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Short Abstract

Tropospheric ozone is a dangerous atmospheric pollutant for forest ecosystems since
it generates oxidative damage to leaves with consequent losses in carbon
assimilation. Thresholds for ozone-risk assessment are commonly developed based
on manipulative experiments under controlled environmental conditions. However, it
is not well understood if and to which extent ozone may have an impact of the
ecophysiology of trees in natural environment and common consensus that new
thresholds for ozone-risk assessment should be based on accumulated ozone fluxes
rather than accumulated atmospheric concentrations. In order to identify the effect of
0zone on gross primary productivity (GPP) and water fluxes, this study focused on
the impact of ozone exposure in a Holm Oak forest (Castelporziano, It) and a
Ponderosa pine plantation (Blodgett, US) where the dominant tree species are well
known to have different levels of sensitivity towards ozone. Three of most widely
used formulations to simulate leaf level stomatal conductance (the Jarvis
multiplicative model, the Ball-Woodrow-Berry model, and the Medlyn optimal
stomatal behavior theory parameterization) were implemented with ozone impact
corrections into the multi-layer canopy model FORCAST. To evaluate if a clear
phytotoxic threshold exists (expressed as cumulative ozone fluxes through stomata),
and if these thresholds are variable across the study sites and during the year, |
implemented the Ball Woodrow Berry ozone correction factor into AIRTREE, a
multi-layer canopy model specifically calibrated for both sites. To investigate the
response to ozone exposure of the studied forests, simulated GPP and Latent Heat
(AE) by both models were evaluated against observations by eddy covariance flux
towers. Results showed that ozone might reduce the annual GPP up to 13 % in both
the study sites, and that ozone tolerance of forests changes during the year depending
on exposure to tropospheric ozone concentrations and phenology. By extracting the
best daily threshold values from a range of different simulations, a Jarvis-like
multiplicative function was proposed as a mean to predict a more realistic forest
response as a function of environmental variables during the course of the year.

Keywords:

ozone, photosynthesis, stomatal conductance, eddy covariance, multi-layer models,
Gross Primary Productivity



Extended abstract

Tropospheric ozone is a powerful oxidant of particular concern for plants. It enters
the stomata and induces an oxidative stress that may damage cell membranes,
proteins and DNA, leading to plant growth reduction. Metrics for ozone-risk
assessment are commonly developed based on manipulative experiments under
controlled environmental conditions. However, it is not well understood if and to
which extent ozone may have an impact of the ecophysiology of trees in natural
environment and common consensus that new thresholds for ozone-risk assessment
should be based on accumulated ozone fluxes rather than accumulated atmospheric
concentrations. Tolerance to ozone is a typical feature of Mediterranean evergreen
broadleaves, thanks to their sclerophyllous leaves, their water saving strategy and
their ability to tolerate oxidative stress. At the same time, the Mediterranean climate
favors massive photochemical production of ozone thanks to the characteristic strong
photochemical activity and its dry-hot Summer conditions. Furthermore, rural areas
downwind big cities receive plumes of ozone precursor favoring ozone formation.
Therefore, the Mediterranean climate is a perfect candidate to test the effect of ozone
on forests characterized by different levels of ozone tolerance. In order to identify the
effect of ozone on gross primary productivity (GPP) and water fluxes, this study
focused on the impact of ozone exposure in two forest sites with Mediterranean
climate and history of eddy covariance measurements: a an ozone tolerant evergreen
Mediterranean forest (dominated by Quercus ilex) in the Castelporziano (CPZ)
natural state reserve (Rome, Italy), and a Pinus ponderosa plantation in Blodgett
(BLD) forest research station (Georgetown, USA) where the dominant tree species
are well known to have different levels of sensitivity towards ozone. Various indexes
to evaluate the risks for plants exposed to ozone have been developed. These include
metrics based on mean ozone concentration and stomatal ozone flux threshold.
Recent studies suggest that accounting for fluxes of ozone entering stomata is a better
way of assessing ozone risk for plants and crops, especially for Mediterranean
ecosystems where the dynamics of tropospheric ozone concentration is often
mismatched with the dynamics of stomatal concentration. To test this hypothesis,
three of the most used algorithms, the empirical multiplicative model proposed by
Jarvis in 1976 (JV) , the semi-empirical model proposed by Ball, Woodrow and
Berry in 1987 (BWB) and the optimal stomatal behavior theory parametrized by
Medlyn et al. in 2011 (MD) were used in this study. For each of these three stomatal
conductance (gs) models (JV, BWB and MD), correction factors describing plant
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response to ozone were derived from manipulative experiments on the studied species
and by retrieving data from literature studies. A gsmax limiting factor fos representing
the linear response of gs to ozone concentrations (Hoshika et al. 2012, 2018) based on
results from Free-Air Concentration Enrichment facilities (FACE) experiments was
applied to the Jarvis multiplicative algorithm (JVio3). Two correction factors Fpo3 and
Feos representing the responses of A, and gs to the cumulative uptake of ozone
(Lombardozzi et al., 2012, 2013, 2015) were applied to the BWB model (BWBko3).
Finally, a modified functional form of the Medlyn optimal behavior photosynthesis-
stomatal model, modified by Hoshika et al. (2013) was used (MDy). In addition to
ozone correction factors, six different critical stomatal flux thresholds (hereafter
named thr0, thrl, thr2, thr3, thr4, thr5) were tested to estimate the phytotoxic dose of
ozone (PODY) entering into the stomata. These thresholds represent the maximum
stomatal ozone flux the plant is able to tolerate before a toxic dose would start to
accumulate. A point of weakness of current metrics for ozone-risk assessment is that
they are based on sunlit leaves, and upscaling to the whole canopy is somehow
critical. To apply these leaf-level relationships at the ecosystem scale a bottom-up
approach is needed. This approach is intrinsic to multi-layer canopy modeling, in
which the canopy gas exchange is calculated by integrating the fluxes resulting from
various components (e.g. soil, understory, and crown) interacting with their specific
microclimate. Through cooperation with the Lancaster University, the FORCAsT
model (Ashworth et al., 2015, 2016), originally developed to study fluxes of
greenhouse gases and energy together with the chemistry and transport of volatile
organic compounds (VOCs) and their oxidation products in the atmosphere within
and above the forest canopy, and the AIRTREE model (Fares et al., 2019), developed
to study forest ecosystem services such as carbon ozone and PM deposition were
implemented with ozone corrections factors. The FORCAsT model was first
parametrized for the two study sites in absence of any ozone effect. The first
simulations without ozone correction were performed for BWB, MD and JV and used
as references for ozone correction runs. Linear regressions between observations and
simulations were performed for Gross Primary Productivity (GPP) and latent heat
(AE) for the whole year. The “best” model run was identified by regression that gave
the best coefficient of determination (R?) and maximum accuracy (i.e. the lowest
root-mean-square error, RMSE). Two general thresholds corresponding to a stomatal
ozone flux of 4 nmol m2 s for CPZ and 1 nmol m2 s for BLD were identified,
leading to a reduction in annual GPP up to 13%. To evaluate if the application of the
ozone thresholds would have a seasonal positive or negative effect linear regressions
were performed for both the whole year and for each season. Both the MD and the
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BWB models provided good results in absence of ozone effects. However, when
ozone corrections were applied, the best fit with observed GPP was obtained by
applying the Lombardozzi correction factor to BWB (BWBro3) in both the study
sites. In both sites, regressions showed that the threshold with the highest accuracy
changed on a seasonal scale. The same approach was applied to the Aggregated
Interpretation of the Energy balance and water dynamics for Ecosystem services
assessment (AIRTREE) model for the BWB model parameterization, after two site-
specific calibration procedures were performed. Linear regressions between
observations and simulations provided results similar to the FORest Canopy
Atmosphere Transfer (FORCAsT) model, confirming high thresholds for CPZ and
low thresholds for BLD. Interestingly, results confirmed also that the thresholds with
the highest R? changed seasonally, thus indicating that ozone tolerance of forests
changes during the year depending on exposure to tropospheric ozone concentrations
and phenology. The possibility to derive a function to describe such changes without
the necessity to repeat the iterative approach used in this study was hypothesized.
Such a function would provide a more realistic forest response to ozone as a function
of environmental variables during the course of the year. To support this hypothesis,
the best critical ozone thresholds were identified from simulations at each model time
step (i.e. the lowest discard from observations) and collected into a new threshold
variable (THR). The Spearman's rank-order correlation index (rs) was used to identify
the environmental variables that could potentially affect THR (e.g. PAR, VPD, SWC,
Tair and ozone concentration). A boundary line analysis between THR and the
selected environmental variables was performed and a Jarvis-like multiplicative
algorithm to predict THR was finally developed. Relatively low but statistically
significant linear correlation (R? = 0.51 and 0.3, for CPZ and BLD, respectively)
between the observed and simulated THR were obtained. This can be explained by
the lack of intermediate thresholds that could best represent ozone tolerance shifts
during the day and that one or more additional environmental parameter may have
not been included in the analysis. However, the observed correlations support the
thesis that a dynamic threshold for ozone impact on vegetation studies should be
adopted in order to produce realistic estimates of 0zone damage to vegetation.
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1. Introduction

1.1 Tropospheric Ozone
1.1.1 Overview

There is no compound in the troposphere where the difference between actual
atmospheric levels and toxic levels is so marginal as is the case for ozone (Stanners et
al., 1995). Ozone (the triatomic oxygen molecule, Os) is a greenhouse gas (GHG)
naturally occurring in the atmosphere, with a lifetime of a few days to a few weeks
and a radiative forcing of climate change of +0.35 W m (Forster et al., 2007). Ozone
Is present in both the stratosphere and troposphere. It absorbs and emits radiation in
the thermal infrared, trapping heat to warm the Earth’s surface (Figure 1).

In the stratosphere (at altitude of 15 to 35 km) the ozone layer acts as a natural filter
absorbing the UV radiation, protecting much of Earth’s biota from this potentially
damaging short wavelength radiation. This is called the stratospheric ozone, the upper
layer of ozone. In the lower troposphere (up to 10-15 km above the ground), ozone is
a strong oxidant that at elevated concentrations is harmful to human health, materials
and plants (Sitch et al., 2007). Indeed, tropospheric ozone is considered the secondary
pollutant (produced through photolytic reactions in which are involved NO,, VOCs
and OH radicals) of major concern for plants (Fares et al., 2010). Dry deposition is
the main sink for ozone, controlled mainly by stomatal activity (Cieslik, 2004). Once
penetrated stomata, this oxidizing agent expresses its phytotoxic action by damaging
plant tissues, cell membranes, proteins and DNA (Contran and Paoletti, 2007; Fares
et al., 2018), it decrease stomatal conductance, reduce primary productivity (reduced
rubisco activity) and increase the secondary metabolism, leading to a reduction in
carbon assimilation (Fiscus et al. 2005, Paoletti 2007b, Wittig et al., 2007).
Therefore, ozone affects the ecosystem health and the productivity thus threatening
food security (e.g. crops) by reducing plant growth and variety (CCAC Scientific
Advisory Panel, 2014). This affects forest carbon sink, causing a reduction in net
primary productivity, NPP (Ainsworth et al., 2012). Tropospheric ozone is dangerous
for human health too (Anenberg et al, 2010) since it is a major component of urban
photochemical smog. If inhaled, this oxidant may worsen bronchitis and emphysema,
trigger asthma, and permanently damage lung tissue (Desario and Gray, 2012).
Indeed, the exposure to this pollutant is responsible for an estimated 150,000
premature deaths every year (Lim et al., 2012). Ground-level ozone concentrations
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limits have been set with the aim to protect human health and vegetation (Fares et al.,
2014). World Health Organization (WHO) indicates the one-hour short-term limit
value of 75-100 ppb for health protection and the long-term value of 30 ppb over the
growing season for protection of vegetation.
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1.1.2 Ozone Formation

Ozone is a secondary pollutant. Therefore, this gas is not directly emitted but formed
by sunlight-driven oxidation of other agents, called ozone precursors, in particular
methane (CH,) but also carbon monoxide (CO), non-methane volatile organic
compounds (NMVOCs) and nitrogen oxides (NOx). Chemistry that controls ozone
production and destruction in the troposphere is summarized by the following
reactions (Monks et al., 2015).

NO, is one of the main ozone precursors, primarily produced by the burning of fuel.

The photolysis of NO, produces atomic oxygen and a molecule of ozone:

NO; + hv - NO + O- eq.1

Photodissociation of NO, by sunlight is the only significant anthropogenic source of

ozone in photochemical smog:

O, +0-+M—->03+M eq2

The M in eqg.2 is any third molecule which is needed to stabilize the excited

intermediated formed on the addition of O- to O,.

HO, + NO — OH + NO, eq3
NO + O3 — NO,+ O, eq.4

This series of reactions creates a null cycle, since the rapid interconversion between
NO and NO; leads to both ozone production and destruction.

This equilibrium is altered in presence of volatile organic compounds (VOCs).
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These chemical compounds are both anthropogenic and naturally occurring (i.e. most

plant scents or odors are VOCs):
VOC + OH +O,; — CO; + HO, eq.5
VOCs oxidation produces of hydroperoxyl (HO,), which reacts with NO (eq.3),

changing the [NO]/[NO; ] ratio, leading to O3 formation.

The major source of OH radicals is the ozone photolysis. This process is one of the
main sinks for ozone, the chemical destruction:
Oz+hv—0+0; eq.6

and the subsequent reaction of the excited oxygen atom with water vapor:

O+H,0O—-OH+OH eq.7

Another ozone sink is the dry deposition that occurs in forest ecosystems through in-
canopy chemistry stomatal uptake and non-stomatal uptake. Non-stomatal uptake

includes all the reactions of ozone with the external surface of vegetation and soil.
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1.2 Ozone impact on vegetation

1.2.1 Forests ecosystems and atmospheric pollutants

Forest ecosystems represent important resources to control atmospheric
concentrations of globally relevant greenhouse gases, which emissions are the
dominant drivers of climate change (Rosa and Dietz, 2012). They control the
exchange of energy, carbon, water and momentum between the atmosphere and the
land surface. They also represent pools that can remove (sink) or emit (source) these
gases, including biogenic aerosols and their precursors in the atmosphere (Karsenty et
al., 2003). These dynamics can be altered by Global climate change, reversing sinks
to sources (Scholes, 1999). As a consequence, carbon stored in vegetation and soil
could be released into the atmosphere with a strong impact on global climate
(Heimann and Reichstein, 2008). This feedback could be one of the reasons why
many of the earth’s ecosystems are ‘unhealthy’ and their functions, also known as
ecosystem services, have become impaired (Rapport, 1998).

Forest ecosystems act directly on the amount and distribution of contaminants in the
atmosphere through biological, chemical and physical processes. This action has
positive effects on climate and human health but can influence the physiological state
of the vegetation by slowing the growth and productivity of the forest ( Fares et al.,
2013; Herman, et al., 2001; Rai et al., 2009). Tropospheric ozone has the most
widespread negative impact on vegetation than any other air pollutant (Ashmore
2005). The effects of ambient ozone on crops and forest trees have been widely
studied (Carriero et al., 2015; Kolb and Matyssek, 2003; Mills et al., 2011) but
knowledge is still incomplete. At cellular level, ozone induces reductions in leaf
chlorophyll content (Heagle et al., 2010; Sharma et al., 2003), reductions in the

quantity and activity of the primary carboxylation enzyme Rubisco (Fiscus et al.,
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2005) and/or direct damage to stomatal cells (Hassan et al. 1994; Manes et al. 2014;
Torsethaugen et al. 2002). At leaf level it induces morphological and chemical
changes which adversely affect plant growth (Karnosky et al., 2007; Matyssek et al.,
2007). At plant level ozone may cause growth reduction, shift in biomass allocation
(Hoshika et al., 2013b), impairment of physiological traits such as leaf gas exchange
(Fares et al., 2013) and visible foliar injury (Paoletti, 2007a). At ecosystem level it
affects forest carbon sink (Leisner and Ainsworth, 2012), causing a reduction in NPP
(Figure 2). Tolerance to ozone is typical of the Mediterranean evergreen broadleaves,
considered tolerant to ozone because of their sclerophyll leaves, their water-saving
strategy and their ability to tolerate oxidative stress (Nali et al., 2004; Paoletti, 2006).
These leaves presents some typical xeromorphic traits such as the compact mesophyll
and strongly lignificated walls that limit the amount of pollutant that can circulate in
the intercellular spaces and enter into the cells (Guerrero et al., 2013; Manes et al.,
1998). Furthermore, these plants present an efficient stomatal control to ensure
tolerance to yearly summer droughts (Bombelli & Gratani 2003 ; Romane & Terradas
2013), a typical water-saving strategy in which the plant closes stomata at relatively
high water potentials to avoid water loss (Castell et al. 1994; de Lillis and Mirgone
1994; Save et al. 1999) during the hottest and driest periods, thus reducing the fluxes
of ozone inside the leaves (Vitale et al., 2003; Manes et al.,2007; Fares et al., 2013).
In addition, evergreen broad-leaved species as Quercus ilex (De Lillis et al., 2009)
are able to cope with the oxidative pressure of the Mediterranean climate (high
temperatures, drought, strong sunlight, ozone pollution) by emitting monoterpenes,
which have an antioxidant function (Pefiuelas & Llusia, 2002; Pefiuelas et al., 2005;
Velikova et al., 2005).

Ozone pollution is pronounced in regions with strong photochemical activity, such as
the Mediterranean area (Paoletti, 2006), which climate is characterized by seasonal
changes between hot Summers with high pressure, low winds and strong solar

radiation. These conditions favor massive photochemical production of ozone with
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development of mesoscale processes and recirculation within air masses (Millan et
al., 2000). Indeed, this region is characterized by a general spring-summer peak (Di
Carlo et al., 2007; Ribas and Pefiuelas, 2004) or as a double peak in mountain sites
(Chevalier et al., 2007; Schuepbach et al., 2001), caused by the exchanges between
stratosphere and troposphere (STE) and the transport of ozone precursors from the
northern troposphere during spring and the high summer photochemical production
of ozone (Lelieveld et al., 2002; Pochanart et al., 2001) In mountain sites, the first
peakof ozone can be observed in spring, followed by a second peak in summer while
minimum values are reached during “cold” seasons (autumn and winter), during
which the ozone concentrations are about the half of the summer-spring peaks
(Kouvarakis et al., 2002; Ribas and Pefiuelas 2004). Furthermore, rural and forested
areas downwind big cities receives plumes of ozone anthropogenic precursor
favoring ozone formation (Zong et al., 2018), especially during warmer months, in
presence of emitted precursos. The Mediterranean area seems to be a perfect
candidate to evaluate the effect of ozone on forests characterized by different ozone
tolerance. For this reason, two forest sites with Mediterranean climate with a history
of eddy covariance measurements characterized by different ozone tolerance were
selected: an ozone tolerant evergreen Mediterranean forest (dominated by Quercus
ilex) in Rome (ltaly), and a Pinus ponderosa plantation in Georgetown (California,
USA). A recent study by Feng et al. (2018) suggests that the difference in tolerance
between these two species (a broadleaf angiosperm and a needleleaf gymnosperm)
can be related to the different leaf mass area index (LMA), the ratio of leaf dry mass
to leaf area. The author found that species with high LMA are less sensitive to ozone.
He proposed several explanations for this observation: a) the lower ozone load per
unit leaf mass and per unit mesophyll cell mass, due to their thick mesophyll layer (Li
et al., 2016). b) the cross-protection, the evolutionary adaptations to stressful
environments (i.e. sclerophylly, efficient stomatal conductance and antioxidant
defense) (Bussotti 2008).
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1.2.2 Defense Mechanism

Plants evolved several defensive strategies to face the toxic effects of air pollutants.
They can “avoid”, “tolerate”, or “compensate” damages caused by 0zone.

1)

2)

3)

Stomatal closure, dormancy and early senescence represents the main
mechanisms of the strategy known as ozone stress “avoidance”. Avoidance
consists in a physical reduction of stomatal aperture to limit the stomatal influx
and thus the plant’s tissues exposure to 0zone.

Ozone stress avoidance limits also the carbon uptake. Therefore, the synthesis
of antioxidants, that represent the defensive mechanism known as ozone
“tolerance”, 1s limited. This strategy consists in enzymatic processes and
chemical reactions to detoxify photooxidants. Indeed, glutathione, vitamin C
and E concentrations were found to increase rapidly in trees (Albies alba and
Picea abies) exposed to low ozone concentration (Mehlhorn et al., 1986). The
amount and or the synthesis rate of antioxidants as tocopherol can be
interpreted as an indicator of plants tolerance to ozone (Szarka et al., 2012).
Indeed, tolerant trees (Pinus strobus) resulted to be characterized by higher
glutathione reductase and ascorbate peroxidase than sensitive species exposed
to ozone (Chevone, 1991), whereas sensitive species showed increased activity
in superoxide dismutase (Mehlhorn et al., 1987). The production of stress
ethylene can be interpreted as another indicator of plants ozone tolerance
response. In a short-term fumigation experiment its production was found to be
higher in seedlings grown in free air compared to seedlings grown at high
ozone concentration (preconditioned), that produced lower quantities of
ethylene (Mehlhorn and Wellburn 1987). Tolerance is also dependent on leaf
age, younger leaves are generally more resistant to ozone than older leaves that
resulted to have lower concentrations of superoxide dismutase (SOD) (Tanaka
and Sugahara, 1980).

A third mechanism of defense is the ozone “compensation”. This mechanism
consists in the reallocation of resources form one tissue to another in response
to ozone damage. This kind of response can be recognized as a change in the
root to shoot ratio. Indeed, the decreased root biomass is an indirect response
to ozone stress caused by a reallocation of carbon from roots to foliage (Reich,
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1987; Teskey et al., 1986). The reallocation of nitrogen from a leaf to another
Is another typical example of compensatory response. Nitrogen is translocated
from damaged older leaves to younger leaves, leading to an apparent enhanced
photosynthetic activity a (Hom and Riechers 1991). Even the enhanced
detoxifying compounds production in response to 0zone exposure can be
considered a compensatory response. However, this kind of response might not
occur in nutrient-stressed plants.

In this work, | focused on the first two mechanism: ozone avoidance and ozone
tolerance.

1.2.2.1 Stress Avoidance

The stomatal uptake is an important sink for tropospheric ozone (Fowler et al., 2001).
Indeed, stomata represent the principal interface for ozone to penetrate into the leaves
(Mills et al., 2010; Omasa & Takayama, 2002). Once enters the plant through
stomata, O3z reacts with the aqueous matrix of the cell wall (i.e. apoplast) and is
immediately degraded into secondary ROS (as hydrogen peroxide, superoxide and
hydroxyl radical causing oxidative stress (Bortier et al., 1999). The accumulation of
reactive oxygen species (ROS) in the extracellular space activates several signaling
defense cascades (Vainonen & Kangasjarvi, 2015). Ozone damages first the plasma
membrane affecting its permeability (Heath & Taylor, 1997), destroys the thylakoid
membranes in the chloroplast (Hippeli & Elstner, 1996), where the light-dependent
reactions of photosynthesis occur, reduce the synthesis of Rubisco (Glick et al. 1995;
Pell et al. 1994; Pelloux et al 2001), the enzyme responsible for the fixation of carbon
from atmospheric CO,. These damages of photosynthetic apparatus lead to the
reduction of carbon assimilation by which in turn decreases photosynthesis, plant
growth, and biomass accumulation (Fiscus et al. 2005; Wittig et al. 2007, 2009).

