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Field monoterpene emission of Mediterranean oak (Quercus ilex)

in the central Iberian Peninsula measured by enclosure

and micrometeorological techniques:

Observation of drought stress effect

J. Plaza, L. Núñez, M. Pujadas, R. Pérez-Pastor, V. Bermejo, S. Garcı́a-Alonso,

and S. Elvira
Environmental Impact of Energy Department, Centro de Investigaciones Energéticas, Medioambientales y Tecnológicas,
Madrid, Spain

Received 28 June 2004; revised 19 November 2004; accepted 7 December 2004; published 9 February 2005.

[1] An experimental characterization of biogenic emission from Quercus ilex ssp.
rotundifolia in a forest near Madrid, Spain, was carried out in the early autumn of the years
2000–2003. A dynamic branch enclosure technique was implemented to determine the
monoterpene emission rates of this evergreen oak species during the 2000 and 2001
campaigns. Major compounds emitted during both measurement periods were limonene,
a-pinene, b-pinene, sabinene, and myrcene. In the 2000 field campaign the light- and
temperature-dependent model of Guenther et al. [1993] did not fit the data due to drastic
reductions of emission rates (and leaf gas exchange related parameters) observed at high
air temperature and low air humidity (high water vapor pressure deficit). This plant
physiological activity depletion and the subsequent emission reduction were attributed to
severe water soil deficit conditions, as precipitation was very scarce during the growing
season. In contrast, during the 2001 field campaign, neither emission nor physiological
activity showed strong decreases in hot days. A good fit of experimental data to Guenther
model was achieved in this field campaign (r2 = 0.90), and linear regression gave a
standard emission factor (ES) of 14.0 mg gdw�1 h�1 (gdw is grams dry weight). Soil
moisture was presumably higher than during the 2000 campaign due to recent rain events.
With the purpose of documenting the drought stress effect at canopy level, monoterpene
oak fluxes were measured by the modified Bowen ratio micrometeorological technique
throughout the 2001 field campaign and in the late summer of 2002 and 2003. The
measured emission by both techniques showed a reasonably good correlation, although
micrometeorological fluxes were, in general, lower than upscaled branch emission rates.
According to Guenther’s parameterization, standard emission fluxes (FS) of 0.30 mg m�2

s�1 (r2 = 0.61) and 0.28 mg m�2 s�1 (r2 = 0.67) were derived for the 2001 and 2002 field
campaigns, respectively. However, measured fluxes in September 2003 at high ambient
temperature were much lower than those of the previous years. Moreover, from the CLCT

range in which emission in this field campaign could be fitted to a linear behavior, the FS

value obtained was 50% lower than the 2001 and 2002 values. Water xylem potential
measurements indicated the existence of drought conditions during the 2003 campaign
and unstressed water conditions during the 2002 campaign.

Citation: Plaza, J., L. Núñez, M. Pujadas, R. Pérez-Pastor, V. Bermejo, S. Garcı́a-Alonso, and S. Elvira (2005), Field monoterpene

emission of Mediterranean oak (Quercus ilex) in the central Iberian Peninsula measured by enclosure and micrometeorological

techniques: Observation of drought stress effect, J. Geophys. Res., 110, D03303, doi:10.1029/2004JD005168.

1. Introduction

[2] Biological processes in both marine and terrestrial
environments contribute to biogenic volatile organic com-
pounds (BVOC) sources. For the terrestrial biosphere the
main BVOC sources come from vegetation. Isoprene,

monoterpenes, sesquiterpenes, and oxygenated volatile or-
ganic compounds are emitted to the atmosphere from the
leaves of vascular plants, representing the major biogenic
VOCs [Kesselmeier and Staudt, 1999; Fuentes et al., 2000].
Both anthropogenic and biogenic VOCs represent a key
class of chemical species, governing tropospheric chemistry
and the global carbon cycle. Current inventories indicate
that biogenic emission is greater than anthropogenic emis-
sion on a global scale, with tropical and forested regions
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being the main contributors to emission bulk [Guenther et
al., 1995].
[3] Biogenic emission from Mediterranean ecosystems

has been investigated using enclosure and micrometeoro-
logical techniques, mainly in the framework of European
Union-funded project Biogenic Emission in the Mediter-
ranean Area [Seufert et al., 1997]. One of the predominant
species of Mediterranean vegetation is the evergreen oak
Quercus ilex, and high field emission rates of monoter-
penes from this species have been reported [Steinbrecher
et al., 1997]. It is known that this oak species does not
store monoterpenes and hence produces them prior to
their emission [Seufert et al., 1995]. According to this
finding, the isoprene light- and temperature-dependent
model developed by Guenther et al. [1993] has been
widely used to parameterize Q. ilex monoterpene emission
in the Mediterranean regions of Italy and southern France
[Ciccioli et al., 1997; Kesselmeier et al., 1996, 1997;
Bertin et al., 1997].
[4] There are few experimental works concerning bio-

genic emissions from natural vegetation in the European
Iberian Peninsula [Pio et al., 1993; Peñuelas and Llusiá,
1999; Llusiá and Peñuelas, 2000; Sabillón and Cremades,
2001; Núñez et al., 2002]. Most of these studies have
focused on both Mediterranean Spanish and Atlantic Por-
tuguese coastal vegetation. However, the climate in the
central Iberian Peninsula is quite different from that expe-
rienced in coastal areas; it is considered to be a combination
of Mediterranean and continental climates due to its eleva-
tion (600–800 m above sea level (asl)) and inland location,
350 km away from the sea. Mean annual precipitation is
around 450 mm, mainly concentrated in spring and autumn.
The summer season is typically very dry and hot.
[5] A sclerophyll oak forest in which Q. ilex ssp. rotun-

