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Site temperatures influence seasonal changes in
terpene composition in Douglas-fir vegetative
buds and current-year foliage

Jason R. Nault

Abstract: Over a 3-year period (1998–2000), variations in terpene composition was measured in vegetative buds of
Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco) from six sites varying in elevation and geographic location with
sampling from early spring to midsummer. Eleven terpenes were found in virtually all samples (tricyclene, α-pinene,
camphene, sabinene, β-pinene, myrcene, ∆-3-carene, limonene, β-phellandrene, terpinolene, and bornyl acetate) and rep-
resented an average of 87% of the total terpenes. In each year, composition of the terpene mix varied significantly (P ≤
0.05) for all sites and dates, with some significant site and date interactions. Degree-day accumulations were calculated
for all sites and years. Patterns of change in terpene composition between sites, areas, and years were strongly related
to the temperature regimes associated with site and year.

Résumé : Les variations dans la composition en terpènes des bourgeons végétatifs de douglas vert (Pseudotsuga men-
ziesii (Mirb.) Franco) ont été mesurées sur une période de 3 ans (1998–2000) en prélevant des échantillons du début du
printemps jusqu’au milieu de l’été dans six sites situés à différents endroits et à différentes altitudes. Onze terpènes ont
été observés dans presque tous les échantillons (tricyclène, α-pinène, camphène, sabinène, β-pinène, myrcène, ∆-3-
carène, β-phellendrène, terpinolène et acétate de bornyle) et représentaient en moyenne 87 % du total des terpènes. À
chaque année, la composition du mélange de terpènes était significativement différente (P ≤ 0,05) pour chaque date et
chaque site avec quelques interactions significatives entre les dates et les sites. Les accumulations de degrés-jours ont
été calculées pour tous les sites et toutes les années. Les patrons de variation dans la composition en terpènes entre les
sites, les zones et les années étaient fortement reliés aux régimes de température associés à chaque site et à chaque
année.
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Introduction

Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco) is an
important commercial species in northwestern areas of
North America. Extensive studies have been undertaken to
identify terpenes in Douglas-fir needles (Sakai et al. 1967;
Maarse and Kepner 1970) and their seasonal variations and
biological roles in plant development (Maarse and Kepner
1970; Wagner et al. 1989; Zou and Cates 1995, 1997) and to
relate these changes to potential roles in insect resistance
(Zou and Cates 1997; Cates and Zou 1990). Terpenes have
been used in chemotaxonomy of Douglas-fir in an attempt to
identify subgroups that occur in different geographic loca-
tions (Von Rudloff 1972, 1973; Von Rudloff and Rehfeldt
1980). The objective of this study was to determine the sea-
sonal variation in the terpene composition of the current

year’s foliage starting with vegetative buds and continuing
as the buds flushed and the foliage matured and to see if this
seasonal variation varied between sites and year of sam-
pling.

Materials and methods

Six sites were chosen to cover the range of elevations
where Douglas-fir was found in the study areas. Three sites
were located within the Nicola Valley in British Columbia
within 30 km of Merritt: Clapperton Creek (120°40′W,
50°11′N, elevation 750 m), Kirby Creek (120°40′W,
50°11′N, 1050 m), and Pentangle (120°39′W, 50°14′N,
1350 m). Three sites were also chosen in the Okanagan
Valley within 15 km of Peachland, B.C.: Peachland Creek
(119°48′W, 49°45′N, 600 m), Pineridge (119°46′W,
49°47′N, 850 m), and Coldham Mountain (119°46′W,
49°47′N, 1050 m). All sites were within the interior
Douglas-fir zone with the exception of Clapperton Creek,
which was in the ponderosa pine zone. From five sites, 10
codominant Douglas-fir trees were chosen along a 200-m
transect. From Clapperton Creek, only five trees were cho-
sen in a similar pattern. Samples consisted of a single 45-cm
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branch tip cut from the midcrown of each tree at each sam-
pling time. The six sites were sampled six times in 1998
(from 21 April to 18 August), 10 times in 1999 (from
21 April to 8 September), and four times in 2000 (from
19 April to 31 May).

