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Abstract

High ground-level ozone concentrations are typical of Mediterranean climates. Plant exposure to this oxidant is
known to reduce carbon assimilation. Ozone damage has been traditionally measured through manipulative experi-
ments that do not consider long-term exposure and propagate large uncertainty by up-scaling leaf-level observations
to ecosystem-level interpretations. We analyzed long-term continuous measurements (>9 site-years at 30 min resolu-
tion) of environmental and eco-physiological parameters at three Mediterranean ecosystems: (i) forest site dominated
by Pinus ponderosa in the Sierra Mountains in California, USA; (ii) forest site composed of a mixture of Quercus spp.
and P. pinea in the Tyrrhenian sea coast near Rome, Italy; and (iii) orchard site of Citrus sinensis cultivated in the Cali-
fornia Central Valley, USA. We hypothesized that higher levels of ozone concentration in the atmosphere result in a
decrease in carbon assimilation by trees under field conditions. This hypothesis was tested using time series analysis
such as wavelet coherence and spectral Granger causality, and complemented with multivariate linear and nonlinear
statistical analyses. We found that reduction in carbon assimilation was more related to stomatal ozone deposition
than to ozone concentration. The negative effects of ozone occurred within a day of exposure/uptake. Decoupling
between carbon assimilation and stomatal aperture increased with the amount of ozone pollution. Up to 12-19% of
the carbon assimilation reduction in P. ponderosa and in the Citrus plantation was explained by higher stomatal ozone
deposition. In contrast, the Italian site did not show reductions in gross primary productivity either by ozone concen-
tration or stomatal ozone deposition, mainly due to the lower ozone concentrations in the periurban site over the
shorter period of investigation. These results highlight the importance of plant adaptation/sensitivity under field con-
ditions, and the importance of continuous long-term measurements to explain ozone damage to real-world forests
and calculate metrics for ozone-risk assessment.
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therefore produce ozone (Chameides et al., 1988).

Introduction
Ozone can be removed from the atmosphere through

Tropospheric ozone is a potent oxidizing agent and also
a greenhouse gas, with background atmospheric con-
centrations in northern midlatitudes that have increased
substantially in recent decades (Vingarzan, 2004; Coo-
per et al.,, 2010). In Mediterranean regions, high solar
radiation and temperatures promote photochemical
reactions of anthropogenic and biogenic volatile organic
compounds (VOC) and nitrogen oxides (NOx), which
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plant stomatal uptake and deposition on soil, plant sur-
faces, or within the canopies after reacting with NOx
and biogenic VOC (Fowler et al., 2009). Ozone has detri-
mental effects on living organisms, and the exposure to
elevated ozone concentrations produces biochemical
and physiological changes in plants. The main negative
effect is the inhibition of carbon assimilation by damage
of the photosynthetic apparatus in plants. Two meta-
analysis reviews reported a reduction in light-saturated
photosynthesis (—14%) and total tree biomass (—18%)
of angiosperms in ozone treatments of around 40 ppb
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(Wittig et al., 2007, 2009). Because of the difficulty of
studying large and mature trees, however, these meta-
analyses were based on young trees under controlled
conditions with relatively low increases in ozone (e.g.,
<50 ppb). To quantify the effects on forests more gener-
ally, it is crucial to quantify the effects of low-to-high
ambient ozone concentrations (e.g., from 10 to >80 ppb)
on carbon assimilation and growth of mature and grow-
ing forests under field conditions (Manning, 2005).

In plant ecosystems, ozone has likely a negative effect
on gross primary productivity (GPP), which represents
the capacity of terrestrial ecosystems to capture CO,
from the atmosphere. GPP is an important driver of the
global carbon cycle, and >50% of total terrestrial GPP
and net primary productivity (NPP; equivalent to GPP-
autotrophic respiration) are accounted for by forests
(Geider et al., 2001; Grace, 2004). In consideration of the
detrimental effect on vegetation, the international
scientific community is working on establishing new
criteria for protecting vegetation from ozone (Paoletti &
Manning, 2007; UNECE, 2011). An overarching goal is
to define a metric for ozone-risk assessment, which can
identify at risk ecosystems to protect them using new
standards and policies. In Europe and the USA, expo-
sure-based indices have been widely used, under the
assumption that plant injury and exposure to ozone
concentrations are proportionally related (EPA, 2007;
UNECE, 2011). Recently, a consensus is growing for
moving toward a flux-based index (Matyssek et al.,
2007; Mills et al., 2011). This index could be a measure
to calculate the effective dose of ozone entering
stomata, as this is recognized as the main deposition
pathway responsible for plant damage (Matyssek et al.,
2007; UNECE, 2011). These issues demonstrate the

importance of quantifying and understanding potential
ozone damage on carbon assimilation by plants at the
ecosystem scale for policy-making and management
decisions.

Traditional methods to assess ozone damage to vege-
tation and estimate metrics for ozone-risk assessment
involve the use of plant chambers (e.g., cuvettes, open-
top chambers). In these experimental setups, plants are
exposed to known concentrations of ozone and con-
trolled environmental conditions (Karlsson et al., 2000;
Manning, 2005). Although these approaches are useful
to define standard conditions to calculate metrics,
chambers make use of seedling or transplants, which
may not have been adapted to long-term exposure to
ozone, and may respond differently from adult trees;
therefore, making it difficult to up-scale observations to
ecosystem level (Samuelson & Kelly, 2001). Up-scaling
these metrics to the ecosystem level is also challenging
because: (i) the energy balance is not uniform within
the canopy (Blanken et al., 1997); (ii) ozone concentra-
tion decreases from canopy top to the soil, depending
on the stomatal and nonstomatal ozone sinks, thus
affecting in different extents different compartments of
canopies (Wolfe et al., 2011); and (iii) in Mediterranean
regions, high values of vapor pressure deficit (VPD),
temperature, and drought conditions can largely reduce
stomatal conductance for long periods (Paoletti, 2006;
Manes et al., 2007). These limiting conditions challenge
the application of stomatal deposition models, which
predict stomatal conductance in response to environ-
mental drivers (Emberson et al., 2000; Fares et al., 2013).

