
Research Article  © i Forest – Biogeosciences and Forestry 

Introduction
Pinus halepensis Mill. is a circum-Mediter

ranean  species,  mainly  present  in  southern 
Europe  and  North  Africa,  but  also  in  the 
Middle East.  Pinus brutia Ten. has a rather 
restricted distribution, limited to the eastern 
Mediterranean  region  of  Kurdistan  moun
tains. Pinus eldarica Medw. occurs in natur
al stands in Transcaucasus region, but also in 
Iran,  Afghanistan  and  Pakistan.  Within 
Mediterranean-type  ecosystems  (Weinstein 
1989), this group of species is  ecologically 
important  for  its  resilience  to  fire  and  has 
economical importance for timber and oleor
esin.

Oleoresin is a mixture of different classes 
of terpenoids (monoterpenoids, sesquiterpen
oids  and  diterpenoids)  and  phenolics. 
Terpenes play a fundamental role in defence 
chemistry of the plant; terpenoid mixtures in 
conifer  trees are constitutive (primary resin 
or  pre-formed resin)  and induced or  newly 
synthesised  in  response to  attack  by herbi
vores and microbes (secondary resin) (Lan
genheim 1994, Raffa & Smalley 1995, Cates 

1996). The relative proportions (percentages) 
of  constitutive monoterpenes in  mature tis
sues are under strong genetic control and are 
little  affected  by  environmental  parameters 
(Baradat et al. 1991, Hanover 1992, Plomion 
et  al.  1996).  Therefore,  monoterpenes have 
found applications in forest genetics as bio
chemical markers in chemotaxonomy and in 
selecting  less  susceptible  chemotypes  to 
pests and diseases (Baradat et al. 1991, Han
over 1992,  Michelozzi  et al.  1995, Michel
ozzi  1999).  During periods of water stress, 
low  soil  moisture  lowers  water  potential; 
when atmospheric humidity is limiting, de
clining  stomatal  conductance  is  associated 
with decreasing net photosynthesis. Because 
of the close correlations between changes in 
stomatal conductance and net photosynthes
is, it may be assumed that limiting diffusion 
of  CO2 into  leaves  may  alter  carbon 
physiology of these species.

Previous studies showed that genetic vari
ability in P. halepensis, P. brutia, and P. el
darica could be characterized by the analysis 
of monoterpene profiles (Baradat et al. 1995, 
Schiller & Grunwald 1987a, b, Michelozzi et 
al.  1990).  However  no  studies  were  per
formed  to  investigate  seasonal  effects  in 
terpene  levels  in  these  Mediterranean  pine 
species.  Besides,  there is  little  comparative 
information  on  the  ecophysiological  re
sponse of P. halepensis, P. brutia and P. el
darica to site environmental condition.

The objectives of this study were: 1) to de
termine the seasonal effect on relative pro
portions  (percentages)  of  constitutive 
monoterpenes  in  mature  foliar  and  cortical 
tissues; 2) to investigate species-specific pat
terns  of  ecophysiological  characters  during 
the whole year in these Mediterranean pines;

3) to verify the degree of coupling between 
environment-induced  changes  (if  any)  in 
terpene  percentages  and  seasonal  trends  in 
foliage functions (needle gas exchange and 
water  potential)  of  the  “halepensis” group. 
The results of this study will provide inform
ation that may be used in breeding programs 
for better resin quality and resistance to abi
otic  and  biotic  stresses.  Species  of  the  P. 
halepensis group are ecologically classified 
as  drought  tolerant  enduring  strong  water 
stress conditions. Nevertheless, the predicted 
rise in mean temperature, erratic rainfall and 
evapotranspiration in  the Mediterranean re
gion as a result of global warming may have 
adverse effects on the long-term productivity 
of  pine  woodlands  and  on  the  interaction 
between organisms at ecosystem level.

Materials and methods

Site location and plant material
The study was conducted from May 1996 

to February 1999 at an experimental planta
tion near Firenze (central Italy, lat. 43 78’ N, 
long. 11 32’ E). The site is situated in a hilly 
area at an elevation of about 110 m. The cli
mate is typical Mediterranean, with cool, wet 
winters and hot, dry summers; climatic data 
were  recorded  by  a  nearby  meteorological 
field station (Fig. 1). Mean annual temperat
ure is 14.5 C and mean annual rainfall 912 
mm.  Soil  at  the  experimental  site  is  clay-
loam.  The  plantation,  including  Pinus 
halepensis Mill.,  P.  brutia Ten.  and  P.  el
darica Medw.,  was  established  in  1985. 
Mean tree height and breast height diameter 
(at the time of measurements) were about 10 
m and 14 cm, respectively.

