
(E)MERGING DIRECTIONS ON AIR POLLUTION AND CLIMATE CHANGE RESEARCH IN MEDITERRANEAN BASIN ECOSYSTEMS

Ozone risk assessment for an Alpine larch forest in two vegetative
seasons with different approaches: comparison
of POD1 and AOT40

Angelo Finco1 & Riccardo Marzuoli1 & Maria Chiesa1 & Giacomo Gerosa1

Received: 14 December 2016 /Accepted: 17 May 2017 /Published online: 12 June 2017
# Springer-Verlag Berlin Heidelberg 2017

Abstract The upper vegetation belts like larch forests are
supposed to be under great pressure because of climate change
in the next decades. For this reason, the evaluation of the risks
due to abiotic stressors like ozone is a key step. Two different
approaches were used here: mapping AOT40 index by means
of passive samplers and direct measurements of ozone
deposition.

Measurements of ozone fluxes using the eddy-correlation tech-
nique were carried out for the first time over a larch forest in
Paspardo (I) at 1750m a.s.l. Two field campaigns were run: the first
one in 2010 from July to October and the second one in the follow-
ing year from June to September. Vertical exchange of ozone, ener-
gy, and momentum were measured on a tower platform at 26 m
above ground level to study fluxes dynamics over this ecosystem.
Since the tower was located on a gentle slope, an Bad hoc^ meth-
odology was developed to minimize the effects of the terrain incli-
nation. The larch forest uptake was estimated by means of a two-
layer model to separate the understorey uptake from the larch one.
Even if the total ozone fluxes were generally high, up to

30–40 nmol O3 m
−2 s−1 in both years, the stomatal uptake by the

larch forest was relatively low (around 15% of the total deposition).
Ozone risk was assessed considering the POD1 received by

the larch forest and the exposure index AOT40 estimated with
both local data and data from the map obtained by the passive
samplers monitoring.
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Introduction

Ozone (O3) has beenwidely recognized as the most dangerous
pollutant for vegetation (Ashmore 2005; Matyssek and Innes
1999; Matyssek et al. 2012). Damages to vegetation can occur
from cellular up to ecosystem level (e.g., Dizengremel et al.
2013; Marzuoli et al. 2009).

O3 damages to vegetation are caused by its penetration
through the stomata and the following destruction of O3 on
the water film that surrounds the walls of the cells of the
substomatal cavity, releasing oxidative radicals like hydro-
gen peroxide, superoxide, and similar compounds (reactive
oxygen species, ROS) which can cause the membranes
breakage through the peroxidation of the membrane lipids
and the oxidation of the reduced groups of biomolecules,
in particular enzymes with a subsequent change of the bio-
chemical pathways. Once the ROS enter the chloroplasts,
the chlorophylls of the photosystem reaction centers are
damaged leading to a general reduction of the plant growth
and productivity (Wustman et al. 2001; Fredericksen et al.
1995; Lee et al. 1999).

In recent years, particular care was devoted to study the
combined effects of O3 and carbon dioxide (CO2) in view of
climate change (e.g., Matyssek et al. 2013; Darba et al. 2010).

Highlights
• Ozone risk was assessed using different indexes, methodologies, and
scales.
• Direct measurements of O3 fluxes over a larch forest were made for the
first time.
• Stomatal deposition was only a minor part of the total ozone deposition.
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In fact, CO2 concentration is expected to increase significantly
accordingly to the different climate change scenarios; as a
consequence, temperature will increase from 1 to 5 °C degrees
(IPCC 2001), also because of other greenhouse gases (GHG)
growth. Contrary to future CO2 concentrations, which are al-
ways foreseen to increase, future O3 concentrations seem to be
more difficult to be predicted and greater uncertainties can be
observed. For instance, Prather et al. (2003) found, for differ-
ent IPCC scenarios, an increase from 5 to 40 ppb while
Lamarque et al. (2011), considering Representative
Concentration Pathways (RCP) foresee a decrease (RCP2.6,
RCP4.5 and RCP6) or a slight increase (RCP8.5) with both
studies considering the period from nowadays to 2100.

