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Ground-level ozone (referred to as O3 throughout 
this paper) is  a  secondary photochemical pollut-
ant. It  is  formed in complex photochemical chain 
reactions from its precursors, such as nitrogen ox-
ides (NOX), volatile organic compounds, carbon 
monoxide (CO) and methane (CH4). These precur-
sors come from both natural and anthropogenic 

sources (Nolle et al. 2002; The Royal Society 2008; 
Anav et al. 2016). O3 formation is highly depend-
ent on  the meteorological situation; therefore, 
O3 levels vary considerably from year to year (Cox, 
Chu  1993; Jacob et  al.  1993). As  a  photochemical 
pollutant, ground-level O3 depends on solar radia-
tion intensity. Photochemical reactions of precur-
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Abstract: This study aimed to evaluate ozone (O3) phytotoxic potential using AOT40F (accumulated O3 concentration 
over a threshold of 40 ppb for forest protection), document visible foliar O3 injury across eight forest monitoring plots, 
analyse MDA (malondialdehyde) content in leaves and needles, and assess the relationship between visible injury and plot 
conditions. Initial findings are based on data from the 2021 and 2022 vegetation seasons. AOT40F values exceeded the 
critical level of 5 ppm·h–1 at all plots, with higher values in 2022. The correlation between AOT40F and visible injury was 
inconsistent; in 2021, minimal visible O3 injuries were observed, while these were more frequent in 2022, notably on Fagus 
sylvatica leaves. The altitude effect on O3 concentration indicates greater vegetation damage at higher altitudes. In contrast, 
the AOT40F-altitude relation was not significant. The 2021 vegetation season was characterised by lower temperatures 
and higher relative air humidity and soil moisture in comparison to 2022. Stomatal conductance conditions were similar 
in both years, except for lower soil moisture in 2022. Soil moisture, air humidity, and temperature together accounted for 
about 50% of the variance in visible injury in 2022. The findings suggest that the AOT40F capability for predicting damage 
to vegetation is limited and highlight the importance of future research focusing on stomatal O3 flux-based approaches.
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sors under high temperatures lead to O3 formation 
(Jacob, Winner 2009; Coates et al. 2016). O3 is cur-
rently considered to  be  the most damaging com-
mon air pollutant to vegetation, with adverse effects 
on  crop yield and forest health (Ashmore  2005; 
Cieslik 2009; Fares et al. 2017; EEA 2020).

Ozone may induce damage at  the cell, leaf, or-
ganism or  ecosystem level (Fuhrer  2002; Ash-
more 2005; Ainsworth 2016; Emberson et al. 2018; 
Mills et al. 2018). Elevated O3 concentrations also 
pose a  threat to  terrestrial biodiversity and eco-
system services (Mills et  al.  2018; Agathokleous 
et al. 2020; Reif et al. 2023).

Ozone molecule enters the leaves through sto-
mata and reacts rapidly in intercellular spaces (Fares 
et  al.  2017). There, O3 diffuses in  the apoplast and 
rapidly decomposes to  the reactive oxygen spe-
cies (Pell et  al.  1997; Schraudner et  al.  1997; Mit-
tler 2002). If the antioxidative system is not sufficient, 
biochemical and physiological changes in  plants 
occur, and the plant is  damaged (Ashmore  2003; 
Heath 2008; Fares et al. 2013; Emberson et al. 2018). 
Ozone exposure can result in  visible foliar injury, 
accelerating leaf senescence, declining chlorophyll 
content, reduced photosynthetic activity, reduced 
carbon assimilation and biomass, increased crown 
defoliation, and increased sensitivity to other abiotic 
and biotic stresses (Pell et al. 1997; Ashmore 2003; 
Schaub et al. 2005; Wittig et al. 2009; Fares et al. 2013; 
Hoshika et  al.  2013; Sicard et  al.  2016; De Marco 
et al. 2017; Mills et al. 2018; Paoletti et al. 2019).

Foliar O3 injury is  a  visible manifestation of  in-
ternal physiological processes in  leaves (Innes 
et  al.  2001). Visible foliar injury is  the first clear 
and unequivocal sign of  the presence of  phyto-
toxic levels of O3 (Bergmann et al. 1999) and is not 
caused by  any other co-occurring factors (Sicard 
et al. 2016). Visible foliar injury is the only evidence 
that can be detected visually by an expert in the field 
without the assistance of instrumentation (Paoletti 
et al. 2019). It  is a reliable method for monitoring 
the effects of O3 and estimating the potential risk 
to  ecosystems under real field conditions (Berg-
mann et al. 1999; Schaub, Calatayud 2013). Visible 
foliar injury correlates better with phytotoxic ozone 
dose (POD; for more details regarding POD, see 
CLRTAP 2017), which is currently the best biologi-
cally meaningful O3 metric, as compared to crown 
defoliation or radial growth (Paoletti et al. 2019).

Visible foliar O3 symptoms appear on the upper, 
sun-exposed side of leaves, usually as the light-green 

or brown stippling and bronzing that later develops 
into larger brown areas. Severely affected leaves may 
curl, dry, and prematurely fall off. Later in the vege-
tation period, if the O3 concentration is high, injury 
can also appear on the undersides of leaves. The in-
tensity of reddening then increases, and the leaves 
may become entirely red. Symptoms appear always 
apart from the veins. The  symptoms appear  first 
on  older and medium-aged leaves (i.e.  an  age ef-
fect). The overlapping leaves have a shadow effect, 
where the covered parts of the leaves remain green 
with no signs of damage (Innes et al. 2001).

Malondialdehyde (MDA), as a product of peroxi-
dation of  the cell-membrane lipids, is  considered 
a  biomarker of  oxidative stress (Heath, Pack-
er 1968; Uhlířová 1991; Davey et al. 2005). In sev-
eral studies, MDA was used as an indicator of the 
O3 impact on forest vegetation (Šrámek et al. 2007, 
Hůnová et al. 2010).

