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ABSTRACT

To investigate whether nitrogen (N) load affects the ozone (03) stomatal flux-effect relationship for birch bio-
mass, three-year old birch saplings were exposed to seven different O5 profiles (24 h mean of 35-66 ppb) and
four different N loads (10, 30, 50 and 70 kg ha—! yr=!) in precision-controlled hemispherical glasshouses
(solardomes) in 2012 and 2013. Stomatal conductance (gs) under optimal growth conditions was stimulated
by enhanced N supply but was not significantly affected by enhanced Os exposure. Birch root, woody (stem +
branches) and total biomass (root + woody) were not affected by the Phytotoxic Ozone Dose (POD;SPEC)
after two seasons of O3 exposure, and enhanced N supply stimulated biomass production independent of
POD;SPEC (i.e. there were no POD;SPEC x N interactions). There was a strong linear relationship between the
stem cross-sectional area and tree biomass at the end of the experiment, which was not affected by O; exposure
or N load. Enhanced N supply stimulated the stem cross-sectional area at the end of season 2, but not at the end of
season 1, which suggests a time lag before tree biomass responded to enhanced N supply. There was no signifi-
cant effect of POD;SPEC on stem cross-sectional area after either the first or second growing season of the exper-
iment. Contrasting results reported in the literature on the interactive impacts of Oz and N load on tree
physiology and growth are likely due to species-specific responses, different duration of the experiments and/

or a limitation of the number of Os and N levels tested.
© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CCBY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Tropospheric ozone (03) is the most important air pollutant in terms
of adverse effects on (semi-)natural vegetation and cultivated crops and
it is of primary interest due to its strict relation with climate change
(Lefohn et al., 2018). Rising tropospheric O; concentration is an impor-
tant air pollution problem in northern mid-latitudes, with levels rising
since the Industrial Revolution, when O3 concentrations were approxi-
mately 10 ppb (Cooper et al.,, 2014; Hartmann et al., 2013). In Europe,
ground-level O3 concentrations have roughly doubled between 1950
and 2000, and the present day annual average background Oz concen-
trations are ca. 30-40 ppb (Cooper et al., 2014; Royal Society, 2008). Al-
though there is some evidence that the peaks (Simpson et al., 2014) and
daytime mean concentrations of O3 (EMEP/CCC, 2016; Mills et al., 2018)
are decreasing across parts of Europe in rural areas, potentially plant-
damaging O3 episodes are still occurring when climatic conditions con-
ducive to 05 formation (hot, dry and sunny days) coincide with abun-
dance of precursors (Mills et al., 2016). Effects of O; on vegetation are
dependent on O3 uptake (Mills et al., 20114, b), which is also affected
by climate conditions. At the same time, in the mid-20th century, the
emissions of anthropogenic reactive nitrogen to the atmosphere accel-
erated because of increased fossil fuel combustion and intensification
of agricultural activities. This resulted in a large increase in nitrogen
(N) deposition to ecosystems through dry and wet processes that has
approximately doubled since 1900 (Li et al., 2016b; Sutton et al.,
2011). In Europe, the total deposition of N remains high (typically 5--
30kg N ha~'yr~', depending on locality and vegetation type) and con-
trol of ammonia emissions is hard to achieve, with European emissions
stable since 2000 and predicted to remain stable at current levels in the
2020s and 2030s (Winiwarter et al., 2011).

Tropospheric O5 pollution is known to cause damage to vegetation
and effects have been reported on a wide range of species. There are nu-
merous studies showing effects of O; on trees and reported impacts in-
clude leaf level responses such as decreased photosynthesis, visible leaf
damage, accelerated senescence and weakened defence against biotic/
abiotic stress (e.g. Krupa et al., 2001; Ainsworth et al., 2012; Li et al.,
2016a; Dai et al., 2017). At the whole tree level, biomass reductions in-
duced by O3 have been reported on seedlings, for example Populus (Hu
etal.,, 2015) and Quercus ilex L. (Gerosa et al., 2015) and on mature trees
such as Betula pendula (Kontunen-Soppela et al., 2007). Two quantita-
tive meta-analyses indicated that ambient O3 concentrations with an
average of 40 ppb significantly decrease net tree photosynthesis by
11% and total tree biomass by 7% compared to preindustrial O3 levels
in the northern hemisphere (approx. 10 ppb) (Wittig et al., 2007;
Wittig et al., 2009).

In contrast, N usually tends to have a fertilization effect on plant
growth and photosynthesis in areas where N is a limiting nutrient, al-
though tree growth response to elevated N varies between species
and is not related to successional status (Tripathi and Raghubanshi,
2014). Furthermore, N supply above a certain critical load might not re-
sult in further biomass stimulation, it might even result in a decline in
biomass (Braun et al,, 2017).

Enhanced Os concentrations and N deposition often co-occur as NO,
emission and O3 formation are chemically linked (Simpson et al., 2014).
However, relatively few studies have investigated the interactive im-
pacts of both O3 and N on trees using 3 or more O3 concentrations
(Mills et al,, 2016). Evidence shows that the interaction effects between
03 and N on tree species can be either antagonistic or synergistic
(Harmens et al., 2017). Previously, Harmens et al. (2017) showed that
the sensitivity of leaf traits (including photosynthetic parameters) of sil-
ver birch (Betula pendula) to Os are not affected by N supply. Therefore,
the interaction between O3 and N is complex and may depend on the
tree species, exposure concentrations, duration of exposure and soil/
climate conditions. The nature and the extent of the interaction
between O3 and N on a long-term time scale are still uncertain (Mills
et al., 2016).

Inrecent decades, different metrics have been used to assess adverse
03 effects on vegetation (e.g. Emberson et al., 2007; Mills et al., 2007,
2011a, 2011b, 2018; Yuan et al., 2017). Among them, the Phytotoxic
Ozone Dose (PODy, accumulated stomatal Os flux above a threshold Y
nmol O; m~2 s~ of projected leaf area (PLA) over the growing season)
has been recommended as the preferred metric as it is well suited to
evaluate O3 effects in a changing climate (Mills et al., 2011b; Hayes
et al.,, 2012). PODy's have been defined for specific plant species or a
group of species (PODySPEC) or in a simplified form defined for applica-
tion in large scale and integrated assessment modelling (PODyIAM;
LRTAP Convention, 2017). PODy takes into account the effects of envi-
ronmental conditions such as air temperature, vapour pressure deficit
(VPD) and photosynthetic active radiation (PAR), soil moisture content
and plant growth stage on stomatal opening and subsequent Os flux
into the leaves (LRTAP Convention, 2017). Although some studies
have developed Os-flux-effect functions under controlled experimental
conditions based on tree biomass (Biiker et al., 2015; Hu et al., 2015;
Gerosa et al., 2015; LRTAP Convention, 2017) and physiological param-
eters e.g. chlorophyll content or photosynthetic rate (Bagard et al.,
2015; Shang et al.,, 2017), most of them are limited to the single stress
of O3. Few studies have investigated the effect of N deposition on O3
flux-effect relationships, and those that did, studied N effects at only
two levels (control and elevated), e.g. (Bagard et al., 2015). For example,
Marzuoli et al. (2016, 2018) showed that enhanced N supply increased
the biomass and partially mitigated the Os; negative impact on the
growth of Quercus robur (L.) and Carpinus betulus L., respectively. Con-
sidering the frequent co-occurrence between Oz and N deposition, it is
important to verify that Os flux-effect relationships are valid under a
range of N deposition. To address the issue, we developed Os flux-
effect relationships for silver birch based on seven O3 regimes (24 h
mean of 35-66 ppb) and four levels of N load (10, 30, 50 and
70kgha='yr=1).

