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ABSTRACT

Cupressus sempervirens is a relevant species in the Mediterranean for its cultural, economic
and landscape value. This species is threatened by Seiridium cardinale, the causal agent of
the cypress canker disease (CCD). The effects of biotic stressors on Os risk assessment are
unknown and a comprehensive Os risk assessment in C. sempervirens is missing. To fill these
gaps, two clones of C. sempervirens, one resistant (Clone R) and one susceptible to CCD (Clone
S), were subjected to three levels of O; (Ambient Air - AA; 1.5 x AA; 2.0 x AA) for two consec-
utive years in an Os-free-air controlled exposure facility and artificially inoculated with S.
cardinale. Both the exposure- (AOT40) and flux-based (PODy) indices were tested. We found
that PODy performed better than AOT40 to assess Os effects on biomass and the critical
level for a 4% biomass loss was 2.51 mmol/m? POD,. However, significant O; dose-response
relationships were not found for the inoculated cypresses because the combination of mid-
dle level O3 (1.5 x AA) and inoculation stimulated a biomass growth in Clone S as hormetic
response. Moreover, we found a different inter-clonal response to both stressors with a sta-
tistically significant reduction of total and belowground biomass following O3, and lower
root biomass in Clone S than in Clone R following pathogen infection. In summary, Clone R
was more resistant to Oz, and inoculation altered Os risk via an hormetic effect on biomass.
These results warrant further studies on how biotic stressors affect O; responses and risk
assessment.
© 2024 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)
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Introduction

Climate change is mainly due to the release of green-
house gases (CO,, CHs and N,0) into the atmosphere by
anthropogenic activities (Naz et al., 2022), is threatening
plant species and causing abiotic stresses (Chaudhry and
Sidhu, 2022). Both rising temperature and solar radiation in-
duce direct physiological stress on plants (Dusenge et al., 2019;
Roeber et al., 2021) and also promote an increase in tropo-
spheric concentrations of ozone (O3), a secondary pollutant
with a phytotoxic effect (Grulke and Heath, 2020). Ozone is
a strong seasonal oxidant in Mediterranean areas typically
linked to the high irradiance and temperature that occur dur-
ing summer months (Paoletti, 2006; Ochoa-Hueso et al., 2017)
with an annual average of about 40-50 ppb (Sicard et al., 2017;
Jiang et al., 2020). Ozone causes direct damage to plants (i.e.,
biomass loss, foliar injury and defoliation) due to alteration
of biochemical and physiological functions and may enhance
susceptibility to other abiotic factors e.g. drought (Hayes et al.,
2015) or parasitic diseases (Ahmed, 2007).

The assessment of O3 risk to vegetation is based on the
definition of critical levels (CLs) specified as O3 cumulative
exposure or flux thresholds able to induce a biomass reduc-
tion of 5% or 4%, respectively (CLRTAP, 2017). Currently, AOT40
(Accumulated exposure Over an hourly Threshold of 40 ppb)
is the index used to detect CLs for forest protection in Eu-
rope (European Council Directive, 2008) but the phytotoxic Og
dose above an hourly threshold y of uptake (PODy) is con-
sidered a more suitable and realistic metric for risk assess-
ment as is based on the amount of O3 effectively absorbed by
leaves through stomatal opening (CLRTAP, 2017; Paoletti et al.,
2022). In addition, climate change has potentially dramatic
consequences on biotic stress factors (Zandalinas et al., 2021)
as it may induce sudden and significant variations in ther-
mal and pluviometric regimes thus affecting life cycles of
plant parasites and altering their rate of growth, survival,
reproduction, pathogenicity and spread in the environment
(Della Rocca et al., 2019a). Therefore, the study of interac-
tions between biotic and abiotic stressors and their effect on
eco-physiological alterations in plants is of particular interest
(Trivedi et al., 2022). Defense mechanisms against Osz-induced
oxidative stress are similar to those against some pathogen
attacks through various physiological and molecular cross-
talking pathways (Kangasjarvi et al., 2005; Vainonen and Kan-
gasjarvi, 2015). However, it is not clear whether simultaneous
stresses can be antagonistic, synergistic or additive (Ben Re-
jeb et al,, 2014) and, to the best of our knowledge, it is still
unknown if biotic stressors may affect the O; risk assessment
in plants.

Common cypress (Cupressus sempervirens L.) is a
widespread tree species in the Mediterranean basin and an
iconic element of its landscape and culture (Farahmand, 2020).
The sensitivity to Oz in this species has not been investi-
gated yet while the effects of fungal pathogen Seiridium
cardinale (Wagener) Sutton et Gibson, that is the aetiological
agent of Cypress Canker Disease (CCD), are widely studied
(Graniti, 1998; Della Rocca et al., 2011a, 2013; Danti et al,,
2013a, 2018; Della Rocca et al., 2019b). The pathogen was
introduced in Europe at the beginning of the 20" century

(Danti and Della Rocca, 2017) and, since the ’70s, millions of
trees were killed by CCD epidemics especially in Italy and
Greece where the incidence exceeded 50% in some areas
of Tuscany and the Peloponnese (Graniti, 1998; Danti et al,,
2013a; Danti and Della Rocca, 2017). Among the various strate-
gies developed to counteract CCD, genetic improvement is the
most effective (Raddi and Panconesi, 1981; Danti et al., 2011,
2013b). Since the ’'70s, Italy began a genetic improvement
programme by selecting and/or crossing cypress genotypes
able to react to the infection and heal the bark lesion caused
by the pathogen, thus selecting and patenting clones that are
resistant or poorly susceptible to the disease (Panconesi and
Raddi, 1991; Danti et al., 2006, 2013b).