The air quality standard used for vegetation pro-
tection in Europe is the accumulated O3 concentra-
tion over a threshold of 40 ppb (AOT40; EP 2008). 
AOT40 is  calculated on  an  hourly basis for the 
vegetation period (forests 1 April – 30 September; 
crops and vegetation 1 April – 31 July) in daylight 
hours (i.e. between 8.00 and 20.00 Central Europe-
an Time). This is because the exposure is generally 
limited to the period when stomata are open (Anav 
et  al.  2016). The  critical level (CL) of  AOT40 for 
forests (AOT40F) is set at 5 ppm·h–1. The CL of this 
index is usually exceeded in most parts of the Czech 
Republic (CHMI 2023b).

In the Czech Republic, O3 has been monitored 
since 1993. Inter-annual variability in  O3 concen-
trations is  high, depending strongly on  meteoro-
logical conditions, in  particular on  global solar 
radiation, ambient air temperature and relative 
humidity, as  demonstrated by  long-term meas-
urements in  the Czech mountain forests (Hůnová 
et  al.  2019a). The  peak concentrations have de-
creased substantially due to reductions in precursor 
emissions (Hůnová, Bäumelt 2018). However, the 
O3 levels are still high enough to affect ecosystems, 
including forests (Hůnová, Schreiberová 2012).

The objective of  this study is  to  assess the phy-
totoxic potential of O3 using the AOT40 exposure 
index, compare it to visible foliar symptoms in real 
forest stands, analyse MDA content in  leaves and 
needles, and analyse the relationships between vis-
ible foliar injury, meteorological, and environmen-
tal conditions.

https://jfs.agriculturejournals.cz/
https://doi.org/10.17221/57/2024-JFS


42

Original Paper	 Journal of Forest Science, 71, 2025 (1): 40–56

https://doi.org/10.17221/57/2024-JFS

Figure 1. Plots with the visible foliar O3 injury assessment

0 50 100 km

monitoring plots
not specified
coniferous forest
deciduous forest
mixed forestN

MATERIAL AND METHODS

Monitoring plots. Eight plots of intensive forest 
monitoring established within the ICP Forests (In-
ternational Cooperative Programme on Assessment 
and Monitoring of Air Pollution Effects on Forests) 
programme have been selected in different regions 
of  the Czech Republic at  altitudes ranging from 
350 m a.s.l. to 1 300 m a.s.l. (Figure 1; Table 1). These 

plots are suitable for our study because of the possi-
bility of assessing visible foliar O3 injury on a light-
exposed forest edge at a distance of no more than 
500 m from the monitoring plot. They are also fully 
equipped for meteorological data collection, six 
sites are also equipped for soil moisture measure-
ment, and there is also a historical connection with 
older ground-level O3 studies (Novotný et al. 2010; 
Boháčová et al. 2011; Šrámek et al. 2012). Attention 

Table 1. Basic characteristics of evaluated plots

Plot code Plot name Main tree species Position Altitude 
(m a.s.l.)

Length of LESS 
(m)

Number of assessed 
2 m × 1 m quadrates

B151 Mísečky Fagus sylvatica 50.73°N 15.55°E 940 140 33
I140 Želivka Picea abies 49.67°N 15.23°E 440 40 17
Q103 Všeteč Fagus sylvatica 49.22°N 14.31°E 615 120 33

Q163 Lásenice Picea abies,  
Fagus sylvatica 49.03°N 14.98°E 595 165 33

Q251 Luisino údolí Picea abies 50.29°N 16.39°E 940 145 33

Q361 Medlovice Fagus sylvatica,  
Quercus petraea 49.07°N 17.28°E 350 90 31

Q401 Klepačka Picea abies 49.45°N 18.39°E 650 50 20
Q521 Lazy Picea abies 50.05°N 12.63°E 875 90 31

LESS – light-exposed sampling site
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was paid to the main tree species with a special fo-
cus on Norway spruce [Picea abies (L.) Karst] and 
European beech (Fagus sylvatica L.). Other woody 
species, as well as shrubs and herbs, were also eval-
uated in terms of foliar injury.

Meteorological and soil moisture measurement. 
Basic meteorological parameters were measured 
continuously in an open area near the ICP Forests 
plot. The  parameters were air temperature and air 
humidity (EMS 33H sensor), global solar radiation 
(EMS 11 pyranometer) (both produced by Environ-
mental Measuring Systems  s.r.o., Czech Republic), 
precipitation (Met One 370D rain gauge), and wind 
speed and wind direction (Met One  034B sensor) 
(both produced by  Met One Instruments, USA). 
The  placement of  instruments and methods was 
in accordance with the ICP Forests manual (Raspe 
et  al.  2020). Variables were measured in  1-minute 
intervals, and 10-minute averages were stored for 
further evaluation. Soil temperature (Pt100  ther-
mometer; Environmental measuring systems  s.r.o., 
Czech Republic), soil water content (Campbell CS616 
soil moisture probe; Campbell Scientific, United 
Kingdom), and soil water potential (Delmhorst GB1 
gypsum block; Delmhorst Instrument  Co., USA) 
were measured within the monitoring plot at three 
soil depths: 10 cm, 30 cm, and 50 cm. Soil moisture 
content was measured in three repetitions, and wa-
ter potential was measured in two repetitions. Data 
were recorded and stored in 30-minute intervals.

The parameters ftemp, fVPD, fSW, and flight incorporate 
the effects of meteorological and environmental con-
ditions on stomatal opening, i.e. the effect of temper-
ature (ftemp), vapour pressure deficit (fVPD), soil water 
(fSW) and irradiance (flight). That is, they are expressed 
as  relative proportion functions to  the maximum 
stomatal conductance in relative terms (i.e. they ac-
cept values between 0 and 1; CLRTAP 2017). These 
parameters take into account physiological minima, 
maxima, and optima of temperature (Temp), atmos-
pheric water vapour pressure deficit, soil water, and 
global radiation (GLRD). Therefore, they allow for 
the modifying influence on  stomatal conductance 
and provide a better characterisation of conditions 
for O3 uptake (which subsequently may lead to veg-
etation damage) compared to  measured meteoro-
logical and soil parameters. These parameters were 
calculated for Fagus sylvatica (because it is the main 
woody species along with Picea abies and the most 
frequently symptomatic species at our plots) accord-
ing to the methodologies outlined in CLRTAP 2017.

