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Ground-level (tropospheric) ozone (O3) is a key 
secondary photochemical pollutant formed 
through complex chain reactions of its precursors, 
originating from both natural and anthropogenic 
sources (Fowler et  al.  2008; Monks et  al.  2015; 

Anav et  al.  2016). O3 concentrations exhibit sig-
nificant temporal and spatial variability, which de-
pends on  numerous factors, including geographic 
location, altitude, season, and synoptic conditions. 
The ideal conditions for the photochemical forma-
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tion of O3 are generally considered to include high 
air temperature, high solar radiation intensity, low 
wind speed, low relative humidity, and the absence 
of  atmospheric precipitation (Finlayson-Pitts, 
Pitts 2000).

Due to  its high reactivity, O3 is  widely recog-
nised as  the most damaging common air pollut-
ant to vegetation, exerting adverse effects on crop 
productivity and forest health (Ashmore 2005; 
Paoletti, Manning 2007; Mills et  al.  2011; Fares 
et  al.  2018). O3-induced injury occurs at  multiple 
biological levels, from cellular and physiological 
processes to whole-plant performance and ecosys-
tem-level responses (Fuhrer 2002; Ainsworth 2016; 
Mills et al. 2018). Plants subjected to O3 stress of-
ten exhibit increased sensitivity to additional abi-
otic and biotic stressors (Langebartels et al. 1998; 
Jones et  al.  2004). Additionally, elevated O3 con-
centrations threaten terrestrial biodiversity and 
ecosystem services (Mills et al. 2018; Agathokleous 
et al. 2020; Reif et al. 2023).

During O3 exposure, oxidative stress triggers 
an  initial oxidative burst in  leaf tissues, leading 
to  damage of  cell membranes, hypersensitive-like 
cell response or accelerated cell senescence, as well 
as  structural modifications of  the cell wall, which 
may manifest externally as visible foliar injury (Pell 
et al. 1997; Vollenweider et al. 2003). Visible foliar 
O3 injury is widely regarded as the earliest indica-
tor of a phytotoxic O3 dose and provides a reliable 
means of assessing O3 impacts over short time pe-
riods under field conditions (Bergmann et al. 1999; 
Schaub et  al.  2013). Importantly, these symptoms 
are considered specific to O3 exposure and are not 
confounded by  other co-occurring stress factors, 
which makes them particularly valuable in  for-
est monitoring programmes (Sicard et  al.  2016a; 
Paoletti et  al.  2019). Recent evidence indicates 
that trees exhibiting visible O3 injury tend to show 
greater crown defoliation and reduced annual ra-
dial growth compared to  asymptomatic individu-
als (Paoletti et al. 2019). Moreover, evidence from 
free-air controlled O3 exposure experiments dem-
onstrates a  clear relationship between the occur-
rence of  visible foliar O3 injury and reductions 
in  total tree biomass (Paoletti et al. 2022). Visible 
foliar O3 injury, systematically recorded in  large-
scale forest surveys, represents a good forest health 
indicator of  tree responses to  ambient O3 under 
field conditions. This type of injury provides a rap-
id and cost-effective signal of O3 stress, enables ear-

ly identification of potentially affected stands, and 
serves as  a  first-step tool for assessing O3-related 
forest health risks, thereby guiding the need for 
more detailed research (Coulston et al. 2003; Pao-
letti et al. 2019; Sicard et al. 2021).

Nevertheless, species, genotypes, canopy po-
sition, nutrient status, stomatal regulation, an-
tioxidant capacity and phenology can modulate 
symptom expression, and identical O3 exposures 
may not lead to comparable visible foliar O3 inju-
ry across sites or species (Manning, Godzik 2004; 
Emberson et  al.  2000; Dumont et  al.  2013; 
Sicard et  al.  2016b; Agathokleous et  al.  2019; 
Bičárová et al. 2020; Lukasová et al. 2025). Conif-
erous and broadleaved tree species namely differ 
in  a  range of  structural and functional traits, in-
cluding leaf anatomy (Huttunen, Manninen 2013; 
Zhang et al. 2020), stomatal conductance (Medlyn 
et al. 2001), leaf or needle longevity, metabolic rate 
(Withington et  al.  2006), or  antioxidant capacity 
(Burkey et  al.  2000). Consequently, broadleaved 
species may be more sensitive to the effects of O3 
than coniferous species, at  least in the short term 
(Skärby et al. 1998; Karlsson et al. 2025; Bergmann 
et al. 2017; Marra et al. 2025). Recent studies from 
mountainous regions of  Central Europe highlight 
that O3 sensitivity among coniferous species can 
vary substantially depending on  species-specific 
traits and local environmental conditions (Bičárová 
et al. 2020; Lukasová et al. 2025).

Currently, European Directives 2008/50/EC 
(EC 2008) and 2024/2881/EU (EU 2024) use the ac-
cumulated O3 exposure over a threshold of 40 ppb 
(AOT40) as  an  indicator to  protect vegetation 
against the adverse impacts of  O3. In  the Czech 
Republic, AOT40 values across forested areas 
exceeded the critical level (CL) for forest protec-
tion throughout the period 2000–2015, with only 
a  minor exception in  2009, indicating persistent 
exceedances over the entire study period (Hůnová 
et  al.  2019). However, this concentration-based 
approach does not reflect the actual dose of  O3 
absorbed by plants, as it does not account for sto-
matal uptake and factors controlling stomatal con-
ductance (Anav et  al.  2016). As  a  result, AOT40 
may overestimate or  underestimate the impacts 
of O3, depending on the prevailing meteorological 
conditions and the vegetation physiological status.

Considering the limitations of  concentration-
based metrics, a  growing body of  evidence has 
demonstrated that the impacts of O3 on vegetation 

https://jfs.agriculturejournals.cz/
https://doi.org/10.17221/24/2026-JFS


215

Journal of Forest Science, 72, 2026 (5): 213–235	 Original Paper

https://doi.org/10.17221/24/2026-JFS

are more related to the stomatal O3 flux absorbed 
through the stomata than to  O3 concentrations 
alone, as only O3 molecules entering the leaf inte-
rior are phytotoxic (Musselman, Massman 1999; 
Nussbaum et al. 2003; Matyssek et al. 2007; Fares 
et al. 2010). The stomatal flux framework accounts 
for key drivers of stomatal conductance, including 
phenology, air temperature, soil moisture, vapour 
pressure deficit, and solar radiation (Emberson 
et al. 2000). As a result, flux-based metrics explain 
why high O3 concentrations may not lead to injury 
when stomata are closed under unfavourable con-
ditions (Paoletti 2006; Ronan et al. 2020), while rel-
atively low concentrations may still cause damage 
when stomata are open under favourable environ-
mental conditions (Matyssek et al. 2007; Karlsson 
et al. 2017).