difolia becomes the prevailing species is still present in
some areas as the natural vegetation in this region under
1200 m asl. One of these Mediterranean oak forests covers a
great land extension very near the Madrid metropolitan area
(5 million inhabitants). Therefore biogenic compounds
emitted may play a hitherto uninvestigated role in regional
ozone and aerosol formation [Chameides et al., 1988;
Kavouras et al., 1999].
[6] This work presents an experimental characterization

of monoterpene emission from Q. ilex natural vegetation
in the Madrid area during late summer to early autumn
season using branch enclosure (2000 and 2001 field
campaigns) and micrometeorological techniques (2001,
2002, and 2003 field campaigns). The 2000 field cam-
paign included measurements over a pine species (Pinus
pinea) and has been analyzed in detail in a previous
paper [Núñez et al., 2002]. A severe soil water deficit
was considered to be responsible for the great reduction
observed in emission at high temperature and low hu-
midity. The results obtained from this field campaign are
briefly summarized and re-analyzed in the light of their
comparison to the results obtained in the following field
campaigns.
[7] The micrometeorological modified Bowen ratio

method for calculating monoterpene oak canopy fluxes
was implemented in the second year of field measurements
(2001) to overcome inherent limitations of the enclosure
technique as well as to document the soil water deficit

effect on emission on a greater spatial scale. These limita-
tions are basically the slight cuvette modification of envi-
ronmental conditions and the shading of leaves, which
makes it difficult to measure representative photosynthetic
active radiation (PAR) and temperature values inside the
cuvette. The effect of drought conditions on emission will be
discussed using physiological and emission data obtained by
both techniques over water-stressed and water-unstressed
vegetation. The results of emission parameterization used to
calculate site-specific standard emission rates and fluxes
under nonstress conditions will also be presented [Guenther
et al., 1993].

2. Experimental Methods

2.1. Description of the Field Experimental Site
and Measurements of Biogenic Emissions

[8] Measurements of biogenic emission were performed
in the property of Tres Cantos, an environmental educa-
tional area �20 km NE of the city center of Madrid
(40�350N, 3�200W). It is located within the preserved
Mediterranean oak natural forest of El Pardo, which extends
over an area of 170 km2 very near the north of the town.
The vegetation at this site is a seminatural forest of Q. ilex
ssp. rotundifolia with some introduced stands of Pinus
pinea.
[9] Stomatal conductance and assimilation measurements

were carried out on leaves of several trees at the experi-
mental site during spring 2000 to characterize the physio-
logical pattern of this species (data not shown). An analysis
of the mean and standard deviation values of these physi-
ological parameters for each tree in relation to all values
allowed to select a 30-year old oak stand for emission
sampling. This tree can be considered to be representative
of the site’s vegetation, not being affected by any specific or
distinctive behavior. A dynamic branch enclosure technique
was implemented during two field campaigns covering the
periods 26 September to 13 October 2000 and 26 September
to 25 October 2001. Emission sampling was conducted by
enclosing current-year leaves of intact and terminal south
oriented branches at a height of 3 m. In the 2000 campaign
the emission behavior of two different branches was inves-
tigated, while in the 2001 campaign, measurements were
performed only on one branch. The height of the selected
tree was 4 m, and shading of enclosed branches occurred
several hours before sunset. Short-term weather forecasts
were used to select sampling days with moderate to high
temperature and clear-sky conditions. The diurnal course of
oak emissions over 7 days was obtained in each of the two
field campaigns.
[10] In the 2001 field campaign a micrometeorological

gradient technique was also implemented in a 28-m tower to
measure monoterpene canopy vertical fluxes. This meteo-
rological tower was located in the oak forest, �1 km from
the branch enclosure site where simultaneous emission
measurements were carried out. The tower site can be
considered to be a slightly managed Q. ilex forest, oak
stands reaching heights of 6–8 m. Additional gradient flux
measurements were carried out in this tower site during late
summer 2002 and 2003. The dates of flux measurements in
each field campaign were as follows: 26 and 27 September
and 16, 24, and 25 October in 2001; 12, 26, and
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27 September and 3, 4, 18, and 28 October 2002; and 18,
19, 25, and 26 September 2003.

2.2. Sampling and Determination of Monoterpenes

[11] Ambient air was sampled by both enclosure and
micrometeorological techniques. Monoterpene sampling
was performed on glass adsorption tubes packed with
125 mg of Tenax TA (60–80 mesh, Supelco). Before
sampling, traps were cleaned by a stream of ultrapure
helium heated to 250�C.
[12] Monoterpenes were analyzed in the laboratory by gas

chromatograph (GC)/mass selective detector. Desorption of
compounds was carried out by thermal desorption using a
Chrompack TCT/PTI CP4010 instrument. This equipment
was coupled to a Hewlett Packard 5890 gas chromatograph
connected to a Hewlett Packard 5971A mass selective
detector.
[13] Adsorbed compounds were thermodesorbed at

250�C for 5 min and cryofocused at �150�C in a cold trap
filled with Tenax. The trap was then heated for 1 min to
230�C, and the trapped compounds were injected on a DB-1
(50 m � 0.22 mm, 0.12 mm) fused silica column (J&W
Scientific, Folsom, California, United States). The GC oven
temperature was started at 35�C, held for 5 min, then heated
at 3�C min�1 to 200�C and finally to 250�C at a rate of 5�C
min�1. The monoterpenes were identified by matching the
information of the mass spectral library and the elution
sequence obtained from standards.
[14] Regular calibration was carried out by injecting a

methanol/methylene chloride standard solution of monoter-
penes (in concentrations ranging from 0.1 to 4 ng L�1) into
the quartz wool of the tube and purging the tube with
nitrogen to eliminate the solvent. Liquid standards were
prepared in the laboratory from pure products (Fluka,
Sigma-Aldrich). A value of 15% has been estimated as
the overall error of the sampling and analytical procedures
for the sum of monoterpene compounds [Pérez et al., 1999].

