Biogeosciences, 6, 1048658 2009 "5\ . .
www.biogeosciences.net/6/1043/2009/ ‘GG’ Biogeosciences
© Author(s) 2009. This work is distributed under _
the Creative Commons Attribution 3.0 License.

The ACCENT-VOCBAS field campaign on biosphere-atmosphere
interactions in a Mediterranean ecosystem of Castelporziano
(Rome): site characteristics, climatic and meteorological conditions,
and eco-physiology of vegetation

S. Fares2, S. Merel?, G. Scarascia Mugnozza, M. Vitale3, F. Manes’, M. Frattoni 4, P. Ciccioli*, G. Geros&, and
F. Loreto!

1CNR (National Research Council) — Istituto di Biologia Agroambientale e Forestale, Via Salaria km 29, 300,

00016 Monterotondo Scalo, Rome, Italy

2Department of Environmental Science, Policy, and Management, University of California, 137 Mulford Hall, Berkeley,

CA 94720, USA

3Department of Plant Biology, University of Rome “La Sapienza”, Piazzale Aldo Moro 5, 00185 Rome, ltaly

4CNR (National Research Council) — Istituto di Metodologie Chimiche, Via Salariakm. 29, 300, 00016 Monterotondo Scalo,
Rome, Italy

SUniversita cattolica del sacro cuore, Via Musei 41, 25-121 Brescia, Italy

Received: 17 November 2008 — Published in Biogeosciences Discuss.: 22 January 2009
Revised: 27 May 2009 — Accepted: 3 June 2009 — Published: 18 June 2009

Abstract. Biosphere-atmosphere interactions were investi-as a natural photochemical reactor to observe reaction, trans-
gated on a sandy dune Mediterranean ecosystem in a fieldort and deposition processes occurring in the Mediterranean
campaign held in 2007 within the frame of the Europeanbasin, since the sea-land breeze circulation allowed a strong
Projects ACCENT and VOCBAS. The campaign was car- mixing between biogenic and anthropogenic emissions and
ried out in the Presidential estate of Castelporziano, a perisecondary pollutants. Measurements were run in May, when
urban park close to Rome. Former campaigns (e.g. BEMA)plant physiological conditions were optimal, in absence of
performed in Castelporziano investigated the emission ofsevere drought and heat stress. Foliar rates of photosyn-
biogenic volatile organic compounds (BVOC). These cam-thesis and transpiration were as high as generally recorded
paigns focused on pseudosteppe and evergreen oak grovasunstressed Mediterranean sclerophyllous plants. Most of
whereas the contribution of the largely biodiverse dune vegethe plant species emitted high level of monoterpenes, despite
tation, a prominent component of the Mediterranean ecosysmeasurements being made in a period in which emissions
tem, was overlooked. While specific aspects of the campaigrf volatile isoprenoids could be restrained by developmen-
will be discussed in companion papers, the general climatidal and environmental factors, such as leaf age and relatively
and physiological aspects are presented here, together witlow air temperature. Emission of isoprene was generally low.
information regarding BVOC emission from the most com- Accounting for the high monoterpene spring emission of the
mon plant species of the dune ecosystem. During the camdune ecosystem may be important to correct algorithms at re-
paign regular air movements were observed, dominated bgional and ecosystem levels, and to interpret measurements
moderate nocturnal land breeze and diurnal sea breeze. Af fluxes of volatile isoprenoids and secondary pollutants.
regular daily increase of ozone concentration in the air was
also observed, but daily peaks of ozone were lower than those
measured in summer on the same site. The site was ideql

Introduction

The Mediterranean ecosystems represent 1% of the Earth’s
Correspondence tc. Loreto land surface, and are concentrated mainly in the Mediter-
m (francesco.loreto@ibaf.cnr.it) ranean basin, with coastal ecosystems playing consequently
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an important role. Coastal sand dunes are natural structurg€hameides et al., 1988), secondary organic aerosols and
which protect the coast by absorbing energy from wind, tideparticles (Claeys et al., 2004; Verheggen et al., 2007). These
and wave action, and host ecosystems made by pioneeringncillary and unexpected effects of BVOC captured the atten-
species which are adapted to life at the interface between set@n of a multidisciplinary community of scientists that hopes
and land. The typical dune vegetation communities are parto better understand the possible contribution of biogenic
of the larger “macchia” or “maquis” ecosystem, which in its substances to pollution events. The impact of BVOC is ex-
degraded state is referred to as “garrigue”. In Italy, the macpected to be more evident where biogenic and anthropogenic
chia covers 2—3% of the territory (INFC, 2003) and is madecompounds are likely to react, for instance in urban areas,
primarily of evergreen shrubs. This vegetation stabilizesindustrial parks and peri-urban green-belts and rural areas.
coastal sand dunes, and shelters inland vegetation from sa&hen the sea breeze circulation is activated over the coast,
winds and consequent damages due to marine aerosol. D#ie plants of the dune ecosystem are located at the entrance
spite the large biodiversity characterizing the macchia veg-of the photochemical reactor regulating the ozone production
etation, all plant species show ecological adaptations to thelownind. When the breeze switches into a land system at
Mediterranean environmental conditions, which are charachight, emitted BVOC can react with primary and secondary
terized by hot and dry summers, mild and often rainy winters,pollutants. Some of them, such as monoterpenes or sesquite-
recurrent exposure to salinity due to sea breeze and salinpenes emitted with a temperature-dependent mechanism, can
ground water table, and sandy soil with poor organic fractionact as a night time sink of ozone leading to carbonyl and rad-
and nutrients. ical formation (Ciccioli and Mannozzi, 2007). Because of
Plants establishing on coastal sand dunes are subjected tbe complexity of factors influencing the behaviour of sandy
several environmental fluctuations which affect their growth, dune plants and their critical location, coastal ecosystems of
survival and community structure (Maun, 1994). Typically, the Mediterranean region deserve specific studies, in which
the morphological and structural adaptations to droughtemission and deposition of photochemical oxidants and their
salinity and high temperatures that are observed in Mediterprecursors need to be determined, together with those of pri-
ranean plants include small plant size, globular shape ofmary production and exchange of energy and matter with
the canopy, and sclerophytic leaves with thick cuticles andthe atmosphere, namely water, £@nd heat. In particular,
dense mesophyll (Thompson, 2005). To endure recurrenfiuxes of BVOC have been measured so far in coastal ecosys-
episodes of heat stress, drought, and salt stress, plants litems (such as pseudosteppe and evergreen oak stands) which
ing in the dunes carry out two alternative ecological strate-are different from the dune ecosystem both for the species-
gies. A few plants have a “water spending strategy” with specific composition and for the environmental conditions
stomata responding strongly to water availability and allow- (Ciccioli et al., 1997, 2003).
ing excellent CQ diffusion inside leaves and high rates of = The Presidential Estate of Castelporziano is a large park
photosynthesis when water is available. Most plant speciesit the southeastern edge of the large conurbation of Rome.
present a “water saving strategy”, with stomatal opening perSince 1951, Castelporziano has been an intact and preserved
manently restricted by anatomical, morphological and phys-natural laboratory, where climate, ecological, geological and
iological traits, and low rates of carbon assimilation even inatmospheric researches are carried out by International re-
the absence of environmental constraints. These plants shosearch groups. Because of the large biodiversity preserved,
a more efficient water use under harsh conditions (Thomp+the typical Mediterranean climate, and the proximity with ur-
son, 2005). ban pollution sources, the park has been a favoured site for
Another line of defence against biotic and abiotic stresseshe study of the interactions between biosphere and atmo-
is constituted by the synthesis and release of trace gases oftephere. A large campaign was held in Castelporziano more
referred to as biogenic volatile organic compounds (BVOC).than ten years ago within the framework of the European
The emission of isoprenoids and oxygenated volatiles is‘Biogenic Emissions in the Mediterranean Area” (BEMA,
common in plants and is particularly widespread among thel997) project, to identify BVOC emitting plants and to esti-
plant species of Mediterranean ecosystems, although reporteate fluxes of isoprenoid emission in the atmosphere that
about emissions from plants of the dune ecosystems areould influence the chemistry of the troposphere (BEMA,
scarce. Isoprenoids are believed to strengthen membranes 4p97). Ten years later, two projects: the European Union
protecting leaves against damage caused by heat and oxidaletwork of Excellence on Atmospheric Chemistry (AC-
tive stresses (Vickers et al., 2009). Oxygenated compound€ENT) and the European Science Foundation programme on
are indicators of damage occurring at cellular membraned/olatile Organic Compounds in the Biosphere-Atmosphere
and are released during membrane or cell wall degradatiorinteractions (VOCBAS), jointly organized a field campaign
Methanol and C-6 compounds are especially emitted at higton the Castelporziano site. There were several reasons to ex-
rates under these conditions (Loreto et al., 2006). pand BVOC measurements in Castelporziano. Since the pio-
Many of these trace gases are very reactive, and, oncaeering BEMA campaign, outstanding progresses have been
emitted in a polluted atmosphere that is enriched by anthromade in the inventory and understanding of BVOC emissions
pogenic emission of NQ may fuel production of ozone by plants. For instance, the advent of the Proton Transfer
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Reaction-Mass Spectrometry has allowed measurements @fge, as recently reported (Loreto and Fares, 2007) (Gerosa et
fluxes of trace gases with unprecedented speed and sensitiat., 2009);

