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Abstract: In order to understand the impact of summer drought on dry deposition of tropospheric ozone (O,), we
compared severe and mild drought periods of summer 2018 in a mountain Norway spruce forest at Bily Ktiz, Beskydy
Mts. An eddy covariance technique was applied to measure diurnal courses of the ecosystem O, and CO, fluxes. Low
O, deposition was recorded in the morning and evening, while the highest CO, and O, fluxes were recorded during the
central hours of the day. Total O, deposition during severe drought (soil humidity 13%) was significantly higher than
the deposition during the mild drought period (soil humidity 19%). Our data indicate that high vapour pressure deficit
and low soil humidity during severe drought led to the stomatal closure, while non-stomatal O, deposition, associated
with chemical reactions of O, with NO and volatile organic compounds, are responsible for higher total O, deposition
during the severe drought period. Therefore, we assume that under severe drought stomatal O, uptake decreases but
non-stomatal depositions to forest ecosystems substantially increase.
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Climate change projections predict an increased
occurrence of frequency, duration, and severity of
drought and heatwave periods in Central Europe
(Seneviratne et al. 2006). Low precipitation, soil
water deficit, and high air temperatures associated
with drought usually lead to a decrease in stomatal
conductance, photosynthetic CO, uptake and an-
nual forest production. Such negative effects can be
further amplified by tropospheric ozone (O,) pen-
etrating the leaves via stomatal pores (Emberson et
al. 2007).

O,, a secondary photochemical pollutant, and
greenhouse gas, is formed under high intensities of
ultraviolet (UV) radiation by reactions of precur-

sors such as nitrogen oxides (NO,) and volatile or-
ganic compounds (VOCs). Favourable conditions
for O, production are especially in suburban areas
where NO_-rich air from upwind urban agglomera-
tions mixes with VOCs emitted from trees, and high
altitudes due to enhanced UV radiation (Monks et
al. 2009). Particularly in the Northern Hemisphere,
an average concentration of O, in the troposphere
has increased in the last 30 years over 40 ppbv
(Cooper et al. 2014), which is considered as the
threshold of an oxidative stress for terrestrial veg-
etation (Langer et al. 2005). On the global scale, dry
deposition of O, is estimated to account for 25% of
the total O, deposition (Lelieveld, Dentener 2000).
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Dry deposition of O, to terrestrial ecosystems in-
cludes chemical reactions of O, molecules par-
ticularly with NO and VOCs, the non-stomatal
deposition to plant surfaces (cuticle, bark), soil
and standing water, and the deposition into leaves
through plant stomata leading to oxidative dam-
age. Such stomatal uptake accounts for 30-90% of
the total dry O, deposition (Cieslik 2004) and is
responsible for the declines of photosynthetic CO,
uptake and forest productivity (Juran et al. 2018).
The openness of stomatal pores is particularly con-
trolled by the intensity of photosynthetically active
radiation (PAR), vapour pressure deficit (VPD),
water availability in the soil, and wind velocity
(Emberson et al. 2000). Accordingly, one may hy-
pothesize that severe drought conditions leading to
stomatal closure will result in reduced O, deposi-
tion to ecosystems.

Episodes of high O, concentrations and drought
occur often together during summer months.
Drought stress has been shown as a major limiting
factor reducing stomatal conductance and subse-
quently CO, uptake in Norway spruce (Kronfuf; et
al. 1998). Drought is also known to have the poten-
tial to reduce dry deposition of O, (Pio et al. 2000),
which is probably caused by stomatal closure and
increased stomatal resistance under water limiting
conditions (Mills et al. 2011). However, drought
and high temperatures often alter emissions of NO
(Schindlbacher, Zechmeister-Boltenstern 2004)
and VOCs (Fall 1999) from forest ecosystems hav-
ing thus the impact on chemical O, removal from
the atmosphere and consequently changes in total
O, deposition.

