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Abstract*Volatiles emitted by cones and foliage of the Swiss stone pine "Pinus cembra#\ as well as cone
volatiles emitted by some other conifers "Picea abies\ Abies alba\ Pinus uncinata\ P[ sylvestris\ P[ koraiensis\ P[
pumila\ P[ peuce\ P[ strobus\ P[ parvi~ora\ P[ wallichiana and P[ armandi# were collected using headspace
techniques and analyzed by GC!mass spectrometry[ The same major monoterpenes\ i[e[ a!pinene\ b!pinene\
and limonene¦b!phellandrene were found in both the cone and foliage volatiles of Swiss stone pine[ The
monoterpene pro_le did not vary among cones from the same tree\ or among di}erent geographic origins[ A
few di}erences were noted between trees from the same stand\ and over cone development[ In other conifers\
cone emissions consisted of the same monoterpenes\ plus 2!carene\ with speci_c proportions related to tree
species[ Þ 0887 Elsevier Science Ltd[ All rights reserved

INTRODUCTION

Volatile compounds emitted by plants have been
shown to act as a key factor in recognition and selec!
tion of hosts by many pest insects ð0\ 1Ł\ especially by
those exploiting ~owers and fruits ð2\ 3Ł[ The involve!
ment of cone volatiles in long! and short!range host!
selection process of insects specialized in seed cone
exploitation has been suspected for some time ð4Ł[
However\ the olfactory cues provided by conifer
reproductive structures have received little attention\
although the conifer terpenoids have been largely
studied ð5Ł[ There have been only a few works intended
to demonstrate that di}erences in volatile emissions
could allow cone insects to distinguish cones of di}er!
ent species^ cones from foliage\ twigs\ or shoots^ and
cones at various stages of development[ Moreover\
most studies focused on the composition of cone oleo!
resin\ using solvent extraction or steam distillation
methods\ rather than analyzing volatiles[ Thus\ the
terpene composition of seed cone oleoresin has been
reported in Pinus resinosa Ait[ ð6Ł\ Larix decidua Mill[
and Pseudotsu`a menziesii ðMirb[Ł Franco ð7Ł\ Abies
nordmanniana Spach[ and Picea orientalis L[ ð8Ł\ and
Pinus sylvestris L[ ð09Ł[ More recently\ headspace tech!
niques were developed to isolate volatile compounds
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from plant scents in order to determine the com!
position of the host odour which is attractive to insects
ð00Ł[ Such headspace techniques were used in the study
of seed cone volatiles of Pinus taeda L[ ð01Ł\ Pinus
sylvestris\ Picea abies Karst[\ and Larix sibirica
Ledeb[ ð02Ł\ Larix decidua and Pseudotsu`a menziesii
ð03Ł[

Among conifers\ some stone pines "Pinus spp[\
subgenus Strobus\ section cembra\ subsection cem!
brae# show speci_c relationships between cones and
related insects[ The alpine species\ Swiss stone pine
"Pinus cembra L[#\ hosts a cone entomofauna limited
to three species ð04Ł whereas the cones of other conifers
native to Europe are usually attacked by from six
"Juniperaceae# to more than 09 insect pests ð05Ł[ Two
related Asian pines of the same cembrae subsection\
P[ pumila "Regel# and P[ sibirica "Rupr[# Mayr\ also
present only 1Ð2 insect species in cones ð06\ 07Ł[
Because host selection by cone insects is probably
mediated by olfactory cues\ the limited insect colon!
ization of these stone pine cones has been suspected to
result from a chemical barrier associated with volatile
emissions of seed cones ð04Ł[ The composition of cone
oleoresin and cone volatiles of P[ cembra has been
preliminarily analyzed ð08Ł\ but remains to be com!
pared to volatiles emitted by other parts of Swiss stone
pines as well as to volatiles emitted by cone species
showing a larger entomofauna[

The objectives of the present study were therefore
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as follows] i# to compare cone volatiles with volatiles
emitted by foliage surrounding the Swiss stone pine^
ii# to examine possible variations of cone volatiles of
Swiss stone pines within a tree\ among trees\ among
di}erent geographical sites\ and over cone devel!
opment^ iii# to compare cone volatiles of Swiss stone
pines with cone volatiles of other conifers\ either eco!
logically close "high altitude tree species in the Alps\
e[g[ spruce\ mountain pine\ _r#\ or taxonomically close
"e[g[ Pinus species of the cembrae and strobi subsec!
tions#[