In this study, we used long-term datasets (>9 site-
years) where biometeorological fluxes were directly
measured at the ecosystem scale using the eddy covari-

Table 1 Monthly averages of air temperature (Ta), vapor pressure deficit (VPD), soil moisture, and ozone concentration ([Os])
were recorded hourly and filtered for the day hours (9:00-19:00 hours). Precipitation (excluding irrigation), net ecosystem exchange
(NEE), and ozone fluxes are reported as monthly sums. For Blodgett, errors refer to interannnual averages. Negative sign means

flux from the atmosphere to the canopies. na, not available

Ta (°C) VPD (kPa) Precip. (mm) Soil moisture (%)

Blodg. Lind. Cast. Blodg. Lind. Cast. Blodg. Lind. Cast. Blodg. Lind. Cast.
Jan 6.64 £ 071 1115 1153 1.01 +£0.05 034 030  110.73 £30.30  180.85 13520 32.25 £ 1.05 20.13 16.91
Feb  6.69 091 1336 1268 1.01 £0.06 040 056 18543 +31.68 216.15 136.80 31.90 = 1.04 20.72 19.37
Mar 9.80 £ 1.44 1699 1446 128 £0.11 106 054  180.82 + 46.27 40.64 219.20 31.78 £ 099 17.67 22.85
Apr  9.66 £1.05 18.08 1945 1.27 £0.09 1.11 097  155.66 +49.25 18796 90.40 30.33 + 1.51 20.14 16.70
May 16.87 £ 0.86 23.09 2287 197 4+0.10 1.95 1.17 67.84 + 28.34 838 5190 24.49 + 1.66 20.68 11.63
Jun 2096 £ 0.69 30.60 2652 248 £0.09 327 1.28 17.42 + 15.53 0.00 21.00 16.18 £ 1.63 16.16 933
Jul  24.65 + 045 3342 2732 3.03+£009 373 146 7.85 + 7.85 0.00 51.00 10.72 +£0.94 21.76 853
Aug 2448 +0.32 31.66 2987 298 £0.05 343 205 35.84 + 35.39 0.00 2.00 9.32+060 2529 852
Sep 21.12 £0.75 29.04 2736 249 +£0.10 277 158 13.27 + 4.93 254 4500 948 +£0.32 29.08 830
Oct 1553 £0.89 21.73 1996 1.80 +£0.10 133  1.03 4879 £ 2695  173.82 347.60 11.46 +1.23 2587 8.14
Nov 914 £0.77 1583 1518 1.19 £0.06 0.79 0.58 163.03 £ 36.52 40.64 180.50 23.62 £1.06 1791  8.66
Dec 577 £063 10.19 1215 094 £0.04 032 046 26794 +£5020 12852 29550 30.96 + 1.02 20.38 10.70

© 2013 John Wiley & Sons Ltd, Global Change Biology, 19, 2427-2443
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ance technique (Fares ef al., 2010a). The main objec-
tive of this study was to explore the interactions
between atmospheric ozone concentration and stomatal
deposition to ozone with GPP, to quantify potential
damage to vegetation in Mediterranean climates. We
hypothesize that high levels of ozone concentration
(e.g., >75 ppb) in the atmosphere and/or stomatal
fluxes result in a decrease in carbon assimilation by
trees under field conditions. Furthermore, we used
novel techniques for time series analysis (i.e., wavelet
coherence analysis and Granger causality), and general
regression models to determine whether ozone concen-
tration and/or stomatal ozone deposition can be used
as predictors of ozone damage on GPP. The experi-
ments were performed at three field sites all located in
geographical areas characterized by Mediterranean
climates and exposed to phytotoxic levels of ozone
produced by photochemical processing of emissions
from nearby urban centers.

Material and methods

Description of sites

The Blodgett Ameriflux site (38°53'42.9"N, 120°37'57.9"W) is
located at 1315 m a.s.l. in the Sierra Nevada Mountains of Cal-
ifornia, near Georgetown, adjacent to the UC Berkeley Blodg-
ett Forest Research Station, on land owned by Sierra Pacific
Industries in the United States of America (USA). This forest
site is a plantation of Ponderosa pine (Pinus ponderosa L.)
planted in 1990. The major understory shrubs are Manzanita
(Arctostaphylos manzanita) and Ceanothus (Ceanothus cordula-
tus). The total Leaf Area Index (LAI) increased from 1.2 in
2001 to 2.9 M’jeas M “grouna in 2006, with a mean height
increasing from 4 m to 7.6 m during the same period (details
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on forest silvicultural practices and soil conditions are given
in Goldstein et al., 2000; Fares et al., 2010a). The site is charac-
terized by a Mediterranean climate, with warm dry summers
(mean monthly air temperature >20 °C, and mean summer
precipitation <150 mm; Table 1), and cold wet winters (mean
monthly temperature ca. 6 °C, and mean winter precipitation
>700 mm; Table 1). There is a typical mountain wind regime
bringing daytime air up the mountain slopes from the nearby
Sacramento valley urban area, whereas at night, a gentle
downslope wind reverses the direction. The soil has 60% sand
and 29% loam with a pH of 5.5. More details on forest climate
conditions are given in Fares et al. (2010a).

The Lindcove measurement site is located in a private Valen-
cia Orange orchard with Citrus sinensis planted in the 1960s,
131 ma.s.l,, 3 km west of the University of California Lindcove
Research and Extension Centre near Visalia, California, USA
(36°21'23.6"N, 119°5'32.1"W). The site is characterized by a
Mediterranean climate, with warm dry summers (mean
monthly air temperature >30 °C, and mean summer precipita-
tion <150 mm; Table 1), and cold wet winters (mean monthly
air temperature <9 °C, and mean winter precipitation
>700 mm; Table 1). The site has a typical wind pattern, which
brings daytime air up the mountain slopes of the Sierra Nevada
Mountains from the nearby urban area of Visalia, whereas at
night, a gentle downslope wind reverses the direction. The soil
texture is 42% sand, 38% silt, and 20% clay. The plantation is
well irrigated, and for a more detailed description on soil and
plant characteristics, spacing of the plantation, irrigation treat-
ments, and climate characteristics, see Fares et al. (2012).