2.3. Branch Enclosure Technique

[15] A 30-L Teflon cylindrical branch cuvette was
designed and built for emission characterization. A 50-mm
thick Teflon film was used to wrap the cuvette frame, and a
slight internal overpressure was induced to keep the bag
enclosure inflated, avoiding leaf contact and wall distortion
by strong wind. A probe (PP Systems model HTR-2) with
PAR, air relative humidity (RH), and air temperature (T)
sensors was mounted inside the cuvette. A small stainless
steel fan was also placed inside it to increase air mixing and
prevent its stratification. All materials inside the cuvette
were Teflon wrapped to avoid monoterpene losses. Another
PAR, RH, and T probe was placed outside the cuvette, just
above the enclosed branch. A shielded box was installed in
a scaffold near the cuvette, containing power supplies and a
portable data logger (Campbell Scientific, Inc. model 23X)
to collect data from the sensors.
[16] A constant airflow (12.5 ± 0.1 L min�1) of ambient

air entering the cuvette was maintained using a Teflon pump
(KNF Neuberger model N-820-FT-18). The flow was peri-
odically verified with a calibrated bubble flowmeter (Gilian/
Sensydine model Gilibrator-2). An integrated sampler for
up to four glass adsorption tubes was designed and built. This
sampler included solenoid valves to initiate and stop sam-

pling, mass flow controllers (Brooks model 5850) in all lines
to provide accurate sampling flow, and a single sample pump
(Thomas model 5410) mounted downstream of the adsorp-
tion tubes. The flow rate was adjusted to 100 mL min�1, and
the sampling timewas 10min. After sampling, the adsorption
tubes were sealed and stored in a refrigerator until their
analysis in the laboratory.
[17] Enclosed branches were removed from the trees after

the field campaigns, and their leaves were dried at 60�C
until a constant dry weight was obtained. The difference in
the mass of each compound detected at the cuvette inlet
(min) and outlet (mout) was used to calculate emission rates
(E, mg gdw�1 h�1) as follows:

E ¼

mout

fout
� min

fin

� �
F

tM
; ð1Þ

where f and F are the airflow through the glass adsorption
sampling tubes and through the cuvette, respectively, M is
the dry weight of enclosed leaves, and t is the sampling
time. The overall accuracy of experimental emission rates
calculated according to expression (1) has been estimated
by Gaussian error propagation as around 20%.

2.4. Micrometeorological Technique

[18] Isoprene and monoterpene fluxes above forest cano-
pies have been calculated from ambient or profile concen-
tration measurements using different micrometeorological
approaches, namely, gradient and eddy accumulation tech-
niques [Guenther et al., 1996; Valentini et al., 1997; Spanke
et al., 2001]. One of these gradient approaches is the
modified Bowen ratio technique, which assumes that atmo-
spheric eddy diffusivities are identical for two scalar mag-
nitudes. This assumption holds when the scalar quantities
have an identical source/sink distribution within the under-
lying surface and when gradient measurements are made
several turbulent length scales away from sources and sinks.
When calculating monoterpene fluxes using this technique,
resolution of small concentration gradients by an analytical
procedure becomes the main experimental limitation
[Fuentes et al., 2000].
[19] To implement this technique in the experimental site,

a 28-m mast was erected within the oak forest. The tower
site fulfilled fetch requirements for all wind directions. The
monoterpene flux (Fm) was calculated from the measured
temperature gradient (DT), the monoterpene concentration
gradient (DCm), and the sensible heat flux (Fh) using the
modified Bowen ratio equation:

Fm ¼ Fh

DCm

DT
: ð2Þ

A PAR, RH, and T probe (PP Systems model HTR-2) was
placed at canopy level (8 m) in a zenithal orientation.
Temperature (shielded Pt-100 sensors) and terpene concen-
tration gradients were calculated from measurements at 12
and 27 m above ground. Glass adsorption sampling tubes
were mounted at these heights to sample a volume of 3 L
at a constant and controlled flow rate of 150 mL min�1

(20 min) through downstream 1/800 Teflon tubes. The flow,
sampling pump, and valve controls were operated at ground
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level. After sampling, the adsorption tubes were collected
from their measurement levels, sealed, and stored in a
refrigerator until they were analyzed. The sensible heat flux
was measured at the intermediate height between the two
sampling levels (20 m) using a sonic anemometer (Gill
Instruments Ltd. 3-axis research model) by the eddy
covariance method, i.e., computing the mean covariance of
vertical wind speed and potential temperature after axis
rotations [McMillen, 1998].
[20] The accuracy of temperature measurements was

0.1 K, and the measurement error of sensible heat flux with
sonic anemometers was assumed to be �10% according to
Schween et al. [1997]. The range of the overall relative error
of calculated fluxes by this micrometeorological method
was estimated as 25–35% by the Gaussian error propaga-
tion of expression (2).