RESULTS

Comparison of cone volatiles with folia`e volatiles in
Swiss stone pine "Table 0#

In volatiles of both cones and surrounding foliage\
we identi_ed the same seven major monoterpenes plus
traces of terpinolene and bornyl acetate[ Cone vol!
atiles additionally showed traces of tricyclene and of
an unidenti_ed sesquiterpene[ a!Pinene was prevalent
in the two pro_les but the foliage volatiles di}ered
from the cone volatiles by a signi_cantly lower level
of a!pinene and a much higher level of limonene¦b!
phellandrene "the two compounds were not separated
in the quantitative analysis because of the GC tem!
perature program we used#[ Cone and foliage volatiles
thus appeared to contain much fewer compounds than
the oleoresin extracts from fresh cones\ which showed

Table 0[ Mean composition of cone oleoresin\ cone volatiles\ and foliage volatiles of Pinus cembra sampled in the forest of
Tueda\ the northern French Alps\ and of foliage volatiles from planted trees of P[ cembra sampled at the {{Che�vreloup||
arboretum\ north central France[ Values are expressed as a percentage relative to total components of the solution "mean

percent2s[e[#

Compounds Tueda Che�vreloup

cone oleoresin�$ cone volatile�% foliage volatile foliage volatile
"n�05# "n�21# "n�21# "n�7#

Tricyclene tr& tr * *
a!Pinene 41[122[1 a' 56[022[3 b 27[821[8 c 15[321[0 d
Camphene 9[829[1 a 9[629[1 a 9[429[0 a 9[529[1 a
Sabinene 9[129[0 a 9[229[0 a 9[229[0 a 9[429[1 a
b!Pinene 13[622[2 a 07[120[6 b 19[622[3 b 09[021[3 c
Myrcene 0[729[3 a 0[329[2 a 0[329[4 a 2[620[5 b
a!Phellandrene tr * * *
Limonene:b!Phellandrene> 06[920[3 a 00[022[9 b 23[922[0 c 46[823[0 d
g!Terpinene tr * * *
Terpinolene tr tr tr tr
Azule�ne tr * * *
Bornyl acetate tr tr tr tr

� Data from Dormont et al[ ð08Ł[
$ Plus traces of sesquiterpenes[
% Plus traces of an unidenti_ed sesquiterpene[
& Traces[
' For a compound\ means in the same line followed by the same letter are not signi_cantly di}erent "p×9[94^ KruskalÐ

Wallis test#[
> Limonene and b!Phellandrene were not separated in the GC analysis[

a total of 01 monoterpenes plus bornyl acetate and
several sesquiterpenes "e[g[\ caryophyllene\ humulene\
but most remained unidenti_ed#[ The seven major
components of oleoresin were similar to the mon!
oterpenes observed in the volatiles but the oleoresin
pro_le signi_cantly di}ered from both cone and foli!
age volatiles by a medium level in a!pinene and lim!
onene¦b!phellandrene and a higher level in b!pinene[

Variation in cone volatiles of Swiss stone pine with
space and time "Tables 0 and 1#

Volatile pro_les did not vary signi_cantly\ either
between cones of the same tree collected at the same
stage of cone development\ or between trees of a Swiss
stone pine stand[ There was no evidence for a geo!
graphic variation in volatile emission by cones of
Swiss stone pines in the French Alps\ except a sig!
ni_cantly lower level of myrcene observed in the Les
Gaboureaux forest[ Foliage volatiles did not show any
variation between the three natural stands of Swiss
stone pine[ However\ signi_cant quantitative di}er!
ences were observed in volatile emissions between foli!
age samples from alpine natural stands and those col!
lected on planted trees at the {{Che�vreloup|| arbor!
etum[ Foliage volatiles of planted trees showed
signi_cant lower levels of a!pinene and b!pinene\ and
higher levels of myrcene and limonene¦b!phel!
landrene "Table 0#[ The cone volatile pro_les showed
limited variation during cone development from June
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Table 1[ Comparison of the mean composition of cone volatiles of Pinus cembra sampled at three di}erent locations in the
northern French Alps "Tue�da forest\ Les Gaboureaux forest# and the southern French Alps "Les Ayes forest#[� Values are

expressed as a percentage relative to total components of the solution

Tue�da Les Ayes Les Gaboureaux
n�21 cones "7 trees# n�21 cones "7 trees# n�13 cones "3 trees#

