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Abstract

This study is focused on the research of selected Pinus species exposed to high ozone concentrations in the moun-
tain environment. We noticed different values of modelled ozone doses (MOD) up-taken by Mountain pine (Pinus
mugo Turra) in the High Tatra Mts (SK-HTMts) and Swiss stone pine (Pinus cembra L.) in the Alpes-Mercantour
(FR-AlpMar) during the growing season 2019. The MOD values were obtained by multiplicative DO3SE model,
while we also tested a new approach based on modification of input ozone data. The MOD values were obtained
by multiplicative DO3SE model, while we also tested a new approach based on modification of input ozone data.
Testing has shown that ozone input based on passive sampling may be used in MOD modelling for sites situated in
the subalpine zone where the operation of active monitors is limited. . Presented results confirmed the assumption
regarding stomatal ozone flux reduction due to the occurrence of soil drought in hot and dry summer weather typical
for the Mediterranean climate region. Despite the limitation of stomatal flux, foliar ozone specific injury on two years
needles of P. cembra was substantially higher in comparison to the incidence of ozone injury symptoms observed on
two years needles of P. mugo in SK-HTMts. It may suggest low phytotoxicity of given MOD or efficient resistance of
P. mugo against oxidative stress. In addition, the visible injury index (VINX) covering the broad effect of biotic and
abiotic harmful agents was appraised on P. mugo. Percentage of affected surface indicated moderate deterioration
of needle injury at the end of the growing season, particularly due to traces of mechanical damage.

Key words: Modelled Ozone Dose (MOD); Visible Injury Index (VINX); passive O, sampling; soil humidity; moun-
tain environment
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2008/50/EC) derived from the O, concentration meas-
ured in the ground level of the atmosphere. However,
scientific evidence (Ashmore et al. 2004; Matyssek et
al. 2007; Sicard et al. 2016) has suggested that AOT40-
based critical levels for vegetation should be replaced by

1. Introduction

Air quality is still a serious problem in contemporary
society. Recent geographical models that provide trans-
parent information about the world’s (WAQI 2019) or

European (EAQI 2019) air pollution highlights the Air
Quality Index (AQI) based on the measurement of key
pollutants in the ambient air including ozone concen-
tration (O,). The abundant O, formation manifesting
by AQI increase may lead to an adverse effect on human
health (Analitis et al. 2018; Orru et al. 2019) and veg-
etation (Bendakova & Hinova 2015; Feng et al. 2017;
Gong et al. 2020). The risk of exposure of forest area
to ozone is estimated by the AOT40 index (Directive

stomatal flux-based critical levels that reflect the amount
of ozone transported into the leaves (Mills et al. 2011).
The accumulated stomatal flux over a specified time inter-
val is represented by the modelled parameter of PODY
(the Phytotoxic Ozone Dose over a threshold flux of
Y (nmol m™2 PLA s™!) where Y means a detoxification
threshold and PLA is the projected leaf area. Expert
judgement was used to set Y=1 nmol m~ PLA s 'based
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on observation of O, sensitivity under controlled condi-
tions (Dizengremel et al. 2013). The threshold Y below
which it is assumed that any O, molecule absorbed by
the plant will be detoxified may be due to species spe-
cificity and the difference in the real environment. The
high sensitive conifers are Pinus species (Dalstein & Vas
2005), however different visible O, injury response may
be expected under natural conditions due to differences
in O, sensitivity controlled by genotype and micro site
conditions of growth, exposure, and O, flux (Coulston et
al. 2003; Nunn et al. 2007; Braun et al. 2014). Consider-
ing that, the goal of this work is to specify the phytotoxic
O, effect on mountain timberline tree species using the
modelled value of 0zone dose (MOD), regardless of “Y”,
against visible injury index (VINX) that traces biotic and
abiotic damage including visible O, injury.

Mountain timberline is exposed to relatively high O,
concentration (Bytnerowicz et al. 2004; Hinov4 et al.
2010; Bic¢arova et al. 2019) produced by photochemical
transformation of precursors from both anthropogenic
and biogenic sources with the addition of large-trans-
mission transport of polluted air masses. Monitoring of
O, pollution in complex terrain is commonly performed
by passive sensors, while modelling of PODY requires
continuous measurement of O, concentration in hourly
step. Therefore we consider it beneficial to introduce
a new approach consists of the modification of MOD
calculation incorporating O, data from passive sam-
plers. Along with ozone, environmental conditions play
akey role in stomatal O, uptake and climate affects the
mountain ecosystems in a complex way (Zapletal et al.
2012; Kopacek et al. 2017; Fleischer et al. 2017; Mezei
et al. 2017). In this context, we investigated the effect of
environmental factors on stomatal O, flux covering two
different mountain bioclimatic regions of Europe such
as (1) the High Tatra Mts (SK—-HTMts) in the Western
Carpathians with a temperate climate and (2) the Alpes-
Mercantour (FR—AlpMar) in the Alpes-Maritimes with
a Mediterranean climate.