We employed two cypress clones characterized by differ-
ent susceptibility to CCD, two-year fumigation in an Os Free-
Air Controlled Exposure (FACE) facility, an artificial inoculation
with S. cardinale, using AOT40 and PODy as metrics of risk as-
sessment. We hypothesized that CCD susceptible and tolerant
clones may respond differently to O3 and that S. cardinale in-
fection may affect O3 risk assessment in C. sempervirens.

1. Materials and methods
1.1. Plant material

The experiment lasted 17 months (from May 2019 to October
2020) and was carried out on two clones of C. sempervirens,
one resistant to CCD (clone R - PM 2546) and another one sus-
ceptible to CCD (clone S - PM 3375). Clone R shows a colum-
nar crown, while clone S is characterized by an intermediate
habitus. Cypress ramets belonged to the cypress germplasm
collection of the Institute of Plant Sustainable Protection of
the Italian National Research Council (IPSP-CNR) and were ob-
tained by grafting on unselected cypress rootstock. At the be-
ginning of the experiment, ramets were 2-year-old from graft-
ing and the average height was 72.4 + 1.15 cm for clone R, and
65.6 &+ 1.23 cm for clone S. The cypresses were hosted in 25-L
pots (4 35 cm) containing 50% peat and 50% pumice with the
addition of 3.3 kg/m? of slow-release rate granular fertilizer
(Basacote Plus 12M®) and 6 kg/m3 of Leonardite. Drip irriga-
tion of 500 + 50 mL/day for each pot was provided throughout
the main growing seasons (May-October) to hold field capac-

1ty.
1.2. Ozone face fumigation set-up

The FO3X facility (Free air O3 eXposure), located in Sesto
Fiorentino, Florence, Italy (43°48'59” N, 11° 12'01” E, 55 m a.s.1.)
was used to perform O; fumigation of the cypress clones.
FO3X is one of the six O3-FACEs currently available in the
world (Montes et al., 2022), the only one representative of the
Mediterranean climate. Cypress clones were exposed to three
levels of O3 concentrations: ambient air (AA), one and a half
time the concentration of O3 in AA (1.5 x) and two times the O3
concentration in AA (2.0 x). As reported by Paoletti et al. (2017),
FO3X is made up of three replicated square plots (5 m x 5 m)
for each Os level. Ozone is generated from pure oxygen by an
O3 generator (TGOC13X, Triogen Ltd., Glasgow, UK) and then
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diluted with ambient air in a mixing tank and injected by 25
Teflon tubes hanging from a fixed grid above the plants (2 m
high) in each plot.

A total of 72 cypress ramets (36 per clone) were fumigated.
Each plot (three for each O3 level) hosted 8 ramets: 4 of clone
R and 4 of clone S. Exposure to the three levels of O3 was con-
tinuously maintained between May and October during both
growing seasons (2019 and 2020). Environmental data of air
temperature (T), relative humidity (RH), photosynthetic active
radiation (PAR) and wind speed were recorded by a Watchdog
station (Mod. 2000; Spectrum Technology, Inc., Aurora, IL, USA)
placed at 2.5 ma.g.l.

1.3. Pathogen inoculation and bark lesion measurement

The artificial stem inoculation of both cypress clones with the
bark pathogen S. cardinale was carried out on June 1st 2020 af-
ter one year of growth. The ATCC 38654 standard reference iso-
late of S. cardinale was used for the inoculations. The pathogen
was grown in Petri dishes on PDA (Potato Dextrose Agar) sub-
strate for 15 days at 25°C in the dark. For each O3 treatment
(AA, 1.5 x , 2.0 x ), half of the ramets in each plot was inoc-
ulated for a total of 12 ramets (6 of clone R and 6 of clone S).
Two simultaneous inoculations were performed on the trunk
of each ramet. The first one was about 10 cm above the graft-
ing point and the second one was 20 cm above the previous
inoculation. Inoculations were accomplished as described in
Della Rocca et al. (2018) and a circular wound (diameter 0.5 cm)
was performed by removing a portion of the bark down to the
woody tissue using a cork borer. Then, a plug of S. cardinale
mycelium of equal size was removed from a Petri dish and
inserted into the wound. The inoculations were covered with
moistened cotton wool wrapped with parafilm to ensure the
right humidity conditions and maximize the infection suc-
cess. Maximum length and width of the resulting bark lesions
were measured at the end of the experiment and their surface
area (cm?) was calculated with the following formula: [(Canker
height/2) x (Canker width/2)] x = (Della Rocca et al., 2011b).
The average of the two lesions of each ramet was considered.

