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Chronic ozone exposure affects nitrogen remobilization in wheat at key 
growth stages 
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• The effect of ozone stress on nitrogen 
remobilization in wheat is not well 
understood. 

• Four ozone and two nitrogen treatments 
led to differences in nitrogen 
remobilization. 

• Chronic ozone reduced chlorophyll in 
older leaf cohorts at reproductive 
growth stages. 

• Chronic ozone reduced nitrogen remo-
bilization and increased residual nitro-
gen levels. 

• Additional nitrogen fertilization at 
anthesis ameliorated the effect of 
chronic ozone.  
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A B S T R A C T   

The interaction between nitrogen storage and translocation, senescence, and late phase photosynthesis is critical 
to the post-anthesis grain fill period in wheat, but ozone's effect on nitrogen dynamics within the wheat plant is 
not well understood. This study used solardomes to expose a widely grown elite spring wheat cultivar, cv. 
Skyfall, to four levels of ozone (30 ppb, 45 ppb, 70 ppb, 85 ppb) for 11 weeks, with two levels of nitrogen 
fertilization, 140 kg ha− 1 and 160 kg ha− 1, the higher rate including an additional 20 kg N ha− 1 at anthesis. 
Chronic ozone exposure triggered earlier senescence in the 4th, 3rd and 2nd leaves but not the flag leaf, with a 
similar pattern of reduced chlorophyll content in the lower, older leaf cohorts, which started before senescence 
became visible. At anthesis there was no evidence of any effect of ozone on nitrogen storage in upper plant parts. 
However, high ozone increased levels of residual nitrogen found within plant parts at harvest, with concomitant 
reductions in C:N ratios and Nitrogen Remobilization Efficiency. Extra nitrogen fertilization applied at anthesis 
appeared to ameliorate the effect of ozone on nitrogen content and nitrogen translocation. The application of 15N 
ammonium nitrate at anthesis confirmed that the majority of post-anthesis nitrogen uptake had been trans-
located to the ear/grain by harvest, with no effect of ozone on the translocation of nitrogen around the plant. 
These data can inform future modelling of ozone's effect on nitrogen dynamics and global wheat yields.  
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1. Introduction 

1.1. Ozone, wheat and nitrogen 

Ground level ozone is a secondary air pollutant and abiotic stress 
which continues to have a detrimental effect on global wheat yields 
(Mills et al., 2018b). With ozone concentrations predicted to continue at 
levels which are phytotoxic to wheat across many wheat-growing areas 
of the world (Revell et al., 2015; Mills et al., 2018a), efforts to more 
effectively model potential yield losses (Emberson et al., 2018; Feng 
et al., 2022), and to develop more ozone tolerant cultivars (e.g. Ains-
worth, 2017), are more important than ever. 

Ozone concentrations are highest in the northern hemisphere, where 
higher levels of ozone's precursor gases are emitted and circulate 
(Fleming et al., 2018). Annual mean concentrations range from <30 ppb 
in the most northerly latitudes of Europe and North America, to >85 ppb 
in parts of western USA, southern Europe, and east Asia, with mid-range 
concentrations of 40–70 ppb commonly occurring, including across the 
wheat-growing areas of the UK, Europe, the USA and Asia (Fleming 
et al., 2018; Emberson et al., 2018). Reports relating to ozone's effects on 
wheat in Europe and North America (Pleijel et al., 2019), India 
(Mukherjee et al., 2021), China (Wang et al., 2021) and Africa (Hayes 
et al., 2020) suggest ozone causes 4–15 % annual yield reductions. 

Although nitrogen fertilization is essential to plant growth and to 
maintaining higher wheat yields, only about a third of applied nitrogen 
fertilizer is retained in the grain at harvest (Hawkesford and Riche, 
2020). This, in combination with the increasing costs of nitrogen 
fertilization, mean that efforts to improve Nitrogen Use Efficiency 
(NUE), and to avoid reductions in NUE due to abiotic stress, are now a 
priority for wheat breeders (Hawkesford, 2017). Developing a better 
understanding of how ozone affects the nitrogen dynamics of wheat will 
help to identify mechanisms of yield reduction, as well as key factors for 
maintaining NUE and improving ozone tolerance in wheat (Broberg 
et al., 2017). 

1.2. Effect of ozone on senescence, the C:N balance and nitrogen 
partitioning 

When ozone enters a wheat plant through its stomata it rapidly reacts 
to form multiple Reactive Oxygen Species (ROS) which, if not reduced 
by antioxidants, lead to a cascade of harmful effects within leaf cells and 
ultimately to reduced functioning of plant processes (see reviews e.g. 
Emberson et al., 2018; Ainsworth, 2017). Correlations between elevated 
ozone, earlier senescence, reduced photosynthetic capacity, and subse-
quent wheat yield reductions, have been extensively researched 
(Amundson et al., 1987; Pleijel et al., 1997; Gelang et al., 2000; Xu et al., 
2009; Osborne et al., 2019; Feng et al., 2022). The reproductive growth 
phase of wheat appears to be the most sensitive to the effect of ozone 
(Pleijel et al., 1998; Soja et al., 2000), with reductions in photosynthate 
during anthesis and grain fill particularly evident, although not fully 
understood (Emberson et al., 2018). In addition, whilst the impact of 
ozone on the flag leaf has been widely researched, there is also an 
acknowledgement of the need to take the effect of ozone on all cohorts of 
leaves more effectively into account (Emberson et al., 2018; Osborne 
et al., 2019; Feng et al., 2022). 

There is a growing consensus that premature and accelerated 
senescence is one of the primary factors driving yield reductions, and 
that this needs to be incorporated into modelling work being undertaken 
to estimate the effects of ozone on global wheat yields (Emberson et al., 
2018). As senescence plays an important role in balancing carbon and 
nitrogen within the whole plant, it therefore also interacts with multiple 
external factors which can generate a C:N or source:sink imbalance, 
including nutrient supply and abiotic stress (Paul and Foyer, 2001; 
Wingler et al., 2006). In stress-affected plants accelerated senescence 
results in both carbon and nitrogen use efficiency being compromised 
(Gregersen et al., 2013; Sade et al., 2018). Research in tree species has 

found that ozone can increase the residual nitrogen concentrations in 
leaves, stems and roots, with related reductions in C:N ratios (Shang 
et al., 2018). However, ozone's effect on C:N ratios within the plant, is 
also not well understood, and there is a lack of data on C:N stoichiometry 
in ozone-affected wheat (Emberson et al., 2018). 

