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Summary

Identification of plant hybrids produced from closely
related species can be difficult using morphological char-
acteristics alone, particularly when identifying young
seedlings. In this study, we compared the performance of
three calibration models developed to discriminate
between seedlings of Eucalyptus globulus, E.  nitens and
their first-generation hybrid using either foliar oil chem-
istry or near-infrared reflectance spectral data from
fresh, whole leaves. Both oil and near-infrared
reflectance spectroscopy (NIRS) models were developed
using partial least-squares discriminant analysis and
showed high classification accuracy, all correctly classi-
fying more than 91% of samples in cross-validation.
Additionally, we developed a larger, “global” and inde-
pendently validated NIRS model specifically to discrimi-
nate between E. globulus and F1 hybrid seedlings of dif-
ferent ages. This model correctly classified 98.1% of
samples in cross-validation and 95.1% of samples from
an independent test set. These results show that NIRS
analysis of fresh, whole leaves can be used as a rapid
and accurate alternative to chemical analysis for the
purpose of hybrid identification.

Key words: eucalypt, spectra, 1,8-cineole, NIRS, fresh leaves,
discriminant analysis, partial least-squares regression.

Introduction

Eucalypts are renowned for their propensity to
hybridise, both in the wild and artificially (PRYOR, 1976;
GRIFFIN et al., 1988; POTTS et al., 2003). There has been
considerable interest in using eucalypt hybrids in com-
mercial forestry to extend the geographic range of eco-
nomically important species and to optimise economic
traits (MARTIN, 1989; TIBBITS et al., 1991; POTTS and
DUNGEY, 2004). One such case involves Eucalyptus glob-
ulus, which is an important hardwood plantation tree in
many temperate regions throughout the globe, due to its
fast growth and excellent pulpwood properties (POTTS et
al., 2004). The relatively poor frost tolerance of this
species restricts its use in some regions, where it is
replaced in plantations by more frost tolerant species,
such as E. nitens (TIBBITS et al., 1997). Efforts have been

made to produce hybrids that combine the frost tolerant
properties of E. nitens with the favourable wood proper-
ties of E. globulus (TIBBITS, 1989; VOLKER, 1995; POTTS et
al., 2000; VOLKER, 2002). Such hybrids are currently
used commercially in plantations in Chile (ESPEJO et al.,
1995; GRIFFIN et al., 2000). 

Previous attempts to produce hybrid crosses between
E. globulus and E. nitens have been constrained, as
crosses with E. nitens as the mother produce low num-
bers of seeds (TIBBITS, 1989; GORE et al., 1990) and con-
ventional crosses with E. globulus as the mother are not
possible due to differences in flower size (GORE et al.,
1990). A new method of crossing with E. globulus as
mother has been developed to produce hybrids (J.L.
Harbard, unpublished data), although, inevitably a
small proportion of pure E. globulus contaminants are
also produced. Early identification of hybrid seedlings is
important for clonal evaluation programs to avoid the
propagation of non-target genotypes. Visual classifica-
tion of E. globulus x E. nitens hybrid seedlings can be
achieved by trained observers, but can be difficult, par-
ticularly when seedlings are in the early stages of devel-
opment (TIBBITS, 1988). Alternative approaches to
hybrid identification include isozyme (BARBOUR et al.,
2002), DNA (SALE et al., 1996; DELAPORTE et al., 2001)
and chemical (GRAYLING and BROOKER, 1996; ESPEJO et
al., 2004) analysis. However, such approaches can be
costly and time-consuming, making large-scale analysis
impractical. A rapid, cost-effective and accurate analyti-
cal technique for large-scale screening of these hybrids
is therefore required.