In this study, stomatal conductance (g), Os stomatal fluxes, biomass
and stem cross-sectional area were measured or calculated (O fluxes)
in silver birch (B. pendula). The objectives of this study were to: (1) de-
termine the impact of O3 and N load on the gs of birch saplings; (2) as-
sess whether N load affects the O3 stomatal flux-effect relationship for
birch biomass; (3) investigate if stem cross-sectional area could be
used as a proxy for changes in woody biomass and (4) determine
changes in the biomass response to O3 and N load with time. We tested
the hypothesis that (1) elevated O3 negatively and N load positively af-
fect the growth of birch, and that the effects are additive, i.e. there are no
significant interactions; and (2) the O3 flux-effect relationship for birch
is independent on the N load.

2. Materials and methods
2.1. Plant materials

Three-year-old birch (Betula pendula) trees were purchased from
Cheviot Trees (http://www.cheviot-trees.co.uk/) and planted in
6.5 litre pots (diameter 21 cm, height 25 cm) filled with John Innes
No.1 compost (J. Arthur Bowers) on 13th April 2012 (Harmens et al.,
2017). Pots were lined with perforated plastic to discourage roots
from growing outside the pot. The trees were ‘bare root’ and inoculated
with mycorrhiza (obtained from Buckingham Nurseries, UK) before
planting in pots and watered as required. Trees of similar size (initial av-
erage height of 68 cm) were selected for use in the experiment.

2.2. Experiment site and treatments

The experiment was carried out in solardomes (hemispherical glass-
houses; 3 m diameter, 2.1 m height) located at Abergwyngregyn nr.
Bangor, North Wales, United Kingdom (53° 23’ N, 4°01’ W). Plants
were exposed to Os in seven solardomes during two growing seasons.
After being acclimated in the solardomes, exposure began on the 30th
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April and finished on 12th October in 2012, and for the second growing
season, began on 17th May and finished on 16th September in 2013,
when the trees were harvested. Between the two growing seasons,
the trees were kept outside under ambient conditions. The two growing
seasons were slightly different due to a later spring and subsequent
bud-burst in 2013 than in 2012.

We used an O3 generator (G11, Dryden Aqua, UK) to generate O3
from oxygen concentrated from air (Sequal 10, Pure 02 Ltd., UK).
Ozone was distributed to each solardome via Poly Tetra Fluoro Ethylene
(PTFE) tubing and delivered to each solardome using solenoid valves
(Kinesis, UK) controlled by computer software (Lab VIEW version
2012, National Instruments, Texas, US). Charcoal-filtered air was
injected with controlled amounts of O3, with the amount of Os injected
in each 5 minute interval determined according to the target Os profile.
In all solardomes, the O3 concentration was measured for 5 min every
30 min using two O analysers (Envirotech API 400A) of matched cali-
bration. The seven Os concentration treatments were based on an epi-
sodic profile recorded at a rural O3 monitoring site during July 2006
(Aston Hill, Wales, UK, 52°50'N, 30°3'W). The Aston Hill profile was ap-
plied as the highest treatment, and for the other treatments the O3 con-
centration was reduced by 10 ppb during the peaks (when ozone
concentrations were above 45 ppb) and 3 ppb during periods with
background Os (all other times). The weekly averaged O3 profiles in
2012 and 2013 are shown in Hewitt et al. (2016) and Harmens et al.
(2017), respectively. The weekly averaged Os profiles for the 2012 and
2013 are shown in Fig. 1. Night-time and day-time values are similar,
as the daily O3 concentrations above 45 ppb (‘peaks’) extended beyond
midnight in many cases, as can occur in rural areas. The environmental
conditions for 2012 and 2013 are shown in Table 1.

All trees received a nutrient solution containing water, ammonium
nitrate, macronutrients (P, K, S, Ca, Mg) and various micronutrients
(Fe, Mn, Mo, Cu, Zn, B). The base solution of macronutrients (excluding
N) and micronutrients was ' strength Long Ashton nutrient solution
(Hewitt, 1966). Different nitrogen regimes equivalent to 10, 30, 50
and 70 kg N ha=! yr—! (N10, N30, N50, and N70) were achieved by
varying the amount of ammonium nitrate only. N and nutrient additions
were started at the same time as the Os; exposure and continued for the
duration of the experiment. The nutrient treatment was applied in solu-
tions of 200 ml per tree, applied weekly during the growing season and
once every three weeks during the winter. Plants were well-watered to
maintain soil moisture content near field capacity every one or two
days. There were 24 pots in each dome, i.e. six pots per N treatment.
03 profiles were randomly assigned to the solardomes.

Ambient air temperature, photosynthetic active radiation (PAR),
temperature and relative humidity were continuously measured in
one solardome, using an automatic weather station (Skye Instruments
Ltd., Llandridod Wells, UK). Theta Probes (Delta-T Devices Ltd.,

Averaged ozone (ppb)
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Fig. 1. Weekly averaged O3 profile for the seven O5 treatments in 2012 and 2013. The
green line (topmost) is the Aston Hill profile (July 2006).

Cambridge, UK) was used to continuously monitor soil moisture con-
tent in a total of 8 pots in 2 domes.

While Os treatments are not replicated in this system, numerous
previous studies (Hayes et al., 2012; Hewitt et al., 2014, 2016;
Harmens et al., 2017) have been published using data from this facility.
Rather than replicating a limited number of O3 treatments, this system
allows for the development and assessment of O3 flux-effect relation-
ships. Hewitt et al. (2016) found no detectable solardome effects in
independent measurements of air or leaf temperature. Also, the statisti-
cal methods used in this study control for any pseudo-replication in the
data.

2.3. Stomatal conductance (g;) measurements

We used a porometer (AP4, Delta-T, UK) to measure abaxial g; on
the third youngest fully expanded leaf from the top of the canopy at ap-
proximately four-weekly intervals during the growing seasons of 2012
and 2013. The maximum stomatal conductance (g,.x) Was determined
as the 95-percentile of the data, with data assessed separately under dif-
ferent N loads. To investigate the effects of O3 and N on g5 under optimal
conditions, a subset of the 2012 and 2013 gs data was taken, using
thresholds for the variables temperature, light, soil water potential
(SWP) and vapour pressure deficit (VPD) (Table 2). Optimal conditions
were defined as temperature, light, SWP and VPD values when g
(expressed in relative terms, as a proportion of g,,.x) was 20.75 (Fig. S1).