The nitrogen content of plant parts at the start of grain filling is 
crucial, for both efficient nitrogen remobilization as well as ongoing 
photosynthesis for carbon assimilation (Kong et al., 2016). Chlorophyll 
is a good indicator of nitrogen levels within a plant because nitrogen is 
mainly stored in organic form, mostly as proteins and amino acids 
within chlorophyll. The senescence process then breaks down chloro-
phyll and translocates the nitrogen compounds to the ear and grain 
(Avila-Ospina et al., 2014; Maillard et al., 2015). Whilst the majority of 
wheat's grain starch is generated directly by post-anthesis photosyn-
thesis, up to 90 % of the grain protein comes from the nitrogen stored 
prior to anthesis in leaves, stems, ear and root (Kichey et al., 2007; 
Bogard et al., 2010; Kong et al., 2016). In addition, a lesser but still 
important proportion of grain nitrogen can also be taken up via the roots 
in the post-anthesis growth phases (Kichey et al., 2007; Kong et al., 
2016). When assessing the effect of ozone on levels of nutrients in wheat, 
Broberg et al. (2021) found that ozone reduced the harvest index for the 
majority of essential nutrients including nitrogen, whilst the total pool of 
each nutrient was unaffected, suggesting that ozone affected remobili-
zation and translocation efficiency rather than nutrient uptake. How-
ever, there has been limited research into whether, and to what extent, 
ozone affects levels of nitrogen stored prior to anthesis, its subsequent 
translocation to the grain, and nitrogen uptake in the post-anthesis 
period. 

1.3. Aims of the study 

This study therefore aimed to assess the effect of ozone on senes-
cence, the C:N balance, and subsequent nitrogen partitioning in a widely 
grown elite spring wheat cultivar, cv. Skyfall. This cultivar was selected 
due to its ozone sensitivity, as found in previous research (Harmens 
et al., 2018; Brewster et al., 2019). 

The hypotheses being tested were that:  

• ozone would reduce the levels of chlorophyll and the timing of 
senescence in multiple plant parts, particularly during the key 
growth stages of anthesis and grain fill;  

• ozone would alter the C:N ratio in plant parts at anthesis and at 
harvest;  

• ozone would alter the levels of nitrogen found in plant parts both at 
anthesis and at harvest, and also alter the remobilization of nitrogen 
between anthesis and harvest;  

• ozone would affect the uptake of extra nitrogen fertilizer applied at 
anthesis;  

• the addition of the extra nitrogen would alter the effects of ozone in 
the post-anthesis period. 

2. Materials and methods 

2.1. Plant establishment 

The trial took place in 2021 at the UK Centre for Ecology & 
Hydrology's air pollution facility at Abergwyngregyn North Wales 
(53.2◦N, 4.0◦W). One line of a high yielding (winter/spring) cultivar 
(T. aestivum L., cv. Skyfall) released in 2014 (RAGT Semences, France) 
was selected for the trial. 

Seeds were germinated (15–18 April) in petri dishes at room tem-
perature, and sown into modular plug trays containing low nutrient 
sandy loam topsoil (J.A. Bowers). Seedlings were grown on in an un-
heated glasshouse without supplementary lighting or temperature con-
trol (19 April–4 May, Bangor, UK), with one balanced NPK nutrient feed 
(23 April). 
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At 3-leaf stage (GS13, 5 May) seedlings were transplanted, into 6.3 L 
round black plastic pots (25 cm deep, 20 cm in diameter at the rim) with 
individual drip trays, two seedlings per pot, containing well mixed low 
nutrient sandy loam top soil (J.A. Bowers). The topsoil contained 2.1 kg 
ha− 1 of available nitrogen, 5.6 mg litre− 1 of phosphate and 28 mg litre− 1 

of potassium, at pH 7.2. To ensure adequate plant nutrition for spring 
wheat grown in sandy loam soil (AHDB RB209, 2022) each pot was 
fertilized with phosphate (110 kg ha− 1 equivalent), and potassium (95 
kg ha− 1 equivalent) at 3-leaf stage (Zadoks et al., 1974), and with 
ammonium nitrate (140 kg ha− 1 equivalent, in two split doses of 70 kg 
ha− 1) added at 3-leaf and 1st node (GS31, 9 June) growth stages. 
Micronutrients and soil bacteria were added to all pots via the addition 
of 30 g per pot of farm field sandy loam soil (Henfaes Research Station, 
Abergwyngregyn, North Wales). 

Plants were established under glass (5 May–2 June), with pots 
rotated randomly every 7 days. All pots were manually watered daily, or 
as required, to maintain adequate soil moisture levels throughout the 
trial. To maintain plant health, applications of insecticide (4th June, 
GS31–32) and fungicide (16th June, GS41–43) treatments were made as 
required (Table S1). 

2.2. Additional nitrogen fertilization, 15N tracer experiment and ozone 
exposures 

Six replicate pots per treatment were randomly selected, placed in (1 
June, GS30), and rotated weekly within, four hemispherical glasshouses 
(solardomes, 2.1 m high, 3 m diameter). Within each of the four ozone 
treatments/solardomes there were four nitrogen treatment sub-sets 
(Table 1): NØX plants had no additional ammonium nitrate and were 
harvested at mid-anthesis (GS65, 2 July); NØ plants also received no 
additional ammonium nitrate at mid-anthesis but were grown to full 
term (GS93, 15–17 Aug), whilst the N+ and 15N+ plants were also 
harvested at full term (GS93, 15–17 Aug) but with the addition of 20 kg 
ha− 1 ammonium nitrate at mid-anthesis. The 15N+ replicates received a 
solution of unlabeled ammonium nitrate combined with 15N dual 
labelled ammonium nitrate (48.23 atom% 15N) at a combined rate of 20 
kg ha− 1. In all cases the solution was applied evenly across the pre- 
wetted soil surface of each pot. 

Ozone treatments (3 June–15 Aug, 11 weeks) achieved peak con-
centrations of 30 ppb (low), 45 ppb (medium), 70 ppb (high), and 85 
ppb (very high) (Fig. 1) using Pulse Width Modulation (PWM), reduced 
to ~20 ppb at night-time (~30 ppb in very high ozone treatment dome) 
and for two days per week to mimic natural ozone fluctuations. 24 h 
means and AOT40 values for each treatment level are as shown in Fig. 1. 
Charcoal-filtered air ventilated the solardomes approximately twice per 
minute, with ozone pumped into the solardomes via PTFE tubing using a 
controlled injection system (G11 ozone generator, Pacific O3, USA) and 
AirSep NewLife Intensity 10 Litre oxygen concentrator (CAIRE Inc., 
USA), with computer-controlled concentrations (Lab VIEW version 
2015, National Instruments, USA) which were monitored every half 
hour by two calibrated automatic ozone analyzers (400a, Enviro Tech-
nology Services, Stroud, UK, and Thermo Scientific Model 49i Electron 
O3 Analyser, Fischer Scientific, Waltham, MA, USA). 