The objectives of this study were: (i) to model ozone
dose (MOD) for sensitive mountain conifers Swiss stone
pine (Pinus cembra L.) and Mountain pine (Pinus mugo
Turra) during the growing season 2019; (ii) to appraise
therole of environmental factors in O, uptakes under con-
trasting climate conditions; (iii) to test the use of passive
O, sampler measurements in MOD modelling; and (iv) to
analyse the relationship between MOD results and field
observation of visual injury for P. mugo in SK-HTMts
and P. cembra in FR—AlpMar.

2. Material and methods

2.1. Study area

The study area (Fig. 1) includes a subalpine zone of two
different climate regions situated in the Tatra National
park (SK-HTMts) and in the Mercantour National
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Park (FR-AlpMar). The territory of the High Tatra Mts.
belongs to the continental climate zone characterized
by cold winters, mildly warm, and wet summers. Based
on climate data obtained at Skalnaté Pleso Observatory
(SPO:49°11°21” N; 20°14°02” E; 1,778 m a.s.1.) since
1943, the mean temperature of the coldest month (Feb-
ruary) is —5.6 °C and mean temperature in two summer
months (July, August) is close above 10 °C. Long-term
(1943-2019) mean annual air temperature is 2.2 °C.
The annual mean of 2.8 °C confirms climate warming
during the last decades (1991-2019). Precipitation is
concentrated mostly in the warmer months from May to
October, the monthly maximum is in July and achieves
221 mm on average (1943—-2019). The most vulnerable
vegetation in the subalpine zone is P. mugo (Bicarova
et al. 2019) that reaches the highest coverage at 1,450
m a.s.l. and decreases with increasing altitude, where
forests become sparser. Positions around 2,100 m a.s.l.
is occupied by individual shrubs with very low density.
We selected 10 monitoring sites in the vicinity of SPO
(Fig. 2) forinspection of visible injury on P. mugo during
vegetation season 2019. In order to model O, fluxes, the
O, concentration, and environmental parameters were
considered for the site SPO where both, meteorological
and O, measurements are carried out.

FR—AlpMar within Alpes-Maritimes County is
renowned for its hot temperatures and pleasant climate
throughout the year. Although the weather is sunny
and dry during the summer months, it can be quite cool
and fresh in the mountains. In the Mercantour National
Park, less than 70 km from the Mediterranean Riviera,
the summits of Mercantour culminate up to more than
3,000 m of altitude leading to a multitude of bioclimatic
floors. The climate of subalpine zone FR—AlpMar rep-
resented by sites situated along Route du Col de Salése
(RCS: 44°07°42”N, 7°15’14”E, 1,790 m a.s.l.) is hot
with dry summers and mild, wet winters. Climate pat-
terns based on 30 years of hourly weather model simula-
tions (Meteoblue 2019) available for RCS site show that a
period of mean temperature above 10 °C lasts from June
to September with a peak of 15 °C in July and August.
The mean temperature of the coldest month (January)
isaround —2.5 °C. Precipitation amount increases in the
spring months (April and May) when the monthly total is
about 300 mm. In summer months (June, July, August)
precipitation amount decreases deeply under 200 mm.
Studies have shown (Dalstein et al. 2005; Sicard et al.
2011) that many areas in the south of France, and more
particularly the rural alpine Mediterranean area of the
Mercantour National Park, may be affected by consid-
erable quantities of ozone that originates from regional
road traffic combined with the strong hot season of the
Mediterranean climate, along the French Riviera, and
on the P6 River plain in Italy. The regional forests have
thus become the primary victims of the photochemical
pollution given off by metropolitan Nice areas and their
associated automobile traffic.
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Fig. 1. The geographical position of the Tatra National Park (SK—HTMts) in the Carpathian mountain range and the Mercantour
National Park in the Alpes-Maritimes region (FR—AlpMar) including selected sites: SPO — Skalnaté Pleso Observatory; RCS —

Route du Col de Salése.

2.2. Ozone dose modelling

Model simulation of MOD up-taken by Pinus species was
performed by the multiplicative deposition model DO,SE
(Biikeretal. 2012). In thiswork, the model output of phy-
totoxic ozone dose without threshold limitation (Y=0)
i.e. PODO was considered identical to MOD. As demon-
strates Eq. 1, MOD (mmol O, m* PLA) represents the
amount of O, taken up by the vegetation via open stomata
as stomatal ozone flux (F_ in nmol m™s™') aggregated
over the period between the start (SGS) and end (EGS) of
the growing season [Eq. 1]. We considered the length of
the growing season from 1% June to 31%* August 2019 (JJA
2019) that cover the summer season when the intensity
of the physiological process of mountain vegetation is
the highest.

