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ABSTRACT

This work is intended as a review of gas exchange processes between the
atmosphere and the terrestrial vegetation, which have been known for more

than two centuries since the discovery of photosynthesis. The physical and
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biological mechanisms of exchange of carbon dioxide, water vapour, volatile
organic compounds emitted by plants and air pollutants taken up by them,
is critically reviewed. The role of stomatal physiology is emphasised, as it
controls most of these processes. The techniques used for measurement of

gas exchange fluxes between the atmosphere and vegetation are outlined.
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INTRODUCTION

The Earth’s atmosphere and the vegetation layer covering
its surface (the phytosphere) are not isolated from each
other. A number of physical and chemical processes occur
at the atmosphere/phytosphere (or more simply, air/
plant) interface, and these profoundly influence both air
and plants. As a first example, the current atmospheric
chemical composition has been completely modified in
past geological times due to the emergence of photosyn-
thetic vegetation on the continents about three billion
years ago (Levine 1985). The primitive Earth’s atmo-
sphere, the composition of which was mainly determined
by outgassing of the primitive Earth, was probably domi-
nated by water vapour (H,O), carbon dioxide (CO,),
molecular nitrogen (N,), some methane (CH,) and
ammonia (NH3). Molecular oxygen (O,) was present only
as a trace gas, and was formed by photolysis of CO, and
H,0. When photosynthetic plants spread out over the
continents, a massive release of O, took place, favouring
the development of respiring animals. A steady state was

then reached, with a mean O, molar fraction of about
21%.

Photosynthesis is a biochemical process that has been
known for more than two centuries, and was first discov-
ered in Priestley’s experiment (1771) and then studied by
Lavoisier. The Dutch physiologist Moleschott (1851)
rightly wrote: “The field on which wheat grows feeds us.
But when we cross a forest, we feed it with the CO, we
exhale.” This sentence summarizes in a concise way the
environmental and biogeochemical equilibrium existing
between photosynthetic plants and respiring animals,
which continuously exchange O, and CO, with each
other through the atmosphere. So, it is not exaggerated to
say that plants, but also animals, profoundly influence the
composition of the atmosphere. However, photosynthesis
and respiration are far from being the only gas exchange
processes between air and vegetation. Water vapour,
which is an important atmospheric chemical, is continu-
ously released to air by plants through evapotranspiration.
This process has been described by Penman (1948), Mon-
teith (1981) and many others. The mass fractions of water
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vapour in the atmosphere are highly variable according to
place and time, ranging roughly between 0 and 0.04,
depending on a number of environmental and meteoro-
logical factors. The water vapour mass fraction (or spe-
cific humidity) has an essential influence on weather and
climate by participating in the hydrological cycle.

A number of other gaseous substances are exchanged
between air and plants in both directions: from plant to
air (hereafter referred to as upward) and vice versa
(downward). An array of volatile organic compounds
(VOC), as byproducts of metabolism, are released to air
by plants in significant amounts, estimated at 1200 Tg of
carbon per year (Guenther et al. 1995). Among these, iso-
prene (CsHg) is by far the most important, as its global
emission rate probably exceeds 500 Tg-year ' (Wiedinm-
yer et al. 2006), outweighing the sum of all VOCs emitted
through human activities around the world (ranging from
130 to 160 Tgy '; Butler et al. 2008).

Besides photosynthetic vegetation, other organisms soil
microorganisms or marine algae like emit substances like
methane (CH,), nitrous oxide (N,O) and dimethylsulfide
(DMS, or CH;-S-CHj3). Methane, first identified in air by
Migeotte (1948), is mostly emitted from the soil in ana-
erobic conditions, as in rice paddies; it is also released
from faecal matter produced by livestock. Methane is a
powerful greenhouse gas. Since both worldwide rice pro-
duction and world livestock are directly related to human
population, the increase in CH, concentration in air is
exponential (Khalil et al. 2007). DMS, first discovered in
ocean waters by Lovelock et al. (1972), is produced by
marine algae as a byproduct of their metabolism, and
participates in the sulphur cycle, contributing to the for-
mation of sulphate aerosols, which have consequences on
the atmospheric radiation balance and hence on climate.
The substances mentioned in this paragraph are not
strictly speaking emitted by photosynthetic terrestrial veg-
etation, and thus will not be treated in this review, but
they deserve to be mentioned because of their role in the
global climate system.

Chemical atmosphere/vegetation exchange can also
occur from air to plant, mainly consisting of the uptake
of CO, (Jones 1992) and various air pollutants (Omasa
et al. 2002a) by plants. The main pollutants that can pen-
etrate plant tissues are ozone (Os;), nitrogen oxides
(NO,), ammonia (NH;) and sulphur dioxide (SO,).
Deposition of aerosol particles can also play an indirect
role in air/plant gas exchange processes, especially when
hygroscopic salts are deposited on leaves and absorbed by
deliquescence water vapour evaporated from the stomata,
thus modifying the stomatal aperture (Burkhardt er al.
2001a,b; Eichert & Burkhardt 2001). Only gaseous
exchange, however, is treated in this review.

From a more general perspective, both emission and
uptake of chemical substances from and into vegetation
can be seen as a part of global environmental processes,
described as global environmental change (Graedel &
Crutzen 1993). This includes not only climate change,
which involves physical variables such as temperature,
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wind, humidity, precipitation regime, etc., but also the
change in chemical composition of the atmosphere, now-
adays often called “chemical climate”. A synthesis of this
change at European scale can be found in Slanina (1997),
and at global scale in Brasseur ef al. (2003). But see also
the IPCC reports (e.g. Climate Change 2007).

The exchange of gases between air and terrestrial vegeta-
tion is part of a vaster system known as global biogeo-
chemical cycling, in which chemical substances are
exchanged between the different reservoirs present on pla-
net Earth: atmosphere, oceans, biosphere and lithosphere.
Molecular oxygen, water, CO, and many other substances
are present in these reservoirs in variable quantities
(expressed e.g. in mol) and are transferred from one to
another with characteristic times (days, years, millions of
years) and fluxes (mol per unit time, the area being inte-
grated over the whole Earth surface). Global cycling has
been extensively studied, both through modelling and
observations (Bolin & Cook 1983; Fung et al. 1991; Keel-
ing et al. 1993; Siegenthaler & Sarmiento 1993; Bender
et al. 1998). In these processes, oxygen plays a crucial role,
both in molecular form (as O,) and as an element entering
into the composition of many substances (water, CO,, Os,
oxygenated organics). The main scope of the present
review is not, however, a synthesis of global cycling, about
which abundant literature can be found (Wigley & Schimel
2000; Jorgensen & Fath 2008; Miller 2008). Gas exchange
between atmosphere and terrestrial plants, where this work
is focused on is a subsystem of global cycling.