ity (Lindinger et al., 1998), which makes flux measurements f) to assess, through concurrent measurements of mete-
possible with eddy covariance techniques (Rinne et al., 2001¢rological and climatological parameters, whether the cli-
Davison et al., 2009). Moreover, scientific progresses havanatic factors may affect BVOC emissions and may explain
demonstrated that the emission of volatile isoprenoids is noair mass movements, and the consequent possibility that pol-
only controlled by light and temperature (Guenther et al.,lutants be formed or transported on peri-urban and rural areas
1995) but also change with leaf development (Fuentes andthis paper; Davison et al., 2009).

Wang, 1999), and in response to environmental constraints,

especially salinity (Loreto and Delfine, 2000) and drought
(Brilli et al., 2007). It is clear now that emission factors
vary on different ecosystems, which makes essential knowl-

. o S : 2.1 Site information
edge of species-specific emission factors to correctly imple-

ment emission models, especially since the high resolutionr e eynerimental site is located in the Presidential Estate of
of the latest models at regional scale (Guenther et al., Zoo%astelporziano £14154.58 N. 1221 9.50'E. It covers

imposes a more refined assessment of emissions. Finallyng area of about 6000 ha located 25 km SW from the center
the BEMA campaign characterized species composition angyt rome, Italy. The Mediterranean ecosystems are well rep-
emission patterns of a retro-dunal macchia ecosystem (OWepygented and preserved inside the Presidential Estate, which

etal., 1997; Ciccioli etal., 1997), during summer, thatis, in & .ntains more than 1000 plant species. The part of the Es-
period in which vegetation already underwent strong physioa¢e facing the Tyrrhenian sea was chosen for the 2007 field

logical _Iimitations due to drought. The ACCENT—VOCBAS_ campaign (Fig. 1). This area is characterized by sand dunes,
campaign concentrz_at(_ad on thg coastal dune, on a vegetatiopn 7 high a.s.l., with mixed garrigue-type and maquis-type
rich with BVOC-emitting species (Owen et al., 1997), and \eqetation especially in the humid retro-dune area (Bemett,
was performed on May—June 2007, when environmental cony 9g7. pignatti et al., 2001). The specific location of the ex-
straints are still mild and fast vegetative growth typically oc- perimental site was 100 m from the coast line, between a first
curs in the Mediterranean areas (Mooney and Dunn, 1970). 514 a second dune layer. An area of 1070was used for
In summary, the field campaign in Castelporziano ad-ghe gtydy on vegetation characteristics as described below.

dressed the fo_IIowmg main scientific objectives, as specifi- According to phytoclimatic studies (Blasi, 1993), the ex-
cally reported in the referenced papers: perimental area belongs to a Thermo-Mediterranaean region,

a) to assess with a new generation of instruments th§yii jong and prolonged stress aridity during summer peri-
species-specific BVOC emission by dune vegetation (this paggs and a moderate cold stress during winter. The soil of

per; Davison et al., 2009); the experimental site is a typical Regosol with a sandy tex-

b) to determine, with joint field measurements, BVOC 16 and low water-holding capacity, which exacerbates early
emission rates and physiological conditions from plants thaﬁrought. This soil is not evolved. with an “A" horizon in-

were at the beginning of their growing season, and that wer g a5ing in thickness with the distance from the sea. The

presumably yet unaffected by environmental stressors thafhemical properties of the soil are dominated by the strong
strongly limit carbon fixation and allocation to secondary presence of carbonate elements (0.8% of CgQfat cre-

metabolites over dry and hot Mediterranean summers (thiSta an alkaline pH of 8.3 (Francaviglia et al., 2006). Organic

paper; Mereu et al., 2009); , matter is heterogeneously present in the first horizon of the
¢) to measure by disjunct eddy covariance (Karl et al.,gqj| which is also rich in fine roots, reflecting the patched

2002) fluxes of BVOC at the ecosystem level on an ecosysyesence of vegetation described in Table 1. The total con-

tem that has been never investigated previously (Davison efant of soil organic carbon is in the range of 3.1g(Cykg

al., 2009); soil, with high rates of microbial activity which also favoured
d) to integrate concurrent leaf measurements of BVOC,5 high mineralization rate (Trinchera et al., 1998 Pinzari et

CO; and HO fluxes driven by physiological processes with 5 1999, The retro-dune areas, very close to the experi-
ecosystem measurements, supplying information for modelg, o) site, contain small water-pools, in which water tem-
of BVOC emissions and reactivity on the macchia vegetatlonporar"y accumulates, especially during winter, as a function

(this paper; Vitale et al., 2009); of water-table level and rainfall rate.
e) to assess, simultaneously to BVOC measurements and

over the same area, the presence of air pollutants, focusingop2  Measurement of environmental parameters

ozone, NQ, and particles, in order to estimate whether the

possibility exists for BVOC to react with anthropogenic com- Meteorological data were collected during the years 2005-

pounds (Atkinson and Arey, 2003), initiating on site the com- 2007 at two stations located inside the Castelporziano estate.
plex chain of reactions that may lead to the formation of sec-The Tor Paterno station was located 6 km to the south of the
ondary pollutants, or protecting plants from pollution dam- experimental site, but at a similar distance from the coast.