Near-infrared reflectance spectroscopy (NIRS) is a
rapid analytical technique that reduces laboratory time
considerably compared to conventional laboratory analy-
sis techniques (FOLEY et al., 1998). It is non-destructive,
requires little sample preparation and can be used for
the simultaneous analysis of numerous constituents or
attributes (BATTEN, 1998). For NIRS analysis, samples
are irradiated with near-infrared light, which is
absorbed selectively, depending on the presence and
arrangement of bonds between carbon, hydrogen, oxy-
gen and nitrogen (GIVENS et al., 1997). The collected
spectrum provides a detailed representation of the bio-
chemical profile and certain physical characteristics of a
sample (BOKOBZA, 1998; OURCIVAL et al., 1999). Spectral
data are combined with multivariate analysis tech-
niques such as principal components analysis and par-
tial least-squares regression to enable numerous types
of quantitative or qualitative analysis. Near-infrared
reflectance spectroscopy is being increasingly used in
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forestry and forest ecology. For example, it has been
used to quantify wood property (POKE and RAYMOND,
2006) and phytochemical traits (GILLON et al., 1999;
STOLTER et al., 2006), classify tree provenances based on
leaf or wood-core spectra (SCHIMLECK et al., 1996; LISTER

et al., 2000), monitor putative seed sources (TIGABU et
al., 2005) and to discriminate between infested and
uninfested forest tree seeds (TIGABU et al., 2004). How-
ever, to our knowledge, only one study to date has suc-
cessfully used NIRS to identify hybrids (ATKINSON et al.,
1997). 

The aim of this paper is to determine whether this
rapid analysis technique can be used to discriminate
between leaves of pure Eucalyptus globulus, E. nitens
and their first-generation (F1) hybrid. Consequently, we
specifically aimed to:

1. Determine whether foliar oil and NIRS models can
be developed to accurately discriminate between the
leaves from these cross types, particularly E. globulus
and their F1 hybrid, sampled at the same time.

2. Compare the performance of NIRS and oil models to
determine whether NIRS can be used instead of the
slower and more expensive analysis of foliar oil composi-
tion.

3. Develop and independently validate a “robust”
NIRS model to discriminate between E. globulus and F1
hybrid leaves sampled at different times.

Materials and Methods

Genetic Material

The study was conducted on seedlings grown from: 1)
intraspecific E. globulus poly-crosses from four mother
trees; 2) pure open-pollinated E. nitens from four mother
trees; and 3) F1 hybrid offspring produced from con-
trolled crosses of a mix of the pollen of the four E. nitens
trees to each of the four E. globulus trees. Eucalyptus
nitens seed was sown nine months before the planting of
the E. globulus and F1 hybrid seed. It is possible that
the resulting age differences could have influenced the
ability of the oil and NIRS models to discriminate leaves
of E. nitens from those of E. globulus and the F1 hybrid.
However, we considered this effect to be minimal; while
the chemical profile of E. nitens foliage changes consid-
erably during early development, once seedlings are
aged approximately six months to two years, the chemi-
cal profile of this species remains relatively stable
(LONEY, 2007). All seedlings were grown under
glasshouse conditions; Eucalyptus globulus and F1
hybrid seedlings were grown in 18 trays, with 96 pots
per tray and E. nitens seedlings were planted in four
family blocks within one tray. Trays were planted in
family blocks and cross-type blocks within family and
their position randomised, resulting in the E. globulus,
E. nitens and F1 hybrid seedlings being effectively inter-
mixed at random within the glasshouse. 

To cull out pure E. globulus contaminants from the F1
progeny, two observers experienced with Eucalyptus
morphology (authors POTTS and GRIFFIN) independently
classified the seedlings at two and a half months of age
as either F1 hybrid or E. globulus. Because of the vary-

ing developmental stages of the seedlings, it was
impracticable to use the morphometric approach of
TIBBITS (1988). The observers therefore relied on a visu-
al integration of leaf and apical bud shape and glaucous-
ness of the foliage as discriminating traits. Decisions
between observers were unanimous in the majority of
cases and only this sub-set of the population was
retained for further study.