The experimental site of Castelporziano (41°44'41.9"N,
12 °24'32.9"E) is located 80 m a.s.l. and 7 km from the sea-
shore of the Tyrrhenian Sea inside the Presidential Estate of
Castelporziano, an area of about 6000 ha located 25 km SW
from the center of Rome, Italy. This Thermo-Mediterranean
region is characterized by prolonged stress aridity during
summer periods, and a moderate cold stress during winter.
The wind circulation is mostly determined by a local sea—land

NEE (g C m ™) [Os] (ppb) O; flux (g Os m ™) St. O; flux (g O3 m~2)

Blodg. Lind. Cast. Blodg. Lind. Cast. Blodg. Lind. Cast. Blodg. Lind. Cast.
—11.93 £ 12.94 -37.78 na 3398 £ 199 20.12 na —0.31 £0.02 —030 na —0.06 = 0.01 na na
—4233 +£ 1417 -5.71 na 3797 £240 2673 na -0.33 £0.02 -052 na —0.11 £0.01 na na

—111.88 + 23.83 —38.50 na 4327 + 240 4116 na —044 £ 002 -0.60 na —0.14 £ 0.01 na na

—188.30 + 26.27  25.51 na 4599 + 245 4571 na —0.59 £ 0.03 —0.62 na —0.19 £ 0.01 —0.03 na

—263.35 + 38.07 —42.64 na 5253 £ 2.18 5094 na —0.88 £ 0.04 —0.67 na —-0.19 £0.02 —-0.12 na

—271.37 + 33.35 3.23 na 54.84 +2.65 61.19 na —0.93 £ 0.04 —0.65 na —0.15 4+ 0.01 —0.12 na

—282.95 + 39.66  89.01 na 59.05 + 3.66 7221 na —0.98 £ 0.04 —0.80 na —0.11 £ 0.01 —0.16 na

—230.39 + 41.92 36.75 na 6392 +£ 324 6639 na —0.84 £ 0.04 —-0.78 na —0.10 £ 0.01 -0.16 na

—146.81 + 42.09 -37.11 101.01 55.77 £2.86 6440 46.72 —-0.52+ 0.03 -0.72 -0.07 —0.09 +£0.01 -0.17 —0.03
—77.07 £22.07 —628 12382 45.61 +£4.00 41.11 3476 —046 +0.02 -0.65 -024 -0.08 4+ 0.01 -021 -0.11

-9.69 + 11.07 -57.72 15993 3395 +£ 225 2859 1720 -040 +0.02 -053 -0.10 -0.07 +0.01 -0.10 -0.09
21.84 + 12.76 —39.08 4875 31.74 £1.82 2052 2354 -033+002 —043 —0.06 —0.09 +0.04 na —-0.03

© 2013 John Wiley & Sons Ltd, Global Change Biology, 19, 2427-2443
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breeze wind regime, with moderate-to-strong S-SW winds
blowing during the morning, and light N-NE winds in the
afternoon. The soil has a sandy texture (sand content above
60%) and low water-holding capacity, which exacerbates early
drought. The vegetation is a mixed Mediterranean forest with
shrub and tree species with an average height of 25 m and a
LAI of 4.76 m%jes mfzgmund. The main tree species are as fol-
lows: Arbutus unedo, Laurus nobilis, Phyllirea latifolia, P. pinea,
Quercus ilex, and Q. suber. These species belong to an uneven-
aged stand where the oldest trees were planted more than
80 years ago. More details on soil properties and site charac-
teristics are provided in Fares et al. (2013).

Gas exchange measurements

Measurements used in this study from the Blodgett forest
started in January 2001 and ended in December 2007 (7 site-
years). Measurements in Lindcove started in October 2009 and
ended in November 2010 (>1 site-year), and measurements in
Castelporziano started in September 2011 and ended in Decem-
ber 2011 (<1 site-year). At all sites, soil moisture, air temperature,
relative humidity, photosynthetically active radiation, and
atmospheric pressure were measured continuously at 30 min
time intervals. Concentration measurement of water, CO,, and
ozone was performed continuously and at high frequency
(10 Hz) and correlated with the vertical wind velocity measured
with an ultrasonic anemometer to calculate fluxes according to
the eddy covariance technique extensively described elsewhere
(Goldstein et al., 2000; Detto et al., 2010). Details on instrumenta-
tion used to measure fluxes, corrections, and uncertainty analy-
sis are provided in Fares et al. (2010b) for the Blodgett site, in
Fares et al. (2012) for Lindcove, and Fares et al. (2013) for Castel-
porziano. GPP was calculated from ecosystem scale fluxes of
CO, directly measured by eddy covariance Net Ecosystem
Exchange (NEE) by adding the ecosystem respiration term (Reco)
to NEE. R, was calculated using the nighttime NEE measure-
ments and extrapolated to the daytime according to the model
formulation explained in detail by Lasslop et al. (2010).

In this study, we indicate negative fluxes when mass and
energy transfer are from the atmosphere into the vegetation
and soil. To calculate a canopy-scale stomatal conductance to
ozone (Goz), we used measurements of latent heat flux evapo-
transpiration (ET) according to the Evaporative-Resistance
method, commonly used in multiple studies. Details of the
calculation (Eqn S1) and additional references for this tech-
nique are shown in the supplementary material.

Statistical analyses

Wavelet coherence analysis. We used wavelet analysis as a
time series technique that has been widely applied in the
geosciences (Torrence & Compo, 1998) and has recently been
applied for studying ecosystem biometeorological variables
(Vargas et al., 2010, 2011; Heinemeyer ef al., 2012). This tech-
nique is used to quantify the spectral characteristics of time
series that may be nonstationary and heteroscedastic. Analy-
ses using Fourier transform or cross-correlation to investigate
the spectral properties of biometeorological variables failed in

the presence of nonstationary phenomena (Katul et al., 2001),
such as rain pulses, heat waves, or freezing events. Most bio-
meteorological variables (e.g., GPP, Gos) typically violate the
stationarity assumption underlying the analysis of spectral
properties and wavelet analysis is an alternative technique to
analyze them (Torrence & Compo, 1998). In this study, we
explored the temporal correlation between GPP with ozone
concentrations (hereon indicated with [O;]) and Gos using
wavelet coherence analysis (Grinsted ef al., 2004). Previous
reports have described the technique in detail for climate stud-
ies (Torrence & Compo, 1998; Grinsted et al., 2004) and soil
CO, efflux research (Vargas et al., 2010). Briefly, coherency is
roughly similar to classical correlation, but it pertains to the
oscillating components in a given time period (e.g., 1 day per-
iod or 8 day period).