Terpene analysis
One-year-old  cortical  and  foliar  tissue 

samples were taken from  P. halepensis,  P.  
brutia, and  P. eldarica trees growing in the 
experimental  plantation.  Terpene  composi
tion  was  analysed  by  means  of  headspace 
gas  chromatography  using  a  Perkin-Elmer 
8500  gas  chromatograph  equipped  with  a 
flame ionisation detector and with a Perkin-
Elmer HS-101 automatic headspace sampler. 
A J&J fused silica capillary column 30 m x 
0.25 coating DB-WAX was used. Peak area 
on  the  chromatograms  was  expressed  as  a 
percentage of  the total  monoterpenes taken 
into  consideration  (α-pinene,  camphene,  β-
pinene, sabinene,  δ-3 carene,  β-myrcene, li
monene, cineole, γ−terpinene); the sesquiter
pene,  β-caryophillene,  was  expressed  as  a 
percentage of total terpenes. The identifica
tion of compounds was made by comparison 
with  the  retention  times  of  pure  monoter
penes. Two peaks could not be identified and 
were named unknown 1 and 2, respectively.
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Abstract: Foliar and cortical terpene profile, and needle gas exchange and wa
ter potential of  P. halepensis,  P. brutia and P. eldarica were compared over 
three consecutive seasons (1996-1998) in an experimental plantation nearby 
Firenze (Italy). Terpene percentages in mature tissue (cortex and needle) did 
not change in response to water stress during summer period and remained 
stable through seasons and years. Terpene profiles were not affected by sea
sonal drought, and are thus valuable to characterize Mediterranean pine spe
cies of the group “halepensis”. There was a threshold-type response of maxim
um daily gas exchange to decreasing predawn water potential in all pines. Net 
photosynthesis  and needle conductance were linearly  related,  regardless  of 
the species.
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Physiological measurements
Needle  gas  exchange  measurements  were 

made with a  portable  infrared gas  analyser 
Ciras-1 (IRGA) (PP-Systems, Hitchin, Herts, 
UK)  equipped  with  a  conifer  cuvette, 
between 1100 hours and 1400 hours, under 
ambient conditions on sunny days when irra
diance  was  above  saturation  for  photosyn
thesis. The following parameters were calcu
lated: net photosynthetic rate (An) expressed 
on a needle area basis and stomatal conduct
ance  (gs),  calculated  by  assuming  zero  air 

resistance  in  the  boundary  layer.  Measure
ments  of  needle  xylem  pressure  potential 
were made using a pressure chamber follow
ing  techniques  described  by  Ritchie  & 
Hinckley (1975). Measurements were made 
at about monthly interval during the growing 
season and periodically during the rest of the 
year. On several occasions, measurements of 
gas exchange and water potential were made 
between  sunrise  and  solar  noon  on  tagged 
shoots.

All  measurements  were  made  on  1-year-

old foliage, in the upper one-third of the can
opy  on  the  second  and  third  whorl  of 
branches  of  six  sample  trees  per  species. 
Each measurement started with predawn xy
lem  pressure  potential  (Ψpd)  measured  ap
proximately 30 min before sunrise. on indi
vidual nearby fascicles of the same shoot or 
on  comparable  shoot  tips  (two to  three  on 
each branch).  Means were  made averaging 
the readings on trees for each measurement 
period.

Measurements of gas exchange were taken 
on two fully  illuminated branches for  each 
tree. The same branches, or nearby branches, 
were used throughout the study period. One 
or two fascicles of needles on each sample 
branch  were  arranged  in  the  leaf  chamber 
minimizing  self-shading.  Sample  measure
ments were  limited to 30 s to reduce vari
ation between ambient and chamber environ
ments.  The foliage was then removed from 
the  chamber  for  needle  area  determination 
following the method of Johnson (1984).

Data analysis
A variance analysis was performed on the 

arcsine  transformed  monoterpenes  percent
ages. Seasonal course values were compared 
with  a  repeated  measures  analysis  of  vari
ance, which takes into account both compar
ison  between species  and trends  over  time 
(Potvin et al. 1990, Castell & Terradas 1994, 
Coli et al. 1997). The nonparametric test of 
Friedman was used to verify  the  results  of 
repeated  measures  analysis  of  variance. 
Whenever necessary, this test was followed 
by mean comparison to determine when sig
nificant  differences  were  obtained.  The  t-
Test  was  used  to  evaluate  differences  in 
single  monoterpenes between every pair  of 
sampling dates. The relationships between A 
n and g s were compared by means of test of 
homogeneity  of  error  and  comparison 
between regression coefficients.

