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Gas chromatographicmass spectrometric (GCMS) analysis using an HPINNOWax capillary column (30 m × 0.25 mm × 0.5 mm film of polyethylene glycol) has been used for
determination of individual monoterpenes in fresh coniferous needles of Picea abies (L.)
Karst. Concentration and composition pattern of monoterpenes were investigated with
respect to the year of differentiation of needles (age of needles) and characteristics of
shoots (length and total dry matter weight, DMW). Principal component analysis, analysis
of variance, and cluster analysis allowed one to specify the content and composition
pattern of essential oils and to find interrelations (also the latent ones) between year
classes of needles.
Opracowano chromatograficzn¹ metodê (chromatografia gazowa sprzê¿ona z detektorem
masowym, GCMS), stosuj¹c kolumnê kapilarn¹ HPINNOWax (30 m × 0,25 mm ×
× 0,5 mm film glikolu polietylenowego), do oznaczania pojedynczych monoterpenów
w wie¿ych ig³ach wierku pospolitego, Picea abies (L.) Karst. Okrelano stê¿enie i sk³ad
monoterpenów w zale¿noci od wieku igie³ i charakterystyki parametrów wzrostu pêdów
(d³ugoæ i ca³kowity ciê¿ar suchej masy, DMW). Analiza g³ównego sk³adnika, analiza wariancji
i analiza grup pozwoli³y na okrelenie iloci i sk³adu olejków eterycznych i znalezienie
zale¿noci (tak¿e tych ukrytych) wystêpuj¹cych miêdzy klasami wieku igie³.
* Corresponding author. E-mail: kuban@mendelu.cz; Fax: 420 5 4521 2044
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Terpenes are main components of essential oils of coniferous trees. Concentration
of several milligrams per gram of fresh weight is usually found in coniferous needles.
Terpenes are stored mainly inside resin ducts [1]. They mediate many important interactions between trees and their environment. They have antibacterial and antifungal
properties. Carbonylated monoterpenes are more active in a direct contact, while monoterpenes are more active in an ambient air. They can also repel or attract herbivores [2].
They are emitted from conifers to the atmosphere in large quantities and thus they play
an important role in the atmospheric chemistry [3, 4].
The effects of seasonal environmental changes on growth and maturation of needles
of Norway spruce [5] and Pseudotsuga menziesii [6] have been investigated. The
effects of nutrient conditions [7], drought and water-logging [8] and air pollutants [9]
on terpene content in coniferous needles have been investigated. An injury of a needle
[1] or a trunk [7] can cause changes in the amount and the composition pattern of
essential oils inside resin ducts as terpenes and stilbenes participate in wound healing.
Also, long-term drought stress can induce the increased production of terpenes. The
content of needle terpenes was generally diminished by ozone and acid mist treatment
[9]. The changes in monoterpene concentration ratios in the needles of pollution-suffering Picea abies correlated with montane yellowing [1].
Composition pattern of essential oil is under genetic control, but high variability
appears. The content of monoterpenes can also be related to the UV exposure, as well
as to the location of a needle on the tree or on the whorl [10]. Schonwitz et al. [11]
have compared the content of monoterpenes in 47 adult spruces growing under natural
conditions in three locations. The total amount of terpenes varied from 50 to 70%, the
variability due to different locations was insignificant. Variability in the composition
pattern of oils was negligible. The variability among wild trees was higher than among
the cloned ones [10]. Despite high variability, some differences among year classes
were observed. Merk et al. [10] have observed some differences in the production of
terpenes within whorls and needles depending on the age of a tree; there was no such
difference in case of various locations on the branch. However, some differences have
been found inside branches [11]. These results can not be generalised due to the short
period of collection of experimental data (only 3 years old needles were inves-tigated).
The aim of this work was to determine the content and composition pattern of
essential oils and their dependence on the needles age, and also to find some latent
interrelations using multivariate statistics methods. The main assumption in the selection of biological material was that the concentration of monoterpenes strongly
depends on stress factors; consequently, the needles of different ages from the basal
part of a tree growing under unusual environmental conditions were selected for the
study. The stressors typical for northern and southern regions (low total annual rain
precipitate and variable climatic factors) of natural appearance of P. abies strongly
affect its growth in the pre-selected locality.
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EXPERIMENTAL
Plant material
The pre-selected tree of Picea abies (L.) Karst from natural seedling in the onthogenic phase of early
maturity (40 years old) was 10 m high. The tree of high vitality was grown in the open forest. The control
tree grew in the southern part of Drahanská vrchovina, near Sobìice (in the North of Brno city, 420 m
over sea level (o.s.l.), biotic granodiorite rocks, eutric Cambisol soil, mild warm and dry climatic conditions,
total annual rain precipitation 490 mm, mean annual air temperature 8.7°C  climatological data averaged
over the period 19611990). The samples were collected in February from the whorl situated at the height
of approx. 3 m, i.e. from the base of the crown. Needles of different age classes were cut from the 1st order
stem in the inner part of the crown. The collected samples contained the needles of different ages, i.e. from
the oldest (1991 class) to the youngest (1999 class). The needles were healthy and without any observable
color changes.
Sampling procedure
Needles from the main part of the whorl were separated according to their age, stored in boxes at 0°C
and immediately transported to the laboratory and there stored also at 0°C. Individual groups of needles
were treated with organic solvent as described in the literature [12]. Four analyses were done for each group
of needles; for the group dating back 1991 only 2 analyses were performed (not enough needles were
available). The total length of needles, dry matter weight (DMW) and the length of branches, from which
the needles were collected, were measured. Non-identified monoterpenes were numbered. The numbers
correspond to their retention times in chromatograms. Their quantity might differ from exact concentrations [mg g1].
Total daily, weekly, monthly and annual rain precipitates and mean temperatures in 19901999 were
calculated on the basis of data obtained from the Czech Institute of Hydrometeorology in Brno. Concentrations and composition patterns of monoterpenes were determined in relation to the year of differentiation
of needles (age of needles) and in relation to the characteristics of shoots: length and DMW. Their changes
were attributed to variable climatic conditions.
Chemicals
Standard solutions of monoterpenes (a-pinene, b-pinene, 3-carene, camphene, a-phellandrene,
limonene, etc., all of p.a. purity) were purchased from Fluka. n-hexane (of reagent grade) was purchased
from Merck (Darmstadt, Germany).
Chromatographic analysis
An HP6890 gas chromatograph equipped with an HP5673 mass spectrometric detector and
an HPINNOWax column (30 m × 0.25 mm × 0.5 mm polyethylene glycol film, HewlettPackard) was used
for determination of monoterpenes. Flow rate of helium was 1.7 mL min1 and injector temperature was
250°C. Split ratio of 5:1 was applied. The following temperature programme for quantitative analysis was
applied: starting temperature 60°C, 5°C min1 ramp up to 100°C, 30°C min1 ramp up to 240°C, and 15 min
at 240°C. An HP 5673 mass spectrometric detector was operated in the SIM mode and it was regularly
calibrated with an HP calibrating solution. Spectra were recorded at 91, 93, 120 m/z, and also at 68 m/z
starting from the 5th min to achieve better sensitivity for limonene.
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Statistical data analysis
ADSTAT (TriloByte Statistical Software, Pardubice), STATGRAPHICS, SCAN, MINITAB programmes
were used for statistical data treatment. Exploratory data analysis, ANOVA, principal component analysis,
factors analysis, cluster analysis [14], and regression analysis were performed [15].