Mean$ s[e[$ mini maxi Mean s[e[ mini maxi Mean s[e[ mini maxi

a!Pinene 56[0a% 2[3 54[3 62[2 55[8 a 4[2 51[2 66[2 69[0 a 1[5 56[7 61[9
Camphene 9[6 a 9[1 9[2 0[9 9[8 b 9[0 9[6 0[9 9[7 ab 9[0 9[6 0[9
Sabinene 9[2 a 9[0 9[1 9[3 9[3 a 9[1 9[0 9[8 9[2 a 9[0 9[1 9[3
b!Pinene 07[1 a 0[6 05[6 15[5 19[2 a 3[9 05[4 13[5 08[7 a 1[1 06[4 11[2
Myrcene 0[3 a 9[2 0[9 0[7 0[3 a 9[6 9[8 0[8 9[5 b 9[2 9[2 9[7
Limonene:b!Phell[& 00[0 a 2[9 3[6 01[9 09[9 a 3[6 6[7 04[5 7[2 a 1[8 6[1 00[0

� Plus traces of tricyclene\ bornyl acetate\ and an unidenti_ed sesquiterpene[
$ Data from Dormont et al[ ð08Ł[
% For a compound\ and for the three origins\ means in the same line followed by the same letter are not signi_cantly

di}erent "p×9[94^ KruskalÐWallis test#[
& Limonene and b!Phellandrene were not separated in the GC analysis[

to late August in both the forests of Tue�da and Les
Ayes[ Only two compounds presented signi_cant
changes[ The proportion of limonene¦b!phel!
landrene declined from 04Ð07) in June to 6Ð7) in
August\ at the end of cone growth period "Fig[ 0#[ By
contrast\ the proportion of b!pinene increased from
05) in June to 13) in August at the Les Ayes forest\
but not in Tue�da[

Volatile emission of cones and folia`e of other alpine
conifers "Table 2#

Cone and foliage volatiles of Picea abies\ Abies alba\
Pinus uncinata\ and Pinus sylvestris respectively
showed eight\ _ve\ six\ and _ve major monoterpenes[
Cone volatile pro_les largely varied with tree species\
the dominant monoterpene being myrcene in Picea
abies\ and a!pinene in Abies alba and Pinus sylvestris[
The presence of D!2!carene also distinguished volatiles
of Picea abies and Pinus sylvestris from these of the
two other alpine conifers[ The cone volatiles of Pinus
uncinata did not show any dominant monoterpene\
the speci_c levels of myrcene\ a!pinene\ limonene¦b!
phellandrene\ and b!pinene accounting for about 19)
of the total volatiles[ There were only slight quan!
titative di}erences between the respective emissions of
cones and foliage in a same tree species\ apart for
Picea abies where a much fewer proportion of myrcene
as well as higher levels of camphene\ b!pinene\ and 2!
carene were found in foliage emissions[

Volatile emissions of cones and folia`e of pine species
taxonomically or ecolo`ically close to Swiss stone pine
"Table 3#

Volatiles largely di}ered between tree species for
Pinus pumila\ P[ koraiensis\ P[ peuce\ P[ strobus\ P[
parvi~ora\ P[ wallichiana\ and P[ armandi[ D!2!carene

was observed in volatiles of all but the two Pinus
species of the cembrae subsection\ Pinus pumila and P[
koraiensis[ By contrast\ an unidenti_ed sesquiterpene
was found in the cone volatiles of these two species[
Volatiles of Pinus koraiensis also di}ered from these
of all other pines by the presence of terpinolene in
cones and the absence of b!phellandrene "con_rmed
by MS analysis# in cones and foliage[ Unlike other
pine species\ P[ wallichiana did not show camphene
and sabinene in foliage emissions[ Limonene "in P[
koraiensis# and Limonene¦b!phellandrene largely
dominated the volatile pro_le in all species except
P[ strobus[ Cone and foliage volatiles did not di}er
signi_cantly in Pinus pumila\ P[ parvi~ora\ P[ wallich!
iana\ and P[ armandi[ Traces of terpinolene and sabi!
nene were detected in cone but not in foliage emissions
of P[ koraiensis and P[ peuce\ respectively[ By contrast\
the volatile pro_le of cones largely di}ered from that
of foliage in P[ strobus[

