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There is growing interest in the use of pine hybrids in commercial forestry plantations in the tropics and sub-tropics. However, the production of pine hybrid seeds can be difficult and is dependent on the presence of an adequate number of male and female strobili, timely
application of the pollination bag, good pollination techniques and reasonable weather conditions. After pollination, a wait of two or more
years is required for cones to mature and for seeds to be collected. The seeds collected from artificial hybrid crosses in an orchard are
assumed to be true hybrids, but might also be the (female) pure species if pollen contamination has occurred prior to or during bagging
of the male strobili. Confirming hybridity in pines is often very difficult in the seedling stage when only needle morphological characteristics are used. In this study, we examined ground oven-dried needle samples of 16 pine species from different geographic regions
using near infrared (NIR) spectroscopy to determine if this method is effective in distinguishing between pine species. We also created
three “simulated hybrids” by manually mixing needles from three sets of parental pure species. The raw near infrared reflectance
spectroscopy data were transformed using standard normal variate and de-trending techniques and a model was developed to distinguish between pure pine species and their “hybrids” using discriminant analysis. A total of 120 paired-species models were developed
(one for each potential hybrid of the 16 species). For each of the 120 paired-species models, there were 20 independent observations in
a validation data set and the 2400 observations were classified with 94% accuracy. Models were also developed for each of six speciessimulated hybrid data sets. A total of 120 independent validation observations were classified as either parental species or simulated
hybrid with 90% accuracy. The results indicate that NIR spectroscopy can be used as an effective tool to distinguish between pure pine
species and suggest that it will also distinguish hybrids from their parents. Using NIR spectroscopy to verify hybridity in pines might be
quicker and less expensive and, in some cases, as accurate as using molecular techniques.
Keywords: hybridisation, introgression, hybrid verification, pine needles

Introduction

Tree breeders are always looking for ways to improve adaptability, productivity and wood quality of plantation species.
One technique is to make interspecific crosses between two
parental species that possess important complementary traits
to create a well-adapted hybrid population for use in the next
commercial generation. Deployment of commercial hybrids
is common in Populus and Eucalyptus because of the ease in
making crosses, the short waiting period to obtain seeds, the
ability to mass-produce hybrid material vegetatively and the
expression of hybrid vigour in the progeny. Use of pine hybrids,
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although commercially important in some locations,1 has developed more slowly than with broadleaf species. Contributing
factors include erratic flowering patterns in some parental
species (especially when planted as exotics) and a long waiting
period of at least two years to collect seeds following controlled
pollination. However, the primary reason has been the difficulty in developing suitable multiplication techniques to mass
produce the hybrid once created and field-tested.
Recently, there has been renewed interest in pine
hybrid forestry2,3 because the sites available for plantation
© IM Publications LLP 2012
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 stablishment today are often slightly dry or cold and better
e
adapted varieties are needed. A large pine hybrid testing
programme, coordinated by Camcore (International Tree
Breeding and Conservation Program) at North Carolina
State University, which is sponsored by the forest industry in
the southern hemisphere, was initiated in 2005. Since that
time, more than 45 different hybrid combinations have been
attempted by the industrial partners and a total of 60 hybrid
trials have been established in the field in South America and
southern Africa.4,5 Furthermore, tree diseases are becoming
more common and new pine hybrid varieties need to be developed6 in order to take advantage of superior tolerance of one
of the pure species. One of the best success stories in pine
plantation forestry in recent years is the rapid development
of the P. patula × P. tecunumanii hybrid in South Africa to deal
with survival problems in the nursery and in the field associated with the Pitch canker fungus (Fusarium circinatum).2,3,7
Vegetative propagation techniques are improving and are
becoming increasingly common, particularly in the southern
hemisphere,8–11 giving foresters the ability to mass produce
hybrids for commercial deployment once they are developed.
One of the challenges when conducting pine hybrid breeding
is to confirm that the seeds produced from an artificial cross
between two different species are true hybrids and not the
result of the female parent being contaminated with local
pollen from the same species before or during the bagging of
female strobili. Therefore, verification techniques are needed
to confirm that the putative hybrid seeds or seedlings are actually hybrids before attempting any costly commercial mass
multiplication procedure. Using needle morphology to discern
whether a pine seedling is a hybrid between two parental
species is often difficult and impractical.
To address the problem of verifying hybridity of pine seeds or
seedlings, researchers have used a number of chemical and
molecular markers such as isozymes,12,13 randomly amplified
polymorphic DNA (RAPD)14,15 and single nucleotide polymorphisms (SNPs).16,17 Even though these molecular tools are
sometimes effective, they have multiple disadvantages in that
they require highly skilled labour, have expensive set-up costs
that can be time-consuming, often involve hazardous chemicals and are sometimes not accurate because hybrids have a
tendency to generate atypical banding patterns.18
Another approach to assessing hybridity in pines might be
near infrared (NIR) reflectance spectroscopy. NIR spectroscopy
has been used for a number of years for quantitative assessment of many constituents in agricultural and food items such
as protein, fibre, fat etc.19 The NIR technique consists of irradiating the samples with near infrared light, which is absorbed
selectively depending on the presence and chemical arrangement of the bonds, mainly between carbon, hydrogen, oxygen
and nitrogen, that give rise to a variety of functional groups
that are NIR active.20,21 The technique has been used successfully to determine nitrogen and lignin content of both fresh
leaves and litter from a range of forest tree and grassland
species.22 Several authors have demonstrated that NIR spectroscopy could be used to determine wood chemistry and is
an inexpensive and rapid alternative to traditional laboratory
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methods.23–28 In tree breeding, NIR spectroscopy has been
used to distinguish Betula pendula and B. pubescens from their
hybrids19 and, more recently, the same technique was used to
successfully discriminate seedlings of Eucalyptus globulus, E.
nitens and their hybrids.20
Based on these results, a study was conducted to determine
if seedlings from 16 different pure pine species could be identified using NIR spectroscopy assessment of dried pine needles.
The study included two phases. The first phase attempted to
separate pure species from each other using NIR spectroscopy. The second phase consisted of creating “simulated” pine
hybrids by manually mixing needles from two different pure
species and scanning these to evaluate if NIR spectroscopy
could consistently separate them from the parental species.
The objective of the study was to demonstrate that NIR technology could be used to discriminate between different pine
species and, thus, possibly between pure species and hybrids,
offering an alternative to more costly molecular assessments.