RESULTS AND DISCUSSION
Basic comments
The investigated needles can be divided into three distinct groups according the age
of needles and the corresponding concentration of monoterpenes. Concentration of
tricyclene in the needles plotted vs the year of growth formed an awed arch. The nearly
increasing trend was observed for B-germarcene and terpene T2030. Lower content of
B-germarcene was found in older classes compared to the younger ones. Similarly
lower content of terpene T2030 was found in older classes (1991 and 1992) than in
younger ones, in which it was almost constant. Age class from 1997 for B-germarcene
and age classes from 1993 and 1997 for tricyclene and terpene T2030 significantly
deviated from the trend. Generally, the classes from 1993 and 1997 deviated from the
trend that was additionally confirmed by principal component analysis and factor analysis.
One performed growth analysis, in which the number of shoots and the length of
branch were regressed vs the year of twig growth. Branch length steadily increased up
to 1992, when very dry and hot summer occurred. Thus, only a small number of buds
were formed as a basis for the next year (really less than can be expected according the
trend). In 1993 the weather was also extremely dry, thus extremely low number of
buds was formed again on twigs. In 1994 the weather was optimal, thus the number of
buds was much higher than in the previous year. In 1995, which provided also very
convenient conditions, the number of based twigs was decreased due to the aging of
branches.
Exploratory data analysis
Pre-selected data sets mostly follow a skewed asymptotic distribution. Normal
distribution applied only to datasets of a-phellandrene, limonene, terpinolene, and terpenes of retention times of 8.19 and 16.68 min. Rectangular distribution applied to
datasets of B-germarcene and terpene of retention time 20.50. The lognormal distribution applied to the dataset of terpene of retention time 20.93. Distribution of datasets
was determined using an ADSTAT programme on the basis of distribution with the
highest correlation coefficient of the rankit QQ graph. Exploratory analysis has confirmed independency of all datasets.
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Transformation of datasets
Datasets were appropriately transformed for the statistical treatment using
BoxCox and logarithmic (1 = 0) transformation. The found exponents 1 are given in
Table 1. The corresponding data for DMW and shoot lengths were not transformed
since normal distribution applied to both. Also the datasets of needle lengths were not
transformed since only three corresponding discrete values were obtained.
Table 1.
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Analysis of correlation matrix
Correlation matrices for the transformed datasets of terpenes, twig lengths, needle
lengths and DMW are presented in Tables 2a2c. Datasets were divided into three
groups on the basis of correlation results:
 tricyclene, a-pinene, camphene, b-pinene, sabinene, myrcene, limonene,
b-phellandrene, T1668, bornyl acetate, T1712, caryophylene, T2050, T2068
(correlation coefficients 0.751.00 and 0.741.00 for original and transformed
data, respectively);
 terpinolene, a-phellandrene, B-germarcene (from 0.86 to 0.95 for both sets).
The contents of terpenes correlated negatively with the data for shoots lengths
(0.65) and positively with the data for DMW (0.65 and 0.66 for original and
transformed data, respectively). The data for needle lengths correlated negatively very well with the group (0.60(0.75));
 T2093, original data of terpene contents did not correlate with any group.
The transformed data of terpenes correlated with both groups (up to 0.72 for the
first and 0.850.95 for the second group). The behavior of terpene data after transformation was close to that of the second group. Linear regression could be applied due to
the very high correlation between variables. Results of linear regression agreed very
well with the results of graphical evaluation applying PCANIPALS (see the loading