EGS
MoD = Z [Fye * (3,600 / 109)]

SGS

(1]

F stands for the rate of passage of O, entering through the
stomata of aleaf and is defined (Eq. 2) by stomatal conductance
(G, in mmol O, m™s™") and concentration of O, c(z,) in nmol
m™) at the top of the canopy measured in the tree height (z,)

* C(ZI) * Rst = Gmax * ENVI * C(ZI) * Rsz [2]

where R is a resistance factor reflecting the quasi-laminar
resistance and leaf surface resistance (sm™) on .

Key parameter for G calculation is maximal stomatal
conductance (G___in mmol O, m™s™) that is species specific
parameter optional in model assignment or derived from experi-
mental measurements. Model values of G correspond to G
limited by environmental factors (f,,,)- The effects of f,, on
G, ... [Eq. 3] including meteorological and site conditions such
as air temperature (ftemp), vapour pressure deficit (f,,), solar
radiation orlight (fligh ), soil water potential (f, plant phenol-

ogy (fphen), and O, concentration (f,,).

F,=F,

sto

max

SWP) ’

fenvi = [min(fphenrf03)] * flighc *

3
max{fmin: (ftemp * fypp * fswp)} [ ]
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Generally, there is no limitation of stomatal conduct-
ance associated with the leaf development stage of conifer
species (i.e. fphen =1). We also considered f ;=1 because
stomatal O, flux is driven particularly by air temperature
defined according to the ftemp function (ICP, 2017).

Thepreset, builtinversion (3.0.5) of the DO,SE model
(SEI, 2014) with the collection of parameters for conife-
rous forests and parameter G (110 mmol O, m~s™)
for P. mugo obtained from field experiments (Bi¢arova
et al. 2019) were used. Selected meteorological data
allowed for specification of the environmental functions
associated with air temperature [Eq. 4], vapour pressure
deficit [Eq. 5], and irradiance radiation and light [Eq. 6]:

( AT-T,, )
Tupt - Tmm
( T.-T, ) [4]

Topi= T

Sem=mAXN fins

( Tmax - Tupt )
« |
T,.—T,

opt = L min

fVPD:min 1; max fmin ((1 _fmin)
[5]
( VPD,, - VPD
. ||+ £
vPD,, -VPD,,,
finw=1-EXP((-light,) * PFD) [6]

where AT is measured air temperature (°C); VPD is
vapour pressure deficit calculated on base of measure-
ment of air temperature and relative air humidity (kPa);
PFD represents the photosynthetic photon flux density
in units of pmol m=2 s7! i.e., photosynthetically-active
radiation (PAR) derived from measurement of global
solarradiation R (W m2). These variables are completed
with the species-specific parametersf . (0.1), T . (1°C),
T, (18°C), T (36°C),VPD  (-3.3kPa),VPD
(0.6kPa),andlight_(0.008).The functionsf__ ,f  , and

temp’ "VPD?

flight areexpressedin relative terms (i.e., they accept values

between 0 and 1 as a proportionof G_ ).

2.3. Measured input data

Meteorological variables at SPO site were continu-
ously monitored in hourly step using the measurement
system based on a PROlog ultra-low power datalogger
(Physicus, SK) connected with the following sensors:
(AT) temperature probe with platinum resistance ther-
mometers Pt100 for air temperature (at 2 m above the
surface); (RH) Prove-HumiAir 9 for relative air humid-
ity; (R) Pyranometer CMP6 (Kipp and Zonen) for global
solar radiation; (WS) Wind Transmitter Compact (Thies
Clima) for wind speed, (P) PressAir sensor for air pres-
sure, and (Ppt) Rain Gauge (MR3H — Meteoservice CZ)
for precipitation.
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Meteorological input data at RCS site were derived
from measurements of Meteo-France in region Provence-
Alpes-Cote d’Azur by approximation method. Air tem-
perature (AT, °C) and relative humidity (RH, %) values
were derived by linear interpolation with respect to alti-
tudinal gradient. VPD (kPa) for a given AT and RH was
calculated by a specific formula for saturated and actual
vapour pressure. Precipitation (Ppt, mm) and wind speed
(WS, m s!) data were derived from the nearest weather
stations with respect to altitude zones. Air pressure (P,
kPa) calculation used the barometric formula for given
AT and altitude. Solar global radiation (R, W m2) corre-
sponded to measurement at the nearest weather stations.

Soil moisture data were obtained by modelling soil
water potential (SWP in MPa), useful forn specifying the
f.p function [Eq. 7].