1.4. Biomass assessment

Biomass of cypress clones was evaluated at the beginning
(Bstart), in an additional subset of ramets of both clones (n = 6),
and at the end of the experiment (Benq). In October 2020,
each plant was harvested and subdivided in above- (stems
and twigs) and below-ground biomass (coarse and fine roots).
Then, each part was dried for 5 days in an oven at 70°C un-
til constant weight and assessed separately by an analytical
balance (Sartorius, Germany). The final biomass growth (Bgy,))
was obtained as difference between B4 and Bstart-

1.5.  Stomatal conductance measurements and modelling

Stomatal conductance (gsio) measurements were carried out
by a portable infrared gas analyzer (LI-6800, Li-Cor Inc. Lin-
coln, NE, USA) equipped with a cuvette for hardwoods with
a circular opening of 2 cm?. As cypress is a conifer, parame-
ters returned by the instrument were re-proportioned to the
actual leaf surface placed in the cuvette. The effective leaf

area of cypress twigs was obtained using the Easy Leaf Area
Free application (Easlon and Bloom, 2014). Two types of gsto
measurement were carried out. For the measurement under
light-saturated conditions, the following parameters were set:
1500 pmol/(m?-sec) for the photosynthetic photon flux density
(PPFD), 400 pmol/mol as ambient CO, concentration (Ca) and
25°C as leaf temperature. The light-saturated measurements
were made on 26t May, 29-30" June, 20" August and 5t Octo-
ber 2020. In addition, further measurements were made under
various natural environmental conditions of T, RH and PPFD
by setting the leaf cuvette to the track-ambient mode. These
measurements with natural environmental conditions were
conducted on 22-23 July, 19-20t" September 2019 and 6-7t,
17-26'h February 2020. A final database of 198 and 204 mea-
surements of gsto for Clone R and Clone S, respectively, was
used to estimate the parameters of the stomatal conductance
model based on Jarvis (1976) multiplicative algorithm. Accord-
ing to the model, gsto Was described as:

Jsto = Jmax X flight Xmax{fmins (_ftemp X fVPD X fphen X f03 X fcanker)}

(1)

where, gmax (mmol Os/(m?sec)) and fui, (fraction) are the
maximum and minimum stomatal conductance (95% and
5th percentiles of all gy, data, respectively), while the other
functions are limiting factors scaled from 0 to 1. In detail,
flightv ftempy fVPDy fphenr f03: fcanker dependEd on phOtOSyl’lthEti-
cally relevant photon flux density at the leaf surface (PPFD,
pmol photons/(m?-sec)), air temperature (T, °C), vapor pres-
sure deficit (VPD, kPa), phenology (Day of the year — DOY),
O; (nmol/mol) and canker lesion extension in the bark (cm?)
around the inoculation point, respectively. The stomatal re-
sponse to PPFD was specified as:

fiight =1 —exp(—a x PPFD) 2)

where, a is a species-specific parameter defining the shape
of the exponential relationship, PPFD (umol photons/(m?-sec))
is photosynthetically relevant photon flux density at the leaf
surface.

The air temperature function (fremp) considered the op-
timum (Topt), minimum (Tpy;,), and maximum temperature
(Tmax) for gsto, and it was expressed as:

T-T T = T\ (T2t
ftemp :( min ) ( max ) opt™ min (3)

Topt — Trin Tmax — Topt

The response of gst, to vapor pressure deficit (VPD, kPa) was
given by the following function:

Ffurp = min|:1, max{ Foin ((1 — fmin) X (VPDimin — VPD)) n fmmH

(VPDpin — VPDmax)

(4)

where, VPD,,;, and VPDy,,x indicate the threshold of VPD for
attaining minimum and maximum stomatal opening, respec-
tively. If VPD > VPD, then fypp is set to fuin. If VPD < VPDppayx
then fypp is 1. According to Emberson et al. (2000) the stomatal
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response to phenology was described as:

fphen = (1 - fphen_c) X ((DOY - Astart)/fphen_a) + fphen_c

when Agare < DOY < (Astart + fphen,a)y
fphen =1 when (Astart + fphenfa) <DOY < (Aend - fphen,b)v (5)
fphen = (1 - fphenfd) X ((Aend - DOY)/fphenib) + fphenfd

when (Aend - fphen_b) < DOY < Acna

where, DOY is the day of year, Agtare and Aeng represented the
start (1%t January) and the end (315 December) of the leafy pe-
riod. The functions fynen » @nd fyhen b are the number of days of
fohen to reach its maximum and minimum respectively while
fohen_c @nd fyhen q Tepresent the maximum fraction of fypen at
Astart and Aend~

Considering that O3 concentration may affect the reduc-
tion of gsto We enclosed in our model the following function
(fos) previously proposed by Hoshika et al. (2018a):

fos=1- q x[O3] (6)

where, q reflects stomatal sensitivity to O3 concentration, and
[O3] (ppb) is hourly mean O; concentration. Moreover, we in-
novatively suggested a new function (fecanker) that considers
gsto responses to necrotic canker lesion surface as S. cardi-
nale affects cortical tissues also altering water flow in infected
branches (Madar et al., 1990). It was calculated as:

feanker = ¢(Cs)? — R(Cs) + 1 (7)

where, Cs (cm?) is the average canker surface, while ¢ and k
are two constant factors.

fiight, ftemp, fupD, fphen, fo3 Were estimated using a boundary
line analysis (Braun et al., 2010; Hoshika et al., 2012, 2018b),
while f.anker Was obtained by a quadratic regression.

To test the performance of the model, we correlated the
measured and estimated values of gsio using the baseline
model that considered fiight, ftemp, fvpp and fppen or by adding
only the ozone (fp3) or canker (feanker) function or both.