Sampling

Nine F1 hybrids and 39 E. globulus seedlings were
sampled at 2.5 and 6 months of age for NIRS and chemi-
cal analyses, which constituted sampling time one and
two, respectively (Some plants were not harvested at
each sampling time if leaf material of sufficient quality
was unavailable). At 6.5 months of age (sampling time
three), the same plants and an additional 89 E. globulus
and 84 F1 hybrid seedlings were sampled for NIRS
analysis. Thirty-nine 11.5 month old E. nitens seedlings
(sown nine months prior to E. globulus and F1 hybrid
seedlings) were also sampled for NIRS and chemical
analyses at sampling time one. Sampling involved har-
vesting the youngest fully expanded leaf pair from the
main stem of each seedling. One leaf was used for NIRS
analysis and the other for oil analysis, where required.
To determine if the performance of the E. globulus-F1
hybrid NIRS model could be improved by using spectra
from a particular leaf, or the average of three leaves, an
additional two leaves were sampled at the fourth and
eighth nodes from the 6 month old seedlings. This
increased sampling did not improve the model. Hence,
these additional leaves were not retained in the model
and only one leaf was sampled from the 6.5 month old
seedlings. Harvested fresh leaves were kept cool and
analysed for NIRS and chemistry on the same day.

Chemical analysis

Analyses of essential oil composition were carried out
on all samples collected at the first and second sampling
(78 E. globulus leaves, 18 F1 hybrid leaves and 39
E. nitens leaves). Essential oils were extracted using
dichloromethane with heptadecane as an internal stan-
dard (O’REILLY-WAPSTRA et al., 2004). Analyses were car-
ried out using Varian 8400 autosampler on a Varian
3800 gas chromatograph directly coupled to a Varian
1200 triple quadrupole mass spectrometer. Based on
prior analyses of pure E. nitens and E. globulus (J.L.
Harbard, unpublished data), 21 volatile compounds
were selected as markers for subsequent quantitative
analysis and identification of hybrids. These compounds
were alpha-pinene, alpha-phellandrene, p-cymene,
limonene, 1,8-cineole, gamma-terpinene, isoamyl iso-
valerate, alpha-terpineol, terpinyl acetate, caryophyl-
lene, aromadendrene, humulene, alloaromadendrene,
bicylcogermacrene, ledol, spathulenol, linalyl isovaler-
ate, globulol, viridiflorol, beta-eudesmol and eudesmyl
acetate (putative). They were identified based on their
electron ionization mass spectra and Kovats’ retention
indices (ADAMS, 1989; DAVIES, 1990). Reference mass
spectra were available from commercial libraries (NIST
MS database, 2002) and a specific essential oil mass
spectral library developed in-house. 
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Compounds were quantified based on their total ion
current (TIC) peak areas. Where peaks were not fully
resolved the chromatogram of a diagnostic ion for the
target compound was generated. Final results were
expressed as the ratio of the TIC for each target com-
pound to the TIC for the internal standard.

Collection of NIRS Spectra

Individual whole fresh leaves were scanned with near-
infrared (NIR) radiation using a Bruker MPA FT-NIR
spectrometer coupled to a fibre-optic probe. NIR
spectra (expressed as log (1/R)) were collected from
7690–4350 cm–1 (1300–2300 nm) at a resolution of
4 cm–1. The tip and the basal region of the adaxial sur-
face of each leaf were scanned, avoiding the midrib and
damaged areas. The resulting two spectra (four scans
each) for each leaf were averaged. 

Oil and NIRS models

Oil and NIRS models were created for pair-wise dis-
crimination of leaves from seedlings of: a) pure E. globu-
lus and E. nitens; b) E. globulus and F1 hybrids; and c)
E. nitens and F1 hybrids. Prior to analysis, a principal
component analysis was carried out on both the raw
chemical and spectral data to identify any outliers. No
spectral or chemical outliers were detected. Oil models
were developed using oil chemistry data obtained from
the first two sampling times. One set of NIRS models
(hereafter referred to as NIRS1) used the same samples
as those used for the oil chemistry models. In addition, a
larger and independently validated NIRS model
(NIRS2) contrasting E. globulus and F1 hybrids was
developed using 207 samples randomly selected from
the 310 samples (98 from the original model and 212
sampled at age 6.5 months) available in total. The
remaining 103 plants were used to validate the result-
ing model.