2.5. Measurement of Plant Physiological Parameters

[21] Diurnal variations of stomatal conductance of water
vapor (gs) and CO2 assimilation (A) from single oak leaves
near the branch enclosure (2000 field campaign) and in the
tower site (2001 field campaign) were determined using a
portable LI-COR 6400 gas analyzer system (LI-COR Inc.,
Lincoln, Nebraska, United States). These gas exchange–
related measurements were conducted on both old and
young leaves close to the branch cuvettes. During these
physiological measurements the air temperature, air humid-
ity, and PAR inside the LI-COR leaf chamber were set at
ambient values. All gas exchange rates were recalculated
based on the projected leaf area measured with appropriate
software (Delta-T Devices Ltd., Cambridge, United King-
dom). In the 2001 field campaign the infrared gas analyzer
sensor of a LI-COR 6200 system (LI-COR Inc., United
States) was connected to the inlet and outlet branch cuvette
ports. The enclosed branch CO2 exchange rates were then
calculated from the CO2 concentration difference, the LI-
COR sample flow rate, and the enclosed leaf area.
[22] The leaf area index (LAI) in the micrometeorological

tower site was measured during the 2001 field campaign
using the LAI-2000 Plant Canopy Analyzer (LI-COR).

To minimize the contribution of understory vegetation,
LAI-2000 measurements were taken 1.5 m above ground. A
45� view cap was used due to the presence of significant
gaps in the canopy. Measurements were made along 100 m
transects at a 10 m interval. Eight transects were performed
around the tower at 45� intervals.
[23] Water xylem potential measurements were carried

out at the tower site during the 2002 and 2003 field
campaigns to obtain information on hydric conditions of
oaks. A Scholander pressure pump was employed (SKPM
1400, Sky Instruments Ltd., United Kingdom.) to measure
this parameter in Q. ilex terminal stems at different hours of
the diurnal period.

2.6. Biogenic Emission Model

[24] The isoprene emission model of Guenther et al.
[1993] was used to parameterize the experimental emission
rates. This algorithm describes the emission rate (E) as the
product of the standard emission factor (ES) at a temperature
of 30�C and a PAR of 1000 mmol m�2s�1 and the temper-
ature (CT) and light (CL) functions:

E ¼ ESCTCL: ð3Þ

The temperature and light functions are defined as follows:

CT ¼
exp

cT1 T � TSð Þ
RTST

1þ exp
cT2 T � TMð Þ

RTST

ð4Þ

CL ¼ acL1PARffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ a2PAR2

p ;

where T is leaf temperature, TS is standard temperature
(303 K), R is the gas constant (8.314 J K�1 mol�1) and
cT1 (95,000 J mol�1), cT2 (230,000 J mol�1), TM (314 K),
a (0.0027), and cL1(1.066) are empirical parameters
determined from experimental data [Guenther et al., 1993].

3. Results and Discussion

3.1. Branch Enclosure Monoterpene Emissions

[25] The composition of the monoterpene emission de-
rived from branch enclosure measurements was nearly
identical in the two field campaigns (2000 and 2001) and
very stable under different ambient conditions. Mean per-
centages and standard deviations of major compounds
emitted are shown in Figure 1. Limonene represented
roughly one half of emissions, while a-pinene, b-pinene,
myrcene, and sabinene accounted for the rest. The stability
of emission composition in this species has also been found
in most field studies, albeit showing a-pinene and b-pinene
as major species [Bertin et al., 1997; Kesselmeier et al.,
1997; Sabillón and Cremades, 2001]. The predominance of
limonene in the emission has also been reported in some
studies of coastal Mediterranean oak [Peñuelas and Llusiá,
1999] and has been attributed to the presence of Q. ilex ssp.
rotundifolia, a subspecies found in continental and moun-
tainous terrain [Csiky and Seufert, 1999].

Figure 1. Mean percentages and standard deviations of
monoterpenes emitted by enclosed branches during 2000
and 2001 field measurements (N is number of emission
measurements).
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[26] Figure 2 shows diurnal courses of emission rates,
inside-cuvette ambient parameters, and measured gaseous
exchange parameters for representative hot days in each
field campaign (3 October 2000 and 2 October 2001). On
this hot day of 2000, monoterpene emission dramatically
decreased before noon and did not recover for the rest of the
diurnal sampling period. The observed drop in emission was
associated with high PAR and air temperature, as well as
low air relative humidity inside the cuvette. It can also be
noted that measured photosynthetic activity and stomatal

conductance fell to very low levels on single leaves of
branches near the cuvette. This stomatal closure and strong
reduction in the photosynthetic rate coincided in time with
the enclosed branch emission reduction. In contrast, Figure 2
also shows that during hot days of the 2001 campaign a
reduction of emission in the central hours of the day was not
observed. The measured enclosed branch photosynthetic
revealed that physiological activity was not depleted nor
greatly diminished even at high temperatures. Similarly, A
and gs measured on oak leaves in the tower site did not
show a midday depletion. The maximum C assimilation of
the enclosed branch in the diurnal cycle was observed in
the morning hours, while emission peaked at midday or
in the afternoon. In this field campaign an increase of the
Cemitted/Cassimilated ratio with temperature was observed,
reaching a maximum value of 18% at 35�C.
[27] Emission diurnal courses during warm days of the