Materials and methods

Genetic material and test design

The study was conducted using seedlings from 16 different pine
species (Table 1) from tropical, sub-tropical and temperate
regions in the western hemisphere. Sub-populations of Pinus
tecunumanii from low- (LE) and high elevations (HE) in Central
America and the varieties of P. greggii var. greggii and var.
australis in northern (N) and southern (S) Mexico, clearly
distinguishable in molecular analysis, 29–30 were treated as
different species in this study.
The seeds of the 16 pine species were germinated in 200 cm3
containers, Treepots (Stuewe & Sons, http://www.stuewe.
com/products/treepots.php ), in the greenhouse at NC State
University. The nursery medium was a 1 : 1 : 1 mixture of sterilised sand, vermiculite and perlite. Seedlings were watered
every two days. A low dosage NPK fertilizer was applied to
the seedlings when needed. At 12 months, the seedlings were
transplanted to larger containers of 1650 cm3 Treepots and
fertilized with osmocote. At the time of transplanting, the
seedlings of each species were randomly grouped into five
replicates of five seedlings each (25 seedlings per species)
and allowed to develop for an additional five months before
harvesting the needles.

Sample processing

Phase I. Pure species
Completely elongated needles from the first flush of each
seedling were collected and treated as an independent sample.
Every needle sample from each replicate and species was
placed in a lunch-sized paper bag. Information about date,
species ID and replicate number were recorded. This sampling
scheme yielded a total of 400 samples (16 species × 5 replicates × 5 seedlings). Seven samples were eliminated due to the
low amount of foliage available, leaving a total of 393 samples.
The foliage samples were dried by placing them in a forcedair oven at 500°C until a constant weight was achieved.31
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Table 1. Pinus species used in this study and their climatic zones.

Species
code

Species name

Zone

Latitude

Longitude

Elevation
range
(m)

Average
rainfall
(mm)