Reflecting this scientific consensus, POD-
based CLs have been adopted within the Conven-
tion on Long-Range Transboundary Air Pollution 
(CLRTAP) as a more biologically meaningful basis 
for O3 risk assessment, and a flux-based approach 
is  being considered as  the basis for future for-
est protection standards (Mills et  al.  2011; CLR-
TAP  2017). Current European policy frameworks 
already recommend ecosystem monitoring based 
on O3 fluxes and visible foliar O3 injury (EU 2016, 
2019), supporting a transition towards a biological-
ly sound, stomatal flux-based standard – the phy-
totoxic O3 dose over a threshold Y (PODY). Future 
studies on  O3 impacts on  vegetation and related 
economic losses should move beyond concentra-
tion-based metrics and incorporate flux-based ap-
proaches (Ronan et al. 2020).

Previous studies in the Czech Republic have re-
ported exceedances of  critical levels (CL) based 
on  stomatal O₃ flux metrics for both P. abies and 
F. sylvatica (Zapletal et al. 2012, 2018; Vlasáková-
Matoušková, Hůnová 2015). Therefore, the present 
study aimed to evaluate the impacts of O3 on field-
based forest stands in the Czech Republic by com-
bining the assessment of  visible foliar O3 injury 
with both the legislatively established concentra-
tion-based AOT40 index and the recommended, 
biologically meaningful flux-based POD1 metric. 
The  study is  focused on  European beech (Fagus 
sylvatica L.) and Norway spruce [Picea abies (L.) 
Karst.], two key tree species of Czech forests. Ac-
cording to National Forest Inventory data, P. abies 
is  the dominant tree species, accounting for 45% 
of  the forest area, while the share of  F. sylvatica 

in Czech forests is approximately 10% (MoA 2025). 
Moreover, F. sylvatica plays a  unique role in  for-
est ecosystems and is  considered an  ecologically 
important mixed-forest species, contributing sub-
stantially to  forest stability, resilience, and biodi-
versity (Smidt, Herman 2004; Vacek, Balcar 2004; 
Vacek et al. 2025). The specific objectives were:
(i) to assess the phytotoxic potential of O3 on native 

tree species using commonly applied O3 expo-
sure indices (AOT40 and POD₁);

(ii) to  determine the limitation of  stomatal flux 
due to local environmental conditions;

(iii) to examine the relationship between O3 met-
rics (AOT40 and POD1) and the occurrence 
of visible O3 foliar injury;

(iv) to assess which metric better reflects O3 phyto-
toxicity in the Czech Republic.

MATERIAL AND METHODS

Monitoring plots. Eight plots of  intensive for-
est monitoring established within the Interna-
tional Co-operative Programme on  Assessment 
and Monitoring of Air Pollution Effects on Forests 
(ICP Forests) were selected in  different regions 
of  the Czech Republic at  altitudes ranging from 
350  to 1  300 m above sea level (a.s.l.) (Figure  1, 
Table 1). These plots are suitable for our study be-
cause of  the possibility of  assessing visible foliar 
O3 injury on  a  light-exposed forest edge at  a  dis-
tance of  no  more than 500 m from the monitor-
ing plot. 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 
was paid to the European beech (F. sylvatica) and 
the Norway spruce (P. abies).

Meteorological and soil moisture input data. 
The meteorological and soil moisture data required 
to calculate POD1 and to assess the environmental 
effects on O3 uptake were obtained from numeri-
cal models. Meteorological data [air temperature 
(Temp), relative air humidity (RAH), surface solar 
radiation downward (SSRD), atmospheric pressure, 
and friction velocity] were taken from the ALADIN 
model (Termonia et  al.  2018), which is  routinely 
operated by  the Czech Hydrometeorological In-
stitute (CHMI). The  variables were available with 
a spatial resolution of 1 h and a temporal resolution 
of 2.3 km × 2.3 km.

Soil moisture data were obtained from the EC-
MWF ERA5-Land meteorological reanalysis (Mu-
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ñoz-Sabater 2019). The  variable volume of  water 
in  the soil layer [expressed as m3 of water per m3 
of  ground (m3·m−3)] was used to  represent soil 
moisture in specific soil layers. For F. sylvatica, the 
volume of  water in  soil layer 3 (28–100 cm) was 
applied, whereas for P. abies, the volume of  wa-
ter in soil layer 2 (7–28 cm) was used. The choice 
of soil layers followed the recommendations of the 
Forestry and Game Management Research Institute 

(Novotný, personal communication, February  2, 
2022) and was further supported by  the findings 
of  Kodrík and Kodrík (2002), Schmid (2002), and 
Oravcová and Vido (2022). The temporal resolution 
was 1 h and the spatial resolution was 0.1° × 0.1°. 
The  wilting point and field capacity were consid-
ered temporally constant and were obtained from 
the JRC soil database (JRC 2016) with a horizontal 
resolution of 2 km × 2 km.

Table 1. Basic characteristics of the evaluated plots

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

B151 Mísečky 50°43'48''N 15°33'00''E 940
I140 Želivka 49°40'12''N 15°13'48''E 440
Q103 Všeteč 49°13'12''N 14°18'36''E 615
Q163 Lásenice 49°01'48''N 14°58'48''E 595
Q251 Luisino údolí 50°17'24''N 16°23'24''E 940
Q361 Medlovice 49°04'12''N 17°16'48''E 350
Q401 Klepačka 49°27'00''N 18°23'24''E 650
Q521 Lazy 50°03'00''N 12°37'48''E 875

Figure 1. The location of the experimental plots

monitoring plots

© ČÚZKkm
0 50 100

altitude (m a.s.l.)
1 596

39

https://jfs.agriculturejournals.cz/
https://doi.org/10.17221/24/2026-JFS


217

Journal of Forest Science, 72, 2026 (5): 213–235	 Original Paper

https://doi.org/10.17221/24/2026-JFS

O3 concentrations. Hourly O3 concentrations 
at individual plots at a height of 2 m (O3_2m) were 
extracted from gridded model values. These values 
were derived by combining measured O3 concen-
trations, the chemical transport model, and ad-
ditional auxiliary data (altitude and the five-year 
mean gridded O3 concentrations). These datasets 
were combined using a  linear regression mod-
el, followed by  kriging of  the residuals obtained 
from this model (for more details, see Horálek 
et  al.  2025). Hourly measured O3 concentrations 
were obtained from the Air Quality Informa-
tion System database, operated by the CHMI, for 
27 stations classified as rural background sites (au-
tomated monitoring stations that are part of  the 
National Air Quality Monitoring Network oper-
ated by the CHMI). For the purpose of spatial in-
terpolation, outputs from the chemical transport 
model CAMx (2.3 km ×  2.3 km resolution; Ram-
boll US Consulting 2018), in  the configuration 
routinely used for annual air quality assessments 
by the CHMI, were applied.

The hourly O3 concentration at  the top of  the 
canopy (O3_canopy) was then estimated using the tab-
ulated O3 vertical gradients recommended by CLR-
TAP (2024), according to Equation (1):

( )
( )

1
3_canopy 3_2m

m
O O

g z
g z

= ×  	 (1)

where:
O3_canopy 	– the O3 concentration at the canopy top (ppb);
O3_2m 		  – the O3 concentration at the reference height 
		      zm (2 m; ppb);
g(z₁) 		  – the O3 gradient factor for canopy height  
		      (equal to 1 for trees with a height of 20 m);
g(zm) 		  – the O3 gradient factor for the measurement 
		     height (equal to  0.95 for O3 concentration 
		      measured at 2 m).