1.6.  Ozone metrics calculation: AOT40 and PODy

According to the Convention on Long-range Transboundary
Air Pollution (CLRTAP, 2015), AOT40 was calculated as the sum
of the excess of hourly concentrations over a threshold of 40
ppb during daylight hours characterized by short wave radia-
tion > 50 W/m?. Conversely, PODy was estimated during the
experimental period (from May 2019 to October 2020) as:

POD, — f max(Fy — Y, 0) - dt (®)

where, Y is a species-specific threshold of the hourly stomatal
03 flux, and Fs (nmol/(m?-sec)) is calculated as:

Fst = [O3] x gso3 x Ic/(rp + Ic) ©)

where, [O3] (ppb) is the hourly O3 concentration; gso3 (mol
03/(m?-sec)) is gsto multiplied for 0.663, a factor that con-
siders the ratio of diffusivities between O; and water vapor
(CLRTAP, 2015); 1 is the leaf surface resistance rc = 1/gsto + gext
(gext = 0.0164 mol O3/(m?-sec)); ry, is the leaf boundary layer re-
sistance (sec/m) calculated as 1, = 1.3 x 150 x (Lg/u)®> where
u is the wind speed (m/sec), Lq4 is the cross-wind leaf dimen-
sion (0.008 m for conifers, CLRTAP, 2017) and the factor 1.3

accounted for differences in diffusivity between heat and O3
(CLRTAP, 2015). Aerodynamic resistance (r,) was not consid-
ered as O3 concentration was measured at plant height. Differ-
ent PODy detoxification thresholds (y = 0-5 nmol O3/(m?-sec))
were tested to identify the best PODy index to predict O3 ef-
fects on cypress biomass. AOT40 and PODy were obtained by
summing 2019 and 2020 values.

1.7. Data analysis

We calculated a control reference biomass (By.f) for the risk as-
sessment as proposed by Paoletti et al. (2017), assuming an Os
concentration of 10 ppb as daily average in the pre-industrial
clean air as suggested by Fowler (2008). Then we assessed the
relative biomass (B,e) as the ratio between the biomass at
the end of the experimental period (Bgny) and the reference
biomass: Bl = Bainal/ Bret-

We analyzed the Y-axis intercept with its confidence inter-
val (C.1) and the R? value of each linear regression between B
(with Y-axis intercept = 1 considered as total biomass in pre-
industrial atmosphere) and the exposure- (AOT40) and flux-
based (PODy) values. Then, to select the most suitable index
and calculate the CLs, we employed these two objective cri-
teria. Firstly, C.I. had to include Y-intercept = 1 (Biiker et al,,
2015). Secondly, the highest R? value was selected from the
equations that consider the first criterion (Hoshika et al,
2018c). The CLs were evaluated as 4% biomass loss, according
to CLRTAP (2017).

Data of Bgy, (total, aboveground or belowground biomass)
were averaged per plot (n = 3) and, after checking for normal
distribution (Kolmogorov-Smirnov test) and homogeneity of
variance (Levene’s test), differences between clones, O3 treat-
ments and inoculation were tested by means of three-way
ANOVA by using Rstudio software.

Finally, the goodness of fit for gsi, model with each com-
bination of functions was tested by the R? value and the root
mean square error (RMSE).

2. Results
2.1. Meteorological conditions and O3 exposure

Average daily air temperature during the experimental
period was 22.76 + 0.37°C for 2019 and 22.24 + 0.40°C
for 2020 (Fig. 1A). Daily average VPD was 1.55 + 0.02 kPa
in 2019 and 133 £ 0.06 kPa in 2020, while aver-
age PAR was 46.28 + 1.20 mol/(m?.day) in 2019 and
39.09 4+ 1.55 mol/(m?.day) in 2020. Accumulated precipi-
tation was lower in 2019 (161.3 mm) than in 2020 (270.1 mm).
Daily mean air O3 concentrations, considering both years,
were 38.51 + 0.72, 54.69 + 1.13 and 71.49 + 1.50 ppb at AA,
1.5 x and 2.0 x , respectively, and showed a decreasing trend
throughout the season (Fig. 1B).

2.2 Stomatal conductance parametrization

As shown in Table 1, gmax Was higher in clone S than in clone
R. Tmax Was the same for both clones, the optimal air tempera-
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Fig. 1 - (A) Environmental parameters along the experimental period (2019-2020). Daily average of hourly air temperature
(Temp.), vapor pressure deficit (VPD), photosynthetic active radiation (PAR) and total daily precipitations. (B) Daily average of
O3 concentrations (ambient air-AA; 1.5 x and 2.0 x) for each year.

Table 1 - Summary of Jarvis-type gsio model parameters for both cypress clones (the CCD resistant clone R - PM 2546 and

the CCD sensitive clone S - PM 3375).