PCB

P. caribaea var.
bahamensis

Tropical/
Sub-topical

12–27° N

77–90° W

1–12

1250

PCH

P. caribaea var.
hondurensis

Tropical

12–18° N

83–90° W

5–800

2115

PM

P. maximinoi

Tropical

13–19° N

86–100° W

750–2100

1403

PO

P. oocarpa

Tropical/
sub-topical

13–28° N

86–95° W

500–2900

149

PTHE

P. tecunumanii (HE)

Tropical

14–17° N

86–93° W

1170–2900

1602

PTLE

P. tecunumanii (LE)

Tropical

12–17° N

85–89° W

400–1650

1393

PGS

P. greggii (S)

Sub-topical

20–21° N

98–99° W

1150–2350

1367

PH

P. herrerae

Sub-topical

16–23° N

97–106° W

1600–2450

1102

PL

P. leiophylla

Sub-topical/
temperate

12–29° N

96–108° W

1600–3000

1150

PPP

P. patula var. patula

Sub-topical/
temperate

16–24° N

96–100° W

1490–3000

1489

PPL

P. patula var.
longipedunculata

Sub-topical

17–18° N

92–97° W

1800–2800

1100

PS

P. pseudostrobus

Sub-topical

14–22° N

90–105° W

1600–3200

1150

PR

P. radiata

Sub-topical/
temperate

27–30° N

115–120° W

300–1100

560

PE

P. elliottii

Temperate

27–35° N

81–92° W

1–150

1270

PGN

P. greggii (N)

Temperate

24–25° N

100–101° W

1960–2590

681

PT

P. taeda

Temperate

30–39° N

78–92° W

0–610

1270

Once dried, the samples were ground to a fine powder in a
cyclone mill and passed through a 1 mm screen to minimise
the particle-size effect. The samples were processed using
the methodologies suggested by Atkinson and collaborators19
where each sample of 1 g was held in a rotating sample cup and
scanned at visible and NIR wavelengths between 400 nm and
2500 nm using a scanning monochromator (Model 6500, Foss
NIRSystems, Silver Spring, MD, USA). Spectra were acquired
at every 2 nm intervals, giving a total of 1050 data points for
each sample. After grinding, all samples were re-dried at 50°C
for 24 hours prior to NIR scanning. Samples were removed
from the oven and allowed to equilibrate to room temperature
inside a laboratory desiccating chamber before measurement.
The temperature in the laboratory was maintained at 24°C.
The time from foliage collection to the completion of the NIR
scanning was approximately one week.

Phase II. Simulated pine hybrid samples by mixing
needles from two pure species
In order to get some indication of how well NIR spectroscopy might be able to distinguish between a pure species
and a hybrid between and one pure species and another pure
species, a second experiment using “simulated hybrids” was
conducted. The “hybrid” foliage was simulated by mixing
foliage of two pure species. Throughout the remainder of the

manuscript, these mixtures will be referred to as “simulated
hybrids”.
The processing of samples for Phase II was very similar to
Phase I. However, in the second phase, only six of the pure pine
species (Pinus caribaea var. hondurensis, P. tecunumanii (LE), P.
patula var. patula, P. greggii (S), P. elliottii and P. taeda) representing tropical, sub-topical and temperate environments,
respectively, were used (Table 2). Each needle sample from the
six species was split into two sub-samples. One sub-sample
represented a parental pure species. The second sub-sample
was mixed with a sub-sample of another parental species
to create simulated pine hybrids of P. tecunumanii (LE) × P.
patula, P. taeda × P. greggii (S) and P. elliottii × P. caribaea (Table
2). All samples were then scanned. A total of 450 samples
were used in this phase. One hundred fifty samples from pure
pine species (six species × five replicates × five seedlings)
and 300 samples from the simulated hybrids (mixed needles)
(three pairs of two species × ten samples × five replicates) were
processed using the methodology described for Phase I.

Data processing
As a preliminary step, we tried a few different combinations
of pre-processing on a limited number of data sets, including
standard normal variate, de-trend, multiple scatter correction
and 2nd derivative. We then chose a single approach to use for
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Table 2. Pure pine species selected to create simulated pine hybrids by mixing needles from the two pure species.