Calculation of  AOT40F. AOT40F was calcu-
lated from hourly O3_canopy concentrations at a par-
ticular plot for the vegetation season. Considering 
the usual leaf unfolding and autumn leaf colour-
ing  time of  F. sylvatica, the onset of  current year 
needles of P. abies, and the mean day when the sur-
vey of  symptoms was carried out, the evaluation 
period was set from 15 May to 15 September of the 
respective year. AOT40F (expressed in  ppm·h) 
was calculated as  the sum of  the difference be-
tween hourly concentrations greater than 40 ppb 

and 40 ppb over a given period using only the 1-h 
values of  O3_canopy concentration during daylight 
hours (when SSRD exceeds 50 W·m−2). The  CL 
of AOT40F is set at 5 ppm·h (CLRTAP 2024).

Calculation of PODY. PODY was calculated fol-
lowing the methodology described in the most re-
cent revision of the Manual on Methodologies and 
Criteria for Modelling and Mapping Critical Loads 
and Levels and Air Pollution Effects, Risks, and 
Trends (CLRTAP 2024; originally CLRTAP 2017). 
The  formulation of  the stomatal flux model and 
POD calculation remains unchanged compared 
to the previous version, while the 2024 update pri-
marily reflects editorial consolidation. The  time 
span was the same as  for AOT40F, that is, from 
15 May to 15 September of the respective year.

The basis for the PODY calculation is  the esti-
mation of  the instantaneous stomatal conduct-
ance (gsto) for each hour H, defined as  shown 
by Equation (2):

gsto = gmax × fphen × flight ×  
× max [fmin, (ftemp × fVPD × fSW)]	 (2)

where:
gsto 		     – actual stomatal O3 conductance  
		               (mmol O3·m−2 PLA·s−1);
gmax 		      – species-specific maximum stomatal 
		                  O3 conductance (mmol O3·m−2 PLA·s−1);
fphen 		            –  phenological development stage; 
fmin 		        – minimum relative stomatal conduct- 
		               ance during daylight.

The functions ftemp, fVPD, fSW, and flight represent 
the relative effects of temperature, vapour pressure 
deficit, soil water content, and SSRD on  stomatal 
behaviour. These f-values are expressed as relative 
functions (values between 0 and 1) representing the 
fraction of gmax under specific environmental con-
ditions. Their functional forms were applied fol-
lowing the algorithms reported in Chapter 3 of the 
mapping manual (CLRTAP 2024). All  parameters 
required to calculate PODY were adopted from the 
methodology and its species-specific parameterisa-
tion (Table 2) presented in CLRTAP (2024).

The only modification concerned the calculation 
of fSW, which was replaced by fSMI (the soil moisture 
index), taking values between 0 and 1 as a propor-
tion of gmax (with 0 for soil moisture at or below 
the wilting point). The basic Equation (3) used for 
fSW resp. fSMI is: 
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fSMI = 0			   for SMI ≤ 0

fSMI = SMI/SMIt 		 for 0 < SMI ≤ SMIt

fSMI = 1			   for SMI > SMIt

when  			   –
–

SWLL PWPSMI
FC PWP

=       

 (3)
 

where:
SMIt 		  – threshold SMI, set to 0.5, above which stoma- 
		      tal conductance is at a maximum;
SWLL 		 – soil moisture (m3·m−3);
PWP 		  – permanent wilting point (m3·m−3); 
FC 		  – field capacity (m3·m−3).

The EMEP methodology (Simpson et  al.  2012; 
CLRTAP 2020) was used to determine fSMI. The SMI 
has an  advantage over volumetric methods be-
cause it is less sensitive to local soil characteristics; 
thus, it is easier to interpolate across different veg-
etation types and grids (Simpson et al. 2012). Using 
fSMI offers a  more practical and robust alterna-
tive for representing soil moisture stress in  large-
scale modelling (CLRTAP 2020). This approach 
to  calculate fSMI is  also called the plant available 
water (PAW) approach, as  highlighted by  Büker 
et al. (2012).

Then, the hourly stomatal O3 flux was calculated 
according to Equation (4):

c
sto 3_canopy sto

b c
O

r
F g

r r
= × ×

+  	 (4)

where:
O3_canopy  – the O3 concentration at the canopy top (after  
		      unit conversion: nmol·m−3);
gsto 		  – actual stomatal O3 conductance (after unit 
		      conversion: m·s−1);
rb 		  – quasi-laminar resistance (s·m−1);
rc 		  – leaf surface resistance (s·m−1).

Hourly averaged stomatal O3 fluxes (Fsto) exceed-
ing threshold Y, expressed in  nmol·m–2 PLA·s−1, 
are summed over a  species- or  vegetation-spe-
cific accumulation period to  obtain PODY, using 
Equation (5):

( )sto,1
max – , 0

n
Y ii

POD F Y t
=

= ×∆∑
 	

(5)

where:
Y 	 – the threshold value, subtracted from each 
		   hourly Fsto (nmol·m–2 PLA·s–1) value only when 
		   Fsto > Y, and only during daylight hours defined 
		   as periods when SSRD exceeds 50 W·m−2; 
n 	 – number of hours included in the calculation;
Δt 	 = 1 h;
i 	 – the summation index that represents all hourly 
		  time steps within the accumulation period that 
		  meet these conditions.

For trees, threshold Y (representing the thresh-
old below which it  is  assumed that any O3 mole-
cule absorbed by the plant will be detoxified; Mills 
et  al.  2011) was set to  1  nmol·m−2 PLA·s−1. Thus, 
POD1 (mmol·m−2 PLA) represents the accumu-
lated stomatal O3 uptake above this threshold. 
When the calculated POD1 exceeds the flux-based 
CL, the difference defines the critical level exceed-
ance (CLexceedance), see Equation (6):

CLexceedance = POD1 – critical level	 (6)

where:
POD1 		 – phytotoxic ozone dose above a flux threshold 
		      of 1 nmol O3 m−2·s−1 per leaf area.

The CL for F. sylvatica was set at 5.2 mmol·m−2 PLA 
(potential effect at  this CL is  a  4% annual reduc-
tion of the whole tree biomass). The CL for P. abies 
was set be  to  9.2 mmol·m−2 PLA (potential ef-

Table  2. Summary of  the parameters in  the stomatal conductance model for Fagus sylvatica and Picea abies 
(CLRTAP 2024)

Tree species gmax
(mmol O3·m−2 PLA·s−1)

fmin
(fraction) lighta

Tmin
(°C)

Topt
(°C)

Tmax
(°C)

VPDmax
(kPa)

VPDmin
(kPa)

Fagus sylvatica 155 0.13 0.006 5 16 33 1.0 3.1
Picea abies 130 0.16 0.010 0 14 35 0.5 3.0

gmax – maximum stomatal O3 conductance; fmin – minimum stomatal conductance; lighta – determines the relationship 
of stomatal response to light; Tmax, Topt, and Tmin – maximum, optimum, and minimum temperature, respectively; VPDmin 
and VPDmax – VPD where gsto is at its minimum and maximum, respectively
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fect at  this CL is  a  2 % annual reduction of  the 
whole tree biomass). The  date of  the exceedance 
of  the CL was also determined for each plot and 
vegetation season.