Ozone concentrations were maintained throughout the plant trial 

until plants were harvested. The average temperature inside the solar-
domes was 20.05 ◦C. Environmental conditions within and between the 
solardomes have been found not to vary (Hewitt et al., 2016; Harmens 
et al., 2019). 

2.3. Senescence and chlorophyll indices 

The extent of senescence was assessed weekly in NØ and N+ plants 
from early stem elongation growth stages (GS31, 9 June) until ripening 
(GS90s, 10 Aug) using an index of 0–10 (Further detail is shown in 
Fig. 4). Relative chlorophyll levels (SPAD units) in the flag, 2nd, 3rd, and 
4th leaves of the NØ and N+ plants were measured weekly from stem 
elongation (GS31, 8 June) until mid-grain-fill (GS80s, 27 July) using 
non-destructive measurements (CCM 200, ADC Biosciences, UK) of the 
upper surface of the central section of each leaf from a randomly selected 
shoot from either of the two plants in each replicate pot. 

2.4. Biomass and yield measurements at anthesis and post-harvest 

All NØX replicates were harvested at mid-anthesis (2 July), and the 
other sub-sets (NØ, N+ and 15 N+), whose final ripening stages became 
synchronized, were harvested when all spikes had fully senesced and 
grains had fully ripened (GS93, 15–16 Aug). The harvesting of all rep-
licates from each sub-set was necessary to provide sufficient material for 
analysis. Shoots were cut at the base of the stem and ears cut at the top of 
the peduncle. NØ, N+ and 15N+ plants had grains extracted from ears 
manually and grain was then weighed. All shoots, ears and grain were 
dried in drying cabinets (65 ◦C for 14+ days) before shoots and ears 
(minus their grain) were weighed. Roots of the low and very high 
treatment plants were kept in situ in pots and left to dry for at least 3 
days prior to wet sieving, drying (65 ◦C for 14+ days) and weighing to 
derive the dry root biomass. After drying NØX, NØ, N+ and 15N+ shoots 
had flag leaves and 2nd leaves stripped from stems and the segment of 
upper stem (including leaf sheath), between the flag leaf node and 2nd 
leaf node was cut just above the 2nd leaf node. Flag, 2nd leaf and upper 
stem samples from NØX, and N+ plants were weighed to derive actual 
(and proxy for NØ and 15N+) dry biomass weights for flag leaf, 2nd leaf, 
and upper stem. 

2.5. C:N and 15N analysis 

All plant parts (flag leaf, 2nd leaf, upper stem, ear, root and grain) 
were ground and homogenized using a dry ball mill (Retsch MM200, 
Haan, Germany), with a dried root sub-sample taken from the upper, 
middle and lower part of the root. In all cases, 15N+ samples were 
processed after all others, and in the order of ‘least to most’ expected 15N 
concentration. Samples of NØX, NØ, and N+ plants were then analyzed 
to derive N%, C%, and C:N ratio (Leco TruSpec CN, Michigan, USA). N+

and 15N+ samples were also analyzed separately to derive N% and 15N 
atom% values (Elementar vario MICRO cube elemental analyser (Ele-
mentar Analysensysteme GmbH, Langenselbold, Germany) interfaced to 
a Sercon Europa 20-20 IRMS (Sercon Ltd., Cheshire, United Kingdom)) 
using internal standards calibrated against international reference ma-
terials. Total nitrogen per plant part was derived from dry biomass and N 
% values. 

2.6. Nitrogen remobilization efficiency (NRE) 

For NØ and N+ plants, NRE was calculated (Bogard et al., 2010) as 
follows: 

NRE =
N%at anthesis − N%at harvest

N%at anthesis  

Table 1 
Summary of amount and timing (growth stage - GS) of nitrogen fertilization for 
each subset of plants (NØX, NØ, N+ and 15N+) along with growth stage at 
harvest.   

NØX NØ N+ 15N+

Nitrogen (kg ha− 1) +70 GS13 +70 GS13 +70 GS13 +70 GS13 
+70 GS31 +70 GS31 +70 GS31 +70 GS31   

+20 GS65 +20 GS65    
+15N 

Growth stage at harvest GS65 GS93 GS93 GS93  
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2.7. 15N trace experiment – calculation of 15N% recovery 

15N% recovered represents the percentage of 15N applied (per pot) 
which was recovered in the plant part (pool), and was calculated (Rowe 
et al., 2001) as follows:  

1. 15N excess atom% = 15N atom% − pool natural abundance  
2. 15N excess μg g− 1 = N%×15N excess atom%

10,000 × 1,000,000  
3. 15N excess μg (total μg in pool) = 15N excess μg g-1 × pool dry 

biomass (g)  
4. 15N excess g (total g in pool) = 15N excess (total μg in pool)

1,000,000  

5. 15N% recovered = 15N excess g (total g in pool)
total excess g 15N applied × 100 

2.8. Statistical analysis 

R (version 4.0.2, R Core Team, 2020) was used to undertake all tests 
for statistical significance apart from simple regression analysis which 
was undertaken in Excel (Microsoft Corporation, 2016). All error mar-
gins show standard error. Significance was assessed at p < 0.05. Linear 
mixed effect models (package ‘nlme’, Pinheiro et al., 2017) were used to 
assess, in each nitrogen fertilization sub-set, the effect of ozone and plant 
part, and any interaction between them, on total pool N, N%, 15N% 
recovered, and C:N ratio, with all plant parts (flag, upper stem, second 
leaf, ear, and grain) included in the model except root. Ozone treatment 
level and plant part were used as factors, with replicate ID as a random 
effect variable. A linear mixed effect model was also used for repeated 
measures data (chlorophyll index), with data first separated by each sub- 
set (NØ, N+) and leaf part (flag, second leaf, third leaf, fourth leaf). 
Growth phase and ozone were used as factors to assess any effect and 
interaction, and replicate ID also included as a random effect variable. 
Results were summarized using ANOVA ‘type 3’ (package ‘car’, Fox and 
Weisberg, 2011) including a Wald chi-square test (χ2). In addition, linear 
models (package ‘lsmeans’, Lenth, 2016) were used to test for statisti-
cally significant differences between ozone treatment levels in each 
plant part subset within each parameter (total pool nitrogen (Total N), 
carbon percentage (C%), nitrogen percentage (N%), percentage of 15N 
recovered (15N% recovered), and the C:N ratio). In all models, residuals 
and plots were checked for the appropriateness of each model and where 
necessary data were log transformed (Table S2). Tukey HSD post-hoc 
tests (package ‘multcomp’, Hothorn et al., 2008) and pairwise com-
parisons/contrasts of means (package ‘emmeans’, Lenth et al., 2020) 
were carried out where appropriate. 