Due to these uncertainties and a prediction of in-
creasing severity and frequency of drought periods
in Central Europe, it is crucial to better understand
the variability in O, deposition under different
growth conditions including drought. Moreover,
it is important to evaluate potential risks of com-
bined drought and O, impacts on spruce forests, as
spruce is a widely spread tree species in the Czech
Republic and temperate zone. Understanding the
impacts of drought on O, deposition is also nec-
essary to predict future changes in air quality and
atmospheric chemistry at the regional as well as
global level.

Accordingly, the main aim of this study was to in-
vestigate diurnal changes in O, uptake in a moun-
tain Norway spruce forest and to investigate how
these courses are influenced by different levels of

drought. The measurements were done at the ex-
perimental research site Bily Kt¢iz in the Beskydy
Mts. from June to August 2018.

MATERIAL AND METHODS

Site description. The investigated forest stand is
located at the Bily Kfiz experimental research site
(Beskydy Mountains, 49°33' N, 18°32' E, northeast-
ern Czech Republic, 908 m a.s.l.) and forms part
of many international research networks such as
CzeCOS (Czech Carbon Observation System),
ICOS (Integrated Carbon Observation System),
and AnaEE (Analysis and Experimentation on Eco-
systems). The experimental forest was described in
detail in previous studies (e.g. Juran et al. 2018). As
of 2018, the forest stand (6.2 ha) comprised Picea
abies (L.) Karst (99%) and Abies alba Mill. (1%) with
the mean stand slope of 13° to the SSW orientation.
This site has a cool (annual mean air temperature
6.8 °C) and humid (annual mean relative air humid-
ity 84%) climate with high annual precipitation (an-
nual mean precipitation 1 318 mm; 1998-2018).

For a period of 35 summer days (June 29 to
August 2),the total amount of precipitation record-
ed at the site was 5.8 mm, mean temperature was
16.6 °C, soil water content was 14% and mean rela-
tive air humidity was 74%. The average daily CO,
concentration was 398 pumol'mol™ during both
drought periods. In 2018, the year of the investiga-
tion, the stand density was 1 428 trees-ha™!, aver-
age stand height was 13 m, average stem diameter
at breast height was 15.9 cm, spruce trees were
38 years old and hemi-surface leaf area index was
9.6 m*m~2. During summer months, the area usu-
ally records a low concentration of nitrogen oxides
(below 10 ppbv) and high O, concentrations (above
80 ppbv) (Zapletal et al. 2011).

To analyse effects of drought on processes of CO,
and O, uptake, two successive 10-day periods dur-
ing the growing season (June — August) were used
for the present analysis. In the first period (29.06.
to 08.07. 2018) severe drought was characterised
by soil moisture of 13—-14% at a depth of 15 cm
whereas in the second period (24.07. — 02.08. 2018)
mild drought was characterised by soil moisture of
16-20%. The periods were classified based on the
long-term time series of soil moisture at the experi-
mental site and drought trends of the last decade
(Trnka et al. 2016). These two periods were inter-
rupted by a period of three days when precipitation
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amounted to 155 mm in total. See Figures 1 and 2
for detailed meteorological variables.

Eddy covariance measurement of CO, and O,
fluxes. Measurement of CO, fluxes between the
forest stand and the atmosphere was performed
with the eddy covariance system comprising a
Gill R3® ultrasonic anemometer (Gill Instruments,
Hampshire, UK) and an inbuilt infrared gas
analyser LI-7200® (LI-COR Biosciences, Lincoln,
NE, USA) placed on the tower at 25 m above the
soil surface. EddyPro, the post-processing software
(LI-COR, Nebraska, USA), was used to process
high-frequency data (20 Hz) according to recent
guidelines by Aubinet et al. (2012) and produced
half-hourly estimates. Spike removal and quality
check of the raw signals, rotation of wind velocity
components into the planar fit coordinate system
and spectral corrections of calculated fluxes were
all included in the procedure. Based on the qual-
ity checking scheme, the excluded and missing data
are gap-filled according to the marginal distribu-
tion sampling method as described by Reichstein
et al. (2005).