Species code

Species name

Region

Pure
PCH

P. caribaea var. honurensis

Tropical

PTLE

P. tecunumanii (LE)

Tropical

PGS

P. greggii (S)

Sub-topical

PPP

P. patula var. patula

Sub-topical/temperate

PE

P. elliottii

Temperate

PT

P. taeda

Temperate

PTLE × PP

P. tecunumanii (LE) × P. patula var. patula

PT × PGS

P. taeda × P. greggii (S)

PE × PCH

P. elliottii × P. caribaea var. hondurensis

Simulated hybrid

all 120 paired-species datasets and all nine pure species—
“simulated hybrid” datasets. In all cases, the raw spectral
data, log(1/reflectance) were processed using standard normal
variate and de-trending transformations.32 All the processing
was carried out using The Unscrambler X ver 10.0 software
(CAMO Software Inc., NJ, USA). The data were first analysed
using the entire range of wavelengths between 400 nm and
2500 nm in order to determine which regions of the spectrum
showed the highest discriminatory power. Subsequently, based
on the results from the single-wavelength analysis, further
analyses were carried out using combinations of wavelengths
from these regions. The discriminant analyses of the transformed data were conducted using PROC DISCRIM of SAS
software, version 9.2 (SAS Institute Inc. Cary, NC, USA). PROC
DISCRIM develops a discriminant function using a measure
of the generalised squared distance between classes, based
on the pooled covariance matrix and accounting for the prior
probabilities of the classes. In order to test the classification model on an independent data set, the first three of five
replicates (15 seedlings per species) of phase I were used as
a calibration data set (i.e. to build the classification model)
and the last two replicates (ten trees per species) were used
as the validation data set. A classification model was built for
every pair of species, a total of 120 models, in order to examine
every possible hybrid for the 16 species. In the second phase,
the calibration data set consisted of the first three replicates
including the three artificial hybrids (15 trees per pure species
plus 30 trees per artificial hybrid) and the last two replicates
(ten trees per species from pure species and 20 trees per
artificial hybrid) were used as the validation data set. For each
simulated hybrid, two classification models were built to separate the two parental species from the hybrid, a total of six
models (three simulated hybrids versus two parent species).
This would represent a typical situation in a hybrid breeding
programme, where the maternal pure species parent is known
and, thus, the options for putative hybrid progeny would be
“hybrid” produced from controlled-pollination, or “pure
species” produced by pollen contamination from the same
species as the mother.

Finally, to examine which wavelengths might be important in
distinguishing between pairs of species, three paired-species
datasets were examined as case studies (P. elliottii and P.
caribaea var. hondurensis, P. patula var. patula and P. tecunumanii (LE) and P. taeda and P. greggii var. australis). For these
datasets, principal component analysis was conducted using
The Unscrambler on each of the three paired species datasets
and loadings on wavelengths in the first principal component
were compared. Also, a stepwise discriminant analysis was
carried out with SAS to identify the best discriminant models
using only five wavelengths. The characteristic bond vibration
and chemical structures associated with the selected wavelengths were identified, using literature reviews of studies
using samples of agricultural forage33 and wood.34