3. Results 

3.1. Senescence index 

Ozone exposure began at stem elongation, and prior to booting there 
were almost no signs of visible senescence and no differences between 
the ozone treatments in both the N+ (Fig. 2) and NØ (Fig. S1) plants. 
After booting, the stages of senescence were reached earlier with each 
increase in ozone concentration. Both NØ and N+ plants senesced pro-
gressively from the lower leaves up to the spike until complete senes-
cence of the whole plant took place. Senescence was triggered earlier, 
and therefore lasted longer, in plants exposed to higher ozone, and was 
also therefore at a more advanced stage during anthesis and grain fill 
growth stages, with the same pattern found in both N+ and NØ plants. 

At ear emergence (two weeks after the start of ozone exposure) 
plants in the very high ozone treatment already had visible senescence in 
all 4th leaves (Index 3), whilst in the high ozone treatment Index 3 was 
not reached until the start of anthesis, and not until the end of anthesis in 
both the low and medium ozone treatments. By the start of milk 
development in early grain fill (five weeks after the start of ozone 
exposure), plants under the very high ozone treatment already had all 
2nd leaves senescing (Index 5), those under high ozone were between 
Index 4 (all 3rd leaves senescing) and Index 5, whilst the plants in both 
low and medium treatments were still only between Index 3 and Index 4. 
By dough development (7 weeks after the start of ozone exposure), all 
plants had reached Index 7 (all flag leaves fully senesced), and all then 
senesced through to Index 10, although the exact end of ripening was 
not identified in each treatment level. 

3.2. Chlorophyll index 

Chlorophyll levels varied by leaf, growth stage, and ozone concen-
tration (Figs. 3 & 4). The decline in chlorophyll content started earliest 
in the 4th leaf, followed in sequence by the 3rd, 2nd and finally the flag 
leaf. In response to ozone exposure, the overall pattern was of lower 
chlorophyll content and/or an earlier decline occurring with increasing 
duration of exposure to, and concentration of, ozone. The leaves most 
affected were the 2nd, 3rd, and 4th leaves, with little or no effect in the 
flag leaf. 

In the NØ plants the differences in chlorophyll levels between low 
and high treatments were most apparent at ear emergence in the 4th 
leaf, at the start of anthesis in the 3rd leaf, at the end of anthesis in the 
2nd leaf, and at the start of milk development in the flag leaf. At low to 
moderate ozone concentrations the additional nitrogen supplied to the 
N+ plants at anthesis allowed higher chlorophyll levels to be maintained 
during early grain fill in the flag, 2nd and 3rd leaves compared to the NØ 

Fig. 1. Mean hourly ozone profiles (replicated each week) over the course of ozone treatment (3 June–15 Aug 2021) with 24 h mean and AOT40 values, where 24 h 
mean represents the mean ozone concentrations (ppb) across the whole treatment period, and the AOT40 value (ppb.h) shows the extent of ozone exposure above 40 
ppb during daylight hours. 
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plants. However, this protective effect was lost at the highest ozone 
concentrations. 

In the 4th leaves in all ozone treatments the levels of chlorophyll 
peaked at booting and declined at similar rates, and were below 10 
SPAD units at the start of anthesis in both the NØ and N+ plants (Figs. 3 
& 4). In the NØ plants the effect of ozone overall on the fourth leaves was 
not significant, although there was a significant interaction between 
ozone and growth stage (p = 0.032), with significant reductions in 
chlorophyll levels under very high ozone found at ear emergence (low/ 
vhigh p = 0.028) and at the start of anthesis (low/vhigh p = 0.039). This 
effect was smaller in the 4th leaves of the N+ plants, with only a trend 
towards an effect of ozone (p = 0.069). 

In the 3rd leaves of both the NØ and N+ plants (Figs. 3 & 4) there was 
a highly significant effect of ozone (p < 0.0001), and interaction be-
tween ozone and growth stage (p < 0.0001). In both the NØ and N+

plants, levels of chlorophyll peaked at booting and then declined, 
dropping below 20 SPAD units in all ozone treatments from the end of 
anthesis, and below 10 under very high ozone from the start of anthesis. 
In the NØ plants, although the levels were lower under very high ozone 
from ear emergence onwards, the only significant difference between 
treatment levels was found at the start of anthesis (low/vhigh p = 0.02). 
In the N+ plants there were similar significant reductions under the very 
high ozone treatments at the start of anthesis (med/vhigh p = 0.032) but 
also in the early milk development growth stage (low/vhigh p = 0.029; 
med/vhigh p = 0.025). This suggests that the additional nitrogen fer-
tilizer applied at anthesis had maintained chlorophyll levels in the 3rd 
leaves in the low/medium treatments but not in the higher ozone 
concentrations. 

In the 2nd leaves of the NØ plants (Figs. 3 & 4) there was a highly 
significant negative effect of ozone overall on chlorophyll levels (p <
0.0001), and also a significant interaction between ozone and growth 
stage (p < 0.0001). At the end of anthesis there were significant re-
ductions in chlorophyll levels under the higher ozone treatments (low/ 
vhigh p = 0.0042; med/vhigh p = 0.021), and also in early milk 
development (low/vhigh p = 0.0054; med/vhigh p = 0.0055). In com-
parison, in the N+ plants, there was no significant effect of ozone overall 
on the 2nd leaves, although there was a significant interaction between 
ozone and growth stage (p = 0.0059), with the levels of chlorophyll 
significantly reduced in the early milk development phase under very 

high ozone (low/vhigh p = 0.048). The addition of nitrogen appeared to 
maintain chlorophyll levels in the 2nd leaves under lower ozone treat-
ment levels, especially during early grain fill. 

In both the NØ and N+ plants, there was no significant effect of 
ozone on the flag leaf chlorophyll levels at any growth stage, although in 
the NØ plants there was a non-significant reduction in levels under very 
high ozone at the start of milk development (high/vhigh p = 0.074). 

3.3. Nitrogen percentage (N%) in plant parts 

At anthesis in the NØX plants, N% levels were highest in the flag 
(~3.5 %) and 2nd leaves (~3 %) (Fig. 5). There was no apparent effect 
of ozone on N% levels and no interaction between ozone and plant part. 
Similar N% levels were found in the roots of the NØX, NØ and N+ plants 
(Fig. 5). 