Branch samples were kept in a cold room (5 °C) in the
dark and processed within 3 days of sampling by removing
vegetative buds or current-year needles from the branch
samples with a scalpel. The buds or needles were then stored
in sealed vials in a freezer (–5.0 °C) until ready for extrac-
tion. For extraction, several buds (to a total mass of approxi-
mately 0.3 g) were randomly selected and placed into a test
tube containing 6 mL of cold methanol–water (2:1), 6 mL of
hexane, and 2 mL of an internal standard (methyl palmitate
in isooctane). Test tubes were immersed in ice water to cool
(to minimize loss of the more volatile compounds) and then
the samples were rapidly homogenized using a Polytron (FT
2000) homogenizer equipped with a modified cutting head
to aid with comminuting the material. The homogenized
sample was centrifuged and the hexane (upper) layer was
then filtered through surgical-grade cotton wool into auto-
sampler vials. For each set of samples, a blank sample was
prepared by following the same procedure but without buds.
The terpenes were found in the hexane layer along with
chlorophyll and other hydrophobic constituents. The hydro-
philic compounds were retained in the methanol–water frac-
tion and discarded. Extraction solvents were high-pressure
liquid chromatography grade. Methyl palmitate (99%+ pure)
was obtained from Aldrich.

A Hewlett Packard capillary gas chromatograph (model
5890) equipped with an autosampler was used to quantify
the terpenes. The injector temperature was 180 °C and the
flame ionization detector was at 295 °C. The capillary
column was 25 m long × 0.20 mm inner diameter with
0.33-mm HP Ultra-2 (5% diphenylsiloxane – 95% dimethyl-
siloxane) coating. Carrier gas was helium at 0.8 mL/min.
Injection was 4 mL with a split ratio of 35:1. The tempera-

ture program was 60 °C for 1 min, ramp to 275 °C at
7 °C/min, and hold at 275 °C for 10 min.

Terpenes were identified by peak retention times, with
terpene identifications confirmed for selected samples by us-
ing gas chromatography – mass spectrometry (GC–MS) and
GC – Fourier transform infrared spectroscopy (FTIR). Col-
umns and conditions for the GC–MS and GC–FTIR were
identical to the method described except that a slightly larger
capacity column was used for the GC–FTIR (25 m ×
0.32 mm inner diameter with 0.17-mm HP Ultra-2) as re-
quired by the detector. Blank samples were used to verify
solvent purity.

Individual terpenes were calculated as percent contribu-
tion to the total peak area recorded on the chromatogram.

Temperature records for 1998–2000 were obtained from
the Meteorological Service of Canada for two weather sta-
tions close to the study plots. The stations were Merritt STP
(station No. 1125079; 120°48′W, 50°07′N, 588 m) and
Peachland (station No. 1126070; 119°43′W, 49°47′N,
345 m). BioSIM version 5.7 (Régnière et al. 1995; Régnière
1996) was used to calculate yearly temperature regimes ad-
justed for elevation and location for each site based upon the
nearest weather station. Degree-day accumulations for each
site and year were then calculated based upon a 4 °C thresh-
old temperature.

All statistical procedures were performed using
STATISTICA (version 6.0) (StatSoft, Inc., Tulsa, Okla.,
http://www.statsoft.com). For all statistical tests, a confi-
dence limit of 95% (P ≤ 0.05) was used.

Results and discussion
Eleven terpenes were found to occur in virtually all sam-

ples analyzed. In order of elution from the chromatograph,
these were tricyclene, α-pinene, camphene, sabinene, β-
pinene, myrcene, ∆-3-carene, limonene, β-phellandrene,
terpinolene, and bornyl acetate. Identity of the terpenes was
confirmed by the methods noted above. All of these terpenes
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1998 1999 2000 All
Significant
differences*

n 328 548 213 1089

Tricyclene 2 (1) 2 (1) 1 (1) 2 (1) abcdefg
α-Pinene 27 (10) 30 (10) 33 (12) 30 (11) abcdef
Camphene 10 (8) 8 (8) 5 (4) 8 (8) abcdefg
Sabinene 5 (4) 4 (4) 3 (3) 4 (4) acd
β-Pinene 24 (11) 21 (11) 21 (12) 22 (11) abcdefg
Myrcene 4 (2) 4 (3) 4 (3) 4 (3) abc
∆-3-Carene 2 (3) 3 (4) 3 (3) 3 (4) abcd
Limonene 8 (4) 9 (5) 8 (4) 8 (4) abcd
β-Phellandrene 1 (1) 1 (1) 1 (1) 1 (1) abc
Terpinolene 2 (2) 3 (2) 2 (2) 2 (2) abcdf
Bornyl acetate 3 (3) 3 (3) 2 (1) 3 (3) abcdfg
Total 88 (8) 88 (8) 82 (11) 87 (9)