2.4. O3 stomatal fluxes

We used the DOsSE model (Deposition of O3 for Stomatal Exchange,
version 3.0.5; https://www.sei-international.org/do3se) to calculate O
stomatal fluxes for sunlit leaves at the top of the tree canopy, following
the method of Emberson et al. (2000). Response functions relating to
photosynthetic photon flux density (fiign¢), temperature (fiemp), water
vapour pressure deficit (fypp), and soil water potential (fswp) were
also parameterized and expressed in relative terms (i.e. varying be-
tween 0 and 1 as a proportion of g,.x). The modifying function related
to soil water potential (fswp) was set to 1, because the soil in the pots
was well-watered so as not to be limiting for the duration of the exper-
iment. Response functions relating to phenological stage (fphen), O3 (fo3)
were also set to 1 as there was no evidence that these varied for the du-
ration of the experimental treatments. These parameterizations were
applied to the DOsSE model (Emberson et al., 2000; LRTAP
Convention, 2017) to calculate g:

g5 = Zmax X [ MiN (fppen, fo3)] x fiigne
x max [fmin, (fremp % fvep x fswe)]. (1)

A conversion factor of 0.663 was used to calculate the stomatal flux
of O3 (Fs03) from Eq. (1) to account for the difference in the molecular
diffusivity of O3 compared to that of water vapour (LRTAP Convention,
2017):

Fyos = [03] x 0.663 x g. @)

All calculations were performed using hourly averages of all the var-
iables included in the model.

The Phytotoxic Ozone Dose above a threshold flux of
1 nmol m~2 s~! (POD;SPEC) was calculated from the hourly stomatal
03 fluxes for the duration of O3 exposure as described in LRTAP
Convention (2017). This threshold was used as it was selected by ‘ex-
pert judgement’ in the determination of flux-based critical levels of O3
for trees within the LRTAP Convention.

PODySPEC = 3 [(Fst—Y) : (3600/106)} (mmol m~2 PLA) 3)
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Table 1
Summary of O treatments and environmental conditions in 2012 and 2013 (averaged values over the two growing seasons). Daylight was defined as PAR > 200 pmol m—2 s~
O3 treatment 1 2 3 4 5 6 7
24 h mean (ppb) 35.2 38.0 419 46.6 522 56.5 66.2
Daylight mean (ppb) 35.1 384 425 47.8 53.3 59.4 68.9
AOT40 (ppm h™ ") 1.8 34 6.5 11.1 16.5 234 336
Season hourly maximum (ppb) 69.7 77.0 83.7 98.2 107.3 118.0 125.0
Air temperature (°C) VPD (kPa) PAR (umol m—2s™1)
24 h mean Daylight mean Mean daily maximum 24 h mean Daylight mean Mean daily maximum Daylight mean Mean daily maximum
19.1 228 30.0 0.61 1.25 23 5285 1065

The value Y (nmol m~2 PLA s~ ') is subtracted from each hourly
averaged Fy; (nmol m™2 PLA s~ ') value only when Fg > Y, during
daylight hours (when global radiation is >50 W m~2). The value is
then converted to hourly fluxes by multiplying by 3600 and to
mmol by dividing by 10° to get the stomatal O5 flux in mmol m 2
PLA. In statistical analyses the mean ozone flux for the two growing
seasons was used.

2.5. Biomass and stem cross-sectional area

All trees were harvested at the end of the second season in Septem-
ber 2013, and separated into leaves, branches, stems and roots. All plant
material was oven-dried at 65 °C for a minimum of 7 days before
weighing. As some leaves had dropped off towards the end of the grow-
ing season and therefore could not be collected per pot, leaf weights at
final harvest were not included in the assessment of treatment effects.
The stem base diameter was measured using digital callipers, with
two measurements per tree (at 90°) taken at a height of 30 cm above
the soil of each pot at the beginning of the experiment in 2012 and at
the end of each growing season in 2012 and 2013. The cross-sectional
area was calculated based on the two base diameters. The relationship
between the stem cross-sectional area and woody biomass (i.e. stem
+ branches) was determined at harvest to assess whether stem cross-
sectional area could be used as a proxy for changes in woody biomass
responses to treatments with time.

2.6. Statistical analyses

Sets of linear mixed models (with normal error) were run using the
Ime4 package (Bates et al., 2015) of R (R Core Team, 2016) to test each
hypothesis. To investigate if g (under optimal conditions) varied with
03 and N, ozone (24 h mean for each year) and N were included in
the model as fixed, continuous predictor variables, with a covariate to
control for changes in gs with time (month).

To investigate the effect of the O3 and N treatments (and their inter-
action) on the biomass of the birch trees after harvest at the end of the
second season, models included N and mean annual stomatal O5 flux
(POD;SPEC; mean for 2012 and 2013) as continuous fixed effects. A co-
variate of the initial stem cross-sectional area of each tree was added to
control for any small initial differences in tree size at the beginning of

Table 2
Thresholds for the variables temperature, light, soil water potential (SWP) and va-
pour pressure deficit (VPD), used to define optimal conditions for g..

Variable Threshold for optimal conditions
Temperature 10.5-22.5°C

Light >127 pmol m 25!

SWp >—0.25 MPa

VPD <1.52 kPa

the experiment. Models were run with the response variables
a) woody; b) root and c) total biomass (woody + root biomass).

To investigate the relationship between the total woody biomass
and the stem cross-sectional area at the end of the experiment (at vary-
ing levels of O3 and N), models included interactions between the con-
tinuous fixed effect variables of cross-sectional area (2013), stomatal O3
flux and added N.

To determine the effect of Oz and N on stem cross-sectional area,
stem measurements from the end of the first and second growing sea-
sons were pooled and analysed using linear mixed models. O3 flux
(values for the 2012 and 2013 growing season) and N were included
as fixed continuous variables, with a covariate of initial stem cross-
sectional area, to control for any differences in initial plant size at the
start of the experiment. The models were also re-run for each year sep-
arately to test if the slopes for the O3 and N relationships differed from
zero for each season.

For all linear mixed models, a random effect of dome (and pot where
needed) were included to control for any pseudoreplication in the data.
A model set was created for each analysis and the optimal model chosen
using top down selection, by examining values of the Akaike Informa-
tion Criterion corrected for small sample size (AICc), following Zuur
et al. (2009). Likelihood ratio tests were used to obtain p-values for
the key variables of interest. Model residual plots were examined for
even spread of residuals and normality, and response variables were
transformed if necessary (e.g. square root transformation). Where pre-
dictor variables were on different scales, variables were standardised
before the model was run.

3. Results
3.1. Stomatal conductance (g;) under optimal conditions

There was a significant positive relationship (p < 0.01) between in-
creasing N supply and g under optimal conditions (Fig. 2a). Os treat-
ment (24 h mean) did not affect g; (p = 0.48) (Fig. 2b). Conditional
(fixed and random effects) R? for the optimal mixed model (including
nitrogen and month) was 0.336, which increased only slightly with
the addition of 24 h mean Os to 0.340. Analysis of the gs measurements
made during the exposure showed that the parameterisations of light
(fignt), temperature (fiemp), Water vapour pressure deficit (fypp), and
soil water potential (fswp) for the DOsSE model were not affected by ei-
ther N dose (Fig. S2) or Os treatment (Fig. S3).