Data processing and harmonisation to  calculate 
O3 indices. All variables were initially modelled for 
the entire territory of the Czech Republic. The re-
sulting data were subsequently processed and har-
monised on  a  common computational grid with 
a  spatial resolution of 1 km × 1 km, which served 
as the input domain to calculate POD1. For each ex-
perimental plot, hourly values of the relevant vari-
ables (O3_canopy; POD1; air temperature; RAH; SSRD; 
soil moisture; and the stomatal response functions 
ftemp, fVPD, fSMI, flight, and gsto) were extracted from 
the 1 × 1 km grid cell corresponding to the plot lo-
cation and used in further analyses.

Assessment of  visible foliar O3 injury. 
The  method of  symptom assessment has been 
described in  detail (see part VIII 'Assessment 
of  O3  injury', Schaub et  al.  2020). The  assess-
ment  was performed on  light-exposed sampling 
site (LESS) plots. These plots were exposed to full 
sunshine on  an  open  plot area (i.e.  forest edges), 
preferably with south or  south-west exposure. 
Each LESS plot was divided into non-overlapping 
quadrats (2 m × 1 m), and quadrats were random-
ly selected (the number depended on  the length 
of the LESS plot).

Subsequently, the visible foliar O3 injury of F. syl-
vatica and P. abies was assessed on each LESS plot. 
From the randomly selected quadrats, only those 
containing F. sylvatica or P. abies were considered. 
The  number of  quadrats with visible foliar O3 in-
jury on F. sylvatica or P. abies was recorded. Then, 
the relative frequency of  visible foliar O3 injury 
[Equation (7) below] was calculated for each spe-
cies (Manzini et  al.  2023). Visible foliar O3 injury 
was assessed on  fully developed leaves exposed 
to full sunlight.

O3 foliar symptoms were assessed by  two well-
trained observers who regularly participate in  the 
Field Ozone Intercalibration Course organised 
by  ICP Forests. Several comparative documents 
were used to confirm the O3 effect (Innes et al. 2001; 
Novotný et al. 2009; Carrari et al. 2020) to exclude 
ambiguous symptoms caused by, for example, 

fungal disease or heat stress (Novotný et al. 2009; 
Schaub et al. 2020).

Statistical analysis. Statistical analyses were con-
ducted using the R software environment (R Core 
Team 2024). The  dataset comprised 18  groups 
of  variables (e.g.  meteorological, environmental, 
and physiological parameters, and O3  indices), 
each consisting of  three time points correspond-
ing to the 2021, 2022, and 2023 vegetation seasons. 
Due to the small number of observations (n = 8 per 
group) and the repeated-measures design (same lo-
cation measured in all three years), data normality 
was not formally tested, and non-parametric meth-
ods were applied. For all analyses, P < 0.05 was con-
sidered to indicate a statistically significant result.

Differences among years within each variable 
group were assessed using the Friedman test, 
which accounts for repeated measures. For groups 
where the Friedman test indicated statistically sig-
nificant differences (P  <  0.05), post hoc pairwise 
comparisons were performed using the Wilcoxon 
signed-rank test for paired samples, with Holm's 
correction applied to  adjust for multiple testing. 
An adjusted P-value < 0.05 was considered to indi-
cate a statistically significant result.

Random forest analysis (RFA) is  a  non-para-
metric, tree-based ensemble learning method for 
regression and classification (Breiman 2001) that 
allows the ranking of  predictor variables accord-
ing to  their relative importance in  explaining the 
response variable (Sicard et al. 2020).

In this study, RFA was applied to  assess the 
relative importance of  environmental variables 
in  determining POD1 for F. sylvatica and P. abies 
during the 2021–2023 vegetation seasons. Weekly 
means of environmental variables were calculated 
from hourly data during active daytime periods 
(SSRD > 50 W·m–2). The predictor variables includ-
ed air temperature, soil moisture, RAH, SSRD, and 
the O3_canopy concentration, while the response vari-
able was POD1. To  facilitate comparison between 
sites and years, importance values were normalised 
within each site to a range between 0 and 1, with 
the most influential variable assigned a value of 1 
(Araminienė et al. 2019; Eghdami et al. 2022).

The dependence of  the O3 concentrations, 
AOT40F, and POD1 on  altitude, the depend-

number of LESS quadrats with symptomsSymptomatic quadrats on the LESS (%) 100
total number of LESS quadrats with present   or  Fagus sylvatica Picea abies

= ×
number of LESS quadrats with symptomsSymptomatic quadrats on the LESS (%) 100

total number of LESS quadrats with present   or  Fagus sylvatica Picea abies
= ×

number of LESS quadrats with symptomsSymptomatic quadrats on the LESS (%) 100
total number of LESS quadrats with present   or  Fagus sylvatica Picea abies

= ×
(7)
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ence of visible O3 injury expressed as a percentage 
of  symptomatic quadrats along LESS plots, and 
the percentage of symptomatic species at  the plot 
on  AOT40F were assessed using nonparametric 
Spearman rank correlation analysis.

RESULTS

Meteorological and environmental condi-
tions. Meteorological and environmental vari-
ables showed distinct interannual patterns across 
the study period (Table  3). Air temperature in-
creased significantly between all years, while RAH 
declined significantly from 2021 to  both 2022 
and  2023. In  contrast, the difference between 
2022  and 2023  was not statistically significant. 
Soil moisture exhibited site-specific variability, 
with a  general decline across most plots that was 
particularly pronounced at Q361 and Q521. A sta-
tistically significant decrease was observed only be-
tween 2021 and 2023 for F. sylvatica. SSRD showed 
relatively low interannual variability, with signifi-
cantly higher values in 2023 compared to 2021, but 
no  significant differences between adjacent years. 
Overall, the results indicate a shift towards warmer 
and drier conditions over the study period, with 
2021 representing the coolest and most humid sea-
son and 2023 the warmest and driest.

Meteorological and environmental condi-
tions for stomatal O3 conductance. Plot-level 
evaluation indicated a  higher variability of  mete-
orological and environmental conditions for sto-
matal O3 conductance in 2022 and 2023 compared 
with 2021 (Figures 2, 3). While ftemp and flight values 
exhibited a  relatively constant range across plots, 
with the flight values consistently remaining within 
a narrow range of favourable conditions for stoma-
tal O3 conductance, fSMI and fVPD showed greater 
variability. In particular, fSMI values showed a wide 
range, indicating a  limitation of  stomatal O3 con-
ductance at  some plots, especially for Q361 and 
Q521 in 2022 and 2023.