THE ROLE OF STOMATA

Stomata are microscopic pores present on the surface of
leaves, constituting organs that permit gaseous substances
to penetrate or leave plant tissues. The stomatal aperture
is physiologically regulated in such a way as to control
the quantity of gaseous matter transiting through them
(Meidner & Mansfield 1968; Jarvis & Mansfield 1981; Zei-
ger etal 1987; Omasa et al 2002a; Shimazaki et al
2008). Environmental conditions such as light, tempera-
ture, humidity, soil water content, CO, and air pollutant
concentrations influence stomatal regulation, directly or
indirectly. Since evaporation of liquid water uses heat, it
causes cooling. If stomata are more open, more water is
evaporated, resulting in lowering of the temperature.
Opening the stomata is thus used by the plant to reduce
foliar temperature to protect leaves from excessive heating
due to the absorption of sunlight. This constitutes the
thermal regulation mechanism. When the intercellular
concentrations of CO, are sufficient for optimal photo-
synthesis, stomata close in order to save water (hydrologi-
cal regulation). Stomatal closure typically occurs in
drought conditions. A conflict between the need to
reduce foliar temperature by opening the stomata and the
need to reduce water use by closing them may appear in
conditions of excessive drought and heat. In such cases,
stomata tend to close to save water, but thermal regula-
tion is inhibited and the leaves become too hot. The plant
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then becomes stressed and, if conditions worsen, this may
lead to the death of leaves.

Air pollutants may take advantage of the stomatal aper-
ture to enter leaves. The more stomata are open, the
greater are the quantities of air pollutants entering plant
tissues. The role of stomata is described in great detail in
Zeiger et al. (1987). The leaf-scale stomatal conductance
for water vapour (g,) can be estimated using the multi-
plicative model developed by Jarvis (1976) and further
developed by Emberson et al. (2000):

Lsw = &max 'fage 'flight . ﬁemp 'fVPD 'fSMD (1)

where the maximum stomatal conductance of a plant spe-
cies (gmax) 1s modified as a function of plant development
(fage)s light availability (flign,), air temperature (fiemp),
vapour pressure deficit (fypp) and soil moisture deficit
(fsmp)- All f functions range between 0 and 1 (LRTAP
Convention 2004). A microscopic picture of stomata is
shown in Fig. 1.

PHOTOSYNTHESIS AND RESPIRATION

Photosynthesis and respiration provide an important
contribution to exchange processes between atmosphere
and vegetation (Monteith & Unsworth 1990; Jones
1992). They involve three chemical species: O,, CO,
and H,O. These processes have been known for a long
time, as noted in the introduction, and play an essen-
tial role not only in plant physiology, as they ensure
the survival of plants, but as regulators of atmospheric
composition. For example, if vegetal biomass dramati-
cally decreased as a consequence of a badly managed
environment, the atmospheric concentration of O,
would decrease with unpredictable consequences for the
reign of animals and mankind. Vegetation also absorbs
CO, and tends to counteract the increase of this gas in
the atmosphere.

TRANSPIRATION

The release of water vapour through stomata critically
depends on stomatal aperture, which generally undergoes
a daily cycle, opening after sunrise, decreasing in the
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afternoon, and having a tendency to remain closed during
the night. According to some recent work, however,
stomata might remain open during the night in particu-
lar conditions (Dawson ef al. 2007). This cycle is modu-
lated by environmental conditions, like water supply,
intensity of sunlight and wind speed. When the latter is
strong, stomata close in reaction to the stress that has
appeared.

Extending the theory introduced by Penman (1948) to
describe evapotranspiration, Monteith (1981) used the
resistance analogy to parameterise the role of surface ele-
ments that are responsible for this process by introducing
the surface resistance r, expressed in s m~'. When vegeta-
tion completely covers the surface, the surface resistance
is equal to the stomatal resistance, because the entire
water vapour flux uses the stomatal pathway. The quan-
tity of water vapour evaporated to the atmosphere per
unit area and time is then expressed by the Penman-
Monteith (PM) equation, where both water vapour flux
and stomatal resistance appear. The PM equation is
widely used in the field of agrometeorology. Inverting the
equation permits the calculation of the stomatal resistance
for evaporation if all other parameters are known. The
PM equation contains parameters such as measured radia-
tive and ground heat fluxes, temperature and humidity,
and other quantities appearing in the equation (aero-
dynamic and laminar resistances) are accessible through
parameterisations (Hicks et al. 1987; Garland et al. 1988;
Massman 1993).

As far as chemical exchange between air and vegetation
is concerned, the PM approach is very useful as the stoma-
tal resistance for water vapour can be used to deduce the
stomatal resistances for other chemical substances pene-
trating or leaving the stomata. Subsequently the fluxes of
these substances through the stomata can be obtained.
This can be done since stomatal resistances for different
gases, i.e. the resistances against the diffusive transfer of
these gases through the stomatal cavity are proportional to
each other because the fluxes are laminar inside the sto-
matal cavity. Hence, the fluxes obey the laws of molecular
diffusion and are characterised by a diffusive coefficient,
which is constant for a given gas, but its value depends on
the nature of the gas. The resistance against diffusive
transfer is defined by

Fig. 1. Microscope view of stomata (arrow)
of Castanea sativa (left) and Pinus halepensis
(right). White bar = 100 pm.
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where z is a spatial coordinate of the system where the
diffusion process occurs, and D; is the molecular diffusion
coefficient for the gaseous i-labelled substance. Since D; is
independent from any space coordinate but depends on
the nature of the diffusing substance only, we can easily
integrate equation (2) over the spatial coordinate, assum-
ing a spherical shape for the stomatal cavity. We thus
obtain a simple expression for the stomatal resistance for
gaseous substance i

2 — 21
rs = )
D;

(3)

where we see that resistances are inversely proportional to
molecular diffusion coefficients. Thus, if we want to know
the stomatal resistance for a substance like Oz, we can
relate it to the stomatal resistance for water vapour
through the proportion

o, _ Dp,0 (@)
rmo Do,

We can see from the above developments that knowledge
of the stomatal resistance for water vapour, e.g. through
the application of the PM approach, is essential for study-
ing the transfer of any gaseous substance through the sto-
mata.

EMISSION OF VOCs

Volatile organic compounds (VOCs) constitute an
important group of substances released by plants to the
atmosphere. Emission of VOC species like essential oils
or leaf oils has been known for a long time (Guenther
1949; Simonsen 1953). Rasmussen (1970) established
that isoprene (Cs;Hg), which is emitted by many plant
species worldwide, is produced in a biochemical process
and is not part of the composition of leaves. This com-
pound plays an important role in atmospheric chemistry
as it participates in a number of reactions producing O;
(Trainer et al. 1987; Jacob & Wofsy 1988). It reacts with
the OH radical, reducing the oxidising capacity of the
atmosphere (Ehhalt efal. 1991) and increasing its
“cleaning” capacity for air pollutants. Other VOC
species are mono- and sesquiterpenes, such as o- and
B-pinene, camphene, A-3 carene, sabinene, limonene,
o- and PB-phellandrene, thuyene and myrcene. Plants
also emit alkanes (n-hexane), alkenes (ethylene), arenes
(toluene), aldehydes (formaldehyde, acetaldehyde, etc.),
ketones (acetone, camphor, 2-methyl-5-heptene-2-one,
butanone), ethers (1,8-cineole), alcohols (methanol, linal-
ool) and carboxylic acids (formic, acetic). Overviews of
worldwide VOC emissions from vegetation and their role
in the global atmospheric system can be found in
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Brasseur et al. (2003), Wiedinmyer et al. (2004) and
Loreto et al. (2008).