Models for both NIRS and oil chemistry data were cre-
ated using The Unscrambler software (version 9.7). Cal-
ibration models to discriminate between each class were
derived with partial least-squares discriminant analysis
(PLS-DA; see GELADI et al., 1996; NAES et al., 2002). For
this two-group analysis, each class (y-vector) was arbi-
trarily assigned a “dummy” variable of either “0” or “1”.
These numerical values were then regressed against the
spectra matrix. Samples predicted by the model as <0.5
were assigned to group “0”, whereas samples predicted
to be ≥0.5 were assigned to group “1”. Segmented cross-
validation was used to optimise the number of PLS
factors used in each model and to provide a preliminary
indication of the models’ predictive potential (e.g.,
COZZOLINO et al., 2003; LAWLER et al., 2000). Cross-vali-
dation involves removing one or more samples at a time
from the calibration set and predicting its value using a
model created from the remaining samples (DAVIES,
1998). In the present case, each validation segment com-
prised eight samples. The ability of the model to predict
these removed samples was then averaged, producing
the standard error of cross-validation (SECV), which
provides an indication as to the accuracy of the model in
predicting samples within the calibration set. In addi-
tion, the coefficient of determination (r2) was calculated,

which describes the correlation between the variation in
the response variable (class) and the predictor variables
(in this case either spectra or oil chemistry). The per-
centage of correctly classified samples was also calculat-
ed (% correct), which provided an additional method for
assessing the performance of the model. The model was
further refined by carrying out an uncertainty test
(DAVIES, 2001). Using this procedure, statistically non-
significant predictor variables were removed and the
model was recalculated.

In order to achieve NIRS models with the best accura-
cy, a number of pre-treatments were performed on all
spectra, including: 1) no treatment; 2) conversion to first
derivative (Norris-Gap with 3 smoothing points); 3)
standard normal variate (SNV); and 4) SNV and first
derivative conversion. Standard normal variate is used
to reduce noise related to physical characteristics of the
sample and derivative conversions are used to reduce
the effects of baseline shift and to emphasise the pres-
ence of subtle spectral features (BARNES et al., 1989;
CONZEN, 2003). In the present case, treatment 4 pro-
duced models with the greatest accuracy and only the
results from these models were analysed. 

In addition to the pair-wise approach we also under-
took the PLS discrimination analysis using a three-way
approach (PLS2 regression) which sequentially discrimi-
nated one class from the pool of the other two classes
(e.g. WOODCOCK et al., 2007). However, these three-way
models were generally not as accurate in classifying the
F1 hybrids. We have thus focused on the pair-wise
analyses as in most cases the application of the model
will focus on separating F1 hybrids from contaminant
pure species seedlings from the female parent. 

Results

Chemical and spectral profiles

Eucalyptus globulus, E. nitens and F1 hybrid seedlings
differed in both oil chemistry and NIRS spectra. Total
oils occurred in greater concentrations in E. globulus,
least in E. nitens and intermediate concentrations in the
F1 hybrid (Figure 1). A similar pattern was observed for
concentrations of 1,8-cineole, which was highly correlat-
ed with total oils and comprised almost half of the total
oil content (data not shown). Kruskal-Wallis tests
between the same-aged E. globulus and F1 hybrid
seedlings, showed statistically significant differences
between these two groups for total oils (X2

1 = 5.25,
P = 0.022) and 1,8-cineole (X2

1 = 8.30, P = 0.004). Highly
significant (P<0.01) differences also occurred for a num-
ber of minor oil components, some of which occurred
in greater concentrations in E. globulus (terpinyl
acetate, caryophyllene, aromadendrene, alloaromaden-
drene, bicylcogermacrene, ledol, globulol, viridiflorol,
beta-eudesmol and eudesmyl acetate) and others which
were higher in the F1 hybrid (linalyl isovalerate, isoamyl
isovalerate). 

Subtle differences could be seen in several regions of
the average NIRS spectrum of E. globulus, E. nitens and
their F1 hybrid after first derivative and SNV transfor-
mations (Figure 2). Notable differences occurred
between approximately 1900 nm and 2150 nm, which
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included a major water peak at 1900 nm. This region is
characterised by N-H and O-H combination bands and
C=O stretch first overtones (CONZEN, 2003). Differences
were also observed at approximately 1400nm, which is
another water absorption region and is associated with
C-H combination bands and O-H first overtones
(CONZEN, 2003).