Results

Seasonal patterns of terpene profiles
There  were  minor  seasonal  effects  on 

monoterpene profiles (Fig. 2 and Fig. 3).  α-
pinene and myrcene were the most abundant 
constitutive monoterpenes in needle and cor
tical  tissues of  P. halepensis.  β-pinene and 
α-pinene  were  the  main  components  in 
needles  and  cortex  of  P.  brutia.  α-Pinene 
was the main monoterpene of foliar and cor
tical  resin of  P. eldarica;  the needles were 
also  characterised  by  high  amounts  of  β-
pinene, while δ-3 carene and limonene were 
found  in  high  concentration  in  the  cortex 
(Tab. 1).

Large  variations  in  the  amount  of  all 
monoterpenes  were  observed  among  the 
three different species. In particular, needles 
of P. halepensis showed a higher content of 
sabinene  and  myrcene  than  the  other  two 
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Fig. 1 - Seasonal course of monthly means of rainfall and temperatures during the study peri
od at the experimental site.
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Fig. 2 - Changes in the relative percentage of various monoterpenes detected in foliar tissues of P. halepensis, P. brutia and P. eldarica 
grown in an experimental plantation nearby Firenze, during the course of seasons and years. Data are the means ± SE. Species are referred to 
by symbols in the legend.
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Fig. 3 - Changes in the relative percentage of various monoterpenes detected in cortical tissues of P. halepensis, P. brutia and P. eldarica 
grown in an experimental plantation nearby Firenze, during the course of seasons and years. Data are the means ± SE. Species are referred to 
by symbols in the legend.
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pine species, while foliar tissue of  P. brutia 
was characterised by a high proportion of β-
pinene  and  low  concentration  of  α-pinene 
and  δ-3 carene; needles of  P. eldarica con
tained much more limonene than P. halepen
sis and  P.  brutia.  Considering  the  cortical 
tissue,  P.  halepensis showed  the  highest 
amount of myrcene and the lowest concen
trations of β-pinene and limonene; the aver
age  for  β-pinene was highest  in  P.  brutia, 
while  P. eldarica had a larger amount of li
monene and δ-3 carene (Tab. 1).

The  proportion  of  monoterpenes  differed 
considerably between cortical and foliar tis
sues of P. halepensis, P. brutia and P. eldar
ica.  α-Pinene,  β-pinene,  sabinene  and  the 
unknown compounds were present in higher 
concentrations in the foliar tissue than in the 
cortical  tissue  of  P.  halepensis,  while  the 
cortex showed higher relative proportions of 
δ-3 carene and myrcene. Foliar tissues of P. 
brutia contained higher concentrations of α-
pinene and  β-pinene, and lower amounts of 
δ-3 carene, myrcene and limonene than cor
tical tissues. The relative abundance of four 

monoterpenes  varied between tissues  of  P.  
eldarica;  the needles were  characterised by 
higher  amount  of  α-pinene  and  β-pinene, 
while  δ-3 carene and limonene were present 
in larger concentrations in the cortex (Tab.
1).

The mean proportions of constitutive foliar 
and cortical  β-pinene,  δ-3 carene, myrcene, 
limonene,  cineole  and  the  unknown  com
pounds did not vary significantly from year 
to year (Tab. 2).

Generally,  different sampling dates within 
the  year  appeared  to  have  no  effect  on 
monoterpene quantities, except for: α-pinene 
in cortical tissue samples collected from  P. 
eldarica during  years  1996  and  1997; 
camphene in cortical tissue samples collec
ted from P. brutia during the years 1997 and 
1998;  camphene  in  needles  of  P.  eldarica 
sampled  during  years  1997  and  1998; 
sabinene  in  foliar  tissue  samples  collected 
from P. halepensis during 1997; sabinene in 
cortical  samples  of  P.  brutia in  1997  and 
1998;  cineole  detected in needles  of  P.  el
darica collected in 1998; the unknown com

pound in cortex of P. halepensis in 1996; β-
caryophyllene  in  cortical  tissue  samples  of 
P. halepensis in 1996, and  P. brutia during 
1996  and  1997  (Tab.  3).  t-Test  analysis 
showed very few significant variations in the 
proportion of single  monoterpenes between 
pairs of sampling dates (Tab. 4).