The amount of ozone entering the stomata (i.e. the stomatal flux, Fs) is considered
the main responsible for ozone injuries to plants (UNECE, 2010). It is regulated by
plants stomatal aperture that is function of environmental and physiological factors
such as light, temperature, carbon dioxide (CO;) concentration, vapor pressure deficit
(VPD), phenology and water availability in the soil-plant-atmosphere system
(Grinhage et al., 2012). It has been observed that high CO, concentrations,
temperatures and hydric stress can reduce stomatal conductance (Ainsworth and
Rogers 2007) and consequently the ozone flux inside the leaf. Plants’ stomatal
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control capacity may also be related to leaf anatomical traits such as stomatal density
and size (Drake et al., 2013). Indeed, leaves characterized by high density of small
stomata show a faster regulation of stomatal aperture in response to environmental
stimuli (Aasamaa et al., 2002; Drake et al., 2013; Hetherington and Woodward, 2003)
and therefore a faster reduction of ozone stomatal fluxes, decreasing the risk of ozone
damage on leaves (Paakkonen et al., 1996). Nevertheless, ozone damages to stomatal
cells could alter these reponsest (Uddling et al., 2010). Although a rapid reduction of
stomatal aperture in response to short-term exposure to ozone was reported (Wittig et
al., 2007), chronic exposure reduces the ability of plants to regulate stomata, referred
to as “0zone-induced stomatal sluggishness” (Carriero et al., 2015; Emberson et al.,
2009; Hoshika et al., 2015, 2016, 2018b). A reduced ability in stomatal control is a
serious problem for plants, since it can lead to plants inhability to regulate the loss of
water (Paoletti, 2005; Sun et al., 2012).

The mechanisms behind stomatal sluggishness are still under investigation but
possible explanation can be found in the up-regulation of ethylene emission (Mills et
al. 2009), suggested to be responsible for a reduction in sensitivity to Abscisic acid
(ABA) and thus to stomatal closure (Wilkinson and Davies 2010). Although the same
mechanism was observed in response to water deficit (Morgan and Drew, 1997) an
ozone-induced aberration lasts longer than the effect of water stress leading to an
imperfect stomatal closure at night (Hoshika et al., 2013a).

In the study of gene expression Dumont et al. (2014) demonstrated that the CO;
signaling pathway involved in stomatal closure was inhibited under ozone exposure.
Paoletti et al. (2009) related stomatal sluggishness as an indicator of early-senescence
in leaf metabolism.

When the carboxylation sites are damaged by ozone, gs and photosynthesis (A,) may
result decoupled (Figure 3). This decoupling between A, and gs corresponds to a
change of the ratio between photosynthesis and transpiration after chronic ozone
exposure. In general, the stomatal closure can be considered as an indirect response to
grown internal CO, concentration (C;), resulting from decreases in carbon fixation
(Paoletti, 2005). Nevertheless, the rate of stomatal reduction is often different to the
rate of photosynthetic decrease under chronic ozone exposure. In this situation ozone
affects both carboxylation and stomatal conductance, but with different strength
(Calatayud et al., 2007; Francini et al., 2007; Gregg et al., 2006; Maier-Maercker and
Kock 1991; Matyssek et al., 1991; Mikkelsen 1995; Novak et al., 2005; Paoletti
2005; Paoletti and Grulke 2005; Pearson and Mansfield 1993; Tjoelker et al., 1995).
Therefore, other additional ozone induced limitations (e.g. carboxylation and
mesophyll limitations) may cause decoupling and may have even a more important
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role than the stomatal limitation (Francini et al. 2007; Matyssek et al. 1991,
Noormets et al. 2001; Reichenauer et al. 1997). An example of gs-A, decoupling can
be found into above mentioned night stomatal aperture. During night if stomata do
not close completely there would be a loss of water in absence of photosynthesis and
therefore the decoupling between A, and transpiration (Caird et al., 2007). Another
example of decoupling between gs and A, was observed in plants exposed to high
levels of both light and ozone. In that situation membranes and photosystems become
oxidized, reducing carbon sequestration and stomatal conductance at different rates or
magnitude (Calatayud et al., 2007; Demmig-Adams and Adams 2006; Francini et al.,
2007; Maier-Maercker and Kock 1991; Matyssek et al., 1991; Paoletti and Grulke
2005; Pearson and Mansfield 1993; Tjoelker et al., 1995). Chronic exposure to ozone
can lead also to the damage of plant’s cuticle, increasing cuticular water loss, and
increasing leaf permeability (Zhang et al., 2011). The oxidative stress exerted by
reactive species (ROS) in the apoplast rapidly leads to photo inhibition (Guidi et al.,
2002) and activates signal pathways that can lead to programmed cell death
(Kangasjarvi et al. 2005). This effect is recognizable as ozone visible injuries
(Paoletti et al., 2009), a symptom of ozone reduced photosynthetic capacity and
stomatal conductance in leaves (Paoletti et al., 2004). These visible symptoms are
visible alterations of leaf surface, generally they appear as yellow spots over the leaf
(mottling) in needleleaf trees, and as small punctuate spots (stippling) in broadleaf
trees (UNECE, 2004).
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Figure 3 - Percent changes in photosynthesis (open squares) and stomatal conductance (black
triangles) over a range of cumulative ozone uptakes (CUOs). Differences in the rate of change for
the same CUO demonstrate that photosynthesis and stomatal conductance do not change at the
same rate. Error bars represent £ bootstrap standard error (from Lombardozzi et al 2012)

1.2.2.2 Stress Tolerance

Inter and intra-species variations in ozone response to ozone have been observed
(Furukawa et al., 1990; Paakkonen et al., 1996). It can depend on leaf morphological
adaptations their water saving strategy (Nali et al., 2004; Paoletti, 2006) and different
characteristics of stress resistance such as avoidance by stomatal narrowing and
tolerance in terms of repair and detoxification capacities (Matyssek et al., 2008;
Oksanen et al., 2007). This tolerance depends on leaves available resources for repair
damages or biochemical ozone detoxification (Paoletti et al., 2008; Tausz et al.,
2007). Such capacity seems to increase with leaf mass per area (LMA) and
photosynthetic capacity, since repair and detoxification require energy (Bussotti,
2008; Musselman and Minnick, 2000; Noctor and Foyer, 2002; Wieser et al., 2002;
Zhang et al., 2012). Therefore, sensitivity to ozone may be explained by the ratio
between stomatal flux and net photosynthesis (Fredericksen et al., 1996; Kolb and
Matyssek, 2001), as the balance between ozone exposure and photosynthates for
repair or detoxify. Indeed, in addition to regeneration of antioxidants, their synthesis
rate and the repair processes of oxidized proteins can reduce ozone effects (Maller et
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al., 2007; Wieser and Matyssek, 2007). Once penetrated into the leaf, ozone needs be
detoxified outside of the cells, in the apoplastic space, to avoid oxidative reactions
with plasma membrane and cytoplasmic compartments. The interception of ozone
and reactive oxygen species (ROS) by constituents of the apoplast play a crucial role
in averting cellular damage, since the plasmalemma is the site where oxidative
reactions take place (Heath, 1988). Plants have a detoxification system constituted by
a pool of reduced ascorbate (vitamin C, AA) in the apoplast that represents the first
defense to oxidative stress (Castagna and Ranieri, 2009). The ascorbate is an
antioxidant accumulated in plant tissues as chloroplasts (Foyer and Halliwell, 1976),
apoplast of leaf stems (Takahama, 1993) and leaves (Castillo and Greppin, 1988;
Takahama and Oniki, 1992) and its concentrations are inversely proportional to plant
sensitivity to ozone (Conklin et al., 2002; Méachler et al., 1995).

This suggests that environmental factors which alter apoplast pH such as water deficit
(Hartung et al., 2008), light (Muhling et al., 1995), nitrogen supply (Hoffmann et al.,
1992) and gaseous pollutants (Moldau et al., 1998) may affect plant’s o0zone
tolerance.

1.3 Assessing 0zone impact on vegetation

1.3.1 Ozone risk assessment metrics

Various indexes to evaluate the risks for plants exposed to ozone have been
developed (Fuhrer et al., 1997; Musselman et al., 2006). These include metrics based
on mean ozone concentration and stomatal ozone flux threshold. An example
concentration-based metric is the AOT40. This index is one of the most widely used
in Europe and is expressed as the accumulated ozone over a threshold of 40 ppb,
during daylight hours (global radiation > 50 Wm™2).

AOT40 = X [[Os] — 40] 4t eq.8
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This index postulates that ozone is harmful for vegetation only at concentrations
exceeding a threshold of 40 ppb when it is adsorbed through stomata during daylight
hours ( Kerstiens et al. 1992; Kérenlampi and Skarby 1996). However, Lombardozzi
et al. (2013) found no correlation between ozone concentration and ozone damage
across many plant species. Recent studies suggest that accounting for fluxes of ozone
entering stomata would be a better approach to assess ozone risk for plants and crops,
since AOT40 does not necessarily take into account the amount of ozone directly
absorbed by plant stomata (Emberson et al., 2000). Therefore, the scientific
community has suggested a critical level of accumulated stomatal ozone flux
(Karlsson et al., 2007; Wieser and Tausz, 2006). This accumulated stomatal ozone
flux index (PODY), where POD represents the phytotoxic stomatal ozone dose above
a flux threshold (Y), derived as the sum over time of the differences between hourly
mean values of Fst and Y for the period when stomatal ozone flux (Fst) exceeds Y
(Mills et al., 2011b; UNECE, 2004).

n eq.9
PODY = f max((Fy —Y),0) dt
i=1
Where PODY (nmol m) is the accumulated stomatal ozone flux above a threshold Y,
calculated from hourly values of F, n is the number of hours and dt = 1h.

The application of a threshold (Y) is a way to account for the ability of plants to
detoxify ozone. Several studies on this topic found that ozone uptake and reductions
in GPP are correlated with low threshold values (De Marco et al., 2016; Karlsson et
al., 2004; Lombardozzi et al., 2015; Uddling et al., 2004). However, since plants have
different detoxifying capacities even within the same species, the identification of a
correct threshold is problematic (Lombardozzi et al., 2015). Indeed, in a recent study
Lombardozzi et al. (2015) found large CLM4.5SP model sensitivity to ozone
threshold values. Therefore, large improvements to simulated ozone responses can be
expected by identifying species-specific or plant functional types threshold values.

Climatic conditions strongly affect stomatal conductance and consequently the ozone
uptake and the biological response of vegetation to the pollutant (Paoletti, 2006). The
ability of stomata to act as a sink for atmospheric gases (quantified by stomatal
conductance) is in turn mainly controlled by water availability and other
environmental factors like air water vapor pressure deficit, solar radiation, wind
speed, intensity of turbulence (Emberson et al., 2000). Furthermore, an index based
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on the stomatal ozone uptake requires an accurate estimate of stomatal conductance
to account the actual dose of ozone received.

1.3.2 Stomatal conductance models

Plant transpiration is the process of vaporization of water from leaf tissues (i.e. the
Mesophyll). This process is driven by the available energy, the drying potential of air
(e.g. vapor pressure deficit, VPD), and the plant’s capacity to refill the leaf tissues
with water coming from the roots. This is strongly dependent on soil water
availability, thus defining the water potential gradient within the soil-plant-
atmosphere continuum (Pallardy and Kozlowski, 2008). Since an impermeable waxy
cuticle covers the leaf surface, leaf transpiration is almost totally determined by the
stomatal diffusion of water. Stomata are little pores in the leaf lamina, which regulate
the diffusion of gases (CO,, H,0, air pollutants) from outside to inside the leaf and
back, by following complex environmental, osmotic, and hormonal signal pathways.
In general, stomatal aperture decreases when the evaporative demand is higher than
plant’s water replenishing, preventing plants from water stress (Gimenez et al., 2005).
Such changes in stomatal aperture occur in the order of seconds (Fanjul and Jones,
1982; Lawson and Blatt, 2014) to optimize CO, uptake and water losses in rapidly
changing environmental conditions (e.g. radiation, temperature, drought, VPD, wind
speed, and sub-stomatal CO, concentrations).

Stomatal conductance is one of the most extensively modeled processes of the last
decades. Empirical and semi-empirical approaches are widely used to simulate gs.

1.3.2.1 Jarvis multiplicative algorithm

One of the most used algorithms is the empirical multiplicative model proposed by
Jarvis in 1976, based on the observed responses of gs to environmental factors. This
model applies a set of covariates to reduce a maximal gs:

gs = f(Q) - f(T)) - f(VPD)) - f (C.) - {(SWC) eq.10

Each covariate is a function (f) describing the observed response to each
environmental factor independently from the others (Damour et al., 2010) and can be
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derived by boundary line analysis (Webb, 1972). The hypothesis behind this
approach is that gs is sensitive to multiple environmental influences (e.g. light
intensity Q, leaf temperature T,, VPD,, CO, concentration C,, and SWC). The weak
point of this approach is that it does not take in account any physiological feedback
loops among stomatal conductance and internal CO, concentration, transpiration,
humidity deficits and leaf water potential (Quiang et al., 2004).

1.3.2.2 The Ball, Woodrow & Berry model

These interactions have been implemented into semi-empirical models, such as the
Ball, Woodrow & Berry model (BWB) that linearly relates photosynthesis (A,) and
gs (Ball et al., 1987; Farquhar et al., 1978). Indeed, the BWB formulation,
photosynthesis is influenced by changes in gs that regulates internal carbon dioxide
concentration (C;), which drives the biochemical components of photosynthesis. The
Anq-gs empirical relationship corresponds roughly to the value of maximum gs that
maximizes productivity (Patwardhan et al., 2006). This model has been developed
after Wong et al. (1979) demonstrated that stomata regulate to plant water status but
also on leaf A,, maintaining a near constant ratio between intercellular (C;) and
ambient (C,;) CO, concentrations. Ball modeled leaf conductance as a function of leaf
photosynthesis, leaf surface relative humidity, and surface CO, concentration.

Os=0o+ 01 (AnRH/Cy) eq.11

where go and g; are fitted parameters, A, is net assimilation rate (umol m2 s?), RH is
relative humidity at the leaf surface (dimensionless), and C, is atmospheric CO,
concentration at the leaf surface (umol mol™).

This formulation implies the necessity to couple gs with a photosynthesis model (e.qg.
the Farquhar biochemical model 1982) and to solve for them both simultaneously. An
example of this approach can be found into the analytical solution proposed by
Baldocchi (1994).

A weak point of this model is that stomata appear to respond to transpiration
(Monteith 1995; Mott and Parkhurst 1991; Oren et al. 1999) rather than directly to
relative humidity (Ball et al. 1987; Grantz 1990; Katul et al. 2009; Monteith 1995).
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1.3.2.3 The optimal stomatal behavior model

A different approach can be found in the Medlyn formulation, focused on the
‘regulatory’ role of stomata (Medlyn et al., 2011). This formulation was developed
with the aim to reconcile the empirical approaches previously described (based on
experimental observations) with the optimization theory approach into a model
whose parameters have theoretical meaning. The theory of the optimal stomatal
behavior (Cowan and Farquhar, 1977) postulates that stomata act to maximize
photosynthesis while minimizing transpiration (E). The ratio between these two
optimizations is defined as the “marginal water cost of carbon gain”, A (mol H,O mol
1Q).

The use of this approach was limited, probably because A was difficult to estimate.
However, the possibility to directly estimate the empirical model parameters from
data made it easier to use (Duursma, 2015; Medlyn et al., 2011).

Medlyn et al. (2011) derived a unified model in a BWB-like form based on the
optimal stomatal conductance theory, providing to model parameters a biological
meaning.

This approach was developed following Cowan and Farquhar (1977).

Stomata act to minimize the marginal water cost of plant carbon gain.

OF _ 1 eq.12
SA

Where E is the transpiration rate, A is the CO, assimilation rate, 1 is a Lagrange
multiplier that represents the marginal water cost of plant carbon gain. This stomatal
behavior would be optimal if stomatal apertures varied to maintain the 6A/JE ratio
constant.

Eq. 12 can also be written as:

SE/8gs , eq.13
SA/8gs

In this form eq. 13 describes the sensitivity of photosynthesis (A) and transpiration
(E) to changes in stomatal conductance (gs).
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The full equations are (Cowan and Farquhar, 1977):

OE r2E eq.14

Where r is the stomatal resistance (equal to 1/gs), ry is the boundary layer resistance,
T, is the leaf temperature (K), L is the latent heat of vaporization of water (J mol?), ,
C, is the heat capacity of air (J mol™* K?),, 5w’/ 4T, is the slope of the curve relating
the saturation vapor pressure of water to temperature , rp* is the effective boundary
layer resistance to transfer of sensible heat and thermal radiation.

gffl 5 €15
1.672A—1.61; (—) — |[—
dA . SC['
agS 1.35?’b+1.6?”30'(m)
L

Where, ¢ is the Stefan-Boltzmann constant (5.67 x 108 W m? deg™®), C; is the
intercellular partial pressure of CO; within the leaf.

Making the assumption that r, and r*, are expected to be relatively low, they can be
ignored and equation (14) and (15) becomes:

0E E—D eq.16
== T' =
ags °
0A 16174
0gs _ 1
s l.6r, + 9A/0C,
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Where D is the leaf-to-air vapor pressure deficit,

Combining with eq. 13:

1 eq.17
D (1.61"5 + aA/ac,;)

1.612A

1=

According to Farquhar and Sharkey (1982), A can be also written as:

A= Ca— G eq.18
1.67;
So:
Ys eq.19
L D(1'6+0A/aci)
B Ca - Ci

Rearranging and substituting:

- 84 [A(C, — C;))? —1.6D(C, — C))] eq.20
e 1.6D

Eq. 20 can also be expressed as a quadratic equation with respect to Ci, e.g. aCi2 +
bCi + ¢, which can be solved in a normal way, but expressions for A and 6A/6C; are
needed.

According to Farquhar et al. (1980) the photosynthesis can be written as

A=min{A, 4} eq.21
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where A is the rate of CO, assimilation limited by the potential rate of Rubisco
carboxylation, and A; is the rate of CO; assimilation limited by the potential rate of
ribulose-1,5 bisphosphate regeneration, usually considered to be limited by the rate
of electron transport J.

According to previous study (e.g. Shimazaki 1989), stomatal behavior could be
regulated by electron transport (Aj) rather than rubisco carbon fixation (Ac).
Therefore, by taking in consideration A; only:

J C.—TI7 eq.22
A=
42T + C,
Where A; is the rate of CO, assimilation limited by the potential rate of ribulose-1,5
bisphosphate regeneration, usually considered to be limited by the rate of electron

transport J, Cc is the partial pressure of CO; at the sites of carboxlation in the
chloroplast, I'* is the CO, compensation point in the light.

The derivate with respect to C. is:

84,
5C,

3" eq.23
[2T* + C.]?

_/
4

Under the assumption that C; = C. (Arneth et al. 2002) it is possible to substitute eq.
23 in eq. 20 can be expressed as a quadratic equation respect of C; :

DF*)C + (AC, — 1.6D)C, +1'6Dlw2 0
l A eq.24

#*

16Dy ,
(ﬁ, — W) Ci + (1.6D —2C, A +

The optimal Ciis given by a root of the quadratic aCi2 + bCi+ c.

wherea=3T"-L, b=27"(L-3Candc=L (27" -3C,I")+3C2I""and L
represents the combination of terms (=1.6 D/ X).

The discriminant A=b? — 4 a ¢, can be calculated to be:

A=12T" L (C2+ Cal ™ -CaL+ T L-217) eq.25

Under the assumption that C, >>T"" this expression simplifies to:
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AA2T* L Cy2

eq.26
The solution to the quadratic equation leads to:
€y _ 3r'—\3riL 97
c,  3r-L €.

This expression can be simplified by completing the square in the denominator,
giving:

¢ _ N3
Co  VI+VL

eq.28

Substituting in optimal Ci/C, from equation to (Farquhar and Sharkey, 1982) and
rearranging:

3ara\ 4
gs = 1.6 (1 + E)a
eq.29

This equation can then be re-written in a form that is analogous to the empirical
models:

g ~16(1+%) g ~16(1+%) >
eq.30

Where the model parameter g; is given by the parameter combination /3 I'*1/1.6

and has units of kPa®° The parameter g is a species-specific parameter representing
the sensitivity of the conductance to the assimilation rate that can readily be estimated by
fitting the equation to data, yielding in turn an estimate of 1.

The optimal stomatal conductance theory predicts that stomatal conductance should
be zero when net photosynthesis is zero. However, there is accumulating evidence
that stomatal conductance can be non-zero when photosynthesis is zero, including
during the night. Therefore, an intercept term g0 can be added:

gs ~go+16(1 +j—5)ci

eq.31
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The main assumption of this theory is that stomata are controlled mainly by RUBP
regeneration than by carbon fixation rate. Medlyn et al., (2011) gave two main
justifications for this procedure. The first one is that the guard cells have a significant
capacity for electron transport and a low capacity for rubisco C fixation (Outlaw et
al., 1979; Outlaw and De Vlieghere-He, 2001; Shimazaki, 1989). The second is that
RuBP regeneration is the major limiting factor in leaves below light saturation and a
co-limiting factor in light-saturated leaves (Farquhar et al., 1980; Woodrow, 1994).

Although such analytical approximations may be interpreted as a model limitation if
compared to the numerical solution solving for both Ac and Aj (e.g. Baldocchi,
1994), it has been demonstrated (Bonan et al 2014, De kawe et al 2015) that model
performance using the optimisation scheme is comparable to the original empirical
stomatal conductance scheme (Ball et al., 1987) and less computationally intensive.

1.4 Ozone correction factors derivation

Since tropospheric ozone is considered a threat for forest ecosystems (Paoletti,
2007a), the lack of a specific parameterization of its impact on gs may lead to
estimation errors in simulating canopy gas exchanges (e.g. carbon sequestration,
transpiration). Direct measurement of forests gas exchanges at ecosystem level can be
performed by the eddy covariance (Aubinet et al., 2012). This technique has the
advantage that fluxes of a target gas (i.e., CO,, H,O, or O3) are recorded at ecosystem
level and are therefore representative of an entire plant community in the footprint of
an experimental tower (Fares et al., 2018). The disadvantages are the lack of a direct
control on the environmental covariates influencing the ecosystem ecophysiological
processes and that the measured overall ozone flux cannot be directly partitioned in
its stomatal and non-stomatal sinks. Therefore, isolating the effect of ozone directly
by ecosystem level measurements is not possible. However, correction factors
accounting for plant response to ozone can be derived by manipulative experiments.
To isolate the effect of ozone exposure by the natural occurring environmental
changes structures such as Open Top Chambers (OTCs) or Free Air Concentration
Enrichment (FACE) facilities are needed (Figure 4). Through these experimental
structures it is possible grow plants in under close to natural conditions (Leadley et
al., 1997), under different ozone fumigation treatments (e.g. ambient air ozone
concentration, AA; charcoal filtered air CF, doubled ambient air ozone concentration
AA*2), at different moisture availability by excluding drought stress (i.e. well-
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watered treatment, WW ) or by inducing it (e.g. WW¥*0.5) to evaluate if a cumulative
response to both ozone and drought stress exists.

Leaf gas exchanges measurements, plant, stem, root growth, defoliation, ozone
visible injuries are then evaluated during the experimental period for each treatment
to evaluate the effect of ozone treatments on plant’s ecophysiology compared to a
control that was exposed to ambient or filtered air for the whole study (Machacova,
2010; Paoletti et al., 2017).