O3 concentrations and AOT40F (AOT40 for for-
est protection). The AOT40F values were calculated 
from hourly O3 concentrations at a particulate plot 
for the vegetation season. Considering the usual leaf 
unfolding and autumn leaf colouring  time of Fagus 
sylvatica, the evaluating period was set from 15 May 
to 30 September of the respective year. AOT40F (ex-
pressed in ppm·h–1) was calculated as the sum of the 
difference between hourly concentrations greater 
than 40 ppb and 40 ppb over a  given period using 
only the one-hour values of  O3  concentration be-
tween 8.00 and 20.00 Central European Time each 
day. Hourly concentrations in  a  1 km ×  1 km grid 
were calculated by combining O3 concentration mon-
itoring at  rural stations, chemical transport model 
CAMx, and other supplemental data (altitude and 
five-year grided O3 averages). The methodology for 
this combination was a linear regression model and 
subsequent kriging of  the residuals obtained from 
this model (for more details, see Horálek et al. 2023).

Visible foliar O3 injury assessment. The  meth-
od of  symptom assessment is  described in  detail 
in Schaub et al. (2020). The assessment was performed 
on light-exposed sampling site (LESS) plots. The LESS 
plots were exposed to full sunshine on an open plot 
area (i.e. forest edges), preferably on a south or south-
west exposition. Each LESS plot was divided into 
not-overlapping quadrates (2 m × 1 m), and a given 
number of  quadrates was randomly selected (de-
pending on the length of the LESS plot). Visible foliar 
O3 injury was assessed on fully developed leaves that 
were exposed to full sunlight.

The evaluation of  leaf visual injury was carried 
out twice: in the late spring (June) and late summer 
(August–September) before natural leaf discolour-
ation sets in. These evaluations covered both spring 
and summer O3 peak concentrations with poten-
tially adverse effects on  vegetation (Monks  2000; 
Vingarzan 2004).

Assessment of  O3 foliar symptoms was con-
ducted by  two well-trained observers who regu-
larly participate in the Field Ozone Intercalibration 
Course organised by  ICP Forests. Several com-
parative documents were used to verify the O3 ef-
fect (Innes et al. 2001; Novotný et al. 2009; Carrari 
et  al.  2020) in  order to  exclude ambiguous symp-
toms caused  by, such as  fungal disease or  heat 
stress (Novotný et al. 2009, Shaub et al. 2020).

MDA. For  MDA determination, we  used the 
method published by Heath and Packer (1968) with 
slight modifications. Regarding the high stability 
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Table 2. Characteristics of the 2021 and 2022 vegetation seasons: Average air temperature and average of daily maxi-
mal air temperature (Temp, Max. temp), total rainfall, average soil moisture at a depth of 10 cm, average relative air 
humidity (RAH), total global radiation (GLRD), AOT40F (accumulated O3 concentration over a threshold of 40 ppb 
for forest protection), and seasonal average of O3 concentrations for individual plots and collectively for all plots

Plot
Temp  
(°C)

Max. temp 
(°C)

Total  
precipitation 

(mm)

Soil moisture 
(%)

RAH  
(%)

GLRD 
(kW·m−2)

AOT40F 
(ppm·h–1)

O3  
(seasonal  

average, ppb)

2021 2022 P 2021 2022 P 2021 2022 P 2021 2022 P 2021 2022 P 2021 2022 P 2021 2022 P 2021 2022 P

B151 12.9 13.5 – 17.6 18.7 – 565 405 – – – – 93 89 *** 476 552 ** 8.6 11.7 – 39.0 42.6 **
I140 16.2 16.9 – 22.2 23.0 – 267 373 – 14.9 11.2 *** 75 73 – 622 645 – 7.4 10.1 – 34.5 36.4 *

Q103 15.7 16.3 – 21.4 21.9 – 339 444 – 16.1 14.3 *** 89 86 * 555 578 – 6.6 9.1 – 35.0 37.1 *

Q163 16.0 16.7 – 22.0 22.9 – 356 481 – – – – 92 89 – 636 668 – 6.6 8.5 – 35.0 36.3 –

Q251 12.2 12.6 – 17.3 18.1 – 504 617 – 29.9 27.1 ** 91 88 * 605 665 * 9.3 11.4 – 40.1 43.3 *

Q361 16.7 17.3 – 21.8 22.8 – 309 319 – 9.7 6.5 *** 84 80 ** 724 729 – 9.3 10.9 – 36.4 37.9 –

Q401 14.8 15.1 – 21.0 21.2 – 526 495 – 30.7 28.5 *** 88 86 – 594 614 – 9.1 8.6 – 38.3 37.9 –

Q521 13.8 15.0 ** 17.9 19.6 *** 435 325 – 21.6 13.7 *** 87 79 *** 614 642 – 7.0 10.9 – 36.6 41.0 ***

All 14.8 15.4 *** 20.2 21.0 *** 3 301 3 460 – 20.4 16.7 *** 87 84 *** 604 637 *** 8.0 10.1 ** 36.9 39.1 ***

*, **, ***Statistically significant difference between years 2021 and 2022 in meteorological and environmental parameters 
P < 0.05, P < 0.01, and P < 0.001

of MDA in both needles and leaves, and the large 
number of  samples, we  used air-dried needles/
leaves (Uhlířová, Pasuthová 1993). Each sample 
consisted of 100–150 g of dried needles and leaves. 
Aqueous extracts from pulverised samples were 
prepared and heated in a water bath with thiobar-
bituric acid and trichloracetic acid solution at the 
final concentration of 0.3% and 12.5% (w/v). After 
the centrifugation, the MDA contents in the super-
natant were analysed from the difference between 
the absorbance at  the wavelength of  532 nm and 
600 nm. The  results are given as  µmol·g−1 of  dry 
matter. Two mixed samples for MDA analysis were 
prepared for each plot for Norway spruce: one 
mixed sample represented the current-year needles 
(further referred to as MDA-NS-cy), while the sec-
ond represented the one-year-old needles (further 
referred to as MDA-NS-1y). Fagus sylvatica leaves 
were analysed as  mixed samples (further referred 
to as MDA EB).