3.2. Biomass dose-response relationships based on POD;

The stomatal Os flux did not affect birch biomass (Fig. 3, p > 0.05 for
POD,SPEC in all models). The same result was found when biomass was
plotted against the mean Os concentrations for 2012 and 2013 (Fig. S4,
Supplement). On the other hand, N supply stimulated root, woody and
total biomass of birch (p <0.001 in all models). There was no interaction
between N and Os flux for any of the measures of birch biomass (p >
0.05 in all models). When the Os and N interaction was added to the
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Fig. 2. The effect of a) N supply and b) O3 (24 h mean for the measurement year) on
stomatal conductance (gs; for O3, Projected Leaf Area) under optimal conditions,
measured on silver birch leaves in the growing seasons (May to August) of 2012 and
2013. Plots show raw data and error bars are 4 one standard error. Total number of
data points = 621. P-values are from mixed model results.

optimal model for each measurement of biomass, the R? of the model
increased but minimally (see Table S1).

3.3. Impacts on stem cross-sectional area: Implications for woody biomass
changes with time

There was a strong positive relationship between cross-sectional
area and woody biomass (p < 0.001, conditional R> = 0.88) after two
years of exposure, which was not significantly affected by O3 flux (p
= 0.4) or N treatment (p = 0.6) (Fig. 4). When the two seasons of
data were pooled, mean stem cross-sectional area was not significantly
affected by Os flux (p = 0.15) and the slope of the O3 flux effect did not
change with year of exposure (p = 0.89; Fig. 5a). The range of POD,SPEC
values varied between years, with 12-35 mmol 2 PLA for 2012 and
9-26 mmol 2 PLA for 2013. This variation between years was due to
slight differences in O3 and climatic conditions for the duration of the
experiment. When the data was split by year, there was no effect of
POD,SPEC for either season (p > 0.05). Enhanced N load significantly
(p <0.001) stimulated the mean stem cross-sectional area, and there
was a significant difference in the slope of the N effect between the
two growing seasons (p < 0.001) (Fig. 5b). Added N had no effect on
cross-sectional area after the first season (p = 0.33) but showed a
strong positive relationship after the second growing season (p <
0.001). The optimal mixed model (containing the N interaction with
season) had a conditional R? of 0.91.
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Fig. 3. Mean total (a), woody (b) and root (c) biomass of silver birch plotted against the
Phytotoxic Ozone Dose (POD;SPEC) at different N loads (N10, N30, N50 and N70: 10,
30, 50 and 70 kg N ha~! yr~! respectively). Plots show raw data, and error bars are for
+ one standard error. Error bars are only shown for the lowest and highest treatments
(N10 and N70) for clarity of the graphs. Total number of data points = 167. P-values are
from mixed model results.

4. Discussion

The results presented here extend our understanding of the interac-
tions between O3 and N on the growth of silver birch and the Phytotoxic
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Fig. 4. Relationship between stem cross-sectional area and mean woody biomass for silver
birch trees after two years of exposure to O3 and N treatments. Number of data points =
169. The plot shows raw data and the P-value is from mixed model results.
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Fig. 5. The effect of a) stomatal O3 flux (POD;SPEC) and b) N on cross-sectional area of
silver birch trees over 2 growing seasons (2012 and 2013). Plots show raw data, and
error bars are for + one standard error. Number of data points = 331 (2012: 162
points, 2013: 168 points). P-values are from mixed model results.

Ozone Dose (POD;SPEC) response based on mean biomass after two
years of exposure. So far, few studies have investigated the combined ef-
fects of varying Os and N depositions on trees using a wide range of O3
concentrations and N load (Marzuoli et al., 2018; Marzuoli et al,, 2016).
Our study includes the influence of N on stomatal O3 fluxes and flux-
effect relationships.

4.1. Ozone effects

There was no significant Os flux effect found on birch biomass after
two seasons of O3 exposure, and on the stem cross-sectional area after
the first or second growing season. For both biomass and stem cross-
sectional area (season 1 and 2), mean values declined with O3 flux,
but there was considerable variation between replicate trees. One
main reason for a decrease in biomass induced by elevated O3 could
be that elevated O3 negatively affects leaf photosynthetic parameters.
This has previously been reported for several tree species, for example,
Betula pendula (Wittmann et al., 2007; Harmens et al., 2017) and Fagus
crenata (Yamaguchi et al,, 2007). The duration of O3 exposure and the
03 concentration applied in experiments is likely to affect the impact
of O3 on Betula pendula. A compilation of data for Fagus sylvatica L and
Betula pendula for different experiments conducted in Europe indicated
a high variation in the total tree biomass response to Os up to a
POD;SPEC of ca. 30 mmol m~2 yr~! (as applied in the current study),
with a reduction in total biomass becoming more pronounced at higher
POD;SPEC (LRTAP Convention, 2017). Other studies using controlled
conditions reported that growth and/or biomass of Betula pendula is in-
creased by elevated Os treatments based on ozone concentration data
(e.g. Oksanen and Holopainen, 2001; Yamaji et al., 2003), and increased
for other species as well, for example, Fagus sylvatica and Quercus robur
(Pollastrini et al., 2010) and Liriondendron tulipifera L (Rebbeck and
Scherzer, 2002). In contrast, Oksanen (2003) found that elevated O5
did not affect the growth of potted Betula pendula saplings exposed to
1.6 x ambient O3 for one growing season, whereas the open-soil-
grown Betula pendula trees fumigated with elevated Os for six growing
seasons showed a 3-38% reduction in shoot growth. A lack of significant
impacts of elevated Os; concentrations on growth parameters were also
reported for other tree species, for example, Fagus sylvatica (Bortier
et al., 2000), Picea abies seedlings (Thomas et al., 2005) and
Cinnamomum camphora (Feng et al., 2011). In agreement with our
study, Marzuoli et al. (2018) observed no statistical significant impact
of O3 on growth of Carpinus betulus L based on an Os flux assessment.

For mature trees under field conditions, Braun et al. (2017) found
that Os flux was significantly and negatively correlated with basal area
increment both in beech (Fagus sylvatica L.) and Norway spruce (Picea
abies), using observational data of mature forests for a 30-year time se-
ries. It is suggested that tree age may make a difference on the Os-flux
effect on growth, therefore, we recommend to investigate the interac-
tive effects of O3 and N further in long-term free air Os exposure studies
with mature birch trees. For example, Matyssek et al. (2010) reported a
reduction of 44% in whole-stem growth of adult beech trees exposed for
eight years to elevated O3 in a free-air O3 fumigation study. Our study
indicates a strong positive relationship between stem cross-sectional
area and woody biomass, suggesting that Os-effect on stem cross-
sectional area can be used as a proxy for Os-effect on biomass.