Biogenically emitted VOCs are byproducts of physio-
logical activity. Not all of their production and emission
mechanisms are fully explained, and they can differ con-
siderably from each other. Some of these substances are
synthesised inside the chloroplasts and related to photo-
synthesis; while others are produced as defences against
stressors. Decaying and drying vegetation also produces
VOCs. Plant growth hormones and floral scents can also
be emitted (Hewitt 1999). The emission fluxes depend
only partly on stomatal aperture, but also on the rates of
synthesis of the substance emitted, which, in turn, depend
on availability of the precursors.

Production of isoprene inside the leaves may play a
protective role against the damaging effect of drought
(Sharkey & Loreto 1993), heat (Loreto & Sharkey 1990)
and O; (Loreto & Velikova 2001).

Emission rates of isoprenoids (isoprene and monoterp-
enes) from leaves are functions of both sunlight intensity
and temperature, as shown e.g. by Guenther et al. (1991,
1993). These authors made use of systems called cuvettes
or enclosures in which portions (leaves or branches) of
plants were confined in order to directly measure
amounts of emitted substances. These measurements led
to the development of parameterisations that were subse-
quently used in modelling (Thunis & Cuvelier 2000).

UPTAKE OF AIR POLLUTANTS

It has been known for more than 30 years that air pollu-
tants can penetrate plant tissues and damage them
(Omasa et al. 2002a). The mechanism of stomatal uptake
of air pollutants was first studied by O’Dell et al. (1977),
as a molecular diffusion process inside the stomatal cav-
ity. Subsequent work (Omasa et al. 2000, 2002a,b) dem-
onstrated that pollutant uptake is not simply controlled
by this diffusive process but also by leaf metabolism. Pol-
lutant solubility in water does not seem to play an impor-
tant role. Other authors, like Pasqualini ef al. (2002),
Grulke et al. (2007) and Fares et al. (2008), also studied
stomatal uptake experimentally, as explained later.
Kerstiens & Lendzian (1989) and Van Hove et al.
(1999) showed that the penetration of most pollutants
through the cuticle can be considered as negligible since
the cuticle is covered by waxes that constitute a barrier
against stressors. Among air pollutants, O; is now recog-
nised as responsible for most of the damage to vegetation.
Damage by O; to agricultural crops has been estimated in
many modelling studies (e.g. Legge et al. 1995; Krupa
et al. 1998; Simpson et al. 2007) and is very important at
global scale (Van Dingenen et al. 2009). The role of sto-
mata in favouring O; uptake by leaves is illustrated in
Fig. 2, showing a microscope view of cells subjected to O;
damage. This damage is visualised by a dye reacting with
hydrogen peroxide (H,0,) molecules formed after the
oxidation processes initiated by O3 (Faoro & Iriti 2009).
The damage is visible on cells surrounding the stomata.
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Fig. 2. Microscope view of ozone-damaged onion leaf cells near the
stomata (S) (Faoro & lIriti 2009). The brownish colour of cells sur-
rounding the stomata is due to precipitates formed by reaction
between the 3,30-diaminobenzidine (DAB) stain and the peroxidation
product H,0,. Bar = 100 pm.

Using 3D cell-level chlorophyll fluorescence imaging.
Endo & Omasa (2007) also showed that Oj-induced inhi-
bition occurs in cells immediately located under the epi-
dermal cells.

The damaging effect of O to vegetation is related to
its oxidising capacity and its high reactivity. After diffu-
sion through stomatal cavities, O3 reaches the cell walls
and is rapidly decomposed. Other oxidants such as
hydroxyl radicals (OH), more generally known as reactive
oxygen species (ROS), are formed and damage mem-
branes, proteins and chorophylls (Haberer et al. 2007).
Plants have developed defence mechanisms consisting
mostly in producing antioxidant molecules, such as ascor-
bate, which serve as electron donors and reduce ROS.
Obviously, the efficiency of the defence mechanisms is
limited by the availability of antioxidants and by the
quantity of Os reaching the cells.

Besides O3, the main air pollutants that have damaging
potential are mainly sulphur oxides, nitrogen oxides
(NO,) and NH;. The damaging action of sulphur com-
pounds on plants was studied by Thomas (1951) and
subsequently by many authors. The action of these pollu-
tants is complex, as both adverse and beneficial effects
may arise, since sulphur can be used for plant growth
(De Kok et al. 1998). A similar effect can be ascribed to
the uptake of NO,, which can be used by plants to syn-
thesise amino acids when absorbed at low atmospheric
concentrations (Yoneyama et al. 2002). Nitrogen dioxide
(NO,) is the most abundant NO, species. It dissolves in
extracellular water and is converted into nitrite and
nitrate ions, which participate in protein build up. At
higher atmospheric NO, concentrations, however, damage
occurs. Exchange of NH; between air and plants has been
studied by Farquhar ef al. (1980), Sutton et al. (1995)
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and many others. The flux of NH; is bidirectional, so that
a compensation point exists. Plants have very different
responses to NH3, and the problem becomes more com-
plicated by the very inhomogeneous distribution of
concentrations of this species in air. Strong concentra-
tions are observed in the case of presence of farms and
use of fertilisers (Mattsson et al. 2009). Phytotoxic con-
centrations of NO, and NHj; occur only very close to
their emission sources (Bytnerowicz et al. 1998).

FLUXES AND METHODS OF DETERMINATION

Chemical exchange between air and vegetation is best
quantified by the flux of the chemical species exchanged.
This quantity can be expressed in units of quantity of
matter (mol) or mass (kg) per unit area and time. Fluxes
can be positive (upward, emission) when directed to the
atmosphere, or negative when directed to the plant
(downward, uptake). Their determination is not straight-
forward but several methods exist, some are observational
and others computational. Flux measurement methods
are essentially divided into two categories: in situ (with
enclosures or cuvettes) and micrometeorological (or aero-
dynamic).