Seasonal patterns of gas exchange and  
water potential

The  seasonal  course  of  temperature  fol
lowed long-term averages for the area, with 
small  deviations  amongst  the  three  years. 
The  beginning  of  summer  1998  was  relat
ively  drier  than  other  years,  while  early 
winter relatively colder.

Seasonal trends of water potential reflected 
rainfall and temperature patterns (Fig. 4). In 
early spring, predawn water potential was re
latively high, always above -1 MPa regard
less of the species. Later in the season water 
potential began to decline owing to the lack 
of rainfall and reached a minimum in mid-
summer. After late-summer and fall rainfall, 
predawn  water  potential  recovered  to  pre-
stress values. Drought was increasingly pro
nounced from 1996 to 1998. Species differ
ences were evident during peak water stress. 
In  summer  1996,  predawn  water  potential 
values were higher in  P. brutia (-1.3 MPa) 
than in the other two species (-1.8 MPa), but 
in summer 1997 this trend was reversed,  P. 
eldarica showing  the  highest  values  (-1.5 
MPa),  P.  halepensis intermediate  values 
(-1.9 MPa) and  P. brutia the lowest values 
(-2.4  MPa);  again,  summer 1998  P.  brutia 
the  lowest  values  (-2.5  MPa),  and  P. 
halepensis and  P.  eldarica similar  values 
(-2.1 MPa).

Midday  stomatal  conductance  followed 
water  potential  trends,  except  during  the 
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Tab. 1 - Mean terpene contents (percent ± SE) in Pinus halepensis Mill., Pinus brutia Ten. and Pinus eldarica Medw.

Source of variation α-pinene camphene β-pinene sabinene δ-3carene myrcene limonene cineole β-caryo
phyllene

Pinus halepensis % 56.13 0.83 4.03 6.81 5.58 20.43 1.18 0.77 0.79

SE 0.92 0.03 0.12 0.38 0.30 1.04 0.05 0.04 0.04

Pinus brutia % 31.08 0.51 61.73 0.24 1.81 2.32 0.85 0.73 0.16

SE 0.54 0.02 0.58 0.01 0.10 0.10 0.03 0.03 0.03

Pinus eldarica % 66.82 1.24 13.82 0.53 6.88 2.95 4.91 0.72 0.12

SE 0.83 0.03 0.63 0.03 0.41 0.14 0.33 0.03 0.02

Pinus halepensis % 38.17 0.69 1.25 0.44 13.82 42.26 1.35 0.43 1.14

SE 1.19 0.03 0.04 0.02 0.56 1.06 0.14 0.02 0.03

Pinus brutia % 24.17 0.55 43.28 0.51 15.57 10.04 3.57 0.54 0.40

SE 0.75 0.02 0.85 0.03 0.67 0.52 0.52 0.01 0.19

Pinus eldarica % 33.37 0.48 7.03 0.58 26.33 3.78 26.29 0.46 0.21

SE 0.59 0.01 0.44 0.02 0.05 0.10 0.69 0.02 0.01

Tab. 2 - Summary of repeated measures univariate analysis of variance of terpene content 
over the three consecutive years (1996, 1997, 1998) in Pinus halepensis Mill., Pinus brutia 
Ten. and Pinus eldarica Medw. * = Significant at α < 0.05; ns = not significant.

Terpene

α-pinene cam
phene β-pinene sabinene δ-3 

carene myrcene limo
nene cineole β-caryo

phyllene
ns ns ns * ns ns ns ns ns
ns ns ns ns ns ns ns ns ns
ns ns ns ns ns ns ns ns ns
ns * ns * ns ns ns ns *
ns ns ns ns ns ns ns ns ns
* * ns ns ns ns ns ns ns
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Tab. 3 - Summary of repeated measures univariate analysis of variance of terpene content within each year in Pinus halepensis Mill., Pinus 
brutia Ten. and Pinus eldarica Medw. * = Significant differences at the 5% probability level; ns = not significant

Year Species Tissue α-pinene cam-
phene β-pinene sabinene δ-3 

carene myrcene limonene cineole β-caryo
phyllene

1996

Pinus halepensis
Foliar ns ns ns ns ns ns ns ns ns
Cortical ns ns ns ns ns ns ns ns *