In 2018, ecosystem CO, fluxes were measured to-
gether with O, flux using the eddy covariance tech-
nique placed at the same height of 25 m above the
soil surface. The wind components were measured
by a 3D anemometer (Young 81000, Transverse
City, MI, USA). Changes in O, concentration were
detected by a fast chemiluminescence O, detector
(Enviscope, Frankfurt am Main, Germany). Regular
re-calibration of O, concentrations was performed
against O, concentrations measured by a slow-
response O, analyser APOA 370 (Horiba, Kyoto,
Japan), which was regularly calibrated by 306 O,
calibration source (2B Technologies, Boulder, CO,
USA). The high-frequency data were processed by
EddyPro, resulting in 30-min estimates of O, flux.
The average O, concentrations during the severe
and mild drought periods were 40.01 and 39.14
ppbv, respectively.

O, flux was calculated as follows Equation (1):

F=w'C' (1)
where:
F — flux measured in nmol m2-s71,

w — vertical wind component (m-s™),
C — measured O, concentration (ppbv).

The prime (') refers to the fluctuations and the
overbar indicates an average over the time period.
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Measurement of environmental variables. The
eddy covariance measurements were complement-
ed with a detailed measurement of meteorological
variables through the canopy profile. The meteo-
rological tower was equipped with a set of sensors
for the measurement of relative air humidity (RH)
and air temperature (7air) (EMS33 Rotro® sensor;
EMS, Brno, Czech Republic), intensity of incoming
PAR (EMS12, EMS, Czech Republic) and a 386 C
precipitation gauge (Met One Instruments, Grants
Pass, OR, USA). In addition, soil moisture was
measured by an ML3 ThetaProbe sensor (Delta-T
Devices, UK). The signals from all meteorological
sensors were recorded at 30 s intervals and stored
in 30-min averages using a data logger (Delta-T®,
Burwell, Cambridgeshire, UK).

Vapour pressure deficit (VPD) expressed in kPa
was calculated as Equation (2):

VPD = (100 — RH)/100 x 610.7 x (2)
7.5 Tair/(237.3 + Tair)

where:
RH - air humidity,
Tair — air temperature.

Description of statistical test used. ANOVA
analyses (The MathWorks, Natick, MA, USA) were
used to test the effect of drought conditions (mild
and severe drought periods) on daily sums of O,
deposition during the period of investigation. Sig-
nificant differences between means were tested
(p < 0.05).

RESULTS

Daily sum of precipitation during the investigat-
ed period ranged between 0 mm in June and 101.2
mm in July (Figure 1). The highest values of soil
water content (16.7-19.9%) were observed in late
July and early August (mild drought period) and
the lowest in June and early July (13.3-13.8%; se-
vere drought period). Soil water content during se-
vere drought had a stable pattern, whereas the mild
drought period was characterised by constant soil
desiccation (Figure 1).

VPD values ranged from 0.2 to 1.2 kPa and from
0.4 to 1.3 kPa during the mild and severe drought
period, respectively (Figure 2). Although we no-
ticed typical diurnal courses of VPD values, daily
maxima were reached later in the afternoon dur-
ing severe drought than during the mild drought
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Figure 1. Figure 1. Daily sum of precipitation and soil water content at Bily Kiiz (Beskydy Mts.) during the investigated

period from June 29 to August 2, 2018

period. Average air temperature during the severe
drought period was 14.9 °C, while it amounted to
19.9 °C during the mild drought period. Daily tem-
perature maxima ranged from 11 to 26 °C and from
22 to 26 °C during the severe and mild drought pe-
riod, respectively.