Fon=min{1, {fu((1=f.) * SWP,, ~SWP) 7]
/(SWP,, —SWP,.)) +f,.}}

The f,,, function defines the effect of soil moisture
onG__ [Eq.2]inrelative terms, similar to the aforemen-
tioned functions [Eq. 4—6] using additional threshold
parameters, suchas SWPmin (-1.20 MPa) and SWPmax
(-0.76 MPa). In addition, field measurement of SWPwas
conducted at three soil depths (—0.1, —0.2, 0.4 m) only
at SPO site. SWP values were measured using gypsum
blocksatarangeupto—1.5MPa (GB2, Delmhorst Instru-
ment, U.S.A.). SWP data were stored in integrated data
loggers (MicroLog SP3, EMS Brno, CZ) at 1-hour inter-
vals. Differences between f , based on measured and
modelled SWP allow for verification of reliability for the
soil moisture module included in the DO,SE model. This
modelling approach incorporated hydraulic resistance
(steady state, SS) to water flow through the plant system
(Biiker et al. 2012).

Measurement of O, concentration at SPO was
employed by calibrated active monitors (Thermo Elec-
tron Environmental 49C) based on the well established
technique of absorption of UV light at 254 nm. Hourly
mean data were recorded in a continuous regime without
major gaps throughout the year 2019. For purposes of
this study, the hourly meteorological and O, concentra-
tion data for summer months (June, July, and August)
were analysed.

In FR—AlpMar, passive samplers developed in Swe-
den by IVL (Svenska Miljoinstitutet) were used for meas-
urement of O, concentration. These passive O, sensors
have the advantage of allowing large-scale monitoring
of concentrations of gaseous pollutants in remote rural
areas (Krupa & Legge 2000). ThePpassive sampler was
placed in the open air, not under forest cover, and was
protected by a metal sheet approximately 1.8 m above the
ground. lonic chromatography was used to analyse the
ozone concentration (IVL Laboratories Sweden). This
technic was validated in 2000, accuracy was verified by
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comparing the results from the passive tube samplers
with the results from the UV absorption analysers (Dal-
steinetal. 2001). Passive O, sampling provides input O,
data in a monthly step that is not sufficient for standard
MOD calculation. For this reason model processing was
divided into two parts. In the first part, measured hourly
meteorological data and theoretical O, concentration 1
ppb were processed by the DO,SE model to obtain the
theoretical MOD, . In the second part, the final MOD was
calculated by multiplying MOD, and average O, concen-
tration measured over the period. This procedure was
applied individually for P. mugo (STO) and P. cembra
(RCS). Model calculation of MOD based on continu-
ously measured hourly values of O, concentration and
meteorological variables at SPO site were used to verify
this modified approach.

2.4.Visible injury

Inspection of visible injury on Pinus species was primarily
focused on the identification of visible 0zone and visible
ozone like symptoms. Chlorotic mottling is the most com-
mon symptom that can be described as yellow or light
green areas of similar size without sharp borders between
green and yellow zones. It frequently appears only in sec-
ond-year needles, and older (ICP, 2016). Observation of
visible O, injury on P. cembra in FR—AlpMar at RCS plot
was carried in accordance with the proven techniques
for evaluation of the ozone-specific symptoms, which are
described in the ICP Forests protocol (Schaubetal. 2010;
Michel et al. 2014).

The thick leaves of P.cembra intercept more light at
low angles of incidence than at a high angle of incidence,
this has an affect on the ozone symptoms appearance
(Jordan & Smith 1993) and thus at each plots O, injury
was assessed on five adult trees well exposed to sunlight.
From these trees five branches with at least 30 needles
per branch were removed from the upper third part of the
crown and were assessed for foliar injury based on needle
age classes, the percentage of needle surface affected was
scored for current year needles (C), 1yearold (C+1),and
twoyear old (C+2) needles. The observations were made
by experts from the GIEFS (Groupe International d’Etu-
des des Foréts Sud-Européennes). For P. cembra spots
or mottling were recorded during late summer from mid-
August to early September a period during which the con-
centration of ozone is highest of the year. The ozone spe-
cific foliar injury was calculated for its mean percentage
by considering needles/leaf surface affected per plot.The
ambition of research on P.mugo in SK-HTMts was to
provide a comprehensive evaluation of surface visible
injury where we considered also other harmful agents
such as fungal and viral diseases, leaf biting insects, red
spider mites mentioned in ICP Vegetation Ozone Injury
Recording Application (ICP, 2018). Inspection of visible
injury on P. mugoin SK-HTMts was realised only on two

years-old (C+2) needles, as these needles show prono-
unced injury (Bi¢arova et al. 2019). We selected a total
of 10 monitoring sites near SPO (Fig. 2 left) including
6 sites with high tree coverage (S1-S6) and 4 sites situ-
ated at the highest position (§7-S10) of P. mugo belt,
above 2,000 ma.s.l. We marked three treesateach S1-S6
and one tree at each S7-S10 site, respectively. Sample
of ten twin needles from each marked tree was collec-
ted at the beginning of summer (early June) and autumn
(early October) season 2019 with an aim to notice chan-
ges of visible injury influenced by ozone uptake during
the growing season. In addition, we performed control
observation on young seedlings located indoors, pro-
tected from external influences. Two years old P. mugo
seedlings were obtained from Gene pool center mana-
ged by specialist forest workers of the State Forests of
Tatra National Park situated at the area near SPO called
Rakuske luky (49°12°37N;20°19°32E; 800 ma.s.l.).