Determining the flux of air pollutants through the sto-
mata into leaves by in situ, leaf-level gas exchange mea-
surements is the first step before upscaling to the tree,
stand and landscape level. The following discussion is
focused on Oj for clarity, as much work has been carried
out on this substance and since it is the most important
stressor for vegetation, but similar features characterise
other air pollutants, such as nitrogen and sulphur oxides.
Ozone is extremely reactive, and direct measurements of
its fluxes are thus challenging. Leaf-level O5 flux is usually
calculated using a mass-balance approach from the differ-
ence between O3 concentration at the chamber inlet and
outlet, multiplied by air flow rate and subtracted from
the chamber sink strength for O; deposition (Omasa
et al. 1979a; Skirby et al. 1987; Havranek & Wieser 1994;
Matyssek et al. 1995; Wang et al. 1995; Pasqualini et al.
2002; Wieser 2002; Grulke et al. 2007). By this approach,
stomatal uptake cannot be distinguished from other O;
sink processes, unless measurements are also carried out
after stomatal closure (Grulke et al. 2007). Cuticular
deposition (adsorption and decomposition) of Os, how-
ever, is very small compared to that of open stomata
(Omasa et al. 1979b; Pleijel et al. 2004; Grulke et al. 2007;
Fares et al. 2008). The water vapour surrogate method is
thus being used to calculate stomatal O; uptake on the
basis of direct measurements of stomatal conductance for
water vapour, the diffusion coefficient of water vapour
against that of Os, and difference among the mole frac-
tions of O3 in air outside and inside the leaf (Wieser et al.
2008). This method assumes that the O3 flux through the
cuticle is negligible (Kerstiens & Lendzian 1989) and O;
concentrations inside the leaf approach zero (Laisk ef al.
1989; Moldau et al. 1990), given the rapid decomposition
of O; into oxidative derivatives in the apoplast (Runec-
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kles 1992). In general, stomatal O3 fluxes derived from
gas exchange measurement are in agreement with assess-
ments based on the chamber inlet/outlet approach (Wie-
ser etal. 2008). In addition, boundary layers are
destroyed by leaf-level gas exchange assessments, which
may strongly affect O; uptake (Wieser et al. 2003). Since
transpiration and Oj; flux into the tree crown are coupled
through stomatal regulation, sap flow measurement of
crown transpiration has been suggested for assessing sto-
matal Oz flux at the tree level (Wieser et al. 2008). The
sap-flow assessment may then be combined with micro-
meteorological techniques.

The micrometeorological methods are based on the
analysis of turbulent motion of lower air layers in con-
tact with vegetation. Air transports chemical substances
upward and downward by means of turbulent eddies.
Molecules of the transported substances are like passen-
gers on a train (the air motions). The vertical flux F; of
species i in a turbulent medium is governed by a Fick-like
diffusion law (Fick 1855), which can be written as

oC;
0z (%)

where K(z) is the turbulent diffusion coefficient, C; the
local concentration of the species i and z is the height
above ground level (a.gl.). Contrary to the molecular
diffusion coefficient, which is independent of space and
time but depends on the nature of the transported gas,
the turbulent diffusion coefficient depends on space and
time but not on the nature of the gas. Equation (5) is the
basis for a first method of measurement of vertical fluxes,
called the vertical gradient method. It consists in measur-
ing concentrations of the gas at several heights a.gl. in
order to calculate their vertical gradient. The turbulent
diffusion coefficient can be calculated since there are vari-
ous parameterisations available in the literature (Dyer &
Hicks 1970; Dyer 1974).

Another micrometeorological method is the so-called
eddy covariance technique, based on calculation of the
covariance of the vertical component w of the wind

F,‘ = K(Z)
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vector and of the concentration of the substance under
consideration, both measured at very high sampling fre-
quency. This method was introduced by Scrase (1930) for
momentum, and later by Swinbank (1951) for water
vapour fluxes. It was then applied to various gaseous sub-
stances (Desjardins 1972; Delany et al. 1986; Baldocchi
et al. 1988; Hicks & Matt 1988; Foken et al. 1995). The
covariance is expressed by

F = wC (6)

where the primed quantities represent fluctuations around
the time-averaged value of the corresponding variable,
and the overbar stands for the time-averaging process.
The eddy covariance technique is generally considered as
the most reliable micrometeorological flux determination
method as it does not suffer from artifacts or biases.
However, this method presents two main disadvantages:
its use is delicate and it requires fast-response chemical
sensors, which only exist for a few gases. Nevertheless,
fluxes of CO,, O; (Delany ef al. 1986; Hicks et al. 1987;
Massman 1993; Lamaud et al. 1994; Gerosa et al. 2003;
Cieslik 1998, 2004, 2009; Affre et al. 2000 and many oth-
ers), NOx (Wesely et al. 1989; Coe & Gallagher 1992;
Stocker et al. 1993), NH; (Famulari et al. 2004), N,O and
CH, (Fowler et al. 1995; Di Marco et al. 2004), isoprene
(Guenther & Hills 1998) and some others have been
successfully obtained by this method. An example of
results obtained with the eddy covariance method is
shown in Fig. 3, where O; fluxes measured during 4 days
of May 2003 over an onion field in northern Italy (Gerosa
et al. 2007) are represented.

A third micrometeorological method, the eddy accu-
mulation technique, sometimes quoted as “‘conditional
sampling”, was mainly developed by Businger & Oncley
(1990) for CO, and CH, and subsequently used for a
number of other gases (Baker ef al. 1992; Darmais et al.
2000; Myles et al. 2007), is a kind of compromise between
the two previously described methods. It consists in accu-
mulating air in two containers according to the direction
(up- or downward) of the vertical wind during a certain

26—5-2003 27-5-2003 28—5-2003 29-5-2003
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Fig. 3. Vertical total ozone fluxes recorded during a measuring campaign conducted over an onion field near Voghera (northern Italy) in May

2003.

Plant Biology 11 (Suppl. 1) (2009) 24-34 © 2009 German Botanical Society and The Royal Botanical Society of the Netherlands 29



Gas exchange of terrestrial plants

time interval (generally 30 min); the content of the con-
tainers is subsequently analysed to obtain the concentra-
tions of the gases for which the flux is measured. The
flux is then given by

F = bw(C, — C_) (7)

where b is an empirical coefficient, w is the vertical wind;
C, and C_ are the concentrations measured in the two
containers. This technique is easier to use in the field
than the eddy covariance technique. It does not require
fast-response sensors and the measurement is made at
one single level, unlike the gradient technique, which
needs measurement at different levels. It is thus especially
adapted for the measurement of fluxes of VOC species
(see e.g. Graus et al. 2006).

CONCLUDING REMARKS

The interactions between the chemical composition of the
atmosphere and vegetation are an evident fact. The con-
centrations of major components of the atmosphere, like
0,, water vapour and CO,, are strictly related to the pres-
ence of vegetation at the surface of the Farth, and any
modification of the vegetal cover has consequences on
these concentrations. Conversely, changes in concentra-
tions of these substances have consequences on the state
of vegetation and not only on climate. Besides these
“main” substances, a number of chemical species, often
called “minor atmospheric species”, are exchanged
between plants and the atmosphere in both directions
and, in spite of their low atmospheric concentrations they
can have an important influence on both atmospheric
chemistry and vegetation health. Many organic substances
are produced by vegetation, released in the air and influ-
ence air chemistry; air pollutants penetrate plant tissues
and cause deleterious effects on plant health. Due to
increasing emissions of various man-made substances, the
atmospheric composition is changing. For example, ozone
concentrations are increasing around the world; this
reduces plant growth and consequently carbon sequestra-
tion. This process hinders policies aimed at fighting glo-
bal warming (Sitch et al. 2007). Another important
example is the role of isoprene, emitted by plants, and
influencing atmospheric photochemistry at global scale by
interacting with various air pollutants. The interactions
between air pollutants, climate change and vegetation are
often neglected by decision-makers. Air/vegetation inter-
actions are bidirectional and their study is complex, being
highly nonlinear and causing feedbacks. These studies are
thus important to preserve the quality of both air and
biosphere.