The importance of future O3 and CO2 is in their contrasting
effects on vegetation: in fact, even if elevated concentrations
of O3 and CO2 can diminish the stomatal exchange, the in-
creasing CO2 concentrations can enhance the primary produc-
tivity while stomatal O3 uptake can reduce photosynthetic
activity (King et al. 2013). Sitch et al. (2007) suggested that
carbon fixation can be depressed by ozone, leading to negative
feedbacks with an increase of the atmospheric CO2

concentrations.
In order to estimate the effect of climate change on forests,

ecological issues must be considered too. In fact, as a response
to the temperature increase, vegetation belts, which are mostly
controlled by temperature (Korner 2007), might shift upward.
Harsch et al. (2009) performed a global meta-analysis of
treeline response to climate warming, using data from 243 tree
studies, and they substantially confirmed this hypothesis: 52%
of the studied ecosystem advanced their treeline, only 2%
declined and the other remained stable. This might lead to
greater pressure for the highest elevation species: In fact, they
could experience pressure both from the bottom, due to tem-
perature increase which can extend potential areals of the be-
low species, and from the top, where steep slopes can occur
more frequently and can hardly support closed vegetation
(Theurillat and Guisan 2001).

The MANFRED project aimed at studying the potential
impact of climate change on Alpine forests considering also
biotic and abiotic stressors which can worsen forests health.
Among the abiotic stressors considered, ozone was studied in
Valle Camonica (Northern Italy) in the period 2010–2011 with
measurements of ozone deposition at a high elevation larch
forest, one of the species which is supposed to be exposed to a
greater pressure, and measurements of ozone concentration
with passive sampler through all the valley for 6 months in
2010, in order to map AOT40 index.

The aim of this paper is deepening and integrating the results
already presented in Gerosa et al. (2013a, b) and in Finco et al.
(2013) from a different point of view, with an extended focus on
ozone risk assessment with different approaches and scales. In
this paper, data from the micrometeorological station in
Paspardo, partially presented in Gerosa et al. 2013a, will be

reanalysed and integrated with the complete elaboration of the
2011 dataset and the calculation of the stomatal fluxes and the
phytotoxical ozone dose (POD1) also for that year. Moreover,
for the year 2010, a comparison of the AOT40 measured at the
larch forest with the one obtained from the AOT40 map will
also be shown. Considerations about future ozone risk from
other outcomes of the project will be presented too.

Materials and methods

Ozone risk assessment

In the framework of the Convention on Long-range
Transboundary Air Pollution (CLRTAP), the first attempts to
estimate the ozone risk led to the approval of the Gothenburg
protocol (1999) and to the following approval of the EU di-
rective (2002/03) where the AOT40 index was officially in-
troduced, from a regulative point of view, as:

AOT40 ¼ ∑
O3½ �i > 40ppb
RadGlob > 50W=m2

O3½ �i−40
� �

⋅Δt ð1Þ

where [O3]i is the atmospheric O3 concentration, 40 is the cut
threshold in ppb, Δt is the time interval (usually 1 h), and
RadGlob is the global radiation.

However, in the following years, the scientific community
recognized that in some cases (e.g., for the Mediterranean
vegetation, see for example Gerosa et al. 2009a, b) to high levels
of AOT40 did not necessarily correspond high damages for the
vegetation. For this reason, in recent years, in the UN-ECE
framework, in order to estimate the ozone risk, a more mecha-
nistic approach, based on the amount of ozone taken up through
stomata by plants, was developed and a new index (POD1) for
ozone risk assessment was introduced (CLRTAP 2014). POD1

(Phytotoxic Ozone Dose above a threshold flux of 1 nmol
m-2 s-1) is a cumulative index which takes into account the
capability of vegetation to detoxify part of the O3 received
through the stomata. POD1 is in fact the sum of the stomatal
fluxes minus 1 nmol m−2 s−1 which is considered the threshold
below which stomatal O3 fluxes does not produce significant
damages. POD1 can be calculated using the following equation:

POD1 ¼ ∫
ta

tb

FST tð Þ−1½ �dt ∀FST〉1 nmolO3m
‐2s‐1 ð2Þ

where Fst are the stomatal ozone fluxes (CLRTAP 2014).

Passive sampler monitoring

In order to map AOT40 ozone, passive samplers have been
deployed in Valle Camonica in 11 measuring points with an
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elevation ranging from 320 up to 1780 m in the northern part
of the valley. Ozone passive samplers were widely used for
monitoring ozone concentration especially in the mountain
areas, both for the great variability of ozone with the altitude
and the lack of monitoring stations at higher altitude (Gerosa
et al. 2006, 2012; Ferretti et al. 2006, 2012; Mangoni and
Buffoni 2007; Sanz et al. 2006).