The visible injury both for field and control samples
were identified by specialists in visible ozone injury, fun-
gal disease, and other forest tree damage. For this study
we define thevisible injury index (VINX, Eq. 8) covering
different harmful agents (ICP, 2018): a) fungi diseases b)
stinging insects ¢) spider mites d) ozone, and ¢) abiotic-
mechanical effects (Fig. 2 right).

o 2 X

VINX (%) = 7Xm [8]
where XX =X +X +X +X, +X isthe sum of the
scores for each harmful agent (a—e). The score corres-
ponds to the extent of injury observed on needle surface
in scale from 0O (without visible injury symptoms) to 5
(damage to the entire surface of the needles) that was eva-
luated individually foreach harmfulagent. X isthesum
of the maximal score for each harmful agent. According
to VINX value (%), the degree of damage was classified
according to the classes mentionedin Schaub et al. 2016
(Table 1) in scale from 0 (no injury) to 3 (large damage).

Table 1. Visible injury index (VINX) classification.

Legend VINX (%) Class
No injury 0% 0
Low 1-5% of the surface is affected 1
Moderate 6-50% of the surface is affected 2
Large 51-100% of the surface is affected 3
3. Results

3.1. Environmental factors and stomatal
conductance

Effect of air temperature (AT, Eq. 4), vapour pressure
deficit (VPD, Eq. 5), photosynthetically-active radiation
(PFD, Eq. 6), and soil water pressure (SWP, Eq. 7) on
environmental factors (ftemp’ f,pp> and flight’ andfg, ) cov-
eringJJA2019 period illustrates Fig. 3. As expected, ftemp,

f“ght, reflect more appropriate air temperature and solar
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Fig. 2. The scheme of sites (S1-10) selected for collecting P. mugo needle samples in SK-HTMts (upper and lower left rect-
angle), triangle marks the position of Skalnaté Pleso Observatory (SPO); examples of needle damage differentiated according
to the harmfull agent: a) fungi diseases b) stinging insects c) spider mites d) ozone e) abiotic-mechanical effects (lower right

rectangle).

radiation conditions in Mediterranean FR—AlpMar than
colder climate in SK-HTMts. Contrary, in FR—AlpMar
water insufficiency in both, air and soil was more pro-
nounced in July and August.

It is evident that f , (Fig. 3) is the crucial environ-
mental factor with a relevant influence on G in FR—
AlpMar (Fig. 4 right). Effect of f,, contributed to G_
limitation to minimal level up to 20 mmol m~2s™! during
arelative long-lasting time window started at the end of
June (number of the day (NOTD) ~ 180) and continu-
ing with short interruptions until the end of summer. On
the contrary, the period of G__ limitation (close above 40
mmol m2s™') in SK-HTMts (Fig. 4 left) lasted only a
fewdaysin July (NOTD around 190) and was influenced
primarily by cold wave episode (AT, ftemp in Fig. 3). Dif-
ferences between measured and modelled SWP values
for SPO site in SK-HTMts (Fig. 5) show relatively good
agreement when we take into account threshold limits
(SWPmax—SWPmin) aswellasfg .. Dueto theabsence
of field SWP measurement, the comparison with the
modelled data is not presented for RCS in FR—AlpMar.
For future work, it should be beneficial to include SWP
data from field measurement into MOD modelling, espe-
cially for areas with soil water deficit such as FR—AlpMar.
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The relevance of f, , in relation to model outputs of F,
and MOD [Eq. 1-2] demonstrate Fig. 6 with nearly two
times higher MOD, at SPO in SK-HTMts than RCS in
FR-AlpMar, considering theoretical ¢(z,) = 1 ppb.

3.2. Ozone concentration and ozone dose

The measurement of O, concentration at SPO using the
active ozone monitor equipment suggests relatively high
O, abundance in the subalpine zone SK-HTMts with a
mean annual value of 45.9 ppb (2000-2019). It can be
assumed that O, formation at this site depends on the
complexactions of O, precursors originated from various
sources (local, regional, from long-distance transport,
anthropogenic, biogenic). Measured O, concentration
recalculated to reference height of 20 m (ICP, 2016)
refers to nearly two times higher average O, values for
SPO (>50 ppb) than RCS site (>25 ppb) during the sum-
mer season from June to August 2019 (Fig. 7 left). Stand-
ard model processing input O, data in the hourly step
resulted in the value of MOD close below 15 mmol m™
PLA (Fig. 7 right) at SPO in SK-HTMts. Modified cal-
culation linking to MOD _ value shows good agreement
withMOD (Table 2, Fig. 8). Modification approach asso-
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able. For this site, the average value c(z,) was 32.3 ppb
(Table 2) in the period JJA 2019. According to achieved
MOD outputs, we can assume that P. mugoin SK—-HTMts
absorbed substantially higher O, amount (MOD =
14.1 mmol m™ PLA ~ MOD ) than P. cembra in FR—
AlpMar (MOD_ =4.0 mmol m™PLA) during the same
time period JJA 2019.