2 Material and methods
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Table 1. Physiognomic measurements of plant features and estimation of the plant cover of the dune ecosystem at Castelporziano experi-
mental site, Rome, central Italy.,Hd, and H,.q., (Standard deviation in parenthesis related to all individuals in the study area) indicate the
maximal and the mean height of plants, respectively. LAl is the Leaf Area Index. In parenthesis the standard deviatjpns, fandHLAl

(standard deviation in parenthesys related to all individuals in the study area) are shown. Leaf biomass, and the area covered by each specie
in the two different ecosystems (“Garigue” and “Maquis”), is reported as a percentage and as total. Missing data are not available.

species hax Hmean LAI Leaf biom. Total cover “Garigue” cover  “Maquis” cover

(cm) (cm) Mfm2)  (kgm?) M) %) @) (%) (M) (%)

Arbutus unedo 230 137 (55.2) 29 (0.31) 0.17 2242 219 555 5.4 168.7 16.5
Rosmarinum officinalis 150 77 (28.6) 25 (0.38) 0.13 175.7 17.2 1757 17.2

Quercus ilex 300 187 (60.2) 2.9 (0.27) 0.20 149.1 146 12.1 1.2 137.0 13.4
Phillyrea latifolia 220 116 (45.4) 1.3 (0.21) 0.23 1442 141 41.0 4.0 103.2 10.1
Erica multiflora 160 93 (27.3) 19 (0.17) 0.18 126.7 124 121.9 11.9 4.8 0.5
Cistus spp. 150 68 (28.6) 0.6 (0.23) 0.16 469 46 469 4.6

Erica arborea 220 212 (10.00 45 (112 0.19 15.7 1.5 15.7 1.5
Pistacia lentiscus 143 90 (35.6) 2.2 (0.41) 0.29 12.2 1.2 12.2 1.2

Smilax aspera 150 80 (49.7) 2.4 (0.63) 0.11 10.7 1.0 10.7 1.0

Daphne gnidium 150 98 (30.0) 0.9 (0.30) 0.09 5.6 0.5 5.6 0.5

Helicrisum litoreum 40 26 n.d. 1.5 (0.11) 0.16 4.3 0.4 4.3 0.4

Juneperus phoenicea 170 120 n.d. 3.1 (0.21) 0.27 5.4 0.5 0.9 0.1 4.6 0.4
Juniperus oxycedrus 40 32 (13.7) 3.1 (0.34) 0.27 0.9 0.1 0.9 0.1

Mean 163 103 (37.0)0 2.3 (0.27)

The Carboeurope station (serving the Carboeurope-IP Euwhere T is the average of the monthly minimal tempera-

ropean project, and managed by the University of Tusciafures. Forr=10°C, MCS=0 (considering X as a thresh-

was located at 500 m NE from the sandy dune site. In Torold for the vegetative activity for Mediterranean plants); for

Paterno, hourly values of temperature were recorded with=—2.5°C, MCS is assumed to be 100 (assuming that mini-

a MP100A sensor (Rototronic, Huntington, NY, USA). A mal values of 2.5 correspond to the maximal cold stress).

sonic anemometer (W200P, Vector instruments, Rhyl, UK) The MDS index was calculated according the hypothesis

was used to instantaneously measure wind speed and direthat when monthly precipitation is below 50 mm drought

tions, and a pluviometer (ARG 100, Environmental mea- stress occurs (Eq. 2):

surements, Sunderland, UK) was used to measure daily pre-

cipitation. All instruments were connected to a data log- MDS = 2*(50— P) (2)

ger (CR23X, Campbell scientifics, Shepshed, UK). Collected

data were downloaded monthly and stored in the data-base@here P is the sum of the monthly precipitation (mm). For

of the Estate. The Carboeurope station was equipped with’=0, MDS=100; forP=50, MDS=0.

similar sensors, but meteorological data were complemented Continuous monitoring of ozone was performed during the

with sensors for the determination of atmospheric pressur¢ampaign from above canopy using a scaffold (6 m) built in

and the flux of water and GQby Eddy Covariance. the middle of our experimental area. Air was sampled at a
The Bagnouls-Gaussen’s diagrams were used to report theate of 3L min~* with a vacuum pump through teflon tub-

monthly averages of air temperatures and precipitation. Théng and passed into a photometrig @nalyzer (1008 Dasibi

intersection (grey area) of the precipitation curve with the Environmental Corp., Glendale, CA, USA) mounted into a

average temperatures indicates a period of aridity (Bagnoul§abin 10 m distant from the scaffold. Ozone concentrations
and Gaussen, 1957). in Castelporziano were compared to those recorded at the

Minimum and maximum monthly temperatures and pre- EMEP station of Montelibretti located downwind the city of
cipitation were used to generate the Mitrakos' diagram,Rome, along the main direction followed by air masses in
which identifies the Monthly Cold Stress (MCS) and the high pressure summer conditions (sea-land breeze circula-
Monthly Drought Stress (MDS) indices, expressed in stresgion regime) (Ciccioli et al., 1999).
units and calculated according to the intensity and duration ) N o
of cold and drought stress periods, as described by Mitrako€-3 Measurement of vegetation composition and distri-
(1980). In brief, the MCS index was calculated according to bution

Eqg. (1):
a- (1) An inventory of vascular species composition and their dis-
MCS=8*(10—-T) (1) tribution in the 1070 rA-wide experimental area around the

Biogeosciences, 6, 1048658 2009 www.biogeosciences.net/6/1043/2009/
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When it was not possible to distinguish to which stem the
crowns of plants belonged, height and projected area were
measured for the whole patch belonging to the same species.

o The percentage of soil covered (cover) by each species was
Drsdvonossrentognit cerpiiossoeces I f— obtained dividing the sum of the PA of each species by the
e—" rmm— area of the experimental plot.
The basal area of each species was calculated by:

LEGEND

Holm caks prevailing

Cork oak prevaling

Reafforestation with Italian Stone pine Open spaces with little of no vegetation

Il ©cciduous ook prevailing with Oriental hornbeam

SA
BA = PA x cover 3)

The leaf area of twenty leaves (ger woody species
collected from different plants was measured by computer
software (Image Tool Software Roswell, GA). These leaves
were dried at 80C for a week to obtain the leaf mass (LM
—g). The leaf mass to area ratio (LMA — ¢)rof each leaf
was calculated by:

LMA = S (4)
LM

The leaf area (LA) to sapwood area ratio (LA/SA) of each
species was estimated as the slope of the linear fit of the LA
vs. SA regression using thirty branches for each species with
diameters ranging between 0.3 and 5cm. The leaves of each
branch were dried to obtain the total leaf material (bW
g) of the branch. The leaf area of each branch jL#as
estimated by multiplying L by the LMA:

LAj, = LMot x LMA (5)

Fig. 1. Overview of the experimental site located in Castelporziano The leaf area index (LAI) oQuercus ilexPhillyrea |ati-
In the sketch showing the Italian peninsg, the red circle iden- folia, Arbutus unedpandErica arboreaplants was derived

tifies the Castelporziano Estate f441'54.56' N, 12° 21’ 9.50' E), by dividing the LA/SA ratio by the Projected Area (PA)/SA

an area of about 6000 ha located in the Lazio region, 25km Sw/atio:

from the center of Rome; the blue circle identifies the CNR Re- LA LA SA
search station in Montelibretti (48’ 26.82' N, 12° 38 15.79' E) LAl = PA = SA X PA
The Castelporziano area is enlarged®). A legend explains the

different vegetational types co-occurring in the estate. The black The LAI of each species was estimated as the average LAI
circle at the bottom left of panel (B) shows the specific location of calculated on at least ten different plants per species. The
the experimental site. Finally, pan@) is an aerial picture of the | Al of Cistus incanusRosmarinus officinaliandErica mul-
experimental site, showing the coast (bottom left), the sand dungjfiora was assessed in a different way because of the elevated
strip, the strip of Mediterranean maquis and garigue, surrounded b¥1umber of stems. For these species the LAl was obtained by
communication_ roads where the_ campa_ign took place (center), anﬂ”lultiplying the LMA by the dry weight of the leaves present
the dense Meditterranean maqis (top right). over 0.25 M of soil (three samples for each species).