Results

Discriminant analysis models were built for each of the 120
species pairs using three sets of wavelengths: (a) all available wavelengths (400–2500 nm), (b) wavelengths in the
near infrared region (1100–2500 nm) and (c) wavelengths
1850–2500 nm. Examinations of weights placed on specific
wavelengths showed that the region of the spectrum from
1850 nm–2500 nm was particularly useful to help distinguish
species but, in some cases, the model with wavelengths 1850–
2500 nm substantially improved the separation of species over
the other two wavelength sets. For example, the comparison of P. greggii (S) with P. caribaea var. bahamensis improved
classification accuracy from 50% using the entire spectrum
400–2500 nm and 80% using the region 1100–2500 nm, to
90% using the region 1850 nm–2500 nm. Of the three possible
wavelength sets, the model with the best classification accuracy was chosen for each of the 120 species pairs. The most
accurate model came from 400–2500 nm for 54 of the species
pairs, from 1100–2500 nm for 34 of the species pairs and from
1850–2500 nm for 32 of the species pairs.
Each species was used in a paired-species model with all
other species so there were 120 different models in total.
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For each paired species model, 15 samples of each species
were used to develop the calibration model and, in all 120
models, all the calibration samples were correctly classified
by species. Table 3 presents the results of species classification for the independent validation data sets (ten samples
per species × two species = 20 independent samples) for all of
the 120 models. As an example, the paired-species model to
distinguish P. caribaea var. hondurensis and P. elliotti correctly
classified 90% of the P. elliottii validation samples as P. elliottii
(see Table 3, row caribaea var. hondurensis, column elliottii) and
correctly classified 100% of the P. caribaea var. hondurensis
validation samples (see Table 3, row elliottii, column caribaea
var. hondurensis). Across all 16 species and all 120 species
pairs, the mean for correct classification was 94%, with a
range from 60% to 100% (Table 3). As might be expected,
some of the lower accuracy values (i.e. lower percentages
of correct classification) occurred when species pairs were
closely related. For example, P. tecunumanii (LE) and P. oocarpa
from Central America are very closely related genetically.
Microsatellite molecular markers are able to distinguish
between the two taxa30 but RAPD molecular markers cannot.35
The NIR model correctly assigned only 60% of the P. oocarpa
and 80% of the P. tecunumanii (LE). Similarly, for the two varieties of P. tecunumanii (high-elevation and low-elevation), NIR
spectroscopy was able to distinguish between them with about
the same level of accuracy, 80% for HE and 70% for LE. The
NIR models also had difficulty distinguishing P. patula var.
longipedunculata from both of the varieties of P. tecunumanii,
with accuracies of 60% and 70% (Table 3). Thorough botanical
analysis of needles and cones from mature trees and RAPD
molecular marker assessment have both easily separated P.
patula var. longipeduculata from P. tecunumanii (HE) in natural
stands. 36 However, their external needle morphology and
colour are very similar, making them practically indistinguishable in the seedling stage.
There were, however, cases with some closely related pairs
of species where the NIR models were able to distinguish the
species with very high accuracy. For example, P. patula var.
patula and P. patula var. longipedunculata were distinguished
from each other with 100% accuracy for both taxa. Two species
in the Pseudostrobus group, P. pseudostrobus and P. maximinoi
were distinguished from each other with 100% and 90% accuracy, respectively.
Overall, the two species which were most easily classified using NIR models, were P. patula var. patula and P.
pseudostrobus. Regardless of which species it was paired with,
the independent P. patula var. patula samples were classified
as P. patula var. patula with 100% accuracy, with the other
species being correctly classified with 96% accuracy (Table 3).
The corresponding values for P. pseudostrobus were 99% and
97%. Pinus elliottii was another species that was easily classified using NIR spectroscopy, with 97% accuracy for P. elliottii
and, on average, 99% accuracy for the other species in the
paired analysis (Table 3).
The species that was the most difficult to classify correctly
was P. herrerae. Good results were found when P. herrerae
was paired with most species, but there were problems
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distinguishing P. herrerae from P. pseudostrobus (60% accuracy) and in correctly classifying both varieties of P. tecunumanii when paired with P. herrerae (60% and 70% accuracy for
HE and LE, respectively). Pinus herrerae, an open-cone pine,
does have some external needle morphologic traits that are
similar to the closed-cone pines, P. patula var. longipedunculata
and P. tecunumanii.36 At one time, research was conducted to
determine if P. tecunumanii in Central America was possibly an
extension of P. herrerae in western Mexico.37 Results indicated
that the two species could be separated by both botanical and
molecular analyses. However, when we analysed the data from
P. herrerae and P. pseudostrobus in more detail and developed
a model using different range of wavelength (1890–2268 nm),
NIR spectra was able to distinguish between them with 100%
accuracy (data not shown). These results suggest that if a
general model does not work to distinguish some species, a
specific model could be developed to achieve higher levels of
accuracy.
Similar to the trend found for the pure species in phase I, the
spectral region from 1850–2500 nm was found to be useful for
the discriminant analysis of the three simulated hybrids and
the six different pure pine “parental” species. Interestingly,
wavelengths 400–780 nm, in the visible region of the spectrum, also produced classification models with good accuracy.
However, we focused on the same three sets of wavelengths
(400–2500 nm, 1100–2500 nm and 1850–2500 nm) in order to
directly compare them with the pure species analyses.
For the hybrid data sets, there were six case studies of a
pure species compared to a simulated hybrid. As before, the
calibration models gave 100% correct classification in all
cases. Table 4 presents the results of validation data sets
for these case studies and is read in the same manner as
Table 3. The best results were obtained for the simulated P.
taeda × P. greggii (or P. greggii × P. taeda) versus the maternal
species. For the P. taeda × P. greggii versus P. taeda model, the
independent P. taeda samples were classified as P. taeda with
100% accuracy, while 85% of the hybrid samples were classified as hybrids. In other words, no P. taeda were classified as
hybrid, all samples that the NIR model identified as a (simulated) hybrid was indeed a (simulated) hybrid with 15% of
the hybrids being incorrectly classified as P. taeda. For the P.
greggii × P. taeda versus P. greggii model, 100% of the hybrids
were classified correctly and 80% of the P. greggii were classified correctly; however, 20% of the P. greggii samples were
classified as hybrid. The results with the P. elliottii × P. caribaea var. hondurensis hybrids were also good. For the P. elliottii × P. caribaea var. hondurensis versus P. elliottii model,
100% of the hybrids and 80% of the P. elliottii were classified correctly. However, 20% of the P. elliottii samples were
classified as hybrid. For the P. caribaea var. hondurensis × P.
elliottii versus P. caribaea var. hondurensis model, both the
hybrid and the P. caribaea samples were classified with 100%
accuracy. Finally, the P. patula × P. tecunumanii hybrid models
were reasonable, with between 70% to 100% accuracy for
hybrid and pure species (Table 4). For the two cases, 20% to
30% of the pure species samples were mistakenly identified
as hybrids.