DISCUSSION

In the conifer species we studied\ cone and foliage
volatiles mostly consisted of monoterpenes[ Such
compounds are widely distributed in conifers\ and the
relative proportion of monoterpenes in oleoresin has
been shown to provide a good diagnostic value for
chemosystematic studies because it varies speci_cally
with genera and species\ often under genetic control
ð19\ 10Ł[ We also observed speci_c proportions of
monoterpenes in cone volatiles of the conifer species\
even when the species were taxonomically close "e[g[\
P[ cembra\ P[ pumila\ and P[ koraiensis#[ The absence
of geographic variation in volatile emissions of Swiss
stone pines suggested that cone volatiles can similarly
characterize a conifer species[ However\ no obvious
trend was detected at higher taxonomic levels\ e[g[ for
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Fig[ 0[ Volatile emission of b!pinene "!,!# and limonene "!R!# over the development of cones of Pinus cembra sampled at
Tueda forest\ the northern French Alps "A#\ and at Les Ayes forest\ the southern French Alps "B# "7 cones collected on two
trees at each date#[ Values are expressed as a percentage relative to total components of the solution "mean percent2s[e[#[

separating pines of the subsections cembrae\ strobi and
~exilis[

Comparing our results with the literature data
required a number of precautions because of the large
di}erences in both the sampling methods and the part
of the tree that has been sampled[ The volatile com!
position of cones and foliage largely di}ered from the
oleoresin composition reported for the same conifer
species following analyses by solvent extraction and
steam distillation methods\ even when the same organ
was sampled "cf[ cone oleoresin and cone volatiles of
Pinus cembra#[ In fact\ solvent extraction and steam
distillation methods usually result in isolating non!
volatile material from tissues and producing heat!pro!
duced rearrangements\ respectively ð00Ł[ Moreover\
comparisons of results regarding di}erent parts of
a tree are biased because monoterpene contents are
known to vary among distinct anatomical organs ð8\
10Ł[ Thus\ it is not surprising that the volatiles we

analyzed did not include some of the monoterpenes
reported from the previous oleoresin studies[ The pres!
ence of D!2!carene was observed in foliage oil of P[
cembra ð11Ł\ P[ pumila ð12Ł and P[ koraiensis ð13Ł\
whilst we did not detect this compound in the foliage
and cone volatiles of the three species\ nor in the cone
oleoresin of P[ cembra[ In some other species\ the
monoterpenes observed in volatiles were similar to
these reported from the oleoresin but the pro_les were
entirely di}erent[ In P[ silvestris\ a!pinene was
reported to be dominant in oleoresin extracts of nee!
dles ð09\ 14\ 15Ł\ phloem ð16Ł and sometimes even cones
ð09Ł[ We observed similar levels of a!pinene in both
cone and foliage volatiles[ However\ we detected only
traces of 2!carene in volatile emissions of this conifer\
whereas these authors found a high proportion of this
monoterpene in the pro_le[ In Picea abies\ the main
constituents of needle oleoresin were found to be cam!
phene\ then limonene and a!pinene ð17\ 18Ł\ but we
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observed only small amounts of camphene in the vol!
atiles from cones "0)# and foliage "5[5)#[ In Abies
alba\ Von Rudlo} ð10Ł reported 2!carene from leaf oil
analyses\ but we did not _nd this terpene in our study[
In P[ strobus\ this last monoterpene was observed to
be dominant in foliage samples "30)#\ whilst Hanover
ð29Ł and Bridgen et al[ ð20Ł both reported only 09)
of 2!carene in the oleoresin pro_le of shoots[ In P[
wallichiana and P[ armandi\ large variation also
occured in the proportion of a!pinene\ b!pinene and
limonene¦b!phellandrene between our results and
those reported by Song et al[ ð13Ł[

These di}erences may also result from geographic
variation in the monoterpene composition although
contrasting results exist[ Scho�nwitz et al[ ð17Ł noted
large quantitative di}erences in foliage monoterpenes
between di}erent stands of Picea abies in southern
Germany\ as did Nerg et al[ ð15Ł for seedlings of Pinus
sylvestris[ By contrast\ only minor variation were
reported for cortical monoterpenes of Pseudotsu`a
macrocarpa "Vasey# Mayr ð21Ł\ and we observed no
signi_cant variation in the volatile emissions of Pinus
cembra cones sampled at three di}erent natural stands
in the French Alps[