3.3. Visible injury

Foliar ozone specific injury observed on the surface of
P. cembra needles at RCS plot in FR—AlpMar in 2019
(Fig. 9), presented a percentage of deterioration of 3%
(C), 16% (C+1), and 25% (C+2) on an average i.e. in
a range from low to moderate damage (class 1-2). As
expected, the symptom of mottling was most commonly
observed on older needles. Mottling occurred as a small
spot of yellow/light green or mottling with a diffuse
outline, especially on the upper surface and at the tip of
the needles. Despite the low MOD of 4.0 mmol O, m*
PLA (Table 2), the frequency of mottling identified on
P. cembra (C+2) was markedly higher when comparing

03D
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Fig. 6. Model results of stomatal ozone flux (F, left) and modelled ozone dose (MOD,, right) processed theoretical input O,

concentration c(z,)=1ppb for SK-HTMts and FR-AlpMar sites.
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Fig. 7. Measured O, concentration (left): long straight line depicts the average of hourly data obtained from active analyzer at
SPO in SK-HTMts and short straight lines illustrate monthly averages derived from passive samples at RCS in FR-AlpMar;
on right: standard model outputs F_ and MOD using real hourly O, data from measurement at SPO in SK-HTMts; to estimate
MOD value for RCS in FR—AlpMar requires modification approach.

Table 2. The MOD value based on hourly O, data (O,_h) and MODm results linking to averaged O, concentration (O,_avg) for

JJA 2019 period.

MOD MOD
Studysite mmol m? PLA mmol m~ PLA MODvs MOD_
c(z,) c(z,) MOD, . o
03-h (ppb) MOD, 0y-avg (ppb) %05avg Difference (%)
SK-HTMts 14.0 0.25 56.2 14.1 0.7%
FR-AlpMar 0.12 323 4.0 :

ozone symptoms evidenced on P. mugo (C+2) in Table
3. The rare incidence of visible O, injury (VINX= 3% on
an average, Class =1) suggests the tolerance of P. mugo
in SK-HTMts towards MOD value of 14.1 mmol O, m™
PLA. On the other hand, low MOD associated with fre-
quently mottling occurrence could denote a high sensi-
tivity of P. cembra on ozone and environmental stress in
FR-AlpMar.

Visibleinjury on P. mugo (C+2) needles in SK-HTMts
represented by VINX (%) confirm the increase of field
sample damage from 14 % at the beginning (June 2019)
to 21% at the end of growing season (October 2019) on
an average (VINX (a—e) in Table 3), which corresponds

5 SK-HTMts
3‘10
DE‘E-
SE
= é > y=1,0112x-0,1546
E - R2=0,999
0
0 2 4 6 8 10 12 14 16
MOD
[mmol m2 PLA]

Fig. 8. Correlation between MOD corresponding to the in-
put of O, concentration measured in hourly step and MOD
based on O, concentration averaged over JJA 2019 period at
site SPO in SK-HTMts.

to class 2 (i.e. Moderate injury) based on Table 1. corre-
sponds VINX (a, b, ¢, d, e) differentiated according to the
type of harmful agent accents similarity to the incidence
of O, symptoms and injury due to fungi diseases or biting

50 _

40 _|

30

20 _|

Ozone specific visible injury [%]

10

| I I
(C+1) (C+2)

Fig. 9. Box-whiskers statistic plot shows foliar ozone specific
injury on P.cembra at RCS site in FR—AlpMar for different-aged
needles: current year (C), one year old (C+1), and two years
old (C+2) inspected in 2019. For each box-whisker plot, the
center dot represents the average of the foliar injury during the
study period.
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Table 3. Inspection of visible injury on P. mugo (C+2) needles in SK-HTMts at the beginning (June) and the end (October) of