Statistics. The statistical analysis of the data was 
conducted using R  (R  Core Team 2020) and Sta-
tistica software (Version  12, 2013). The  normal-
ity of the data was assessed using the Shapiro test. 
Differences in  meteorological and environmental 
parameters, AOT40F, O3 and MDA concentra-
tion levels between the 2021 and 2022 vegetation 
seasons were evaluated using the non-parametric 

Wilcoxon paired test. Differences in MDA content 
between Fagus sylvatica and Picea abies were tested 
using the Mann-Whitney U-test. The  dependence 
of O3 concentrations and AOT40F on altitude, the 
dependence of visible O3 injury expressed as a per-
centage of symptomatic quadrates along LESS plots, 
and the percentage of  symptomatic species at  the 
plot on AOT40F were investigated using the non-
parametric Spearman rank correlation test. The sig-
nificance level chosen for the analysis was P < 0.05, 
indicating that results with P-values below this 
threshold were considered statistically significant. 
Multiple-factor analysis was used to  detect the 
structure of the relationships between variables.

RESULTS

Meteorological and environmental conditions 
in 2021 and 2022. Meteorological and environmen-
tal conditions in  2021 and 2022 on  our plots were 
characterised by air temperature (Temp), precipita-
tion, GLRD, relative air humidity (RAH), and soil 
moisture (Table 2). In general, a significantly high-
er air temperature was found for the 2022 vegeta-
tion season. When examining individual plots, only 
plot Q521 demonstrated a  statistically significantly 
higher temperature in 2022 compared to 2021. Cor-
respondingly, a statistically higher value of GLRD was 
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Table 3. Incorporating the effects of meteorological and environmental conditions on stomatal conductance: The effects 
of temperature (ftemp), vapour pressure deficit (fVPD), soil water (fSW), and irradiance (flight); parameters ftemp, fVPD, fSW, 
and flight expressed as relative proportion functions, taking values between 0 and 1 as a proportion of the maximal 
stomatal conductance of Fagus sylvatica during the 2021 and 2022 vegetation seasons

Plot
ftemp fVPD fSW flight

2021 2022 P 2021 2022 P 2021 2022 P 2021 2022 P
B151 0.80 0.81 – 1.00 1.00 – – – – 0.79 0.82 *
I140 0.90 0.88 – 1.00 0.99 – 0.82 0.54 *** 0.88 0.87 –
Q103 0.90 0.89 – 1.00 1.00 – 0.99 0.82 *** 0.86 0.85 –
Q163 0.90 0.88 – 1.00 1.00 – – – – 0.88 0.87 –
Q251 0.77 0.79 – 1.00 1.00 – 1.00 0.89 *** 0.86 0.86 –
Q361 0.90 0.88 – 1.00 0.99 – 0.57 0.79 *** 0.91 0.90 –
Q401 0.86 0.87 – 1.00 1.00 – 0.98 1.00 ** 0.85 0.84 –
Q521 0.88 0.85 – 1.00 0.98 – 1.00 0.67 *** 0.87 0.87 –

All 0.86 0.87 – 1.00 1.00 – 0.98 1.00 ** 0.86 0.86 –

*, **, ***Statistically significant difference in meteorological and environmental parameters P < 0.05, P < 0.01, and P < 0.001

recorded for the 2022 vegetation season, on average, 
across all stations and for two individual stations.

Significant differences were also found in  RAH 
between the two vegetation seasons. Statistically 
significantly higher RAH values were generally ob-
served during the 2021 vegetation season, which was 
also the case for eight individual plots. On average, 
across all plots, we also observed significantly higher 
soil moisture in 2021 and 2022 at a depth of 10 cm 
(as  well as  at  30 cm and 50 cm depths, data not 
shown) for all plots and, on average, across all plots. 
However, soil moisture data are available just for six 
out of eight plots. No significant differences were de-
tected in total precipitation between 2021 and 2022, 
either in terms of average values across plots or at in-
dividual plots. To sum up the meteorological and en-
vironmental conditions, the 2021 vegetation season 

was characterised by lower temperatures and higher 
RAH and soil moisture in comparison to 2022.

We evaluated the meteorological and environ-
mental conditions in  terms of  plant physiology 
of the most frequent symptomatic and O3-sensitive 
Fagus sylvatica using the values of the parameters 
ftemp, fVPD, fSW and flight. From these findings, we can 
conclude that the conditions for stomatal conduct-
ance, with the exception of  soil moisture, were 
comparable in both the 2021 and 2022 vegetation 
seasons (Table  3). Soil moisture conditions were 
less favourable for stomatal conductance in 2022.

O3 concentrations and AOT40F. The  highest 
O3 concentrations were observed at  plots located 
at the highest altitude (940 m a.s.l.). A correlation 
between O3 concentrations and altitude was found 
for both vegetation seasons (Figure 2). Significantly 

Figure 2. Relationships between O3 concentration on altitude for the (A) 2021 and (B) 2022 vegetation seasons

rSp = 0.8, P < 0.05 for both evaluated years; rSp – Spearman's correlation coefficient
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Medlovice Q361 350 36,4 37,9

B151 940 39,0 42,6
Q103 615 35,0 37,1
I140 440 34,5 36,4
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Figure 3. Contribution of monthly cumulated values of AOT40F to the total sum for the (A) 2021 and (B) 2022 vegeta-
tion seasons at monitoring plots

AOT40F – accumulated O3 concentration over a threshold of 40 ppb for forest protection; CL – critical level