In this field campaign, passive samplers from Passam
(CH) were used; these passive samplers were polypropyl-
ene tubes with a glass fiber filter in a solution of DPE (1,2-
di(4-pyridyl)-ethylene) in acetic acid. Ozone reacts stoi-
chiometrically and produces an aldehyde whose concentra-
tion can be determined by an UV photometer; applying
Fick’s diffusion law is then possible to determine ozone
concentration in air.

Two passive samplers were employed in each of the 11
measuring point and were collected and substituted weekly
from 6th April 2010 to 6th October 2010 for 26 weeks. In this
paper, we will consider data from the overlapping period with
the ozone deposition measurements in Paspardo only.

Mapping ozone concentration and AOT40

Ozone concentration data obtained from passive samplers are
weekly averages which need further elaboration for mapping
ozone risk since the AOT40 is an index based on hourly ozone
concentrations. For this sake, the methodology proposed by
Loibl and Smidt (1996) and then Gerosa et al. (2006) was
used. This methodology allows to deconvolve average ozone
concentrations in hourly data and it is based on a standard
model (also called Loibl function–Eq. 3) for ozone concentra-
tions which needs as input the time of the day and the relative
elevation of the measuring point (i.e., the vertical distance
between the measuring point and the point with the lowest
elevation within a 5 km distance):

O3 std hrel; tð Þ ¼ a1 þ a2⋅e− t−a3ð Þ2a4
� �

⋅ln
b5⋅hrel
100

þ b1 þ b2⋅e− t−b3ð Þ2b4
� �

−
c1

1− t−c2ð Þ⋅
hrel
c3

ð3Þ

where O3_std is the hourly dependent ozone concentration, hrel
is the relative elevation of the measuring site, t is the time of
the day, and ax, bx and cx are parameters of the function.

For each measuring point, the average value of the Loibl
function was set equal to the weekly average of the ozone
concentration measured with the passive samplers in order to
obtain an hourly dependent ozone concentration. In this way,
it was possible to calculate AOT40 for each point and draw a
map on the Valle Camonica domain using a geostatistical
technique known as ordinary kriging; this technique is based
on a model of the spatial variability of the data which was
estimated from the semivariogram plots (Gerosa et al. 2013b).

Micrometeorological measurement site

Measurements were performed for the two summer periods
from July to October 2010 and from June to September 2011.

The chosen ecosystem for this study was a larch forest
(Larix decidua, Mill) located in Paspardo, Valle Camonica in
the Brescia district in Northern Italy (46°02′40″ N, 10°23′04″
E). The forest surface was about 10 ha and the understorey was
characterized by mixed grass used as a pasture. Trees age was
between 100 and 350 years. The larch forest leaf area index
(LAI) was equal to 0.9 and the surface area index (SAI) was 0.7
while for the understorey the LAI was 1.3 and the SAI 0.2. The
mean forest height was 26 m and the forest was located on a
gentle slope with an inclination between 3° and 13°.

Inside the forest, a micrometeorological tower was
mounted to measure mass and energy exchange between the
ecosystem and the atmosphere using the eddy covariance (EC)
technique. EC instrumentation was mounted on a mast on the
top of the tower at 29 m a.g.l.: a sonic anemometer (USA1,
Metek, D), a krypton-hygrometer (KH2O, Campbell
Scientific, USA), and a fast ozone analyzer (COFA,
Ecometrics, I). Since the COFA loses sensitivity because of
the coumarin target consumption, an absolute ozone analyzer
(1308, SIR, E) was used too. COFA targets were changed
every 5 days. Four thermo-hygrometers (HD9000,
Deltaohm, I) and four PAR sensors (LPPAR01, Deltaohm,I)
were mounted on the tower profile at 29, 20, 12, and 2 m. On
the top of the tower, a net radiometer (NR-LITE, Kipp and
zonen, NL), a pyranometer (LI 200 SZ, LI-COR, USA), and a
leaf wetness sensor (237, Campbell Scientific, USA) were
installed while three soil humidity probes (CS616, Campbell
Scientific, USA), and three soil heat flux plates (HFP01,
Hukseflux, NL) were set in the soil below the tower. EC data
were collected on a personal computer (while the slow data
from the agro-meteorological sensor were recorded by a
datalogger (CR10x, Campbell Scientific, USA).