Parameter Unit Clone R Clone S
Jmax mol Os/(m?-sec) 0.087 0.106
j fraction 0.164 0.126
Sftemp T max L@ 40.0 40.0

T opt °C 23.0 23.9

T min @ 11.6 10.5
fright a constant 0.0030 0.0050
fuep VPDmax kPa 2.1 1.6

VPDpin kPa 42 40
Sohen Astart day of the year 1 1

Acna day of the year 365 365

f phen_a days 117 101

fohen b days 90 92

Sohen_c fraction 0.30 0.30

Sohen_d fraction 0.30 0.30
fos q constant 0.0039 0.0048
It c constant 0.0410 0.0042

k constant 0.2968 0.0648

In detail, gmax is the maximum stomatal conductance; fu, is the minimum stomatal conductance (fraction); fiemp, flighty fvep, fphen, fos and
feanker are the variation in gmax with temperature (T, °C), photosynthetic photon flux density (PPED, pmol/(m?-sec)), vapor pressure deficit (VPD,
kPa), season, O3 and canker, respectively. Tmax, Topt, Tmin, are the maximum, optimal, and minimum air temperature for stomatal opening
while the constant a determines the shape of the exponential relationship in the fiig,; function. VPDmay and VPDp,;, are the vapor pressure
deficit for attaining maximum and minimum stomatal aperture. Astart and Aepq are the days of start and end of the season. fphen_a and fphen b
are the number of days for fppen to reach its maximum and the number of days during the decline of e, for the minimum to again be reached,
respectively. q represents the stomatal sensitivity to O3 concentration while c and k are constants linked to stomatal response to bark canker.
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Table 2 - Results of the regression analysis between measured and estimated gst, in two cypress clones (clone R and clone

S). See for the acronym meaning.
Functions fos e Clone R Clone S
fiight’ fremp’ fvpp’ fphen - - R?Z =0.39 R2 =0.32
RMSE = 0.022 RMSE = 0.033
fiight’ fremp’ fvep, fphen + - R? = 0.41 R? = 0.46
RMSE = 0.018 RMSE = 0.023
flight'ftemp’fVPD'fphen - ar R2 =043 Rz =0.33
RMSE = 0.021 RMSE = 0.032
flight'ftemp’fVPD'fphen S aF R2 = 0.44 R2 = 0.46
RMSE = 0.018 RMSE = 0.022
+ including the function; - not including the function.
ture for stomatal openining (Topt) Was higher in clone S, while 2.4. Exposure and flux-based dose response functions

Trin Was higher in clone R. The coefficient a of the fjg, func-
tion was higher for clone S, which suggests a steeper initial
slope of the light response curve in this clone, and the stom-
atal VPD response was similar between clone R and clone S.
As cypress is an evergreen conifer, Agtart and Agpg covered the
entire year and fppen reached the maximum value between
April and September for both clones. Regarding the two addi-
tional functions considered in this study, the parameter g for
fos was higher in clone S while clone R showed strongly higher
values of constants c and k in feanier- The sensitivity analysis
of gsto model parameters demonstrated that, considering only
the environmental variables (flight, ftemp, fypp and fppen), clone
R showed higher R? and lower RMSE than clone S (Table 2). In-
cluding both fo3 and feanker, however, the model performance
improved for both clones with a better fit for clone S. On the
other hand, when adding a single variable at a time, clone R
provided a better fit with fcanrer While clone S showed a better
performance with only fos.

Fig. 2A and 2B show gsi response to canker of resistant
and susceptible clones at the end of the experiment. feanker
suggested a parabolic trend in clone R reaching comparable
values of gsto With and without bark necrosis while clone S
not recovered gsto in injured clones. Also fos (Fig. 2C and 2D)
showed a different gsto clonal-response to O; with a steeper
slope for clone S than clone R.

2.3.  Effects on biomass gain

Ozone decreased C. sempervirens biomass gain (p < 0.001)
(Table 3). Moreover, we found a statistically significant differ-
ence in total (p < 0.001), aboveground (p < 0.001) and below-
ground (p < 0.01) biomass between clones, while inoculation
affected total biomass and roots (p < 0.05). A significant in-
teraction between clones and O; was detected for total and
belowground biomass (p < 0.01), suggesting that the negative
O3 effects were more evident in Clone S than in Clone R. In
addition, we found a significant interaction between inocu-
lation and clone for belowground biomass (p < 0.05), which
indicates that inoculation induced a reduction of roots only
in Clone S (Tukey test, clone S not inoculated vs. inoculated,;
p < 0.05). Finally, the interaction of three factors (Inoculation,
O3 and Clone) was significant (p < 0.05) for total and above-
ground biomass.

and critical levels detection

The total B,s values for a theoretical pre-industrial atmo-
sphere, with an O3 daily concentration of 10 ppb, were similar
for not inoculated and inoculated ramets of Clone R (346.4 and
386.3 g, respectively), while not inoculated ramets of Clone S
showed a higher value of B (487.8 g) than the inoculated
ones (394.1 g) (Fig. 3).

Over the two-year experimental period, AOT40 was
48,704.3, 112,984.9 and 176,399.1 ppb-hr, for AA, 1.5 x and
2.0 x, respectively, while PODy increased with O3 levels and
decreased with increasing y thresholds per both clones (data
not shown). Considering all not inoculated ramets together,
AOT40 did not respect the first criteria and therefore was
excluded from CL calculation. Conversely, PODy showed a
statistically significant regression with a C.I. included in Y-
intercept = 1 for POD, (Fig. 4A) with a R? = 0.85. The CL
corresponding to a total relative biomass loss of 4% was
2.51 mmol/m? POD, (Fig. 4B). Moreover, CLs were calculated
separately for each clone (inoculated and not inoculated).
The CLs were found to be 4.24 mmol/m? POD;s (not in-
oculated) and 2.46 mmol/m? POD; (inoculated) in clone R,
and 1.79 mmol/m? POD, 5 (not inoculated) and 5.63 mmol/m?
POD; 5 in clone S (inoculated), although dose-response lines
were not statistically significant (Appendix A Fig. S1). Taking
into account only inoculated ramets together, both criterium
was respected for PODs for with a CL of 0.15 mmol/m? calcu-
lated (Fig. 5A), however the regressions were not statistically
significant (Fig. 5B).