The quantities of gases exchanged between the atmo-
sphere and terrestrial plants are enormous and most of
these substances use the stomatal pathway. But at single-
stoma level, the quantities exchanged are minute. This
causes technical difficulties for measurements, increasing
uncertainties in the assessment of exchanged quantities at
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global level, and constitutes a major challenge for future
research in this field. Another difficulty is how to relate
these very different scales to each other and thus solve
the upscaling problem.

The gas exchange processes between terrestrial vegeta-
tion and the atmosphere are an essential component of
the global atmosphere/biosphere/lithosphere system and
also interact with the climate system. A considerable
amount of knowledge has been accumulated on this
theme since the discovery of photosynthesis. Remaining
unknowns are related to differences in spatial and tempo-
ral scales involved and technical problems in measure-
ment. More interdisciplinarity is also needed to obtain a
global depiction of gas exchange, since the phenomena
are of a biological, chemical and physical nature.

REFERENCES

Affre C., Lopez A., Carrara A., Druilhet A., Fontan J. (2000)
The analysis of energy and ozone flux data from the
LANDES 94 experiment. Atmospheric Environment, 34,
803-821.

Baker J.M., Norman J.M., Bland W.L. (1992) Field-scale appli-
cation of flux measurements by conditional sampling. Agri-
cultural and Forest Meteorology, 62, 31-52.

Baldocchi D.D., Hicks B.B., Meyers T.P. (1988) Measuring
biosphere-atmosphere exchanges of biologically related gases
with micrometeorological methods. Ecology, 69, 1331-1340.

Bender M.L., Battle M., Keeling R.F. (1998) The O, balance of
the atmosphere: a tool for studying the fate of fossil-fuel
CO,. Annual Review of Energy and Environment, 23, 207—
223.

Bolin B., Cook R.B. (Eds) (1983) The major biogeochemical
cycles and their interactions SCOPE 21. John Wiley and Sons,
Chichester.

Brasseur G.P., Prinn R.G., Pszenny A.P. (Eds) (2003) Atmo-
spheric chemistry in a changing world. Springer, Berlin.

Burkhardt J., Kaiser H., Kappen L., Heiner E., Goldbach H.E.
(2001a) The possible role of aerosols on stomatal conduc-
tivity for water vapour. Basic and Applied Ecology, 2, 351—
364.

Burkhardt J., Koch K., Kaiser H. (2001b) Deliquescence of
deposited particles on leaf surfaces. Water, Air and Soil Pol-
lution, 1, 313-321.

Businger J.A., Oncley S.P. (1990) Flux measurement with con-
ditional sampling. Journal of Atmospheric and Oceanic Tech-
nology, 7, 349-352.

Butler M.T., Lawrence M.G., Gurjar B.R., van Aardenne J.,
Schultz M., Lelieveld J. (2008) The representation of emis-
sions from megacities in global emission inventories. Atmio-
spheric Environment, 42, 703-719.

Bytnerowicz A., Dueck T., Godzik S. (1998) Nitrogen oxides,
nitric acid vapour, and ammonia. In: Flagler R.B. (Ed), Rec-
ognition of air pollution injury to vegetation: a pictorial atlas.
Air & Waste management Association, Pittsburgh, Pennsyl-
vania, pp 1-6.

30 Plant Biology 11 (Suppl. 1) (2009) 24-34 © 2009 German Botanical Society and The Royal Botanical Society of the Netherlands



Cieslik, Omasa & Paoletti

Cieslik S. (1998) Energy and ozone fluxes in the atmospheric
surface layer observed in Southern Germany highlands.
Atmospheric Environment, 32, 1273—1281.

Cieslik S. (2004) Ozone uptake by various surface types: a
comparison between dose and exposure. Atmospheric Envi-
ronment, 38/15(SI), 2490-2420.

Cieslik S. (2009) Ozone fluxes over various plant ecosystems
in Italy. Environmental Pollution, 157, 1487-1496.

Climate Change 2007— Synthesis Report, 2007. A report of the
Intergovernmental Panel on Climate Change. WMO/UNEP,
Geneva.

Coe H., Gallagher M.W. (1992) Measurements of dry deposi-
tion of NO, to a Dutch heathland using the eddy-correla-
tion technique. Quarterly Journal of the Royal Meteorological
Society, 118, 767-786.

Darmais L., Dutaur S., Larsen B., Cieslik S., Simon V., Torres L.
(2000) Emission fluxes of VOC by orange trees by both eddy
accumulation and vertical gradient approaches. Chemosphere:
Global Change Science, 2, 47-56.

Dawson T.E., Burgess S.S.0., Tu K.P., Oliveira R.S., Santiago
L.S., Fisher J.B., Simonin K.A., Ambrose A.R. (2007) Night-
time transpiration in woody plants from contrasting ecosys-
tems. Tree Physiology, 27, 561-575.

De Kok L.J., Stuiver C.E.E., Stulen L. (1998) Impact of atmo-
spheric H,S on plants. In: De Kok L.J., Stulen I. (Eds),
Responses of plant metabolism to air pollution and global
change. Backhuys Publishers, Leiden, pp 51-63.

Delany A.C., Fitzjarrald D.R., Lenschow D.H., Pearson R.,
Wendel G.J., Woodruff B. (1986) Direct measurements of
nitrogen oxides and ozone fluxes over grassland. Journal of
Atmospheric Chemistry, 4, 429-444.

Desjardins R.L. (1972) A study of carbon dioxide and sensible
heat fluxes using the eddy correlation technique. Ph.D. thesis,
Univ Cornell, Ithaca, N.Y.

Di Marco C., Skiba U., Weston K., Hargreaves K., Fowler D.
(2004) Field scale N,O flux measurements from grassland
using eddy covariance. Water, Air and Soil Pollution, 4, 43—149.

Dyer A.J. (1974) A review of flux—profile relationships. Bound-
ary-Layer Meteorology, 7, 363—372.

Dyer A., Hicks B.B. (1970) Flux—gradient relationships in the
constant flux layer. Quarterly Journal of the Royal Meteoro-
logical Society, 96, 715-721.

Ehhalt D.H., Dorn H.-P., Poppe D. (1991) The chemistry of
the hydroxyl radical in the troposphere. Proceedings of the
Royal Society of Edinburgh, 97, 17-34.