Data elaboration

Turbulent fluxes of ozone (FO3) and sensible (H) and latent (LE)
heat were obtained as the covariance between the vertical com-
ponent of the wind and the studied scalar that is ozone concen-
tration for FO3, air temperature for H, and specific humidity for
LE; these fluxes are described by the following equations:

FO3 ¼ w0O3
0 ð4Þ

H ¼ ρcpw
0T

0 ð5Þ

LE ¼ λρw0q0 ð6Þ

where w is the vertical component of the wind intensity, O3

is ozone concentration, ρ is the air density, cp is the specific
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heat at a constant pressure, T is the air temperature, λ is the
latent heat of vaporization, q is the specific humidity;
primed quantities represent the fluctuations around their
30 min averages which are indicated by the overscript bars
(Pal Arya 2001).

The covariances in the previous equations are typically
obtained from the rotation of the covariance matrix as pro-
posed by McMillen (1988); this geometrical operation is
usually applied to remove small deviations of the sonic
anemometer from the verticality but in this case, we devel-
oped a customized method to correct the influence of the
mountain slope on the flux measurements. This method
aims at removing the advective component of the vertical
wind, due to the wind ascending or descending the slope,
mimicking the measurement methodology used by
Geissbühler et al. (2000) where a sonic anemometer was
placed perpendicular to the terrain on a slope and not to the
horizon. Unlike the McMillen method (1988), our method
does not apply any rotation after the flux calculation; in-
stead, it changes the reference system of the raw data be-
fore the flux calculation. Our method is based on the as-
sumption that the turbulent exchange is perpendicular to
the horizontal wind streamlines, so two rotations on the
raw data were performed. First of all, the terrain slope
around the tower was modeled, dividing it in 16 segments
with the tower in the center and for each segment the av-
erage slope was calculated. Hence, two rotations were ap-
plied: the first one aligns the horizontal wind to the bisec-
tor of the segment corresponding to the most frequent di-
rection of the horizontal wind in each half an hour; then,
the second rotation aligns the xy plane to the inclination of
the selected segment and, as a consequence, the z axis is
perpendicular to the xy plane. In this way, the advection
along the z axis of the original reference system was
removed.

Ozone flux partition

The measurement of the total ozone fluxes represents a
crucial data for the following data post-processing. In fact,
a SVAT (Soil Vegetation Atmosphere Transfer) model was
used to estimate the ozone dose taken up by the ecosystem.
These kind of models are based on a resistive analogy
where the fluxes correspond to a current intensity, the dif-
ference of ozone concentration corresponds to a voltage
difference, and the resistances are parameterized by means
of the micrometeorological measurements. The basic
SVAT model is composed by the resistances in series: the
aerodynamic resistance (Ra), the laminar sublayer resis-
tance (Rb), and the canopy/surface resistance (Rc). The can-
opy resistance can be further decomposed into two resis-
tances in parallel, the stomatal (RST) and the non-stomatal
ones (RNS).

RST can be derived from the inversion of Penmann-
Monteith equation (e.g., Gerosa et al. 2005) and so the stoma-
tal flux (FST) can be obtained applying Ohm’s law:

FST ¼ Rc

Ra þ Rb þ Rcð ÞRST
Cm ð7Þ

where Cm is the O3 concentration at the measuring height.
Further details on this methodology can be found in Gerosa
et al. (2005).

Assessment of the ozone uptake by larch trees

The ozone stomatal fluxes obtained from the methodology
of the previous paragraph considers the O3 entering the
stomata of the whole ecosystem and, in our case, since
the canopy is not completely closed, it should be referred
to both larch and understorey grass uptake. For this reason,
in order to quantify the larch uptake, a two-layer (larch and
grass) model was developed. Unlike the SVAT model pre-
viously described, this is a prognostic model which sepa-
rates the contribute of the ozone uptake of each of the two
layers using meteorological and O3 concentration data. The
model is based on the methodology proposed by the UN/
ECE (2004) with an adapted resistive scheme. The model
describes independently the stomatal behavior of each lay-
er with a sub-laminar resistance Rb and two resistance in
parallel Rstom and Rext, with the latter taking into account
the O3 destruction on larch needles or grass stems accord-
ingly to the layer. Above the upper layer, an aerodynamic
resistance Ra was used, while between the two layers an in-
canopy resistance, Rin-canopy, (van Pul and Jacobs 1994)
was considered in the model formulation. In parallel to
the lower layer a soil resistance Rsoil was used too.