Oil and NIRS models

All oil and NIRS models correctly classified more than
91% of samples in the calibration set (Table 1). However,

the NIRS models showed the same or higher classifica-
tion accuracy (96.9–100%), higher r2 and lower SECV
values than the corresponding oil models (Table 1; Fig-
ure 3), all of which suggest that the NIRS models have a
predictive power at least equivalent to the oil models.
Furthermore, the NIRS2 model correctly classified
95.1% of samples in the independent test set. Observa-
tion of the NIRS regression coefficients (not presented)
showed that similar regions throughout much of the
spectral range contributed to the development of each
NIRS model. In particular, regions around and above

Figure 1. – Differences in total foliar oil concentration as measured by the logarithm of the total
ion current (TIC) ratio relative to an internal standard, for seedlings of E. globulus (n = 78 leaves),
E. nitens (n = 39) and F1 hybrid (n =18).

Figure 2. – The average spectra (1300–2300 nm) after first derivative and SNV transformations of
E. globulus (G; n = 78 leaves), E. nitens (N; n = 39) and F1 hybrid (H; n =18) seedlings.
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1900 nm were important in developing models, which
was not surprising given the notable visual differences
in this region between the average spectra of the three
groups (Figure 2). For all oil models, the full suite of
compounds were retained after the uncertainty test and
used to derive the calibration models. 

Discussion

The results of this study demonstrate that multivari-
ate analyses of both oil chemistry and NIRS spectra of
whole fresh leaves are effective methods for discriminat-
ing between leaves of E. globulus, E. nitens and their F1
hybrid. However, in all three comparisons, the NIRS
models were more accurate at discriminating between
groups than the oil models. The results from the NIRS
models are consistent with other studies using NIRS,
where high levels of accuracy are often attained when
discriminating between groups or species of plants
(LISTER et al., 2000; TIGABU and ODEN, 2003; BERTRAND

et al., 2005; COZZOLLINO et al., 2005). In particular,
Atkinson’s (2004) NIRS model discriminated between
two species of Betula and their F1 hybrid with 100 %
accuracy.

Analysis of the regression coefficients for the NIRS
models showed that a number of spectral regions were
used to develop these models, including regions reported
to be associated with absorption of oil components. For
example, EBBERS et al. (2002) found that pure 1,8-cine-
ole absorbed strongly in the 2250–2300 nm region,
which is a region that contributed to the development of
the NIRS models in the current study. However, it is dif-
ficult to attribute regions of the NIR spectrum to specific
chemical compounds, as the broad absorption peaks typ-
ical of NIR spectra can represent more than one func-
tional group (FOLEY et al., 1998). The fact that impor-
tant information occurred throughout much of the NIR
spectrum rather than any distinct regions, suggests that

Table 1. – Calibration statistics for the oil and NIRS E. globu-
lus-E. nitens, E. nitens-F1 and E. globulus-F1 models. NIRS1
refers to models developed from leaves collected fom 2.5 and 6
month old seedlings. NIRS2 refers to the larger E. globulus-F1
NIRS model (heading codes are described in Materials and
methods).

* The NIRS2 model correctly classified 95.1% of samples in the
independent test set.

Figure 3. – Predictions using NIRS1 models for: (a) E. globulus-
E. nitens (b) E. globulus-F1 and (c) E. nitens-F1 models. Sam-
ples predicted by the model as <0.5 are assigned to class “0”,
whereas samples predicted to be ≥0.5 are assigned to class “1”.
Vertical dotted lines indicate the boundary between class “0”
(left of line) and class “1” (right of line).

there may be other chemical differences between these
species, besides foliar oil content. For example, E. globu-
lus seedlings contain much higher levels of a formylated
phloroglucinol compound, the macrocarpals, compared
to E. nitens seedlings (N.E. Glancy, Personal Communi-
cation). Nevertheless, the broad biochemical profile of a
sample provided by NIRS can enable the development of
useful models, regardless of whether the chemical differ-
ences that occur between species or groups are known
(RICHARDSON et al., 2003; MOLLER, 2004). 