(6)

scaffold where the monitoring devices were positioned wasp 4 Measurements of p|ant physio|ogica| properties and
carried out during May. The projected aré¥( n?) of the isoprenoids emission

crown of each individual plantzE12—-17 per species) was

obtained by measuring the crown radius along the four cardi-The measurements were performed during the month of May
nal axes and averaging the four resulting areas. The sapwoaahd in the central hours of the day (11:00 a.m.—03:00 p.m.).
area (SA — m) was assessed by measuring the stem diametePhotosynthesis, stomatal conductance and transpiration of all
at 10 cm from the ground on each species, after the cork andpecies were measured with a Li-6400-40 gas exchange open
phloem were removed, in order to obtain a species-specifiportable system (LI-COR, Lincoln, Neb., USA). A leaf was
sapwood area to projected area ratio (SA/PA). These samenclosed in a 6 chcuvette and an air flow was pumped to the
ples were collected outside the plot in order to avoid wound-cuvette after being filtered with an active carbon cartridge to
induced isoprenoids emissions inside the footprint of the exscavenge pollutants or BVOC present in the air. The instru-
perimental area. ment allowed to control light intensity and leaf temperature,

www.biogeosciences.net/6/1043/2009/ Biogeosciences, 6, 10882009
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which were set, respectively, at 100Mmolm~—2s~1 of PAR 2005
(Photosynthetic Active Radiation) and € These are the

120

basal conditions at which isoprenoid emission is commonly e Mean daily T

measured (Guenther et al., 1995). The outlet from the cuvette B e Shee dab o T 100

was diverted to the Li-6400-40 infrared gas analyzer to mea- Mean daily P =

sure CQ and HO exchange. These exchange rates were  _ 30 =

recorded after an adaptation period of around 1 h after leaf g 80 E

enclosure, and in any case after stabilization of the photosyn- "™ 20 - A

thetic parameters. The outlet of the cuvette was then diverted

to a glass traps (16 cm in length, 4 mm 1.D.) filled with 1309 10 20

Tenax GC,20-35 mesh, (Alldrich, USA) and 1159 Carbo- 0o Fm=== .

graph 1, 20-40 mesh, (LARA S.p.A., Rome, Italy) to col- &35 aol - RN Y O Py

lect BVOC. Air was passed through the trap at a flow rate W Rear FelaRone o

of 200 mImin 2, controlled by a pump (Pocket pump, SKC, 2006

PA, USA), until a total volume of 10 L of air was collected. - | el

Before measuring each individual leaf, emissions from the 40 b 100

empty cuvette were also measured, to make sure that no en- ‘ f

closure contaminants were recorded. 30 - [ I
Traps were stored in a refrigerated container until ana- £ | 80 E

lyzed at CNR laboratory with a gas chromatograph (GC F 20 | [ o

5890, Hewelett Packard, Palo Alto, CA, USA) connected [ 40

to a quadrupole mass spectrometer (MSD 5970, Hewelett 10 | L 20

Packard, Palo Alto, CA, USA). Traps were desorbed by o 1 5

keeping them at a temperature of 260for 5 min using he- I T

lium as carrier gas at a flow rate of 20 mlmih Desorbed 3% pefat 3 W pudep? oot oo

isoprenoids were concentrated in an empty liner 290°C 2007

under liquid nitrogen and then injected into the GC column 50 120

by rising the temperature of the liner to 2@in 5s. A 100

Chrompack, fused silica capillary column (50 m in length 401

with 0.4 mm [.D.) coated with a 0.32m of CPsil5 (Mid-
delburg, The Netherlands) was used for the chromatographic
separation. The elution was carried out by rising the col-
umn temperature from 50 to 250 at a rate of 5C min—L.
Compounds were identified and quantified following the pro-
cedure described in Ciccioli et al. (2002).

T(°C)

P (mm)

0 +— —
2.5 Artificial irrigation on Cistus incanus plants a0 potyaed W W lep® oot o

A 20m~2 area withCistus incanusplants was located in months

the same experimental area. It was 500 m distant from the

main experimental site, but with identical climatic and veg- Fig. 2. Bagnouls Gaussens diagrams for the years 2005, 2006, 2007
etation characteristics. This area was used to artificially ir-at Castelporziano Estate. 14 Monthly temperatufeseft axis,’C)
rigate plants, in order to better assess whether a droughtare shown as daily mean (solid line), daily maximum 15 (dotted
stress was causing physiological effects during the experipattern) and daily minimum (dashed pattern). The sum of monthly
mental period. This area was far enough not to interfere withrainfall (P, right axis, 16 mm) is also reported for the same periods.
the micrometeorological measurements of the main site (seéhe yellow zone represents a drought period. The green 17 bar in
Davison et al., 2009). Plants were irrigated daily in the earlythe 2007 graph indicates the period of the campaign.

morning. Irrigation started two weeks before the exprerimen-

tal measurements at the main site, and continued througho
the campaign. The measurements of physiological traits an
isoprenoid emission, as detailed above, were also performe
on the plants of this plot.

t . .
% Results and discussion
g.l Climate and meteorological data

Meteorological data for the years 2005-2007 showed that
the climate of the site is typically Mediterranean with mean
monthly temperatures ranging between a minimum & 4

Biogeosciences, 6, 1048658 2009 www.biogeosciences.net/6/1043/2009/
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and. a maximum of 2, extrem_e summer tempergtures oc- = 2005
casionally exceeding 3€ (maximal values of 32 in Au- MCS 2006
gust 2007), absence of freezing events, and a pronounces 100 ,
summer drought, with rainfall events concentrated in au- 2007
tumn and spring. In particular, the mean annual precip- 80 |

itation over the years 2005-2007 was 713 mm, but only

480 mm were recorded during 2007. The summer dry pe--"g 60 A
riod was recorded on each one of the three years, with low =
monthly rainfalls &60 mm in the May—August period) as §
clearly shown in Bagnouls-Gaussen’s diagrams (Bagnouls.ﬁ 40 1

and Gaussen, 1957) (Fig. 2). The Mitrakos’ MCS diagram

showed an evident cold stress period in our experimental site 20
from November to March (Fig. 3). More interestingly, the

MDS index showed that drought stress was widespread ovel 0 8 LN L NEE—— . | | B
the entire dry seasons, but was particularly strong during the 24 n ot Wt W 0k G
summer periods of years 2006 and 2007 (Fig. 3). Drought 3@%@10\4\ L P\\)%e O “\\O\be
causes a severe stress in warm Mediterranean seasons, whi MDS

high temperatures induce high evapotranspiration, with fast
depletion of water reservoirs in the soil and in plant tissues. 100
This explains the evolution of the “water saving” strategy,
also observed in our measurements with dune species, whicl 80
allows to slow down the main metabolic functions, and re-
duce water loss through stomata during summers.