In our study, elevated 24 h mean O3 concentration did not affect g
(under optimal conditions) for birch grown in 2012 and 2013, which
is consistent with the g, response in the same experiment measured
only in 2013 (Harmens et al., 2017). Wittig et al. (2007) reported that
no significant effects of elevated O3 concentrations on gs were detected
for Abies, Betula, Prunus, Picea and Pinus species. Dai et al. (2017) also re-
ported that elevated O3 concentrations did not affect gs among 13 Betula
pendula cultivars. However, other studies have found that enhanced O3
concentrations decreased g for the different tree species (e.g. Paoletti
and Grulke, 2005; Calatayud et al., 2011; Feng et al., 2011; Marzuoli
et al.,, 2016). The different gs response to elevated O3 concentrations
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may be due to variations in O3 exposure time/concentrations, species/
cultivars applied in the experiments, leaf/tree age tree and environmen-
tal factors such as soil moisture. These factors may also influence stoma-
tal sluggishness in response to Os, causing a delay in the stomatal
response to environmental factors and a potential increase in Os-
sensitivity (Paoletti and Grulke, 2010). The effects of elevated O3 con-
centrations on gs, especially for trees grown in open air conditions in
summer are difficult to interpret due to large temporal changes in g
(Oksanen, 2003).

4.2. Nitrogen effects

High N supply enhanced the growth of birch saplings as shown by
the increase in mean woody, root and total biomass at high N regardless
of O3 treatment. In the current study, the highest biomass was found at
70 kg N ha—! yr~! and at low 05 exposure. The stimulation of biomass
by high N supply is in agreement with the enhanced chlorophyll con-
tent and photosynthetic capacity (Vemax and Jmax) of birch leaves in
the same study (Harmens et al., 2017). The stimulation of g by high N
may result from the changes in hydraulic conductivity (Pivovaroff
et al., 2016), or nitric oxide (NO) emission as a side-reaction of the ni-
trate assimilation process (Wildt et al., 1997). Hence, the increase in
total N deposition may lead to an enhancement of C sequestration by
plants, as reported for other tree species (Feng et al., 2011; Marzuoli
et al, 2016).

Interestingly, when we used the cross-sectional area as a proxy
for the biomass, enhanced N loads stimulated the mean stem cross-
sectional area significantly only in 2013, hence there seemed to be
a lag-time or cumulative effect in the growth response of the birch
saplings to elevated N. Such a lag time has not been reported in
other studies that investigated the interactive impacts of O3 and N
on the biomass of trees (Thomas et al., 2005; Marzuoli et al., 2016,
2018).

This study showed an increase in g« with increasing N load. This is
in agreement with O3 and N interaction studies in trees by Marzuoli
et al. (2018) and has important implications when modelling O3 im-
pacts and performing risk assessments at a regional or global scale.
The O3 uptake could be affected by N load, however, the combined im-
pact of Oz and N is less clear (see Section 4.3 below).

4.3. Ozone and nitrogen interactions

Our results confirmed the hypothesis that there were no significant
interactions between the impacts of Os flux and N on Betula pendula bio-
mass. The conclusion is consistent with the results of Harmens et al.
(2017), who found no significant interactions between N and O3 on
photosynthetic parameters of Betula pendula. However, it should be
noted that in the current study young trees were only exposed to ele-
vated Os and N for two years. Longer-term studies might show different
results, particularly if there would be a delayed response to treatment.
Feng et al. (2011) also reported no significant effects of N loads (30
and 60 kg ha™! yr™') on the 05 sensitivity of Cinnamomum camphora.
However, Pddkkonen and Holopainen (1995) found that high N loads
might reduce O3 sensitivity in Betula pendula, with experiments con-
ducted at two O exposure levels (ambient and ca. 1.6 x ambient) and
three N loads (37, 74 and 150 kg N ha=! yr—!). For other tree species,
different results of the interaction between O3 concentrations and N
load were reported. High N supply ameliorated (e.g. Landolt et al.,
1997; Handley and Grulke, 2008) or exacerbated (e.g. Utriainen and
Holopainen, 2001; Watanabe et al., 2012) the negative impact of Os.
For Pinus sylvestris, a significant interaction between O3 and N was
found only in the third experimental year (Utriainen and Holopainen,
2001), suggesting that interactive impacts due to Oz and N are dynamic
and change over time. A delayed response could potentially also be due
to a lag effect as found for N in our study. The variation in results re-
ported for different tree species and experiments may therefore be

due to differences in Os-sensitivity of tree species, Oz and/or N exposure
concentrations and soil/climate conditions (Mills et al., 2016) and/or
duration of exposure. Variations in exposure between experiments re-
sult in differences in accumulated O5 exposure and therefore effects. It
remains unclear whether high N deposition might increase O3 sensitiv-
ity of tree species by stimulating g and/or specific leaf area (Bassin et al.,
2009) or decrease Os sensitivity of trees species through enhanced de-
toxification of Os.

4.4. Extrapolation to field conditions

In this study B. pendula was exposed to combined O3z and N treat-
ments in controlled conditions in pots. This provides clear indica-
tions for improved ecological understanding of these impacts,
however, it remains important to validate the magnitude of these
impacts in field conditions and using mature trees to further assess
the risks to forest ecosystems. Epidemiological analysis of mature
trees across Oz and N gradients have previously been used to confirm
the results from controlled studies using young trees (Braun et al.,
2014), although these studies also have to be interpreted with care
due to confounding factors. Thus a combination of controlled studies
and field studies are required to further improve understanding of
combined impacts of O3 and N.

5. Conclusion

The results indicate that birch root, woody and total biomass were
not affected by the Phytotoxic Ozone Dose (POD;SPEC), and enhanced
N supply stimulated biomass production independently of POD{SPEC
(i.e. there were no POD,SPEC x N interactions). Enhanced N supply in-
creased stomatal conductance under optimal growth conditions, but el-
evated O3 exposure (24 h mean) did not affect stomatal conductance.
Effects of stem cross-sectional area can be used as a proxy for the bio-
mass response to the treatments with time. The effect of added N was
found to vary with growing season, with no effect after the first growing
season and a strong positive effect after two years. This suggests that
there may be a lag-time in the growth response of the birch saplings
to elevated N, which has not been reported before. There was no nega-
tive effect of O3 flux (POD;SPEC) on stem cross-sectional area after ei-
ther the first or second growing season. High levels of variation were
seen between tree replicates. Further studies, including epidemiological
studies, are needed to explore the interactive effects between elevated
03 and N supply, particularly in long-term studies with mature trees
under field conditions.

Acknowledgements

This study was funded by European Union Framework 7 Project
ECLAIRE (Effects of Climate Change on Air Pollution Impacts and Re-
sponse Strategies for European Ecosystems, project number 282910),
by the Natural Environment Research Council, UK (project NEC05574
and NEC6150) and joint funding from the China Scholarship Council
and the British Council (LD: Application no. 201603780046). We thank
Aled Williams (Aled Williams Mechatronics) for the technical support
provided for the solardomes system.

Conflict of interest
The authors declare no conflict of interest.
Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2019.01.092.


https://doi.org/10.1016/j.scitotenv.2019.01.092
https://doi.org/10.1016/j.scitotenv.2019.01.092

L. Dai et al. / Science of the Total Environment 660 (2019) 1038-1046 1045

References

Ainsworth, E.A.,, Yendrek, CR,, Sitch, S., Collins, W.]J., Emberson, L., 2012. The effects of tro-
pospheric ozone on net primary productivity and implications for climate change.
Annu. Rev. Plant Biol. 63, 637-661.