It is important to recognize that the diurnal cycle of solar
radiation governs the daily course of air temperature, GPP,
and ozone photochemical production contributing to con-
founding effects (Vargas et al., 2011; Heinemeyer et al., 2012).
Therefore, changes in light and air temperature could mask or
overestimate the temporal correlation between GPP and [O3]
or Gos. Thus, to analyze these temporal correlations, we
removed the effect of photosynthetic active radiation (PAR)
and air temperature (Ta) on GPP, Gos, and [O;]. In other
words, we used the residuals of these time series, which could
be interpreted as the light and temperature independent time
series of these variables. This is a conservative approach to
analyze temporal correlations when confounding effects are
suspected (Vargas et al., 2011; Heinemeyer et al., 2012). To do
this, we first removed the effect of changes in PAR on all vari-
ables by fitting independent simple linear regressions for each
day calculated from hourly measurements with the form:

Residuals_1 = Vary — (B; + B, * PAR) (1)

where B; and B, are parameters evaluated for each single day
based on half hourly measurements of PAR and Var is the
biometeorological variable of interest (e.g., GPP). Thus, in this
first step, the biometeorological variable of interest was detr-
ended for daily changes in PAR. Second, we fit a second set of
simple linear regressions for each day on the Residuals_1
newly created time series with the form:

Residuals_2 = Residuals_1 — (Bs + By * Ta) (2)

where B3 and B, are parameters evaluated for each single day
based on half hourly measurements of Ta. Thus, the result of
Residuals_2 is that the biometeorological variable of interest
was detrended for daily changes in PAR and Ta. Using this
conservative approach, we propose that any temporal correla-
tion between the residuals of daily GPP and Gos or [Os] is
likely to represent a link without the influence of confounding
effects. All analyses were performed using MATLAB R2007a
(The MathWorks Inc., Natick, MA, USA).

General regression model. The General Regression Model
(GRM) applies the methods of the general linear model, allow-
ing it to build models for designs with multiple-degrees-
of-freedom effects for categorical predictor variables, as well
as for designs with single-degree-of-freedom effects for con-
tinuous predictor variables. The GRM approach used here

© 2013 John Wiley & Sons Ltd, Global Change Biology, 19, 2427-2443
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implements stepwise and best-subset model-building tech-
niques for Analysis of Variance (ANOvA), regression, and anal-
ysis of covariance (ancova) designs. To build models and to
estimate and test hypotheses about effects included in the final
model, the least squares method of the general linear model
was applied. The regression equation for a linear regression
design for three continuous predictor variables P, Q, and R is
as follows:

Y = by + b1 P + b,Q + b3R (3)

The predictors among four case studies here investigated
were as follows: PAR (umol m 27 Y), air temperature (Ta, °C),
vapor pressure deficit (VPD, kPa), soil moisture (%), canopy
transpiration (ET, mmol m~2s7!), and stomatal ozone deposi-
tion (Gos, m s~ ). Data averaged for 30 min time resolution
were used in the model. The model was designed with 70% of
the dataset and then cross-validated with the remaining 30%
of the data.

In addition to linear regression analysis, we performed a
nonlinear regression approach that includes polynomial
regression designs to degree 2 and additionally the two-way
interaction (i.e., combination) effects of the predictor variables
(Eqn S2).

Random Forest Analysis (RFA). Random Forest module is a
complete implementation of the random forest (RF) algo-
rithm (Breiman et al., 1984; Breiman, 2001). This technique
can be used for regression-type problems (to predict a con-
tinuous dependent variable) as well as classification prob-
lems (to predict a categorical dependent variable). A RF
consists of a collection (i.e., ensemble) of simple tree predic-
tors, each capable of producing a response when presented
with a set of predictor values. During the building of each
tree, for each split — that is for each node — predictor statistics
(i.e., sums of squares regression, as simple regression trees
are built in all cases) are computed for each predictor vari-
able; the best predictor variable will then be chosen for the
actual split. The final predictor importance values are com-
puted by normalizing those averages, so that the highest
average is assigned the value of 1, and the importance of all
other predictors is expressed in terms of the relative magni-
tudes of the average values of the predictor statistics, relative
to the most important predictor. For this analysis, we used
the same predictors at the same time resolution used for the
GRM analysis. A more detailed description of this method is
provided in the supplementary material. All analyses were
done with staTisTica 8.0 (StatSoft Inc., Tulsa, OK, USA).

Granger causality. G-causality explains phenomena by
showing them to be a result of effects originating from prior
causes in time as a signal processing technique. When these
prior causes are accounted for, predictions of the phenomenon
are improved against a null hypothesis that does not account
for these prior causes. This is the statistical interpretation of
causality proposed by Granger (1969) and is commonly
referred to as Granger or G-causality. This causality metric
originated in econometrics, but is now proliferating to a num-
ber of disciplines including ecology (Detto et al., 2012).

© 2013 John Wiley & Sons Ltd, Global Change Biology, 19, 2427-2443

G-causality is a measure of coupling with time and direc-
tionality. For this reason, it is based on prediction errors rather
than on linear interactions among coefficients. Traditionally, it
is expressed as the ratio between the residual variance of the
bivariate and univariate autoregressive models, 0,27 and af
respectively, and is given as:

%
Gyﬁx =In g B (4)

&

If the variables X and Y do not interact, there will be no
improvement in using Y to predict X, i.e., o—f ~ af] and Gy_,
x ~ 0, even if the two variables are correlated. If otherwise Y
has a causal influence on X, o2 <<7,27 s0 Gy_,x > 0.

G-causality can be formulated in the spectral domain and
extended to multivariate systems. A more detailed explanation

of this technique is provided in the supplementary material.

Results

Study of temporal correlations using wavelet coherence
analysis

This analysis was performed to study the temporal cor-
relations between the residuals of GPP and [O3] or Gos
at all study sites. For the Blodgett forest, we found a
strong temporal correlation (denoted by the red colors)
between the residuals of GPP and atmospheric [O;]
(Fig. 1a), and between GPP and Gos at the 1 day period
(Fig. 1b). This temporal correlation at the 1 day period
was in phase (zero lags), and was not constant through-
out the years as it was present only for 18.3% of
the measured days (denoted by the red colors, Fig. 1c
and S1). Higher temporal correlation was associated
with low values of GPP (Fig. 1e), and higher [O;]
(Fig. 1f) as denoted by black broken lines in two exam-
ples in Fig. 1. Seasonal variations also showed signifi-
cant temporal correlations, with 15% of the days, which
showed temporal correlation between GPP and [O;] at
the 64 day period.

For the Lindcove site, we also found a strong tempo-
ral correlation between the residuals of GPP and [Os]
(Fig. 2a) or Gos (Fig. 2b) mainly at the 1 day period
(48% of the measured days denoted by the red colors in
Fig. 2c), but it was also not consistent throughout the
measured year. The wavelet analysis (data not shown)
indicated a temporal correlation at the 1 day period of
2 h lag (i.e, Gos rises before GPP). Although this
research site has only 1 year of measurements, higher
temporal correlations (red colors in Fig. 2c and d) were
also present at lower values of GPP (Fig. 2e) and higher
[Os] (Fig. 2f), as denoted by the broken lines in Fig. 2.