556

V. Helánová, I. Chvílíèková, M. Martinková, M. Meloun and V. Kubáò

plot, Fig. 1.). Consequently, the relation between the monoterpene data could be clearly
seen (see also a discussion bellow).
Table 2a. Correlation matrix  the transformed data
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Bold:
correlation higher than 0.7.
Italic: correlation lower than 0.7.
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Table 2b. Correlation matrix  the transformed data
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Bold:
correlation higher than 0.7.
Italic: correlation lower than 0.7.
Table 2c. Correlation matrix  the transformed data
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Bold: correlation higher than 0.7.
Italic: correlation lower than 0.7.
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Figure 1. NIPALS  loading plot: group A  terpenes eluted from the column after 16.68 and 20.50 min;
Group B  bornyl acetate, limonene, b-phellandrene, myrcene; Group C  caryophylene,
tricyclene, a-pinene, camphene, b-pinene, sabinene, and terpene of retention time of
20.68 min. Very close correlation exists between B-germarcene, terpinolene, T2093 and
a-phellandrene. DMW, needle lengths and twig lengths do not correlate with composition
pattern of terpenes

Analysis of variance
One-way analysis of variance of the data after BoxCox transformation for tricyclene
(1. group), B-germarcene (2. group) and monoterpene T2093 (3. group) was performed. Age of needles (period: 19911999, n = 4, for 1991 n = 2) was as an investigated factor and it was used to confirm statistically a significant difference between
age classes for all three terpenes. Quantil F (1a, k1, nk) was 2.337 while the parameters using the F-test criterion were always higher and equalled 41.96, 40.91 and 19.38,
respectively.
Principal component analysis  NIPALS
The results of data treatment using NIPALS for all terpenes are listed in Figures 1
and 2 (Score Plot, Loading Plot). They include twig lengths, needle lengths, and DMW.
The trend observed for the first component was unclear. In the centre of the graph the
data corresponding to 1993 can be distinguished  they indicate that 1993 was warm
and dry (right low). In 1997 the spring was dry and there was a flood in the summer
(left to the centre). The data corresponding to 1991 and 1992 are positioned in the
lower left part of the figure. The data corresponding to the needles grown in the years
with favorable weather are situated in the central part of the figure.