In the N+ plants at harvest (Fig. 5), the highest N% levels were found 
in the grain (~3.5 %) and the ear (~1.5 %). The translocation of ni-
trogen from leaves to ear and grain appeared similar under the different 
treatment levels, and there was only a trend towards an effect of ozone 
overall (p = 0.094). Although mean N% levels in the N+ flag, 2nd leaf, 
upper stem and ear were all slightly higher under the highest ozone 
exposure compared to the low treatment, there was only a significant 
increase in the 2nd leaf (med/vhigh p = 0.039). 

Whilst the NØ plants at harvest (Fig. 5) demonstrated a similar re- 
distribution and level of nitrogen within plant parts, N% levels overall 
were significantly affected by ozone (p = 0.032), with a highly signifi-
cant interaction between ozone and plant part (p = 0.001). Under the 
highest ozone exposures higher N% levels were found in the flag, 2nd 
leaf, stem and ear, with significant differences between the lower and 
higher treatment levels in the 2nd leaves (low/vhigh p = 0.001; med/ 
vhigh p = 0.003), and ears (low/vhigh p = 0.01; med/vhigh p = 0.017). 
These data again suggest that the addition of nitrogen at anthesis 
ameliorated the effect of ozone in the N+ plants. 

In contrast to N% levels, there was minimal variation in C%, both 
between plant parts and between flowering and harvest, as well as be-
tween the different ozone and nitrogen treatment levels (Fig. S2), with 
overall levels ranging from ~41 % in second leaves, ~42–43 % in flag 
leaves and stems, with ~43 % in the grain and ~44 % in the ears. 

Fig. 2. Senescence index: N+ plants. Index ranges from 0 (no senescence) to 10 (fully senesced), mapping the progression of senescence at successive growth stages 
under low (30 ppb), medium (45 ppb), high (70 ppb) and very high (85 ppb) ozone treatments. Error bars show standard error of the mean (n = 6). 
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Fig. 3. Chlorophyll Index (SPAD units) in the flag, 2nd, 3rd, and 4th leaves of the NØ plants under low (30 ppb), medium (45 ppb), high (70 ppb) and very high (85 
ppb) ozone treatments, measured weekly at each growth stage, from stem elongation to ripening, following onset of ozone exposure (vertical orange line) at stem 
elongation. Error bars show standard error of the mean (n = 6). 
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Fig. 4. Chlorophyll Index (SPAD units) in the flag, 2nd, 3rd, and 4th leaves of the N+ plants under low (30 ppb), medium (45 ppb), high (70 ppb) and very high (85 
ppb) ozone treatments, measured weekly at each growth stage, from stem elongation to ripening, following onset of ozone exposure (vertical orange line) at stem 
elongation. N+ plants received an extra nitrogen fertilization addition (20 kg ha− 1) at mid-anthesis (vertical green line). Error bars show standard error of the mean 
(n = 6). 
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3.4. C:N ratio in plant parts 

At anthesis, in the NØ plants, C:N ratios showed no effect of ozone 
overall because both C% and N% levels were relatively stable across all 
treatments, and there were no significant differences between treatment 
levels in the flag, 2nd leaf, stem, ear or root (Fig. 6). 

However by harvest, in the NØ plants, there was a highly significant 
effect of ozone overall on C:N ratios (p = 0.0014) (Fig. 6), and a sig-
nificant interaction between ozone and plant part (p = 0.022). Ozone 
significantly reduced C:N ratios in the higher ozone treatments at har-
vest, in the flag leaves (low/vhigh p = 0.003; med/vhigh p = 0.002; 
high/vhigh p = 0.009), 2nd leaves (low/vhigh p < 0.0001; med/vhigh p 
= 0.0003), and ear (low/vhigh p = 0.023; med/vhigh p = 0.046). 

Although in the N+ plants at harvest ozone had significantly affected 
the C:N ratio overall (p = 0.015) (Fig. 6), there were significant re-
ductions only under the highest ozone treatment, in the C:N ratio of 2nd 
leaves (low/vhigh p = 0.025; med/vhigh p = 0.014) and upper stem 
(med/vhigh p = 0.047), suggesting the effect of ozone was ameliorated 
by the addition of N at anthesis. 

Although slightly reduced by ozone, there was no significant differ-
ence in the root C:N ratio between the low and very high treatments in 
either the N+ or NØ plants, and no effect of ozone found on grain C:N. 

3.5. Total nitrogen in plant parts 

At anthesis the largest pool of nitrogen in the NØX plants was found 

Fig. 5. Nitrogen percentage (N%) in plant parts under low (30 ppb), medium (45 ppb), high (70 ppb) and very high (85 ppb) ozone treatments, in NØX plants at 
anthesis (A) in root, 2nd leaf, upper stem, flag leaf, and ear; at harvest in N+ plants (B) and in NØ plants (C) in root, 2nd leaf, upper stem, flag leaf, ear and grain. All 
NØX replicates were harvested at mid-anthesis. Error bars show standard error of the mean (n = 6). 
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in the ears, followed by the roots and then the stems, with the lowest 
levels in the flag and 2nd leaves (Fig. S3). There was only a slight and 
insignificant increase in total nitrogen in aboveground plant parts in 
response to increasing ozone (p = 0.078), and analysis of individual 
parts found no significant differences between treatments. 

At harvest in both N+ and NØ plants the total nitrogen in the ear had 
increased from >80 mg at anthesis to >120 mg (Fig. S3), reflecting a 
greater biomass as well as higher N% levels, with this increase driven by 
a substantial translocation of nitrogen from both the flag and 2nd leaves 
and the upper stems. 

In N+ plants there was a significant effect of ozone (p = 0.013), with 
a pattern of total nitrogen increasing in plant parts under the higher 
ozone treatments. There were significant increases found in the 2nd leaf 
(med/vhigh p = 0.005) and stem (med/vhigh p = 0.029). 

Without the addition of extra nitrogen at anthesis, total nitrogen in 
the NØ plants showed a highly significant effect of ozone overall (p =

0.00015), with significant increases under higher ozone exposures found 
in the flag leaf (med/vhigh p = 0.037), 2nd leaf (low/vhigh p = 0.0015; 
med/vhigh p = 0.0009), and ear (low/vhigh p = 0.041; med/vhigh p =
0.018). 