Also for the Castelporziano site, we found a strong
temporal correlation between the residuals of GPP and
[O;] (Fig. 3a) or Gos (Fig. 3b) mainly at the 1 day
period (40% of the measured days denoted by the red
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Fig. 1 Wavelet coherence analysis to look the temporal correlations between the residuals of gross primary productivity (GPP) and
ozone concentration (a, ¢) or stomatal ozone deposition (b, d) for the Blodgett site. The colors for power values are from blue (low tem-
poral correlations with GPP) to red (high temporal correlations with GPP). The thick black line in a and b indicates the cone of influence
that delimits the region not influenced by edge effects. Black broken boxes show examples of strong correlation (denoted by red colour
in ¢, d) between low GPP values and high ozone concentrations. See Fig. S1 for details on temporal correlations at the 1 day time
period.
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Fig. 2 Wavelet coherence analysis to look the temporal correlations between the residuals of gross primary productivity (GPP) and
ozone concentration (a, ¢) or stomatal ozone deposition (b, d) for the Lindcove site. The colors for power values are from blue (low tem-
poral correlations with GPP) to red (high temporal correlations with GPP). The thick black line in a and b indicates the cone of influence
that delimits the region not influenced by edge effects. Black broken boxes show examples of strong correlation (denoted by red color
in ¢, d) between low GPP values and high ozone concentrations. Days of the year (DOY), days after January 20th of year 2010.

© 2013 John Wiley & Sons Ltd, Global Change Biology, 19, 2427-2443



REDUCTION IN CARBON ASSIMILATION BY OZONE 2433

Period [days]

Period [days]

260 270 280 290 300 310 320 330 340
Doy

LY
e

Period [days]

# 260 270 280 200 300 310 320 330 340

Y

T TS

GPP
(umol m2 s=1)
| I
5 3

260 270 280 290 300 310 320 330 340
D .
Ll )
II
260 270 280 290 300 310 320 330 340
DOY

Ozone [ppbl
&

Fig. 3 Wavelet coherence analysis to look the temporal correlations between the residuals of gross primary productivity (GPP) and
ozone concentration (a, ¢) or stomatal ozone deposition (b, d) for the Castelporziano site. The colors for power values are from blue
(low temporal correlations with GPP) to red (high temporal correlations with GPP). The thick black line in a and b indicates the cone of
influence that delimits the region not influenced by edge effects. Days of the year (DOY), days after September 1st of year 2011.

colors in Fig. 3c and d), but constant only in the warm
seasons [Days of the year (DOY) 244-289]. The tempo-
ral correlation at the 1 day period was in phase (zero
lags). Higher temporal correlations (red colors in
Fig. 3c and d) were also present at lower values of GPP
(Fig. 3e) and higher [Os] (Fig. 3f).

The following step was to evaluate our hypothesis to
test whether increasing ozone concentrations change
the relationship between GPP and Ggz. In all study
sites, the strongest temporal correlation was at the 1 day
period; therefore, we extracted the information from
each time series from this time period. In other words,
we removed the information for other time periods (i.e.,
frequencies larger than 1 day) to analyze the relation-
ship between Gpz and GPP. Our analysis was based on
the residuals of GPP and the residuals of Gos (i.e., to
avoid confounding effects) and grouped by three ranges
of atmospheric ozone concentrations: low (<50 ppb),
medium (>50 and <75 ppb), and high (>75 ppb). At
both Blodgett and Lindcove sites, we found that when
Gos increased, GPP also increased as both fluxes are
related to stomata opening. However, the slope of this
relationship decreased from 0.24 to 0.11 and from 0.20
to 0.12 as atmospheric ozone concentration increased
from low to high ozone for Blodgett and Lindcove,

© 2013 John Wiley & Sons Ltd, Global Change Biology, 19, 2427-2443

respectively (Fig. 4). The large dataset for Blodgett
allowed calculating the slopes for each year of these
relationships. We found large interannual variability in
the value of the slopes between different ozone concen-
trations; especially for years 2004 and 2006 (Fig. S2;
Table S1). In Castelporziano, GPP greatly increased as
Gos increased at low ozone concentrations, but
responses to higher levels of ozone concentration were
not studied as ozone rarely exceeded 50 ppb at this site.

Statistical models to highlight dependence of GPP on
ozone

Four case studies were selected in both linear and non-
linear models. Case 1 included the environmental vari-
ables, which are known to control GPP (i.e., PAR, Ta,
and soil moisture). The signs of the coefficients of pre-
dictors in the linear model are negative for variables
maximizing carbon assimilation, and positive for those
that represent a constraint (Table 2). For the nonlinear
model (Table S1), the behavior of predictors and their
combination was more complicated in relation to their
relationships with GPP (Table S2). Due to nonlinear
nature of these relationships, signs of predictors could
change in relation to a given combination of predictors.
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Fig. 4 Relationship between the residuals of gross primary productivity (GPP) at the 1 day time period and the residuals of stomatal
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medium (>50 and <75 ppb), and high (>75 ppb). Charts a, b, c refer to Blodgett forest, charts d, e, f refer to Lindcove, and chart g to
Castelporziano (note that ozone concentrations rarely exceeded 50 ppb at this site).

In Blodgett and Lindcove, PAR is the predictor that
better explained GPP (Table 2), followed by VPD, Ta,
and soil moisture. In Castelporziano, a more drought-
stressed ecosystem, soil moisture is the predictor
statistically more relevant, which was also lower in
comparison with the other ecosystems (Table 1). For
the Blodgett site, linear regression analysis carried out
for the case 1 showed a better predictive capacity, with
a coefficient slope of 0.86 between measured and mod-
eled GPP, when forced to origin (Table 2) than the
other two ecosystems, with slopes of 0.74 and 0.77 for
Lindcove and Castelporziano sites, respectively. More-
over, when considering the nonlinear nature of the

relationships between GPP and environmental predic-
tors with their combinations (Table S2), the regression
slopes between predicted and observed datasets did
not improve the predictive capacity of the nonlinear
regressive model realized for the case 1. The impor-
tance of the predictors assessed by RFA (RF, Fig. 5)
confirmed a strong dependence on soil moisture from
Castelporziano (29% importance vs. 18% for Blodgett
and Lindcove), with a predominant dependence on
PAR for the other two ecosystems.

The second case study also included plant transpira-
tion. This increased the predictive capability of the sta-
tistical model and showed to be the most important

© 2013 John Wiley & Sons Ltd, Global Change Biology, 19, 2427-2443
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predictor in the Blodgett ecosystem (Table 2), although
it was ranked second in importance by the RF (Fig. 5).
Notably, even in this second case, the predictor with
greater importance in Castelporziano was the soil mois-
ture (Fig. 5), as also highlighted in the linear regression
analysis (Table 2). However, soil moisture was not sig-
nificant per se in the nonlinear regression analysis, but
only when it was combined with other predictors such
as transpiration and PAR (Table S2).