Application of multivariate statistical analysis to biological data

559

1,3$/66FRUH3ORW





6HFRQGFRPSRQHQW



































)LUVWFRPSRQHQW
Figure 2. NIPALS  score plot: the elements from individual years are grouped; component 1 corresponds
with the sum of terpenes in the needles; component 2 corresponds with the age of needles

The latent trend of the second component (age of needles) is also observable in
Figure 2. The oldest classes were situated in the lower part (individual clusters from
1991 and 1992). The cluster of the youngest classes (1998 and 1999) was situated in
the upper par, and other classes in the center. The clusters of individual year classes are
oblong and are diagonally oriented. All the clusters exhibit the tendency to form closed
formations, except those corresponding to 1997 and 1993.
Data in Figure 1 show that very close correlation exists between the terpenes.
Individual loads are described in the figure. Apparently, the number of variables can be
reduced in further analyses.
Correlations between terpenes were very closely related to the synthesis pathways
[16] since monoterpene cyclases (synthases) have a similar reaction mechanism to
prenyl transferases. The same enzymes controlled the pathways and also similar external effects initiated their synthesis, as it can be concluded from the similarities between
monoterpenes (mainly in group C). The finding of Wagschal et al. (1994) that cyclase
is responsible for the synthesis of terpenes in sage has been confirmed. Pinene cyclase
I converted GPP into bicyclic (+)-a-pinene and (+)-camphene, cyclase II forms
()-a-pinene and ()-b-camphene, cyclase III transformed GPP into (+)-a-pinene,
(+)-b-pinene, and monocyclic and acyclic olefins. Stereochemistry of these conversions has been already investigated [18]. These findings correspond well to the fact
that a-pinene, b-pinene and camphene are present in the same group (Fig. 1).
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Myrcene correlated with a-pinene, b-pinene and limonene. This could be due to
the fact that all were synthesised in the linalyl diphosphate pathway [17]. Myrcene was
formed directly from linalyl diphosphate while three others required the formation of
terpinyl cation from the linalyl diphosphate as an intermediate. Limonene, terpinolene,
bornyl diphosphate, camphene, a-pinene, b-pinene, b-phellandrene, sabinene, and
3-carene were synthesised from a-terpinyl cation. This was in agreement with our
results since all monoterpenes exhibited high correlation coefficients (up to 0.99).
Although the literature data [17] concern sage and mint, we have concluded that similar
enzymes and similar syntheses occur in the needles of Picea abies.
Factor analysis (FA)
Factor analysis was performed for three factors. Selected variables, that minimally
correlated with each other, i.e. tricyclene, limonene, T16.68, terpinolene and
B-germarcene (Fig. 3a3c), have been chosen. The first component in factor analysis
(Fig. 3a, only two components; 1 and 2, are depicted) corresponded to the total amount
of terpenes in the needles (low concentrations on the left, and high on the right). The
relationship between the content of terpenes in the needles and weather was discussed
above. This first factor was not as significant for reduced number of variables as for
the full matrix (including all terpenes). The second component corresponded to the age
class and the third component (Fig. 3b and 3c) indicated the conditions during growth
of the needles. The last component was used to divide the needles into the classes
corresponding to the year: 1993, 1997 and 1999. For these years dry weather in April
and/or May and/or June was characteristic. Two of these three months were dry and
hot with rain precipitate levels below 40 mm per month and p/T ratio lower than 3,
followed by a short monsoon Medard in July and dry rest of the summer.
The years 1991 and 1992 (and 1997 and 1999) were characterised by very similar
weather conditions (the parameters are very close to each other in the figure) and
formed one group. In contrast, the weather was different between 1997/1999 and
1991/1992. Very dry spring and very dry summer with scarce rains characterised the
period 1997/1999. The period 1991/1992 was relatively dry. More precipitates appeared
(compared to 1997/1999) during the needle-growing period in May/June.
Extremely low level of rain precipitates occurred in 1993, except from showers in
the summer. Thus, the trees experienced a water stress over the whole year. The years
19941996 and 1998 (weather conditions were not optimum) did not follow the general trend but the growth of trees was satisfactory. Canonic correlations were not very
helpful since statistically insignificant coefficients were obtained.
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Figure 3. Factor analysis  score plot: a. components 1 and 2; component 1 corresponds with the sum of
terpenes in the needles, component 2 corresponds with the age of needles; b. components 1
and 3; component 1 corresponds with the sum of terpenes in the needles, component 3 separates the needles according to the high (upper part of the figure) and low (lower part) stress
caused by dry and hot conditions; c. components 2 and 3; component 2 corresponds with the age
of needles, component 3 separates the needles according to the high (upper part of the figure)
and low (lower part) stress caused by dry and hot conditions. (Continuation on the next page)
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Figure 3. (Continuation)