As for ecosystem level measurements with eddy covariance, these methods have
some limitations as the “chamber effect” that alters the chamber microclimate
(Machacova, 2010), the space limitations in OTCs that can affect plant growth
(Uprety et al. 2006,Vanaja et al. 2006) and the age of the plants (often seedlings) that
can affect a mature tree response. These limitation can be solved by FACE facilities,
but the high cost limits their use.

Figure 4 - Two examples of structure for manipulative experiments. On the left: Open Top
Chambers (OTCs), Newcastle University (UK) Close House field station (Simon Fraser©). On
the right: Free Air Concentration Enrichment facility (FACE), National Research Center
(CNR), Sesto Fiorentino (Italy).
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1.4.1 Jarvis fO3 multiplicative factor

Several studies were successfully achieved in deriving a gm.x limiting factor fO; for
the Jarvis multiplicative algorithm for crops (Pleijel et al., 2002, Oue et al., 2008,
Griiters et al., 1995; Danielsson et al., 2003). Hoshika et al. in 2012 and 2018
developed a fO; for forests (i.e. F. crenata, B. platyphylla and Q. mongolica)
representing the linear response of gs to ozone concentrations observed under free-air
conditions experiments (FACE). By identifying non-limiting gs data (PPFD >500
umol m 2s, VPD < 1.2 kPa) they estimated a potential gsmax Value without ozone (0
nmol mol?) by extrapolating it from gs data collected on plants exposed to ambient
(ambient air ozone concentration) and at enhanced ambient ozone concentrations
(ozone fumigated). This value was assumed to be the gsmax Without any ozone effect.
Finally, the extrapolation line between the gs data and average hourly ozone
concentrations of each ozone treatment over the experimental period was used to
derive the ozone-induced stomatal closure response (fO3) (Figure 5). This approach
has the advantage to be easy to apply, being related to a multiplicative model based
on direct observation on dose-response relationships. A possible problem could be
found in data availability, since these observations can be collected most easily with
manipulative experiments on a limited number of species. A second point of
weakness is the fact that this approach is based on ozone concentration rather than on
ozone fluxes, and as previously discussed concentrations do not necessarily take into
account the amount of ozone directly entering through stomata (Emberson et al.,
2000).
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Figure 5 - Relationships between stomatal conductance (gs) and hourly mean 0Z0ONe concentration
in white birch and deciduous oak. From Hoshika et al (2018)

1.4.2 BWB Fpoz and Fco3 correction factors

A flux-based approach was proposed by Lombardozzi et al. (2012, 2013 and 2015).
This approach was developed to account for the decoupling effect between A, and gs
observed under growing ozone exposure (Fares et al., 2018; Lombardozzi et al.,
2012). This approach was developed to account for conditions that increase or
decrease photosynthesis without changing gs. Conditions that cannot be predicted by
a direct dependence of stomatal conductance calculations on the photosynthetic rate.
An example can be found in models using the Farquhar/Ball-Berry equations to
predict ozone damage to photosynthesis with proportional responses in conductance
(Felzer et al., 2007; Ollinger et al., 1997; Sitch et al., 2007). Indeed, the BWB model
equation (eq. 11) clearly shows a direct linear dependence between gs and A.
Therefore, a reduction of A would proportionally affect gs since the two parameters
results to be inter-dependent (or coupled). If the response of gs to ozone is
independent of the response of A to ozone, this A-gs dependence might lead to
overestimate the ozone impact on gs (or A) and may worsen when up-scaling from
leaf to ecosystem/regional level (Lombardozzi et al.,, 2012). Since damages to
carboxylation and stomata would change the ratio between water loss per carbon
gain, Lombardozzi (2013, 2015) developed two independent multiplicative correction
factors (Fpos and Fcos) for the BWB model representing the responses of A, and gsto
the cumulative uptake of ozone (CUO) by retrieving data covering different plant
functional types (PFTs) from literature studies. Since the impact of ozone on gs is
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independent of the impact of ozone on A these corrections must be applied only after
potential (uncorrected) A and gs are simulated. The CUO is a metric used to
standardize plant responses to chronic ozone exposure by integrating ozone flux into
the leaf through time. Its calculation has two main limits: 1) it does not directly
account for plant detoxification capacity, and 2) that plants exposed to high
concentrations for short periods can have the same CUO to plants exposed to lower
concentrations for longer periods (Lombardozzi et al., 2012). Regardless these
limitations, stronger correlations between the CUO and photosynthesis (Reich, 1987;
Wittig et al., 2007), biomass (Karlsson et al., 2004; Uddling et al., 2004) or relative
crop yield (Pleijel et al., 2004, 2002), than metric based ozone concentration
(Matyssek et al., 2007; Musselman and Massman, 1998; Reich, 1987; Wieser, 1997)
were found. Cumulative uptake of ozone can be calculated multiplying the
cumulative exposure to ozone (CEQs;), that is the cumulative ozone concentrations
above 0 ppb over total exposure time, equivalent to AOT0O0 and SUMOO
(Lombardozzi et al., 2012; Nunn et al., 2006; Reich, 1987; Wittig et al., 2007), to the
mean leaf-level stomatal conductance to ozone, therefore obtaining a flux-based
metric. The correction factors are then derived by the extrapolation line between the
treatment to control ratio of both A, (Fyo3) and gs (Fcos) and the calculated CUO (fig
6). This method modifies the optimal rates of A, and gs directly after they were
calculated in the model, thus allowing to separate the response of gs to ozone from the
response of A, to ozone and without altering photosynthesis calculations in the model
(Lombardozzi et al., 2015).
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photosynthesis or stomatal conductance were found. Figure from Lombardozzi et al., (2013).

1.4.3 Ozone avoidance implementation for the optimization model

A modified functional form of the Medlyn optimal stomatal behaviour model was
proposed by Hoshika et al. (2013c) to account for ozone stress avoidance by stomatal
closure observed in a free air exposure experiment on F. crenata, and in a recent
study (Hoshika et al., 2019) on P. angustifolia, Q. ilex, Q. pubescens and Q. robur.
According to the optimal stomatal theory by Cowan (1978), Hoshika postulated that
in addition to minimize water loss stomata act to minimize ozone flux.
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The optimization can be expressed as:

eq.32

where A° is the marginal ozone damage of plant carbon gain (mol Oz mol* CO,) and
Fst is stomatal ozone flux.

Fst is given by:

Fst = % ([03]5111' - [03]1eaf) eq-33
where [Os]air IS the ambient ozone concentration, and [Os]iar IS the ozone
concentration inside the leaf, assumed to be approximately zero (e.g., Laisk et al.
1989; Omasa et al. 2011). The coefficient of 1.6 is the ratio of the diffusion

coefficients for water vapor to ozone (Hicks et al., 1987).

Eg. 32 can be rewritten as:

6A . 1 O0E &) _
5g; A (agg +k 5g.) 0 eq.34

where K is the ratio of 2/A° (mol H,O mol* O5).
Therefore, A can be given as:

8gs | 8
A= —gsa_A ife eq.35
égs

Similarly, to 8E/6gs and 6A/5gs in Medlyn et al., (2011), according to the assumption
of [Os]iear = 0 (Laisk et al. 1989; Omasa et al. 2011), dF«/ 6gs can be given as:

or _ S(F (0 0shear)) (0,15 eq.36

895 845 1.6

Therefore, A in g.19 can be rewritten as:
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[03]air ( gs )
(D+k 1.6 )X 1'6+5A/66i

A= € c) eq.37
Then, rearranging and substituting again with “A= (C,-C;)/1.6-rs”,

_ S_A A'(Ca_ci)2_(Ca_ci)(1-6D+k'[Oa]air)
A= ac,-[ 1.6D+k[03]air ] €q.38

Following Medlyn et al., (2011), an expression for A and “6A/8C;” is given by the
limitation of A by electron transport. Therefore, by merging eq. 22 and eq.23 into the
eg. 38 :

I G-I _ ] 3ar- [ﬁ'(Ca—Cf)z—(Ca—Cf)(1-6D+k-[Oalm)] 00.39
4 1.6D+k-[0z]4ir Q-

2r'—C; 4 [2I"+C?
If L=(1.6D+k[O3] air)/A the quadratic functional form “aCi?+BCi+y=0" is obtained.
Solving the quadratic equation accordingly to Medlyn et al., (2011) leads to the final
form:

g.=go+16|1+ 91 A £q.40
J(D"'(k/l.e)[OS]air) Ca

Where g;- /3I'*1/1.6.

A point of weakness of the three above mentioned methods is that leaf gas-exchange
measurements are taken on a limited number of individuals (often seedlings) and the
resulting observations could be not representative of a whole mature ecosystem
(Hendrey et al., 1999; Saxe et al., 1998).

1.5 The eddy covariance technique

The study of GHGs and air pollutants fluxes (O3, CO,, H,O, and PM) at the
ecosystem level requires high-resolution data. Fluxes, emissions and exchange rates
can be accurately characterized starting from punctual measures, using fixed or
movable flux towers, helicopters, planes etc. Eddy covariance (EC) is a micro-
meteorological technique that have long been applied to measure mass and energy
fluxes between forest ecosystems and the atmosphere (Figure 7). The advantage is
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that fluxes of targeted gases (i.e., water vapor or ozone) are recorded at ecosystem
level and are therefore representative of an entire plant community in the footprint of
an experimental tower. EC produces advantageously continuous and long-term
measurements, provided the terrain is rather homogeneous. Measurements took place
in the surface layer, 10 m (up to 50 m in case of unstable stratification) above the
earth's surface. Inside this layer, the atmospheric turbulence is the dominant transport
mechanism. The EC technique implies that a field site should be equipped with a
three-dimensional sonic anemometer to measure wind velocity and sonic virtual
temperature fluctuations at high frequency (conventionally 10 Hz, sample interval of
0.1 s). The anemometer should be mounted next to the inlet of sampling line or right
next to an open path sensor (i.e. infrared gas analyser, IRGA). In a typical
configuration, air is sampled continuously at one inlet through Teflon tubes located
near the sonic anemometer. In the last decades, several models of fast ozone sensors
have been developed, mostly through chemiluminescence and using coumarin dyes.
The chemiluminescence detectors are calibrated against average ozone concentrations
from a UV ozone monitor and correlated with vertical wind velocity, according to EC
methodologies extensively described in Aubinet et al. (2012). In this technique a
variable, a scalar (x) (usually gas concentration, temperature or momentum) or wind
component (u, v, or w), is decomposed into its mean (x) and its fluctuating
component (x’). The vertical flux is calculated as the covariance of x’ and vertical
wind velocity. Positive fluxes indicate gas release to the atmosphere while negative
fluxes indicate uptake from the atmosphere:

E, = x'w! eq.41

where F is any flux measured with EC, w is the vertical wind velocity, and c the
concentration of the gas at the measurement height. The prime indicates deviations
from the 30-min means threshold, and the overbar indicates a time average.

Measurements of quality assurances are needed to obtain reliable data. A number of
processing routines are ultimately needed to compute fluxes, that is, identifying the
time lag for sampling and instrument response by maximizing the covariance
between vertical wind velocity (w’) and scalar (X’) fluctuations. Several methods are
applied to correct for errors due to sensor separation and damping of high-frequency
eddies, rotation of wind-related data, and selection of quality data after filtering for
turbulence levels below thresholds considered valid for EC application (Aubinet et
al., 2012). The eddy covariance technique directly measures the net ecosystem
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exchange (NEE) of CO; and AE. In this study, Gross Primary Production (GPP)
rather than NEE (Net Ecosystem Exchange - NEE) was assumed to be representative
of the forest photosynthesis, since GPP is in theory the closest metric to express
photosynthesis at the canopy level with Eddy Covariance data not accounted for
ecosystem respiratory processes (Fares et al. 2013a). Although GPP is not directly
measured, it can be derived by applying different post-processing methods. Further
details can be found in Lasslop et al. (2010). Since GPP is derived from a model, its
estimation carries some uncertainties, which however do not exceed 10% (as
highlighted in a comparison of different methods of estimation) (Desai et al. 2008).
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Figure 7 - View of a typical eddy covariance tower. equipped with fast sensors (i.e. a 3D sonic
anemometer coupled to a gas analyzer) for ozone flux measurement. The air flow (on the top) is
represented as an horizontal flow (wind) of numerous rotating eddies (turbulences). Exchanges of
energy and gases is us represented by red arrows. The snapshot of single leaves shows ozone
penetrating stomata (ozone dry deposition) and causing oxidative damage in the form of visual
necrotic spots.

1.6 Multi-layer canopy models

To test these leaf-level relationships to the ecosystem scale, corresponding ecosystem
level estimates of An and transpiration in a bottom-up approach are needed. This
approach is intrinsic to multi-layer canopy models. These models combine models of
penetration of light with models to resolve energy balance in the canopy based on
leaf-level photosynthesis, and models of gas/energy transport within the canopy
(Lowman and Rinker, 2004). Canopy photosynthesis (gross primary productivity
GPP), and transpiration (latent heat, AE) and other gas exchanges are calculated by
integrating fluxes resulting from various components (e.g. soil, understory, crown)
that interact with their specific microclimate (e.g. profiles of light, humidity and
temperature) (Journet and Etherington, 2006). A variety of multilayer models
differing in spatial (i.e. local, regional and global model) and temporal resolution are
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actually available. In function of their final scope and data availability, different
approaches to simulate gs and A, are used. In this work the FORCAST model
(Ashworth et al., 2016, 2015), developed to study the chemistry and transport of
volatile organic compounds (VOCs) and their oxidation products in the atmosphere
within and above the forest canopy, and the recently published AIRTREE model
(Fares et al., 2019), developed to study forest ecosystem services such as ozone and
PM deposition, were used. In both these models, the incoming solar radiation is
reflected, transmitted and absorbed depending on the canopy structure. The canopy
architecture is constructed during the initialization routines within both FORCAST
and AIRTREE models. The canopy can be divided into a variable number of layers
(up to 10) between the trunk level and the top of the canopy, and characterised by
different leaf angle classes and by both sunlit and shaded leaves. The light extinction
within the canopy is the results of an exponential attenuation (e.g. Beer’s law) by
foliage at each layer (i.e. Leaf Area Index, LAI) calculated at each model time step.
As radiation and temperature decay through the canopy layers, leaf level
ecophysiological processes variate between layers and angle classes within a single
layer. Dry deposition of particles and gases on leaves is calculated at all models’
levels by following resistance schemes and is dependent on the individual resistances
of in-canopy aerodynamic resistance (R,), soil resistance (Rq), quasi-laminar
boundary layer resistance (Rp), mesophyll (Rm), cuticular (Rqi) and stomatal
resistance (Rs). Stomatal resistance is therefore calculated according to the canopy
environment at each time step, for each leaf angle class in each canopy layer it. In
FORCAST stomatal resistance (Rs) is needed also to simulate BVOCs emission and
ozone deposition and is calculated accordingly to the Jarvis multiplicative algorithm.
Conversely, the AIRTREE model needs gs (gs=1/Ry) to simulate both gross primary
productivity (GPP) and ozone deposition, thus using a photosynthesis sub-model
based on the analytical solution of the coupled BWB A-gs model proposed by
Baldocchi (1994).

The simulation of stomatal conductance provides the potential to estimate the flux of
any gaseous species into the vegetation and therefore the damage to plant cells due to
the uptake of ozone. Stomatal ozone fluxes were calculated by multiplying ozone
concentration at the leaf level (see methods shown in Gerosa et al. 2005 and Fares et
al. 2018) by stomatal conductance to ozone By considering their scopes, the
implementation of ozone corrections could represent a significant improvement for
both these models, leading to a more accurate simulation of the stomatal ozone dose
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entering into the stomata, emission of BVOCs, sequestration of carbon and loss of
water.

1.7 Thesis objectives and structure

In the previous paragraphs the role of ozone for the health of Mediterranean forest
ecosystems was defined. It is important to identify and/or improve proper metrics
(e.g. PODY) for ozone risk assessment.

In this work meteorological variables, biometric data and leaf level gas exchange
measurements have been used to parametrize two multi-layer canopy models. These
models were implemented with specific formulations for the quantification of ozone
impact on plant’s ecophysiological processes. Fluxes of carbon and water measured
through the eddy covariance technique have been used to calibrate and validate the
models’ output and finally quantify the impact of ozone on forests’ ecophysiological
processes (Figure 8).

In this study, formulations to quantify ozone damage in plants’ ecophysiological
processes were derived by manipulative experiments under controlled conditions.
However, in natural condition ozone stress occurs simultaneously with other stressors
(e.g. drought stress). Since plants can use the same response mechanism to different
stressors (i.e. avoidance of ozone and drought stress by stomatal control) the impact
of ozone alone would result to be difficult to quantify. Therefore, a first question can
be formulated:

A) Can a multi-layer canopy model parameterized with a relatively small set of
environmental input variables (e.g. RH, Tair, PAR, Precipitation, SWC, air
pressure) estimate reductions in carbon assimilation due to ozone dose/exposure?

If so, the impact of this gas on carbon sequestration should be different depending on
the species-specific strategies to face ozone stress (i.e. avoidance) and their level of
sensitivity to ozone (i.e. tolerance). Therefore, while in an ozone sensitive species the
impact of ozone is expected to have an impact up to 30% (Sitch et al., 2007), low or
no reduction might be observed in ozone tolerant species. For the latter case, a model
implementation would be useless. Consequently, a second scientific question is:
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B) Is it possible to define a threshold of phytotoxic ozone dose for trees with known
differences in ozone sensitivity?

In order to find the answer to these scientific questions this PhD work will pursue two
main objectives: (1) to evaluate which model parameterization best fits the
observations in simulating the ecophysiology of the studied ecosystems and (2) to
propose possible improvements to metrics for ozone risk assessment based on
phytotoxic ozone dose (amount of ozone entering stomata).
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Figure 8 — Description of a multi-layer model. Ecosystem level measurements of fluxes and
meteorological data and leaf level gas exchange measurements (black lines) are used as model

input, the model then computes output fluxes at each layer, that can be integrated to the canopy
level (red arrows) I.
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2. Materials and Method

2.1 Sites Description
2.1.1 Castelporziano (IT-Cp2)

The presidential Estate of Castelporziano represents a hotspot for biodiversity in the
Mediterranean area, which hosted more than 1000 plants species (Davison et al.,
2009). It is a protected area of about 4800 ha, of which 85% are forests. It is located
on the coast of the Tyrrhenian sea, 25 km from Rome downtown (Figure 9). The
study site (hereafter named CPZ), named Grotta di Piastra (Fluxnet code IT-Cp2), is
located in a wild coastal rear dune ecosystem within the estate, 1.5 km from the
seashore (41°70°42°°N, 12°35°72"°E).

The vegetation is covered almost prevalently by a 64 years old even-aged (Romane &
Terrada 2013) evergreen holm oak forest (Quercus ilex L). The forest main height
was 14 m and the Leaf Area Index (LAI) was 3.69 m? leaf m? ground, measured
using a LAI 2000 instrument (Li-Cor, USA). The understory vegetation is poorly
developed and formed prevalently by small shrubs of mock privet (Phillyrea latifolia
L.). Soil has a flat topography, with a sandy texture (84% sand, 14 % silt, 3% clay),
and low water-holding capacity.

Castelporziano

1 " Do
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oogle Earth 4 *":{a

Experimental’site @ <
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Figure 9 - The figure shows (on the left) the location of the IT-Cp2 experimental site (white sign) in
the Castelporziano natural reserve (in green), within the area of Rome (in red) and (on the right)
the IT-Cp2 EC flux tower into the Grotta di Piastra holm oak forest.



Wind circulation followed a sea-land breeze regime, the dominant wind direction is
S-SW during the morning and N-NE during the afternoon (Figure 12). The site is
characterized by the typical Mediterranean climate, with pronounced seasonality.
Summer is hot and dry and Winters are moderately cold. Precipitation occurs
prevalently during Spring and Autumn. Mean annual precipitation are around 700-
800 mm y* and mean monthly temperatures, averaged over the same period, range
between 7 °C and 24 °C (Figure 11). The site can experience high Summer levels of
tropospheric ozone up to 90 ppb (Fares et al., 2014). Air temperature, precipitation,
relative humidity, net solar radiation, wind direction, soil humidity and soil
temperature were recorded every minute and averaged for 30 min intervals with a
Davis vantage pro meteorological station (Davis Instruments Corp. CA, USA). For
more details on the site and meteorology see Fares et al. (2014). The fluxes
continuous measurements started in 2012 and measurements are still ongoing. Flux
measurement equipment was installed on 20 m scaffold tower. Tridimensional sonic
anemometer (GILL HS-50) was used to measure instantaneous wind speed and
temperature fluctuations. H,O and CO, concentrations were measured with an
infrared gas analyzer (Licor LI-7200). Data were recorded at 10 Hz for all trace
gases. Castelporziano is included in the Long-Term Ecosystem Research network
(LTER - Italy), furthermore, as an EC site is part of the Fluxnet and ICOS
international networks.

2.1.2 Blodgett Forest (US-Blo)

The Blodgett Ameriflux site (Fluxnet code US-BIo) is located at 1315 m above sea
level in the Sierra Nevada Mountains of California, USA, near Georgetown
(38°53°42.9” N 120°37°57.9” W). Trees were planted in 1990 at a density of 1300
trees/ha, and underwent a precommercial thinning in 2000, removing 60% of the
trees and cutting back all the shrubs. The dominant tree species is ponderosa pine (P.
ponderosa L.), an ozone sensitive species (Anderson et al., 2001; Coyne and
Bingham, 1982). The major understory shrubs are Arctostaphylos manzanita
(Mazanita) and Ceonothus cordulatus (Ceanothus). The total LAI increased from 1.2
in 2001 to 2.9 in 2006, with a mean height increasing from 4 m to 7.6 m during the
same period. The soil has 60% sand, 11% clay and 29% loam. The site is
characterized by a Mediterranean climate, with warm dry Summers and cold wet
Winters, and with a typical mountain wind regime bringing daytime air up the
mountain slopes from the nearby Sacramento valley urban area, while at night a
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gentle downslope wind reverses the direction (Figure 12). Air temperature and
vapour pressure deficit (VPD) followed similar annual patterns across the years, with
the higher values during Spring and Summer, and large sub-weekly variation due to
the passage of weather fronts. Annual precipitations are around 800-900 mm, and are
concentrated almost exclusively in Spring and Winter with low precipitations in Fall,
and total absence of precipitation in Summer except for 2003 and 2004 (38 mm and
22 mm, respectively) which were the years used in this study (Figure 11). Also this
site experiences Summer levels of tropospheric ozone above 100 ppb, as described in
detail by Fares et al. (2010Db).

Figure 10 - The figure shows (on the left) the annual wind rose of the US-Blo experimental site in the
Sierra Nevada Mountains, and (on the right) the US-Blo EC flux tower above the Ponderosa pine
forest.