2000 campaign and during the 2001 campaign were in close
relationship with PAR and temperature of the enclosed
branch, as several Q. ilex field emission studies have
previously reported [Bertin et al., 1997; Ciccioli et al.,
1997; Kesselmeier et al., 1996, 1997; Street et al., 1997].
This species seems to accommodate biosynthesis and sub-
sequent emission of monoterpenes to temperature and PAR
diurnal evolution. Thus the light- and temperature-depen-
dent isoprene emission model of Guenther et al. [1993] has
been able to reproduce Q. ilex field emission under clear-
sky conditions fairly well once the steady state emission is
reached.
[28] The parameterization of measured emission rates

during 2000 and 2001 campaigns using this model was
tested. The product of light and temperature factors (CLCT)
representing cuvette conditions versus emission rates is
shown in Figure 3. As could be expected from measured
diurnal emission courses, a linear fit was not possible for all
2000 emission rates. The emission rates that deviated
strongly from a linear behavior corresponded to the three
hot days in this field campaign at midday and afternoon
hours (high values of CLCT). In contrast, the 2001 linear fit
was rather good for the entire data set. The standard
emission factor (ES) calculated from the linear regression

Figure 2. (top) A hot day during the 2000 field campaign
(3 October). Diurnal evolution of total monoterpene
emission rate, photosynthetic active radiation (divided by
50 (PAR/50)), relative humidity (RH), and temperature (T)
inside cuvette are shown. (middle) A hot day during the
2001 field campaign (2 October). Measured photosynthetic
activity (A) corresponds to enclosed branch at emission
sampling periods. (bottom) Photosynthetic activity (A) and
stomatal conductance (multiplied by 100 (gS � 100)) of
single leaves from branches outside cuvette (3 October
2000) and from tower site oaks (2 October 2001).

Figure 3. Emission rates of 2000 and 2001 field
campaigns versus the product of temperature and light
factors of the model of Guenther.
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slope at a temperature of 30�C and a PAR (CLCT = 1) of
1000 mmol m�2 s�1 was 14.0 mg gdw�1 h�1 (r2 = 0.90; p <
0.0001). This value of the standard emission factor is
slightly lower than those reported for this species and
season of the year by similar field studies [Kesselmeier et
al., 1996, 1997; Street et al., 1997], although it is close to
those obtained in the laboratory studies of Staudt and Bertin
[1998] and Csiky and Seufert [1999].
[29] The observed emission diurnal courses suggest that a

different control of Q. ilex emission from light and temper-
ature was involved during hot days in the 2000 field
campaign. In this sense, physiological field studies on
sclerophyll vegetation during the summer in inland Iberian
Peninsula have pointed out that high air temperature and
low air humidity lead to stomata closure, and photosynthe-
sis can be reduced to a minimum [Tenhunen et al., 1981], as
was experienced by oak leaves in this work. Infante et al.
[1999] observed that soil water deficit induced a great
reduction in gas exchange rates of sclerophyllous Medi-
terranean vegetation. Also along this line, a chamber-
controlled study on young potted Mediterranean oaks found
a dramatic decrease of monoterpene emission in an 18-day
water stress period [Bertin and Staudt, 1996]. Another
recent chamber-controlled study on an isoprene-emitting
oak species has also shown strong emission reductions after
10–15 days of a drying cycle [Pegoraro et al., 2004].
[30] Parameterizations of gas exchange parameters under

drought conditions have been constructed using water vapor
pressure deficit (WVPD) as the environmental variable.
This parameter combines air temperature and relative
humidity and is more closely related to plant evaporation

demands than air temperature alone. Since a water-related
effect on emission was suspected in the previous analysis
of the 2000 field campaign, a parameterization of emission
based on cuvette WVPD was attempted [Núñez et al.,
2002]. Figure 4 represents the 2000 and 2001 emission
rates versus WVPD. A very different behavior can be
observed: Although maximum 2001 WVPD values were
lower than those reached in the 2000 field campaign, this
parameter did not show an apparent threshold or inflexion
point for the reduction of emission rates as the 2000 data
suggest. Figure 4 also shows the inside-cuvette temperature
and relative humidity when emission rates were measured.
The relative humidity measured inside and outside the
cuvette during the 2001 field campaign was significantly
higher than that recorded during the 2000 field campaign at
similar temperature values. This would indicate very differ-
ent soil and vegetation evapotranspiration scenarios in the
measurement site. Thus a different physiological state of
vegetation during the 2000 and 2001 field campaigns would
explain the observed difference in emission behavior at
similar WVPD values. However, WVPD is a measure of
atmospheric evaporative demand and is only indirectly
related to soil water content. Precipitation data were gath-
ered from the National Meteorological Institute to obtain
further information on soil water availability during the two
field campaigns. The monthly accumulated precipitation
during the 2000–2003 growing seasons and the average
value over the period 1961–1990 in the study area are
presented in Table 1. It can be deduced that the year 2000
was drier than usual, and the existence of drought condi-
tions can be reasonably assumed. During 2001 the situation

Figure 4. Experimental emission rates versus water vapor pressure deficit (WVPD), temperature (T),
and relative humidity (RH) inside the branch cuvette for the 2000 and 2001 field campaigns.
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was slightly different. From April to September, rainfall was
under or around long-term values, but the month of October
was unusually rainy. Moreover, rain events took place just
before the emission sampling periods of this field campaign.
[31] To summarize the results obtained from cuvette

measurements, it may be concluded that severe soil and
air drought conditions can explain the strong emission
reduction observed during hot days of the 2000 field
campaign. In an attempt to quantify the effect of drought
on Q. ilex emission, a field work in southern France has
estimated the reduction of emission between a soil water-
stressed tree and an unstressed tree at 25% [Staudt et al.,
2002]. Considering the dramatic differences observed in the
2000 and 2001 branch emission rates in this work, we
would estimate a much greater reduction of monoterpene
emission at high temperature due to severe drought con-
ditions in the central Iberian Peninsula.
[32] The interrelation mechanism between water stress

and emission would operate through an extremely reduced
stomatal conductance. Although monoterpene emission
appears to be independent of stomatal conductance under
nonstress conditions [Loreto et al., 1996], stomatal closure
would not allow C supply, leading to a depletion of
photosynthetic activity. Thus monoterpene photosynthetic
biosynthesis and subsequent emission would be strongly
diminished in this nonstoring species. The existence of
alternative, slow turnover sources of monoterpenes would
explain the remaining isoprenoid emission at non-carbon-
assimilation conditions (Figure 2). Although they are less
efficient, these alternative sources seem to be enhanced
under nonphotosynthesis conditions [Schnitzler et al.,
2004].