70

100

100

100

100

90

100

80

100

60

95

100

90

100

100

92

maximinoi

oocarpa

pseudostrobus

herrerae

leiophylla

radiata

elliotii

taeda

tecunumanii
(HE)

tecunumanii (LE)

greggii
(N)

greggii (S)

patula var.
pat.

patula var.
long.

AVERAGE

caribaea
var. bah.

caribaea
var. hond.

caribaea
var. hond.

99

100

100

100

90

100

100

100

100

100

100

100

100

100

100

100

maximinoi

93

90

100

90

100

90

100

90

100

90

80

90

100

80

90

100

oocarpa

94

100

100

100

100

80

70

100

100

90

100

90

100

90

90

100

pseudostrobus
97

100

100

100

100

100

100

100

100

100

100

60

100

90

100

100

herrerae
87

80

100

100

100

70

60

100

100

90

90

90

70

80

85

90

leiophylla
95

90

100

90

100

100

90

100

100

80

100

100

90

80

100

100

radiata
96

100

100

100

100

95

100

100

90

90

100

100

100

90

85

90

elliotii
99

100

100

100

100

100

100

100

100

100

100

100

100

100

90

90

taeda
97

100

100

100

100

100

90

90

100

90

90

100

100

90

100

100

92

60

100

100

100

70

100

100

80

100

100

100

90

90

90

89

70

100

90

100

80

100

100

100

100

80

100

60

70

95

100

95

100

100

100

100

90

90

90

100

90

90

100

100

100

100

90

tecunumanii
(HE)
tecunumanii
(LE)
greggii
(N)
100

greggii
(S)
95

100

100

80

100

90

100

100

80

90

100

100

100

90

100

90

patula
var. pat.
96

100

100

100

100

100

100

100

90

80

90

100

100

90

100

100

94

100

100

100

85

90

100

100

90

100

100

100

80

90

100

100

patula
var. long.
94

93

100

97

98

92

88

97

97

93

93

93

99

91

90

93

97

Values in the table are the percentage of independent observations correctly classified as Species A (rows) in a paired-species model with Species B (columns). Results shown are from the best of three NIR
spectroscopy discriminant analysis models using different sets of wavelengths: a) 400–2500 nm, 1100–2500 nm and 1852–2500 nm.

*

Species

caribaea
var. bah.

AVERAGE

Table 3. Percentage of the validation data sets samples classified correctly by species using NIR spectroscopy data from foliage scans of 16 pine species. Samples were classified using
paired-species models and discriminant analysis models for all possible species pairs*.
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Table 4. Percentage of simulated hybrids and pure pine species classified correctly for six hybrid-species combinations* using NIR data from
foliage scans and discriminant analysis.†

Species

PT × PGS

PT

Species

PT × PGS

PT × PGS
PT

85

15

PT × PGS

100

0

0

100

PGS

20

80

Species

PE × PCH

PCH

Species

PE × PCH

PE

PE × PCH

100

0

PE × PCH

100

0

0

100

PE

20

80

PPP×PTLE

PPP

Species

PPP × PTLE

PTLE

PCH
Species

PGS

PPP × PTLE

100

0

PPP × PTLE

100

0

PPP

30

70

PTLE

20

80

*

Hybrid-species abbreviations are as follows:
PT × PGS = P. taeda × P. greggii (S), PT = P. taeda, PGS = P. greggii (S)
PE × PCH = P. elliottii × P. caribaea var. hondurensis, PE = P. elliottii, PCH = P. caribaea var. hondurensis
PPP × PTLE = P. patula var. patula × P. tecunumani LE, PPP = P. patula var. patula, PTLE = P. tecunumanii (LE)
†
Values in the table are the percentage of independent observations correctly classified as Species A (rows) in a paired-species model with Species B (columns). Results shown are from the best of three NIR discriminant analysis models using different sets of wavelengths: a) 400–2500 nm, 1100–2500 nm and
1852 × 2500 nm.