Diurnal courses of CO, and total O, fluxes (Fig-
ures 2C, D) followed diurnal changes in PAR inten-
sity (Figure 2A) amounting to the maximum val-

periods. Positive flux values represent a release of
gases from the ecosystem, while negative values in-
dicate their uptake by the ecosystem. During the
mild drought period, the maximum nocturnal CO,
flux was 10.73 pmol'm=*s7!, it amounted up to
—27.25 pmol'-m~2s7! during the day. Similarly, these
CO, fluxes were 6.15 and —26.18 pmol'm~*s~' dur-
ing the severe drought period. The highest and the
lowest O, fluxes during the severe drought period

ues during the noon hours of both the investigated =~ were —0.82 (nocturnal) and -11.68 nmol'm2-s7!
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Figure 2. Diurnal courses of photosynthetically active radiation (PAR) (A), vapour pressure deficit (VPD) (B), CO, flux
(C), and total O, flux (D) during the 10-day periods of mild (black lines) and severe (red lines) drought observed in June
— August 2018 (negative values of CO, and total O, fluxes represent deposition, the symbols represent 30-min averages;

error bars are standard error of the means, N (days) = 10)
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(diurnal), respectively, while these fluxes amounted
to —3.46 and —14.01 nmol'm2s~! during the mild
drought conditions.

Based on these diurnal courses, daily (24-hour)
sums of CO, and O, depositions were subsequent-
ly calculated. Daily sum of CO, depositions for
the mild and severe drought period were 53 + 15
and 46 + 7 mol'm~2 (mean + SD, n = 10), respec-
tively. Although CO, deposition during the mild
drought period is higher than deposition in the
severe drought period, there is no significant dif-
ference between them in daily sums (p = 0.2295).
The sum of daily O, depositions for the severe
and mild drought period was 179 + 126 and 101 +
77 mmol'm~2 (mean * SD, n = 10), respectively. Sta-
tistical analysis showed a significant difference be-
tween the two drought periods (p = 0.0318). Daily
sum of O, depositions during the severe drought
period ranged between 81 and 383.54 mmol'-m,
while it was between 17.78 and 246.42 mmol-m~>
during the mild drought period.

DISCUSSION

Plant responses to phytotoxic O, are well docu-
mented by manipulative experiments (Matyssek et
al. 1995); however, the direct measurements of (OR
fluxes and responses of whole ecosystems under
natural conditions are still insufficient (Ducker et
al. 2018). Therefore, we tested the hypothesis that
drought conditions may substantially influence
total O, deposition in a mountain spruce forest
and may thus modify ecosystem responses to tro-
pospheric O,. Indeed, we have found significantly
higher O, deposition under severe drought con-
ditions than under mild drought characterised by
lower soil humidity. This result is in contradiction
with the observed reduction of CO, uptake under
severe drought conditions caused by reduced sto-
matal conductance to gas diffusion. Accordingly,
such contradictory patterns in CO, and O, uptakes
imply a significant contribution of non-stomatal O,
uptake.

Generally, total O, deposition is the summation
of stomatal and non-stomatal uptake. It is estimat-
ed that less harmful non-stomatal uptake, deposi-
tion on cuticles, bark, soil, and/or water, accounts
for 30-70% of total deposition during the daytime
(Kurpius, Goldstein 2003; Cieslik 2004; Gerosa et
al. 2005) and may increase up to 90% during the
night when the stomata are closed (Juran et al.

284

https://doi.org/10.17221/129/2019-JFS

2019). Moreover, chemical reactions of O, with
other gases emitted by the ecosystem are consid-
ered as a substantial chemical sink of O, that can
lead to an enhanced total O, deposition (Wildt et
al. 1997; Li et al. 2018). It has been shown that emis-
sion of nitric oxide (NO) from the soil contributes
substantially to non-stomatal O, uptake (Farmer,
Cohen 2008; Fares et al. 2012) depending on the
availability of soil water (Schindlbacher, Zechmeis-
ter-Boltenstern 2004; Meixner, Yang 2006). Simi-
larly, emissions of VOCs from vegetation, increas-
ing with increasing drought and temperatures of
biological surface (Schade, Goldstein 2001; Juran
et al. 2017), are considered as a substantial chemi-
cal sink. These examples indicate that the complex
evaluation of the atmospheric chemistry is required
for the proper quantification of non-stomatal O,
uptake. It is very likely that severe drought condi-
tions led to a high release of NO and particularly
VOC:s from the spruce forest studied. Facilitated by
VOCs, NO reacted with O, forming NO, (Leighton
1961) and thus contributed to an increase in total
O, deposition during the severe drought period.