Results from headspace analyses carried out on
cone and foliage provided more valuable comparisons
than oleoresin studies[ Qualitative and quantitative
di}erences were also observed[ Using adsorption on
a di}erent porous polymer\ Tenax\ Borg!Karlson et
al[ ð09Ł did not detect tricyclene\ camphene\ and sabi!
nene in the cone emissions of Picea abies and Pinus
sylvestris in Sweden\ but they additionally found
traces of aliphatic alcohols and esters[ Relative pro!
portions of monoterpenes also di}ered[ We similarly
observed great amounts of myrcene and limonene in
Picea abies volatiles[ In Pinus sylvestris\ 2!carene was
reported to be dominant in cone and foliage volatiles\
and a!pinene was found only as traces[ By contrast\

Table 2[ Mean composition of volatiles emitted by cone and foliage of alpine conifer species ecologically close to Pinus
cembra[ Values are expressed as a percentage relative to total components of the solution "mean percent#

Picea abies Abies alba Pinus uncinata Pinus sylvestris

cone foliage cone foliage cone� foliage cone foliage
"n�05# "n�05# "n�05# "n�7# "n�05# "n�05# "n�05# "n�7#

Tricyclene tr$ tr tr tr * * tr tr
a!Pinene 03[2 06[6 46[1 41[9 19[4 14[1 32[4 34[6
Camphene 0[9 5[5 0[2 9[8 2[4 1[2 tr tr
Sabinene 0[5 0[8 tr tr 5[0 4[9 9[8 0[3
b!Pinene 8[7 16[7 7[4 01[1 06[7 03[2 01[3 14[0
Myrcene 49[2 08[3 2[2 0[8 11[4 13[8 04[7 5[5
2!carene 2[5 09[4 * * * * tr tr
Limonene:b!Phell[% 07[5 02[5 16[6 21[0 11[1 08[8 13[6 07[3
Bornyl acetate tr tr * * tr tr * *

� Data from Dormont et al[ ð08Ł[
$ Traces[
% Limonene and b!Phellandrene were not separated in the GC analysis[

we observed only traces of 2!carene\ and more than
39) of a!pinene in both cone and foliage emissions
"Table 2#[ Using the solid phase microextraction
method "SPME#\ Scha�fer et al ð22Ł[ analyzed mon!
oterpene composition from foliage emissions of Pinus
peuce and P[ strobus and found both qualitative and
quantitative di}erences from our results[ These
authors reported additional monoterpenes\ a!phel!
landrene\ a!terpinene\ and terpinolene\ but not 2!
carene[ We observed this last monoterpene in foliage
volatiles of both P[ peuce "2)# and P[ strobus "30)#
"Table 3#[

Di}erences may _rst result from the headspace
method[ For instance\ SPME probably allowed the
trapping of highly volatile compounds\ such as alco!
hols\ which were not trapped with Amberlite or evap!
orated during the elution process ð23Ł[ It is also poss!
ible that di}erent stages of cone and foliage devel!
opment were considered according to the various
studies[ Large variations in cone emissions have been
shown over cone development in Pinus cembra "cf[
Fig[ 0#\ Larix decidua and Pseudotsu`a menziesii ð03Ł[
As discussed above\ the geographic origin of the sam!
ple may also be involved in the di}erence in volatile
emissions[ This could be especially veri_ed when
di}erent growing conditions are compared^ e[g[\ exotic
pines planted in arboreta vs[ pines in native areas[
Di}erences in the volatile pro_le of Pinus cembra foli!
age between samples collected in natural areas and in
arboreta con_rmed these observations[ However\ it
was possible to carry out a limited additional survey
of cone volatiles of Pinus koraiensis using the same
headspace technique in a natural Chinese stand
"Moershan\ Heilongjiang\ 34>12? N\ 016>21? E\ 269 m
elevation# during 0882[ No signi_cant di}erence in
volatile pro_le was observed between the Chinese
cones and those sampled at the {{Les Barres|| abor!
etum "Dormont\ Sun and Roques\ unpublished#[
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Table 3[ Mean composition of volatiles emitted by cone and:or foliage of some exotic Pinus species taxonomically close to Pinus cembra "cembra section of the genus Pinus#[ Cone and foliage
samples were collected in two arboreta of northern France] {{Les Barres|| arboretum "P[ koraiensis# and {{Che�vreloup|| arboretum "other species#[ Values are expressed as a percentage relative to

total components of the solution "mean percent#

Subsection of cembrae strobi ~exilis
the genus Pinus]