the growing season 2019.
June/October Score: 0 (without injury) 5 (extensive damage) (a-e) (a0 (a0
2019 @ ®) © @ © Score VINX % Class
Fungi diseases  Bitinginsects  Spidermites  Ozone mottles _ Abiotic traces sum ’
0/0 0/0 171 0/0 0/1
S1 0/0 0/0 0/1 1/0 0/1 4/9 5/12 172
0/2 171 171 0/0 0/1
0/1 0/0 171 0/0 0/1
S2 171 2/2 1”71 1/0 0/3 11/14 15/19 2/2
0/1 1”7 2/1 2/0 0/1
171 1”71 11 171 0/2
S3 0/0 171 1”71 0/1 0/1 10/17 13/23 2/2
0/1 12 21 171 0/2
2/1 0/0 172 11 0/2
S4 171 0/1 2/2 0/1 0/3 14/23 19/31 2/2
8 1/0 1/0 3/3 2/2 0/4
< 1”71 12 12 1”71 0/1
= S5 1”1 0/1 2/2 0/2 0/1 12/22 16/29 2/2
1”n 2/2 172 172 0/1
0/1 0/0 172 0/1 0/1
S6 4/0 1/0 2/1 0/0 0/1 10/9 13/12 2/2
0/0 0/0 11 1/0 0/1
S7 171 0/0 21 171 0/1
S8 1”71 0/0 171 1”71 3/1 19723 19723 2/2
S9 11 1/0 172 171 0/1
S10 2/2 0/1 2/2 172 0/3
Sum 18/18 13/15 30/32 16/18 3/34 80/117 :
(a,b,c,d,e) VINX (%) 3/3 2/3 5/6 3/3 1/6 : 14721 :
Class 111 171 172 11 172 : 2/2
171 0/0 171 0/0 0/0
2 Ko 0/0 0/0 1/0 0/0 0/1 4/3 5/4 1”1
= 0/0 0/0 1/0 0/0 0/0
%3 Sum 1”71 0/0 3/1 0/0 0/1 4/3 :
o VINX% 171 0/0 4/1 0/0 0/1 : 5/4 :
Class 1/1 0/0 171 0/0 0/1 : : 11

insects. Although spider mites symptoms dominated in
the bioticagent group in June aswell asin October 2019,
deterioration during the growing season was particularly
due to abiotic/mechanical type of damage. The inspec-
tion of the control plants situated in a protected indoor
environment revealed low injury up to 5% i.e. class 1
(Table 1), primarily due to the occurrence of spider mites.
We did not notice deterioration, contrary; improving
concerning the occurrence of spider mites suggests high
regeneration ability of P. mugo seedlings.

4. Discussion

Commonly used methods for assessing the impact of
ozoneon forests are based on the measurement of O, con-
centration (AOT40) and modelling of accumulated sto-
matal O, flux (POD) that provide AQI generally related
to the abiotic element of the environment. On the other
hand, the core of the O, phytotoxicity problem lies in the
disruption of the biological integrity of plant cells due to
oxidative stress. The major challenge in the development
of O, standards is their validation against biologically-
based field data (Paoletti & Manning 2007). Specific
ozone visible symptoms are still the best indicator of
ozone induced injury (Sicard & Dalstein-Richier 2015;
Paoletti et al. 2019). In this work, we present results of
visible O, injury inspection undertaken on P. cembra in
FR—AlpMar and P. mugo in SK—HTMts. The inspection
of visible injury on P. mugo highlights the importance of
complex evaluation of all biotic and abiotic agents oper-

264

ating in mountainous zones beside the O, symptoms
(Table 3). Ozone may have an impact on discoloration
and defoliation and should be considered together with
the influence of other factors (Badea et al. 2004).

Although substantially different MOD values (Table
2), relatively low incidence of O, symptoms suggests
milder O, effect on P. mugo in SK-HTMts than on P.
cembra in FR—AlpMar (Table 2). The presence of foliar
visible symptoms can be interpreted as a strategy of
Pinus species adapted to limiting environmental condi-
tions and does not mean necessarily damage resulting in
growing reduction (Marzuoli et al. 2019). The discrep-
ancy between a low value of VINX (Table 3) and a high
level of MOD (Table 2) related to P. mugo in SK-HTMts
could be associated e. g. with the activation of antioxidant
enzymes in the needles acclimating to increased levels of
oxidative stress. Superoxide dismutase enzymes (SODs)
concentrations typically increase with the degree of stress
conditions. SODs act as antioxidants and protect cellu-
lar components from being oxidized when catalyzing the
production of O, and H,O, from superoxide (O*) (Als-
cheretal. 2002). Highlevels of SOD activity could protect
the plant from visible injury caused by ozone when the
overproduction of SOD in the chloroplasts may result
in a 3—4 fold reduction of visible O, injury (Van Camp et
al. 1994). Kormutak et al. (2019) found the increasing
content of SOD in the P. mugoneedlesin High Tatra Mts.
from April, with the peak in August, followed by a slow
decrease until November.
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The phytotoxic effect of ozone on Pinus species we
investigated by tracing biological symptoms such as
visible O, injury in relationship to MOD. The amount
of ozone absorbed by forest trees can be estimated by
modelling that requires precise and continual field meas-
ured input data supplemented by species-specific model
parameters. To achieve more accurate results of MOD
in FR—AlpMar, measurements of input data should be
realized within selected forest plots in hourly step using
automatic types of equipment both for meteorological
variables and O, concentration. On the other hand, to
obtain uninterrupted hourly O, data based on active
O, monitor measurement in mountain field conditions
is difficult. Passive sensors providing O, concentra-
tion averaged over a month period seem operationally
more friendly than the active monitors. In that context,
it would be appropriate to arrange the O, measurement
that consists of at least one point equipped by both the
active monitor and passive sensor with additional points
at remote plots using passive sensors. Substitution of
measured hourly O, concentrations by average O, con-
centration over the growing season period for calculation
MOD (Fig. 8) is possible for plots situated in a subalpine
zone with the typical flattened daily course due to the non-
destruction of ozone at night. It follows that average O,
values derived from passive samplers could be used in
MOD modelling although there is a study referring to
the differences between active and passive O, sampling
that can range for e.g. from —14% to 77% when compar-
ing seasonal mean O, concentrations (Pitar et al. 2018).
Modelresults of SWP, aswell asf ., revealed arelevant
decrease of G as a response to soil moisture deficit in
summer season in FR—AlpMar (Fig. 4). Soil moisture
conditions can have a significant effect on stomatal con-
ductance (De Marco et al. 2016). Field measurement of
SWP is important to take into account when modelling
the stomatal O, flux especially in areas where soil drought
events in association with lower precipitation occurs.