Pinus brutia
Foliar ns ns ns ns ns ns ns ns ns
Cortical ns ns ns ns ns ns ns ns *

Pinus eldarica
Foliar ns ns ns ns ns ns ns ns ns
Cortical * ns ns ns ns ns ns ns ns

1997

Pinus halepensis
Foliar ns ns ns * ns ns ns ns ns
Cortical ns ns ns ns ns ns ns ns ns

Pinus brutia
Foliar ns ns ns ns ns ns ns ns ns
Cortical ns * ns * ns ns ns ns *

Pinus eldarica
Foliar ns * ns ns ns ns ns ns ns
Cortical * ns ns ns ns ns ns ns ns

1998

Pinus halepensis
Foliar ns ns ns ns ns ns ns ns ns
Cortical ns ns ns ns ns ns ns ns ns

Pinus brutia
Foliar ns ns ns ns ns ns ns ns ns
Cortical ns * ns * ns ns ns ns ns

Pinus eldarica
Foliar ns * ns ns ns ns ns * ns
Cortical ns ns ns ns ns ns ns ns ns

Tab. 4 - Comparison between pairs of sampling dates within each year by t-test analysis. Only significant differences in monoterpene vari
ables are demonstrated. Ph-F: Pinus halepensis- Foliar tissue; Ph-C: Pinus halepensis- Cortical tissue; Pb-F: Pinus brutia- Foliar tissue; Pb-C: 
Pinus brutia- Cortical tissue; Pe-F: Pinus eldarica- Foliar tissue; Pe-C: Pinus eldarica- Cortical tissue.

Months July May December September

October camphene Pb-C(1998) camphene Pb-C(1997) camphene Pe-F (1998) β-caryophillene Ph-C (1996)
sabinene Pb-C(1997) β-caryophillene Pb-C(1996) camphene Pb-C(1997)
β-caryophillene Pb-C(1996) β-caryophillene Pb-C(1997) sabinene Pb-C(1997)
β-caryophillene Pb-C(1997) camphene Pe-F (1998) camphene Pe-F (1998)
camphene Pe-F (1998) α-pinene Pe-C (1996) α-pinene Pe-C (1996)
cineole Pe-F (1998)
α-pinene Pe-C (1996)
α-pinene Pe-C (1997)

September camphene Pb-C(1997) sabinene Pb-C(1998)
camphene Pb-C(1998) β-caryophillene Pb-C(1997) camphene Pb-C(1997)
sabinene Pb-C(1997) camphene Pe-F (1997) sabinene Pb-C(1998)
sabinene Pb-C(1998)
β-caryophillene Pb-C(1996)
β-caryophillene Pb-C(1997)
cineole Pe-F (1998)

December β-caryophillene Pb-C(1996) β-caryophillene Pb-C(1996)
β-caryophillene Pb-C(1997) β-caryophillene Pb-C(1997)
cineole Pe-F (1998) camphene Pe-F (1997)
α-pinene Pe-C (1996)
α-pinene Pe-C (1996)
sabinene Pb-C(1997)
α-pinene Pe-C (1996)

May camphene Pe-F (1997)  
cineole Pe-F (1998)  
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winter  when  low temperatures  strongly  re
duced stomatal aperture (Fig. 4). The highest 
values  were  observed  in  spring  and  fall 
months, particularly 1997 and 1998 (80-100 
μmol m-2 s-1). Summer and winter minimum 
did  not  differ  strongly  amongst  years,  and 
stomatal functionality was never completely 
impaired (minimum 20 μmol m-2 s-1). Differ
ences between species were not always con
sistent, but generally, P. brutia showed relat
ively higher values of stomatal conductance 
during  spring,  while  P.  eldarica had relat
ively higher values during fall, P. halepensis 
being in between the other two species. Sim
ilarly,  photosynthetic  rates  showed maxim
um values in spring and fall (8-10 μmol m-2 

s-1)  and  minimum  values  in  summer  and 
winter (below 4 μmol m-2 s-1), with  P. elda
rica rates higher than rates of the other two 
species in fall (up to 14 μmol m-2 s-1 - Fig. 4). 
Particularly low values (below 2 μmol m-2 s-

1), regardless of species, were observed dur
ing winter  1996/97,  coinciding with lowest 
temperatures  recorded  in  the  study  period. 
Summer minimum was higher in 1997 and 
1998 despite more pronounced drought than 
in  1996.  Net  photosynthesis  and  stomatal 

conductance appeared to be linearly related 
(Fig.  5).  Differences  in  slope,  representing 
overall  intrinsic  leaf  water  use  efficiency, 
between species were not consistent, despite 
a tendency for a steeper relationship in P. el
darica compared  to  the  other  two  species 
was evident; the intercept of the regressions 
differed between  P.  eldarica and the  other 
two species (P < 0.01).