The third case study included [O3]. This predictor
did not linearly affect GPP, except in Lindcove
(Table 2), where it was ranked 4th in importance. The
likelihood of the regression between measured and
modeled GPP values by GRMs when the values were
forced to origin was high for the Blodgett forest
(R? = 0.88), whereas slopes reached the values of 0.76
and 0.78 for Lindcove and Castelporziano, respectively
(Table 2). Same results were observed in nonlinear
regression analysis (Table S2).

Case 4 included Gegs, a predictor that showed high
statistical significance in all ecosystems under investi-
gation (Table 2) ranking first in Lindcove and Castel-
porziano (R* increase by 0.085 and 0.24 for a summed
R?=0.23 and 0.31, respectively) and second in Blodgett
(R* increase by 0.052 for a summed R* = 0.55).
Combinations between Gpz and environmental predic-
tors were not significant as highlighted in the nonlinear
regression analysis (Table S2).

The RF is in a good agreement with the statistical
analyses except for Blodgett, where PAR still was the
predictor with the highest importance. For Blodgett
and Lindcove, the importance of Goz was about 12%
and 19%, respectively.

2437

Study of interactions using Granger causality

The spectral extension of G-causality allowed investi-
gating the interactions of GPP and ozone at specific
time frequencies. Because of the strong periodic nature
of the data at daily cycle demonstrated by the wavelet
coherence analysis (Fig. 1-3), we used the spectral
extension of G-causality focusing on the daily period
and correspondent subharmonic. The time step and
length of the data permitted to perform the G-causality
analysis at such frequencies with good statistical repre-
sentation, even for Castelporziano, when less than
1 year of data was available.

Because of the temporal sequence (Eqn 35), it is clear
that G-causality can only capture functional relation-
ships for which cause and effect are sufficiently sepa-
rated in time. For this reason, we excluded from this
analysis PAR and ET, which have strong in-phase cor-
relation with GPP, and soil moisture, because it has no
effects at daily scale. The conditional spectral G-causal-
ity of Goz on GPP, given the effects of temperature,
VPD, and [O3] is shown in Fig. 6. Table 3 summarizes
the G-causality on GPP, averaged across frequencies
between 0.5 and 2.5 day ' considering that most of the
G-causality is expressed in this time range (Fig. 6), for
the four considered variables, Ta, VPD, [Os], and Gos.
Table 3 shows that the strongest influence was found
for Castelporziano and Lindcove, but significant inter-
actions were also present at Blodgett. For Lindcove
and Castelporziano, Goz was the variable with most
predicting power on GPP, but Ta was also very impor-
tant and the first driver for Blodgett. [O;] and VPD
only showed marginal or no significance for all sites.

50
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Fig. 5 For each of the four cases investigated, percent importance resulting from the tree analysis of the Random Forest technique is

shown. Different colors are to distinguish between the three experimental sites.
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Fig. 6 Conditional G-causality for the influence of Goz on gross primary productivity (GPP) as function of frequency. The conditional
statistic is estimated for a multivariate system, which includes the effects of temperature, vapor pressure deficit (VPD), and [Os].

Table 3 Conditional G-causality averaged in the frequencies 0.5-2.5 day’l, for the influence of air temperature (Ta), VPD, O; con-
centration ([O3]), and stomatal O; deposition ([Goz]) on gross primary productivity (GPP). ns, not significant

Blodgett Lindcove Castelporziano
Predictors G-causality Predictors G-causality Predictors G-causality
Ta 0.0399 Gos 0.0753 Gos 0.1631
Gos 0.0302 Ta 0.0668 Ta 0.1374
[Os] 0.0107 VPD 0.0134 VPD 0.0151
VPD ns [Os] 0.0117 [Os] 0.0027

. . We tested the hypothesis that, once the confounding
Discussion

The availability of continuous measurements of atmo-
spheric ozone concentration and eco-physiological param-
eters demonstrated the detrimental effect of ozone on
GPP at two forest ecosystems and an orange orchard. Our
results support the hypothesis that Goz performed better
than [O;] in predicting a reduction in carbon assimilation.
The larger implication of these results is that global carbon
models may overestimate GPP if the negative effect of
ozone is not taken into account. Here, we discuss the inter-
pretation and implications for each analysis in our
experiment.

Study of temporal correlations using wavelet coherence
analysis

Overall, our results showed high temporal correlation
between GPP and Gos associated with low values of
GPP and higher [O5] at all study sites (Fig. 1-3; Fig. S1).

effects of PAR and Ta on GPP have been removed, the
reduction in GPP is likely driven by elevated atmo-
spheric-level [Os] or ozone entering through stomata.
Our results showed that this temporal correlation is not
constant through time due to the effects of seasonal
(e.g., cold periods) and sporadic (e.g., precipitation)
climate conditions on plant physiology. Similar to our
study, inconsistencies of the relationships between
other biometeorological variables and GPP have been
observed in other forest ecosystems (Vargas et al.,
2011). These results open research opportunities to fur-
ther explore the multitemporal and multifactor vari-
ables that control biometeorological responses across
the soil-plant-atmosphere continuum.

A major point of discussion is whether within-season
responses prevail over carry-over effects in the follow-
ing year (Hayes et al., 2011). Carry-over effects usually
occur as reduced growth of shoots and roots following
ozone exposure (Oksanen & Saleem, 1999; Yonekura

© 2013 John Wiley & Sons Ltd, Global Change Biology, 19, 2427-2443
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Fig. 7 Hourly values of G, gross primary productivity (GPP),
and [O;] measured in the three ecosystems under investigation
in this study. Data are filtered for the day of the year 60-263 for

Blodgett and Lindcove, whereas for Castelporziano, we used
the day of the year 249-293. Error bars indicate SD.

et al., 2004; Riikonen et al.,, 2008). Our multiyear
analysis on Blodgett showed the highest correlations at
1 d scale, although we cannot exclude additive effects
over the years, looking at the correlations at 64-128 d
scales. Similar results were observed for Lindcove and
Castelporziano, where high correlations were associ-
ated with low GPP values and high levels of [Os].
Furthermore, at all sites, the slopes of Gos with GPP
decreased at increasing [Os], supporting our hypothesis
and previous experimental observations that an

© 2013 John Wiley & Sons Ltd, Global Change Biology, 19, 2427-2443

increase in [Os] and deposition through stomata could
decrease carbon assimilation (Lombardozzi et al., 2012).
Previous research (McLaughlin et al., 2007) showed
increased water losses from a mixed deciduous forest
in response to high [Oz]. The authors reported an
increased sap flow due to an amplification of diurnal
patterns of water losses. Sluggish stomatal responses to
fluctuating stimuli are induced by ozone exposure and
can justify such increased water losses (Paoletti &
Grulke, 2010). Although we cannot demonstrate this
phenomenon in our field sites, we postulate that this
compromised water-use control could be a reason for
decoupling between GPP and Go; in conditions of high
levels of [O3].