47



40 | Tem perat‘u re

T T T
——Castelporziano
O 20 —I—Blodgt
0] .
_20 I | | | | | |
0 50 100 150 200 250 300 350
doy
600 1 1 Precipitations I I
Il Castelporziano
= 400 Il Blodgett
= 200
Winter Spring Summer Fall
40 % 3 i ‘ T ch I T T ‘[—IJ
; : —F—Castelporziano F
© 20 —I—Blodget
= I
0 1 | 1 | | | |
0 50 100 150 200 250 300 350
doy
l—|| 3000 T PﬁR T T T T T
w .
——Castelporziano
' 2000 | ‘ ——Blodgett
E 1 ‘|-w|“\"|“m
< 1000 I |
€
S 0

Figure 11 - The figure shows the sites’ climatic characteristics. Average temperatures (in the top),
cumulative seasonal precipitations (in the middle), daily mean soil water content (SWC) measured
at 10 cm of depth (in the bottom) and photosynthetic active radiation (PAR) for the year 2013 and
2003 collected in Castelporziano (in black) and Blodgett (in red) sites, respectively.
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Figure 12 — Wind rose plots of two study sites. On the top.: Castelporziano wind regime, during the
day (left) wind blows from SW (from the sea) while during the night (right) wind blows from N-NE
(the city of Rome). On the bottom. Blodgett wind regime, during the day (left) wind blows upslope
from SW (from the city of Sacramento) while during the night (right) wind blows downslope in the
opposite direction (N-NE).
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2.2 The FORCAST Model

The FORest Canopy Atmosphere Transfer (FORCAST) model is a single column (1-
D) model that incorporates atmospheric chemistry and dynamics and land surface
modelling to study the emission, deposition, chemistry and transport of volatile
organic compounds (VOCs) and their oxidation products in the atmosphere within
and above the forest canopy (Figure 13). FORCAST is based on the Canopy
Atmospheric CHemistry Emission (CACHE) model (Bryan et al., 2012; Forkel et al.,
2006), updated with the gas phase chemistry scheme CACM (Caltech Atmospheric
Chemistry Mechanism, Chen and Griffin 2005; Griffin et al. 2002, 2005), and the
aerosol module MPMPO (Model to Predict the Multiphase Partitioning of Organics,
Chen and Griffin 2005; Griffin et al. 2003, 2005). Energy balances and radiative
transfer within the canopy are calculated accordingly to the CUPID soil-plant-
atmosphere model (Norman, 1979; Norman and Campbell, 1983). The default model
vertical resolution is of 40 vertical layers the (half of them are in the vegetation
canopy space) from the land surface to a maximum height set by the user. The lower
level of the column represents the soil, where soil heat and moisture storage and
transfer to the atmosphere are computed (Forkel et al., 2006). The canopy levels are
further sub-divided into a trunk space and crown space which height, canopy shape,
leaf angle distribution, leaf area index (LAI), and the fraction of the total LAI in each
canopy layer are user defined. The transfer of radiation is simulated through the
canopy, thus providing leaf temperatures, latent and sensible heat fluxes for both
sunlit and shaded foliage at each canopy level. The incoming solar radiation
(provided by user as a model input variable) is divided between visible (0.4— 0.7 pum),
near-infrared (0.7-4 pm) and the thermal radiation (4-100 pum). The reflection,
transmission and absorption of all incoming radiation and the total back-scattered or
up-welling radiation are dependent on the canopy structure and the angle of the
leaves relative to the incident radiation. The incoming solar radiation is further
divided into direct and diffuse radiation based on the proportion of back-scattered
radiation. The model considers nine angle classes for sunlit leaves that receive
components of both direct and diffuse radiation, and designates an additional class to
the shaded leaves within each layer receive only diffuse radiation. The light
attenuation within the canopy is based on Beer’s law and of the absorption of thermal
radiation at each model time step. The radiation that penetrates to lower canopy layer
decays due to shading from leaves in the layers above. Therefore, the biogenic
emissions, driven by radiation and leaf temperature change among layers and angle
classes even within a single layer. This full multi-level representation of vegetation
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structure affects also the processes governing deposition rates. The model simulates
gases and particles dry deposition on vegetation following the resistance scheme
(Gao et al. 1993; Meyers and Baldocchi 1988; Wesely 1989).
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Figure 13 — (a) schematic of the FORCAST column model. Each level within the column is a box
model (b) incorporating the processes involved in canopy—atmosphere exchange of energy and mass
appropriate for that level (form Ashworth et al. 2015)

Leaf resistance is dependent on the individual resistances of the quasi-laminar
boundary layer at the leaf surface, the mesophyll and cuticular resistances, and
stomatal resistance. The soil resistance is modelled after Gao et al. (1993). And
calculated at each time step based on the temperature and soil moisture profile at that
time. Stomatal conductance is calculated at each time step for each leaf angle class, in
each canopy layer according to the canopy environment, accounting for changes in
temperature, light levels above and within the canopy, and vapor pressure deficit by
the Jarvis (1976) multiplicative algorithm. Deposition velocities of gases and
particles are calculated by FORCAST before being passed to the chemistry scheme,
where they are included as a loss term in the computation of reaction rates. As the
simulation of stomatal conductance within FORCAST occurs on-line, this provides
the potential to estimate the flux of any species into the vegetation, allowing
simulation of damage to plant cells due to the uptake of powerful oxidizing agents
such as ozone.
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Since the aim of this study was to evaluate ozone impact on simulated stomatal
conductance and consequently on GPP and AE the chemistry and the advection
modules were deactivated and measured ozone concentrations were directly used as
input for the model Table 1.

Table 1 - list of the continuous environmental variable needed by the FORCAsT model in this study.

Variable Description Unit measure
PPFD Photon flux density pmol m?s™!
Press Atmospheric pressure Pa

RH Relative humidity %

SWC Soil water content %

Tsoil Soil temperature ce

Tair Air temperature Cce

0Os Ozone concentration ppb

CO2 CO; concentration ppm

u* Friction velocity ms’!

ubar Surface wind speed m s
sigmaw Std. dev. of wind vertical component m s-1

Heat and water vapor balance of the air in the canopy space is expressed by the
transient heat conduction equations, accordingly to Norman (1982):

ep de d

6T

(e 0T
P 6t_6z( (2) 5Z)+QH

ek(z)de
p &t Oz Cp P 0z

eq.42

eq.43

Where T and e are temperature and water vapor pressure of air respectively, K(z) is
the eddy thermal conductivity (J m*s? °C?) and eK(z)/(cpp) is the eddy conductivity
for water vapor (Kg m? s? Pa?)), Qu (W m?3) and Qe is the source or sink of heat
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respectively water vapor. Qu and Qg are derived from the leaf energy balance
equation.

Leaf energy and water balance equations for each leaf angle class in each layer are
solved simultaneously. Canopy photosynthesis (GPP), and latent heat (AE) results
from the integration of fluxes resulting from each layer. Since this work is not
focused on the model capability to simulate atmospheric chemistry and the advection
of pollutants and ozone precursor, the description of these modules is not here
reported, further details can be found in Ashworth et al. (2015).

2.3 The AIRTREE model

The Aggregated Interpretation of the Energy balance and water dynamics for
Ecosystem services assessment (AIRTREE) model, is a one-dimensional multi-layer
model that couples soil, plant and atmospheric processes to predict exchanges of
CO., water, ozone, and particulate matter (PM) between leaves and the atmosphere.

The AIRTREE model is constituted by four different modules (see figure 8):

1) The radiative transfer model, which calculates leaf temperature and the
radiation through canopy.

2) The photosynthesis module, that calculates A, and gs.

3) The deposition module, which calculates resistances to gas diffusion and
deposition of gases and pollutants.

4) The hydrological model, which predicts the ecosystem hydrological status.

The model requires a limited number of input variables (Table 2) to estimate
individual leaf gas exchanges and integrate fluxes through five layers to obtain fluxes
(e.g. GPP, AE, PM, Og3) at the canopy level. The model incorporates a canopy
environmental module to determine the leaf temperature (7;), stomatal conductance,
and radiative transfers at different levels from the top to the bottom of the canopy.
Since T, and gs influence the photosynthesis and the gas exchanges with the
atmosphere, they are calculated iteratively by coupling an energy conservation
equation (Goudriaan and Van Laar, 1994) with photosynthesis (Mller et al., 2008),
under the assumption that the energy balance affects A, and the T, and that A, and gs
affect the latent heat in the energy balance. The leaf photosynthetic rate (A,) is
calculated from the minimum value between the carboxylation rate when ribulose
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bisphosphate (RuBP) carboxylase/oxygenase is saturated (W) and carboxylation rate
when RuBP regeneration is limited by electron transport (Wj). AIRTREE uses the
analytical solution proposed by Baldocchi (1994) to calculate A and gs, by coupling
the FVcB-BWB model (eq. 11). Drought limitation to photosynthesis and gs was
modelled as piece-wise linear function of soil water content (Ws,) multiplied by A, as
reported by Keenan et al. (2010).

1, if @ = 0max
We,pe = —Omi q
fac [ O-Omin ] , if0 < Omax

Omax—-0Omin

eq. 44

where O is volumetric soil water content, Omax is the relative soil water content for
the 4.5 m soil column at which reductions are first evident, Omin is the wilting point,
and q is a measure of the non-linearity of the effects of soil water stress on
physiological processes.

Finally, A and gs for the whole canopy were obtained by integrating values calculated
for each layer according to the fraction of sunlight and shaded leaf area. Deposition
on vegetation surfaces is calculated through a resistance scheme. The canopy
resistance was calculated as proposed by Zhang et al. (2002).

1 1-Wy 1 1
Re RutRm | RastRy | Ront’ eq. 45
¢ sttRm actRg cut

where Wy is the fraction of stomatal blocking under wet conditions (equal to O for dry
conditions); Ry is the stomatal resistance (inverse of stomatal conductance to O3), Rn
is the mesophyll resistance (10 s m?), R, and R, are in-canopy aerodynamic
resistance and soil resistances, respectively, and Ry is the cuticular resistance
estimated according to Erisman et al. (1994), Zhang et al. (2002) and Mészaros et al.
(2009).

Ozone fluxes resulted from the integration of each layer contribution. The total fluxes
were calculated as the product between the measured concentration and the velocity
of deposition (V) for each canopy level (see methods in Gerosa et al., 2005).

1
“ R, +R,+R’ eq. 46
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Where R, is aereodynamic resistance, calculated at each layer elevation accordingly
to Killus et al., (1984), and Ry is quasi-laminar boundary layer resistance (Rp) was
calculated as suggested by Hicks et al. (1987). The formalism to explain resistances
is detailed in Fares et al. (2019).

The sensible (H) and latent (AE) heat fluxes inside each canopy layer from the leaves
to the atmosphere are computed as (Lhomme, 1988):

H= pcpgec(Tl - Ta) eq47

pe |
AE = (TP) gev(es - ea) € 48

Where p is the air density, cpis the specific heat of air at constant pressure, ge. is the
equivalent conductance for horizontal heat transfer, Tl is the leaf temperature, Ta is
the air temperature, p is the psychrometric constant, ge, is the equivalent
conductance for horizontal vapour transfer, es is the saturated vapour pressure at
leaf temperature, e, is the air water vapour pressure.

These variables are calculated iteratively by coupling the energy conservation
equation (Goudriaan and Van Laar, 1994) with the photosynthesis process (Miiller et
al., 2008) under the assumption that the energy balance affects photosynthesis and the
leaf temperature, while the photosynthesis and stomatal conductance affect the latent
heat in the energy balance.

The hydrological sub-model implemented in AIRTREE is derived from the BRTSim
general-purpose hydrological and biogeochemical solver (Maggi, 2018, Maggi,
2019). The soil moisture dynamics are described by means of the Richards equation
(Richards, 1931; Richardson, 2007) which couples the continuity equation to the
Darcy's law (Darcy, 1856) and solves for the unsaturated-saturated flow regimes. In
this application, the soil column is described by a sequence of twenty finite volumes;
the solver discretizes the Richards Equation over the finite volumes and tests the
convergence of solution against a tolerance. Full details of the convergence criteria
are provided in the User Manual and Technical Guide of the BRTSim v3.1a package
(Maggi, 2018) and are not replicated here.

The AIRTREE model was developed to be a site-specific model calibrated on site
observations, to provide the most accurate simulations of ecosystem gas exchanges.
The first step of the model calibration required to set a range for each initializing
parameter, during the calibration other sets of parameter vectors were generated and
evaluated with respect to the first set of parameters. The calibration was performed
on a random sample (splitted in two parts: the 80% was used for calibration, and the
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remaining part for validation) of the input dataset (17520 half hourly data for one
year of study) and include the sensible heat, latent heat, GPP, and soil humidity. To
evaluate the impact of ozone corrections on the model performances, input data
collected at ambient ozone concentrations above 40 ppb were excluded from this
procedure. The calibration iterated until a satisfactory user-defined efficiency
threshold (Kling-Gupta efficiency, Gupta et al., 2009) was met. The sensitivity
analyses of the AIRTREE model identified the canopy depth, LAI, and leaf length,
VCmax and m (the BWB slope parameter) as the most important parameters for the
model (Fares et al., 2019). Concerning PM deposition, the model incorporates
traditional atmospheric models to predict particle deposition. Since this work is not
focused on the model capability to simulate particulate matter deposition, the
description of these models is not here reported, a detailed description of the
AIRTREE model can be found in Fares et al. (2019).

Table 2 - list of the continuous environmental variable needed by the AIRTREE model in this study.

Variable Description Unit measure
RAD PPFD + Near Infrared Radiation, NIR W m?2
Tair Air temperature ce
RH Relative humidity %
ubar Wind speed ms?
COz CO2 concentration ppm
Os Ozone concentration ppb
Press Air pressure Pa
PM PM concentration ppm
rain Precipitations mm
ustar Friction velocity ms?
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2.4 Meteorological and flux data

Two-year datasets for both Castelporziano (2013 and 2014) and Blodgett (2003 and
2004) sites were used to parameterize and evaluate the model. The datasets with the
lowest number of missing data were selected to avoid unrealistic predictions and

artifacts in the simulations.

The main characteristic of the two sites are resumed in Table 3. In both sites, fluxes
measurement with Eddy Covariance were performed from the top of a tower. H,O
and CO; concentrations were measured with closed-path infrared gas analyser (see
details in references provided for each site). Ozone fast measurements were
performed by a chemiluminescence methods which uses coumarin dye reaction with
ozone, thanks to a customized instrument developed by the National Oceanic and
Atmospheric Administration (NOAA, Silver Spring, MD).

Table 3 - Overview of the main climatic characteristic and species included in this study.

Site Name

Castelporziano

Blodgett Ameriflux site

Coordinates

Altitude

Vegetation

Tree mean height
LAI

Soil texture

Climate

Mean Temperature
Annual Precipitation

Summer mean 0zone
concentration

Ozone sensitivity

41°70'42"N
12°35'72"E
13 m

Holm oak forest
(Quercus ilex)

14 m

3,69 m2 m-2
Sandy
Mediterranean
15°C

790 mm

40 ppb

Tolerant

38°53°42” N
120°37°57” W
1315 m

Ponderosa pine plantation
(Pinus ponderosa)

7m

2,9 m2 m-2
Sandy loam
Mediterranean
12°C

870 mm

57 ppb

Sensitive
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The chemiluminescence detector was calibrated against 30 min average o0zone
concentrations from a UV ozone monitor. Data were recorded at 10 Hz for all gases
using data loggers (CR-3000, Campbell Scientific, Shepshed, UK).

In this study GPP was calculated from ecosystem scale fluxes of CO, (NEE) by
adding the ecosystem respiration term (Reo) to NEE, since NEE represents the
balance between CO, sequestrated and emitted by the photosynthetic (GPP) and
respiratory (Reco) processes of the ecosystem.

NEE=GPP-Reco eq. 49

The separation of NEE into its component is necessary to derive GPP and Reg. In
absence of light GPP is assumed to be zero and therefore NEE measured at night is
representative of Rec,. Conversely, during light hours Reco cannot be directly derived
by NEE and an estimation of daytime Rec is needed. Therefore, an Arrhenius-type
model (Lloyd and Taylor, 1994) describing Reco dependence to temperature, is fitted
to nighttime NEE.

1 1
R..o =1bexp| E —
ece P ( 0 (Tref—Tg Tair - TO)) eq 50

where rb (umol C m™2 s7/) is the base respiration at the reference temperature
[Trer (°C), set to 15 °C], Eo (°C) is the temperature sensitivity, T is the air
temperature, and parameter Ty (°C) is kept constant at —46.02 °C as in Lloyd &
Taylor (1994). For E, a constant value is used for the whole year while rb was
estimated every 5 days using a 15 days window (as in Reichstein et al., 2005).

Finally, by using daytime temperature in place of nighttime temperature, daytime
respiration is derived, and the difference between modeled Rec, and measured NEE
yields estimated GPP (Lasslop et al. 2010).

Methods that rely on night-time data for partitioning may be biased due to the
frequent night-time suppression of turbulence and dominance of advective fluxes not
measured by conventional EC systems (Goulden et al., 1996; Feigenwinter et al.,
2004; Aubinet, 2008). Compared to GPP values derived from biometric
measurements Campoli et al. (2016) observed an uncertainty of night-time based
NEE partitioning of GPP of 5t5% and the 2 to 15% if compared to automated
ecosystem-chambers dark Reco measurements (Galvagno & Worfart 2015).
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Daily gross primary productivity (GPP), water fluxes (ET) and ozone concentrations
of the first year of study (2013 and 2003 for Castelporziano and Blodgett,
respectively) for both the study sites are shown in Figure 14.
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Figure 14 - the figure shows both sites GPP (top), ET (middle) and ozone concentrations (bottom)
for the year 2013 and 2003 for Castelporziano (in black) and Blodgett (in red) sites, respectively.
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2.5 Leaf-level gas exchange measurements

Gas exchange measurements were performed in Castelporziano holm oak forest with
a portable gas analyzer (mod. Li-cor 6400). Full developed sunlit leaves were
acclimated to the chamber at 25°C, a chamber-air CO, concentration of 400 ppm, and
a saturated photosynthetic photon flux density (PPFD) of 1800 umol m s until the
photosynthetic rate (A) stabilized. In order to estimate the velocity of carboxylation
(Vcmax), the electron transport rate (Jmax), dark respiration (Rq) of the plant, A-Ci
curves consisting of 10 different intercellular CO, concentrations (C;) increasing from
70, 90, 120, 160, 220, 260, 400, 800, 1100, 1300 ppm were built. The Farquhar, von
Caemmerer and Berry model of photosynthesis (FvCB) was fitted to measurements
of photosynthesis and C; by using the ‘fitaci’ function in ‘plantecophys’ package in R
(Duursma, 2015). This method fits the hyperbolic minimum of A; and A; instead of
the minimum function of two non-linear equations (eg.21) that is sometimes difficult
to fit, avoiding discontinuity:

2
AC+Aj—J(AC+Aj) —40A.A;
A, =

— — R, eq.51

where 6 is a shape parameter, and A, is the hyperbolic minimum of A; and A;.

The velocity of carboxylation (Vcmax) Used in this study was measured in september
2018 below and above the canopy on fully expanded sunlight leaves (8 replicates per
level). By adopting a Beer’s law type function (eq. 52) different Vcmax from the
bottom to the top of the canopy were reproduced as reported by Bonan et al. (2011,
2014) to take into account the different levels of Nitrogen (Kn) and in general
different capacity of carboxylation (Vcmax) between shade and light adapted leaves in
the canopy profile.

VePt (x) = VeoPE (0)e Knx eq.52

max max

Where Vc..x (0) is defined at the top of the canopy. Kn scales with V¢, at the
canopy top following (Bonan et al., 2014)

60



2.6 Ozone correction factors implementation

Three stomatal conductance models, the Jarvis (hereafter referred to as JV)
multiplicative algorithm proposed by Jarvis in (1976), the BWB coupled A-gs model
proposed by Ball, Woodrow & Berry in 1987 and the optimal stomatal behavior
model (hereafter referred to as MD) proposed by Medlyn et al. (2011) have been
incorporated into the FORCAsT model for this study.

2.6.1 Jarvis parameterization and the fO3 correction factor (JVios)

For this study, the modified formulation of the JV model developed for ozone flux
estimates ( Buker et al., 2007; Emberson et al., 2000, 2007, 2009) was adopted. Such
formulation is indicated into the UNECE guidelines for ozone assessment and
integrated into the DO3SE model (Emberson et al., 2004).

Stomatal conductance is calculated as:

Gs = Gmax 'fphen ) flight ) max{fmin ) (ftemp 'fVPD 'fSWC)} 'f03 eq'53

Where Gpax is the maximum gs (mol m? s?) derived from leaf gas exchange
measurements under non limiting conditions, fyen, fiight , femp , fupa @nd fsue are the
variation in Gnax With leaf age, photosynthetic photon flux density at the leaf surface
(PPFD, pumol photons m 2 s/ ), temperature (T, °C), vapor pressure deficit (VPD,
kPa), and volumetric soil water content (SWC, m®m~).

The effect of changes in leaf age (fonen) ON stomatal conductance was modelled as:

if doy < astart eq.54
fonen = frhen,

ifastart < doy < astart + fphen,

fonen = (1 — fphen,) x ((jday — astart)/fphen,) + fphen,

if (astart + fphen,) < doy < (aend — fpheny)

fphen =1
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if (aend — fphen,) < doy < aend
fphen =(1- fphend) * ((aend —deY)/fphenb) + fpheny

ifaend < doy

fphen - fphend

Where the parameters astart and aend are the start and the end of the growing
season, respectively (doy), fphen, and fphen, represent the number of days of fphen to
reach its maximum and the number of days during the decline of fphen to the
minimum value, respectively. The parameter fphen, and fpheny represent maximum
fraction of fphen at astart and aend, respectively.

The response of stomatal conductance to light (fiign;) is given by:

fiighe = 1 — exp(—a- PPFD) eq.55

Where a is a species-specific parameter defining the shape of the exponential
relationship.

The response of stomatal conductance to vapor pressure deficit (VPD, kPa) is given
by:
if VPD > VPDmin eq.56
fvep = fmin
if VPD < VPDmax
fvep =1
If VPD > VPDmax or VPD < VPDmin

frep = (((1 = fmin) x (VPDmin — VPD))/(VPDmin — VPDmax)) + finin

where VPDmin and VPDmax denote the threshold of VPD for attaining minimum and
full stomatal opening derived from leaf gas exchange measurements, respectively. If
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VPD exceeds VPDmin then fVPD is set to fmin. If VPD is lower than VPDmax then
fVPD is 1.

The effect of leaf temperature variation on stomatal conductance (femp) is calculated
as:

(Tmax_Topt) eq57
(T - Tmin) (Tmax - T) (Topt_Tmin)

fremp = :
temp (Topt - Tmin) (Tmax - Topt)

where Tmin, Tmax and Tope are the minimum, maximum and optimum temperature for
stomatal conductance in °C.

The response of stomatal conductance to soil water content (%) follows the functions
of Buker et al. (2015).

ife = 6¢ eq.58
fowe =1

if 6 <6,

S=(—-6,)/(0;—6y)

ifk1<s<1

fswe =1

if0 < S < ki

fswe = (1 — fmin) * S/k 1+ fin

Where 6, 6w, 6; are the volumetric soil water content (SWC), wilting point and field
capacity respectively with units of m®m=, k1 is a threshold of SWC above which gs is
at a maximum
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The fO3; multiplicative factor was implemented as an additional multiplicative factor
to the JV model (eq.53). This factor has been derived accordingly to Hoshika et al.
(2018Db) to the results reported in OTCs and FACE facility studies on Q.ilex (Fusaro
et al., 2016; Vitale et al., 2008) and on P. ponderosa (Beyers et al. 1992; Panek 2004)
where seedlings were exposed to different ozone treatments with open-top chambers.

fO3 =1—q=[03] eq.59

Where q is the parameter reflecting stomatal sensitivity to ozone concentration given
by the extrapolation line between the gs data and hourly mean ozone concentrations,
and [Os] is hourly mean ozone concentration (ppb).