Bagard, M., Jolivet, Y., Hasenfratz-Sauder, M.P., Gerard, ]., Dizengremel, P., Le Thiec, D.,
2015. Ozone exposure and flux-based response functions for photosynthetic traits
in wheat, maize and poplar. Environ. Pollut. 206, 411-420.

Bassin, S., Werner, R.A,, Sorgel, K., Volk, M., Buchmann, N., Fuhrer, J., 2009. Effects of com-
bined ozone and nitrogen deposition on the in situ properties of eleven key plant spe-
cies of a subalpine pasture. Oecologia 158, 747-756.

Bates, D., Maechler, M., Bolker, B., Walker, S., 2015. Fitting linear mixed-effects models
using Ime4. ]. Stat. Softw. 67 (1), 1-48.

Bortier, K., De Temmerman, L., Ceulemans, R., 2000. Effects of ozone exposure in open-top
chambers on poplar (Populus nigra) and beech (Fagus sylvatica): a comparison. Envi-
ron. Pollut. 109, 509-516.

Braun, S., Schindler, C,, Rihm, B., 2014. Growth losses in Swiss forests caused by ozone: ep-
idemiological data analysis of stem increment of Fagus sylvatica L. and Picea abies
Karst. Environ. Pollut. 192, 129-138.

Braun, S., Schindler, C., Rihm, B., 2017. Growth trends of beech and Norway spruce in
Switzerland: the role of nitrogen deposition, ozone, mineral nutrition and climate.
Sci. Total Environ. 599-600, 637-646.

Biiker, P., Feng, Z., Uddling, J., Briolat, A., Alonso, R., Braun, S., Elvira, S., Gerosa, G., Karlsson,
P.E., Le Thiec, D., Marzuoli, R., Mills, G., Oksanen, E., Wieser, G., Wilkinson, M.,
Emberson, L.D., 2015. New flux based dose response relationships for ozone for
European forest tree species. Environ. Pollut. 206, 163-174.

Calatayud, V., Cerver6, J., Calvo, E., Garcia-Breijo, F.J., Reig-Armifiana, ]., Sanz, MJ., 2011.
Responses of evergreen and deciduous Quercus species to enhanced ozone levels. En-
viron. Pollut. 159, 55-63.

Convention, LRTAP, 2017. Manual on methodologies and criteria for modelling and map-
ping Critical Loads and Levels and air pollution effects, risks and trends. Chapter 3:
Mapping Critical Levels for Vegetation http://icpvegetation.ceh.ac.uk.

Cooper, O.R,, Parrish, D.D., Ziemke, ]., Balashov, N.V., Cupeiro, M., Galbally, LE., Gilge, S.,
Horowitz, L., Jensen, N.R., Lamarque, J.F., 2014. Global distribution and trends of tro-
pospheric ozone: an observation-based review. Elem. Sci. Anth. 2, 000029.

Dai, L.L., Li, P., Shang, B., Liu, S., Yang, A.Z., Wang, Y.N., Feng, Z.Z., 2017. Differential re-
sponses of peach (Prunus persica) seedlings to elevated ozone are related with leaf
mass per area, antioxidant enzymes activity rather than stomatal conductance. Envi-
ron. Pollut. 227, 380-388.

Emberson, L.D., Ashmore, M.R., Cambridge, H.M., Simpson, D., Tuovinen, J.P., 2000. Model-
ling stomatal ozone flux across Europe. Environ. Pollut. 109, 403-413.

Emberson, L.D., Biiker, P., Ashmore, M.R., 2007. Assessing the risk caused by ground level
ozone to European forest trees: a case study in pine, beech and oak across different
climate regions. Environ. Pollut. 147, 454-466.

EMEP/CCC, 2016. Air Pollution Trends in the EMEP Region Between 1990 and 2012.
EMEP/CCC-Report 1/2016. Norwegian Institute for Air Research (NILU), Kjeller,
Norway, p. 105.

Feng, Z.Z., Niu, ].F,, Zhang, W.W., Wang, XK, Yao, F.F,, Tian, Y., 2011. Effects of ozone ex-
posure on sub-tropical evergreen Cinnamomum camphora seedlings grown in differ-
ent nitrogen loads. Trees 25, 617-629.

Gerosa, G., Fusaro, L., Monga, R, Finco, A., Fares, S., Manes, F., Marzuoli, R., 2015. A flux
based assessment of above and below ground biomass of Holm oak (Quercus ilex
L.) seedlings after one season of exposure to high ozone concentrations. Atmos. Envi-
ron. 113, 41-49.

Handley, T., Grulke, N.E., 2008. Interactive effects of O; exposure on California black oak
(Quercus kelloggii Newb.) seedlings with and without N amendment. Environ. Pollut.
156, 53-60.

Harmens, H., Hayes, F., Sharps, K., Mills, G., Calatayud, V., 2017. Leaf traits and photosyn-
thetic responses of Betula pendula saplings to a range of ground-level ozone concen-
trations at a range of nitrogen loads. J. Plant Physiol. 211, 42-52.

Hartmann, D.L., Klein, Tank A.M.G., Rusticucci, M., Alexander, L., Bronnimann, S., et
al.,, 2013. Observations: atmosphere and surface supplementary material. In:
Stocker, T.F., Qin, D., Plattner, G.-K., Tignor, M., Allen, S.K. (Eds.), Climate Change
2013:The Physical Science Basis. Contribution of Working Group I to the Fifth As-
sessment Report of the Intergovernmental Panel on Climate Change. Cambridge
University Press, New York Available from. www.climatechange2013.org www.
ipcc.ch.

Hayes, F., Wagg, S., Mills, G., Wilkinson, S., Davies, W., 2012. Ozone effects in a drier cli-
mate: implications for stomatal fluxes of reduced stomatal sensitivity to soil drying
in a typical grassland species. Glob. Chang. Biol. 18, 948-959.

Hewitt, EJ., 1966. Sand and water culture methods used in the study of plant nutrition.
Technical Communication No. 22. Commonwealth Bureau, London.

Hewitt, D.K.L., Mills, G., Hayes, F., Wilkinson, S., Davies, W., 2014. Highlighting the threat
from current and near-future ozone pollution to clover in pasture. Environ. Pollut.
189, 111-117.

Hewitt, D.K.L., Mills, G., Hayes, F., Davies, W., 2016. The climate benefits of high-
sugar grassland may be compromised by ozone pollution. Sci. Total Environ.
565, 95-104.

Hu, E.Z., Gao, F, Xin, Y., Jia, H.X,, Li, KH., Hu, ] J., Feng, Z.Z., 2015. Concentration- and flux-
based ozone dose-response relationships for five poplar clones grown in North China.
Environ. Pollut. 207, 21-30.

Kontunen-Soppela, S., Ossipov, V., Ossipova, S., Oksanen, E., 2007. Shift in birch leaf me-
tabolome and carbon allocation during long-term open-field ozone exposure. Glob.
Chang. Biol. 13, 1053-1067.