Figure 1 presents the wavelength loadings for the first principal component of three different species pairs. The first
principal component explained 75% of the variation in the
spectral dataset for the P. patula var. patula and P. tecunumanii (LE) dataset, 70% of the variation for P. taeda and P.
greggii var. australis and 47% for P. elliottii and P. caribaea var.
hondurensis. The loadings were very similar for all three pairs
of species, with peaks with high (absolute value) loadings
around 1320 nm, 1460 nm, 1866 nm, 1932 nm, 2108 nm and
2490 nm (Table 5). Data relating band position and chemical
bonds and structures have been compiled for a wide array
of forage and agricultural products 33 and these may have
relevance to the ground foliage samples used in this study.
Wavelength 1460 nm is associated with N–H stretch and urea
and 1860 nm is associated with C–Cl bonds. Wavelengths
1930 nm and 2100 nm have been associated with starch and
cellulose and wavelength 2488 nm is associated with C–H and
C–C stretching and cellulose.33 In studies on wood samples,
wavelengths 2110 nm and 2491 nm have been associated with
cellulose.34 There were some regions where the loadings were
somewhat different for the three pairs of species, specifically
around 1100 nm, 1730 nm and 2320 nm. However, the loadings
were not particularly high in any of these regions for any of the
three datasets, with the absolute values of the loading less
than 0.05 for all wavelengths.
Stepwise discriminant analyses was used to identify the five
best wavelength models for each of the three paired-species
datasets and the wavelengths selected were rather different
for the three datasets (Table 5). All five-wavelength discriminant models were nearly as accurate as the corresponding
models using all wavelengths, in terms of correctly classifying
independent samples (results not shown). For P. elliottii and
P. caribaea var. hondurensis, four of the five selected wavelengths were in the region 1704 nm to 1746 nm (Table 5). In

contrast, for P. patula var. patula and P. tecunumanii, none of the
wavelengths chosen were in that region (1172 nm, 1206 nm,
1416 nm, 1960 nm and 2264 nm). The P. taeda and P. greggii
var. australis model did have one wavelength similar to the
P. patula var. patula and P. tecunumanii data set (1414 nm and
1416 nm, respectively), but the other four wavelengths chosen
(2042 nm, 2198 nm, 2310 nm and 2312 nm) were not similar
to either of the other two datasets. Interestingly, some of the
wavelengths selected for the models (2042 nm and 2444 nm)
do not yet have characteristic bonds or chemical components
associated with them in the forage33 or wood34 literature.

Discussion

The results of this study indicate that discrimination among
pure pine species is possible using ground-dried pine needles
and near infrared spectroscopy techniques. There were 20
independent observations in a validation data set for each of
the 120 paired-species models and these 2400 observations
were classified with 94% accuracy. For the six species-simulated hybrid data sets, there were a total of 120 independent
validation observations that were classified with 90% accuracy.
The difficulty in accurately classifying closely related species
or varieties (for example P. tecunumanii LE vs P. tecunumanii
HE, with only 75% accuracy) might suggest that it will be more
difficult to build NIR models to clearly distinguish between a
pure species and a hybrid. However, many hybrid combinations would presumably be between more distantly related
pine species, making the foliar chemical profile of the hybrid
relatively distinct from the pure species. Furthermore, if a tree
breeder was working with a particular hybrid on an operational
scale where an NIR verification model would be useful, this
would justify more comprehensive efforts to build a specific
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Figure 1. Wavelength loadings on the first principal component of NIR reflectance data from foliage scans of three paired-species datasets (P. elliottii and P. caribaea var. hondurensis, P. patula var. patula and P. tecunumanii (LE), P. taeda and P. greggii var. australis).

model rather than the one used in this study. Larger calibration sets (i.e. more samples) would likely produce a more
robust classification model that would increase accuracy and
would also allow a more comprehensive effort to optimise the
wavelengths and/or data transformations used in the model.
There were 120 different paired-species models in this study
and it was not feasible to examine all of them in detail. For the
three paired-species datasets examined, the overall variation
in the spectral data appeared similar, based on the wavelength
loadings of the first principal component. However, the stepwise discriminant analyses identified very different sets of
wavelengths as important. These results suggest that withinspecies variation in NIR spectra is rather large and that the
between-species differences are relatively small and subtle.
Overall, it is difficult to say exactly what chemical constituents and/or NIR wavelengths are most critical to distinguish
among species, but it seems likely that these will differ
depending on the species pair. It is known that pine species
vary in chemical composition of their wood. For example,
there is a large difference in the average lignin content of
wood of P. taeda (29%) versus P. maximinoi (25%).27 The types 15
and quantities of hemicellulose sugars (for example, xylan,
glucuronoxylan, arabinoxylan, glucomannan and xyloglucan)
could also vary among species. If these kinds of differences
occur in foliage, they should be detectable by NIR spectroscopy. In addition, taxonomists have long noted differences
among pine species in monoterpene composition, specifically the presence or absence and relative amounts of various