P[ pumila� P[ koraiensis� P[ peuce P[ strobus P[ parvi~ora P[ wallichiana P[ armandi

fol[$ n�7 cone n�4 fol[ n�7 cone n�7 fol[ n�7 cone n�7 fol[ n�7 cone n�7 fol[ n�7 fol[ n�7 cone n�7 fol[ n�7

Tricyclene * tr% tr * * * * tr tr * * *
a!Pinene 01[2 04[2 8[3 17[5 11[4 38[1 06[4 00[1 7[4 04[1 03[9 02[3
Camphene tr 9[4 tr tr 2[4 9[6 9[5 9[4 0[1 * 9[7 tr
Sabinene 9[4 tr tr tr * 9[3 9[2 0[1 1[7 * 3[9 9[7
b!Pinene 6[7 1[8 01[2 08[2 8[5 22[1 03[3 7[6 01[0 17[0 11[1 15[9
Myrcene 2[5 3[7 1[0 3[0 1[1 6[6 06[0 04[5 03[1 01[1 1[2 0[8
2!carene * * * 0[0 2[1 1[3 39[7 5[5 2[6 2[3 8[7 4[3
Limo:b!Phel[& 63[5 60[9' 61[1' 35[9 47[0 4[0 8[1 44[8 40[3 27[0 37[4 40[2
Terpinolene * tr * * * * * * * * * *
Bornyl acetate tr tr tr * * tr * tr tr tr * *

� Plus traces of an unidenti_ed sesquiterpene for P[ pumila and P[ koraiensis[
$ Foliage
% Traces[
& Limonene and b!Phellandrene were not separated in the GC analysis[
' Limonene only^ b!Phellandrene was absent in the volatile emissions of P[ koraiensis "con_rmed by MS analysis#[
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The volatile pro_les of the three species studied of
stone pines did not include D!2!carene\ unlike the _ve
species of pines belonging to the subsections strobi
and ~exilis of the same subgenus\ strobi[ Is it possible
that the cembrae subsection presents a speci_c volatile
pattern that can be involved in the limitation of insect
attack< It would be interesting to survey volatiles in
the two pine species of the cembrae subsection that
were not considered in our study\ Pinus sibirica and
P[ albicaulis Engel[\ but D!2!carene was also absent in
cone volatiles of Pinus uncinata\ which belong to a
di}erent subgenus "subgenus Pinus#\ and of Abies
alba[ Moreover\ the volatile pro_les of both cones and
foliage largely di}ered among species of stone pines\
the relative proportion of a!pinene and limonene\ the
respective dominant monoterpene\ being opposite in
P[ cembra and P[ koraiensis "and P[ pumila for foliage\
at least#[

Cone volatiles of Pinus cembra showed only few
di}erences with those of other conifers growing in the
Alps\ except Picea abies which di}ered strongly by the
dominance of myrcene and the presence of 2!carene\
and Pinus uncinata which did not show any dominant
compound[ Apart from the apparent absence of bor!
nyl acetate that is present as traces in Pinus cembra\
and the presence of traces of D!2!carene in Pinus syl!
vestris\ cone volatile pro_les of Abies alba and Pinus
sylvestris were roughly similar to that of Swiss stone
pines in June\ with a large dominance of a!pinene\
followed by limonene¦b!phellandrene[ European
larch\ Larix decidua\ which grows in the same alti!
tudinal range as the Swiss stone pine\ also presented
a very close pro_le ð03Ł[ Minor di}erences concerned
only the level of myrcene\ that was lower in Swiss
stone pines and the level of sabinene\ that was higher
in larch[ We also showed that the volatile pro_le of
Swiss stone pine cones is not stable with time\ and
signi_cantly varied with cone development\ but we
did not survey variations in cone emissions with cone
development in other conifer species[ It was\ thus\
di.cult to a.rm whether the limited colonization of
stone pine cones by insects results from a speci_c
terpene pro_le at the time of insect attack\ since the
response of cone insects to varying levels of these
compounds has been poorly investigated ð4Ł[
However\ our studies were only aimed at precise vol!
atile pro_les[ The total amount of volatiles emitted by
cones was not measured in the di}erent tree species\
and we cannot exclude the possibility that similar
volatile pro_les result in a di}erent quantity of mon!
oterpenes present in the cone environment[ This
remains to be tested because chemicals normally
attractive to an insect may\ instead\ be repellent to the
same insect at higher concentrations ð0\ 3\ 14Ł[