The rate of carbon assimilation (A) was calculated by using Fick’s Law as:

eq.60
A= gs(cs - CI)

Where C; is the CO, at the leaf surface and C; is the intercellular CO, concentration
calculated by assuming a constant Ci/Cs ratio (Wong et al., 1979).

Average gs values measured at different ozone exposures were extrapolated from
tables and graphs. When not available, the mean ambient ozone (AA) and the mean
concentrations of each enhanced ozone treatment (e.g. AA x 0.5, AA x 1.5, AA X 2)
were derived from cumulated concentrations or from AOT40 values as the ratio
between Cumulated Concentrations and hours of exposure. Since this approach was
developed for ozone FACE facilities studies, where plants are fumigated with
different growing ambient air (AA) ozone concentrations. In this studies, stomatal
conductance in absence of ozone cannot be directly measured, so Hoshika derived it
as the intercept of the extrapolation line when x (i.e. [Os]) was equal to zero (0 ppb).
In OTCs experiments the gs response at 0 ppb is usually available as the Charcoal
Filter (CF) treatment used as ““control” for gs, representing the plant growth without
ozone limitations. The other treatments represent the non-filtered ambient air ozone
treatment (i.e NF, same as AA) and enhanced ambient ozone concentrations (i.e.
NF+, same as AAX;) respectively. In this study, plants’ responses to different hourly
ozone concentrations were derived from the extrapolation lines between gs measured
in the CF, NF, and NF+ treatments, at ozone concentrations representing the mean

hourly value of the period of exposure. In many studies, gs response to 0zone was
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usually tested in parallel with gs response to drought. Since a specific fswc was
already implemented in the Jarvis multiplicative formulations, only data derived from
well-watered (WW) soil moisture conditions were considered.

2.6.2 Ball Woodrow Berry correction factors (BWBFo3)

Two correction factors (Fcos and Fpos), are applied to A, and gs of the BWB model.
These correction factors are derived accordingly to Lombardozzi et al. (2013 and
2015) on the results reported in Alonso et al. (2014) and Vitale et al. (2008) for Q.
ilex and in Beyers et al. (1992) for P. ponderosa. A linear regression was used to
identify the correlation between change in photosynthesis or stomatal conductance
relative to plants exposed to little or no ozone (% of control) with CUO (an indicator
of ozone plant physiological damage through time).

Feo, =a.*CUO + b, eq.61
F,o, = a, *CUO + b,

Where a and b are slope and intercept constants for gs and A with the Cumulative
Uptake of ozone (CUO) that represents the flux of ozone entered into the stomata for
the considered time interval.

CUO = CEO; X g, x 1.67 x 3600 x 107¢ eq.62

Where CEQs is the cumulative ozone exposure (i.e. SUMOO, AOTQO etc.) that
represents the environmental condition of ambient ozone the plant was exposed to.
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2.6.3 Optimal stomatal behavior model for ozone avoidance (MDk)

Finally, for the MD model, the Hoshika formulation (Hoshika et al., 2013c) for
assessing ozone impact on gs was used.

VD + (k/1.6)[03]4;,/ €

A eq.63
gszgo+1.6(1+ 9 ) q

a

Where gy Is stomatal conductance at zero A, and g; is a slope parameter. D and O3
are VPD (kPa) and ozone concentration (ppb), respectively. k is the ratio of the
marginal water cost of plant carbon gain (1) to the marginal O; damage of plant
carbon gain (4°) (mol H,O mol* Os), the 1.6 outside a parenthesis is the ratio of the
diffusion coefficients for water vapour to CO,, and the 1.6 inside a parenthesis is the
ratio of the diffusion coefficients for water vapour to O3z (Hicks et al 1987).

Depending on plants responsivity to water stress k ranges between 0.1*k and k
(Hoshika et al 2013c). In this study the maximum value of k was used.

2.7 Modeling and statistics

The FORCAST model was first optimized without applying any ozone correction (i.e.
no ozone damage). Therefore, since the vegetation was constantly exposed to ambient
air ozone concentrations, possible underestimation of ozone impact on simulated
fluxes was expected. The resulting model runs (hereafter named Control) were
performed for BWB, MD and JV and then used as reference for ozone correction-
implemented model simulations. With the goal to identify (if exists) the threshold that
gives the best fit with the field observations from eddy covariance, different
thresholds ranging from 0 to 5 nmol m 2 s " representing high to low sensitivity to
ozone, respectively were applied in both sites’ simulations. These six additional
model simulations differed only by the critical ozone dose threshold (hereafter named
thr0, thrl, thr2, thr3, thr4, thr5).

Both the AIRTREE and FORCAST Control simulations were compared with the
threshold (thrO to thr5) simulations. Thresholds (defined as critical ozone threshold)
in this study are considered critical stomatal ozone fluxes above ozone stress
occurred. Consequently, correction factors have been applied only when stomatal
ozone fluxes were above selected thresholds. No correction to either A, and gs was
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applied when the stomatal ozone flux at each time step of the model was lower than
the selected thresholds.

Linear regressions between observations and simulations were performed for GPP
and AE. To evaluate if the application of the ozone thresholds would have a seasonal
positive or negative effect linear regressions were performed for both the whole year
and for each season. The “best” model run was identified by the regression that gave
the best coefficient of determination (R?) and maximum accuracy (i.e. the lowest
root-mean-square error, RMSE). While the R? provides information about the
percentage variation in the dependent variable (y) explained by the predictors (x-
variables), the RMSE measures the average error performed by the model in
predicting the outcome for an observation. Lower values of RMSE indicates better
fit. In addition, to evaluate the ozone corrections impact on model performances data
were filtered for ozone concentration above a threshold of 40 ppb, thus indicating a
potential ozone exposure (as in AOT40).

The AIRTREE natively includes the BWB A,-gs model and only corrections for the
BWB model were tested. In addition to the above described approach used to identify
the best threshold at both the seasonal and annual scale, the best (i.e. the lowest
discard from observations, Obs) simulation’s values (thr;) were identified also at each
model time step (half-hourly time resolution). These corresponding thresholds were
collected into a dynamic threshold variable (THR).

1 eq.64
THR = —, min |Obs — thr a

At each model time step the THR variable indicates which threshold (thr;) provides
the simulated value closest to observation (Obs).

The Spearman's rank-order correlation index (rs) was used in order to evaluate if the
changes of the ozone threshold (THR) can be due to changes in environmental
conditions (e.g. PAR, VPD, SWC, T, and ozone concentration). The choice of the
Spearman non-parametric correlation index instead of the most traditional Pearson's
one-moment correlation coefficient was adopted with the aim to analyse together
linear and non-linear correlations among variables (Conte et al., 2019, Salvati et al.,
2014). Once identified which environmental variable had a statistically significant
correlation with THR, a Jarvis-like approach to simulate THR was performed. A
boundary line analysis (Webb 1972) between THR/THRn. and the selected
environmental variables was performed and a Jarvis-like multiplicative algorithm to
predict THR was finally developed. The functions were between THR/THRmax and
the selected environmental variable, were derived by plotting the relative THR
(THR/THRmax) against each environmental variable separately. The upper limit of the
scatter diagram indicates the response of THR to the particular independent variable.
The response functions were derived by using the MATLAB® Curve Fitting Toolbox.
A series of linear and nonlinear models (e.g. Exponential, Gaussian, Power, Rational
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models) were fitted to data and compared. Finally, the function with the lowest
RMSE was selected and used as THR/THRmax reducing factor in the multiplicative
model. As stated before, the main criticism of this approach is that the interactive
effects between environmental factors are not considered, and the multiplicative
nature of the model doesn’t account any synergistic interaction.

68



The main input parameter for the stomatal conductance models used in this study are

reported in Tables 4 to 6.

Table 4 - Parameters for the Jarvis multiplicative gs model and the Hoshika fO3 correction factor
used in FORCAST model calculated in this study.

Input Description Q.ilex® P.ponderosa® Units Reference
. o 1 “Hoshikaetal., 2017
Gmax maximum gs 0.352 0.12 mol m<s "
Misson et al., 2004
2 Hoshika et al,
fmin minimum gs 0.03 0.01 mol m2st 2018
b Misson et al., 2004
. @Hoshika et al., 2018
VPDmin VPD for minimum gs 7.4 3 kPa - )
Bicarova et al. 2017
) @Hoshika et al., 2018a
VPDmax VPD for maximum gs 0.8 0.6 kPa -
Bicarova et al. 2017
O SWC at field capacity (FC) 0.3 0.19 mém3 ab this study
Ow SWC at wilting point (WP) ~ 0.07  0.05 m3 m3 ab this study
@Hoshika et al., 2018a
K1 SWC for max gs 032 0.9 % _
b this study
. .. . @Hoshika et al., 2017
Trsmin  Minimum Tair for gs 6 1 .
°C bBicarova et al. 2017
] ) o @Hoshika et al., 2017
Trsmax Maximum Tair for gs 50 36 C -
Bicarova et al. 2017
Trsopt  Optimal Tair for gs 20 18 °C Hoshika etal., 2017
bBicarova et al. 2017
. 2 Hoshika et al. 201
astart Start of the growing season 91 70 doy oshika et al. 2018a
b this study
foh number of days for max 89 88 doy 2 Hoshika et al. 2018a
ena
P fphen b this study
fohenb number of days for min. 20 99 doy 2 Hoshika et al. 2018a
en
P fphen b this study
foh maximum fraction of fphen at 0.9 0.3 2 Fares et al. 2013a
n . . -
PRENC Astart b UNECE 2004
maximum fraction of fphen at 2 Fares et al. 2013a
fphend 0.9 0.3 -
aend b UNECE 2004
. @ Fares et al. 2013a
aend end of the growing season 304 310 doy
b this study
shape of the hyperbolic umol m2  aFaresetal. 2013a
a . . 0.022 0.008 -1 ,
relationship S bBicarova et al. 2017
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Table 5 - Ball Berry model parameterization for the FORCAST and for the AIRTREE models

Input  Description Q.ilex®  P.ponderosa®  Units Reference
VCmax at optimal temp. - 2 athis study
VCopt canopy top 8 52 umol m b Misson et al. 2006
Jmax at optimal temp. — 2 2this study
Jopt canopy top 100 90 umol m b Misson et al. 2006
2 this study
Kball slope of Ball-Berry model 6 8 - b Law et al. 2000
. . 2 1 ‘thisstudy
bprime intercept for H.O 0.03 0.01 mol m=s b Misson et al. 2004

Table 6 - Medlyn model parameterization for the FORCAST model

Input Description Q.ilex® P.ponderosa®  Units Reference
g0 intercept for H20 003 001 mol m* s mlussssct;:]dgt al. 2004
2 this study
gl Slope coefficient 3.6 235 kPal* bDe Kauwe et al.,
2015
i 3Guardia, et al., 2012
alpha Quantum yield of electron mol mol : :
P transport 0.3 0.22 ®Panek 2004
aGomez-Aparicio et
theta  Shape of light response curve 0.75 081 - al., 2006
®Varela et al., 2016
Jmax at optimal temp. — canopy P 2this study
Jopt top 100 90 umol m=s b Misson et al. 2006
Ve Vcmax at optimal temp. -canopy | m?2 2this study
opt 78 52 Hmolm bMisson et al. 2006

top
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3. Results

3.1 Ozone correction factors

Similar to Hoshika et al. (2012; 2018), the fOs; correction factor for the Jarvis
multiplicative algorithm (JV:io3) was derived from literature data. The stomatal
conductance response to ozone for Q.ilex was derived from the study of Fusaro et al.,
(2016), in which seedlings from the Castelporziano (CPZ) Estate nursery were
studied in OTCs. Ozone AA concentrations (derived from AOT40) values were 40.9
ppb, and consequently, 52 ppb and 70 ppb for the NF+ (supplemented with + 30%
ambient air ozone) and NF++ (supplemented with +74% ambient air ozone),
respectively. For Pinus ponderosa, gs responses to different ozone exposures were
derived from the study of Beyers et al. Beyers et al. (1992), in which 2-years old
seedling from the Whitaker Forest at 1600 m a.s.l. in California, 200 miles from
Blodgett forest (BLD). Ozone concentration for each ozone treatment were directly
available in the text indicating 13, 62 and 95 ppb for CF, NF, and NF150 exposure
treatments, respectively. The extrapolation lines provided a slope (i.e. q in eqg. 59) of
3.2x10° and 2x10* for Q.ilex and P.ponderosa, respectively (Figure 15). Thus,
allowing to calculate fO3 at each model time step for CPZ and BLD sites.

: v =-0.0032x+0.3803 ¥ =-0.0002x+0.0588
Q.ilex R - 0.68 Pponderosa R - 0.82

05 01
045 | 009 t
04 008 |
=035 | Soo07 |
m &
5 03} o 006 |
Eopas | e Egos | '\
Q o
E 02} £ 004 |
1 — [ )

% 015 ? 9003 |

o1 | 002 |
005 | 001 F

35 45 55 65 75 0 20 40 60 80 100
03 conc. (ppb) 03 conc. (ppb)

Figure 15 - The two scatterplots show the extrapolation lines between stomatal conductance to
water vapour and hourly ozone concentration accordingly to Hoshika et al. (2018)

For CPZ, the correction factors Fco3 and Fyo3 for the Ball-Berry model (BWBgq03 and
BWB-g,03) were derived accordingly to Lombardozzi et al. (2013, 2015) on the results
reported in Alonso et al. (2014) on Q.ilex responses to different cumulated ozone
dose, since not enough (only two) replicates were reported in Fusaro et al. (2016).
The CEO; was derived for each season by multiplying the average enhanced
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treatment ozone concentration NFA+ (AA+40 ppb) for the daily hours of exposure
(10 hours per day) and for the number of days between the start of the fumigation and
each measurement. The same approach was used for BLD, by using data derived
from Beyers et al. (1992). Since ozone fumigations were not continuous during the 3
years of study, CEO; was calculated as the sum of ambient CEO3 (62 ppb) of the
days excluded by fumigations, and the CEO3; cumulated during the NF150 ozone
fumigations (95 ppb). CUO was then calculated by multiplying each gs measurements
for the corresponding CEO; (eq. 61-62). Intercept and slope of the linear regression
between CUO and the ratio between gs measured in NFA+ treatment and in CF
treatment were used to derive Fcozand Fyos (Table 7).

Table 7 - Values used to parameterize plants’ sensitivity to ozone (F:Os, FpOz3). Slopes and
intercepts (unitless) are derived from literature data accordingly to Lombardozzi et al. (2013,
2015).

Species Photosynthesis Conductance
Slope (ap) Intercept (by) Slope (ac) Intercept (bc)
Q.ilex -0.0003 0.7930 -0.0009 0.8572
P.ponderosa -0.0005 0.9152 -0.0007 1.0671

Finally, for the parameterization of the optimal stomatal behavior model for ozone
avoidance (MDg) proposed by Hoshika et al. (2013c) the k parameter (eq. 63) was
calculated online directly from leaf level VPD and ozone concentrations. The
parameter gl in eq. 63 was derived by fitting measures of leaf level gs (8 replicates)
collected from mature trees inside the CPZ experimental site to the photosynthesis-
stomatal model (figure 16), accordingly to (Hoshika et al., 2013c). The estimated
value of gl was 3.6 and it was used as input for the FORCAST model.

Since measurement of leaf level gas exchange for P.ponderosa were not available, gl
could not be directly estimated. Therefore, a value of 2.35 representative of the
evergreen needleleaf plant functional types (PFTs) was used (De Kauwe et al., 2015).
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Figure 16 — Relationship between stomatal conductance and the dominant parameter of the
photosynthesis stomatal model assuming that ozone stress is zero (k=0). Red lines are confidence

bounds.
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3.2 Leaf level gas exchange measurements

VCmax and Jmax values measured at the experimental site are reported in table 5 and 6.
A-C; curves applied to measurements at the top and at the bottom of the canopy
collected in September 2018 provided values of Vcnax Of 44 and 78, and Jnax values
of 68 and 100, for the bottom and the top of the canopy leaves (Figure 17). VVCmax Was
scaled through the canopy accordingly to eq. 52. K, was calculated iteratively up to
reach the observed values at the top and at the bottom of the canopy (Table 8).

Q. ilex— ground Q. ilex—canopytop

15

| Vemax = 44 Vcmax =78

/

/

10

A:
AJ
—— Limiting rate <

Ac
AJ
"] — Limiting rate

T T
0 200 400 600 800 0 100 200 300 400 500

Ci (ppm) C, (ppm)

Figure 17 - An is the net photosynthetic rate, C; the intercellular CO2 concentration. Symbols are
measurements, the black line the fitted FVCB model of photosynthesis. Colored lines indicate the
two photosynthesis rates in the FYCB model. The fitaci function estimates Vcmax, Jmax @nd Rq from
the fitted curve.

Since these measurements were not available for BLD site, a K, value of 0.15 for
evergreen needleleaf plant functional types (PFTs) was applied (Bonan et al., 2011),
accordingly to the maximum measured values available in literature studies on Pinus
ponderosa (Table 5-6).
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Table 8 - Vcmax values scaled at each canopy layer, according to Bonan et al (2011, 2014a).
Cumulative layer of a round canopy are reported for both AIRTREE (5 canopy layers) and
FORCAST (10 canopy layers) from the top of the canopy (layer 1) to the ground (layers 5 and 10
for AIRTREE and FORCAST, respectively). The K, value referred to this table is Kn=0.15, for a LAI
of 3.69.

AIRTREE FORCAST
Layer
LAI cumulated VCmax LAI cumulated VCmax
1 0.43 73 0.3 74
2 1.32 64 0.65 70
3 2.37 54 1.07 66
4 3.25 48 1.52 62
5 3.69 45 2.06 57
6 - - 251 53
7 - - 2.94 50
8 - - 3.24 48
9 ; - 3.49 46
10 - - 3.69 45
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3.3 Model simulations

3.3.1 FORCAST

3.3.1.1 Castelporziano — Quercus ilex

Linear regressions between observed and simulated GPP for the years 2013 and 2014
are shown in table 9. The best “Control” runs (i.e. no ozone effect) between simulated
and observed GPP were provided by the MD model (R? of 0.64 and 0.40, RMSE of
4.89 and 7.03 for 2013 and 2014, respectively) and by the BWB model (R? of 0.6 and
0.47, RMSE of 6.35 and 7.72 for 2013 and 2014, respectively), followed by the JV
model (R?> of 0.58 and 0.35, RMSE of 7.81 and 10.67 for 2013 and 2014,
respectively). Regressions between observed and simulated AE identified MD as the
best model (R? of 0.72 and 0.53, RMSE of 41.23 and 65.66 for 2013 and 2014,
respectively) followed by BWB (R? of 0.67 and 0.52, RMSE of 61.27 and 79.00 for
2013 and 2014, respectively), and JV (R? of 0.65 and 0.44, RMSE of 40.98 and 73.89
for 2013 and 2014, respectively).

When compared to their relative Control runs, the application of ozone corrections
led to improvements in model accuracy in simulating GPP by applying the
Lombardozzi BWBro3 correction (RMSE decreased up to 28 and 22% in 2013 and
2014, respectively), the Hoshika JVio3 correction (RMSE decreased up to 26% and
21% in the two years of study) and the Hoshika MDx model (RMSE decreased up to
2.5% and 0.36% in the two years of study). Similar results were found for AE (Table
9). Indeed, improvements in model accuracy were observed by applying the BWBro3
correction (RMSE decreased up to up to 22 and 13% in 2013 and 2014, respectively)
and the JVio3 correction (RMSE decreased up to 8% and 6% in the two years of
study). Nevertheless, the implementation of the MDx model did not ameliorate the
accuracy of AE simulations (Table 9). Similar results for both GPP and AE were
found by linear regressions on data filtered at high ozone concentrations (above 40
ppb, not shown). In general, for the whole year, simulations including ozone
corrections (thr;) with critical ozone thresholds (Y) of 3, 4 and 5 nmol m=2 s (thr3,
th4, thr5) led to an overall increase (B,R?, RMSE) in the accuracy of all three gs
models when compared to the “Control” run. In particular, the ozone correction
providing the best results was the Lombardozzi et al. (2013 and 2015) correction
factor for the BWB model (BWBgo3).
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On a seasonal scale, by focusing on data filtered at high ozone concentrations, the
ozone correction that provided the best results in simulating GPP (Table 10) for 2013
in Summer (R? = 0.65, RMSE = 3.35) and Fall (R?> = 0.61, RMSE = 4.35) was the
MDx , while in Winter (R?> = 0.84, RMSE = 2.5) and Spring (R? = 0.68, RMSE =
4.56) the BWBro3 performed better than the others. In 2014 the best results were
provided by BWBEos in Winter (R? = 0.72, RMSE = 3.48), Summer (R? = 0.62,
RMSE = 4.49) and Fall (R? = 0.54, RMSE = 5.07) while the MDyx model provided the
best results (R? = 0.54, RMSE = 5.69) in Spring (Table 11). Considering AE, in 2013
the best results were provided by the BWBgo3 in Winter (R? = 0.78, RMSE = 21.08)
and Spring (R? = 0.75, RMSE = 34.50) and by JV1o3 correction in Summer (R? = 0.54,
RMSE = 62.62) and Fall (R? = 0.56, RMSE = 39.99). In 2014 the best results were
provided by BWBgos in all seasons.

In synthesis, the BWBro3 resulted to be the correction factor that ameliorated both
GPP and AE in both two years of study (Table 9-11). Therefore, by focusing on this
approach, the critical ozone threshold that increased the model accuracy in simulating
GPP was thr5 in Winter (R?> = 0.84 and 0.72 in 2013 and 2014, respectively) and
Spring (R? = 0.69 and 0.48, respectively). In Summer, thr0-thrl (R? = 0.63 and 0.61,
respectively) resulted to be the most appropriate thresholds in both years. In Fall,
during 2013 the best model fit was obtained by applying critical ozone thresholds
between 0 and 2 nmol Oz m? s (R? =0.6), while thr4 (R?= 0.54) resulted to be the
best threshold in 2014. A similar pattern was found for AE. In 2013 indeed, thr5 (R?*=
0.77), thr3 (R?= 0.75), thr0 (R?= 0.58) and thrl (R?= 0.61) provided the best results in
Winter, Spring, Summer and Fall, respectively. In 2014, the best thresholds for
Winter and Spring was thr5 (R?= 0.49 and 0.44, respectively), while thrO-thrl
provided the best results for Summer and Fall (R?= 0.56 and 0.49, respectively).
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Table 9 - Linear correlations between modelled versus measured GPP and AE for the whole years
2013 and 2014 under different ozone thresholds. Thresholds (thr) are critical ozone fluxes above 0,
1, 2, 3, 4, 5 nmol m?2 s, Thr0 to thr5 = high to low sensitivity to ozone. Intercept was forced to
zero. Slope, R-squared and RMSE values are marked in bold where ozone corrections ameliorates
or provide the same values of the control run simulation (no ozone effect). Values marked in red

indicate the best values.

resulted to be statistically significant (pValues <0.05).