Fig_3

2021 May June July Aug Sept CL
B151 0,3 4,4 1,9 0,8 1,2 5,0
I140 0,2 3,7 1,6 0,8 1,1 5,0
Q103 0,2 3,4 1,4 0,5 1,1 5,0
Q163 0,2 3,3 1,4 0,6 1,1 5,0
Q251 0,3 4,2 2,2 1,1 1,5 5,0
Q361 0,4 3,7 2,8 1,1 1,3 5,0
Q401 0,3 3,9 2,9 1,0 1,0 5,0

Lazy Q521 0,4 3,6 1,4 0,4 1,1 5,0

2022 May June July Aug Sept
B151 1,3 3,5 3,2 3,3 0,3 5,0
I140 1,1 2,9 3,0 2,8 0,3 5,0
Q103 1,1 2,4 2,7 2,7 0,2 5,0
Q163 1,0 2,2 2,6 2,5 0,2 5,0
Q251 1,4 3,3 3,1 3,2 0,4 5,0
Q361 1,2 3,1 3,2 3,0 0,4 5,0
Q401 1,0 2,6 2,4 2,4 0,2 5,0

Lazy Q521 1,3 3,0 3,0 3,3 0,3 5,0
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higher O3 concentrations were found during the 
2022 vegetation season (Table 2).

The exposure index AOT40F was calculated for 
eight selected plots for the 2021 and 2022 veg-
etation seasons. In  both vegetation seasons, the 
CL of AOT40F level (5 ppm·h–1) was exceeded at all 
plots. The exceedance of the CL occurred in most 
cases before mid-July. In the 2021 season, AOT40F 
values ranged from approximately 6.6 ppm·h–1 
to  9.3 ppm·h–1. In  the 2022 season, AOT40F val-
ues ranged from approximately 8.5 ppm·h–1 
to  11.7 ppm·h–1 (Figure  3). The  CL was exceeded 
at  individual plots in  the 2021 vegetation season 
by approximately 31% to 85% and in the 2022 sea-
son by 70% to 132%.

The AOT40F values were statistically significant-
ly lower in the 2021 season (average: 8.0 ppm·h–1) 
compared to the 2022 season (average: 10.1 ppm·h–1; 
Table 2). No dependence of AOT40F values on alti-
tude was found for either vegetation season.

Visible foliar O3 injury. During the spring as-
sessment in  2021, no  symptoms of  the negative 
effect of  ground-level O3 on  the vegetation were 
detected on  trees, shrubs or  herbs, with the ex-
ception of  the Picea abies, where symptoms were 
detected on  3-year-old and older needles. During 
the autumn evaluation in 2021, symptoms were de-
tected on plot Q361 only on a few leaves of Sambu-
cus nigra and Fraxinus excelsior. In the other plots, 
no symptoms of damage caused by increased con-
centrations of ground-level O3 were detected.

In 2022, slightly more symptoms, identified 
as the O3 effect, were observed than in 2021. Symp-

toms were detected on  Fagus sylvatica in  plots 
I140, Q163, Q251 and Q401. In the Q251 plot, the 
O3  symptoms also manifested on  Rubus idaeus. 
In  the B151 plot, the effect of  O3 was observed 
on Petasites albus. Examples of visible foliar O3 in-
jury are shown in Figure 4.

During the 2022 vegetation season, the propor-
tion of symptomatic species within individual plots 
ranged from 0% to 33%. The proportion of sympto-
matic squares within the LESS plots ranged from 
0% to  12% (Table  4). No  dependence was found 
between the percentage of  symptomatic species 
and squares, respectively, on the O3 concentration 
or AOT40 (Table 4).

The higher frequency of the occurrence of visible 
foliar O3 injury during the 2022 vegetation season 
compared to 2021 may be caused by the colder start 
of  season 2021 (Figure  5; CHMI 2022). Relatively 
low temperatures might have contributed to limited 
stomatal function and subsequently reduced O3 ac-
cumulation. In terms of moisture conditions, a de-
tailed analysis of  monthly RAH and soil moisture 
indicates higher values in 2021. The analysis of fVPD 
values indicated that RAH did not limit stomatal 
function during either the 2021 or 2022 vegetation 
seasons. Nevertheless, the analysis of fSW values in-
dicated and confirmed that soil moisture was lower 
and limited stomatal function mainly during vege-
tation season 2022 (Table 3). The more frequent oc-
currence of visible foliar O3 injury in 2022 suggests 
that stomatal conductance limitation due to lower 
soil moisture was not crucial, and, in combination 
with higher O3 concentrations in  2022, environ-
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Figure  4. Examples of  visible foliar O3 injury on  species within the LESS (light-exposed sampling site) plots in  the 
2021 and 2022 vegetation seasons: (A) Fraxinus excelsior, (B) Sambucus nigra, (C) and (D) Fagus sylvatica

Photos: Radek Novotný, Václav Buriánek

Table  4. A  list of  assessed and symptomatic species plus the percentage of  symptomatic quadrates on  the LESS 
(light-exposed sampling site) plots in 2021 and 2022

Plot  
code

Assessed  
woody species

Symptomatic  
species (%)

Symptomatic 2 × 1 m  
quadrates (%)

2021 2022 2021 2022

B151 Acer pseudoplatanus, Fagus sylvatica, Fraxinus excelsior,  
Picea abies, Salix caprea, Sorbus aucuparia – 0 Petasites 

albus 14 0 6

I140 Fagus sylvatica, Picea abies, Sorbus aucuparia – 0 Fagus  
sylvatica 33 0 12

Q103 Alnus glutinosa, Betula pendula, Fagus sylvatica, Picea abies, 
Populus tremula, Quercus petraea, Salix caprea, Tilia cordata – 0 – 0 0 0

Q163
Acer pseudoplatanus, Betula pendula, Fagus sylvatica,  

Frangula alnus, Picea abies, Pinus sylvestris,  
Populus tremula, Salix caprea

– 0 Fagus  
sylvatica 13 0 9

Q251
Acer pseudoplatanus, Alnus glutinosa, Betula pendula,  

Fagus sylvatica, Picea abies, Populus tremula,  
Salix aurita, Salix caprea, Salix cinerea, Sorbus aucuparia