The stomatal conductance (the reciprocal of the sto-
matal resistance) of each layer was obtained using a
Jarvisian approach (Jarvis 1976; UN/ECE 2004) which
estimates it as the product of the maximum stomatal con-
ductance of the studied species and a combination of
limiting functions, which depend on environmental pa-
rameters. Also, these functions are characteristic of the
studied species and their values are between 0 and 1. The
parameterization of the limiting functions of the lower
layer was taken from UN/ECE (2004), using the generic
grass parameterization with a maximum stomatal con-
ductance set to 270 mmol m−2 s−1; the upper layer was
parameterized using a maximum stomatal conductance
equal to 125 mmol m−2 s−1 as proposed by Sandford
and Jarvis (1986) and Wieser et al. (2000); unfortunately,
no parameterization was available in the literature for the
limiting functions of larch, so the generic continental
conifers ones (UN/ECE 2004) were used.
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Results

Meteo-climatic conditions at the micrometeorological
measuring site

The meteorological conditions of the two measuring periods
are shown in Table 1 in Gerosa et al. (2013a). Summer 2011
was hotter and less rainy. In fact, considering only the com-
mon months of measurements (July–September), the monthly
average temperature was slightly higher in July 2010 than
July 2011 (15.4° vs 13.8°), but in the following 2 months,
the average temperatures were much higher in 2011 than in
the previous year (18.1° vs 13.3° in August and 13.6° vs 9.4°
in September). Rainfall was much higher in 2010 (717 mm
only in August and September), nearly double of the same
period of the following year (364 mm). However, this trend
did not affect too much soil water content which was just 3%
higher in these 2 months of 2010 (28 vs 25% in August and 29
vs 26% in September).

Since no meteorological data were available at the measur-
ing site before and after the field campaign, data from a nearby
station (Cevo, 1128 m a.s.l., 5 km far from the micrometeo-
rological tower) were analyzed to compare the meteo-climatic
data of the two measuring periods with a longer period.
Average temperature and cumulative rainfall from Cevo (in
the period from July to September of each year) are shown in
Fig. 1. Monthly trends of rainfall and temperature similar to
our measuring site were observed also in Cevo (data not
shown here) and data from this meteo station confirmed that
summer 2011 was hotter and less rainy. However, if the period
from 2008 to 2015 is considered, no significant deviation from
the average values can be observed (Fig. 1).

Ozone deposition and flux partition

In this paper, we adopted the convention that positive ozone
fluxes are directed toward the ecosystemwhile negative fluxes
are leaving the ecosystem. The larch forest behaved as a net
sink for ozone, with rare negative peaks during night-time,
and quite regular diurnal behavior with daily maxima from
20 up to 40 nmol m−2 s−1.

On average, ozone concentrations showed the typical be-
havior of high elevation sites with the maximum during the
night and the minimum in the central hours of the day (Fig. 2).
The mean daily courses of the ozone concentrations in the
common period of the 2 years were relatively similar: In
July and September of both years, the maximum was around
40 ppb with a more pronounced minimum in July 2010 and
September 2011. In August, during the night, concentrations
were relatively higher in 2010 while the minimum was lower
in 2011. June 2010 concentrations were similar to the follow-
ing month, while in October 2011, their behavior was flatter
with the lowest values recorded (Fig. 2).

In Fig. 2a the results of the flux partition, obtained from the
SVAT model, are showed too. In 2010 (Fig. 2a), total ozone
fluxes increased significantly their intensity from July to
August with a peak, in the central hours of the day that
changed from 20 up to 40 nmol m−2 s−1. In September, the
fluxes were similar to the July ones, while in October, total
ozone fluxes were much lower than in the previous months,
with a peak around 10 nmol m−2 s−1. Stomatal fluxes had a
different behavior, with the maximum during July around
15 nmol m−2 s−1, similar to August and started to decrease
in September (less than 10 nmol m−2 s−1) and continued in
October (about 5 nmol m−2 s−1). The stomatal fraction was
40% in July, 30% in August, 32% in September, and 37% in
October.