Krupa, S., McGrath, M.T., Andersen, C., Booker, F.L., Burkey, K., Chappelka, A., Chevone, B.I,
Pell, EJ,, Zilinskas, B.A., 2001. Ambient ozone and plant health. Plant Dis. 85, 4-17.

Landolt, W., Giinthardt-Goerg, M.S., Pfenniger, L., Einig, W., Hampp, R., Maurer, S.,
Matyssek, R., 1997. Effect of fertilization on ozone-induced changes in the metabo-
lism of birch (Betula pendula) leaves. New Phytol. 137, 389-397.

Lefohn, A.S., Malley, C.S., Smith, L., Wells, B., Hazucha, M., Simon, H., Naik, V., Mills, G.,
Schultz, M.G., Paoletti, E., De Marco, A., Xu, X.B., Zhang, L., Wang, T., Neufeld, H.S.,
Musselman, R.C, Tarasick, D., Brauer, M., Feng, Z.Z., Tang, H.Y., Kobayashi, K., Sicard,
P., Solberg, S., Gerosa, G., 2018. Tropospheric ozone assessment report: global
ozone metrics for climate change, human health, and crop/ecosystem research.
Elem. Sci. Anth. 6, 28.

Li, P., Calatayud, V., Gao, F.,, Uddling, ]., Feng, Z., 2016a. Differences in ozone sensitivity
among woody species are related to leaf morphology and antioxidant levels. Tree
Physiol. 36, 1105-1116.

Li, Y., Schichtel, B.A., Walker, ].T., Schwede, D.B., Chen, X., Lehmann, C.M.B., Puchalski, M.A.,,
Gay, D.A,, Collett Jr.,J.L., 2016b. Increasing importance of deposition of reduced nitro-
gen in the United States. PNAS 113, 5874-5879.

Marzuoli, R., Monga, R, Finco, A,, Gerosa, G., 2016. Biomass and physiological responses of
Quercus robur (L.) young trees during 2 years of treatments with different levels of
ozone and nitrogen wet deposition. Trees 30, 1995-2000.

Marzuoli, R., Monga, R,, Finco, A., Chiesa, M., Gerosa, G., 2018. Increased nitrogen wet de-
position triggers negative effects of ozone on the biomass production of Carpinus
betulus L. young trees. Environ. Exp. Bot. 152, 128-136.

Matyssek, R., Wieser, G., Ceulemans, R., Rennenberg, H., Pretzsch, H., Haberer, K., Low, M.,
Nunn, AJ., Werner, H., Wipfler, P., Osswald, W., Nikolova, P., Hanke, D.E., Kraigher, H.,
Tausz, M., Bahnweg, G., Kitao, M., Dieler, ]., Sandermann, H., Herbinger, K., Grebenc, T.,
Blumenrother, M., Deckmyn, G., Grams, T.E., Heerdt, C., Leuchner, M., Fabian, P.,
Haberle, K.H., 2010. Enhanced ozone strongly reduces carbon sink strength of adult
beech (Fagus sylvatica)—resume from the free-air fumigation study at Kranzberg For-
est. Environ. Pollut. 158, 2527-2532.

Mills, G., Buse, A., Gimeno, B., Bermejo, V., Holland, M., Emberson, L., Pleijel, H., 2007. A
synthesis of AOT40-based response functions and critical levels of ozone for agricul-
tural and horticultural crops. Atmos. Environ. 41, 2630-2643.

Mills, G., Hayes, F., Simpson, D., Emberson, L., Norris, D., Harmens, H., Biiker, P., 2011a. Ev-
idence of widespread effects of ozone on crops and (semi-)natural vegetation in
Europe (1990-2006) in relation to AOT40- and flux-based risk maps. Glob. Chang.
Biol. 17, 592-613.

Mills, G., Pleijel, H., Braun, S., et al., 2011b. New stomatal flux-based critical levels for
ozone effects on vegetation. Atmos. Environ. 45, 5064-5068.

Mills, G., Harmens, H., Wagg, S., Sharps, K., Hayes, F., Fowler, D., Sutton, M., Davies, W.,
2016. Ozone impacts on vegetation in a nitrogen enriched and changing climate. En-
viron. Pollut. 208, 898-908.

Mills, G., Pleijel, H., Malley, C.S., Sinha, B., Cooper, Owen R., Schultz, Martin G.,
Neufeld, H.S., Simpson, D., Sharps, K., Feng, Z.Z., Gerosa, G., Harmens, H.,
Kobayashi, K., Saxena, P., Paoletti, E., Sinha, V., Xu, X.B., 2018. Tropospheric
Ozone Assessment Report: present-day tropospheric ozone distribution and
trends relevant to vegetation. Elem. Sci. Anth. 6, 47. https://doi.org/10.1525/
elementa.302.

Oksanen, E., 2003. Physiological responses of birch (Betula pendula) to ozone: a compar-
ison between open-soil-grown trees exposed for six growing seasons and potted
seedlings exposed for one season. Tree Physiol. 23, 603-614.

Oksanen, E., Holopainen, T., 2001. Responses of two birch (Betula pendula Roth) clones to
different ozone profiles with similar AOT40 exposure. Atmos. Environ. 35,
5245-5254.

Padkkonen, E., Holopainen, T., 1995. Influence of nitrogen supply on the response of
clones of birch (Betula pendula Roth.) to ozone. New Phytol. 129, 595-603.

Paoletti, E., Grulke, N.E., 2005. Does living in elevated CO, ameliorate tree response to
ozone? A review on stomatal responses. Environ. Pollut. 137, 483-493.

Paoletti, E., Grulke, N.E., 2010. Ozone exposure and stomatal sluggishness in different
plant physiognomic classes. Environ. Pollut. 158, 2664-2671.

Pivovaroff, A.L, Santiago, L.S., Vourlitis, G.L., Grantz, D.A., Allen, M.F., 2016. Plant hydraulic
responses to long-term dry season nitrogen deposition alter drought tolerance in a
Mediterranean-type ecosystem. Oecologia 181, 721-731.

Pollastrini, M., Desotgiu, R., Cascio, C., Bussotti, F., Cherubini, P., Saurer, M., Gerosa, G.,
Marzuoli, R., 2010. Growth and physiological responses to ozone and mild drought
stress of tree species with different ecological requirements. Trees: Struct. Funct.
24, 695-704.

R Core Team, 2016. R: A language and environment for statistical computing. R Founda-
tion for Statistical Computing. Austria, Vienna URL. https://www.R-project.org/.
Rebbeck, ]., Scherzer, AJ., 2002. Growth responses of yellow-poplar (Liriondendron
tulipifera L.) exposed to 5 years of O5 alone or combined with elevated CO,. Plant

Cell Environ. 25, 1527-1537.

Royal-Society, 2008. Ground-level Ozone in the 21st Century: Future Trends, Impacts and
Policy Implications. Science Policy Report 15/08.