Eichert T., Burkhardt J. (2001) Quantification of stomatal
uptake of ionic solutes using a new model system. Journal of
Experimental Botany, 52, 771-781.

Emberson L., Ashmore M., Cambridge H., Simpson D., Tuovi-
nen J. (2000) Modelling stomatal ozone flux across Europe.
Environmental Pollution, 109, 403—414.

Endo R., Omasa K. (2007) 3-D cell-level chlorophyll fluores-
cence imaging of ozone-injured sunflower leaves using a
new passive light microscope system. Journal of Experimental
Botany, 58, 765-772.

Gas exchange of terrestrial plants

Famulari D., Fowler D., Hargreaves K., Milford C., Nemitz
E., Sutton M.A., Weston K. (2004) Measuring eddy
covariance fluxes of ammonia using tunable diode laser
absorption spectroscopy. Water, Air and Soil Pollution, 4,
151-158.

Faoro F., Iriti M. (2009) Plant cell death and cellular altera-
tions induced by ozone: key studies in Mediterranean condi-
tions. Environmental Pollution, 157, 1470—-1477.

Fares S., Loreto F., Kleist E., Wildt J. (2008) Stomatal uptake
and stomatal deposition of ozone in isoprene and monoter-
pene emitting plants. Plant Biology, 10, 44-54.

Farquhar G.D., Firth P.M., Wetselaar R., Weir B. (1980) On
the gaseous exchange of ammonia between leaves and the
environment: determination of the ammonia compensation
point. Plant Physiology, 66, 710-714.

Fick A. (1855) Uber Diffusion. Poggendorff’s Annalen der Phys-
ik und Chemie, 94, 59—86.

Foken T.R., Dlugi R., Kramm G. (1995) On the determination
of dry deposition and emission of gaseous compounds at
the biosphere—atmosphere interface. Meteorologische Zeitsch-
rift, 4, 91-118.

Fowler D., Hargreaves K.J., Skiba U., Milne R., Zahniser M.S.,
Moncrieff ].B., Beverland 1.J., Gallagher M.W. (1995) Mea-
surements of CH, and N,O fluxes at the landscape scale
using micrometeorological methods. Philosophical Transac-
tions of the Royal Society of London, 351, 339-356.

Fung I., John J., Lerner J., Matthews E., Prather M., Steele
L.P., Fraser P.J. (1991) Three-dimensional model synthesis
of the global methane cycle. Journal of Geophysical Research,
96, 13033-13065.

Garland J.A., Nicholson K.D., Derwent R.D. (1988) The depo-
sition of trace substances from the atmosphere. In: Grefen
K., Lobel J. (Eds), Environmental meteorology. Kluwer Aca-
demic Publishers, Dordrecht, pp 141-160.

Gerosa G., Cieslik S., Ballarin-Denti A. (2003) Ozone dose to a

field determined by the
approach. Atmospheric Environment, 37, 777-788.

Gerosa G., Derghi F., Cieslik S. (2007) Comparison of different
algorithms for stomatal ozone flux determination from

wheat micrometeorological

micrometeorological measurements. Water, Air and Soil Pol-
lution, 179, 309-321.

Graedel T.E., Crutzen P.J. (1993) Atmospheric change, an earth
system perspective. W.H. Freeman and Co., New York.

Graus M., Hansel A., Wisthaler A., Lindinger C., Forkel R,
Hauff K., Klauer M., Pfichner A., Rappengliick B., Steigner
D., Steinbrecher R. (2006) A relaxed-eddy-accumulation
method for the measurement of isoprenoid canopy-fluxes
using an online gas-chromatographic technique and PTR-
MS simultaneously. Atmospheric Environment, 40,(Suppl.1),
43-54.

Grulke N.E., Paoletti E., Heath R.L. (2007) Comparison of cal-
culated and measured foliar O3 flux in crop and forest spe-
cies. Environmental Pollution, 146, 640—647.

Guenther E. (1949) The essential oils. Van Nostrand Co.,
New York.

Plant Biology 11 (Suppl. 1) (2009) 24-34 © 2009 German Botanical Society and The Royal Botanical Society of the Netherlands 31



Gas exchange of terrestrial plants

Guenther A.B., Hills AJ. (1998) Eddy covariance measurement
of isoprene fluxes. Journal of Geophysical Research,
103(D11), 13145-13152.

Guenther A.B., Zimmerman P.R., Harley P.C.,, Monson RK,
Fall R. (1991) Isoprene and monterpene emission rate vari-
ability — model evaluations and sensitivity analyses. Journal
of Geophysical Research, 98, 12609-12617.

Guenther A.B., Monson R.K., Fall R. (1993) Isoprene and
monterpene emission rate variability — observations with
eucalyptus and emission rate algorithm development. Jour-
nal of Geophysical Research, 96, 10799-10808.

Guenther A., Hewitt C.N., Erickson D., Fall G., Geron C., Gra-
edel T., Harley P., Klinger L., Lerdau M., McKay W., Pierce
T., Scholes B., Steinbrecher R., Tallamraju R., Taylor J.,
Zimmermann P. (1995) A global model of natural volatile
organic compound emissions. Journal of Geophysical
Research, 100, 8873—-8921.

Haberer K., Herbinger K., Alexou M., Tausz M., Rennenberg
H. (2007) Antioxidative defence of old growth beech (Fagus
sylvatica) under double ambient O; concentrations in free-
air exposure system. Plant Biology, 9, 215-226.

Havranek W.M., Wieser G. (1994) Design and testing of twig
chambers for ozone fumigation and gas exchange measure-
ments in mature trees. Proceedings of the Royal Society of
Edinburgh. Sect. B, 102, 541-546.

Hewitt C.N. (Ed) (1999) Reactive Hydrocarbons in the Atmo-
sphere. Academic Press, San Diego.

Hicks B.B., Matt D.R. (1988) Combining biology, chemistry,
and meteorology in modeling and measuring dry deposition.
Journal of Atmospheric Chemistry, 6, 117-131.

Hicks B.B., Baldocchi D.D., Meyers T.P., Hosker R.P., Matt
D.R. (1987) A Preliminary multiple resistance routine for
deriving dry deposition velocities from measured quantities.
Water, Air and Soil Pollution, 36, 311-330.

Jacob D.J., Wofsy S.C. (1988) Photochemistry of biogenic
emission over the Amazon forest. Journal of Geophysical
Research, 93(D2), 1477-1486.

Jarvis P.G. (1976) The interpretation of the variations in leaf
water potential and stomatal conductance found in canopies
in the field. Philosophical Transactions of the Royal Society B,
273, 593-610.

Jarvis P.G., Mansfield T.A. (Eds) (1981) Stomatal physiology.
Cambridge University Press, Cambridge.

Jones H.G. (1992) Plants and microclimate, 2nd edition. Cam-
bridge University Press, Cambridge.