The year 2007 was in general very warm, with prolonged
drought stress also in winter, and monthly precipitation never
exceeding 100 mm (Fig. 2). All climatic indices confirmed
that the period of the campaign (May 2007) was favourable
to vegetative growth, at least when compared to the hot and 20 | I

60 -

40 -

stress units

dry summer. Moreover, the proximity of the site to the sea
led to a high humidity regime (with RH rarely below 60%) 0 R T — U
with formation of dew in the night-time. 3@%6‘\4\6‘ P\Q‘\\I\@; W& 3&,?\0%@9 0%0‘1080

Daily variations of the main meteorological parameters
recorded in Castelporziano during the field campaign are months
shown in Fig. 4a to d, and consistently indicate that the
weather was characterized by a certain variability, more typ-ig. 3. Mitrakos diagrams for monthly cold stress (MCS) and
ical of earlier spring periods. High pressure periods weremonthly drought stress (MDS) in the years 2005 (brown bars), 2006
frequently alternated to short low pressure episodes, and paforange bars), 2007 (green bars) at Castelporziano Estate. The red
ticularly important was the low pressure episode occurring””e in correspondence of May and June indicates in the x-axes the
on 28 May because it was associated to a front of humid aithe Period of the campaign.
that generated strong winds blowing from the SW-W sector.
Precipitations occurred also at the beginning of the campaign
(4 May)' but in this case the front was less intense and CharcasteporZiano at nlght, between 02:00-03:00 and 09:00 a.m.
acterized by light winds blowing from the same sector as dur-For most of the time the maximum air daily temperature
ing the rest of the campaign. During low pressure episodestanged between 25 and 26 and only in one day values of
a synoptic scale circulation drove the movement of the air30°C were reached. Because of these meteorological condi-
masses. During high pressure periods, however, the circuldions, the vegetation of the sandy dunes never really reached
tion was mostly determined by a local sea-land breeze windtress conditions typically observed during summer, and gas-
regime, with moderate to strong S-SW winds blowing dur- €xchanges of C&) H,O and BVOC were not limited.
ing the day, and light N-NE winds after 02:00a.m. (Figs. 4c
and 5a). As already observed in previous campaigns (Kal3.2 Ozone levels during the field campaign
abokas et al., 1997), the sea-land breeze regime generates a
transport of biogenic emission toward the city of Rome dur- The duration of high pressure periods (3-5 days, Fig. 4a) did
ing the day, but allows also primary (such as VOC,)lénd not allow to generate the high levels of ozone typically ob-
secondary pollutants (such as ozone and PAN), respectivelgerved in Castelporziano during summer (Kalabokas et al.,
emitted and produced in the urban area of Rome, to reaci997). As several studies performed in the Mediterranean
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z 0 | L2 g tion during night (21:00-06:00, solid line) and day hours (06:00—
20 bk [ T B bl il (1] 21:00, dashed line) in Castelporziano Estate, central Italy. Panel
P P o a® (@ AP P P o ® (P P P (B): Polfe\r plot showlng ozone cohcen.tratlon.(ppbv) during day
O T T AT AT a9 g g AT AT (black circles) and night hours (white circles) in the same experi-
Time (MM/dd) —— Wind speed
C —— Wind dir mental area.
— 8 400
E6 300 2
§ 4 \ 200 5 luted plume remains high because little removal occurs by
s 2 100 £ secondary reactions (Finnlayson-Pitts and Pitts, 1999). After
Z 0 L — e e e —— g reaching a mountain range, the air masses are conveyed back
W g QT AT KT A 5 9ol @ o 0T Vi S u W, Vi vecti
5P @ o g 1P 5 o g P P P over the sea by a return flow, located above the advection
Time (MM/dd) Total rad. flow and often separated from it from a shear layer (Millan-
—~ D — PR 2000 Millan et al., 1998). Ozone present in the return flow can be
§ 800 2500 transported up to 40 km over the sea, where it can stratify at
5 600 fggg £ night. After sunrise, the polluted layer containing the ozone
2 1000 = ransported from the city is mixed wi e one resident be-
;‘EE E ot ted from the cit d with th dent b
R oz low, resulting in an increase of ozone in the whole convective
T A o o0 P 8P P o P o G P P layer. When the sea breeze is activated (.10:00f11:00_a.m.),
Time (MM/dd) ozone is driven back to the coast by advection (Millan-Millan

et al., 1998). These effects have been also observed by Geor-
Fig. 4. Daily profiles of the meteorological parameters collected atg'a‘_j'S et ?"- (1994) over the Adriatic sea. S_UCh a continuous
two stations inside the Castelporziano estate. The Tor Paterno stgecirculation of ozone between the sea and inland sites where
tion was located 6 km to the south of the experimental site, but at darge emission of precursors take place causes a progressive
similar distance from the coast. The Carboeurope station (servingncrease in the ozone levels through all the areas interested by

the Carboeurope-IP European project, and managed by the Univetthe air mass circulation, ultimately leading to photochemical
sity of Tuscia) was located 500 m NE from the sandy dune site.smog episodes.

Panel(A) shows pressure and air temperature at Tor Paterno site, In the Tiber valley, the maximum ozone production usu-

panel(B) shows relative humidity and precipitation at Tor Paterno, S :
panel(C) shows wind speed and direction at the Carboeurope sta-a"y occurs between the city limits of Rome and the subur

tion, panel(D) shows the total radiation and PAR (photosyntheti- ban areas located 15km from th?_CIty Centr,e (Ciccioli et ",’II"
cally active radiation) at the Carboeurope station. 1999). Under heavy smog conditions, the influx of the city

plume of Rome gives rise to sharp peaks of ozone, peroxy-

acylnitrates (PAN), sulfates and nitrates in the suburban sta-

tion of Montelibretti with maximum values that can be twice
coasts (Millan-Millan et al., 1998) have shown, high ozone as high as those advected by the sea (Ciccioli et al., 1993,
levels occur during high pressure conditions, characterized999; Cantuti et al., 1993). Ozone contained in these air
by a local sea-land breeze circulation which last long enoughmasses is conveyed back to the Tyrrhenian sea by a return
to transport over the sea secondary pollutants generated iflow generated when they reach the Apennine range located
densely populated areas. Ozone formation is enhanced whet0—60 km from the coast (Baldi et al., 1993; Mastrantonio et
air masses advected by the sea breeze penetrate deeply irdb, 1994). The importance of the sea-land breeze regime in
the valleys and become progressively enriched ik ld@d  generating high levels of ozone in the area of Rome has been
VOC emitted from urban areas. When moving out from theseconfirmed after application of the FARM model, whose re-
polluted areas, air masses become progressively depleted Bults have been validated by field studies performed in differ-
NOx. Under these NOx-limited conditions ozone produc- ent seasons (Gariazzo et al., 2007). These results show that
tion progressively decreases, although its content in the polin summer, when high pressure conditions last for more than
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campaign, stability conditions that characterized hot and
100 1 —— Castelporziano sunny days did not last long enough to generate accumulation
 Motlibil of large amounts ozone over the sea. Consequently, levels
g 80+ measured in Castelporziano never reached those measured in
=2 H summer, when values up to 90-95 ppbv have been recorded
S 60 - r ﬁ (Kalabokas et al., 1997). The observation that the mean
3 daily ozone profile recorded in Castelporziano does not show
% 40 | the same bell-shaped profile of temperature and solar radia-
) tion which characterizes the suburban site of Montelibretti
20 | | { (Fig. 7), indicates that transport from aged air masses accu-
mulated over the sea was the main source for this pollutant
& . u . H | I D 5.1 i O 3 over the coast. Data in Fig. 7 also show that night time levels
of ozone were often higher in Castelporziano than in Mon-
0‘\96-::.&‘“66‘ Dﬁ@ﬁé@b&ﬂ@‘“&«9’6611561‘3’061‘5@'5\'@6@6 telibretti. Under stablegatmospheric cF:)onditions such differ-

Time (MM-dd) ence may be explained by the higher NO emission from traf-
fic over the Tiber valley than near the coast, assOnore ef-

Fig. 6. Daily profiles of ozone levels in Castelporziano (ppbv), cen- ficiently removed from the lower layer by reaction with NO.
tral Italy and at the EMEP station in Montelibretti, located NE of As indicated by Fig. 5b, ozone advection caused by the land
Castelporziano, 20 km downwind Rome, inside the Tiber valley. breeze could have also played a role in determing the ozone
30 min means are reported for the period from 1 May to 4 Junelevels after 03:00 a.m.