The ftemp values (seasonal means across plots) 
were significantly higher in 2021 than in 2022 only 
for P. abies. The  fVPD values for both tree species 
significantly decreased from 2021 to  both 2022 
and 2023, with no  significant difference between 
the latter two years. The  fSMI and flight values for 
both tree species did not differ significantly among 
the vegetation seasons, however, fSMI values were 
generally highest in 2021. For F. sylvatica, the gsto Ta
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Figure 2. Box plots of environmental factors – the relative effects of temperature (ftemp), vapour pressure deficit (fVPD), 
soil moisture (fSMI), and surface solar radiation downward (flight) – and the actual stomatal O3 conductance (gsto, 
mmol·m−2 PLA·s−1) for Fagus sylvatica in the 2021, 2022, and 2023 vegetation seasons

Black dots – indication of the means
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Figure 3. Box plots of environmental factors – the relative effects of temperature (ftemp), vapour pressure deficit (fVPD), soil 
moisture (fSMI), and surface solar radiation downward (flight) – and the actual stomatal O3 conductance (mmol·m−2 PLA·s−1) 
for Picea abies in the 2021, 2022, and 2023 vegetation seasons

Black dots – indication of the means
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values differed significantly among all three veg-
etation seasons, with the highest values in  2021. 
A similar pattern was observed for P. abies, where 
gsto showed a significant decline from 2021 to 2023. 
In  summary, the most favourable conditions for 
stomatal O3 conductance for both species were 
observed in  2021, which was reflected in  higher 
gsto values.

RFA. Based on RFA, air temperature, soil mois-
ture, and O3_canopy were identified as  the main 
factors influencing stomatal O3 flux during the pe-

riod of 2021–2023. The relevance of soil moisture 
in  determining stomatal conductance increased 
particularly in 2022 and 2023, especially for plots 
characterised by  the highest variability in  the soil 
water availability (I140, Q103, Q251, Q361, and 
Q521; Figures 2 and 3). In contrast, RAH and SSRD 
showed consistently low relative importance across 
all sites and years (Table 4).

O3 concentrations. Seasonal mean O3 concen-
trations increased gradually over the three-year 
period (Table  5). There was significant interan-

Table 4. Results of random forest analysis – relative importance of environmental variables [air temperature (Temp), 
relative air humidity (RAH), soil moisture, surface solar radiation downward (SSRD), and O3_canopy concentrations] 
for POD1, averaged for the 2021–2023 vegetation seasons

Plot B151 I140 Q103 Q163 Q251 Q361 Q401 Q521
Fagus sylvatica
Temp (°C) 0.5 0.9 0.8 0.9 0.7 0.6 0.7 0.5
SSRD (W⋅m−2) 0.7 0.3 0.3 0.0 0.9 0.3 0.8 0.3
RAH (%) 0.2 0.4 0.3 0.3 0.4 0.2 0.3 0.2
Soil moisture (%) 0.2 0.8 0.7 0.9 0.3 1.0 0.2 0.7
O3 concentration (ppb) 0.6 0.2 0.2 0.3 0.9 0.3 0.9 0.5

Picea abies
Temp (°C) 0.9 1.0 1.0 1.0 0.9 0.5 0.7 0.5
SSRD (W⋅m−2) 0.8 0.2 0.4 0.2 0.3 0.3 0.3 0.1
RAH (%) 0.5 0.6 0.4 0.3 0.1 0.3 0.0 0.4
Soil moisture (%) 0.2 0.3 0.4 0.5 0.8 1.0 0.6 0.8
O3 concentration (ppb) 0.8 0.1 0.2 0.3 0.2 0.3 0.5 0.5

Bold – the main factors influencing stomatal O3 flux during the period of 2021–2023

Table 5. Seasonal O3 concentrations (mean ± standard deviation) and AOT40F and POD1 values for the 2021, 2022, 
and 2023 vegetation season for Fagus sylvatica and Picea abies

Plot
O3  

(ppb)
AOT40F  
(ppm⋅h)

POD1 for beech  
(mmol⋅m−2 PLA)

POD1 for spruce  
(mmol⋅m−2 PLA)

2021 2022 2023 2021 2022 2023 2021 2022 2023 2021 2022 2023
B151 39.0 ± 10.1 42.6 ± 11.6 44.1 ± 10.1 10.7 16.0 17.0 18.0 19.9 21.8 20.9 21.5 23.3
I140 34.5 ± 11.0 36.4 ± 12.5 39.1 ± 11.2 9.3 13.5 15.4 15.6 14.4 12.8 15.0 13.4 10.3
Q103 35.0 ± 10.1 37.1 ± 11.4 39.5 ± 10.6 8.3 12.3 14.9 15.9 15.3 13.3 15.3 14.2 11.0
Q163 35.0 ± 10.3 36.3 ± 11.7 39.0 ± 10.4 8.4 11.6 13.7 16.6 15.8 16.6 15.8 14.7 15.0
Q251 40.1 ± 10.0 43.3 ± 11.6 44.1 ± 10.2 11.4 15.9 16.7 18.1 18.2 19.1 19.7 18.3 18.1
Q361 36.4 ± 11.1 37.9 ± 12.4 38.4 ± 10.9 11.3 14.4 13.4 14.7 4.7 12.9 11.7 5.5 9.9
Q401 38.3 ± 10.4 37.9 ± 11.6 41.1 ± 10.3 11.2 11.7 13.7 19.3 18.0 20.5 19.3 17.6 19.5
Q521 36.6 ± 10.4 41.0 ± 11.2 41.9 ± 10.5 8.8 15.2 16.3 17.7 9.1 13.4 19.1 10.6 10.8

All 36.9 ± 10.6 39.1.0 ± 12 40.9 ± 10.7 9.9 13.8 15.1 17.0 14.4 16.3 17.1 14.5 14.7

O3 – ground-level ozone; AOT40F – accumulated O3 concentration above 40 ppb for forest protection; POD1 –phytotoxic 
ozone dose above a flux threshold of 1 nmol O3 m−2·s−1 per leaf area
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O3_2021 O3_2022 O3_2023 aot40_202 aot40_2022aot40_2023pod1beech pod1beech pod1beech pod1sprucepod1sprucepod1spruce_2023
location altitude 2021 2022 2023 2021 2022 2023 2021 2022 2023 2021 2022 2023
B151 940 39 42.6 44.1 10.7 16 17 18 19.9 21.8 20.9 21.5 23.3
I140 440 34.5 36.4 39.1 9.3 13.5 15.4 15.6 14.4 12.8 15 13.4 10.3
Q103 615 35 37.1 39.5 8.3 12.3 14.9 15.9 15.3 13.3 15.3 14.2 11
Q163 595 35 36.3 39 8.4 11.6 13.7 16.6 15.8 16.6 15.8 14.7 15
Q251 940 40.1 43.3 44.1 11.4 15.9 16.7 18.1 18.2 19.1 19.7 18.3 18.1
Q361 350 36.4 37.9 38.4 11.3 14.4 13.4 14.7 4.7 12.9 11.7 5.5 9.9
Q401 650 38.3 37.9 41.1 11.2 11.7 13.7 19.3 18 20.5 19.3 17.6 19.5
Q521 875 36.6 41 41.9 8.8 15.2 16.3 17.7 9.1 13.4 19.1 10.6 10.8
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nual variability in O3 concentrations. Plots located 
at  higher altitudes (B151, Q251, and Q521) con-
sistently exhibited the highest O3 concentrations. 
There was a significant correlation between O3 con-
centrations and altitude for all three vegetation sea-
sons (Figure 4).

