset into the calibration model can greatly
improve the predictions for the remainder of that dataset.”
Thus, one approach for any new prediction project would be
to use an “enhanced calibration”, for example, add from 10 to
50 samples from the new dataset and then use the modified
global calibration to predict all other samples in the dataset.!
However, even without such enhancement, the global models
developed in this study could be used directly by breeders to
rank species, provenances, families or individual genotypes
with a high degree of precision.
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