In the three summer months of the following year (Fig. 2b),
the total ozone fluxeshad similar peaks around30nmolm−2 s−1

in the central hours of the day, while in September the peak
decreased to around 20 nmol m−2 s−1. In June, stomatal fluxes
peak was around 10 nmol m−2 s−1 and the annual maximum
was observed in July, with nearly 15 nmol m−2 s−1, after that
they started to decrease in the following months with
9 nmol m−2 s−1 in August and 7 nmol m−2 s−1 in September.
The stomatal fraction was 33% both in June and July, and it
decreased in the following 2 months (25% in August and 26%
in September).

These results from the flux partition are referred to the
whole ecosystem, which should be intended as the larch forest
and the understorey pasture, thus not allowing to estimate the
ozone risk for the forest. The developed prognostic model was
able to separate the contribution of the two layers: the agree-
ment with the measurements and the estimation of the overall
stomatal fluxes was satisfactory as it can be observed from
Fig. 3, where, as an example, 2010 data and model outputs are
shown. Considering the central hours of the day, the overall
stomatal fraction, that is the sum of the stomatal fluxes of larch
and grass divided by the total ozone fluxes, from the output of
the prognostic model was 32%, in good agreement with the
34% estimated by the diagnostic SVAT model based on the
inversion of the Penmann-Monteith equation. Most of the
ozone deposition, the remaining 68% of the total ozone fluxes,
is destroyed by chemical reactions or destruction on soil, cu-
ticles or stem.

On average, considering the central hours of the day, the
ozone taken up by the larch trees through the stomata was
around 70% of the overall stomatal deposition, while the
understorey grass accounted for the remaining part (around
30%); the stomatal uptake through the larch needles was
25% of the total ozone deposition to the ecosystem.

Considering the results of the flux partition between the
two layers of the ecosystem, it was possible to estimate the
POD1 received by the larch forest: 17.9mmolm−2 in 2010 and
22.2 mmol m−2 in 2011, while AOT40 index was 5.16 ppm h
in 2010 and 15.8 ppm h in 2011.
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Fig. 2 Ozone flux partition and
concentrations. Monthly averages
of the daily course in 2010 (a) and
in 2011 (b). The black line is the
ozone concentration, the green
one the total ozone fluxes, the red
one the stomatal uptake by the
ecosystem, and the dotted blue
line is the non-stomatal
deposition. The percentage
beside each month indicates the
stomatal fraction taken up by the
whole ecosystem. Note the
different scales of the two figures

Fig. 1 Average temperature and
cumulative rainfall in the period
July–September from the
meteorological station located in
Cevo, from 2008 to 2015
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Passive samplers monitoring and AOT40 mapping

Weekly measurements of ozone concentrations with passive
samplers were in good agreement in all the 11 sites showing
an increase of ozone concentrations with the height and a
general decrease of the ozone concentrations in the second
part of the field campaign with the exception of some measur-
ing sites (the most elevated ones) in the last 3 weeks.
Considering data only in the common measuring period of
the micrometeorological tower, the AOT40 map is shown in
Fig. 4. Considering the critical level of 5000 ppb h (CLRTAP
2014), nearly all the Valle Camonica is above this threshold
with the exception of part of the valley floor even for less than
3 months, a shorter period than the 6 months prescribed by
CLRTAP (2014). AOT40 peaks were estimated in the south-
ern and in the northern part of the valley with values around
30,000 ppb h, six times the critical levels, while large part of
the valley experienced an ozone exposure from two to four
times the critical level. The estimated AOT40 for the larch
forest in Paspardo, obtained from the AOT40 map, was
7237 ppb h.

Discussion

The flux measurements shown in this paper represent a rela-
tive novelty since direct measurements of ozone deposition
over a larch forest were never performed before. Only indirect
measurements of ozone uptake were performed, using a fumi-
gation system and climatized branch enclosures (Wieser and
Havranek 1995) or sap-flow sensors (Wieser et al. 2003) and
both of them showed stomatal uptake of the same magnitude
experienced at the Paspardo measuring site.