In terms of  seasonal dynamics, monthly mean 
O3 concentrations ranged from 30.0 ppb to 47.9 ppb 
in  2021, from 26.7 ppb to  47.9 ppb in  2022, and 
from 35.3 ppb to 48.8 ppb in 2023. Monthly mean 
concentrations varied considerably throughout 
each vegetation season. In all three years, O3 con-
centrations peaked in  June and July, with a  maxi-
mum monthly mean of 47.9 ppb in 2021 and 2022, 
and 48.8 ppb in  2023. The  lowest monthly means 
were recorded in August or September, depending 
on the year.

AOT40F. At  all sites, the CL of  AOT40F was 
exceeded in  every vegetation season (Figure  5). 
Similarly to  the O3 concentrations, AOT40 in-
creased gradually over the three-year period (Ta-
ble 5). There was significant interannual variability 
in AOT40F. Moreover, there was a significant cor-

relation between AOT40F and altitude for the 2023 
vegetation season (Figure 4).

The average day of  CL exceedance shifted ear-
lier each year: July 5 in  2021 (day 186), June 27 
in 2022 (day 178), and June 24 in 2023 (day 175). 
The magnitude of CL exceedance ranged from 66% 
to 240% at  individual plots during the 2021–2023 
period. Both shifts corresponded with the trend for 
increasing O3 concentrations observed during the 
2021–2023 period.

POD1. At  all sites, the CL of  POD1 for F. syl-
vatica and for P. abies was exceeded every veg-
etation season, except at  Q361 in  2022 (Table  5 
and Figure  5). For  F. sylvatica, four plots reached 
their maximum POD1 in 2021, and the other four 
in 2022. For P. abies, six plots reached their maxi-
mum POD1 in  2021 and two plots in  2023. POD1 
values showed no significant interannual variation, 
with a slight decrease in 2022 and partial recovery 
in 2023 for F. sylvatica, and minor, irregular chang-
es for P. abies, indicating a stronger influence of en-
vironmental conditions than interannual variation 
in O3 concentrations (Table 5). POD1 and altitude 

Figure 4. Relationships between the (A) O3 concentration, (B) AOT40F, and (C) POD1 for Fagus sylvatica, and (D) POD1 
for Picea abies and altitude

Solid lines – statistically significant correlations
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location altitude 2021 2022 2023 2021 2022 2023 2021 2022 2023 2021 2022 2023
B151 940 39 42.6 44.1 10.7 16 17 18 19.9 21.8 20.9 21.5 23.3
I140 440 34.5 36.4 39.1 9.3 13.5 15.4 15.6 14.4 12.8 15 13.4 10.3
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Q163 595 35 36.3 39 8.4 11.6 13.7 16.6 15.8 16.6 15.8 14.7 15
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Figure 5. AOT40F and POD1 at individual plots during the 2021–2023 growing seasons: (A) AOT40F, (B) POD1 for Fagus 
sylvatica, and (C) POD1 for Picea abies

Red line – critical level (CL)

showed a  significant correlation for all three veg-
etation seasons (Figure 4).

For F. sylvatica, the POD1 threshold was typically 
exceeded first, followed by  AOT40. In  contrast, 
for P.  abies, POD1 exceedance was observed after 
AOT40, later in  the season (Figure  6). The  average 
day of CL exceedance for F. sylvatica remained rela-
tively consistent across the three vegetation seasons, 
occurring around mid-June. For P. abies, the average 
day of  CL exceedance was July 25 in  2021, July 30 

in 2022, and August 11 in 2023, showing a tendency 
towards later exceedance in recent years. The mag-
nitude of  CL exceedance varied among the plots 
and years, ranging from 75% to 319% for F. sylvati-
ca and from 8% to 153% for P. abies at individual plots 
during the 2021–2023 period, suggesting a high risk 
of O3-induced damage to forest vegetation.

Visible foliar O3 injury. F. sylvatica showed 
limited visible foliar O3 injury, observed at  four 
plots in 2022 and at three plots in 2023 (Table 6). 
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Figure 6. Exceedance days of O3 critical levels for Fagus sylvatica and Picea abies across the plots and years

Table 6. Symptomatic quadrats on the light-exposed sampling site (LESS) plots in 2021, 2022 and 2023 – Fagus sylvatica

Plot
Forest edge  
with LESS  

(m)

Number of 2 × 1 m quadrats  
(adjusted sample size)

2-m non-overlapping quadrats  
with symptomatic Fagus sylvatica (%)

in total with  
Fagus sylvatica 2021 2022 2023

B151 140 33 3 0 0 0
I140 40 17 17 0 12 18
Q103 120 33 12 0 0 0
Q163 165 33 33 0 9 9
Q251 165 33 10 0 30 50
Q361 60 23 6 0 0 0
Q401 50 20 10 0 20 30
Q521 100 33 8 0 0 0

For  P.  abies, when assessing the needles from the 
current year, there was no  visible foliar O3 injury 
for any of  the observation years (2021–2023). 
The response of visible foliar O3 injury, expressed 
as the percentage of symptomatic quadrats (i.e. vis-
ible foliar O3 injury observed on F. sylvatica leaves), 
to  O3 metrics (AOT40 and POD1) was analysed 
for individual vegetation seasons 2021–2023 and 

for the means across all sites and years (Figure 7). 
There were no  statistically significant correla-
tions between the O3 metrics and the occurrence 
of visible foliar injury on F. sylvatica. However, the 
graphical pattern suggests a slightly stronger posi-
tive association between visible foliar O3 injury and 
POD1 compared with AOT40, for which there was 
no clear relationship (Figure 7).
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Figure 7. Relationships between mean O3 indices and visible foliar injury in Fagus sylvatica: (A, C, E) AOT40 and (B, D, F) POD1

Panels represent the 2022 (A, B) and 2023 (C, D) symptomatic vegetation seasons and the multi-year average for 2021–2023 
(E, F); visible injury is expressed as average percentage of symptomatic quadrats

DISCUSSION

O3 concentrations and O3 metrics in a Central Eu-
ropean context. The  seasonal mean O3 concentra-
tions observed across our sites (36.9 ppb, 39.1 ppb, 
and 40.9 ppb) fall well within the range reported 
in previous Central European studies. For example, 
similar values (41.1 ppb, 36.0 ppb, and 36.8 ppb for 
the 2006, 2007, and 2008 vegetation seasons, respec-
tively) were reported from the Jizerské hory  Mts. 
(Hůnová et  al.  2011; Vlasáková-Matoušková, 
Hůnová 2015), consistent with the interannual varia-
bility observed at our plots. Bičárová et al. (2016) re-
ported a broader range (30.9 ppb to 44.1 ppb) during 
the 2014 vegetation season at higher–elevation sites 
(810–1 778 m a.s.l.) compared to our highest plot.

Similarly, the AOT40F values from the present 
study (9.9 ppm·h, 13.8 ppm·h, and 15.1 ppm·h) fall 
within the range reported for European forest envi-
ronments. Bičárová et al. (2016) documented an alti-
tudinal gradient in the High Tatra Mts. from 6.2 ppm·h 
at 810 m a.s.l. to 10.7 ppm·h at 1 778 m a.s.l., while 
lower values (9.3 ppm·h) were reported from 
Lithuanian forests, representing a  cooler climate 
(Araminienė et  al.  2019). Across Europe, AOT40 
shows substantial spatial variability, ranging from 
< 7 ppm·h to 24 ppm·h (Paoletti et al. 2019). 