*a, significant site to site differences in 1998, 1999, and 2000; b, significant differences by
date in 1998; c, significant differences by date in 1999; d, significant differences by date in
2000; e, site × date interaction in 1998; f, site × date interaction in 1999; g, site × date interac-
tion in 2000.

Table 1. Individual terpenes as a percentage (mean (SD)) of total terpenes in
Douglas-fir (Pseudotsuga menziesii) buds from 1998 to 2000.
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have previously been reported as components of Douglas-fir
foliage. Across all sites, sampling dates, and years, these 11
terpenes represented an average of 87% (SD 9) of the total
terpenes found (Table 1). ANOVA of the data (Table 1)
found that all of the terpenes studied varied significantly be-
tween sites for all years studied. All terpenes except
sabinene in 1998 and myrcene and β-phellandrene in 2000
varied significantly with date. β-Pinene, camphene, and tri-
cyclene had significant interactions between sampling date
and site for the three years studied, with some other terpenes
showing interactions for one or two years.

The terpenes exhibited different patterns of changes over
the sampling dates. Figure 1 illustrates the terpene patterns
observed in 1999 for trees at Peachland Creek, with the tree
to tree variation shown by the standard error about the mean
for each sampling date. These patterns paralleled the results
of other authors (Wagner et al. 1989; Zou and Cates 1995;
Cates and Zou 1990) for the dates (late June to September)
that they sampled, while the observed end of growing season
(September) values agreed with those of authors studying
dormant foliage (Zou and Cates 1995; Von Rudloff 1972,
1973; Von Rudloff and Rehfeldt 1980). The rapid changes in
terpene composition observed early in the growing season
(April and May) have not been previously reported.

The general patterns exhibited by each terpene were re-
peated in each sampling year and at each site, although the

timing of the patterns changed between years within each
site and between sites in each year. Using camphene as an
example, Fig. 2a illustrates the differences between years
within one site, while Fig. 2d illustrates the differences be-
tween sites for one year.

Calculated degree-day accumulations were also different
between years within each site and between sites. Figure 2b
illustrates the differences between years within one site,
while Fig. 2e illustrates the differences between sites for one
year. When the terpene patterns are considered as a function
of degree-day accumulations rather than sampling date, al-
most all of the within-site differences disappear (Fig. 2c),
and much of the site to site difference also disappears
(Fig. 2f ).

Comparing sites between areas, the sites in the Okanagan
Valley were also warmer than the sites in the Nicola Valley.
This is clearly seen by comparing sites in these two areas
with similar elevations (Coldham Mountain at 1050 m ver-
sus Kirby Creek at 1050 m and Pineridge at 850 m versus
Clapperton Creek at 750 m). The terpene patterns (Fig. 2d)
and the degree-day accumulations (Fig. 2e) both clearly il-
lustrate this.

From the significant differences found between sites and
dates for the terpenes studied, it is apparent that maturation
of the buds occurs at different rates at different sites. These
differences appear to be mostly explained by the temperature
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Fig. 1. Terpene variation by week for 11 terpenes measured at Peachland Creek in 1999. Squares, means; bars, standard errors.
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differences between sites, cooler sites maturing more slowly
than warmer sites. However, as illustrated by the large tree
to tree variation (Fig. 1) and the fact that the degree-day ac-
cumulations did not completely explain the site to site dif-
ferences, other factors must also play a role in the terpene
patterns found. These factors probably include differences
between and within sites such as available moisture and soil
composition and genetic differences between the trees.

It is apparent that some of the individual terpenes may be
used as sensitive indicators of site differences, even within
small geographic areas. However, to be of any utility as indi-
cators, enough trees must be sampled to get a reliable esti-
mate of the site average.