3. Discussion
3.1. Stomatal conductance parameterization of C.
sempervirens

This is the first study that assessed the maximum stomatal
conductance (gmax) of C. sempervirens. The values detected (87
and 106 mmol Osz/(m?-sec) for Clone R and S, respectively),
although slightly higher, were in agreement with the value
reported by Hoshika et al. (2018d) for boreal/temperate nee-
dle leaved evergreen trees (0.12 mol H,0/(m?-sec) equal to
80 mmol Os/(m?-sec)). Nevertheless, they resulted lower than
the gmax recorded for other Meditteranean conifers such as Pi-



JOURNAL OF ENVIRONMENTAL SCIENCES I5I (2025) 441-453

® CloneR ® Clone S
2.0 2.0
A foorier = 0.041x2 — 0.2968x + 1 oorier = 0.004252 — 0.0648x + 1
1.54 1.5
o
1.0
°
s °
0.5 - °
0.0 T T T T 0.0 T T T T
0 2 4 6 0 2 4 6 8 10
Canker (cm?) Canker (cm?)
154C fo3 =-0.0039x+ 1| 45D fos = -0.0048x + 1
o
le
° °
)
1.0 A

0.5+

e®
0.0 — T T T T T T T T T T oo+~—r—+—7—+7—+—7—+—7—7—
0 25 50 75 100 125 150 175 0 25 50 75 100 125 150 175
O3 (ppb) O, (ppb)

Fig. 2 - (A) Stomatal conductance response to canker lesion area for CCD-Resistant clones of C. sempervirens (n = 18), (B)
stomatal conductance response to canker lesion area for CCD-Susceptible clones of C. sempervirens (n = 18), (C) stomatal
conductance response to O3 for CCD-Resistant clones of C. sempervirens (n = 198), (D) stomatal conductance response to O

for CCD-Susceptible clones of C. sempervirens (n = 204).

nus pinea (145 mmol Os/(m?-sec); Moura et al., 2022) and Pinus
halepensis (230 mmol Os/(m?-sec); CLRTAP, 2017). Also the gmax
of other conifers typical of colder climates i.e., Pinus sylvestris
(180 mmol O3/(m?-sec); Emberson et al., 2007), Larix kaempferi
(average 130 mmol Os/(m?-sec); Hoshika et al., 2020a), Picea
abies (130 mmol Os/(m?-sec); Moura et al., 2022) and Pinus mugo
(110 mmol 0s/(m?-sec); Bi¢arova et al., 2019), was higher than
that of C. sempervirens confirming that this species can be con-
sidered as a water saving species, well resistant to drought and
well adapted to Mediterranean climatic extremes (Froux et al.,
2002, 2005; Caudullo and De Rigo, 2016).

For stomatal conductance parameterization we used the
simplistic Jarvis scheme rather than the biochemical-based
Ball-Berry. Both algorithms show similar performances for gsto
modelling and need a site-specific parameterization account-
ing for local growing conditions (Biiker et al., 2007). Nonethe-
less, Ball-Berry has higher input requirements (Vemax, Jmax and
m) compared to Jarvis (only gmax) and for this reason we de-
cided to adopt this multiplicative algorithm.

The two functions (fos and fcanker), Proposed in this study,
improved the fitting of estimated stomatal conductance to
the measured value for both clones, suggesting that O3 and
S. cardinale infection have the capacity to affect stomatal reg-

ulation (see Table 2). In particular, feanker Showed a differ-
ent behavior between Clone S and Clone R. As shown in
Fig. 2A and 2B, Clone S responded to pathogen infection
by losing its stomatal functionality. Interestingly, pathogen-
induced stomatal deregulation was previously observed e.g.
in Vitis vinifera, Eucalyptus globosus and Quercus robur leaves af-
fected by Plasmopara viticola (Alleégre et al., 2007), Mycosphaerella
species (Pinkard and Mohammed, 2006) and Erysiphe alphi-
toides (Hajii et al., 2009), respectively. However, the above-
mentioned pathogens carry out their pathogenic activity on
leaf tissues and it is more plausible that gsio Was affected,
while it is surprising how CCD can influence gst being a bark
pathogen. In contrast, Clone R showed a recovery of gsto after
an initial decline, and ramets with more extensive necrosis
reached values similar to the not inoculated ones, suggesting
that infection did not significantly alter gas exchanges in this
clone. The function fo3 (Fig. 2C and 2D) underlined a higher
stomatal sensitivity to O3 for Clone S than Clone R (steeper
slope and consequently higher q parameter).

Our findings suggest that Clone S is less tolerant to O3
stress and defends itself by implementing a stomatal clos-
ing mechanism (avoidance). This eco-physiological behaviour
was already documented in other tree species characteristic
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Table 3 - Total, aboveground and belowground biomass gain (average + standard error) of C. sempervirens clones (clone R
- PM 2546 and clone S - PM 3375), exposed to three O3 treatments (AA, 1.5 x and 2.0 x) and inoculated or not inoculated

with Seiridium cardinale.