For F. sylvatica, the mean POD1 across the plots 
was 17.0 mmol·m−2 PLA, 14.4 mmol·m−2  PLA, 
and 16.3 mmol·m−2 PLA. These values fall within 
ranges reported for temperate European forests, 
including 12.6–28.8 mmol·m−2 PLA at  lower-el-
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evation German sites (390–690 m a.s.l.; Eghdami 
et  al.  2022). For  P.  abies, the mean POD1 values 
(17.1 mmol·m−2 PLA, 14.5 mmol·m−2 PLA, and 
14.7 mmol·m−2 PLA) also fall within published 
ranges. Comparable values were reported in  the 
High Tatra Mts. (13.6–16.2 mmol·m−2 PLA; 
Bičárová et  al.  2016), for Bílý Kříž in  the Czech 
Republic (15.6 mmol·m−2 PLA at  908 m a.s.l.; Za-
pletal et al. 2018), and for western Germany (12.7–
29.7 mmol·m−2 PLA; Eghdami et al. 2022). Overall, 
the POD1 values indicate that stomatal O3 uptake 
in  the observed plots reflects typical regional 
conditions for both broadleaved and coniferous 
forest stands.

Temporal and spatial variability of O3 metrics. 
The  seasonal mean O3 concentrations increased 
significantly over the study period, consistent with 
rising air temperature promoting photochemi-
cal O3 formation (Seinfeld, Pandis 2006; Coates 
et  al.  2016), and AOT40F showed a  similar in-
crease. In contrast, POD1 did not exhibit significant 
interannual trends for either species, highlighting 
that flux-based metrics respond primarily to  en-
vironmental controls on  stomatal conductance 
rather than to  O3 concentrations alone. This pat-
tern is  consistent with long-term studies, when 
divergent trends between AOT40 and POD1 have 
been observed. For example, De Marco et al. (2019) 
found a decrease in O3 concentrations and AOT40, 
while POD1 showed no significant trend. Similarly, 
Araminienė et  al.  (2019) reported a  decline in  O3 
and AOT40, while POD1 increased due to  en-
hanced stomatal O3 uptake under favourable cli-
matic conditions.

This divergence is further reflected in the timing 
of critical level (CL) exceedances. At all plots, the 
CLs for both AOT40F and POD1 were exceeded 
in every vegetation season except for Q361 in 2022. 
For  AOT40F, there was a  gradual shift towards 
earlier exceedance dates, indicating increasing 
O3 exposure from the 2021 to the 2023 vegetation 
season. This pattern is consistent with the findings 
of Bičárová et al. (2016), who also reported the ear-
liest exceedance of concentration-based CL occur-
ring in June.

For F. sylvatica, the POD1 CL was exceeded 
in  mid-June, compared to  mid-May to  early June 
reported by Eghdami et al. (2022). Together, these 
results indicate that the POD1 CL is exceeded with-
in a  relatively narrow time window. For  P.  abies, 
exceedance of  the POD1 CL occurred later, pre-

dominantly in  July and August, sometimes ex-
tending into September; this is  partly consistent 
with early July exceedance observed by  Bičárová 
et  al.  (2016). In  contrast, Eghdami et  al.  (2022) 
reported POD1 CL exceedance for P. abies be-
tween mid-May and late June. The different timing 
of CL exceedance for AOT40F and POD1 confirms 
that flux-based metrics respond more sensitively 
to  actual environmental conditions than concen-
tration-based metrics, whereas AOT40F essentially 
reflects the temporal pattern of O3 concentrations. 
Consequently, high POD1 values can occur even 
where O3 concentrations are moderate, but an op-
timal combination of mild temperatures and no wa-
ter stress is present (Anav et al. 2022). This is also 
evident at our plots, where the highest POD1 values 
were observed at plots B151 and Q401, which expe-
rienced the most favourable conditions for stoma-
tal conductance.

A  similar divergence was evident in  the spa-
tial (altitudinal) patterns. Both O₃ concentra-
tions and POD1 increased with altitude, reflecting 
higher O₃  levels and conditions favouring stoma-
tal openness (Wieser et al. 2000; Díaz-de-Quijano 
et  al.  2009; Brodin et  al.  2010; Burley, Bytnerow-
icz 2011; Dalstein, Ciriani 2019; Bičárová et al. 2019; 
Eghdami et al. 2022). In contrast, AOT40F showed 
a  significant altitudinal increase only in  the year 
with the highest O3 concentrations, supporting cri-
tiques that AOT40 is not a suitable metric for veg-
etation risk assessment, as even O3 concentrations 
below 40 ppb can be harmful to plants (Matyssek 
et al. 2004; Nunn et al. 2005).

Relationships between POD1 and environmen-
tal variables. RFA revealed that air temperature, 
soil moisture, and the O3 concentration were the 
dominant regulators of stomatal O3 uptake at our 
plots. This finding is  in  agreement with previ-
ous research demonstrating that soil moisture 
and temperature are key environmental controls 
on stomatal conductance and on O3 fluxes. For ex-
ample, Anav et al. (2016, 2022) showed that the soil 
water availability is  the most important limiting 
factor for stomatal O3 fluxes across Europe. Similar 
patterns were reported by Araminienė et al. (2019) 
and Sicard et al.  (2020) who identified these vari-
ables as  major predictors of  visible O3 injury and 
crown condition. Further, soil water stress reduces 
stomatal conductance and O3 uptake, while stoma-
tal sluggishness under drought may sometimes in-
tensify O3 effects (Eghdami et al. 2022).
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Visible foliar O3 injury in Fagus sylvatica. In 2022 
and 2023, F. sylvatica exhibited visible foliar O3 inju-
ry at four plots (I140, Q163, Q251, and Q401), with 
symptomatic quadrats ranging from 9% to  50%. 
For  broadleaved species, Sicard et  al.  (2020) pro-
posed a flux-based threshold of 12 mmol·m−2 POD1 
for the onset of  visible O3 injury (CLvis). In  the 
present study, symptoms in  F. sylvatica appeared 
at  12.8–20.5 mmol·m−2, although no  injury was 
detected in  2021 despite CLvis exceedance at  all 
plots. Similarly, some plots in 2022–2023 exceeded 
CLvis without developing symptoms. This pattern 
aligns  with reports from other European regions. 
Sicard et al. (2020) documented both sites with neg-
ligible or absent symptoms at relatively high POD1 
(up to 19.5 mmol·m–2) and sites with clear and bio-
logically significant injury. This variability parallels 
our findings: visible foliar O3 injury in F. sylvatica 
emerged at  some sites and years but not others, 
even under comparable levels of O3 exposure.