Discussion
The general picture shows that there were 

no seasonal effects on monoterpene profiles, 
contrary  to  what  was  observed  for  eco
physiological  parameters.  Besides,  although 
total quantity of monoterpenes can be influ
enced by CO2 supply,  no detectable effects 
on the relative proportions of the constitutive 
mixture  were  observed  during  summer 
months,  when  water  stress  occurred.  As 
chemotaxonomic studies on coniferous spe
cies demonstrated, the constitutive composi
tional profile of a mature organ remains little 
affected  by  abiotic  factors  and  that  profile 
can  be  used  as  a  biochemical  marker  in 
forest genetics (Baradat et al. 1991, Hanover 
1992).

The  most  frequent  results  of  inheritance 
studies suggested mono and oligogenic con
trol  of  several  monoterpenes  in  different 
coniferous  species  and  more  recently  mo
lecular  studies  have  reported  many  plant 
genes that  encode enzymes involved in the 
biosynthesis  of  terpenes  (Nishizawa  et  al. 
1992, Plomion et al. 1996, Raguso & Picher
sky 1999, Shepherd et al. 1999, Fischer et al. 
2001,  Trapp  & Croteau  2001,  Fäldt  et  al. 
2003).  Some  seasonal  changes  have  been 
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Fig. 5 - Linear relationship between net photosynthesis and needle conductance for P.  
halepensis, P. brutia and P. eldarica grown in an experimental plantation nearby Firenze 
(Italy). Data are the means ± SE. Species are referred to by symbols in the legend. Paramet
ers of regression equations (P < 0.0001), y = a + bx, are the following: P. halepensis a = 
-1.19, b = 0.12, r 2 = 0.76; P. brutia a = -1.96, b = 0.14, r 2 = 0.84; P. eldarica a = -1.77, b = 
0.15, r 2 = 0.73.

Fig. 4 - Seasonal 
course of net photo
synthesis, needle 
conductance and 
predawn water po
tential in trees of P.  
halepensis, P. brutia 
and P. eldarica 
grown in an experi
mental plantation 
nearby Firenze 
(Italy). Data are the 
means ± SE. An as
terisk indicates sig
nificant (P < 0.05) 
differences amongst 
the three species in 
that date. Species 
are referred to by 
symbols in the le
gend.
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confounded  with  epigenetic  variations  that 
occur  in  monoterpene  proportion.  Genes 
controlling changes in monoterpene expres
sion, may be turned “on” or “off”, or may be 
regulated  during  the  early  growth  phases 
(Hanover  1992,  Michelozzi  et  al.  1998). 
Studies  showed  that  some  changes  in 
monoterpene composition have been related 
to seasonal attacks of herbivores (Harborne 
1990). Terpenoid is the most expensive bio
synthesis of all secondary compounds (Lan
genheim 1994). Plants cannot maintain high 
levels of these defence substances in all the 
tissues  and  organs,  and  at  any given  time. 
Therefore, particular mixtures with high con
tent  of toxic terpenoids are accumulated in 
target  tissues,  as  young  foliage,  which  is 
generally more vulnerable than older leaves 
to herbivore attack and more important  for 
the  plant  because  photosynthetic  rates  are 
higher in young than in old leaves (Wahid et 
al. 1997). Differences in the relative propor
tions of monoterpenes can be also detected 
between the constitutive terpenoid-rich resin 
and the induced resin that is synthesised  de 
novo in  response to  fungal  invasion.  Some 
studies  showed that  inoculation  with  fungi 
vectored by bark beetles could induce accu
mulation  in  the  concentration  of  monoter
penes that possess insecticidal and fungistat
ic properties (Klepzig et al.  1996, Popp et. 
al.  1995a-b,  Raffa  &  Smalley  1995,  Raffa 
1991, Russell & Berryman 1976). However, 
Squillace (1976),  Baradat  et  al.  (1991) and 
Hanover  (1992)  provided  a  comprehensive 
sampling procedure  for terpene analyses  in 
forest genetic studies.
In addition to the simple Mendelian inherit
ance,  epistatic  and  pleiotropic  interactions 
were  determined  in  genetic  variation  of 
terpenes (Vernet et al. 1986, Croteau & Ger
shenzon 1994, Vogel et al. 1996).Consider
able  variation  was  observed  in  the  con
stitutive  monoterpene  composition  between 
the  different  species.  Particularly  three 
monoterpenes appeared to be very useful as 
biochemical  markers  to  characterize  the 
Mediterranean  pine  species  of  group 
“halepensis”: 
1. a high proportion of  β-myrcene occurred 