The ozone risk assessment can be performed consider-
ing the dose response relationship (UN-ECE 2004) for
Norway spuce, which is assumed to be representative for
conifers: The result was a missing growth of 4.2% in 2010
and 5.3% in 2011. In both cases, the POD1 is well above

critical level set by UN/ECE (8 mmol m−2), suggesting that
the larch forest is exposed to a relevant ozone risk, which

Fig. 4 AOT40 map obtained from the passive samplers in the same
period (July–October) of the measurements at the micrometeorological
tower in 2010

Fig. 3 Outcomes of the double layer model compared with the 2010
experimental data. The green solid line is the modeled total ozone flux
while the green dotted line is the measured total ozone flux; the red solid

line is the modeled stomatal flux for larch and the blue solid line is the
stomatal ozone flux for the understorey grass while the black dotted line is
the overall stomatal ozone flux estimated from the SVAT model
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could be also greater than this estimation. In fact, Wieser
et al. (2013) found, in a branch fumigation experiment, that
Larix decidua had a greater susceptibility to elevated O3

than the Picea abies. Larch twigs were exposed for a
shorter period than spruce ones but only larch twigs ex-
posed to very high mean O3 concentrations showed statis-
tically significant differences with respect to the control.
However, a significant reduction of photosynthetic capac-
ity was observed in the larch twigs which received a sim-
ilar dose of O3 (22 mmol m−2), even when exposed for
shorter periods than in our larch forest. Furthermore,
Wieser et al. (2013) found that spruce seedlings exposed
to 100 ppb of O3 did not show any biomass reduction while
larch seedlings had a 20% biomass reduction and the anti-
oxidants concentration in dry biomass were higher in the
larch needles. The anti-oxidants, a common marker of ox-
idative stress (Polle 1997), are expected to be higher in
larch which usually experiences, at the treeline, more ad-
verse conditions such as high solar radiation, low
temperatures, and high O3 concentrations, but Wieser
et al. (2013) showed that the anti-oxidants did not seem
to be able to protect enough larch from O3 stress.

Even if some of these results were obtained from exper-
iments involving saplings and these results can be hardly
transferred to a mature stand (Kolb and Matyssek 2001),
the ozone dose taken up by the ecosystem suggests that this
laricetum was exposed to a significant ozone risk, which is
underestimated using the AOT40 index.

As for POD1, also for AOT40, no relationship between
exposure and biomass reduction is available for larch, so,
also in this case, the relationship for Norway spruce was
used. Karlsson et al. (2004) proposed a 0.8% missing
growth for an exposure equal to 4.7 ppm h and this leads,
for our measuring site, to a biomass reduction, which
should be intended as missing growth, equal to 0.79% in
2010 and 2.43% in 2011. If the AOT40 obtained from the
map exercise is considered (7.25 ppm h), the foreseen bio-
mass reduction is lightly higher (1.12%) than the one ob-
tained by direct measurements at measuring site but in both
cases well below than what was estimated using the POD1

index (4.2%).
Figure 5 shows the different behaviors of the two cumu-

lative ozone risk indexes during the measuring period of
each year. In 2010, the measured AOT40 (obtained from
measurements at the larch forest) grew slowly in the first
part of the field campaign because of relatively low O3

concentrations, increased much more in August and after
that slowly grew again until the end of September. The
modeled AOT40 (obtained from the AOT40 map), a part
from the first 3 weeks, showed a good agreement with the
measured AOT40, while in the first 3 weeks, the modeled
AOT40 overestimated the real ozone exposure at the larch
forest. The POD1 had a much more regular growth until

September and then increased with a lower rate. Also in
2011, POD1 increased quite constantly until July, after
which, a change in the increase rate can be observed. On
the contrary AOT40 growth alternated periods with no in-
crease, due to diurnal concentrations below the threshold
of 40 ppb, and periods with different growth rates. The
irregular behavior of the AOT40 can be explained consid-
ering the average course of the O3 concentrations (Fig. 2),
which was on average often below the 40 ppb threshold
during the daylight hours, when the AOT40 is calculated.
Large differences between the growth rate of these two
indexes were already observed for instance by Gerosa
et al. (2009a) in a completely different ecosystem.
Moreover, AOT40 does not take into account the different
physiological responses of the different species to the en-
vironmental parameters and also the different susceptibility
to ozone (Matyssek et al. 2004).