For all the regressions both Slope (t-test) and model (Ftest) pValues

. p R? RMSE

Variable year Run

BWB MD Jv BWB MD Jv BWB MD JV

control 113 100 1.27 0.60 064 058 635 489 781

thr0 090 065 1.13 0.60 0.70 0.61 503 522 6.17

thrl 092 087 114 061 062 061 497 477 6.17

2013 thr2 094 095 115 0.62 061 062 4838 502 6.19

thr3 097 096 1.17 063 062 062 494 495 6.32

thr4 1.01 098 119 062 0.63 062 523 485 651

GPP thr5 1.05 097 121 061 0.63 0.61 555 486 6.83

control 107 089 119 047 040 035 727 7.03 10.67

thr0 085 058 1.05 047 051 036 6.14 698 8.86

thrl 087 076 1.05 047 039 036 6.17 692 8.86

2014 thr2 088 084 1.06 048 039 037 6.07 7.07 8.80

thr3 091 084 108 050 039 038 595 7.00 879

thrd 095 087 110 051 040 039 6.00 693 892

thrb 099 086 1.12 051 041 039 621 686 9.8

control 134 111 0.97 0.67 072 065 6127 4123 40.98

thr0 119 037 086 067 056 0.65 50.33 5494 37.91

thrl 119 0.77 086 068 0.54 0.66 50.62 46.13 37.89

2013 thr2 1.20 098 0.87 0.68 0.64 0.66 50.92 43.44 37.87

thr3 122 099 089 067 0.63 0.66 5245 4432 38.03

thr4 1.25 105 091 067 0.67 0.66 5530 43.15 38.12

1E thr5 1.28 106 093 067 0.68 0.66 57.65 42.82 38.69

control 104 083 0.77 052 053 044 79.00 6566 73.89

thr0 092 029 069 052 047 044 70.14 85.08 70.36

thrl 093 057 0.69 053 043 045 7051 7247 70.34

2014 thr2 093 074 0.70 053 047 045 7072 70.14 69.75

thr3 095 074 0.71 053 047 046 7149 69.52 69.50

thrd 097 080 0.72 053 052 046 7346 66.14 69.61

thrb 1.00 080 073 052 051 046 7542 66.97 70.11

78



Table 10 - Linear correlations between modelled versus measured GPP and AE for each season on the year 2013 under different ozone thresholds. Slope, R-
squared and RMSE values are marked in bold where ozone corrections ameliorates or provide the same values of the control run simulation (no ozone effect).
Values marked in red indicates the best values. For all the regressions both Slope (t-test) and model (Ftest) pValues resulted to be statistically significant
(pValues <0.05).

GPP O3 > 40 ppb AE O3 > 40 ppb

Year season  Run B R? RMSE B R? RMSE

BWB MD Jv BWB MD Jv BWB MD JV BWB MD Jv BWB MD Jv BWB MD JV

Control 0.99 111 116 084 0.79 0.77 255 364 430 091 115 075 0.77 081 081 2020 2375 2122
thr0 078 075 101 084 078 078 350 403 314 080 028 065 078 0.67 080 21.08 4585 24.98
thrl 078 103 101 084 076 078 350 338 314 080 095 065 078 059 0.80 21.08 31.22 24.98
Winter  thr2 078 111 1.02 084 0.79 0.78 350 3.64 314 080 115 065 0.78 081 0.80 21.08 23.62 24.94
thr3 083 105 1.03 079 0.72 0.79 333 386 3.09 083 103 066 0.77 066 081 20.67 28.88 24.60
thr4 09 111 110 083 079 078 257 364 361 089 115 070 077 081 080 2062 23.63 22.99
thrb 098 106 115 084 074 077 250 367 418 091 105 074 077 0.69 0.80 2030 2757 2155

Control 116 116 145 067 0.73 0.61 6.21 550 1069 114 112 105 0.75 0.79 0.69 4134 3570 4176
thr0 092 068 124 067 0.78 062 465 567 765 1.01 027 091 075 0.64 069 3453 70.79 37.30
thrl 092 091 124 067 054 062 465 591 765 101 0.67 091 075 042 0.69 3453 56.23 37.30
Spring thr2 092 105 124 067 061 062 465 586 764 101 097 091 075 0.65 0.69 3456 4243 37.25
thr3 093 107 125 067 063 063 461 567 762 101 093 092 075 062 0.69 3450 4345 37.09
thr4 095 111 126 068 0.69 0.65 456 537 7.67 1.02 1.00 092 0.75 0.67 0.69 34.75 41.76 36.85

2013 thr5 1.01 109 131 069 067 067 470 546 798 105 097 094 0.75 0.64 0.70 36.50 43.44 36.35

Control 1.72 110 157 063 063 055 888 354 792 151 107 093 058 057 052 11565 70.06 66.72
thr0 136 074 133 063 065 057 557 335 567 133 045 081 058 050 052 93.69 79.52 62.63
thrl 136 091 133 063 057 057 557 333 567 133 067 081 058 040 052 93.70 7520 62.63
Summer thr2 136 100 134 063 055 058 558 366 570 133 0.88 082 058 047 052 9400 7136 62.87
thr3 137 102 140 063 059 059 569 349 615 134 092 086 058 046 053 9599 7524 63.01
thr4 143 105 145 060 060 059 637 351 661 138 1.02 090 057 051 054 10262 73.78 62.62
thr5 151 109 150 058 0.63 059 727 353 700 143 1.07 092 057 057 054 10758 70.18 62.77

Control 140 102 143 060 056 061 809 530 815 174 135 111 061 0.63 053 84.46 5428 47.07
thr0 112 068 125 060 059 062 554 481 629 153 050 098 0.61 053 054 68.72 4391 40.14
thrl 112 092 125 060 061 062 554 435 628 153 097 098 0.61 047 054 68.71 47.41 40.13
Fall thr2 112 098 126 060 053 062 554 539 639 153 123 1.00 061 053 056 6877 5535 39.99
thr3 115 101 128 059 055 063 593 530 653 157 130 1.02 060 059 056 7191 53.85 40.79
thr4 120 101 131 058 056 064 653 523 669 162 133 104 0.60 0.62 056 7584 53.69 41.62
thr5 125 099 137 057 056 062 703 516 732 167 132 108 0.60 0.61 054 79.47 53.59 44.82
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Table 11 - Linear correlations between modelled versus measured GPP and AE for each season on the year 2014 under different ozone thresholds. Slope, R-
squared and RMSE values are marked in bold where ozone corrections ameliorates or provide the same values of the control run simulation (no ozone effect).
Values marked in red indicates the best values. For all the regressions both Slope (t-test) and model (Ftest) pValues resulted to be statistically significant

(pValues <0.05).
RuN GPP O3> 40 ppb AE O; > 40 ppb
Year season B R? RMSE B R? RMSE
BWB MD Jv BwB MD Jv BWB MD JV BWB MD Jv BWB MD JVv BWB MD JV
Control 105 121 126 0.71 067 068 363 524 574 095 120 076 049 047 043 4130 5365 37.92
thro 0.84 081 1.09 071 0.68 069 356 384 403 083 029 067 049 049 044 37.09 3948 35.69
thrl 084 112 1.09 071 0.62 069 356 488 403 083 101 067 049 040 044 3710 5026 35.69
Winter  thr2 0.84 121 110 071 0.67 070 356 525 401 083 120 067 049 047 044 37.09 5348 3568
thr3 089 114 111 070 0.62 0.70 338 508 410 087 106 068 049 040 044 3791 5287 3546
thra 100 121 119 070 0.67 0.69 349 525 487 093 120 0.73 049 047 044 4022 5349 36.18
thr5 104 115 125 072 064 069 348 492 551 095 112 0.76 049 044 044 40.80 5094 37.46
Control 122 121 151 044 046 039 909 865 1363 093 091 083 044 045 0.37 7154 67.78 73.45
thr0 097 073 129 044 054 041 681 569 1049 082 021 072 043 040 0.37 6529 78.62 67.87
thrl 097 097 129 044 040 041 681 7.34 1049 082 057 072 043 031 037 6530 70.20 67.87
Spring thr2 097 111 130 044 041 041 680 825 1048 082 0.78 0.72 043 037 037 6532 7107 67.84
thr3 098 1.12 131 045 042 042 6.72 824 1047 082 075 073 043 038 037 6541 69.78 67.70
thr4 101 116 133 047 045 043 6.64 8.26 1054 0.83 0.82 0.73 044 042 037 6587 6789 6754
2014 thr5 107 114 137 048 044 044 6.92 8.14 1092 086 0.79 0.74 044 040 038 66.77 69.00 67.45
Control 123 0.79 129 061 050 031 654 548 1166 125 092 092 056 056 0.44 106.12 7237 90.60
thro 097 053 1.08 061 059 032 451 732 906 111 037 080 056 049 045 88.09 103.89 82.84
thrl 097 062 108 061 043 032 451 685 9.06 111 055 080 056 039 045 88.09 9275 82.84
Summer thr2 097 073 1.09 061 045 032 451 606 899 111 078 080 056 045 046 8825 8280 82.01
thr3 098 0.72 1.13 061 045 036 449 6.07 880 112 0.79 083 056 045 047 89.38 83.08 81.05
thra 103 076 115 062 048 037 464 568 881 115 0.88 0.85 055 053 047 9430 7483 8092
thrb 109 0.77 118 062 050 038 502 555 900 119 090 0.87 055 053 047 98.97 76.10 81.62
Control 1.02 0.67 086 046 040 031 646 6.70 7.77 107 082 0.63 049 051 0.38 9200 70.69 83.10
thr0 081 049 075 046 051 034 578 783 7.18 094 032 055 049 047 039 8097 9342 8214
thrl 081 059 075 046 049 034 578 683 717 094 060 055 049 046 0.39 8097 7462 8212
Fall thr2 0.81 065 0.79 046 038 037 577 691 6.76 094 073 058 049 044 041 8105 7852 79.78
thr3 0.86 0.66 0.80 051 039 037 530 683 678 097 077 059 049 046 041 8266 75.68 79.40
thr4 093 0.67 081 054 040 036 507 670 688 102 082 060 050 051 040 84.00 7059 80.29
thr5 097 0.67 083 052 041 034 548 663 727 105 081 061 050 051 038 8757 70.36 8255
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3.3.1.2 Blodgett — Pinus ponderosa

Linear regressions between observed and simulated GPP for the years 2013 and 2014
are shown in Table 12. The best “Control” runs (i.e. no ozone effect) between
simulated and observed GPP were provided by MD (R? of 0.82 and 0.76, RMSE of
3.69 and 4.78 for 2003 and 2004, respectively) and by BWB (R? of 0.78 and 0.76,
RMSE of 3.92 and 4.70 for 2003 and 2004, respectively), followed by JV (R? of 0.67
and 0.53, RMSE of 6.88 and 7.36 for 2003 and 2004, respectively) gs models.
Regressions between observed and simulated AE identified MD (R? of 0.78 and 0.72,
RMSE of 48.96 and 47.48 for 2003 and 2004, respectively) and BWB (R? of 0.78 and
0.76, RMSE of 50.62 and 55.09 for 2003 and 2004, respectively) as the best models,
followed by JV (R? of 0.72 and 0.68, RMSE of 69.06 and 68.07 for 2003 and 2004,
respectively).

Focusing on GPP, when compared to their relative control runs, improvements in
model accuracy were observed only by applying the BWBgo3 correction in both years
(RMSE reduced up to 3 and 18% in 2003 and 2004, respectively). However, none of
the correction factors implemented in this study were found to ameliorate the model
accuracy in simulating AE (Table 12). Linear regressions on data filtered at high
ozone concentrations (above 40 ppb) provided similar results (not shown). In
general, for the whole year, simulations including ozone corrections with critical
ozone thresholds (YY) of 0 and 1 nmol m2 s (thr0 and thrl) led to an overall increase
(RMSE reduced by 14 and 18% in 2003 and 2004, respectively) in the accuracy of
the BWB gs model in simulating GPP, when compared to the “Control” run.

On a seasonal scale, focusing on data filtered at high ozone concentrations (Table 13-
14), the ozone correction that provided the best results in simulating GPP and AE for
2003 and 2004 was the application of the BWBro3 model. Focusing on the BWBgyo3
model, in both 2003 and 2004, the critical ozone threshold that increased the model
accuracy in simulating GPP was thrl in Winter (R? = 0.88 and 0.85, RMSE = 1.43
and 1.34) and Spring (R? = 0.71 and 0.80, RMSE = 3.10 and 2.76). In Summer, thr4
(R? = 0.46, RMSE = 5.04) and thr5 (R? = 0.75, RMSE = 5.36) resulted to be the most
appropriate thresholds for the years 2003 and 2004, respectively. In Fall 2003, the
best model run was observed in thr4 (R? = 0.77, RMSE = 3.75), while thr3 (R? =
0.56, RMSE = 5.76) resulted to be most appropriate in 2004. Focusing on AE in 2003,
the critical ozone threshold that increased the model accuracy was thr5 in Spring (R?
= 0.76, RMSE = 42.05) and thr2 in Fall (R?> = 0.73, RMSE = 43.94). In 2004, thr5 (R?
= 0.6, RMSE = 23.33) and thr3 (R2=0.66, RMSE= 40.68) resulted to be the most
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appropriate simulations for Winter and Fall, respectively. No relevant ameliorations
from control run were observed For MDg and JVoz; models.

Table 12 - Linear correlations between modelled versus measured GPP and AE for the whole years
2003 and 2004 under different ozone thresholds. Thresholds (thr) are critical ozone fluxes above 0,
1, 2, 3, 4, 5 nmol m?2 s, Thr0 to thr5 = high to low sensitivity to ozone. Intercept was forced to
zero. Slope, R-squared and RMSE values are marked in bold where ozone corrections ameliorates
or provide the same values of the control run simulation (no ozone effect). Values marked in red
indicates the best values.
resulted to be statistically significant (pValues <0.05).

For all the regressions both Slope (t-test) and model (Ftest) pValues

. p R? RMSE

Variable year Run

BWB MD Jv BWB MD Jv BWB MD JV

control 1.14 116 135 078 082 0.67 392 3.69 6.88

thr0 1.01 034 013 071 061 058 382 7.70 9.96

thrl 1.00 074 075 071 041 024 380 6.05 8.35

2003 thr2 1.02 084 098 0.71 048 0.37 390 552 7.51

thr3 1.04 106 1.18 0.72 0.68 050 393 4.38 7.24

thr4 1.09 113 124 075 0.77 056 381 3.95 7.04

GPP thrb 110 115 115 075 081 049 391 376 7.12

control 130 131 136 0.76 0.76 053 4.70 4.78 7.36

thr0 116 040 015 0.72 063 057 398 6.10 8.36

thrl 116 081 074 072 038 0.21 398 5.62 7.73

2004 thr2 118 098 1.11 074 047 037 4.02 531 7.38

thr3 122 119 123 075 064 045 419 4091 7.25

thr4 126 122 121 076 065 043 438 5.01 7.25

thrb 128 128 118 0.76 071 042 451 490 7.17

control 081 088 1.11 0.78 0.78 0.72 50.62 4896 69.06

thr0 0.75 0.16 0.16 0.78 0.70 0.70 54.85 130.37 130.35

thrl 0.75 052 066 078 0.38 0.35 5465 98.04 101.65

2003 thr2 076 059 080 0.78 044 0.46 5389 90.39 89.40

thr3 077 079 096 079 0.64 057 5234 66.06 80.40

thr4 079 086 103 0.79 0.74 0.64 5125 53.76 75.44

1E thr5 080 0.87 096 079 0.77 058 50.81 50.52 79.63

control 0.78 085 101 0.76 0.72 0.68 55.09 57.48 68.07

thr0 071 015 015 076 0.62 0.62 59.31 13153 131.50

thrl 071 047 057 076 033 031 59.24 105.06 106.25

2004 thr2 072 058 082 076 041 05 5823 9479 85.85

thr3 074 075 091 076 059 058 5714 7314 76.91

thr4 075 0.78 09 076 0.62 056 56.25 69.24 78.96

thr5 0.77 082 088 0.76 0.68 0.56 5545 62.09 78.83
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Table 13 - Linear correlations between modelled versus measured GPP and AE for each season on the year 2003 under different ozone thresholds. Slope, R-
squared and RMSE values are marked in bold where ozone corrections ameliorates or provide the same values of the control run simulation (no ozone effect).
Values marked in red indicates the best values. For all the regressions both Slope (t-test) and model (Ftest) pValues resulted to be statistically significant

(pValues <0.05).
GPP O3 > 40 ppb AE O3> 40 ppb
Year season Run p R? RMSE B R? RMSE
BWB MD Jv BWB MD Jv BWB MD JV BWB MD Jv BWB MD Jv BWB MD JV
Control 099 1.11 053 087 0.86 0.86 146 184 3.02 055 0.64 038 0.77 0.68 0.66 30.71 29.04 40.08
thro 091 057 021 0.87 0.76 0.69 146 291 487 050 0.14 0.14 0.77 0.67 0.67 33.09 5344 53.44
thrl 094 0.88 0.47 0.88 0.67 075 143 254 341 053 041 034 0.77 041 0.62 3198 4235 42.70
Winter  thr2 098 1.11 053 0.88 086 086 145 184 3.02 055 0.64 038 0.76 0.68 0.66 30.87 29.03 40.08
thr3 099 1.11 053 087 086 086 146 184 3.02 055 0.64 038 0.77 0.68 0.66 30.71 29.03 40.08
thr4 099 1.11 053 087 086 086 146 184 3.02 055 0.64 038 0.7/ 0.68 0.66 30.71 29.03 40.08
thr5 099 1.11 053 0.87 086 086 146 184 3.02 055 0.64 038 0.7/ 0.68 0.66 30.71 29.03 40.08
Control 117 121 0.97 074 0.80 0.46 348 333 469 075 0.69 073 0.75 0.70 052 42.08 47.84 59.41
thro 1.06 0.46 0.16 0.70 0.67 059 312 525 776 0.69 0.12 0.12 0.75 0.69 0.69 45.63 101.65 101.65
thrl 1.06 091 0.76 0.71 048 029 310 433 573 069 050 058 0.75 0.39 0.36 4557 7253 73.92
Spring  thr2 1.08 1.02 092 0.73 059 041 302 384 49 070 054 0.70 0.76 0.47 0.47 4442 ©66.89 63.33
thr3 1.10 1.13 096 0.73 0.71 045 315 349 476 0.72 0.62 0.73 0.77 059 051 4314 5748 60.24
thr4 1.15 1.21 085 0.73 0.80 040 339 334 485 074 0.69 0.60 0.76 0.70 0.43 42.24 48.29 67.73
2003 thr5 1.17 121 097 0.74 080 046 345 333 469 075 0.69 073 0.76 0.70 052 4205 47.84 59.47
Control 112 1.12 157 051 062 0.63 520 438 1049 082 0.88 1.22 0.64 0.68 0.65 68.91 60.82 94.76
thro 099 0.27 0.11 042 058 055 515 1153 14.16 0.76 0.15 0.15 0.63 0.60 0.60 7555 188.46 188.46
thrl 099 066 0.81 043 0.15 0.08 510 8.80 1248 0.76 052 0.69 0.63 0.21 0.18 7556 140.74 148.71
Summer thr2 098 0.75 1.05 0.39 0.18 0.14 542 8.00 1155 0.76 057 0.82 0.63 0.25 0.25 75.38 131.60 133.15
thr3 1.00 1.00 1.36 040 0.35 0.30 537 593 10.89 0.77 0.77 1.05 0.65 0.45 0.42 7259 93.35 111.91
thr4 1.04 1.09 144 046 050 038 504 500 10.70 0.79 0.86 1.13 0.65 0.60 0.51 70.44 70.47 104.16
thr5 1.06 1.11 128 045 057 024 521 456 10.92 0.80 0.87 1.01 0.65 0.65 0.39 69.39 64.40 115.23
Control 127 130 1.16 0.77 0.75 059 391 420 429 088 1.07 1.11 0.71 0.76 0.71 4429 4457 54.43
thr0 1.07 0.42 0.16 058 0.63 057 390 573 802 080 021 021 071 0.64 0.64 46.03 105.35 105.35
thrl 1.07 0.86 0.70 057 0.37 023 393 482 6.10 081 063 0.71 0.71 0.35 0.35 4552 80.18 79.91
Fall thr2 1.14 095 100 0.65 041 044 371 483 466 083 0.72 0.95 0.73 0.39 055 4394 76.47 62.51
thr3 1.18 1.24 090 0.67 0.67 034 385 432 533 084 102 0.89 0.72 0.67 045 4376 5213 72.99
thr4 1.25 127 108 0.77 0.71 050 375 426 453 086 104 105 0.72 0.72 0.63 4389 4830 59.12
thr5 1.26 129 106 0.77 0.74 049 385 422 454 087 1.07 1.02 0.71 0.76 0.60 44,15 4512 61.41
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Table 14 - Linear correlations between modelled versus measured GPP and AE for each season on the year 2004 under different ozone thresholds. Slope, R-
squared and RMSE values are marked in bold where ozone corrections ameliorates or provide the same values of the control run simulation (no ozone effect).
Values marked in red indicates the best values. For all the regressions both Slope (t-test) and model (Ftest) pValues resulted to be statistically significant

(pValues <0.05).
GPP 0O;>40 ppb AE O;>40 ppb
Year season Run B R? RMSE B R? RMSE
BWB MD Jv BWB MD Jv BWB MD JV BWB MD Jv BWB MD Jv BWB MD JV
Control 105 1.23 058 085 086 081 143 195 227 060 059 036 0.60 053 046 2341 25.07 3097
thr0 097 070 026 085 0.74 061 130 199 373 054 0.14 014 060 057 057 2452 38.61 3861
thrl 099 095 050 085 0.70 069 134 200 272 056 035 027 061 057 0.39 24.04 30.35 33.95
Winter thr2 105 123 058 085 086 081 144 195 227 060 059 036 0.60 053 046 2347 25.07 30.97
thr3 105 123 058 085 086 081 143 195 227 060 059 036 0.60 053 046 2341 25.07 30.97
thr4 105 123 058 085 086 081 143 195 227 060 059 036 0.60 053 046 2341 25.07 30.97
thr5 105 123 058 085 086 081 143 195 227 060 059 036 0.60 053 047 2333 2500 30.91
Control 115 1.13 0.87 080 084 059 331 283 391 069 065 059 079 0.75 0.71 5197 5725 64.32
thr0 1.06 041 015 080 0.71 064 276 6.00 843 063 0.12 0.12 079 0.71 0.71 57.07 120.68 120.68
thrl 1.06 083 059 080 049 032 276 460 598 063 042 039 0.79 040 040 57.02 90.24 92.16
Spring thr2 108 096 063 081 062 038 282 382 549 065 051 042 080 053 046 5516 7829 87.76
thr3 111 1.07 079 081 0.76 052 295 3.11 437 066 060 053 080 066 065 53.72 6512 7213
thr4 1.14 113 085 080 084 057 319 283 403 068 065 058 079 0.75 0.69 5253 5725 65.70
2004 thr5 1.15 1.13 084 080 084 055 328 283 418 068 065 058 0.79 0.75 0.67 52.08 57.20 66.88
Control 137 1.37 181 074 0.75 0.67 576 580 11.46 0.77 087 115 0.66 0.70 0.68 74.77 64.00 84.26
thr0 1.21 034 013 063 059 051 481 832 1082 0.71 0.15 0.15 0.65 0.55 055 8216 189.14 189.06
thrl 1.21 073 087 063 019 0.11 480 7.44 1124 071 045 061 0.65 0.20 0.19 82.09 151.13 152.04
Summer  thr2 123 0.89 147 066 025 032 474 6.92 11.00 0.72 054 094 0.66 0.26 040 81.03 136.56 11291
thr3 126 120 165 0.70 046 047 487 6.17 11.14 073 0.75 1.05 0.67 0.47 052 79.07 96.44 98.97
thr4 1.30 120 155 0.73 045 037 511 6.40 11.17 075 0.77 1.00 0.66 0.49 045 77.16 93.38 107.80
thr5 133 131 149 075 060 0.33 536 6.08 11.01 0.76 0.84 0.96 0.67 0.61 043 7556 7545 108.60
Control 155 162 121 055 055 040 6.07 6.47 497 102 127 121 065 0.61 058 4238 64.05 62.43
thr0 1.33 056 021 046 0.64 056 526 344 569 093 024 024 066 053 053 39.28 7596 75.96
thrl 132 1.16 087 046 035 024 527 531 511 094 083 0.88 0.66 0.33 0.36 39.22 6885 67.97
Fall thr2 139 137 107 049 043 033 542 584 493 097 103 1.06 0.67 042 047 39.38 6851 64.97
thr3 151 150 101 056 049 032 576 6.19 476 1.00 117 1.00 0.66 051 043 40.68 67.83 65.89
thr4 153 158 118 055 052 040 595 6.43 484 101 124 118 065 058 055 4197 6485 62.26
thrb 153 162 121 055 055 040 599 6.47 49 101 127 121 066 0.61 058 42.06 64.06 62.40
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3.3.2 AIRTREE

3.3.2.1 Ozone correction impact on Quercus ilex and Pinus ponderosa

The same approach used for the FORCAsT model was applied to AIRTREE to both
CPZ and BLD sites (Table 15 and 16). The model “Control” run (i.e. the model
parameterization resulting from the calibration procedure using data collected at all
ozone concentrations) for CPZ showed a good linear correlation with observed GPP
(R?=0.63) and AE (R?=0.64). The application of the BWBro3 correction at critical
ozone thresholds between 3 to 5 nmol m2 s?, (thr3 to thr5 resulted to be the most
appropriate thresholds to simulate ozone sensitivity in CPZ with the FORCAST
model), did not worsen the linear correlation between observed and simulated GPP
and AE (same slope and R?, RMSE reduced by 0.1%), while simulation at thrQ
increased model accuracy (R?=0.65 RMSE reduced by 18%) for AE. The control run
for BLD showed a good linear correlation with observed GPP (R?=0.66) while a poor
correlation was found with AE (R?=0.40). The application of the BWBgo3 correction
at critical ozone thresholds between thr0 to thr2 (thrO and thrl resulted to be the most
appropriate thresholds to simulate ozone sensitivity in BLD with the FORCAST
model) resulted to be the best thresholds to simulate the ozone impact on GPP
(R?=0.7, RMSE reduced by 4.7%) while no improvement were found for AE (Table
15). Linear regressions on data filtered at high ozone concentrations (above 40 ppb)
provided similar results (not shown).