3.2. Micrometeorological Monoterpene Emission

[33] Diurnal fluxes of monoterpenes calculated by the
modified Bowen ratio approach were obtained from the air
temperature and concentration measurements at two heights
(12 and 27 m) and from the sensible heat flux measured at
the intermediate height (20 m). Flux measurement days
were selected based on short-term weather forecasts, look-
ing for sunny and nonwindy meteorological conditions. In
these days the ambient conditions (PAR and temperature)
would be prone to high emission from vegetation, and
meteorological conditions would favor vertical exchange.
Horizontal wind speed at the site during flux measurement
days typically ranged between 1 and 3 m s�1. Nocturnal
inversions were often present, and upward temperature
gradients and heat fluxes were not measured before
0930–1000 LT, so that 20-min flux sampling periods were

established from 1000 to 1800 LT. A total number of 22, 28,
and 25 fluxes were obtained in the 2001, 2002, and 2003
late summer to early autumn field campaigns, respectively.
[34] The averaged ambient composition of monoterpenes

in both levels of the micrometeorological tower (Figure 5)
depicted a slightly different pattern from that obtained from
enclosure measurements (Figure 1). The compound a-
pinene became the most abundant monoterpene instead of
limonene. This shift in monoterpene composition from
enclosure to ambient (and also flux) measurements might
be explained by considering the presence of oak stands in
the forest surrounding the tower with an emission pattern
that was nonlimonene-predominant. This hypothesis is
supported by the work of Staudt et al. [2001], who found
three different chemotypes for Q. ilex, i.e., three different
compositions of monoterpene emission, in a field emission
study involving more than a hundred trees. These three
chemotypes corresponded to pinene (71% of screened
trees), limonene (21%), and myrcene (8%) as the predom-
inant monoterpene emitted. Another factor that may be
involved in the observed composition pattern change is
the faster reaction with atmospheric oxidants of limonene
compared to a-pinene and b-pinene. In this sense, as the
atmospheric monoterpene residence time from emission to
adsorption in sampling tubes is longer in the gradient
method than in enclosed measurements, and the sampled
volume of air was also 3 times greater in the micrometeoro-

Table 1. Monthly Accumulated Precipitation During the 2000–

2003 Growing Seasons and Averaged Precipitation From 30-Year

Data (1961–1990) Measured in a Meteorological Station Near the

Experimental Sitea

April May June July August September October

1961–1990 54 41 26 13 9 30 45
2000 127 35 16 4 0 11 30
2001 11 39 13 8 8 26 105
2002 66 53 26 6 25 65 58
2003 42 19 3 0 102 4 187

aMonthly accumulated precipitation is in millimeters.

Figure 5. Mean percentages and standard deviations of
monoterpene ambient concentrations in the lower (12 m)
and upper (27 m) measurement levels in the micro-
meteorological tower (N is number of concentration
measurements).
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logical method than in the enclosure method, these factors
could result in a greater limonene decomposition in the
Tenax traps mounted in the tower.
[35] As an example of the typical diurnal course of

measured fluxes, Figure 6 depicts one day of the 2001 field
campaign. In general terms, measured fluxes followed
canopy PAR and temperature trends, showing higher values
in the central hours of the day. Since gradients and sensible
heat measurements for flux calculation were obtained si-
multaneously to branch-enclosed emission sampling in the
2001 field campaign, scaling-up of branch-enclosed emis-
sion rates to canopy fluxes was attempted in order to
compare micrometeorological and enclosure measurements.
[36] The biomass references used to scale-up cuvette

emission rates (in foliar area basis) were the average LAI
and the specific leaf dry weight (SLW) of the oak forest:
Upscaled flux equals emission rate times LAI times SLW.
[37] The average LAI obtained in the tower site was

0.9 ± 0.4, which is in accordance with a slightly managed
Mediterranean oak forest. An average SLW value of
196 ± 13 g m�2 was obtained from the leaf weight and
foliar area measurements of oak branches in the tower site.
[38] This simple upscaling procedure assumes that

canopy emission would be driven by cuvette PAR and
temperature. The PAR measured at the canopy was very
similar to that measured at the top of the cuvette under
direct solar radiation. However, due to the slight green-
house effect of the cuvette, different temperatures were
simultaneously measured at canopy level and inside the
cuvette. This difference was more pronounced during
morning hours of warm days. Thus a direct comparison
of fluxes calculated by both techniques would be some-
what incorrect if the emitting leaves in the canopy and
inside the branch cuvette were not experiencing the same
temperature. An adjustment of branch cuvette emission
rates for canopy light and temperature conditions was
derived according to the model of Guenther, using the
leaf area-based standard emission factor (ES = 0.68 mg
m�2 s�1) and measured canopy PAR and temperature.
Temperature-adjusted and original emission rates were
both upscaled and compared with micrometeorological