2007.
3.3 \Vegetation characteristics
—— Castelporziano
—— Montelibretii The dune vegetation of the experimental site is composed of
80 patches of Mediterranean “maquis” and “garigue”. Follow-
70 | ing the nomenclature suggested by Pignatti (Pignatti et al.,
2001), we named “garigues” tl&ico-Rosmarineturforma-
g 60 - |||||!- tion, characterized by the abundant presence of low-shrubs
& 50 'I“ i Il N species afRosmarinus officinalisErica multiflora, Arbutus
S 40 "‘ [ 1+ I.l'. - unedgq Phillyrea latifolia and Cistus incanus albidusMany
3 5 / i .i of these species are typically located over Regosols soils rich
2 .,/ \. of CaCQ from deposited bioclasts. The woody species of
& 20 h I IIH N this formation are rarely taller than two meters (Table 1).
O Lol MM L l I! : . o L
10 I |!! LTI The Mediterranean “maquis” is a variation of teercetum-
ol ¢ -IT] ! ilicis (Pignatti et al., 2001), which is dominated Ruer-
10 . cus ilexfrom the early developing stages. The early stages
A, 00O o, P 0D o0, D of “maquis” are formed by a mixture d@uercus ilexand
L N S other co-dominant specie&rica arborea Phillyrea latifo-
Lioiirs of day lia, Juniperus sppandArbutus unedowith canopies rarely

taller than five meters. The increase of below-ground ma-
Fig. 7. Half-hour averaged concentrations of ozone in Castel-fine water level could lead to a progressive replacement of
porziano (black line) and in Montelibretti (red line) for the period 1 high “maquis” with plant communities more typical of a de-
May—4 June 2007. MeatiSD are reportedn=42 days). graded “garigue” (e.g. thErico-Rosmarinetuim character-

ized by low shrubs adapted to very alkaline pH soils. Pig-

natti et al. (2001) hypothesized that vegetation patches of the
2 weeks, pollution generated in the area of Rome progressivewo formations (garigue and maquis) observed in the experi-
elly increase the ozone levels present in the Tyrrhenian coashental area correspond to an uneven distribution of sea shells
where Castelporziano is located. which originated the bioclasts. Future studies should test this

Ozone data collected in Castelporziano and Montelibrettihypothesis.

during the campaign (Fig. 6) show that differences in ozone As shown in Table 1Quercus ilexwas the tallest plant
concentrations between the two sites occurred only wherat the site, reaching the maximum of 3 m heiglitrbutus
high-pressure conditions were generated over the area. Thisnedohas the largest cover (21.9%), followed Bpsmari-
conclusion is supported by the polar plots reported in Fig. 5bnus officinalis(17.2%),Quercus ilex14.6%),Phillyrea lat-
During low pressure episodes, the ozone levels in the twdfolia (14%) andErica multiflora (12.3%). The summed
sites were almost the same. This suggests that, during theercentage coverage shows that the “garigue” (48.2% of
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Table 2. Measurements of isoprenoids emitted by the different plant species of the dune vegetation of the experimental area of Castelporziano,
Rome, central Italy. Photosynthesis and stomatal conductance are also reported. Missing values are undetected compounds. All value
indicates meansi€4), standard deviations are reported in parenthesis for isoprene, total of monoterpenes, photosynthesis and stomatal
conductance.

Isoprenoidgug(C) g~ DWh 1) Quercus ilex (mature leaves)  Quercus ilex (young leaves)  Cistus spp. (control) ~ Cistus spp. (irrigated) ~ Arbutus unedo  Phyllirea latifolia  Rosmarinus officinalis ~ Erica multiflora  Juniperus oxycedrus
Isoprene 0.33(0.54) 0.31(0.4) 0.05(0.04) 0.38(0.91) 0.02 (0.02) 0.05(0.04) 0.02(0.01) 1.48(0.4) 0.02(0.01)
Tricyclene 0.01 0.02 - - - - 0.12 - 0.02
alpha-Thujene 0.05 0.07 - - - - 0.12 - 0.01
alpha-Pinene 2.39 3.58 0.18 0.31 0.04 0.23 244 0.29 5.54
Camphene 0.09 0.14 0.01 0.02 - 0.01 281 0.14 0.08
6-metil-5 metil Eptane 0.39 0.36 0.36 0.31 0.14 0.32 0.56 0.54 0.37
Sabinene 1.66 2.29 0.14 0.12 0.02 0.09 0.06 0.01 0.10
beta-Pinene 1.65 243 0.12 0.17 0.03 0.11 4.09 0.26 0.19
Myrcene 0.39 0.65 0.03 0.06 0.01 0.06 0.54 0.05 0.58
alpha-Phellandrene 0.01 0.01 — — - — 0.02 — 0.38
D-3-Carene - - - - - - - - -
alpha-Terpinolene 0.01 0.02 - - - - 0.04 - 0.01
para-Cymene 0.02 0.02 - 0.01 - 0.01 0.07 0.01 0.04
1,8-Cineol 0.10 0.34 0.01 0.02 - 0.02 4.94 0.58 0.15
beta-Phellandrene 0.09 0.08 0.01 0.04 0.01 0.01 0.03 - 1.50
Limonene 0.22 0.26 0.09 0.28 0.05 0.09 141 0.18 0.19
cis-b-Ocimene 1.77 0.03 0.04 0.23 0.00 0.03 0.25 0.03 0.02
trans-b-Ocimene 0.52 0.02 0.02 0.07 0.01 0.02 0.06 0.16 0.09
gamma-Terpinolene 0.02 0.04 - - - 0.10 0.01 0.01
Terpinolene 0.01 0.02 — 0.01 - — 0.04 0.01 0.11
Linalool - 0.01 - - - - 0.07 0.01 0.00
4-Terpineol - - - - - - 0.18 0.03 0.00
a+g-Terpineol - 0.02 - - - - 0.47 0.09 0.13
trans-b-Caryophyllene - - - - - - 0.46 - -
Total of Monoterpenes 9.394.5) 10.4(1.91) 1.01(0.7) 1.66(1.00) 0.29(0.20) 0.98(0.30) 18.89(5.00) 2.40(1.00) 9.57(2.50)
Photosynthesigzmol m~2s~1) 5.28(0.75) 3.2(0.60) 10.41(1.09) 14.35(1.25) 9.22(0.97) 5.35(2.61) 8.58(1.00) 0.48(0.10) 6.73(1.20)
Stomatal conductance(mol m—2s~1) 0.03(0.001) 0.038(0.01) 0.1245(0.02) 0.204(0.04) 0.0994(0.02) 0.073(0.05) 0.111(0.06) 0.012(0.008) 0.056(0.02)