For the future, the system of air quality with respect
to the biological response of mountain tree species to O,
could be innovated by introducing modern methods pro-
viding the opportunity to analyze large areas e.g. employ-
ing the remotely sensed satellite data and spectral indices.

5. Conclusion

Respecting the objectives of this study, research of Pinus
species response to ozone pollution suggests that P. mugo
in SK-HTMts received substantially higher ozone dose
than P. cembrain FR—AlpMar during considering period
JJIA2019. Relativelylow MOD uptaken by P. cembra was
particularly due to soil drought linking to fSWP factor.
This confirms our assumption that hot, sunny, and dry
summer weather typical for the Mediterranean climate
plays the principal role in ozone uptake. Despite the low
MOD, a high degree of surface damage on two years old
needles of P. cembra was identified. This may indicate

high sensitivity P. cembra to ozone and environmen-
tal stress. On the other hand, although high MOD, an
inspection of visible O, injury on P. mugo showed a low
incidence of O, symptoms on P. mugo needles surface in
SK-HTMts. This may be associated with the activation
of antioxidant enzymes under oxidative stress condi-
tions. In this work, we also tested the use of passive O,
sampler measurements in the model simulation of MOD.
Ourresults present that the average O, concentration for
the considered period can replace O, concentrationinan
hourly step in the model input file, primarily for field sites
situated in the subalpine and alpine zone where nearly
flat daily O, course is observed.
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SK — HTMts: Slovakia, the High Tatra Mts.

FR — AlpMar: France, the Alpes-Maritimes region

SPO — Skalnaté Pleso Observatory

RCS - Route du Col de Salése

Ozone dose modelling

DO,SE — Multiplicative Deposition Model

PODY (nmolm?PLAs™) — Phytotoxic Ozone Dose over a detoxification threshold flux of Y
PLA(m™) —Projected Leaf Area

PODO (nmol m2PLAs™) — Phytotoxic Ozone Dose without threshold limitation (Y=0)
MOD (mmol O, m™ PLA) —Modelled Ozone Dose

MOD, (mmol O, m™ PLA) —Modelled Ozone Dose Modified

MOD, (mmol O, m™PLA) ~Modelled Ozone Dose for theoretical O, concentr. c(z,) = 1 ppb
c(z,) -0, concentration at the top of the canopy measured in the tree height (z,)
F (nmol O, ms™) — Stomatal Ozone Flux

G,, (mmol O, m?s™) - Stomatal Conductance

G, (mmolO,m?s™)
R - Resistance factor
foxut —Environmental factors
AT (°C) — Air Temperature
T,,(1°0), T, (18°C), T  (36°C) — Species-specific parameters of Air Temperature
— Factor of Air Temperature
— Relative Humidity
— Vapour Pressure Deficit
— Species-specific parameters of Vapour Pressure Deficit

—Maximal Stomatal Conductance

RH (%)
VPD (kPa)
VPD_ (~3.3kPa), VPD,_(0.6kPa)

VPD
PFD (umolm2s™)
PAR (umol m2s™)

— Factor of Vapour Pressure Deficit
— Photosynthetic photon Flux Density
— Photosynthetically Active Radiation

RWm?) - Global Solar Radiation

light_ (0.008) — Species-specific parameters of Solar light
fhgm — Factor of Solar radiation or light

SWP (MPa) — Soil Water Potential

SWPmin (—1.20 MPa) — Species-specific parameters of Soil Water Potential
SWPmax (—0.76 MPa) — Species-specific parameters of Soil Water Potential
- — Factor of Soil Water Potential

e — Factor of Plant Phenology

f,, — Factor of O, concentration

f(0.1) — Species-specific parameter
SGS — Start of Growing Season
EGS — End of Growing Season

P (kPa) — Air Pressure

Ppt (mm) — Precipitation Amount

WS (ms™) —Wind Speed

Visible injury

VINX (%) — Visible Injury Index
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