Jorgensen S.E., Fath B. (Eds) (2008) Encyclopedia of ecology.
Elsevier, Oxford.

Keeling R.F., Najjar R.P., Bender M.L., Tans P.P. (1993)
What atmospheric oxygen measurements can tell us about
the global carbon cycle. Global Biogeochemical Cycles, 7,
37-67.

Kerstiens G., Lendzian K.J. (1989) Interactions between ozone
and plant cuticles. 1. Ozone deposition and permeability.
New Phytologist, 112, 13-19.

Cieslik, Omasa & Paoletti

Khalil M.AK., Butenhoff C.L, Rasmussen R.A. (2007)
Atmospheric methane: trends and cycles of sources and
sinks. Environmental Science and Technology, 41, 2131—
2137.

Krupa S.V., Nosal M., Legge A.-H. (1998) A numerical analysis
of the combined open-top chamber data from USA and
Europe on ambient ozone and negative crop responses.
Environmental Pollution, 101, 157-160.

Laisk A., Kull O., Moldau H. (1989) Ozone concentration in
leaf intercellular air spaces is close to zero. Plant Physiology,
90, 1163-1167.

Lamaud E., Brunet Y., Labatut A., Lopez A., Fontan J., Druil-
het A. (1994) The Landes experiment: biosphere—atmosphere
exchanges of ozone and aerosol particles, above a pine for-
est. Journal of Geophysical Research, 99, 16511-16521.

Legge A.H., Griinhage L., Noal M., Jiager H.J., Krupa S.V.
(1995) Ambient ozone and adverse crop response: an evalu-
ation of North American and European data as they relate
to exposure indices and critical levels. Journal of Applied
Botany, 69, 192-205.

Levine J.S. (Ed) (1985) The photochemistry of atmospheres. Aca-
demic Press Inc., Orlando.

Loreto F., Sharkey T.D. (1990) A gas exchange study of photo-
synthesis and isoprene emission in Quercus rubra L. Planta,
182, 523-531.

Loreto F., Velikova V. (2001) Isoprene produced by leaves pro-
tects the photosynthetic apparatus against ozone damage,
quenches ozone products, and reduces lipid peroxidation of
cellular membranes. Plant Physiology, 127, 1781-1787.

Loreto F., Kesselmeier J., Schnitzler J.-P. (2008) Volatile
organic compounds in the biosphere—atmosphere system: a
preface. Plant Biology, 10, 2-7.

Lovelock J.E., Maggs R.J., Rasmussen R.A. (1972) Atmospheric
dimethyl sulphide and the natural sulphur cycle. Nature,
237, 452—-453.

LRTAP Convention (2004) Manual on Methodologies and
Criteria for Modelling and Mapping Critical Loads & Levels
and Air Pollution Effects, Risks http://
icpmapping.org/cms/zeigeBereich/11/manual-english.html.

Massman W.J. (1993) Partitioning ozone fluxes to sparse grass

and Trends.

and soil and the inferred resistances to dry deposition.
Atmospheric Environment, 27, 167-174.

Mattsson M., Herrmann B., Jones S., Neftel A., Sutton M.A.,
Schjoerring J.K. (2009) Contribution of different grass spe-
cies to plant-atmosphere ammonia exchange in intensively
managed grassland. Biogeosciences, 6, 59—66.

Matyssek R., Reich P.B., Oren R., Winner W.E. (1995)
Response mechanisms of conifers to air pollution. In: Smith
W.K., Hinckley T.M. (Eds), Ecophysiology of coniferous for-
ests. Academic Press, New York: pp 255-308.

Meidner H., Mansfield T.A. (1968) Physiology of stomata.
McGraw-Hill Pub. Co., London.

Migeotte M.V. (1948) Methane in the Earth’s atmosphere.
Journal of Astrophysics, 107, 400—403.

32 Plant Biology 11 (Suppl. 1) (2009) 24-34 © 2009 German Botanical Society and The Royal Botanical Society of the Netherlands



Cieslik, Omasa & Paoletti

Miller J.B. (2008) Carbon cycle: sources, sinks and seasons.
Nature, 451, 26-27.

Moldau H., Sober J., Sober A. (1990) Differential sensitivity of
stomata and mesophyll to sudden exposure of bean shoots
to ozone. Photosynthetica, 24, 446—458.

Moleschott J. (1851) Physiologie des Stoffwechsels in Pflanzen
und Thieren. Ferdinand Enke, Erlangen.

Monteith J.L. (1981) Evaporation and surface temperature.
Quarterly Journal of the Royal Meteorological Society, 107,
1-27.

Monteith J.L., Unsworth M.H. (1990) Principles of environmen-
tal physics. Edward Arnold, London.

Myles L.T., Meyers T.P., Robinson L. (2007) Relaxed eddy
accumulation measurements of ammonia, nitric acid, sulfur
dioxide and particulate sulfate dry deposition near Tampa,
FL, USA. Environmental Research Letters, 2, 1-8.

O’Dell R.A., Taheri M., Kabel R.L. (1977) A model for uptake
of pollutants by vegetation. Journal of the Air Pollution Con-
trol Association, 27, 1104-1109.

Omasa K., Abo F., Aiga I. (1979a) A method for simultaneous
measurement of NO, and Oj sorptions by plants in envi-
ronmental control chamber. Journal of Agricultural Meteorol-
0gy, 35, 31-40. (in Japanese and English summary), and also
Res. Rep. Natl. Inst. Environ. Stud. 11, 195-211 (1980) (Eng-
lish translation).

Omasa K., Abo F., Natori T., Totsuka T. (1979b) Studies of
air pollutant sorption by plants (II): sorption under fumiga-
tion with NO,, O; or NO, + Os. Journal of Agricultural
Meteorology, 35, 77-83. (in Japanese and English summary),
and also Res. Rep. Natl. Inst. Environ. Stud. 11, 213-224
(1980) (English translation).

Omasa K., Tobe K., Hosomi M., Kobayashi M. (2000) Absorp-
tion of ozone and seven organic pollutants by Populus nigra
and Camellia sasanqua. Environmental Science and Technol-
0gy, 34, 2498-2500.

Omasa K., Tobe K., Kondo T. (2002a) Absorption of organic
and inorganic air pollutants by plants. In: Omasa K., Saji
H., Youssefian S., Kondo N. (Eds), Air pollution and plant
biotechnology. Springer, Tokyo, pp 155-178.

Omasa K., Endo R., Tobe K., Kondo T. (2002b) Gas diffusion
model analysis of foliar absorption of organic and inorganic
air pollutants. Phyton, 42, 135-148.

Pasqualini S., Antonelli M., Ederli L., Piccioni C., Loreto F.
(2002) Ozone uptake and its effect on photosynthetic
parameters of two tobacco cultivars with contrasting sensi-
tivity. Plant Physiology and Biochemistry, 40, 599—603.