in P. halepensis; 
2. a high percent of β-pinene was detected in 

P. brutia. These findings agree with previ
ous data showing the utility of constitutive 
monoterpenoids as biochemical markers to 
characterize these pine species (Baradat et 
al. 1995, Schiller & Grundwald 1987a, b), 
and to  measure  hybridization  between  P.  
brutia and P. halepensis. The artificial hy
brid P. brutia x P. halepensis showed high 
proportion of both β-pinene and β-myrcene 
(Michelozzi et  al.  1998).  These results  of 
cortical constitutive terpenes were support
ing  earlier  data  obtained  from isoenzyme 
analysis (Schiller et al. 1986). 

3. Limonene  can  be  very  useful  to  distin

guish  P. eldarica from the other Mediter
ranean pine species of group “halepensis”; 
however  a  large  variation  for  limonene 
content between cortical and foliar tissue of 
P. eldarica was detected. 
Epigenetic variations, such as those related 

to different tissues within a tree, are import
ant  in  terpene  constituents.  Other  common 
sources of qualitative and quantitative vari
ation  in  monoterpenes  are  those  occurring 
between  juvenile  and  adult  plants  and 
between juvenile  and  mature  tissues  (Han
over 1992).

Needle  water  potential  and  gas  exchange 
parameters  did not vary strongly among or 
within  taxa,  but  changed  markedly  during 
the year, uncoupling from monoterpene pat
terns. These results are consistent with res
ults  of  studies  with  other  pine  trees  (e.g., 
Samuelson et al. 1992). Seasonal variations 
in  gas  exchange  were  probably  correlated 
with many factors whose relative importance 
changed as the growing season progressed. 
These include factors that are difficult to as
sess,  such  as  foliage  development,  foliage 
aging, carbon demand, and measured envir
onmental factors such as water availability, 
temperature,  vapour  pressure  deficit  and 
light (Maier & Teskey 1992).

A rapid response to drought was evident in 
the three species, leading to a concurrent de
crease in water potential and stomatal con
ductance. A rather high threshold of predawn 
water potential for stomatal closure has been 
found in  previous  studies  on  P.  halepensis 
(both trees and seedlings - Schiller & Cohen 
1995,  Tognetti  et  al.  1997,  Borghetti  et  al. 
1998).  Such a response to drought  may be 
crucial  under  Mediterranean  conditions  to 
prevent severe tissue dehydration and foliage 
dieback  (Borghetti  et  al.  1998).  The  three 
species,  however,  only  reduced  stomatal 
aperture  in  response  to  drought,  which  is 
consistent with the hypothesis that complete 
stomatal closure is not the optimal response 
to water stress and that limited embolism al
lows a maximization of gas exchange (Jones 
& Sutherland 1991) and contributes to limit 
water  use  as  soil  water  is  exhausted 
(Borghetti et al. 1998). Indeed, partial cavita
tion of xylem tracheids may cause a local
ised release of tension in the surrounding xy
lem, making water at higher water potential 
becoming  available  (Dixon  et  al.  1984). 
Schiller  &  Cohen  (1995)  showed  that  P. 
halepensis trees could use  internally stored 
water when soil is drying.  The response of 
plants to soil drying has been suggested to be 
mediated  by  chemical  signals  generated  in 
the roots and transported via the xylem (e.g., 
Jackson et al. 1995) or/and may be the result 
of  hydraulic  signals  sensed  by  guard  cells 
(Saliendra et al. 1995).