The present study differs from the majority of other
studies that have used NIRS, in that the NIRS models
were developed using spectra from whole, fresh leaves.
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The conventional method of preparation for NIRS analy-
sis is to freeze-dry and grind samples prior to scanning.
The former procedure reduces the potential for the
hydrogen bonds in water to mask the presence of com-
pounds whose absorption peaks overlap those of water
(VILJOEN et al., 2007), while the latter makes the sample
homogeneous, thus minimising the effects of light scat-
tering (GIVENS et al., 1997). However, a limited number
of other studies have demonstrated that successful
NIRS models can be developed using fresh leaves. For
example, leaf chemical traits in animal silages and
wheat have been quantified using fresh leaf material
(PARK et al., 1998; MORON et al., 2007). In an ecological
study, EBBERS et al. (2002) developed successful quanti-
tative NIRS models for 1,8-cineole, nitrogen and
sideroxylonal in whole, fresh, eucalypt leaves, even
though the absorption of pure sideroxylonal was shown
to overlap with water absorption regions. Hence, there
is great potential for analysis of fresh, intact leaves
using NIRS.

Chemical analysis techniques have been used to iden-
tify or validate hybrids in a range of plant species. How-
ever, while the oil models developed in this study
showed high accuracy, these models performed less well
than NIRS models and the chemical analyses were time-
consuming. With an average direct labour requirement
of approximately 25 minutes per sample (including sam-
ple preparation and analysis of GC-MS results) plus
approximately twenty minutes of machine time to run
each sample, this method would be impractical for large-
scale studies. In contrast, collection of NIRS spectra
took only one minute per sample, representing a consid-
erable reduction in laboratory time.

The main practical objective of this study was
to develop a “robust” model to discriminate between
E. globulus and F1 hybrid leaves sampled at different
times. The high level of accuracy attained from this
larger NIRS2 model, both in cross-validation and inde-
pendent validation, demonstrates the potential for
developing models that can be applied to seedlings of
different ages. To further increase the effectiveness of
this model for future use, the model could be made more
robust by including leaf material from seedlings of other
ages, families, seasons and grown under different envi-
ronmental conditions. There is also the potential to
expand the model to enable analysis of seedlings
younger than two and a half months, which may be ben-
eficial in cases where it is important to determine
whether seedlings are hybrids or pure species earlier in
their development. Furthermore, the successful analysis
of fresh leaves opens the possibility for using portable
NIR instruments to carry out rapid, non-destructive
sampling of seedlings in field or nursery situations.
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Abstract

Five genetic tests involving 70 somatic clones of
coastal Douglas-fir (Pseudotsuga menziesii var. men-
ziesii) were planted March-April 1999 in Weyerhaeuser
plantations across western Washington and Oregon
states, USA. Four of the tests are in Longview and Twin
Harbors regions of Washington, and one test is in
Springfield, Oregon. Each test is based on single-tree
plots with 12 randomized complete-blocks. The 70
coastal Douglas-fir clones were propagated by somatic
embryogenesis from two full-sib families that had the
same female parent. Results are reported for survival,
height, diameter at breast-height (DBH) and volume
growth at 51/2-years.

These tests provide evidence of acceptable growth and
survival of somatic trees of coastal Douglas-fir across a
range of site conditions. Height had a clonal heritability

of 0.25 ± 0.01, DBH 0.21 ± 0.01 and volume 0.20 ± 0.01.
The growth traits were all strongly genetically associat-
ed with clonal correlations of 0.92 to 0.99.

Clonal performance for growth proved quite stable
across tests with an overall between-test correlation of
0.84 ± 0.04. There was little variance due to clone x test
interactions.

Key words: Coastal Douglas-fir, somatic embryogenesis, adapt-
ability, clonal heritabilities, clonal stability.

Introduction

Coastal Douglas-fir (Pseudotsuga menziesii var. men-
ziesii) is one of two varieties of P. menziesii; the other
being Rocky Mountain Douglas-fir (P. menziesii var.
glauca). The natural range of coastal Douglas-fir
extends south from central British Columbia, Canada,
along the Pacific Coast Ranges of northwest USA and
into California and Mexico (HERMANN and LAVENDER,
1999). Coastal Douglas-fir is among the most important
commercial forest tree species in North America and,
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