Further investigations of cone volatiles with regard
to insect attraction to the host must also consider the
enantiomeric composition of the monoterpenes in the
pro_le[ Although the chiral composition has no in~u!
ence on insect attraction to the host in Hylobius abietis
L[ ð24Ł and Trioza apicalis Fo�rster ð25Ł\ the response

of Ips typo`raphus L[ di}ers with enantiomers ð26Ł[
The importance of eniantomeric composition was sug!
gested to mainly concern insects using certain con!
stituents of the host!tree as precursors for their own
pheromone production ð18Ł[

EXPERIMENTAL

Study sites

The study was carried out during 0882 and 0883[
Cone and foliage samples of the Swiss stone pine were
collected in three di}erent natural stands[ The two
_rst stands were located in the northern French Alps
"Tue�da forest\ near Me�ribel!Les!Allues ð34>10? N\
5>27? EŁ\ and Les Gaboureaux forest\ near Cham!
rousse ð34>96? N\ 4>42? EŁ#\ whilst the third one was
located in the southern French Alps\ near Briancžon
"Les Ayes forest\ 33>40? N\ 5>25? E#[ The sample col!
lection was realized at 0749\ 0899\ and 0899 m altitude\
respectively[ Cone samples of other alpine conifers
were also collected in the French Alps[ Norway
spruce\ Picea abies\ was sampled in the Tue�da forest\
at 0699 m elevation[ White _r\ Abies alba Mill[\ was
sampled in the Collet d|Allevard forest "34>04? N\
5>97? E#\ at 0599 m elevation[ Mountain pine\ Pinus
uncinata Ram[\ was sampled in the Montgene�vre for!
est "33>44? N\ 5>33? E#\ at 0849 m elevation[ Scots pine\
Pinus sylvestris\ was sampled in the Col de l|Echelle
forest "34>19? N\ 5>28? E#\ at 0349 m elevation[ Eur!
opean larch\ Larix decidua\ was not considered in this
study because Rappaport et al[ ð03Ł already analyzed
volatiles from larch cones sampled in the same area\
using similar headspace techniques[ Cone "when avail!
able# and foliage collections of related\ but exotic\
Pinus species were carried out in two arboreta of north
central France[ Among the pines of the subgenus Stro!
bus section cembra\ two species of the cembrae sub!
section could have been sampled\ Pinus koraiensis
"Sieb[ and Zucc[# at the {{Les Barres|| arboretum near
Nogent!sur!Vernisson "36>49? N\ 1>34? E#\ and P[
pumila at the {{Che�vreloup|| arboretum near Versailles
"37>38? N\ 1>93? E#[ We also collected foliage samples
from planted trees of P[ cembra at Che�vreloup[ Four
species of the strobi subsection "P[ peuce Griseb[\ P[
strobus L[\ P[ parvi~ora Sieb[ et Zucc[\ and P[ wal!
lichiana A[ B[ Jacks# and one species of the ~exilis
subsection "P[ armandi Franck[# were also sampled at
the {{Che�vreloup|| arboretum[