The daily course of O3 concentrations showed the typ-
ical behavior of high elevation sites, mostly controlled by a
lower circulation of polluted air masses, characterized by
less ozone destruction by NOx and stratospheric intrusions
(Herman et al. 2001; Wieser et al. 2009). In 2011, the
difference between the nocturnal maximum and the diurnal
minimum was higher than previous year measurements, in
agreement with a higher bulk stomatal conductance too
(Fig. 6). This fact confirms the important role of dry depo-
sition in the control of near-surface ozone concentrations
and highlights the role of vegetation in this control
(Garland and Derwent 1979; Fowler et al. 2009).
However, at our measuring site, stomatal removal by the
larch forest was only a minor part of the total deposition
(16% in 2010 and 15% in 2011) showing that this forest
was able to supply an important ecosystem service (pollut-
ant removal) with a relatively low biological cost, since
most of the O3 was destroyed on cuticles, soil, by chemical
reactions or taken up by the understorey grass.

The larch forest lost from 4 to 5% of biomass production
due to a great ozone deposition in both years, suggesting the
system is a resilient one, offering an important ecosystem
service with a relatively low biological cost but the future of
treeline forests like the Paspardo one seems to be very difficult
to predict because of contrasting results. In the framework of
the MANFRED project, the IPCC climate change scenario
A1b, an intermediate scenario, was downscaled to the valle
Camonica domain. Two significant results that can affect for-
ests health emerged: a generalized temperature increase and an
overall rainfall decrease (Gerosa et al. 2013b). These two pre-
dictions might have very contrasting effects on forests: Wieser
and Stöhr (2005) showed that gross primary production will
likely increase and might be able to compensate the carbon
loss by respiration which is mostly driven by temperature. On
the other hand, rainfall is expected to change its monthly dy-
namics: a 20% increase is foreseen during winter while a
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significant 40% reduction is expected during summer in the
2071/2100 period (Gerosa et al. 2013b). Forests at the timber-
line rarely have to restrict their transpiration (Matyssek et al.
2008), a significant temperature increase of about 4–5 °C is
foreseen for the highest altimetrical area of the valley, and it
might affect the water demand of treeline ecosystems (Gerosa
et al. 2013b). Moreover, this might increase the oxidative
stress and thus enhance the ozone risk, since plants might have
to cope with drought because of an increase of the number of
dry days (Gebetsroither et al. 2013).

Even if the areal distribution of Larix decidua is expect-
ed to increase (Gerosa et al. 2013b) little evidence of up-
ward tree shift have been reported in the Alps to date
(Gehring-Fasel et al. 2007). Since the alpine timberline
seems to be more influenced by management practices
and land use change rather than the relatively slow effects
of climate change (Wieser and Tausz 2007), adaptive man-
agement practices like the ones developed in the
MANFRED project (e.g., Gerosa et al. 2013b) might help
to cope with climate change, following policies which tend
to preserve the natural role of mountain forests, consider-
ing also abiotic and biotic stressors which might worsen in
the future.

Conclusions

Ozone deposition was monitored for 2 years at a treeline
larch forest. A correction of the eddy covariance technique
for complex terrain was developed and allowed to properly
estimate the gas exchange between the forest and the at-
mosphere. In order to establish the amount of ozone taken
up the larch needles, a double layer prognostic model was
developed. Even if a great O3 deposition was measured, the
stomatal uptake by the larch forest estimated using a prog-
nostic model was only a minor part (15–16%) of the total
ozone deposition, and the remaining part was taken up by
stomata of the understorey grass or by non-stomatal
processes.

The ozone risk for the larch forest located in Paspardo
was assessed for 2 years using different indexes, method-
ologies, and scales. AOT40 was estimated with direct mea-
surements at the larch forest and indirectly from the
AOT40 map with an overestimation by the latter; both of
them were well below the estimation of the missing growth
of 4.2% obtained by the flux measurements. However, this
discrepancy might be even larger, considering the Norway
spruce (Picea abies) dose response relationship seems to
be less susceptible to ozone than Larix decidua, as shown
in the literature. Finally, the results suggest that climate
change will likely affect the health status of treeline for-
ests, especially in Valle Camonica, even if a clear quanti-
fication of climate change influence is difficult and adap-
tive management policies might hopefully help to cope
with it.
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Fig. 5 Evolution of the phytotoxic ozone dose (POD1–red line) for the
larch forest and ozone exposure (AOT40–green line) during the two
seasons, figure a in 2010, figure b in 2011. The blue line in a is the

AOT40 estimation at the larch forest obtained from the mapping of
passive samplers concentrations. Note the different scales of the two
figures

Fig. 6 Daily course of the bulk stomatal conductance in the common
measuring period (July–September) of both years
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