Gas exchange promptly recovered after late 
summer and fall rainfall relieved trees of wa
ter stress, even in summers when water po

tential  was low enough to cause  consistent 
xylem embolism (Tognetti et al. 1997). Re
filling of xylem embolism has been shown 
for  P. halepensis trees subjected to artificial 
soil  drying  in  the  field  (Borghetti  et  al. 
1998), though water potential was still negat
ive.  Despite  drought  was  increasingly 
stronger  during  the  three  summer  seasons 
studied,  as  shown  by  progressively  lower 
water  potential,  gas  exchange  was  rather 
stable or even higher during summer charac
terized  by  smaller  amount  of  precipitation 
respect to mild summers. Seiler & Johnson 
(1985)  found  that  after  subjecting  Pinus 
taeda L.  seedlings  to  drought,  they  main
tained higher rates of net photosynthesis as 
needle  water  potential  declined  in  a  sub
sequent  drying  cycle.  This  response  may 
have been partly the result of osmotic adjust
ment.  Tognetti  et  al.  (1997)  found  that 
drought-stressed P. halepensis seedlings had 
significantly  reduced  osmotic  potential  at 
turgor loss point with  respect  to unstressed 
controls. Gas exchanges, particularly photo
synthesis,  were  low during  winter  months, 
suggesting that metabolism of these species 
is very sensitive to low temperatures.  P. el
darica showed a delay in reducing photosyn
thesis in late fall with respect to P. halepen
sis and  P.  brutia,  and  also  showed higher 
stomatal conductance in the same period. P. 
brutia stomatal  conductance  during  the 
spring was higher than in the other two spe
cies.  Seasonal differences in photosynthetic 
rate may be critical in accounting for genetic 
differences  in  productivity.  For  temperate 
conifers,  differences  in  the  depression  of 
photosynthesis  that  accompany  bud 
dormancy  are  often  especially  important 
(Teskey et al. 1987).

P.  brutia appeared  to  be  relatively  more 
sensitive than  P. eldarica and  P. halepensis 
to increasing drought conditions from sum
mer 1996 to summer 1998, resulting in lower 
water potential and lower gas exchange after 
recovery  from water  stress.  A  stronger  re
duction of soil-to-leaf hydraulic conductance 
in P. brutia may have been caused by prefer
ential  (compared  to  the  other  two species) 
cavitation  in  water  conducting  tracheids 
(Tognetti et al. 1997). Differences in gas ex
change and water potential amongst the three 
species may be related to the natural distri
bution of these species (Weinstein 1989).

The  linear  relationship  between  stomatal 
conductance  and  net  photosynthesis  ob
served for  P. halepensis,  P. eldarica and P.  
brutia has been demonstrated for other pine 
species (e.g., Teskey et al. 1986). This may 
have some practical applications, since mon
itoring stomatal conductance may indirectly 
evaluate photosynthetic capacity ane be use
ful  in  genetic  selection  (Bennett  &  Rook 
1978).  Despite  the  stomata  are  closely 
coupled  to  the  photosynthetic  system,  the 
limitation imposed by the stomata on the rate 
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of diffusion of carbon dioxide through them 
in  pine  trees  is  small  (e.g.,  Teskey  et  al. 
1986). The three species showed weak separ
ation in the relationship between photosyn
thetic rate and stomatal conductance, which 
may reflect  small  differences  in  leaf  water 
use  efficiency  (slope  of  regressions).  The 
very  low  values  of  photosynthesis  when 
needle conductance was still noticeable may 
indicate  photochemical  inhibition  superim
posing  to  stomatal  constraints,  particularly 
during winter (low temperatures).

In  conclusion,  our  data  show  that  con
stitutive  monoterpene  profiles  remain  con
stant during different months and years and 
do not seem to be affected by abiotic factors, 
as  it  is  the  case  for  ecophysiological  para
meters. In agreement with data in literature, 
β-pinene,  β-myrcene and limonene are con
firmed to be very useful biochemical mark
ers  for  characterization  of  Mediterranean 
pine  species  of  the  group  “halepensis”. 
However, segregation and molecular analys
is will  be indispensable in order to provide 
the most-detailed understanding of monoter
pene  genetics  in  the  contest  of  epistatic, 
pleiotropic interactions and Mendelian rela
tionships.  In  the perspective to use hybrids 
of these pines (e.g.,  P. halepensis x  P. bru
tia) combining high drought resistance, cap
ability to grow on calcareous substrates, high 
quality  of  resin  and  yield  (P.  halepensis), 
with high timber quality (P. brutia) for suc
cessful afforestation, it may be useful to re
late physiological traits for resistance to en
vironmental  stresses  and  oleoresin  terpene 
analysis. Variations in monoterpene profiles 
and  ecophysiological  responses  to  water 
stress  also  offer  the  opportunity  to  select 
chemotypes less susceptible to pest, diseases 
and drought.
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