3.6. Nitrogen remobilization efficiency (NRE) 

In both NØ and N+ plants, NRE was highest in the flag leaf and 2nd 
leaf, followed by the upper stem, with smaller values for the ear, and 
very small negative values in the root (Table 2). In both NØ and N+

plants, in all plant parts apart from the N+ flag leaf, NRE was lowest 
under very high ozone exposure compared to the low ozone treatment. 
The largest reductions in the NRE of each plant part (between low and 
very high ozone) occurred in the NØ plants, especially in the ear but also 
in the 2nd leaf and upper stem. In both N+ and NØ plants NRE increased 
in the flag leaf under both medium and high ozone, before declining 

Fig. 6. C:N ratio in plant parts in NØX plants at anthesis (A) and at harvest in N+ plants (B) and NØ plants (C) under low (30 ppb), medium (45 ppb), high (70 ppb) 
and very high (85 ppb) ozone treatments. All NØX replicates were harvested at mid-anthesis. Error bars show standard error of the mean (n = 6). 
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again under the highest ozone exposure. The flag leaf in both nitrogen 
treatments, and the ear in the N+ treatment, showed the least difference 
between the low and very high treatment suggesting the plant parts with 
the shortest exposure to ozone were least affected. 

3.7. 15N percentage recovery in plant parts 

Measurement of the 15N% levels recovered in the different plant 
parts of 15N+ plants at harvest (Fig. S4), following application of 15N at 
mid-anthesis, showed that, as expected, the majority of the recovered 
nitrogen was translocated to the grain (4–10 %) and ear (3–4 %), with 
<1 % remaining in the root, <0.4 % in the stem, and <0.1 % in both flag 
leaves and 2nd leaves. There was no significant effect of ozone, and 
there were also no significant differences between ozone treatments in 
any of the individual plant parts, so although the flag leaf, 2nd leaf, 
upper stem and ear all reflected a pattern of increasing N% with 
increasing ozone concentration, none of the differences between treat-
ments were significant. What the trace experiment did show was that the 
nitrogen added at anthesis travelled to, or through, all parts of the plant 
and that this translocation was unaffected by ozone. 

3.8. Grain yield 

In all subsets and treatments grown to harvest (NØ, N+ and 15N+) 
there were low grain yields, (Fig. S5). The cause is unknown as the plants 
developed and flowered normally. 

4. Discussion 

Effective grain fill is determined by multiple factors: whole canopy 
photosynthesis throughout the life of the plant, effective pre-anthesis 
storage of surplus photosynthate, the timing and rate of senescence, 
and the efficiency of post-anthesis translocation of nutrients to the 
developing grain (Gaju et al., 2014; Araus et al., 2021). This discussion 
focuses on how this study informs our understanding of the effect that 
chronic ozone exposure has on each of these factors. 

4.1. Chronic ozone affects whole canopy chlorophyll during critical 
growth stages 

The pattern of increasing ozone damage, both as each leaf aged and 
as the ozone concentration increased, was apparent in all leaf cohorts 
below the flag leaf, with effects particularly noticeable in the 2nd, 3rd 
and 4th leaves during anthesis and at the start of grain fill. Whilst ozone 
sensitivity has previously been found to increase as the age of the leaf 
increases (Sandelius et al., 1995) making the lower leaves and later 

growth stages more vulnerable to ozone (Pleijel et al., 1998; Gelang 
et al., 2000; Xu et al., 2009), few studies have measured the effect of 
chronic ozone on all leaf cohorts through all key growth stages. Xu et al. 
(2009) found an increase in visible leaf damage in the 2nd, 3rd and 4th 
leaves in two wheat cultivars after just three days of elevated ozone 
exposure applied shortly after the end of anthesis, with damage 
increasing both with increasing leaf age and with the ozone sensitivity of 
the cultivar. Although not measured in this study, reductions in chlo-
rophyll levels inevitably also reduce photosynthetic capacity, and Soja 
and Soja (1995), measuring the effect of ozone on photosynthesis effi-
ciency via Fv/Fm chlorophyll fluorescence at ear emergence in the flag, 
2nd, 3rd and 4th leaves, found a similar pattern of response in each leaf 
cohort to this trial at this growth stage. 

These effects are likely linked to changes in the capacity of plant 
tissue to detoxify and reduce ROS as the leaf ages and as senescence 
progresses (Khanna-Chopra, 2012; Bender et al., 1994; Taiz et al., 2015, 
p.680). The increase in ozone sensitivity during anthesis and grain fill, as 
found in this study, has clear implications for wheat yields and grain 
quality, particularly as there is evidence that modern cultivars rely as 
much on post anthesis photosynthesis as on pre-anthesis stored carbo-
hydrates during grain fill (Maydup et al., 2012; Sanchez-Bragado et al., 
2016; Tambussi et al., 2021). 

4.2. Less impact on flag leaf compared to lower canopy 

In this study, the reductions in chlorophyll levels under the higher 
ozone treatments were most marked in the 2nd and 3rd leaves, but 
notably had little effect on the flag leaf which maintained similar levels 
of chlorophyll in all ozone treatments until normal senescence began in 
this leaf at the start of grain fill. Although the flag leaf plays a key role in 
supplying photosynthate to the ear/grain during grain fill, the contri-
butions of the lower leaves in combination are arguably as important as 
the flag. For example, research into nitrogen remobilization in 20 elite 
wheat cultivars (Barraclough et al., 2014) found that, at anthesis, ni-
trogen was apportioned as follows: stem (28 %), ear (23 %), flag leaf (15 
%), leaf sheaths (14 %), 2nd leaf (11 %), 3rd leaf (6 %), and remaining 
leaves (3 %), with 80–85 % remobilization efficiency from each plant 
part to the grain by harvest. Although many studies have measured the 
effect of ozone on chlorophyll levels in the flag leaf (e.g. Finnan et al., 
1998; Osborne et al., 2019), it is clear from the chlorophyll data from all 
four leaf cohorts in this trial that modelling based solely on flag leaf data 
will obscure the effect of ozone on whole canopy chlorophyll levels and 
whole canopy carbon/nitrogen assimilation, confirming previous rec-
ommendations that physiology data from all leaf cohorts needs to be 
incorporated into crop modelling in future (Emberson et al., 2018; 
Osborne et al., 2019). 