Penman H.L. (1948) Natural evaporation from open water,
bare soil and grass. Proceedings of the Royal Society of Lon-
don A, 194, S.120-S.145.

Pleijel H., Danielsson H., Ojanper K., De Temmerman L.,
Hogy P., Badiani M., Karlsson P.E. (2004) Relationships
between ozone exposure and yield loss in European wheat
and potato — a comparison of concentration- and flux-
based exposure indices. Atmospheric Environment, 38, 2259—
2269.

Gas exchange of terrestrial plants

Rasmussen R. (1970) Isoprene: identified as a forest-type emis-
sion to the atmosphere. Environmental Science Technology, 4,
667-671.

Runeckles V.C. (1992) Uptake of ozone by vegetation. In: Lefohn
A.S. (Ed.), Surface level ozone exposures and their effects on vege-
tation. Lewis Publishers Inc, Chelsea, Mi. (USA), pp 157-188.

Scrase F.J. (1930) Some characteristics of eddy motion in the
atmosphere. Geophysical Memoirs, 52, 16

Sharkey T.D., Loreto F. (1993) Water stress, temperature, and
light effects on the capacity for isoprene emission and pho-
tosynthesis of kudzu leaves. Oecologia, 95, 328—333.

Shimazaki K., Doi M., Assmann S.M., Kinoshita T. (2008)
Light regulation of stomatal movement. Annual Review of
Plant Biology, 58, 219-247.

Siegenthaler U., Sarmiento J.L. (1993) Atmospheric carbon
dioxide and the ocean. Nature, 365, 119-125.

Simonsen J.L. (1953) The terpenes, Vol. 1. Cambridge Univer-
sity Press, Cambridge.

Simpson D., Ashmore M.R., Emberson L., Tuovinen J.P.
(2007) A comparison of two different approaches for map-
ping potential ozone damage to vegetation a model study.
Environmental Pollution, 146, 715-725.

Sitch S., Cox P.M., Collins W.J., Huntingford C. (2007) Indi-
rect radiative forcing of climate change through ozone
effects on the land-carbon sink. Nature, 448, 791-794.

Skdrby L., Troeng E., Bostrom C.A. (1987) Ozone uptake and
effects on transpiration, net photosynthesis, and dark respi-
ration in Scots pine. Forest Sciences, 33, 801-808.

Slanina S. (Ed.) (1997) Biosphere—atmosphere exchange of pollu-
tants and trace substances. Springer, Berlin.

Stocker D.W., Stedman D.H., Zeller K.F., Massman W.]., Fox
D.G. (1993) Fluxes of nitrogen oxides and ozone measured
by eddy-correlation over a shortgrass prairie. Journal of Geo-
physical Research, 98, 12619-12630.

Sutton M.A., Schjerring J.K., Wyers G.P. (1995) Plant-atmo-
sphere exchange of ammonia. Philosophical Transactions of
the Royal Society of London A, 351, 261-2678.

Swinbank W.C. (1951) The measurement of vertical transfer of
heat and water vapor by Eddies in the lower atmosphere.
Journal of Meteorology, 8, 135-145.

Thomas M.D. (1951) Gas damage to plants. Annual Review of
Plant Physiology, 2, 293-322.

Thunis P., Cuvelier C. (2000) Impact of biogenic emissions on
ozone formation in the Mediterranean area — a BEMA mod-
eling study. Atmospheric Environment, 34, 467—481.

Trainer M., Hsie E.,, McKeen S., Tallamraju R., Parrish D.,
Fehsenfeld F., Liu S. (1987) Impact of natural hydrocarbons
on hydroxyl and peroxy radicals at a remote site. Journal of
Geophysical Research, 92(D10), 11879-11894.

Van Dingenen R., Dentener F.J., Raes F., Krol M.C., Emberson
L., Cofala J. (2009) The global impact of ozone on agricul-
tural crop yields under current and future air quality legisla-
tion. Atmospheric Environment, 43, 604—618.

Van Hove L.W.A., Bossen M.E., de Bok F.A.M., Hooijmaaijers
C.AM. (1999) The uptake of Os; by poplar leaves: the

Plant Biology 11 (Suppl. 1) (2009) 24-34 © 2009 German Botanical Society and The Royal Botanical Society of the Netherlands 33



Gas exchange of terrestrial plants

impact of long-term exposure to low O; concentrations.
Atmospheric Environment, 33, 907-917.

Wang D., Hinckley T.M., Cumming A.B., Braatne J. (1995) A
comparison of measured and modeled ozone uptake into
plant leaves. Environmental Pollution, 89, 247-254.

Wesely M.L., Sisterson D.L., Hart R.L., Drapch D.L., Lee Y.
(1989) Observations of nitric oxide fluxes over grass. Journal
of Atmospheric Chemistry, 9, 447-463.

Wiedinmyer C., Guenther A., Harley P., Hewitt C.N., Geron
C., Artaxo P., Steinbrecher R., Rasmussen R. (2004) Global
organic emissions from vegetation. In: Granier C., Artaxo
P., Reeves C.E. (Eds), Emissions of atmospheric trace com-
pounds. Kluwer Academic Publishers, Dordrecht, The Neth-
erlands, pp 115-170.

Wiedinmyer C., Quayle B., Geron C., Belote A., McKenzie D.,
Zhang X., O'Neill S., Klos K. (2006) Estimating emissions
from fires in North America for air quality modeling. Atmo-
spheric Environment, 40, 3419-3432.

Wieser G. (2002) Exchange of trace gases at the tree—atmo-
sphere interface: ozone. In: Gasche R., Papen H., Rennen-

Cieslik, Omasa & Paoletti

berg H. (Eds), Trace gas exchange in forest ecosystem. Kluwer
Academic Publishers, Dordrecht, the Netherlands, pp 211-
226.

Wieser G., Matyssek R., Kostner B., Oberhuber W. (2003)
Quantifying ozone uptake at the canopy level of spruce, pine
and larch trees at the alpine timberline: an approach based
on sap flow measurements. Environmental Pollution, 126,
5-8.

Wieser G., Matyssek R., Then C., Cieslik S., Paoletti E., Ceule-
mans R. (2008) Upscaling ozone flux in forests from leaf to
landscape. Italian Journal of Agronomy, 1, 35—41.

Wigley T.M.L., Schimel D.S. (Eds) (2000) The carbon cycle.
Cambridge University Press, New York.

Yoneyama T., Kim H.K., Morikawa H., Srivastava H.S. (2002)
Metabolism and detoxfication of nitrogen dioxide and
ammonia in plants. In: Omasa K., Saji H., Youssefian S.,
Kondo N. (Eds), Air pollution and plant biotechnology.
Springer, Tokyo, pp 3-60.

Zeiger E., Farquhar G.D., Cowan LR. (1987) Stomatal function.
Stanford University Press, Stanford, California.

34 Plant Biology 11 (Suppl. 1) (2009) 24-34 © 2009 German Botanical Society and The Royal Botanical Society of the Netherlands