Significant temporal correlations were also observed
at higher frequencies (64 d) for the Blodgett site in cor-
respondence of summer period, except for the years
2001 and 2002, when correlation was good through all
the year. Our data show that during warm seasons,
atmospheric ozone concentrations are high and GPP is
maximized, thus suggesting that the highest correla-
tions between GPP and Gos or [Os] occur during this
physiologically active period. This is in agreement with
the findings from Fares et al. (2010b), which showed
that this pine forest is a high ozone sink especially in
the spring—summer seasons. For Blodgett, precipitation
was scarce (36 mm in August; Table 1), but enough to
maintain humidity in soils (volumetric water content
near 10%) during summer months (Table 1), and mean
temperatures and VPD calculated for the day hours did
not represent limiting conditions for carbon assimila-
tion (NEE about —200 g C m 2 month™!). Therefore,
higher carbon assimilation could potentially sustain the
negative effects of higher ozone concentrations in this
growing forest site and explain those observations (ca.
18% of days) of lower consistency of the temporal
correlation between Goz and GPP at the 1 day period.

In contrast to Blodgett and Castelporziano, the Lind-
cove site did not experience water scarcity as it was
irrigated all year round (volumetric water content
above 20%), but experienced high values of ozone con-
centration and VPD (up to 72 ppb and 3.73 kPa in July,
respectively). Such conditions, together with phenologi-
cal modifications (flowering), are likely a reason for
low levels of carbon assimilation. Therefore, the Citrus
ecosystem was a carbon source in summer months
(NEE 89 g C m™? in July), but harvesting and pruning
during the late spring removed a considerable amount
of biomass and photosynthesis surface. Our results
showed that significant temporal correlations at the 1
day period between Gosz and GPP were common
between May and August (DOY 170-240). These dates
represented the hottest months, where ozone is high
and VPD is a limiting condition for photosynthesis,
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likely responsible for a decrease in GPP (Fig. 2e). The
high consistency (ca. 48% of days) of the temporal cor-
relation between Gz and GPP at the 1 day period sug-
gests that this managed plantation could be more
susceptible to high ozone concentration, also consider-
ing that this orchard was showed as an active ozone
sink in the warm seasons (Fares ef al., 2012). In contrast
to Blodgett and Castelporziano, the Lindcove site
showed the correlation at the 1 day with a 2 h lag, with
Gos rising before GPP. This mismatch between stomatal
aperture and GPP may provide insights that oxidative
processes take place after ozone entry through stomata,
as also observed by previous research (Wohlgemuth
et al., 2002; Paoletti & Grulke, 2005; Castagna & Ranieri,
2009). However, we cannot explain why this hypothe-
sized oxidative burst was not observed in the forest
sites. It may be possible that this delayed relationship
does not necessarily have to be interpreted as a damage
to plant, but in a wider ecological sense as a different
physiological adaptation of plants in response to ozone
variability. There are limited evidences in literature that
describe high sensitivity to ozone for orange trees
(Olszyk et al., 1992). However, the Lindcove site experi-
enced the highest ozone levels among the three sites
(Table 1). It is therefore plausible that in the California
central valley, ozone reached the highest levels of
toxicity in comparison with the other two sites.

Statistical models to highlight dependence of GPP on
ozone

To quantify this effect of increasing [Os] on GPP, we
performed a detailed statistical analysis to take into
account each single effect on GPP for all predictors and
their combinations. For all case studies, linear correla-
tion analysis showed a better predictive capacity for the
Blodgett site (i.e., higher coefficient slopes between
measured and modeled GPP; Table 2). However, the
likelihood of the regression between measured and
modeled GPP values is dependent on the testing data-
set, and demonstrates the importance of a rich dataset
for interpretation of environmental effects on GPP.

In case study 1, PAR was the predictor that better
explained GPP for Blodgett and Lindcove (Table 2), fol-
lowed by VPD, air temperature, and soil moisture,
whereas ET became the most significant predictor in
case study 2 for Blodgett. In Castelporziano, soil mois-
ture was the most significant predictor, even when ET
was included in the analysis. The RF confirmed the
dependence on soil moisture from Castelporziano (29%
importance vs. 18% for Blodgett and Lindcove for case
1), whereas in the nonlinear regression analysis, soil
moisture was important in combination with other pre-
dictors such as transpiration and PAR (Table 3). We

explain the sensitivity to soil moisture from Castel-
porziano with its lower soil moisture in comparison
with the other ecosystems (Table 1). Averaged in the
years 2007-2011, annual precipitation in Castelporziano
was 805 4 256 mm, but concentrated in the winter
months. Moreover, the soil has a sandy texture and low
water-holding capacity, which exacerbates early
drought (more details in Fares et al., 2009). This sup-
ports the hypothesis that the first two ecosystems are
less dependent on soil water content because water
availability was not a severe limiting factor, as dis-
cussed earlier in the text. However, if soil moisture was
not the main limiting factor for Blodgett and Lindcove
sites, VPD had a negative effect on GPP, as shown in
Table 2 and reported in Fares et al. (2012).

The third case study included [Os], under the
assumption that a correlation exists between exposure
to the pollutant and reduction in carbon assimilation.
This correlation has been proved by controlled experi-
ments in which plants were exposed to known concen-
tration of the pollutant, and ozone-exposure metrics for
risk assessment were developed (e.g., AOT40, SUMO)
for a large category of crop and forest species (Karlsson
et al., 2000; Manning, 2005; EPA, 2007; UNECE, 2011).
In our study, [O3] did not have any significant effect in
terms of increased R* or slopes except for Lindcove
(Table 2), both using linear and nonlinear models.
These results stress the concept that if ozone damage
exists, a flux-based metric may be more appropriate at
least for Mediterranean ecosystems, where there is an
evident mismatch between the hour of the day when
stomatal conductance reaches the maximum (morning)
and the hour of the day when ozone concentration
peaks with the typical bell-shaped dynamics (noon to
02:00 hours, Fig. 7) as reported previously (Matyssek
et al., 2007; Fares et al., 2010a, b). In Lindcove, the nega-
tive effect of ozone can be explained by the very high
levels of ozone fluxes through the stomata, due to the
high concentrations of tropospheric ozone typical of the
Central Valley of California, often exceeding 60 ppb as
an hourly average for the growing season (Table 1;
Fig. 2), with peaks above 100 ppb during the warm
months of June and August (Fares et al., 2012). More-
over, in this orchard, the intense irrigation tends to
make stomata more open during the central hours of
the day (Fig. 7), although a VPD limiting effect has
been shown (Fares et al., 2012).