4.3. Ozone affects the timing of nitrogen remobilization and senescence 

Nitrogen compounds released from the breakdown of leaf chloro-
phyll by the senescence process contribute a substantial proportion of 
final grain proteins (Avila-Ospina et al., 2014; Maillard et al., 2015). 
Under optimal conditions, nitrogen remobilization in wheat starts 
immediately after anthesis is completed and before senescence is visible 
in the canopy (Kong et al., 2016). This prior onset of nitrogen remobi-
lization is linked to the subsequent initiation of full senescence (Gre-
gersen et al., 2008; Bogard et al., 2011). In this study the concurrent 
measurements of chlorophyll levels and senescence in all four leaf co-
horts across all key growth stages clearly show that chronic elevated 
ozone induced a premature start to this sequence, especially in the lower 
leaf cohorts. As a result, under the higher ozone treatments, visible 
senescence – and nitrogen translocation - was already well advanced in 
the lower half of the plant during anthesis and in the early- and mid- 
grain fill growth stages, with clear implications for levels of post anthesis 
photosynthesis and final grain yield. Although previous studies have 
varied in the length and timing of ozone exposure, in all cases elevated 

Table 2 
Nitrogen remobilization efficiency between NØX plants at anthesis and both N+

and NØ plants at harvest in low (30 ppb), medium (45 ppb), high (70 ppb) and 
very high (85 ppb) ozone treatment levels, along with the difference between the 
low and very high treatment levels.  

NØX to N+ Root 2nd leaf Upper stem Flag leaf Ear 

Low  − 0.124  2.759  1.204  3.261  0.747 
Med   2.733  1.154  3.337  0.807 
High   2.707  1.230  3.383  0.752 
Very high  − 0.089  2.620  1.108  3.263  0.734 
Difference low-vhigh  0.035  − 0.139  − 0.096  0.002  − 0.013   

NØX to NØ 

Low  − 0.256  2.765  1.294  3.288  0.955 
Med   2.726  1.252  3.338  0.882 
High   2.681  1.336  3.406  0.865 
Very high  − 0.227  2.569  1.185  3.238  0.658 
Difference low-vhigh  0.029  − 0.196  − 0.109  − 0.050  − 0.297  
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ozone exposure led to reductions in green leaf duration and caused 
earlier and longer periods of senescence (e.g. Grandjean and Fuhrer, 
1989; Finnan et al., 1998), with the resulting reduction in the duration 
of grain fill being linked to reduced yields (Gelang et al., 2000), as is 
commonly found in wheat in response to many abiotic stress (Sade et al., 
2018). 

4.4. Senescence is slower in ear/awns during grain fill 

In this study it was observed that senescence in the peduncle, ear and 
awns was less rapid than the leaves, and the differences between 
treatments was much reduced in the final growth stages, leading to the 
synchronizing of the senescence index in the different treatment levels at 
the start of dough development. Few studies report on the effects of 
ozone on the photosynthetic capacity of ears of wheat, but Sild et al. 
(2002) found that ozone had no effect on non-structural carbohydrate 
levels in ears. Although the cause is not fully understood, ear photo-
synthesis has been found to have greater tolerance to abiotic stress than 
the flag, and to contribute proportionately more to grain fill when the 
plant is subject to stress (Maydup et al., 2010; Wang et al., 2016; 
Tambussi et al., 2021). As the proportion of photosynthate contributed 
by the ear during grain fill has also steadily increased in cultivars 
throughout the 20th and 21st centuries (Maydup et al., 2012; Wang 
et al., 2016) further research is needed to assess the effect of ozone on 
ear photosynthesis in the post anthesis period, and the role this may play 
in ozone sensitivity and tolerance. 

4.5. Ozone affects N% and C:N partitioning at harvest but not at anthesis 

At anthesis, the stable C:N ratios in all plant parts across all treat-
ments suggested that C% and N% levels in the upper half of the plant, 
represented by the 2nd leaf, upper stem, flag and ear, were still yet to be 
noticeably affected by ozone. Further research is required to clarify if 
ozone affects the C:N ratio in the lower half of the plant (as might be 
inferred from the reduced chlorophyll levels in the 3rd and 4th leaves in 
this trial), and in what way these C:N changes are linked to the triggering 
of early senescence. 

At harvest, the slight increase in residual N% and related reductions 
in C:N ratios are similar to the effects of ozone on C:N stoichiometry 
found in other studies undertaken mostly on tree leaf material. These 
studies revealed that whilst ‘total C’ levels largely remained stable, ni-
trogen levels increased by ~5 %, resulting in reduced C:N ratios (Wittig 
et al., 2009; Cao et al., 2016). Few studies have assessed this issue in 
crop plants exposed to ozone, but an increase in residual N% has also 
been found in rice straw in a meta-analysis of the effects of various 
abiotic stress on a wide range of rice cultivars (Yulong et al., 2021). 

Several explanations have been proposed for these increases in re-
sidual nitrogen concentrations. Broberg et al. (2021) found that ozone 
reduced Nitrogen Use Efficiency (NUE), reducing the rate of remobili-
zation of nitrogen to the grain, and concluded the shortened grain fill 
period arising from the early onset of senescence could then lead to more 
nitrogen remaining in ‘source’ plant parts. Although the efficiency of 
nitrogen remobilization (NRE) was slightly reduced by very high ozone 
in this study, particularly from the 2nd leaf and upper stem, NRE from 
the flag leaf was largely unaffected. Despite this, there were still 
increased residual N% levels found in the flag leaf, as well as the 2nd leaf 
and stem, suggesting that reduced NRE is not the only cause of the in-
crease in residual nitrogen. It is also important to note that although this 
study had low levels of grain set, N% data collected in related studies of 
ozone-affected wheat where yields were normal (Brewster, 2023, PhD 
thesis chapter 5) still showed that the same pattern of increased residual 
leaf nitrogen occurs, irrespective of the sink demand from the grain. 
Others have suggested that the increase in N% may also be linked to a 
defence response at the whole plant level related to structural proteins 
which protect cell membranes (Shang et al., 2018), possibly the amino 
acid, proline, (Nikolaeva et al., 2010; Hayat et al., 2012; Boublin et al., 

2022) which has been found to accumulate in plant tissues in response to 
many abiotic stress including ozone (Verbruggen and Hermans, 2008; 
Sarkar et al., 2010; Li et al., 2016). However, further research is needed 
to identify the exact makeup of the residual nitrogen found in ozone- 
affected wheat, and the underlying mechanisms which cause the 
increase. 