Even though the aim of this study was not par-
titioning of total O, flux into stomatal and non-
stomatal uptake, it is assumed that greater part of
the total O, flux is represented by non-stomatal de-
position. This assumption is based on earlier find-
ings that summer drought, characterised by soil
moisture deficit, high air temperatures and VPD,
reduces the openness of stomata and thus increases
stomatal resistance to O, diffusion into the leaves
(Solberg et al. 2008). In our earlier study on the
same forest, we have shown that the stomatal com-
ponent never exceeded 43.5% of total O, flux under
dry conditions of clear sky days (Juran et al. 2019).
However, there is a major discrepancy in the rela-
tive contributions of stomatal and non-stomatal O,
uptake depending on the plant/ecosystem func-
tional types, ecosystem structure, chemistry of the
atmosphere, and climatic conditions. For instance,
Tuzet et al. (2011) and Rannik et al. (2012) reported
that non-stomatal uptake can reach 20-63% of to-
tal O, deposition.

Application of the eddy covariance technique al-
lowed us to determine diurnal courses of O, flux in
30-minute intervals (Figure 2). The total O, flux to
the spruce forest peaked around noon, when also
PAR intensities were the highest. Similar diurnal
courses were reported for deciduous (Finkelstein
et al. 2000) as well as coniferous forests (Goldstein
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et al. 2004; Gerosa et al. 2005). Zero or near-zero
O, depositions in the morning and night hours are
likely associated mainly with closed stomatal pores
and reduced O, production from photo-oxidative
reactions. Even a small stomatal uptake during the
night is crucial as it has been shown that nighttime
O, uptake is more toxic to plants than daytime O,
uptake (Matyssek et al. 1995).

In accordance with our findings, Hogg et al.
(2007) reported a strong diurnal O, flux in a north-
ern mixed hardwood forest during summer, with
maximum values of about 14—28 nmol-m=2-s7!
curring at midday and zero or near-zero flux in the
nighttime. Stomatal conductance for O, increases
with increasing light intensity, but decreases with
increasing VPD and/or air temperature. Stomatal
closure, as a result of persisting drought (low soil
moisture) and high temperatures during the sum-
mer months, is responsible for generally low total
O, deposition detected in both drought periods.
Panek and Goldstein (2001) reported a reduction
of O, uptake in a ponderosa pine forest by 40% dur-
ing summer drought, which was attributed to low
soil water content and high VPD. Moreover, soil
moisture recovery led to an increase of stomatal
conductance and subsequently to an increase of O,
uptake by ponderosa pine.

As compared to pine, spruce is a drought sensi-
tive species due to shallow roots (Spiecker 2000) al-
though its foliage is typically xeromorphic. Spruce
trees have an isohydric strategy (Lyr et al. 1992)
characterized by the fast closure of stomata at early
stages of soil drought or high VPD in order to re-
duce water losses via transpiration and to main-
tain plant water balance and water potential. Such
‘drought avoider’ characteristics may have contrib-
uted to low total O, fluxes under severe and mild
drought conditions.

ocC-

CONCLUSION

We confirmed the hypothesis that drought con-
ditions may substantially influence total O, depo-
sition. Investigating the mature mountain Norway
spruce forest, we have found significantly higher
O, deposition under severe drought conditions
than under mild drought with higher soil humid-
ity. Although further direct field eddy-covariance
measurements of O, flux are necessary, our data in-
dicate an important role of non-stomatal O, uptake
under severe drought conditions and the necessity

to investigate complex atmospheric chemistry for
the proper understanding of the mechanisms be-
hind the O, deposition in forest ecosystems.
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