fluxes. The comparison of monoterpene fluxes obtained
by the branch enclosure and micrometeorological tech-
niques is presented in Figure 7. Micrometeorological fluxes
were, in general, lower than upscaled branch cuvette
emission rates; however, the agreement between data pairs
improved using the temperature-adjusted upscaled cuvette
fluxes instead of simultaneous field experimental cuvette
fluxes. The comparison between fluxes obtained by the two
methods for individual monoterpenes revealed that limo-
nene flux differences also accounted for a great part of the
discrepancy between temperature-adjusted upscaled fluxes
and micrometeorological fluxes. As the emission-enhancing
influence of the cuvette has been considered in the com-
parison, other factors should be involved in this nonagree-
ment between limonene micrometeorological fluxes and
enclosure-derived fluxes. As discussed above, the tree-to-
tree variability of the monoterpene emission pattern could
be the main reason for this limonene discrepancy, although
the faster reactivity of this compound and the longer time
elapsed from emission to sampling as well as the higher
sampled volume in the micrometeorological method could
also contribute.
[39] Having observed this reasonably good agreement

between the enclosure and micrometeorological techniques,
new flux measurement campaigns were undertaken in the
2002 and 2003 late summer season aiming to document the
effect of severe soil water deficit on canopy emission. This
has allowed the obtainment of micrometeorological and
terpene concentration data for 3 consecutive years (2001–
2003), which have been analyzed in relation to ambient and
physiological conditions.
[40] The presumable absence of drought conditions dur-

ing the 2001 field campaign was reasoned in the discussion
of the enclosure measurements. Water xylem potential
measurements were performed during the subsequent
2002 and 2003 field campaigns to obtain information on
the hydric conditions of oak vegetation. The midday water
potential of stems from different oak stands surrounding the
micrometeorological tower was measured on each flux
measurement day, giving very different values in the two
campaigns: mean xylem water potentials of �1.3 (±0.3) and
�3.5 (±0.5) MPa were measured in 2002 (N = 7) and 2003
(N = 36), respectively. Precipitation values are in agreement
with these different plant hydric scenarios (Table 1). In the
2002 growing season they were higher than long-term
values. In contrast, precipitation was very scarce during
the 2003 growing season, being higher than the long-term
average only in the month of August. However, daily
records show that in this month the rain was concentrated
in 2 days of stormy weather and thus probably did not
represent a significant change in the prevailing drought
conditions.
[41] A representation of the calculated fluxes versus the

temperature and light factor product of Guenther’s algo-
rithm (CLCT) for the three field campaigns is shown in
Figure 8. PAR and temperature values of Sun-exposed
canopy during flux measurements have been used in this
flux comparison. Although the data scatter is higher than for
branch cuvette emission rates, and despite having measured
few fluxes at high temperature in the 2001 and 2002
campaigns, a different behavior can be observed between
these years and 2003. In the CLCT range between 0.4 and

Figure 6. Diurnal course of monoterpene micrometeo-
rological fluxes, canopy PAR, and temperature during one
day of the 2001 field campaign.
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0.8, 2003 fluxes were lower than fluxes in the previous
years. Moreover, 2003 fluxes decreased with increasing
CLCT at higher values of this product. At ambient conditions
of 34�–36�C and 18–20% RH, 2003 fluxes were 6 times
lower than in 2002. This comparison of field campaigns
appears to be similar to that depicted in Figure 3 for the

2000 and 2001 branch enclosure data, where a more
pronounced reduction of 2000 emission rates at high CLCT

and WVPD was observed. Therefore low fluxes measured
at high temperature during the 2003 field campaign would
also be explained in terms of a Q. ilex emission reduction
under drought conditions.

Figure 7. Comparison of upscaled branch cuvette fluxes with micrometeorological fluxes during the
2001 field campaign for total and individual monoterpenes. The 1:1 line has been displayed. Solid
symbols correspond to experimental emission rates, and open symbols correspond to temperature-
adjusted emission rates using the model of Guenther and canopy temperature.
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[42] The linear regression of Guenther’s parameterization
was applied to the three field campaigns to obtain standard
emission canopy fluxes at a temperature of 30�C and a PAR
of 1000 mmol m�2 s�1 (FS). In Table 2 the results of these
linear regressions have been summarized. Very similar values
of standard emission fluxes were obtained for the 2001 and
2002 field campaigns (0.30 and 0.28 mg m�2 s�1, respec-
tively), with reasonably good regression parameters. How-
ever, in order to obtain a statistically significant standard flux
value for 2003 the two fluxes corresponding to the highest
CLCT had to be removed (see Figure 8). Then the calculated
standard emission flux was 0.14 mg m�2 s�1, �50% lower
than in previous years. This standard flux difference can be
considered as a rough estimation of the emission reduction at
canopy level due to severe drought conditions.
[43] An interesting result, probably related to water stress,

was observed from the analysis of monoterpene concentra-
tions in the tower site. Figure 9 shows the diurnal course of
average monoterpene concentration at a height of 12 m for
the three field campaigns. It can be seen that the monoterpene
concentration above the canopy was quite high in the first
sampling period in the 2003 campaign (around 1000 LT),
although high emission fluxes were not calculated using the
modified Bowen ratio equation due to the low sensible heat
flux at this time of the day. This concentration decreased
strongly in the following hour and again during the rest of the
diurnal sampling period. This finding was not detected in the
2001 and 2002 campaigns nor in a field campaign conducted