To better focus on ozone effects, regressions between modelled and measured values
after filtering the hourly dataset for ozone concentration which exceeded 40 ppb were
performed, since the AIRTREE model was calibrated on data collected at ozone
concentration below 40 ppb. The application of the BWBFo3 correction at different
critical ozone thresholds improved model accuracy at the seasonal level in both study
sites (table 16). Focusing on CPZ, high threshold (thr4 to thr5) resulted to be
appropriate to simulate both GPP and AE in Winter (same slope and R? and RMSE of
the control run). In Spring thr5 provided the best results for both GPP (same slope, R?
and RMSE of the control run) and AE (R?=0.7, RMSE reduced by 0.3%). In Summer,
thrl improved the model accuracy for GPP (R?=0.59, RMSE reduced by 10%) while
thr0 improved AE simulation (R?=0.54, RMSE reduced by 15.4%). In Fall thrl
improved the model accuracy for GPP (R?=0.65, RMSE reduced by 5.9%) while thr0
improved AE simulation (R?=0.59, RMSE reduced by 27.9%). Similar results were
observed in regressions performed on the whole dataset (not shown).
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Focusing on BLD site, low thresholds (thrl and thr2) resulted to be appropriate to
simulate GPP (R?=0.74 and RMSE reduced by 3%) and AE (R?=0.32, RMSE reduced
by 2%) in Winter. Differences between threshold ameliorating model performance in
simulating GPP and AE were found in Spring, when thrl and thr2 resulted to be more
appropriate for GPP (R?=0.7, RMSE reduced by 12%), while thr3 to thr5 resulted to
be appropriate to simulate AE (same slope, R? and RMSE of the control run). In
Summer the best thresholds for both GPP and AE were found in thr3 to thr5 (same
slope, R? and RMSE of the control run). Finally, in Fall, thrO performed better for
GPP (R?=0.68, RMSE reduced by 15.6%), while thr3 to thr5 resulted to be more
appropriate to simulate AE (same slope, R? and RMSE of the control run). Similar
results were found in regression performed on the whole dataset (not shown).
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Table 15 - The table shows linear correlations between modelled versus measured GPP and AE
under different ozone thresholds for the year 2013 and 2003 for Castelporziano and Blodgett sites,
respectively. Thresholds (thri) are critical ozone fluxes above 0, 1, 2, 3, 4, 5 nmol m2 s, Thr 0 to
thr 5 = high to low sensitivity to ozone. Model was calibrated by excluding ambient ozone
concentrations above 40 ppb. The correlation have been performed for GPP and AE values above
40 ppb. Intercept was forced to zero. Slope and R-squared values are marked in bold where ozone
corrections ameliorates the correlation between measured and modelled GPP. For all the
regressions both Slope (t-test) and model (Ftest) pValues resulted to be statistically significant
(pValues <0.05).

. 5 - GPP IE
Ite ata un Coeff. R?!  RMSE  Coeff. R?  RMSE
control 0.88  0.63 4.46 103 064 4887

thr0 069  0.62 4.90 0.86 065  41.39

thrl 074  0.60 4.84 0.88 063  43.67

Unfiltered  thr2 0.83 061 4.65 101 063 4888

o thr3 087  0.63 4.46 103 064 4885
g thra 0.88  0.63 4.46 103 064 4884
o thrs 0.88  0.63 4.46 103 064 4882
= control 087  0.66 434 101 058  57.8
2 thro 069  0.65 4.08 0.84 059  49.49
© thrl 069  0.66 4.81 0.83 059 4952
03>40ppb  thr2 0.79  0.63 3.74 098 057 5701

thr3 087  0.66 4.14 101 058  57.14

thra 087  0.66 5.00 101 058  57.15

thrs 0.87  0.66 5.65 101 058  57.15

control 082 066 7627 033 040 7.30

thro 093 070 7430 029  0.40 7.55

thrl 0.86 069  72.68 031 041 7.38

Unfiltered  thr2 0.86 069  72.68 031 041 7.38

thr3 082 066  76.01 033 0.40 7.30

- thra 0.82 066 7623 033 0.40 7.30
g thrs 082 066  76.25 033 0.40 7.30
S control 082 064 8022 033 0.39 7.83
thro 093 068 7717 029  0.39 8.12

thrl 0.86 067 7596 031 041 7.93

03>40ppb  thr2 0.86 067 7596 031 041 7.93

thr3 082 064  79.92 033 0.39 7.83

thra 0.82 064  80.18 033 0.39 7.83

thrs 0.82 064 8021 033 0.39 7.83
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Table 16 - Linear correlations between modelled versus measured GPP and AE under different ozone thresholds for each season of the year 2013 and 2003 for
Castelporziano and Blodgett sites, respectively. Slope, R-squared and RMSE values are marked in bold where ozone corrections ameliorates or provide the same
values of the control run simulation (no ozone effect). Values marked in red indicates the best values. For all the regressions both Slope (t-test) and model (Ftest)
pValues resulted to be statistically significant (pValues <0.05).

Castelporziano 2013 Blodgett 2003
Season Run GPP O3>40 ppb AE 03>40 ppb GPP 03>40 ppb AE 0:>40 ppb
Slope R2adj RMSE  Slope R2adj RMSE  Slope R2adj RMSE  Slope R2adj RMSE
Control 0.74 0.75 4.08 0.82 0.77 20.45 0.76 0.72 59.02 0.76 0.32 2.91
thr0 0.58 0.75 5.65 0.70 0.79 23.42 0.81 0.73 59.70 0.67 0.32 2.82
thrl 0.59 0.76 5.60 0.70 0.79 23.45 0.79 0.74 57.29 0.71 0.32 2.85
Winter thr2 0.71 0.73 4.45 0.79 0.77 21.23 0.79 0.74 57.29 0.71 0.32 2.85
thr3 0.74 0.75 4.08 0.82 0.77 20.46 0.76 0.72 59.01 0.76 0.32 291
thr4 0.74 0.75 4.08 0.82 0.77 20.45 0.76 0.72 59.04 0.76 0.32 291
thr5 0.74 0.75 4.08 0.82 0.77 20.45 0.75 0.72 59.16 0.76 0.32 2.92
Control 0.82 0.66 481 0.83 0.69 38.12 0.73 0.64 84.87 0.54 0.31 5.32
thr0 0.64 0.66 6.17 0.68 0.70 41.50 0.83 0.70 75.43 0.47 0.31 5.52
thrl 0.65 0.66 6.10 0.69 0.70 41.10 0.82 0.70 74.77 0.48 0.31 5.46
Spring thr2 0.73 0.64 5.47 0.77 0.68 39.65 0.82 0.70 74.77 0.48 0.31 5.46
thr3 0.82 0.66 4.81 0.82 0.69 38.07 0.74 0.65 83.58 0.53 0.31 5.33
thr4 0.82 0.66 4.81 0.82 0.70 38.01 0.73 0.64 84.77 0.53 0.31 5.33
thr5 0.82 0.66 4.81 0.82 0.70 37.99 0.73 0.64 84.84 0.53 0.31 5.33
Control 0.98 0.58 3.74 1.05 0.53 81.66 1.02 0.70 71.05 0.26 0.51 10.55
thr0 0.89 0.57 3.53 0.90 0.54 69.11 1.13 0.71 80.44 0.23 0.52 10.91
thrl 0.84 0.59 3.37 0.88 0.53 69.55 1.05 0.72 71.14 0.25 0.51 10.66
Summer thr2 0.99 0.58 3.73 1.05 0.53 81.76 1.05 0.72 71.14 0.25 0.51 10.66
thr3 0.98 0.58 3.74 1.05 0.53 81.66 1.02 0.70 71.15 0.26 0.51 10.55
thr4 0.98 0.58 3.74 1.05 0.53 81.67 1.02 0.70 71.08 0.26 0.51 10.55
thr5 0.98 0.58 3.74 1.05 0.53 81.67 1.02 0.70 71.08 0.26 0.51 10.55
Control 1.01 0.65 4.14 1.31 0.60 58.29 0.65 0.60 93.15 0.37 0.46 5.85
thro 0.77 0.64 3.95 1.02 0.59 41.98 0.77 0.68 78.63 0.33 0.46 6.14
thrl 0.78 0.65 3.90 1.02 0.59 42.00 0.68 0.64 87.73 0.36 0.47 591
Fall thr2 0.91 0.61 4.22 1.25 0.58 55.96 0.68 0.64 87.73 0.36 0.47 5.91
thr3 1.01 0.65 4.15 1.31 0.60 58.20 0.65 0.60 93.09 0.37 0.46 5.85
thr4 1.01 0.65 4.15 1.31 0.60 58.29 0.65 0.60 93.06 0.37 0.46 5.85
thr5 1.01 0.65 4.15 1.31 0.60 58.29 0.65 0.60 93.06 0.37 0.46 5.85
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3.3.2.2 Dynamic critical ozone threshold

A strong seasonality of the critical ozone threshold was found in both CPZ and BLD
by both the AIRTREE and FORCAsST models. Correlations between daily THR
(eq.64) and daily mean environmental variables were evaluated.

In CPZ (Figure 18), the Spearman correlation index (rs) showed a negative
correlation between THR and VPD (rs= -0.58 p<0.05), air temperature (rs= -0.68
p<0.05) and PAR (rs= -0.33 p<0.05), a positive correlation between THR and SWC
(rs= 0.57 p<0.05)while no correlation was found with O3 concentration.
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Figure 18 - Correlation values between THR (empty circles) and VPD (top left), Air temperature
(Top right), PAR (bottom left) and SWC (Bottom right) for CPZ site for the year 2013.
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Response functions of THR to these variables were developed and a multiplicative
algorithm to simulate a dynamic ozone threshold was developed (Figure 19, eq.65).

VPD

PAR

O H i L
2000 10 20 30
PAR (W m?) SWC (%)

Figure 19 — response function of THR, derived by the boundary line analysis, to environmental
parameters for which correlations were observed

Based on the analysis, the resulting models are:

THRpPcp7=THR 0. *[T*fVPD*fSWCxflight™* fOs; eq.65

Where THRpax is the maximum threshold for ozone tolerance (5 nmol m?2 s?), fT,
fVPD, fSWC, fO3 (set = 1), and flight are the relationships between THR and changes
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in air temperature (°C), vapor pressure deficit (kPa), soil water content (%), ozone
concentrations (ppb), and photosynthetically active radiation (umol photons m=2 s).

With:

fVPD = a-VPDb*e €q.60

Where a (-0.2493), b (1.661) and c (0.96) are the coefficients describing the power
function describing THR response to VPD (R?= 0.88, RMSE = 0.083).
x—b., eq.67
fSWC =a-e T
Where a (0.96), b (19.07) and c (20.77) are the coefficients describing the nonlinear
gaussian function describing THR response to SWC (R?= 0.6, RMSE = 0.072).

fT = a- Tair?*c €q.68

Where a (-1.8e-06), b (3.8) and c (0.9) are the coefficients describing the nonlinear
gaussian function describing THR response to SWC (R?= 0.82, RMSE = 0.068).

flight = a - PARP*¢ €q.69

Where a (-2.278e-15), b (4.59) and ¢ (0.91) are the coefficients describing the power
function describing THR response to PAR (R?=0.52, RMSE = 0.069).
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In BLD (Figure 20), a positive correlation between THR and VPD (rs= 0.43 p<0.05),
air temperature (rs=0.42 p<0.05), ozone concentration (rs= 0.37 p<0.05) and PAR (rs=
0.51 p<0.05) was found, while no correlation was found with SWC.
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Figure 20 - Correlation values between THR (empty circles) and the environmental variables VPD
(top left), Air Temperature (Top right), PAR (bottom left) and ozone concentrations (Bottom right)
for BLD site for the year 2003.
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Response functions of THR to these variables were developed in a multiplicative
algorithm scheme to simulate a dynamic ozone threshold (Figure 21, eq. 70).

PAR 0,

=
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Figure 21 - response function of THR derived by the boundary line analysis to environmental
parameters for which correlations were observed

THRppL.0=THR 0 *fT*fVPD*fSWCx flight* fOs; eq.70

Where THRpax is the maximum threshold for ozone tolerance (5 nmol m? s?t), T,
fVPD, fSWC (set =1), fO3, and flight are the relationships between THR and changes
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in air temperature (°C), vapor pressure deficit (kPa), soil water content (%), ozone
concentrations (ppb), and photosynthetically active radiation (umol photons m=2 s).

With:
flight = a- PARY eq.71

Where a (0.053), b (0.39) are the coefficients describing the power function
describing THR response to PAR (R?= 0.45, RMSE =0.2).

fOs = a-[05]"*¢ eq.72

Where a (-738), b (-2.2) and ¢ (0.99) are the coefficients describing the power
function describing THR response to ozone (R?= 0.8, RMSE= 0.049).

fT = a-e("bTain)+c eq.73

Where a (0.77), b (0.006) and c (0.38) are the coefficients describing the nonlinear
function describing THR response to Tair (R?2= 0.58, RMSE= 0.155).

fVPD = a-VPDP eq.75

Where a (0.79), b (0.16) are the coefficients describing the power function describing
THR response to Tair (R?=0.97, RMSE = 0.031).

Linear correlation between THR and THR, (Figure 22) was observed for both CPZ
(R? =0.57 p<0.05) and BLD sites (R?> =0.3 p<0.05).
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y=0.98*x R?=0.58 p<0.05
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Figure 22 —Correlation between observed THR (in black), derived from simulation, eq.

64) and the simulated THRp (in red) derived from the multiplicative model.
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4. Discussion

4.1 Ozone correction factors

Deriving ozone corrections from manipulative experiments data on the studied
species provided interesting results. The slope of the regression lines between g and
ozone concentrations to derive the multiplicative correction factor fO3 for the Jarvis
model (Hoshika et al., 2018) from manipulative studies was higher for Q. ilex than P.
ponderosa (Figure 15), thus suggesting a higher effect of ozone on stomatal aperture
(typical of avoidance strategies). Similarly, for the BWB model which includes two
different correction factors for gs and A, (Fcos and Fpos, €q.61, table 7) respectively
(Lombardozzi et al., 2013, 2015), the lower intercept (0.8572 for Q.ilex and 1.067 for
P.ponderosa) and the higher slope (-0.0009 for Q.ilex and -0.0007 for P.ponderosa)
of the regression line between % change from control and CUO lead to a higher
correction factor for gs in Q. ilex. Vice versa, we obtained higher Fpos for P.
ponderosa (table 7) which showed a higher decoupling between gs and A,. This
feature reveals higher ozone damage to the photosynthetic apparatus in this ozone
sensitive species. If we assume that high correction factors for A, translate into a
higher sensitivity to ozone, these results are in line with the initial hypothesis that Q.
ilex is an ozone tolerant species and P. ponderosa is a more 0zone sensitive species.
Feos and Fyos extracted in this study seem to be related to different species-specific
strategies to face ozone stress which suggest that Q. ilex is a more avoidant species
compared with P. ponderosa. Indeed, while reductions of gs and A, were clearly
reported in literature studies on Q. ilex (Alonso et al., 2014; Fusaro et al., 2016;
Vitale et al., 2008), a lower effect on gs was found in studies on P. ponderosa
(Beyers et al., 1991; Coyne and Bingham, 1981). This response of P. ponderosa to
0zone exposure was observed in several studies in which gs even increased in plants
under short-term elevated ozone exposure while only long-term ozone-exposure led
to a reduction in gs (Beyers et al., 1992; Bytnerowicz and Grulke, 2013). The ability
to match observations of models used in this study to reproduce photosynthetic
performances increased by adopting lower thresholds in P. ponderosa compared with
Q. ilex, thus confirming initial hypothesis on different ozone sensitivities between the
two studied species. This suggests that sensitivity to ozone is coupled to correction
factors, and Fcoz and Fyo3 should both concur to build phytotoxic thresholds.
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4.2 FORCAST - gs models inter-comparison

4.2.1 Control Run simulations

The “control” run represents the model simulation resulting from a basic
configuration, in which ozone effect on gs is not taken into account (i.e. ozone
corrections deactivated in the model run). In broad terms, it represents the model
predictive capacity before this study. This simulation is the reference output to
evaluate the impact of the ozone corrections on model predictive capacity. In
FORCAST, the statistical analysis identified the Medlyn A,-gs model (Medlyn et al.,
2011) as the best configuration to simulate GPP and AE in both CPZ and BLD sites.
This parameterization is based on the optimal stomatal behavior theory (Cowan and
Farquhar, 1977). This theory postulates that plants regulate stomata to maximize
carbon gain while minimizing water loss. Such behavior is in line with the
“isohydric” water use strategy, consisting in a constant stomatal regulation to control
water loss within a certain range to avoid damages due to water deficits (Buckley,
2005). Such strategy was observed both in Quercus ilex (Aguadé et al., 2015; Garcia-
Forner et al., 2017) and Pinus Ponderosa (Anderegg and HilleRisLambers, 2016).
The BWB As-gs model parameterization provided good results as well, thus
suggesting that coupled A,-gs models developed to account for gs response to external
conditions and to internal feedbacks with A, (Wong et al., 1979) best describe the
regulatory mechanisms of ecosystems characterized by a Mediterranean climate.
Conversely to the other two models, the JV model has the limitation to be affected by
environmental variables only, lacking of any internal regulatory signal (Gerosa et al.,
2012). This lack may explain the lower predictive capacity observed in both sites,
when compared to the other two An-gs models (Tables 9 and 12). Such regulatory
feedbacks are particularly important for forest growing in the Mediterranean area,
where the optimization of water loss per carbon gain seems to be crucial for plant
growth during drought periods (Tenhunen et al., 1980). Similar results were found by
Misson et al. (2004) in a comparative study on gs-model in BLD site. The authors
found the Jarvis model to be unsuitable to describe gs for BLD site vegetation, while
better results were provided by the BWB model. The authors related the lower
performance of the Jarvis model to an incorrect simulation of stomatal response to
changes in VPD. Such issue made the Jarvis model unable to reproduce the change of
the intrinsic water-use efficiency observed at the end of the Spring (low VPD and
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high SWC), during which a non-conservative water use of stomata turned into a
conservative water use as soil-water content become limited in Summer (high VPD
and low SWC). In this condition, it is reasonable that a coupled A,-gs model,
developed to simulate an optimized stomatal control would result to be more
appropriate than an empirical model.

4.2.1.2 The MDg 0zone correction

The implementation of the optimal stomatal behavior “MDx’ proposed by Hoshika et
al. (2013) did not provide as good results as the MD model in the control run inter-
comparison. In their study, Hoshika et al. (2013) proposed a range of values for the K
parameter (0.1 x 1.6 D/[O3] < K < 1.6 D/[Os]) to account for the drought/ozone
response ratio. This ratio can be interpreted as an indicator of plant’s responsiveness
to ozone, since at low K values (K=0 indicates no ozone effect) stomatal regulation is
driven by drought and when K is different from zero the plant is responding also to
ozone stress by regulating stomata (i.e. ozone stress avoidance) to maximize A, while
minimizing the F+O3 and ET. Since this work was focused on ozone stress, the same
responsiveness (1:1 ratio) of stomata to ET (L) and to ozone (A°) was assumed (i.e. K
= 1.6 D/ [O3]) for the whole year. Such assumption might have led to overestimate
the impact of ozone on A and gs. Indeed, it has been observed that drought stress can
protect plants from ozone injury by inducing stomatal closure (Beyers et al., 1992;
Reiner et al., 1996; Tingey and Hogsett, 1985), thus overruling the response to ozone
that would be observed under non limiting moisture conditions (L6w et al., 2006). In
their study, Hoshika et al. (2018) observed also that the K factor increased at the end
of the growing season, suggesting that the leaves exposed to enhanced ozone
concentration began to lose stomatal control, thus reducing plants capacity to perform
avoidance vs ozone stress (Hoshika et al., 2013). Taking into account the seasonal
variation of the drought/ozone responsiveness (k) could help to increase the model
accuracy by correctly assessing the dominating stressor between drought and ozone
in stomatal regulation. Furthermore, since the Hoshika MDx model was developed to
take in account the avoidance (i.e. the reduction of ozone flux by stomatal closure) of
ozone stress alone, the ozone tolerance (i.e. repair and detoxification) needed to be
considered. For this reason, critical ozone thresholds (thri) were applied to the
Hoshika formulation as well. The results indicate low tolerance (thrO and thrl) for
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CPZ for both the whole year and at seasonal level in simulating GPP, while no
improvements were found for AE, thus indicating that a possible decoupling between
A (GPP) and ET (AE) occurred. These results suggest that in CPZ the main
mechanism to face ozone stress was avoidance. However, this correction factor did
not ameliorate model accuracy in BLD (Tables 12-14) even if the control run
displayed the best results using this approach. Therefore, we cannot speculate on
different levels of ozone tolerance between the two sites and further improvements
taking account simultaneous and dynamic effects of ozone and drought during the
year are needed.