Acknowledgments

Dr. Vince Nealis and Rod Turnquist, Canadian Forest Ser-
vice, Pacific Forestry Centre, provided all of the fieldwork
and sample material for this study. The Meteorological Ser-

vice of Canada provided the temperature data for the
weather stations in the study areas.

References

Cates, R.G., and Zou, J. 1990. Douglas-fir (Pseudotsuga menziesii)
population variation in terpene chemistry and its role in bud-
worm (Choristoneura occidentalis Freeman) dynamics. In Popu-
lation dynamics of forest insects. Edited by A.D. Watt,
S.R. Leather, M.D. Hunter, and N.A.C. Kidd. Intercept Ltd.,
London, U.K. pp. 169–182.

Maarse, H., and Kepner, R.E. 1970. Changes in composition of
volatile terpenes in Douglas fir needles during maturation. J.
Agric. Food Chem. 18: 1095–1101.

Régnière, J. 1996. Generalized approach to landscape-wide sea-
sonal forecasting with temperature-driven simulation models.
Environ. Entomol. 25: 869–881.

Régnière, J., Cooke, B., and Bergeron, V. 1995. BioSIM: user’s
manual. Can. For. Serv. Inf. Rep. LAU-X-116.

© 2003 NRC Canada

2272 Can. J. For. Res. Vol. 33, 2003

Fig. 2. Time courses of site average camphene content and degree-days (4 °C threshold). (a) Camphene content by week at Clapperton
Creek; (b) degree-day accumulations by week at Clapperton Creek; (c) camphene content by degree-day at Clapperton Creek;
(d) camphene content by week at six sites in 1999; (e) degree-day accumulations by week for six sites in 1999; ( )f camphene content
by degree-day at six sites in 1999. Figs. 2a–2c: circles, 1998; squares, 1999; triangles, 2000. Figs. 2d–2f: open circles, Peachland
Creek; solid circles, Clapperton Creek; open squares, Pineridge; solid squares, Kirby Creek; open triangles, Coldham Mountain; solid
triangles, Pentangle.

I:\cjfr\cjfr3311\X03-151.vp
November 6, 2003 3:52:48 PM

Color profile: Generic CMYK printer profile
Composite  Default screen



Sakai, T., Maarse, H., Kepner, R.E., Jennings, W.G., and
Longhurst, W.M. 1967. Volatile components of Douglas fir nee-
dles. J. Agric. Food Chem. 15: 1070–1072.

Von Rudloff, E. 1972. Chemosystematic studies in the genus
Pseudotsuga. I. Leaf oil analysis of the coastal and Rocky
Mountain varieties of the Douglas fir. Can. J. Bot. 50: 1025–
1040.

Von Rudloff, E. 1973. Chemosystematic studies in the genus
Pseudotsuga. III. Population differences in British Columbia as
determined by volatile leaf oil analysis. Can. J. For. Res. 3:
443–452.

Von Rudloff, E., and Rehfeldt, G.E. 1980. Chemosystematic stud-
ies in the genus Pseudotsuga. IV. Inheritance and geographical

variation in the leaf oil terpenes of Douglas-fir from the Pacific
northwest. Can. J. Bot. 58: 546–556.

Wagner, M.R., Clancy, K.M., and Tinus, R.W. 1989. Maturational
variation in needle essential oils from Pseudotsuga menziesii, Abies
concolor and Picea engelmanii. Phytochemistry, 28: 765–770.

Zou, J., and Cates, R.G. 1995. Foliage constituents of Douglas fir
(Pseudotsuga menziesii (Mirb.) Franco (Pinacae)): their seasonal
variation and potential role in Douglas fir resistance and silvi-
cultural management. J. Chem. Ecol. 21: 387–402.

Zou, J., and Cates, R.G. 1997. Effects of terpenes and phenolic and
flavanoid glycosides from Douglas fir on western spruce bud-
worm larval growth, pupal weight, and adult weight. J. Chem.
Ecol. 23: 2313–2326.

© 2003 NRC Canada

Nault 2273

I:\cjfr\cjfr3311\X03-151.vp
November 6, 2003 3:52:48 PM

Color profile: Generic CMYK printer profile
Composite  Default screen