With the inclusion of Gog in case 4, the higher statisti-
cal significance was reached for all ecosystems under
investigation (Table 2). Similar results were reported
by Zapletal et al. (2011), where the highest percentage
of explained variability in the NEP of a Norway spruce
(Picea abies) forest was obtained using stomatal ozone
flux rather than [O;]. This case study also revealed that

© 2013 John Wiley & Sons Ltd, Global Change Biology, 19, 2427-2443
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in Blodgett and Lindcove, the predictor assumes posi-
tive sign similar to [O3] (Table 2), thus suggesting that
a negative effect of ozone occurs in Blodgett and Lind-
cove. Under the assumption that those coefficients can
be considered as quantification of GPP reduction,
results from the RF evaluation offer a quantification of
ozone damage equal to 12% and 19% for Blodgett and
Lindcove, respectively. Results suggest that ozone
impacts on GPP cannot be neglected in Mediterranean
forest ecosystems where ozone concentrations are high
and drought does not represent a severe limiting factor.
In agreement with our findings, a study from De Marco
et al. (2010) showed that the yield variability explained
by important environmental factors such as soil water
content, air temperature, light, and relative humidity
was lower than the variability explained by Gos for
durum wheat (Triticum durum) in central Italy. In Cas-
telporziano, the sign of Gos is negative (Table 2), thus
excluding that this predictor can be an indicator of
ozone damage to GPP over the autumnal period of
investigation (September—-December). Especially in the
warmer month of September, ozone concentration in
Castelporziano was much lower in comparison with
the other two ecosystems (Table 1), and cumulated
stomatal ozone fluxes were also lower, with values of
0.03 g O3 m 2 vs. 0.09 and 0.17 g O3 m ? measured in
Blodgett and Lindcove, respectively (Table 1, Fig. 7).
This minor phytotoxic ozone dose, which reached the
intercellular spaces of leaves (Fares et al., 2013), may
suggest that ozone did not represent a limiting factor
for the tree species in Castelporziano. Moreover,
although P. ponderosa grown in the California Sierra
Mountains and Citrus are considered to be sensitive
species to ozone exposure (Olszyk et al., 1992; Arbaugh
et al., 1998), the sclerophyll Oak species (Q. suber, Q.
ilex) and Stone Pines (P. pinea) occurring in the footprint
area of the measuring site of Castelporziano have been
previously characterized by operating a water saving
strategy, with midday stomatal closure under moderate
heat and drought stress, and thick cuticles to contain
water losses, which likely provide resistance to ozone
(Manes et al., 1997, 2006; Fares et al., 2009; Mereu et al.,
2009). The finding that, differently from Blodgett and
Lindcove, the ecosystem in Castelporziano was a car-
bon source rather than a carbon sink during the
measurement period (positive values of NEE, Table 1)
is another indicator that species-specific differences
may be the basis of a higher resistance to ozone of
Castelporziano tree species.

Study of interactions using Granger causality

This method expresses linear directional coupling
among variables of complex systems, and differs from

© 2013 John Wiley & Sons Ltd, Global Change Biology, 19, 2427-2443

the previous statistical approach because a significant
effect of a variable over GPP is based on the improved
ability to forecast GPP once past states of that variable
are taken into account. G-causality provided an adi-
mensional quantification of the magnitude and direc-
tion of interactions between variables at a specific
frequency, but not the sign. However, this represents
an independent method to verify if the absolute
amount of the interaction is in agreement with the other
methods. In Castelporziano and Lindcove, we found
the strongest interactions between Gos and GPP, but
significant interactions were also observed at Blodgett,
ranked second after ambient temperature (Fig. 6;
Table 3). In agreement with our previous analyses, [O5]
and VPD showed only limited or nonsignificant effects.
This result also supports the hypothesis that Gos inter-
acts with GPP influencing future response of plant to
assimilate carbon, even when the effects of potential
confounding variables are taken into account.

In conclusion, our results derived from three inde-
pendent methodologies suggest that rising ozone pollu-
tion, an often overlooked aspect of global atmospheric
change, reduced the ability of Mediterranean plant eco-
systems to assimilate carbon. We found that the nega-
tive effects of ozone on GPP mainly occurred within a
day of exposure/uptake. We found that as ozone con-
centrations rise, any increase in stomatal aperture
became less strongly linked with GPP increase. These
results imply that ozone uptake has a direct negative
effect on carbon assimilation by plants. Up to 12-19%
of the carbon assimilation reduction in P. ponderosa and
in C. sinensis was explained by stomatal ozone deposi-
tion. We did not observe limiting effect on GPP in the
mixed Oak ecosystem probably due to higher stomatal
resistance of the schlerophyll species and the exposure
to lower ozone concentration. However, 4 months of
measurements may have not been enough to untangle
a negative effect of ozone from the effects of confound-
ing factors, thus supporting the importance of using
continuous long-term measurements of ecophysiologi-
cal parameters to explain ozone damage to real-world
forests. We emphasize that ozone exposure is not a reli-
able indicator for ozone-risk assessment in Mediterra-
nean ecosystems and urge that flux-based approach be
used instead.
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Figure S1. Wavelet coherence analysis to look the temporal
correlations between the residuals of gross primary produc-
tivity (GPP) and stomatal ozone deposition for the Blodgett
site.

Figure S2. For each year in Blodgett site, relationship
between the residuals of gross primary productivity (GPP)
at the 1 day time period and the residuals of stomatal ozone
deposition (Goz) at the 1 day time period for grouped epi-
sodes of atmospheric ground-level ozone concentration: low
(<50 ppb), medium (>50 and <75 ppb), and high (>75 ppb).
Table S1. Results from regression analysis of residuals of
gross primary productivity (residuals GPP) and stomata
ozone deposition (residuals Gos) divided by year of mea-
surements in Blodgett (2001-2007) for grouped episodes of
atmospheric ozone concentrations.

Table S2. Predictor’s coefficients (beta) from the nonlinear
General Regression Model (GRM) model applied to the four
case studies in the three ecosystems: Blodgett pine forest,
Lindcove orange plantation, and Castelporziano mixed
forest