4.2.1.3 The JVio3 0zone correction

The JVios correction proposed by Hoshika et al. (2018) ameliorated the model
accuracy in CPZ when applying thresholds 4 and 5, thus suggesting low sensitivity to
ozone for the holm oak forest, as expected for an ozone tolerant species. However, as
the MDy, this correction factor did not increase model accuracy for both GPP and AE
in BLD site. While rejecting the hypothesis that P. ponderosa is not an ozone tolerant
species, this unexpected low performance of the model can be ascribed to the fact that
this correction factor represents a concentration-based approach that (as previously
discussed) might have not correctly taken into account the amount of ozone directly
entered through stomata (Emberson et al., 2000). Another explanation may be found
in Hoshika et al. (2018) who implemented the JV model hypothesizing that in
addition to the fO3; parameter, an ozone-induced stomatal sluggishness parameter “S”
(i.e. S=r*POD) to reproduce the impact of ozone on the responsiveness of stomata to
each environmental variable of the multiplicative model should be taken into account
(e.9. fvep, fiight, fswe). This formulation was not considered in this study, since it would
have needed a POD to simulate gs and a further iterative approach to identify a
second empirical unknown “r” ( Hoshika et al., 2018). Accounting for this
sluggishness effect which is indirectly accounted for in the BWB model (by an
impaired response between stomatal conductance and photosynthesis) might have led
to better results in BLD site. Indeed, sluggish responses of stomata at elevated
oxidant concentrations have been observed in coniferous species (Grulke, 1999;
Patterson and Rundel, 1989; Reich and Lassoie, 1984; Tjoelker et al., 1995).
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4.2.1.4 The BWBro3 0zOne correction

The application of the ozone correction factors for the BWB model (BWBgo3)
provided the best results in both the study sites when compared to the other models.
A possible reason behind the successful application of this approach could be that,
differently to both JV and MD formulations the BWBgo3 correction factors were
derived from the response of both gs and A, to a cumulated stomatal ozone flux
(CUO). This is in line with the growing consensus for the use of flux-based metric in
ozone risk assessment studies as rather than concentration-based metrics ( Emberson
et al., 2000; Fares et al., 2018; Gina Mills, Pleijel, et al., 2011). The most important
aspect of this method is that it takes in account two distinct responses of gs and A, to
ozone, thus accounting for the decoupling of the two processes observed in many
experiments (Lombardozzi et al., 2012; Paoletti, 2005; Tjoelker et al., 1995). Such
decoupling describes ozone induced impairment of the A/ET ratio (L) that plants
stomatal regulation would maintain constant under ideal conditions (Cowan and
Farquhar, 1977). This approach allowed to identify species-specific response to
ozone in both sites (providing answer to the scientific questions of this PhD work).
Indeed, model accuracy was higher for Q. ilex when adopting a high critical ozone
dose threshold (3 to 5 nmol O; m s) which translates into a high tolerance to ozone.
This feature may be due to species-specific capacity to detoxify ozone with for
Instance antioxidant production or with unaccounted amount of ozone scavenged by
non-stomatal reactions between monoterpenes and ozone (Fares et al. 2008). On the
contrary, P. ponderosa resulted to be characterized by a lower detoxification capacity
(best thresholds between 0 to 2 nmol Oz m? s?) that seems to be appropriate for a
species considered to be ozone sensitive (Anderson et al., 2001; Coyne and Bingham,
1982). Focusing on cumulative values (Figure 23), in CPZ the application of a
threshold corresponding to 4 nmol m? s? reduced the model overestimation up to
12.7% for GPP and up to 9% for AE. In BLD, the application of threshold
corresponding to 1 nmol m? s reduced the model “control" run overestimation by
11.8% for GPP but worsened model simulation by increasing the underestimation of
AE by 6.4%.
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Figure 23 - Cumulative values of Gross Primary Productivity (GPP) ) simulated for the
Castelporziano (CPZ) and Blodgett (BLD) sites by applying the BWBFro3 corrections. O3 + thr;
= Modelled values when considering thresholds of ozone exposure of 1 to 5 nmol m s 1,

However, the application of a fixed critical ozone dose threshold for the whole year
might lead to unrealistic results, in particular for ozone tolerant species or for species
characterized by dormancy periods (e.g. conifers) when ozone might not represent a
threat for the vegetation in certain seasons (Bytnerowicz and Grulke, 1992).
The importance of identifying the correct threshold for each season is particularly
evident in Figure 24, in which the differences and the % deviation from cumulated
observations of each simulation compared to the control run is shown for each site.
By considering seasonal cumulative values, the application of high thresholds
strongly affected the impact of ozone on gs and A,. Indeed, in this study the
thresholds depend on the occurrence (frequency) of ozone corrections (and therefore
ambient ozone concentrations), thus compensating for possible overestimation of
ozone impact when it had not relevant role (e.g. in Winter). It is also evident that if
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the model control run would underestimate observations, the application of ozone
corrections (Thr;) would worsen the results. A possible solution would be to apply the
highest threshold since it would lead to results closer or equal to the control run, thus
excluding ozone impact from simulations. Therefore, the study of the impact of the
BWBeos corrections at seasonal scale (Table 16) allowed to evaluate “if” and “when”
these corrections would be useful (by ameliorating the model accuracy), worsening
(by reducing the model accuracy), or unnecessary (Ssame accuracy as control run).
Linear regressions between the observed and simulated values identified different
trends in ozone tolerance for the two sites. In CPZ the critical ozone thresholds
providing the best results in simulating GPP and AE shifted from high values (thr3 to
thr5) in Winter and Spring, to low values (thrO and thrl) in Summer and Fall. An
opposite trend was observed for BLD site, in which the ozone critical thresholds
shifted from lower values in Winter (thrl-thr2 for GPP and AE), to higher values in
Spring (thr2 for GPP and thr5 for AE) and Summer (thr4-thr5S for GPP and AE),
decreasing in Fall (thr3-4 for GPP and AE). The shift of thresholds through seasons
suggests that a variable capacity to detoxify ozone can be expected for forests, as
previously observed on crops (Sitch et al., 2007).
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4.3 AIRTREE

The application of BWB model was used to estimate ozone damage with the
AIRTREE multi-layer canopy model. The choice to use AIRTREE was driven by
both the necessity to evaluate the reproducibility of this approach and to account for
possible differences between a model parametrized with measurements and literature
data, and a site-specific calibrated model.

Indeed, to obtain the most representative parameterization for the two sites, the
AIRTREE model was specifically calibrated by excluding data collected at high
ozone concentrations. The resulting “control” runs were so unaffected by ozone
assuming no memory effects in the long term, and suitable to account for ozone
effects on model predictive capacity (Fares et al., 2019) through the application of the
BWBEgos correction (Lombardozzi et al. 2013, 2015).

Results obtained by this approach confirmed what found with the FORCAST model
in both the study sites. Indeed, CPZ showed a general best fit with measured EC
values when critical ozone thresholds of 3-5 nmol m2 s were applied, suggesting
low ozone sensitivity for this species (Table 15). The holm oak forest (dominated by
Quercus ilex) is considered to be an ozone tolerant species (Paoletti, 2006),
suggesting that high critical ozone thresholds should be appropriate for CPZ site.
Results agree with the manipulative experiments in open-top chambers performed by
Gerosa et al. (2015). The authors found that a threshold of 1 nmol m2s?was the most
appropriate to explain ozone damages in terms of canopy loss, but also threshold of 4
nmol m= s was found to be appropriate to explain biomass losses including roots for
Q. ilex. However, either thresholds of 0 and 1 nmol O; m? st improved the
agreement between the estimated value of AE and measured values, thus suggesting
that evapotranspiration was more sensitive to ozone than A,. Such a difference in
ozone thresholds for GPP and evapotranspiration can be explained as a decoupling
between photosynthesis and stomatal conductance by diffusive limitations
(Lombardozzi et al., 2012). The decoupling between A, and g, has been observed in
many experiments (Francini et al., 2007; Tjoelker et al., 1995; Wittig et al., 2007)
under chronic ozone exposure. Indeed, ozone can induce stomatal sluggishness
leading to a delay in stomatal responses that may change the carbon (by enhanced
ozone stress) and water balance (due to water loss) of forests (Hoshika et al., 2015,
2018b).
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Results confirmed what found with the FORCAsT model for the BLD site as well.
Critical ozone thresholds of 0 and 1 nmol m s resulted to best fit with observed
GPP, confirming high sensitivity to ozone.

Focusing on cumulative values, for CPZ the inclusion of ozone corrections reduced
the “control” model overestimation of GPP and evapotranspiration by 5% and 14%,
respectively, in line with previous findings (Fares et al., 2013) reporting a reduction
in carbon assimilation by 5% by exposure to ozone (Figure 25). For BLD, the
inclusion of ozone corrections reduced the “control” run overestimation of GPP by
5.8%, while no amelioration was observed on AE simulations.
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Figure 25 - Cumulative values of Gross Primary Productivity (GPP) and Latent heat flux (1E)
simulated for the Castelporziano (CPZ) and Blodgett (BLD) sites by applying the BWBFos
corrections. Oz + thri = Modelled values when considering thresholds of ozone exposure of 1 to 5
nmolm2s L,

Seasonal regressions confirmed the existence of a seasonality of thresholds in both
sites. An example of such shifts in can be observed in CPZ (Table 16). In Summer,
for high ozone concentration, when low thresholds (close to 1 nmol m=2 s1) were
applied and ozone limitation to GPP was accounted for, higher (minimally but
statistically significant) R-squares and slopes of the linear regression between
modelled versus measured GPP were obtained. Similar results were observed for AE,
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where application of a threshold of 0 nmol m? s produced higher R? between
modelled and measured values in Summer. The reduction of ozone tolerance in
Summer is reasonable especially in the central hours of the days and the early
afternoon, when ozone concentration reaches the highest levels, the stomatal uptake
Is maximum (Gerosa et al., 2009), and the antioxidant defense mechanism is less
responsive since most antioxidants have been scavenged during the day (Dizengremel
et al., 2008). On the contrary, BLD forest showed an increase in o0zone tolerance
during Summer, when highest ozone concentrations and drought stress are concurrent
and stomatal closure and allows to avoid ozone stress (Kurpius et al. 2002). In
addition, several authors observed that after a period of active Summer growth,
conifers undergo to a dormancy phase during which anti-oxidant levels increase and
accumulate in leaf tissues (Hausladen et al., 1990; Kurpius et al., 2002), but it was
unclear whether the antioxidant pools could be maintained through the Winter due to
lowered metabolism of dormant trees (Oquist et al., 1978).

The UNECE manual for assessing the impact of ozone on vegetation (Mills et al.,
2010) suggests the adoption of a threshold for forest vegetation of 1 nmol Oz m? s
to evaluate the Phytotoxic Ozone Dose (i.e. POD1), thus assuming a high sensitivity
to ozone for all tree species. Conversely, the results of this study suggest that such a
low threshold would lead to unrealistic estimation of ozone effects on tolerant species
such as Q. ilex and that a “dynamic” rather than a “fixed” threshold is necessary to
understand plant strategies to face ozone stress through the growing season.

4.3.1 Towards adoption of a dynamic threshold

The idea that plant detoxification capacity could be described by an empirical model
arose when significative correlations between daily thresholds and environmental
parameters were found (Figure 17, 19). Therefore, if a correlation exists it should be
possible to derive a function to predict the thresholds variation to changes in
environmental conditions.

For each day of the year, the best daily thresholds were identified from simulations
and collected into a new “dynamic” threshold variable (THR). To simulate this
dynamic variable a multiplicative empirical approach was tested. Although the weak
points of a multiplicative approach have been already evidenced, the choice of an
empirical approach for this exercise was driven by data availability and the
formulation simplicity. Indeed, since the final scope of deriving this function was to
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avoid the iterative approach used in this study, this formulation needed to be based on
model’s input data only. Therefore, a simple multiplicative model based on response
functions to changes in environmental parameters seemed perfect for that scope.
Relatively low but statistically significant linear correlations (R? =0.51 and 0.3, for
CPZ and BLD, respectively) between the “observed” (THR) and the simulated
(THRp) THR were obtained (Figure 22). Such a poor fit can be explained by the fact
that in this work only six thresholds were used, while intermediate values could best
represent shifts in ozone tolerance during the day. Another possible explanation is
that other important variables might not have been included in the analysis.
Interestingly, as observed from regressions, the observed THR variables for CPZ and
BLD sites (Fig 17,19) showed opposite trends. There are several possible
explanations for that difference. A possible reason may be found in the different
water availability (precipitation and SWC) between the two study sites. Indeed,
although both sites are characterized by a summer drought period typical of the
Mediterranean climate, it resulted to be more extended in CPZ, probably because of
the lower precipitations observed in Spring compared to BLD site (Figure 11).
Therefore, in CPZ oxidative stress due to drought might be enhanced by ozone
(Alonso et al., 2014). Conversely, in BLD site during Summer high solar irradiation
and high temperatures might have favored the emission of monoterpenes leading to
non-stomatal ozone scavenging reactions (Dindorf et al., 2006; Fares et al., 2010;
Tingey et al., 1980) that reduce ozone impact since ozone is scavenged in the gas-
phase before entering stomata. Another hypothesis is that the vegetation has
developed an antioxidant pool during Winter to avoid photooxidation, which also
enhance ozone tolerance during the growing season (Anderson et al., 1992).

A third hypothesis that may be drawn is that differences in ozone tolerance between
the two study sites could be related to site specific trends of ozone concentration
through the year. Indeed, as shown in Figure 14, ozone concentrations were higher in
BLD site than in CPZ all year long. Such a difference is probably due to different
elevation of the two study sites.

Indeed, CPZ is located in a rural area few meters (17 m) above the sea level. In this
area, ozone concentrations increase rapidly in the central hours of the day, when the
intensity of solar radiation is at maximum and decrease during the late afternoon and
early evening hours, reaching a steady state. Conversely, high elevations sites such as
BLD forest have a different daily pattern (Figure 26), in which ozone concentrations
remain relatively steady through day and night (Krupa et al., 2001). At BLD, the
effect of source areas is also relevant, with high loads of ozone and ozone precursors
advected to the study site from the urban areas nearby.
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Such different patterns indicate that vegetation in CPZ has to face higher and faster
changes in ozone concentrations than BLD site. Therefore, while BLD vegetation
may be acclimatized to a high ozone environment, accumulating antioxidant all year
long, the CPZ Holm oak forest might be more susceptible to Summer peaks in o0zone
concentrations, thus lacking of an antioxidant reserve to scavenge oxidative stress.
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Figure 26 - Daily patterns of hourly mean ozone concentrations measured in both study sites at
the top of the canopies. Comparison of a lower elevation (in black, 13 m a.s.I) monitoring site
and a higher elevation (in red, 1,315 m a.s.l) site.

The opposite trends observed in this study in THR made not possible to derive a
unique generalized multiplicative model for both sites. The limited number of sites
and years of study used in this work don’t allow to understand if a generalized rather
than site-specific or PFTs models are necessary to correctly simulate the thresholds’
variations between seasons. Extending this study to other sites might help to clarify
this point. The cumulated values (Figure 27) resulting from the application of the
simulated mobile THR provided promising results. GPP values corresponding to
simulated THR led to a cumulative GPP close to observations (-3.3% in CPZ and
4.4% in BLD site) and to the fixed threshold that have been identified after this
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iterative approach, confirming the hypothesis that it is necessary to find a way to
account for shifts in ozone tolerance during the year to improve ozone metrics for
risk assessment.
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Figure 27 — Cumulative values of Gross Primary Productivity (GPP) for the Castelporziano (top)
and Blodgett (bottom) sites by applying the BWBFros corrections. Oz + thri. The blue line represent
Observations (Obs.) The orange line represents the modelled values when considering thresholds
of ozone exposure of 1 (for BLD) and 4 (for CPZ) nmol m 2 s 1. The yellow line (expected)
represent the best modelled values observed at each model time step (i.e. observed THR). The violet
line represents modelled values identified by the dynamic threshold at each model time step (i.e.
THRpcpz and THRpsLD, respectively).
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5. Conclusion and future perspectives

In this PhD thesis, a bottom-up approach to evaluate the effect of ozone exposure on
plant ecophysiological processes was used. This approach gathered the state of the art
of methods to quantify the effects of ozone using empirical (Jarvis, 1976), semi-
empirical (Ball et al., 1987) and theoretical (Medlyn et al. 2011) models, to simulate
leaf level photosynthesis and stomatal conductance. By integrating leaf level
measurements of gas exchange, meteorological data from eddy covariance
monitoring towers and multi-layer canopy models it has been possible to upscale
these effects to the canopy level and compare them with EC fluxes of carbon (GPP)
and evapotranspiration. Since plants have different capacity to resist the oxidative
stress, two eddy covariance forest sites, whose vegetation is characterized by
different ozone sensitivity were compared to:

A) Evaluate if a multi-layer model could represent a useful tool as accurate to
estimate even small reductions in GPP due to ozone.

B) Evaluate if through this approach it would be possible to define a threshold of
phytotoxic ozone dose for trees with known differences in ozone sensitivity.

Although testing and comparing three of the most widely used stomatal conductance
models was not a novel methodology per sé, it allowed to propose different ways to
approach the study of ozone damage on forests, providing answer to each of these
scientific questions. The implementation of ozone corrections into the FORCAST and
the AIRTREE models improved (minimally but statistically significant) the accuracy
of their simulations of GPP and ET, allowing to identify which stomatal conductance
model would be more appropriate for a Holm oak and a Ponderosa pine forest
growing in a Mediterranean climate, both characterized by different levels of ozone
sensitivity. Methods accounting for decoupling between photosynthesis and stomatal
conductance ( Lombardozzi et al., 2013, 2015) provided the best results for both the
studied species. This approach allowed to quantify a reduction in carbon
sequestration due to ozone exposure of 5-12%, confirming that the study of its impact
through a multi-layer canopy model is a feasible option and represents a useful tool
for both ozone tolerant and sensitive species. Finally, the identification of site-
specific critical stomatal ozone fluxes (i.e. critical ozone thresholds) resulted to be
crucial for a realistic quantification of its impact on plants ecophysiological
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processes. These results, describing plant’s responsiveness to oxidative stress,
identified higher thresholds for ozone tolerant species such as Q. ilex, and lower
thresholds for ozone sensitive species such as P. ponderosa, but not on a seasonal
basis. Changes in efficacy of threshold corrections during different seasons in this
study was observed in both the FORCAST and the AIRTREE model, suggesting that
a possible way to implement metrics for ozone-risk assessment could be to derive a
dynamic threshold which takes into account possible changes in ozone sensitivity at
different time scales during the vegetative period. This may be plausible, as described
in previous works showing different responses to oxidative stress according to the
hour of the day and the season (Dizengremel et al., 2008; Luwe and Heber, 1995;
Sitch et al., 2007) and may represent a possible future work. Following this
hypothesis, a simple empirical model to predict changes in ozone tolerance was
developed, providing interesting results. A recent study by Agathokleous et al.,
(2019) supports the hypothesis that an hormetic-like biphasic dose-response function
would be more representative of the plant’s adaptive responses to ozone exposure,
including a compensation phase. These studies suggest that the development of new
non-linear dose response functions could represent a key for improving metrics for
ozone risk assessment. Although promising, this approach was not object of this
thesis, since more data and specific manipulative experiments would be necessary to
identify the entire dose (time) — response continuum.

A few research questions arise after my work for this thesis:

1) How site-specific these formulation for variable thresholds would be? Results
support the idea that developing functions to describe dynamic thresholds is
necessary. This approach could be replicated for many other forest types by
integrating manipulative experiments of ozone fumigation and dose-response
studies, eddy covariance monitoring site data and multi-layer modeling, up to
estimate new so-called “Critical Levels” for broader scales. However, there is
actually only a limited number of eddy covariance sites measuring ozone
concentrations and fluxes. While the scientific community has moved to
establishing long-term Ecosystem Research Infrastructures to measure carbon
assimilation in response to climate changes (i.e. the ICOS infrastructure in
Europe), these results demonstrate that the use of relatively low-cost ozone
sensors deployed at the measurement sites may constitute a valuable effort to help
understanding of carbon assimilation in response to environmental stresses. This
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will be object of my future research with access to a broader range of ecosystem
data.

2) May future Mapping manuals take into account for my results? This depends on
how feasible will be to replicate my approach to a broader range of crops and
forest ecosystems. In particular, since the is a wide number of regional models
using different approaches to simulate stomatal conductance, the other two
approaches (MDxk and JVio3) need to be ameliorated.

3) What is the role of chemical reactive species in the canopy such as VOC or
Nitrogen Oxides? Can these reactive species represent a sort of barrier against
ozone? This will be part of my future research activities, which | plan to carry out
in collaboration with both CREA, the University of Tuscia, and Lancaster
University thanks to the chemistry box model incorporated in the FORCAST
model.
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Main symbols and abbreviations

Variable.
Ac
Aj
An
ap; A
AOT40

by; b,

p’
BLD

BWBrFro3

Ca

Cec

Ci
CEOs
CpPz
cuo

Fpo, s Feo,
fohen

flight

fO3

fswe

ftemp

fvpd

Jo

Description

photosynthetic rate limited by CO>

photosynthetic rate limited by electron transport

net photosynthesis

A-CUO and gs-CUO slope

Accumulated dose of ozone Over a Threshold of 40 ppb

A-CUO and gs-CUO intercept

Blodgett Ponderosa pine forest

BWB model implemented with the Fp,_ and F.,, 0zone

corrections

ambient CO> concentration
chloroplastic CO2 concentration
internal CO> concentration
cumulative Oz exposure
Castelporziano Holm oak forest
cumulative uptake of O3

vapor pressure deficit
transpiration rate

correction factor for ozone effect on A, and gs
response function of gs to plant’s phenology

response function to light intensity (PPFD)
response function to ozone concentrations
response function to soil water content

response function to leaf temperature

response function to leaf level vapour pressure deficit

stomatal ozone flux

residual stomatal conductance when A tends to zero

Units
umol m?2s?
umol m?2 st

pumol m?s?

ppb h!

ppm
ppm
ppm

nmol mol?* ht

mmol m
kPa

J

%

nmol m2 st
mol m2 st
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gl
Omax

GPP
Os;

Jmax

JVio3

Ko
LAI
MDg
[Os]
PPFD
R
Reco
RH

THR
THR

T
chax

VPD
Y, thr;

AO

AE

slope parameter for the BWB and the Medlyn model
maximum stomatal conductance to water

gross primary productivity

stomatal conductance to water vapour
light-saturated rate of electron transport

JV model implemented with the fOz0zone correction
ratio of A/A°

Vcmax scaling factor

leaf area index

Optimal stomatal model (MD) for ozone avoidance
O3 concentration

photosynthetic photon flux density

dark respiration rate of CO.

ecosystem respiration

relative humidity

stomatal resistance

dynamic critical stomatal ozone flux threshold

simulated dynamic critical stomatal ozone flux threshold

air temperature
leaf temperature
carboxylation rate of CO>

vapor pressure deficit

critical stomatal ozone flux (i.e. detoxification threshold)

Lagrange multiplier that represents the marginal water

cost of plant carbon gain

Lagrange multiplier that represents the marginal ozone

damage of plant carbon gain

latent heat flux

mol H,O m? st
g COz hatly-!

mol m2 st

mol H20 mol™! O3

m2 m2

ppb

pumol m?st
pumol m?st
Kg COz haty?
%

smt

nmol m?2 st
nmol m?2 st
°C

°C

pumol m?2 st
kPa

nmol m2 st

mol H,O mol?

CO,

mol Oz mol? CO»

W m2
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