the site) was slightly more widespread than the “maquis”vegetation is proposed by Mereu et al., 2009. A strong phys-
(42.1% of the site). In terms of LAI, species &sica iological dependence of schlerophyllous plants on the fresh-
arborea (4.5 m~2), Arbutus unedq2.9n? m—2), Quer-  water table level was also observed, in our same experimental
cus ilex(2.9n? m~2), Rosmarinus officinali§2.5m? m=2)  site, with a study of isotopic fractionation in xylematic water
mostly contributed to the average LAI of the site, which was (Alessio et al., 2004). In particular, the shrubs examined in
2.3nfm~2. Only 5% of the experimental site was consti- our study, and particularb. unedo, P. latifolizand, Q. ilex,
tuted by bare soil, and another 5% was covered with deacdhowed negative values 680, values of xylematic water
plant materials, i.e. fallen branches and leaves of annuathat are associated with high discriminatiax)(values, even
herbs. under very dry conditions. This indicates low long-term wa-
) ) ter use efficiency, especially when compared to the opposite

Changes in quality and depth of the water table of hehaviour of some other dune species (milax asperp
the sandy dune ecosystem can strongly affect biospher@nierestingly, no species of the coastal dune system used ma-
atmosphere exchanges. The waterpools present in the eXine water or mixtures of marine and freshwater (Alessio et

perimental site have an important ecological role, since they,| 2004), indicating that in this site marine intrusion was
preserve a high floral and faunal biodiversity. However, agpsent.

dramatic decrease of the water table level was observed in

the last years (Bucci, 2006). This process is very com-3.4 Physiology

mon in the Mediterranean coastal areas, being caused mostly

by increasing water demand by agricultural activities andPlants showed an excellent physiological status during the
coastal inurbation. As a consequence, marine water infil-experimental period. Rates of photosynthesis and stomatal
trates on the freshwater table, reaching more superficial leveonductance measured in mid May (Table 2) were compa-
els and salinizing the root environment of dune and retro-rable to data reported in the literature for unstressed leaves
dune plants. If this occurs, shrubs species belonging to thand higher than rates measured at the same experimental site
Erico-Rosmarinetunwith a more superficial root system, during previous campaigns held in full summer (Manes et al.,
could be favoured with respect to woody species. Models1997b).

predict a complete salinization of the soil by 2050 (Bucci, Since the measured ozone levels often exceeded 40 ppb
2006) for the coastal area of Castelporziano. We measureduring the day-time (Figs. 5, 6, 7), and this is considered
the depth of the water table two times, in the middle of thea threshold after which plants can be damaged by the pol-
test site. The water table depth was found to be 210 andutant (UNECE 2004), we also checked for possible ozone
290 cm, respectively, when measured on 27 May and 4 Audinjuries to vegetation. No reduction of chlorophyll content,
gust. It is therefore hypothesized that the sinking depth ofphotosynthesis, chlorophyll fluorescence, nor visible injuries
the water table could be the main cause of abiotic stress durthat could be directly attributed to ozone damage were found
ing the dry periods. A detailed study on water use under(data not shown). Most of the schlerophyllous species grow-
drought stress for the most representative species of the durieg in the experimental siteQuercus ilex Arbutus unedp
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Pistacia lentiscusare known to be resistant to chronic or  Table 2 shows that emission of isoprene was low in the
prolonged ozone exposures (Vitale et al., 2008; Nali et al.,Mediterranean dunal ecosystem, confirming data previously
2004). This can be attributed to: i) low stomatal open- obtained by Owen et al. (1997) at the same site, and by the
ing which reduces the amount of ozone taken up by leavesvhole previous campaign in the Mediterranean area (BEMA,
(Loreto and Fares, 2007), especially when stomata are furi997). However, monoterpene emission by some dune plants
ther shut down because of concurrent drought stress; ii) thickvas relevant, despite the early season of measureQeet-
cuticular waxes and mesophylls that reduce non-stomatatus ilex in particular, was confirmed to be a high monoter-
ozone entry, and increase the chance of ozone reaction insideene emitter, withex and 8-pinene being the most emitted
mesophyll before reaching target sensible organelles (Loretcompounds. The total emission of monoterpene§bilex

and Velikova, 2001); iii) detoxification of ozone by reaction leaves was around 103(C)g 'DWh~1, a rate compara-

of the pollutant with BVOC (especially isoprenoids) emitted ble to what was found also in previous field measurements
by plants. Loreto and Fares (2007) demonstrated that ozonfLoreto et al.,, 2001a). Monoterpene emissions were about
damage is considerably reduced in high isoprenoid emitters30% lower than those reported by Bertin and Staudt (1996)
although ozone uptake is higher in these plants, and productand Kesselmeier et al. (1997) in Castelporziano, but these
of putative reactions of ozone with isoprenoids were not de-other measurements were run in full summer (i.e. with higher
scribedin planta Since many Mediterranean species do emittemperatures and more complete leaf development) and on
high levels of isoprenoids (see below and also Kesselmeiea different site, characterized by more structured soil and
and Staudt (1999) for a comprehensive review), isoprenoid$igher water availability.

and other reactive molecules may be key players in driving In our measurements, both mature (second year) leaves,
ozone uptake and efficient detoxification thus limiting dan- and young, still expanding leaves, emitted similar rates of

gerous effects of pollution in peri-urban areas. total monoterpenes (Table 2), which suggests that the rate
. o of biosynthesis and emission is not under developmental
3.5 Isoprenoid emission control, and that monoterpene emission is also rapidly in-

) duced in young leaves that were grown at rather elevated
As also shown by photosynthesis measurements, plants Wetg, ing temperatures, confirming the indications of Wiberley

actively growing during.the experimental cgmpaign. Growth et al. (2005). Interestingly, however, the composition of the
occurs only when environmental constraints are low, andemitted monoterpene blend was different in mature and de-
in dry ecosystems of the Mediterranean area, it takes plaCGelopingQ. ilex leaves, with trans and cjg-ocimene only
mostly in two flushes during spring and fall (Reichstein et al., emitted by mature leaves. We surmise that ocimene biosyn-
2002). High photosynthesis is expected to drive high emisyesis js under developmental control. Traghscimene sea-
sions of BVOC during spring, as some of these compoundsgqna| emission was observed in pines (Loreto et al., 2000;

such as the main volatile isoprenoids, are formed by cargg gt et al., 2000). Emission of trafisacimene and other
bon directly shunted from photosynthetic carbon metabollsmaCyC"C monoterpenes may be also induced by herbivore

(Sharkey and Yeh, 2001). However, a strong seasonalityeeqing (Heil and Silva Bueno, 2007), and may therefore

has been observed for many BVOC, constraining biosynthete,ea induction caused by past stress occurrence in mature

sis and emissions of these compounds during spring. IS0aves. However, trans and @isecimene emissions were
prene emission is under developmental control, being very,;co measured if. ilex leaves that were grown in absence

low in expanding leaves, and uncoupled from photosynthe¢ apiotic and biotic stress (Loreto et al., 1996).

sis development (Sharkey and Loreto, 1993). A seasonal gosmarinus officinaliandJuniperus oxycedrusiso emit-

pattern of monoterpene emissions was also observed to dgg monoterpenes at high rates, but with different emis-

pend diurnally and seasonally from light and temperatureg;g, patterns. B-Pinene and 1,8-cineol were the main