Sample collection

For each tree species\ four cone!bearing trees were
randomly selected per site[ Only two trees were chosen
for exotic pine species growing in arboreta[ The col!
lection was designed to occur during the attack period
of the major cone insects which di}er with tree species[
In Swiss stone pines and other Pinus species\ insect
pests mostly attack second!year cones during the spr!
ingÐsummer growth phase ð05Ł[ In all pine species\ two
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branches bearing second!year cones "four branches in
the Swiss stone pine# were sampled per tree on 04Ð19
May "arboretum#\ or between 0 June and 29 June "The
French Alps#\ depending on both tree species and
altitude[ In the Swiss stone pine\ additional samples
were collected at di}erent stages of development of
the second!year cones] in both Tue�da forest and Les
Ayes forest\ two trees were selected and two cone!
bearing branches per tree were regularly collected[ In
the Tue�da forest\ collections were carried out every
two weeks from mid!June to late August whilst they
occurred in mid!June\ mid!July\ and late August in
the Les Ayes forest[ In spruce and _r\ insects attack
_rst!year cones ð05Ł[ In these two species\ two branches
bearing _rst!year cones were sampled in mid!June in
the French Alps[ In all species\ the branches were
brought to a {{_eld laboratory|| immediately after
cutting[ Two cones were then removed from each
branch\ and were processed immediately on the day
they were harvested from the trees[ In Swiss stone
pines\ a total of 21 cones were sampled per site "13
cones in Les Gaboureaux forest#[ Collections at
di}erent stages of cone development included 39
additional cones from Tue�da forest and 13 cones from
Les Ayes forest[ A total of 05 cones per tree species
were sampled in Picea abies\ Abies alba\ Pinus uncinata
and P[ sylvestris\ whilst 7 cones per species were col!
lected in exotic pine species growing in arboreta "only
4 cones in P[ koraiensis#[ No cone was available from
the P[ pumila and P[ wallichiana trees[ Foliage samples
consisted of a 09 cm ramet from the apical part of a
branch\ involving 09Ð04 needle fascicles for pine spec!
ies[ Only branches without young shoots were selec!
ted\ so that one!year!old needles were analyzed[

Headspace samplin` of tree volatiles

Volatiles were analyzed using a manifold e/uvial
headspace sampler\ designed by Rappaport et al[ ð03Ł\
that enabled us to process eight samples simul!
taneously[ The sampling procedure was identical to
that described by Dormont et al[ ð08Ł[ Cones and
foliage were individually sealed inside bags made of
Tedlarþ connected by Te~onþ tubes to glass car!
tridges _lled with Amberlite XAD1þ "Supelcoþ#[
The glass cartridges were then connected by Te~onþ
tubes to a vacuum pump[ Seven di}erent vegetal sam!
ples and a control consisting of an empty Tedlar bag\
were simultaneously connected to the pump during
each experiment[ The e/uvial sampling ran for 19
minutes[ The experiments were carried out during
daytime\ between 00]99 a[m[ and 3]99 p[m[\ in order
to match the ~ight period of cone insect pests[ Once
the e/uvial sampling was completed\ each glass car!
tridge was eluted with 2 ml "CH1Cl1# for a two!hour
period[

Gas chromato`raphy and `as chromato`raphyÐmass
spectrometry of cone volatiles

Gas chromatography of the crude mixture was done
using a Varian Star 2399 CX chromatograph equip!

ped with a SPI injector\ a ~ame!ionization detector\
and a fused silica capillary column WCOT CPSil!7CB
9[21 mm×14 m "Chrompackþ\ The Netherlands#[
The GCÐMS analyses were performed using electronic
impact ionization mode on a Nermag R09!09C qua!
drupole interfaced with a Varian 2299 apparatus[ The
Varian 2299 was equipped with a Ross injector
"129>C# and a 14 m×9[21 mm i[d[ WCOT DB!4MS
fused silica capillary column "J+W Scienti_cs\ USA#[
In both apparati\ the carrier gas was helium with a
~ow rate of 2 ml:min[ The temperature programmes
for injector\ detector and oven followed those used by
Dormont et al[ ð08Ł[ Mass spectra were recorded in
electronic impact at 69 eV and identi_ed by com!
parison with the EPA:NIH software library[ Peaks
were quanti_ed using Star Chromatography
Softwareþ[ The proportions of each compound were
expressed with respect to total volatiles in the analyzed
sample in order to compare the volatile pro_le of the
samples[

Extraction of oleoresin from cones of Swiss stone pine

The cone oleoresin was surveyed on the same trees
as those assigned for the sampling of cone volatiles in
the Tue�da forest[ Four second!year cones were col!
lected per tree in mid!June[ Concurrent with the vol!
atile sampling\ each sampled cone was cut and 49 g of
fresh cone was immediately extracted with 49 ml n!
pentane for 13 hr[ Extracts were then _ltered and ana!
lyzed using GC and GCÐMS as described above[

Data analysis

The volatile pro_les were compared using the rela!
tive proportions of the compounds identi_ed in the
solutions[ The transformation of the percentage data
using the angular transformation "arcsinZx# did not
allow us to normalize and homogenize the variances[
Therefore\ the nonparametric KruskalÐWallis test
was applied on untransformed data in order to test
for di}erences between the pro_les "p�9[94# "Stat!
istica 4[9 Statsoftþ#[
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