– 0

Fagus  
sylvatica, 

Rubus 
idaeus

20 0 9

Q361

Acer campestre, Alnus glutinosa, Betula pendula,  
Cornus sanguinea, Corylus avellana, Fagus sylvatica,  

Fraxinus excelsior, Picea abies, Salix caprea,  
Sambucus nigra, Tilia cordata

Sambucus 
nigra,  

Fraxinus 
excelsior

18 – 0 3 0

Q401 Abies alba, Alnus glutinosa, Betula pendula, Fagus sylvatica, 
Picea abies, Populus tremula, Salix aurita, Salix caprea – 0 Fagus  

sylvatica 13 0 10

Q521

Acer pseudoplatanus, Alnus glutinosa, Betula pendula,  
Fagus sylvatica, Fraxinus excelsior, Picea abies, Prunus sp.,  

Rosa canina, Salix aurita, Sambucus nigra,  
Sambucus racemosa, Sorbus aucuparia, Syringa sp.

– 0 – 0 0 0

(B)(A)

(D)(C)
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Figure 5. Temperature, relative air humidity, soil moisture, and O3 concentration (monthly averages for all sites) during 
(A) the 2021 vegetation season and (B) the 2022 vegetation season

 temperature  relative air humid soil moisture in   O3 concentration
V 9,04 85,74 26,32 37,61
VI 17,41 79,69 19,67 44,31
VII 17,43 87,14 20,12 37,74
VIII 14,57 91,59 19,26 32,11
IX 13,04 89,48 19,18 34

 temperature  relative air humid soil moisture in   O3 concentration
V 12,75 80,53 17,34 42,27
VI 17,19 80,68 16,99 43,16
VII 17,28 78,32 15,41 41,82
VIII 17,9 83,21 15,3 41,48
IX 10,71 94,37 19,76 28,93
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Figure 6. Malondialdehyde (MDA) content in Fagus sylvatica leaves and Picea abies needles in 2021 and 2022

mental conditions were sufficient to  cause visible 
O3 leaf damage. Much higher O3 concentrations 
occurred, particularly in July and August 2022.

MDA content. In our study, the content of MDA 
varied in  leaves and needles from 3.99  µmol·g−1 
to  9.20  µmol·g−1 (Figure  6). We  found significant 
differences in the MDA content between Fagus syl-
vatica and Picea abies in 2021. For the year 2022, 
the test was non-significant. No significant differ-
ence was found in  testing MDA content in  2021 
and 2022. The  analysis of  Fagus sylvatica leaves 
separately, according to visible foliar O3 injury evi-
dence, showed that the MDA content was higher 
in damaged leaves in comparison to healthy leaves 

without any visible symptoms caused by visible fo-
liar O3 injury (Figure 7).

Multivariate analysis. The  above analyses and 
assessments were complemented by  a  multiple-
factor analysis for the vegetation season 2022, 
during which the presence of  visible foliar O3 in-
jury was more frequent (Figure  8). The  analysis 
indicates a  correlation between rainfall and soil 
moisture, with positive correlations also observed 
among temperature parameters. From the mul-
tiple-factor analysis plot, it  can be  estimated that 
humidity (both air and soil) and temperature pa-
rameters together account for approximately 50% 
of the variance in O3 foliar injury, expressed as the 
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Figure 8. Multiple-factor analysis of meteorological and environmental variables within the percentage of symptomatic 
LESS (light-exposed sampling site) plots in the 2022 vegetation season

GLRD – global radiation; MDA NS-1y – malondialdehyde (MDA) content in  one-year-old Norway spruce nee-
dles; Min.  temp  –  minimal air temperature; Temp – average air temperature; Max. temp  –  maximal air temperature; 
MDA NS-cy – MDA content in current-year Norway spruce needles; MDA EB – MDA content in  leaves of Europaean 
beach; LESS – light-exposed sampling site; SM – soil moisture; Min. RAH – minimal relative air humidity; RAH – average 
relative air humidity; Max. RAH – maximal relative air humidity; AOT40F – accumulated O3 concentration over a threshold 
of 40 ppb for forest protection

Figure 7. Comparison of the malondialdehyde (MDA) content in damaged and non-damaged Fagus sylvatica leaves

Pairs of damaged and non-damaged leaves were sampled within the same plot; in 2021, the first was from plot Q163 and the 
second pair was from plot I140, while in 2022, the first pair was from plot Q163 and the second pair was from plot Q401
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percentage of symptomatic LESS plots. In contrast, 
O3  concentration and AOT40F contribute less 
to the variability of the percentage of symptomat-
ic LESS plots. This confirms our assumption that 
O3 foliar injury on vegetation is primarily observed 
in  years or  plots where gas exchange by  stomatal 
closure is not crucially limited, while atmospheric 
O3 concentrations are sufficient for plants to  re-
ceive a  phytotoxic dose. Additionally, the results 
do not confirm a correlation between O3 concen-
tration or  AOT40 and the visible foliar O3 injury 
on leaves and needles of trees.