in June–July 2003 (data not shown). This high ambient
monoterpene concentration above the canopy might be
related to recent emissions, since this species does not emit
during the night, and thus a nocturnal accumulation in the
inversion layer is not expected. This early emission might
be closely related to the diurnal physiological cycle
observed under drought conditions for sclerophyll vegeta-
tion [Tenhunen et al., 1981; Infante et al., 1999], similar to
that depicted in Figure 2 on a 2000 campaign hot day,
although gas exchange measurements were not available to
verify this hypothesis. Closure of stomata would take place
before noon in very hot and dry conditions, and any signif-
icant photosynthetic activity and subsequent monoterpene
emission would be constrained to the early morning hours.
[44] According to measured branch cuvette emission rates

and micrometeorological fluxes in this field work, the
reduction effect on emission over water-stressed vegetation
at the end of the summer season would be dramatically
enhanced at high temperature and low humidity. During hot
days the inhibition of emission from Sun-exposed leaves
can be very great, so that a Guenther-like parameterization
should not be used as it would lead to a great overestima-
tion. During warm autumn weather the effect of drought
conditions on canopy emission reduction would be lower.
Nevertheless, deriving a general emission parameterization
that includes the effect of short- or long-term drought on
Q. ilex emission appears to be a difficult task. Deep roots
can absorb water more efficiently than superficial roots
under drought conditions, while the opposite can also occur
after short rain events. It is likely that the measurement of
water xylem potential and emission during the entire
growing season could help to develop a useful parameter-
ization for describing Q. ilex emission under water stress,
complementing the algorithms based on ambient conditions.

4. Conclusions

[45] An experimental characterization of Q. ilex ssp.
rotundifolia monoterpene emission in the central Iberian
Peninsula during the late summer to early autumn season of

Figure 8. Micrometeorological fluxes versus the product
of temperature and light factors in Guenther’s parameteriza-
tion for late summer to early autumn 2001, 2002, and 2003
field campaigns.

Table 2. Standard Values and Regression Parameters Resulting

From the Application of the Model of Guenther et al. [1993] to

Fluxes of Monoterpenes Obtained by the Modified Bowen Ratio

Method During the Three Late Summer Field Campaigns

Field Campaign Na Standard Flux, mg m�2 s�1 r2 P

2001 22 0.30 0.61 <0.001
2002 28 0.28 0.68 <0.001
2003 23b 0.14 0.29 0.085

aN is number of fluxes.
bTwo fluxes corresponding to the highest CLCT values were removed to

improve statistical significance of the linear regression fit (Figure 8).

Figure 9. Diurnal course of monoterpene mean concen-
trations and standard deviations at the lower tower level
(12 m) during the three field campaigns.
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years 2000–2003 was carried out using enclosure and/or
micrometeorological techniques. Emission rates at branch
level and fluxes at canopy level were analyzed in relation to
ambient conditions and available plant physiological mea-
surements. A nearly depleted stomatal conductance and
photosynthetic activity of oak leaves as well as an emission
drop at branch level were simultaneously observed before
midday in hot and dry weather during the 2000 field
campaign. A significant emission decrease at high temper-
ature and low humidity was also detected at canopy level
from the analysis of monoterpene fluxes in 2003 field
campaign. During these two field campaigns, water poten-
tial measurements and/or precipitation data showed the
existence of drought conditions, while the 2001 and 2002
field campaigns occurred under non-water-stressed condi-
tions. This allowed a rough estimation of the drought effect
in terms of monoterpene emission reduction by comparing
experimental data in similar ambient conditions.
[46] Standard emission rates and standard fluxes have

been obtained under unstressed conditions using the model
of Guenther, with reasonably good regression parameters
(ES = 14.0 mg gdw�1 h�1 from 2001 branch enclosure
emission rates and FS = 0.30 and 0.28 mg m�2 s�1 from
2001 and 2002 flux measurements, respectively). However,
as regards the development of biogenic emission inventories
from natural vegetation in inland Iberian Peninsula, the use
of a parameterization driven by light and temperature could
lead to a great inaccuracy during late summer to early
autumn months depending on ambient conditions and the
physiological state of vegetation in relation to water avail-
ability. Under water stress conditions and hot and dry
weather the diurnal period when Mediterranean oak mono-
terpene emission could be well described by the model of
Guenther would only last a few hours after sunrise. Later in
the day a different or complementary parameterization of
emission would be required for a fair description of the
emission reduction derived from the physiological response
of sclerophyll natural vegetation to long-term drought.
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Pérez, R., S. Garcı́a, and A. Quejido (1999), Distribution of volatile organic
compounds in Madrid (Spain), Environ. Sci. Pollut. Res., 6, 141–146.

Pio, C. A., T. V. Nunes, and S. Brito (1993), Volatile hydrocarbon emission
from common and native species of vegetation in Portugal, in Air Pollu-
tion Report 47, edited by J. Slanina, G. Angeletti, and B. Belece,
pp. 291–298, Comm. of Eur. Comm., Brussels, Belgium.

Sabillón, D., and L. V. Cremades (2001), Diurnal and seasonal variation of
monoterpene emission rates for two typical Mediterranean species (Pinus
pinea and Q. ilex) from field measurements, Relationship with tempera-
ture and PAR, Atmos. Environ., 35(26), 4419–4431.

Schnitzler, J. P., M. Graus, J. Kreuzwieser, U. Heizmann, H. Rennenberg,
A. Wisthaler, and A. Hansel (2004), Contribution of different carbon
sources to isoprene biosynthesis in poplar leaves, Plant Physiol., 135,
152–160.

Schween, J. H., R. Dlugi, C. N. Hewitt, and P. Foster (1997), Determination
and accuracy of VOC-fluxes above the pine/oak forest at Castelporziano,
Atmos. Environ., 31(S1), 199–215.
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