Shang, B., Feng, Z.Z., Li, P., Yuan, X.Y., Xu, Y.S,, Calatayud, V., 2017. Ozone exposure and
flux-based response relationships with photosynthesis, leaf morphology and biomass
in two poplar clones. Sci. Total Environ. 603-604, 185-195.

Simpson, D., Arneth, A., Mills, G., Solberg, S., Uddling, ]., 2014. Ozone-the persistent men-
ace: interactions with the N cycle and climate change. Curr. Opin. Environ. Sustain.
9-10,9-19.

Sutton, M.A., Howard, C.M,, Erisman, J.W., Gillen, G., Bleeker, A., Grennfelt, P., Van
Grinsven, H., Grizzetti, B., 2011. The European Nitrogen Assessment. Cambridge Uni-
versity Press, New York.

Thomas, V.F.D., Braun, S., Fluckiger, W., 2005. Effects of simultaneous ozone exposure and
nitrogen loads on carbohydrate concentrations, biomass, and growth of young spruce
trees (Picea abies). Environ. Pollut. 137, 507-516.

Tripathi, S.N., Raghubanshi, A.S., 2014. Seedling growth of five tropical dry forest tree spe-
cies in relation to light and nitrogen gradients. J. Plant Ecol. 7, 250-263.


http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0005
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0005
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0005
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0010
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0010
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0015
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0015
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0015
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0020
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0020
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0025
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0025
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0025
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0030
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0030
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0030
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0035
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0035
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0035
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0040
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0040
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0045
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0045
http://icpvegetation.ceh.ac.uk
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0055
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0055
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0060
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0060
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0060
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0060
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0065
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0065
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0070
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0070
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0070
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0075
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0075
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0075
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0080
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0080
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0080
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0085
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0085
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0085
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0085
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0090
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0090
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0090
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0090
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0095
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0095
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0095
http://www.climatechange2013.org
http://www.ipcc.ch
http://www.ipcc.ch
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0105
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0105
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0105
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0110
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0110
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0115
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0115
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0115
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0120
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0120
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0120
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0125
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0125
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0125
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0130
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0130
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0130
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0135
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0140
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0140
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0145
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0145
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0145
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0150
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0150
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0150
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0155
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0155
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0160
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0160
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0160
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0165
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0165
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0165
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0170
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0170
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0170
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0175
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0175
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0175
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0180
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0180
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0180
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0180
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0185
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0185
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0190
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0190
https://doi.org/10.1525/elementa.302
https://doi.org/10.1525/elementa.302
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0200
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0200
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0200
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0205
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0205
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0205
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0210
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0210
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0215
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0215
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0215
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0220
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0220
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0225
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0225
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0225
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0230
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0230
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0230
https://www.R-project.org/
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0240
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0240
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0240
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0240
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0240
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0245
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0245
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0250
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0250
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0250
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0255
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0255
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0255
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0260
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0260
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0265
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0265
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0265
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0270
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0270

1046 L. Dai et al. / Science of the Total Environment 660 (2019) 1038-1046

Utriainen, J., Holopainen, T., 2001. Influence of nitrogen and phosphorus availability and
ozone stress on Norway spruce seedlings. Tree Physiol. 21, 447-456.

Watanabe, M., Yamaguchi, M., Matsumura, H., Kohno, Y., Izuta, T., 2012. Risk assessment
of ozone impact on Fagus crenata in Japan: consideration of atmospheric nitrogen de-
position. Eur. J. For. Res. 131, 475-484.

Wildt, J., Kley, D., Rockel, A., Rockel, P., Segschneider, H.J., 1997. Emission of NO from sev-
eral higher plant species. J. Geophys. Res. Atmos. 102, 5919-5927.

Winiwarter, W., Hettelingh, J.P., Bouwman, L., et al,, 2011. Future scenarios of nitrogen in
Europe. In: Sutton, M.A., Howard, C.M., Erisman, J.W., et al. (Eds.), The European Ni-
trogen Assessment. Cambridge University Press, New York.

Wittig, V.E., Ainsworth, E.A,, Long, S.P., 2007. To what extent do current and projected in-
creases in surface ozone affect photosynthesis and stomatal conductance of trees? A
meta-analytic review of the last 3 decades of experiments. Plant Cell Environ. 30,
1150-1162.

Wittig, V.E., Ainsworth, E.A,, Naidu, S.L., Karnoski, D.F,, Long, S.P., 2009. Quantifying the
impact of current and future tropospheric ozone on tree biomass, growth, physiology
and biochemistry: a quantitative meta-analysis. Glob. Chang. Biol. 15, 396-424.

Wittmann, C,, Matyssek, R., Pfanz, H., Humar, M., 2007. Effects of ozone impact on the gas
exchange and chlorophyll fluorescence of juvenile birch stems (Betula pendula Roth.).
Environ. Pollut. 150, 258-266.

Yamaguchi, M., Watanabe, M., Iwasaki, M., Tabe, C., Matsumura, H., Kohno, Y., Izuta, T.,
2007. Growth and photosynthetic responses of Fagus crenata seedlings to Oz under
different nitrogen loads. Trees-Struct. Funct. 21, 707-718.

Yamaji, K., Julkunen-Tiitto, R., Rousi, M., Freiwald, V., Oksanen, E., 2003. Ozone exposure
over two growing seasons alters root-to-shoot ratio and chemical composition of
birch (Betula pendula Roth). Glob. Chang. Biol. 9, 1363-1377.

Yuan, X.Y., Feng, Z.Z., Liy, S., Shang, B., Li, P., Xu, Y.S., Paoletti, E., 2017. Concentration- and
flux-based dose-responses of isoprene emission from poplar leaves and plants ex-
posed to an ozone concentration gradient. Plant Cell Environ. 40, 1960-1971.

Zuur, AF,, Ieno, EN., Walker, NJ., Saveliev, A.A.,, Smith, G.M., 2009. Mixed Effects Models
and Extensions in Ecology with R. Springer, New York.


http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0275
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0275
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0280
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0280
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0280
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0285
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0285
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0290
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0290
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0290
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0295
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0295
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0295
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0295
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0300
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0300
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0300
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0305
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0305
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0305
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0310
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0310
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0310
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0315
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0315
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0315
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0320
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0320
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0320
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0325
http://refhub.elsevier.com/S0048-9697(19)30103-2/rf0325

	Nitrogen availability does not affect ozone flux-�effect relationships for biomass in birch (Betula pendula) saplings
	1. Introduction
	2. Materials and methods
	2.1. Plant materials
	2.2. Experiment site and treatments
	2.3. Stomatal conductance (gs) measurements
	2.4. O3 stomatal fluxes
	2.5. Biomass and stem cross-sectional area
	2.6. Statistical analyses

	3. Results
	3.1. Stomatal conductance (gs) under optimal conditions
	3.2. Biomass dose–response relationships based on POD1
	3.3. Impacts on stem cross-sectional area: Implications for woody biomass changes with time

	4. Discussion
	4.1. Ozone effects
	4.2. Nitrogen effects
	4.3. Ozone and nitrogen interactions
	4.4. Extrapolation to field conditions

	5. Conclusion
	Acknowledgements
	Conflict of interest
	Appendix A. Supplementary data
	References