Clone O3 treatments Total biomass (g) Aboveground Belowground
biomass (g) biomass (g)
Not inoculated R AA 301.72 + 11.44 ab 195.66 + 19.47 ab 106.06 +9.83 a
1.5x 321.12 + 15.26 a 227.23 +£8.90 a 93.89 £ 6.94 a
2.0x 259.14 + 6.38b 17113 +£1.57 b 88.01+6.14 a
S AA 370.12 £ 7.65 «a 246.98 + 291 « 12315+ 5.74 «
1.5x% 394.14 + 23.37 « 264.91 +19.70 o 129.23 £ 5.27 «
2.0x 278.98 + 19.35 B 181.07 + 14.55 g 97.91+4.82 8
Inoculated R AA 319.97 £ 23.18 A 206.98 + 15.32 A 112.98 + 11.28 A
1.5x 283.68 +7.89 A 194.62 + 10.08 A 89.06 + 3.22 AB
2.0x 24443 + 2440 A 162.43 + 24.88 A 82.01+1.76 B
S AA 293.39 + 10.69 o’ 191.08 &+ 3.08 ’ 102.31 4+ 9.03 &'’
1.5x% 390.37 £ 7.70 p’ 274.60 + 1.17 g’ 115.78 + 8.33 &’
2.0x 263.26 + 17.24 o’ 188.36 + 13.64 o’ 7490 £ 4.76 B’
Three-way ANOVA
03 ok ok Kokk Kokk
Inoculation L n.s e
03 x Inoculation n.s n.s n.s
03 x Clone Lt n.s kL]
Inoculation x Clone n.s n.s *
Inoculation x Clone x O3 * * n.s

Different letters (a, b, A, B, «, 8, «’, 8’) indicate significant differences among O3 treatments for each inoculated or not inoculated clone (R or
S) following three-way ANOVA and Tukey test (n.s. not significant, * p < 0.05, ** p < 0.01, *** p < 0.001, n = 3).
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Fig. 3 - Response of total biomass gain of two C. sempervirens clones (clone R - PM 2546 and clone S - PM 3375) with different
inoculation treatments (inoculated and not inoculated) exposed to different O3 levels (M24 is the daily average), as obtained
by fumigating ramets to AA, 1.5 x and 2.0 x. The dotted line represents the biomass calculated for a clean air pre-industrial
level of O3 concentration (10 ppb). Gray zones show a 95% confidence interval.
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Fig. 5 - (A) Coefficients of determination (R?) represented by dots and Y-intercepts represented by bars (+ C..), obtained from
linear regressions between relative biomass loss for S. cardinale inoculated cypress clones (clones R and S together) and
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of Mediterranean forests i.e., Phillyrea angustifolia and Quer-
cus robur (Hoshika et al., 2020a) or belonging to the genus
Acer (Calatayud et al., 2007). Ozone exposure could have in-
duced high levels of Reactive Oxygen Species (ROS) in Clone
S twigs. Indeed, previous studies reported as ROS are an im-
portant component of the phytohormone abscisic acid (ABA)
signaling pathway in guard cells leading to stomatal closure
(Kangasjarvi et al., 2005; McAdam et al., 2017). Conversely,
Clone R was able to tolerate high concentrations of O3 simi-
larly to other xerophytic woody species (e.g., Quercus ilex and Q.
pubescens; Hoshika et al., 2020b). These species developed leaf
anatomical features (e.g., thick cuticle and waxes) to counter-
act oxidative stressors, such as water deficit and the excess of
UV radiation, typical of the Mediterranean region. In addition,
they are equipped with an active antioxidant pool, which may
also work for the detoxification of O3 within the mesophyll
(Paoletti, 2006). Furthermore, the lower gmax showed by Clone
R than Clone S could allow a reduced O3 uptake and a conse-
quently better detoxifying capacity (Matyssek et al., 2008).

3.2.  Ozone risk assessment and biomass gain reduction

We recommended the flux-based index (PODy) rather than
the exposure-based index (AOT40) for C. sempervirens Os risk
assessment. Indeed, AOT40 did not respect the criteria to
calculate the CL for total biomass. Other authors confirmed
that for young trees exposed under experimental conditions,
impact on biomass could be better explained using accu-
mulated stomatal O3 flux such as PODy rather than AOT40
(Gao et al., 2017; Hoshika et al., 2018c; Moura et al., 2021). In
detail, we found that 2 nmol Os/(m?-sec) (POD,) was the best
y threshold to assess total biomass reduction for C. semper-
virens (plotting all not inoculated ramets together) with a CL
of 2.51 mmol/m? POD,. However, CLRTAP (2017) suggests to
calculate CL with a y threshold of 1 nmol/(m?-sec) (POD;) for
forest tree species. If POD; was chosen for C. sempervirens, CL
would be 3.94 mmol/m? (data not shown), i.e. lower than the
value (4.31 mmol/m?) recorded for another conifer such as
Japanese larch (Larix kaempferi, Hoshika et al., 2020a). There-
fore, C. sempervirens seems to be highly sensitive to O3 ac-
cording to POD;-based CLs but it should be considered that
this species showed a high avoidance capacity against Os
damage as confirmed by the low stomatal conductance thus
limiting stomatal O3 uptake. Kohno et al. (2005) conducted
experiments in open-top chambers on species belonging to
Cupressaceae family (i.e., Cryptomeria japonica and Chamaecy-
paris obtusa) and found AOT40-based CLs > 31,000 ppb-hr,
corresponding to 10% reduction of whole-plant dry mass
during the growing season (6 months), and categorizing
these species as low sensitivity for Os;. Considering the
dose-response relationship between AOT40 and relative to-
tal biomass for C. sempervirens, the CL, equal to 10% reduc-
tion, was 71,592 ppb-hr (data not shown) which indicates com-
mon cypress as an Os-resistant species. To confirm this, if
we considered a biomass reduction of 5%, as suggested by
CLRTAP (2017) to detect AOT40-based CL for trees, we found
a value of 35,796 ppb-hr (data not shown), that is seven times
higher of the limit purposed by CLRTAP (2017) (5000 ppb-hr).
In addition, Karlsson et al. (2004) found a CL of 4700 ppb-hr
AQOT40 equal to a biomass reduction of 0.8% for sensitive