DISCUSSION

Ground-level O3 is still considered the most harm-
ful air pollutant for vegetation (Feng et  al.  2019; 
Anav et al. 2022). Furthermore, ground-level O3 will 
continue to  be  problematic for ecosystems in  the 
future because climate change will result in high-
er temperatures and higher emissions of  meth-
ane, which is  an  O3 precursor and will increase 
the global O3 concentration (Meleux et  al.  2007; 
The Royal Society 2008; Sicard et al. 2017). For this 
reason, surveys from real forest conditions are still 
necessary (Paoletti et  al.  2022). Visible foliar in-
jury is  the first unequivocal symptom indicating 
phytotoxicity dose of  O3 (Bergmann et  al.  1999) 
and can, therefore, be used to set critical levels for 
real-world  forest protection (Paoletti et  al.  2019). 
The  monitoring of  visible foliar injury (together 
with the estimation of exceedances of critical lev-
els for POD for terrestrial ecosystems) to  assess 
O3 damage to  vegetation growth and biodiversity 
is  recommended by  Annex  V of  Directive (EU) 
2016/2284 on the reduction of national emissions 
of  certain atmospheric pollutants (EP  2016) and 
by the Commission Notice on ecosystem monitor-
ing under Article 9 and Annex V of Directive (EU) 
2016/2284 (EC 2019; De Marco et al. 2019). Moreo-
ver, based on the proposal for a directive of the Eu-
ropean Parliament and of the Council on ambient 
air quality and cleaner air for Europe (Article 8.8), 
it  is  very probable that 'the use of  bioindicators 
shall be considered where regional patterns of the 
impact on ecosystems are to be assessed, including 
in accordance with the monitoring undertaken un-
der Directive (EU) 2016/2284' (EU 2024).

When evaluating visible foliar O3 injury, it is im-
portant to  consider not only O3 concentrations 
but also the meteorological and environmental 

parameters of  the given vegetation season that 
are crucial for the stomatal conductance and 
O3 dose absorbed by plants (Emberson et al. 2000; 
Matyssek et  al.  2007; Anav et  al.  2016; Bičárová 
et  al.  2019). Based on  the results of  monitoring 
these parameters, we  can conclude that the 2021 
vegetation season was characterised by  lower 
temperatures and higher RAH and soil moisture 
in comparison to 2022.

Regarding temperature, the 2021 vegetation sea-
son (May–September) was normal, with an average 
temperature of 15.7 °C, which was 0.1 °C below the 
normal of 1991–2020. The 2022 vegetation season 
was above normal, with an average annual temper-
ature of 16.5 °C. In terms of precipitation, the 2021 
vegetation season was above normal, with a  total 
precipitation of  423 mm, corresponding to  112% 
of the normal of 1991–2020. In the 2022 vegetation 
season, precipitation levels remained within nor-
mal ranges, with a  total precipitation of  387 mm, 
representing 102% of  the 1991–2020 normal. 
In  2022, the months with below-normal precipi-
tation were May (71% of  normal) and July (70%), 
while in 2021, precipitation was only below normal 
in September (38% of normal) (CHMI 2022, 2023a). 
Therefore, it is possible to say that our meteorolog-
ical observations are in agreement with the nation-
wide statistics of  the Czech Hydrometeorological 
Institute, and our selected plots are representative 
of the Czech Republic.

The seasonal O3 concentration average across the 
sites was 36.9 ppb and 39.1 ppb during the 2021 and 
2022 vegetation seasons, respectively. This is within 
the scope of values reported by Hůnová et al. (2011) 
and Vlasáková-Matoušková and Hůnová (2015) 
for the 2006–2008 vegetation seasons, which 
ranged from 36.0 ppb to  41.1 ppb. The  average 
AOT40F value across the plots was 8.0 ppm·h–1 
and 10.1 ppm·h–1 during the 2021 and 2022 veg-
etation seasons, respectively. The effect of altitude 
on the increase of O3 concentration values, which 
is  generally accepted by  many authors (Brodin 
et  al.  2010; Bičárová et  al.  2016; Dalstein, Ciriani 
2019), was also demonstrated in the present study. 
On  the other hand, the dependence of  AOT40F 
values on  altitude was not significant; the reason 
for this could be  the relatively low O3 concentra-
tion (a  seasonal average of  between 34.5 ppb and 
43.3 ppb at individual plots), indicating that hourly 
O3  concentration fluctuates around a  threshold 
of 40 ppb and not all of the O3 concentrations are 
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accumulated for AOT40F. This is further evidence 
that the use of  AOT40 is  not suitable for evalua-
tion since even O3 concentrations below 40 ppb are 
harmful to vegetation (Sicard et al. 2016). Moreo-
ver, the vegetation at higher altitudes is more vul-
nerable not only due to  higher O3 concentration 
but also because of more favourable conditions for 
stomatal conductance (Wieser et al. 2000; Díaz-de-
Quijano et al. 2009).

Compared to  the values of  AOT40F over the 
Czech forested area between 2000 and 2015 (Hů-
nová et  al.  2019b), the AOT40F values calculated 
for our plots were relatively low. However, these 
values are not fully comparable because Hůnová 
et  al.  (2019b) calculated AOT40F for the period 
of  April–September, but we  assumed the  begin-
ning of  the vegetation season to  be  mid-May. 
Moreover, as  Vlasáková-Matoušková and Hůnová 
(2015) showed, the contribution of the April values 
to  the total AOT40F value could be  considerable 
(i.e. more than 15%).

Visible foliar O3 injury occurred on  our plots 
even at  these lower AOT40F values. This was 
similar to  findings by  Vlasáková-Matoušková and 
Hůnová (2015), who observed visible foliar O3 inju-
ry on Fagus sylvatica in the field at AOT40F values 
between 6.2 ppm·h–1 and 17 ppm·h–1. Araminienė 
et  al.  (2019) also reported visible foliar O3 injury 
on native forest vegetation in Lithuania at AOT40F 
values ranging from 5.3 ppm·h–1 to 13.6 ppm·h–1.

Other than Fagus sylvatica and Fraxinus excel-
sior, which are considered to be O3-sensitive spe-
cies (Baumgarten et  al.  2000; Sicard et  al.  2016), 
we found visible foliar O3 injury on Sambucus nigra, 
Rubus idaeus, and Petasites albus. The  influence 
of O3 on the most frequent sensitive species, Fagus 
sylvatica, was also evidenced by  the higher MDA 
content in  injured leaves in  comparison to  leaves 
without any visible symptoms caused by  O3. Un-
fortunately, MDA cannot be  considered a  unique 
biochemical marker indicating only the influence 
of O3 because the MDA content reflects the entire 
spectrum of oxidative stressors, including drought 
periods (Šrámek et al. 2012).