Hierarchical clustering
Figure 4 presents the results of cluster analyses performed applying a Complete
Linkage method. The closest clusters exhibited the shortest distance between the two
most distant objects. A single digit corresponding to the last digit of the growth year
number corresponded to individual groups of needles. The smallest clusters nearly
corresponded to the age of needles. The groups corresponding to 1999, 1998, and
1996 were very similar (similarity 66%) to the group from 1995 using the next level.
The same result was obtained for 1991 and 1992. Similarities between other groups
were very low. For 1997 and 1994 individual groups of monoterpenes were formed.
For 1993 another group was formed, which corresponded to the group from 1997 and
1994 at the 50% level of similarity. This finding partly corresponded with the Loading
Plot (Fig. 1).
Figure 5 represents hierarchical clustering of variables. Terpenes could be separated into the following six groups: i) objects No. 2, 3, 8, 12: a-pinene, camphene,
limonene, bornyl acetate, ii) 7, 10, 18: a-phellandrene, terpinolene, B-germarcene,
iii) 1, 4, 6: tricyclene, b-pinene, myrcene, iv) 5, 9, 15: sabinene, b-phellandrene, T2050,
v) 11, 16: T1668 and T2068, vi) 13, 17, 14: T1712, T2093, caryophylene.
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Figure 4. Dendrogram  year of growing similarity, complete linkage, Euclidean distance; year of growth:
1  1991, 2  1992, 3  1993, 4  1994, 5  1995, 6  1996, 7  1997, 8  1998, 9  1999
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Figure 5. Dendrogram  year of growing similarity, complete linkage, Euclidean distance; legend:
1  tricyclene; 2  a-pinene; 3  camphene; 4  b-pinene; 5  sabinene; 6  myrcene;
7  a-phellandrene; 8  limonene; 9  b-phellandrene; 10  terpinolene; 11  T1668; 12 
 bornyl acetate; 13  T1712; 14  caryophylene; 15  T2050; 16  T2068; 17  T2093;
18  B-germarcene

First two groups of monoterpenes were distinct, while other monoterpenes formed
one large group. The same results were obtained using other statistical methods. Two
groups were identical at the highest level of similarity, while the contents of ii) could be
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either transferred from one group to the other, or it formed a separate group at the 50%
level, or at lower levels.

CONCLUSIONS
In the middle European region, spruce is planted as a very effective and economically interesting species, although its growing conditions are far from optimum. It is
obvious that the concentration of secondary metabolites (mainly essential oils) follows
negative stress factors mainly at the height lower that 500 m over the sea level. Spruce
is affected by stressors typical for northern and southern areas of its natural appearance (irregular early and later freezes, exceptionally mild and/or very cold winters, wet
and cold or hot and dry summers, etc.).
The influence of climatic conditions on the contents of individual monoterpenes in
spruce needles in dependence on their age, size, and conditions (mainly dryness during
elongation periods of whorls) has been investigated. Also similarities and differences
between synthesis pathways of individual monoterpenes are important. For the above
reasons, the site representing the most irregular growing conditions for spruce (relatively low annual rain precipitates, changeable climatic factors) was chosen. A tree
without any visual damage (i.e. yellowing of needles, etc.) was selected for this study.
The needles from the oldest, basal part of the tree were collected for the analysis. For
these needles less sharply expressed changes in bio-climatic conditions were expected
compared to highly illuminated parts of the tree crown. Multivariate statistical methods,
namely the principal component analysis, correlation analysis, cluster analysis, and
ANOVA were applied to specify the amount and composition pattern of essential oils,
their dependence on the needles age, and some latent relationships.
Composition patterns of monoterpenes were found to be dependent on the year of
differentiation of needles (age of needles) and on the characteristics of shoots (length
and total dry matter weight, DMW).
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