conifer species such as Norway spruce (Picea abies) and Scots
pine (Pinus sylvestris) but, also in this case, our results showed a
higher value (5727 ppb-hr; data not shown) suggesting C. sem-
pervirens as a conifer more resistant to Os.

A negative O3-effect on total and root biomass for Clone S
was detected at the end of the experiment. Decrease of root
biomass in plants exposed to O3 is a very common and well
documented phenomenon (Gu et al., 2023). Among conifers,
Pinus uncinata saplings highlighted similar results with reduc-
tion of root biomass under increased exposure to O3 during a
two-year free-air O3 fumigation (Diaz-de-Quijano et al., 2012).
Probably, our result was related to a higher carbon demand in
the twigs for antioxidants synthesis involved in ROS detoxi-
fication while Clone R maybe possessed a more efficient an-
tioxidant pool. Furthermore, we found a significative below-
ground biomass reduction due to inoculation in Clone S. It is
possible to hypothesize a change in carbon allocation from
roots towards stems where infections were located. In fact, cy-
press could shift more photosynthates from the primary to-
wards the secondary metabolism, favoring the synthesis of
compounds involved in the defense against Seiridium cardi-
nale such as polyphenols, terpenes and suberin (Achotegui-
Castells et al., 2015, 2016; Danti et al., 2018; Della Rocca et al.,
2021).

Root biomass reduction and a higher shoot/root ratio for
plants exposed to O3 (Andersen, 2003; Grantz et al., 2006;
Carriero et al.,, 2015; Li et al., 2020) are dangerous, especially
for species, such as cypress, commonly used in urban green-
ing since trees could lose stability undergoing overturning un-
der windstorm increasingly frequent due to climate change
(Giachetti et al., 2021). Moreover, this detrimental effect on
belowground biomass can aggravate cypress susceptibility
to other stressors typical of the Mediterranean environment
such as summer drought and nutrient availability due to im-
pairment of root function (Sardans and Penuelas, 2013).

Significant O3 dose-response relationships were not found
for the inoculated C. sempervirens ramets (clone R and S plotted
together). In Clone R, the biomass growth reduction induced
by S. cardinale was unaffected by 1.5 x O3 exposure while an
additive effect was detected at 2.0 x although it was not sig-
nificant. Conversely, in Clone S the 1.5 x O3 exposure signif-
icantly counteracted the biomass loss promoted by inocula-
tion. Therefore, Clone S could be lacking in defensive biochem-
ical tools (or have a lower ability to use them) to face both
stressors and, in presence of moderate O3 fumigation (1.5 x),
may have invested in growth to synthetize these compounds
(hormetic response; Agathokleous et al., 2019). Instead, Clone
R could be already provided with such compounds thus avoid-
ing biomass increment under O3 1.5 x. However, as a whole,
our results showed that additive biotic stress induced by S.
cardinale masked the effect of O3 stress on C. sempervirens
biomass thus changing O3 risk assessment.

4, Conclusions

Ozone risk assessment for C. sempervirens was explored for the
first time leading to the recommendation of PODy-based CLs,
while the exposure-based index AOT40 was not found to be
suitable for predicting O3 impacts on cypress biomass. Our re-
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sults suggest 2.51 mmol/m? POD, as CL not to exceed a 4% loss
of total relative biomass. Interestingly, we found that O3 risk
assessment was not aggravated by the biotic stress induced by
S. cardinale as inoculated Clone S ramets showed a significant
biomass increase under medium level O3 (1.5 x) thus masking
the negative O3 effect. Moreover, we discovered that a differ-
ent intra-specific response to O3 depended on the sensitivity
to a biotic stress, i.e. the S. cardinale infection. Indeed, Clone
S showed a higher reduction of biomass (total and below-
ground) than Clone R for both stressors. Therefore, the more
tolerant clone R may be recommended for facing future cli-
mate change scenarios, characterized by high concentrations
of tropospheric Os. Nevertheless, further studies are needed
to assess if this different carbon allocation in Clone S is linked
to the secondary metabolism compounds involved in the de-
fense against O3 and S. cardinale. In addition, although exper-
iments conducted in FACE facilities provide more realistic re-
sults than those obtained in Open Top Chamber, a thorough
analysis on effects of long-term O3 exposure on this species
could be still worthwhile to validate and update our findings.

Our results help protect an iconic species of the Mediter-
ranean area, and preserve its ornamental function as well as
other important ecosystem services e.g., timber production,
windbreaks barrier and erosion control.
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