(Sabillon and Cremades, 2001) and phenology (Staudt etompounds emitted byr. officinalis whereas the emis-
al., 1997, 2000; Ciccioli et al., 2003). This is attributed t0 ion of J. oxycedrusvas mainly characterized hy-pinene.
slow development of the capacity to synthesize isoprenoitrye total monoterpenes emission by rosemary leaves was
synthases, the enzymes catalyzing the formation of isopren§8_89Mg(C)ngthl, by far larger than reported by
(Wiberley et al., 2005) or monoterpenes (Fischbach et al.{j5nsen et al. (1997). Contrary ©. ilex R. officinalis

2002). Thus, a low emission of isoprene and monoterpenegnq 3. oxycedrusstore monoterpenes in large pools in spe-

may be expected early in the season. However, Wiberley;isjizeq glandular organs (Ormeno et al., 2007; Salido et
et al. (2005) pointed out that the development of the traltaL, 2002). The emission by monoterpene-storing species
(i.e. the transcriptional and translational limitation to iso- ;g generally not light-dependent, and a long time is needed
prene synthase biosynthesis) is in turn controlled by growthy, eyinguish the pool once biosynthesis has been turned off

temperature. Therefore, in the Mediterranean area, Whosfbuenther et al., 1993). Liusiand Penuelas (1998, 2000)

climate is characterized by already rather high spring temcarved that monoterpene emission by monoterpene stor-

peratures, a sustained emission of isoprenoids could be Se&fly species is more dependent on temperature than in non-
already in spring. storing species, which may drive relevant summer emissions
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of monoterpenes, even when photosynthesis is environmen- A detectable emission of isoprene and monoterpenes
tally constrained. These authors also found an accumulawas also observed fror&rica multiflora leaves (1.48 and
tion of monoterpenes in storage organs of Mediterranear2.4.g(C) g~*DW h~1, respectively). Again, this is a higher
species at increasing drought conditions, with maximal lev-emission than previously measured by Owen et al. (1997)
els in the autumn. These findings explain why in our mea-at the same site. However, strong isoprene-emitters are
suring period we did not observe the maximal monoterpenecharacterized by rates of emissions ten times higher than
emission, and indicate that higher emissions can be detectead monoterpene emitters. Thus, on the basis of our spring
during warmer periods, when the pools of monoterpenes areneasurements and of the summer measurements of Owen et
completely filled. However, the temperature dependence ofl. (1997),E. multifloracan only be categorized as a low iso-
monoterpenes stored in pools is not always that high. Foprene emitter.
instance inPinus pineaemission of stored monoterpenes is  The other two screened species emitted low amount of
less dependent on temperature than emission of non-storedonoterpenes. The weak emission of monoterpenesrby
monoterpenes (Staudt et al., 1997). In addition, it shouldbutus unedd0.29..9(C) g~ 'DW h—1), was also observed by
be mentioned that rough handling can drive large emission®©wen et al. (1997), and Pio et al. (1993). Alessio et al. (2004)
from storage pools (Loreto et al., 2000). We paid specialalso reported inconspicuous emissions of isoprenoidarby
attention to avoid breakage of storage pools in our measurebutus unedandPhillyrea latifolia. It is therefore confirmed
ments, but cannot exclude altogether that some of the aburthat these plants do not have the capacity to produce and emit
dant emission observed were also contributed by unwantedelevant amounts of isoprenoids.
mechanical stress (see also Davison et al., 2009). After measuring the basal emission at leaf level of each
Owen et al. (1997), reporte@istus spp. to be weak representative species of the stand (Table 2), an upscal-
isoprene and monoterpenes emitters in the Castelporzianimg procedure was developed to estimate isoprenoid emis-
ecosystem. However, we found values of monoterpene emission at ecosystem level. The species representativeness,
sion (1.3549(C) g 'DW h~1) much larger than previously and the species-specific leaf biomass over the experimen-
reported. Llush and Penuelas (2000) detected in Catalunatal site (the parameters shown in column 4 and 5 of Ta-
high emissions fronCistus incanusmore in line with ourin-  ble 1) were considered. The basal emission of isoprene
dications. Monoterpene emission Bystus incanuss prob-  for the whole stand (normalized at 3D and a light inten-
ably under seasonal control. The emission rates detected isity of 1000xmol photons m?s~1, according to Guenther’s
our campaign fronCistus incanudeaves were more simi- algorithm, 1995) was 0.31g(C) g 1DW h~1. This emis-
lar to rates measured in October than to those measured ision is lower than the emission suggested for Mediterranean
May in Cistus incanuplants growing in the Pianosa island ecosystems by Guenther et al. (1995) t%C) g :DW h~1)
(Baraldi et al., 2001), but Llugiand Penuelas (2000) also and by Owen et al. (1997) (14.8&(C)g 'DWh=1). It
measured maximal emissions in May. The Pianosa experishould be mentioned that these two studies concentrated on
ment indicated a strong dependencyGigtus incanugmis- Mediterranean ecosystems more abundant of isoprene emit-
sion on water availability, as October sampling was done afting species Nlyrtus communisand Cistusspp.) than the
ter a period of rainfalls (Baraldi et al., 2001). Indeed, we dune ecosystem investigated here.
observed a further increase of the emission of both isoprene The same averaging procedure was adopted for
(>80%) and monoterpenes 40% with respect to controls) monoterpenes, and yielded a basal emission rate of
in Cistus incanugplants that were artificially irrigated dur- 4.7.9(C)g *DWh=1. For monoterpenes, Guen-
ing our experiment. Since stomata opening should not regther et al. (1995) suggested a basal emission value of
ulate isoprenoid emissions, with few exceptions (Niinemets1.2,g(C) g :DWh=1, and a similar indication was given
et al., 2004), our finding indicates a strong control of waterby Owen et al. (1997) (2,29(C)g 1DWh-1). Thus it
availability over the synthesis of isoprenoids in this speciesis concluded that the Mediterranean dune vegetation is
Recent research outlined that isoprenoid biosynthesis is rean important source of monoterpene emission, and a less
sistant to drought stress (Pegoraro et al., 2004; Brilli et al.,important source of isoprene emission than other Mediter-
2007), but after a threshold level of stress the isoprenoid forranean ecosystems. Emissions are also likely different
mation is also inhibited (Brilli et al., 2007). This could be the in the macchia ecosystems growing on a less sandy soil,
case ofCistusspp. which are water-spending plants charac-under different water limitations, especially during summer.
terized by low stomatal control on water content, and veryOur estimate about stand emission rate may be lower than
large changes of leaf water status. The “water-spending’actual if integrated over the whole vegetative period. It
strategy of this species seem to be successful in an enviroritas been shown that isoprene emission is controlled by
ment subjected to fast changes of soil water content, as irseasonal temperatures (Sharkey et al., 1999) and a similar
sandy soils. However, the impact of these metabolic fluctua-control may also occur in monoterpene-emitters (Ciccioli
tions on secondary metabolism leading to isoprenoid forma<et al., 2003). Unless emissions are drastically restrained by
tion remains unknown. stress episodes (Baraldi et al., 2001; Loreto et al., 2001b)
emissions of dune vegetation might therefore increase when
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the stand is exposed to high summer temperatures for longoncurrent measurements of BVOC fluxes (Davison et al.,
periods. 2009), ozone fluxes (Gerosa et al., 2009), particle formation.
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