 onocyclic and bicyclic terpenes, diterpenes, alkanes, aldem
hydes and esters.38 For some of the paired-species data sets,
these kinds of differences would discriminate between species
and probably would be recognised by using NIR spectroscopy
In addition to monoterpene composition, different species
can have very distinct nutrient profiles in their foliage, even
when grown in the same environment (i.e. common-garden
type experiments). This has been seen for seedlings growing
in nursery conditions39,40 and in older trees growing in field
conditions. For example, plantings of P. maximinoi and P. tecunumanii grown next to each other in the Mpumalanga province of South Africa had distinctly different nutrient profiles
(Camcore, unpublished data).
Although the simulated hybrids created in this study using
50 : 50 mixtures of needles could differ greatly from natural
hybrids (biochemically and genetically), the high accuracy
values obtained in this initial study (94% overall in the pure
species study and 90% overall in the simulated hybrid study)
suggest that there might be sufficient spectral differences
among pure pine species and hybrids that NIR spectroscopy
could be used to verify putative hybrids. We are currently testing
NIR techniques on putative hybrids created by controlled pollination from known parents in seed orchards. Prior to the
NIR assessment, seed lots will be verified for hybridity using
species-specific SNP markers.16–17
The Central American and Mexican pines are known to naturally hybridise in areas where their geographic ranges overlap
with related species41 and admixtures of two species can be
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Table 5. First five wavelengths chosen in a stepwise discriminant analysis for three paired-species datasets, using NIR spectra from scans
of ground foliage.

Dataset
P. elliottii and
P. caribaea var.
hondurensis

Wavelength
(nm)

Nearest wavelength and characterisation
Wavelength, bond vibration

Component

1704

@ 1705, C–H stretch first overtone
@1703, C–H stretch first overtone

•CH 3
•CH2, cellulose

Reference
33
34

1718

@1720, C–H stretch first overtone

Lignin, hemi.

34

1724

@1725, C–H stretch first overtone
@1724, C–H stretch first overtone

•CH2
hemicellulose

33
34

1746

@1740, S–H stretch first overtone

–SH

33

@1170, C–H second overtone
@1170, C–H, HC=CH stretch second
overtone

•HC=CH

lignin

33
34

1206

@1215, C–H second overtone

•CH2

33

1416

@1415, C–H combination
@1417, C–H combination
@1417, C–H stretch end first overtone

•CH2

aromatic
lignin

33
33
34

1960

@1960, O–H stretch/bend combination

cellulose

33

2264

@2270, O–H stretch/C–H stretch combination
@2267, O–H stretch

cellulose
cellulose

33
34

1414

@1415, C–H combination

•CH2

33

@2200, C–H stretch, C=O stretch

lignin

34

2444
P. patula var. patula
and
P. tecunumanii (LE)

P. taeda and
P. greggii var.
australis

1172

2042
2198
2310

@2310, C–H bend second overtone

oil

33

2312

@2310, C–H bend second overtone

oil

33

as high as 20%.30 On occasions, these putative hybrids are
observed in field trials intermixed with the pure species. We
would like to determine the reliability of NIR spectroscopy to
classify trees in genetic field trials when crown architecture and
needle morphology suggest that natural hybrids are intermixed
with the pure species. NIR spectroscopy should be able to verify
if trees with atypical morphology are true hybrids, assuming
that a spectral database of both pure parental species exists.
However, an important question is whether NIR assessments
of parental species and putative hybrids must be based on
needle samples taken from trees of approximately the same
age growing in similar environments, or whether a more robust
model based on samples from many environments and ages
could be developed. In this study, all the needle samples were
taken from seedlings of the same age growing in the same
greenhouse. Finally, another application of NIR spectroscopy
might be in the area of pine taxonomy and evolution, especially if
it is able to discern differences between species closely related
by descent more efficiently than molecular approaches.

Conclusions

It seems clear that NIR spectroscopy can be used to distinguish between pure pine species on the basis of dried foliage

samples. NIR spectroscopy can also be used relatively
successfully to distinguish between foliage samples from a
pure species and a “simulated hybrid” (i.e. a mixture of foliage
samples from the pure species and another species). These
results suggest that NIR spectroscopy has the potential to
distinguish between a pure species and a true hybrid. The ease
of use and low cost of NIR spectroscopy makes this an attractive option for organisations working with a particular pine
hybrid in an operational breeding and plantation program.
Research is underway to further investigate this approach
using foliage samples of true hybrids verified with molecular
markers.
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