The percentage of symptomatic species we found 
within the LESS plots (0–33%) can be  com-
pared  with the study of  Sicard et  al.  (2021), who 
found 0–28% of symptomatic species over the pe-
riod from 2017 to 2019 in Italy, including four out 
of nine sites that contained more than 20% symp-
tomatic species. Paoletti et al. (2019), who framed 

the MOTTLES forest site network across three 
countries (France, Italy, Romania) and four biogeo-
graphical regions (Atlantic, Continental, Mediter-
ranean, Alpine), identified 0–50% of  symptomatic 
species on individual LESS plots in 2017. The per-
centage of symptomatic quadrats is lower (0–12%) 
compared to an earlier study from the Jizera Moun-
tains (Vlasáková-Matoušková, Hůnová  2015), 
where the findings showed up  to  55% of  sympto-
matic quadrats targeting Fagus sylvatica. Manzini 
et  al.  (2023) evaluated even up  to  100% of  symp-
tomatic quadrats focused on Fagus sylvatica. How-
ever, these were sites in  the Alpine biome above 
1 000 m, where  both high O3 concentrations and 
conditions suitable for O3 uptake can be expected.

We did not find the dependence of visible foliar 
O3 injury (expressed as a percentage of symptomat-
ic quadrats in LESS plots or a percentage of symp-
tomatic species) on AOT40F. This is consistent with 
many previous studies that did not find a correlation 
between O3 injury and exposure indices or that indi-
cated that O3 exposure was not an accurate predic-
tor of visible foliar O3 injury (Matyssek et al. 2007; 
Hoshika et  al.  2011; Anav et  al.  2019; Araminienė 
et al. 2019; Paoletti et al. 2019). The reasons for the 
occurrence and extent of  visible O3 foliar injury 
must, therefore, be sought not only in O3 concen-
tration levels but also in  meteorological and en-
vironmental conditions on  plots (especially soil 
moisture) that affect stomatal opening and O3 up-
take by vegetation (Araminienė et al. 2019; Bičárová 
et al. 2019; Sicard et al. 2021; Moura et al. 2022).

Sicard et al. (2016) highlighted that the most im-
portant environmental variable affecting visible 
O3 injury in  all tree species was soil water con-
tent, while the annual O3 concentrations had the 
lowest relative importance. Similar findings were 
confirmed by  multiple factorial analyses for 2022 
for our plots when there was a development of vis-
ible foliar O3 injury. Our results show that soil pa-
rameters, as determined by both soil moisture and 
fSW parameters, were less favourable for stomatal 
conductance in 2022. However, the more frequent 
occurrence of visible foliar O3 injury in 2022 con-
firmed that in combination with higher O3 concen-
trations, it was sufficient for its occurrence. Without 
more detailed stomatal flux analysis and POD cal-
culation, we  can only assume that there was not 
enough O3 accumulation in 2021, a year with more 
favourable soil conditions, to cause O3 symptoms. 
This is also suggested by the CHMI (2023b) analysis, 
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which indicates that 2021 had the lowest O3 con-
centrations of the 2012–2022 assessment period.

Other reasons for the relative rareness of  vis-
ible O3 foliar injury in  our plots could be  the 
plant detoxification system or  the natural genetic 
variability within the same species (Matyssek, 
Sandermann 2003; Vollenweider et al. 2003). How-
ever, our considerations are not fully supported 
by  the observations on  plot I140 in  2022, which 
had the  least favourable soil moisture conditions 
(average fsw =  0.54, average soil moisture content 
= 11.2%) but also the greatest vegetation damage. 
An explanation can be found in the study by Moura 
et al. (2022). They highlight a phenomenon where 
drought aggravated the effect of O3 concentrations 
on visible leaf injury on Quercus pubescens leaves, 
which were not protected from severe oxidative 
stress, as  the combination of  O3 and drought al-
tered the activity of the antioxidant system.

In summary, this study suggests that the impact 
of  ground-level O3 on  vegetation was relatively 
less pronounced as  assessed by  the visible foliar 
O3 symptoms. However, the monitoring of O3-in-
duced visible injury represents the initial step 
in  identifying potential health issues within for-
est ecosystems that may require further investiga-
tion (Coulston et al. 2003). Visible foliar O3 injury 
can lead to reduced growth, increased defoliation, 
decreased productivity, and significant conse-
quences at the ecosystem level (Paoletti et al. 2019; 
Manzini et al. 2023).

CONCLUSION

The study presents the results of  the mapping 
of O3 impact on vegetation for two vegetation sea-
sons: 2021 and 2022. In  contrast to  the relatively 
high phytotoxic potential expressed by the AOT40F 
index, visible foliar O3 injury was relatively rare. 
Our results confirm the widely accepted fact that 
the AOT40 exposure index is not an adequate tool 
for assessing the phytotoxic effects of O3 on vegeta-
tion. Addressing this issue requires a  more com-
prehensive approach that integrates the analysis 
of  biologically meaningful visible symptoms and 
environmental conditions.

Results from eight monitored plots show a rele-
vant influence of soil and meteorological conditions 
on  the development and presence of  visible foliar 
symptoms on  leaves of  woody species. The  two 
vegetation seasons evaluated differed significantly 

in soil moisture and O3 levels, leading to different re-
sults in visible foliar symptoms. In agreement with 
many studies, altitude effect on  O3  concentration 
was found, which is often associated with greater 
vegetation damage at higher altitudes where condi-
tions are favourable for stomatal flux.

Visible foliar O3 injury was more common in 2022, 
suggesting that environmental conditions, includ-
ing less favourable soil moisture, together with 
higher O3 concentrations compared to 2021, were 
sufficient to cause injury. The results highlight the 
importance of monitoring and managing O3 pollu-
tion and its effects on vegetation, especially under 
changing climatic conditions, and confirm the need 
to work on POD-based critical levels for O3 in the 
future. In  conclusion, we  advocate that our work 
from real field conditions contributes to forest pro-
tection regulations, which should be based on vis-
ible O3 foliar injury and stomatal flux rather than 
O3 exposure alone.
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