The results from the present study correspond 
to those reported for cooler or temperate regions. 
Araminienė et al. (2019) reported low visible foliar 
O3 injury (0–1%) in  Lithuanian forests at  an  av-
erage POD1 of  approximately 8 mmol·m–2. In  the 
Jizerské hory Mts. (Czech Republic), Vlasáková-
Matoušková and Hůnová (2015) found visible fo-
liar O3 injury at five of six plots, with symptomatic 
quadrats ranging from 11% to 56%, closely reflect-
ing the ranges observed in  our study. Similarly, 
Koltay (2025) noted that F. sylvatica and other sen-
sitive species exhibited O3 symptoms, the overall 
O3 damage in Hungary remains low. A higher fre-
quency of  injuries has been reported in  southern 
or high-altitude areas, where damage can be  sub-
stantial, with symptomatic quadrats approached 
100% (Manzini et al. 2023).

Visible foliar O3 injury in  F. sylvatica appeared 
mainly at  plots with the highest POD1 values 
(Q163, Q251, and Q401), whereas this pattern was 
not reflected in AOT40F, with some symptomatic 
plots (e.g., I140, Q163, and Q401) reaching the 
lowest AOT40F values. This supports earlier find-
ings showing that visible O3 injury correlates more 
strongly with flux-based than concentration-based 
metrics (Sicard et al. 2016a; Araminienė et al. 2019; 
Hoshika et  al.  2020; Manzini et  al.  2023; Viviano 
et al. 2025).

In the present study, however, there was no sig-
nificant correlation between POD1 and visible 
foliar O3 injury, either for individual vegetation 

seasons or when averaged across all three seasons. 
No relationship was observed even when applying 
the approach used by Sicard et al. (2016a) – that is, 
correlating AOT40 or POD with visible O3  injury 
after joining all data from all sites and years (data 
not shown). Nevertheless, the graphical patterns 
indicate a slightly stronger positive association be-
tween visible injury and POD1 than with AOT40F. 
Thus, although the results from this study do not 
reproduce the significant flux–injury relation-
ships reported in previous studies, which consist-
ently found stronger flux–injury associations and 
weak or absent relationships for AOT40 (Hoshika 
et al. 2020; Sicard et al. 2021; Manzini et al. 2023; 
Marra et  al.  2025; Viviano et  al.  2025), they still 
provide an indication that POD may better reflect 
injury risk than AOT40. This discrepancy is  likely 
due to the limited dataset (n = 24) and the high pro-
portion of zero-injury observations (n = 16), which 
reduced the statistical power.

Visible foliar O3 injury in Picea abies. Across all 
plots, P. abies exhibited no visible foliar O3 injury 
on  current-year needles, even though POD1 ex-
ceeded a flux-based CL for the onset of visible O₃ 
injury (CLvis) of  5 mmol·m–2 for conifer species 
(Sicard et al. 2016a). This pattern is consistent with 
earlier studies describing P. abies as an O3-tolerant 
species (Nunn et al. 2002; Sicard et al. 2016a) and 
with regional findings in which conifers exhibited 
visible foliar O3 injury only very rarely across sever-
al years of observation (Manzini et al. 2023). There-
fore, the lack of  symptoms likely reflects strong 
physiological protection rather than the absence 
of  phytotoxic exposure. One contributing mecha-
nism may be drought-induced stomatal regulation. 
As  an  isohydric 'drought avoider', P. abies rapidly 
closes its stomata under declining soil moisture 
or elevated VPD, thereby reducing O3 flux (Agyei 
2020). This is  consistent with the findings from 
plots Q521 and Q361, where the least favourable 
soil-moisture conditions during 2022–2023 coin-
cided with the lowest POD1 values in the dataset.

CONCLUSION

This study presents a  three-year (2021–2023) 
assessment of  O3 exposure and stomatal O3 flux 
in forest stands across eight monitoring plots in the 
Czech Republic. The analysis was based on a com-
bination of  modelled and measured data, includ-
ing gridded O3 concentrations derived from 

https://jfs.agriculturejournals.cz/
https://doi.org/10.17221/24/2026-JFS


230

Original Paper	 Journal of Forest Science, 72, 2026 (5): 213–235

https://doi.org/10.17221/24/2026-JFS

chemical transport modelling and measured con-
centrations by  interpolation techniques, as  well 
as  meteorological and soil moisture inputs ob-
tained from numerical models. By combining these 
modelled inputs with  O3 metric calculations and 
a survey of visible foliar O3 injury in two ecological-
ly important tree species, F. sylvatica and P. abies, 
this study provides a  comprehensive overview 
of  interannual patterns in O3 phytotoxic potential 
expressed by both AOT40F and POD1.

The CL for the exposure-based AOT40F index 
was set at  5 ppm·h. For  flux-based assessment, 
the CL of POD1 was defined as 5.2 mmol·m–2 PLA 
for F. sylvatica and 9.2 mmol·m–2 PLA for P. abies 
(CLRTAP 2024). In  addition, Sicard et  al.  (2020) 
proposed a CLvis of 12 mmol·m–2 POD1 for broad-
leaved species and 5 mmol·m–2 POD1 for conif-
erous species. All  of  these CLs were exceeded 
at  most monitored plots during the 2021–2023 
vegetation seasons, with the exception of  POD1 
at one site in 2022. This indicates a persistent ex-
posure of  forest vegetation to  potentially phyto-
toxic O3 concentrations under current conditions 
in the Czech Republic.

The POD1 values showed a  significant positive 
relationship with altitude in  all three vegetation 
seasons, indicating an increased risk of O3 uptake 
at higher elevations. In contrast, AOT40F did not 
consistently exhibit such a relationship, highlight-
ing fundamental differences between exposure-
based and flux-based O3 risk metrics.

Meteorological and environmental conditions 
were most favourable for stomatal O3 uptake 
in  2021, whereas the highest O3 concentrations 
were observed in  2023. Although there were 
no  statistically significant interannual differences 
in  POD1, site-specific patterns and means indi-
cate that stomatal O3 fluxes tended to  be  highest 
in  2021. This suggests that enhanced O3 uptake 
was driven primarily by  favourable conditions for 
stomatal conductance rather than by O3 concentra-
tions alone. Air temperature, soil moisture, and the 
O3 concentration were identified as  the most im-
portant factors controlling POD1 variability.

Despite frequent exceedance of  POD1 CLs, 
only F. sylvatica presented visible foliar O3 injury; 
no symptoms were detected in P. abies. In F. sylvat-
ica, visible foliar O3 injury occurred in two of the 
three vegetation seasons (2022 and 2023) and was 
spatially restricted, recorded at  four out of  eight 
plots. The  relationship between visible foliar in-

jury and O3 indices was generally weak when all 
sites were considered. Nevertheless, the graphical 
patterns suggest a  slightly stronger positive asso-
ciation between visible foliar O3 injury and POD1 
than with AOT40F, for which there was no  clear 
relationship.

Overall, the results support concerns that cur-
rent exposure-based regulatory metrics may not 
adequately represent actual O3 impacts on  forest 
vegetation. These results further underline the rel-
evance of flux-based approaches for O3 risk assess-
ment, particularly in heterogeneous environments. 
In addition, the interpretation of O3 impacts based 
solely on visible O3 foliar injury should be treated 
with caution under Czech conditions, as the results 
indicate substantial plot variability, even under 
comparable levels of O3 uptake.
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