4.6. Extra nitrogen fertilization ameliorated effect of ozone 

Whilst abiotic stress is known to decrease levels of cytokinin (the 
plant hormone also involved in delaying senescence in plants), 
increasing the levels of nitrogen available to a plant can lead to an in-
crease in both cytokinins (Taiz et al., 2015, p.682–3) and antioxidants 
(Ma et al., 2022), enabling the plant to reduce levels of ROS and 
oxidative damage. This may have taken place in this study, with the 
slight but noticeable differences between the NØ and N+ plants sug-
gesting that the extra nitrogen applied at anthesis protected chlorophyll 
levels during grain fill in the flag, as well as in the 2nd and 3rd leaves in 
the lower ozone treatments, delaying senescence and maintaining 
photosynthesis in these leaves at critical reproductive growth stages. 
This addition of nitrogen also reduced levels of residual nitrogen left in 
the leaves and stem at harvest, ameliorating the effect of ozone on C:N 
ratios and the efficiency of translocation of stored nitrogen. Whilst 
antioxidant levels were not measured in this study, increased antioxi-
dant levels in response to higher nitrogen fertilization have been found 
in ozone-affected wheat (Pandey et al., 2018). As the timing and trig-
gering of early senescence is partly dependent upon nitrogen supply 
future research could investigate the effect of different levels of nitrogen 
fertilization regimes on ozone sensitivity. 

Interestingly, despite the differences between the nitrogen treat-
ments, the 15N trace experiment revealed that only a small amount of 
nitrogen applied at anthesis was taken up by the plants. Although the 
very low grain yield will have substantially reduced the sink strength, 
the majority of the nitrogen was still translocated either to the ear or the 
grain, and only small residual amounts were left in the root, upper stem, 
2nd leaf and flag leaf. However, it is important to note that there were no 
differences found between any of the treatments, indicating that the 
uptake by the root and subsequent translocation of nitrogen to the shoot 
was unaffected by ozone. 

5. Conclusion 

This study found that when a widely grown modern spring wheat 
cultivar was exposed to chronic ozone for 11 weeks it triggered an 
earlier and extended senescence under the higher ozone treatments, 
preceded by an earlier start to nitrogen translocation, represented by 
reductions in chlorophyll. These reductions in chlorophyll, particularly 
evident in the older leaves of the lower leaf cohorts during anthesis and 
grain fill, will inevitably reduce the plant's total photosynthetic capacity. 
This is a critical issue due to modern wheat's greater reliance on post- 
anthesis photosynthesis to maximize grain fill and starch content. 
Notably, the flag leaf was largely unaffected by ozone, and therefore not 
representative of lower – and total - canopy chlorophyll levels, con-
firming that lower leaf cohorts need to be accounted for in work to 
model the effects of ozone on global wheat yields. 

Although nitrogen storage in the upper plant parts prior to anthesis 
appeared to be unaffected by ozone, nitrogen remobilization efficiency 
between anthesis and harvest was reduced by the highest ozone treat-
ment, particularly in the 2nd leaf and upper stem but, notably, not in the 
younger flag leaf. The resulting higher N% and total nitrogen levels 
found in plant parts at harvest under the highest ozone treatment, also 
led to reduced C:N ratios. An ameliorating effect of the additional ni-
trogen fertilization applied at anthesis was revealed by the chlorophyll, 
N%, C:N and NRE data, highlighting the key role that nitrogen fertil-
ization levels could play in tolerance mechanisms in ozone-affected 
wheat. 
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Further research is needed to clarify the effect of ozone on nitrogen 
dynamics within the wheat plant, in terms of whole plant nitrogen 
storage prior to anthesis, nutrient partitioning between the shoot and 
root, especially during anthesis and grain fill, and the role that levels of 
nitrogen fertilization may play in any ozone tolerance, linked to delay-
ing senescence and maintaining chlorophyll levels and photosynthetic 
capacity during anthesis and grain fill in all leaf cohorts. 
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Pleijel, H., Ojanperä, K., Danielsson, H., Sild, E., Gelang, J., Wallin, G., Skärby, L., 
Selldén, G., 1997. Effects of ozone on leaf senescence in spring wheat - possible 
consequences for grain yield. Phyton - Annales Rei Botanicae 37 (3), 227–232. 

Pleijel, H., Danielsson, H., Gelang, J., Sild, E., Selldén, G., 1998. Growth stage 
dependence of the grain yield response to ozone in spring wheat (Triticum aestivum 
L.). Agric. Ecosyst. Environ. 70 (1), 61–68. 

Pleijel, H., Broberg, M.C., Uddling, J., 2019. Ozone impact on wheat in Europe, Asia and 
North America – a comparison. Sci. Total Environ. 664, 908–914. 

R Core Team, 2020. R: a language and environment for statistical computing, R 
Foundation for Statistical Computing, Vienna, Austria. Online. Accessed January 1, 
2021. Available from: http://www.r-project.org. 

Revell, L.E., Tummon, F., Stenke, A., Sukhodolov, T., Coulon, A., Rozanov, E., Garny, H., 
Grewe, V., Peter, T., 2015. Drivers of the tropospheric ozone budget throughout the 

21st century under the medium-high climate scenario RCP 6.0. Atmos. Chem. Phys. 
15 (10), 5887–5902. 

Rowe, E.C., Van Noordwijk, M., Suprayogo, D., Hairiah, K., Giller, K.E., Cadisch, G., 
2001. Root distributions partially explain 15N uptake patterns in Gliricidia and 
Peltophorum hedgerow intercropping systems. Plant Soil 235 (2), 167–179. 

Sade, N., Del Mar Rubio-Wilhelmi, M., Umnajkitikorn, K., Blumwald, E., 2018. Stress- 
induced senescence and plant tolerance to abiotic stress. J. Exp. Bot. 69 (4), 
845–853. 

Sanchez-Bragado, R., Molero, G., Reynolds, M.P., Araus, J.L., 2016. Photosynthetic 
contribution of the ear to grain filling in wheat: a comparison of different 
methodologies for evaluation. J. Exp. Bot. 67 (9), 2787–2798. 

Sandelius, A.S., Naslund, K., Carlsson, A.S., Pleijel, H., Sellden, G., 1995. Exposure of 
spring wheat (Triticum aestivum) to ozone in open-top chambers. Effects on acyl lipid 
composition and chlorophyll content of flag leaves. New Phytol. 131 (2), 231–239. 

Sarkar, A., Rakwal, R., Agrawal, S.B., Shibato, J., Ogawa, Y., Yoshida, Y., Kumar 
Agrawal, G., Agrawal, M., 2010. Investigating the impact of elevated levels of ozone 
on tropical wheat using integrated phenotypical, physiological, biochemical, and 
proteomics approaches. J. Proteome Res. 9 (9), 4565–4584. 

Shang, B., Feng, Z., Li, P., Calatayud, V., 2018. Elevated ozone affects C, N and P 
ecological stoichiometry and nutrient resorption of two poplar clones. Environ. 
Pollut. 234, 136–144. 

Sild, E., Pleijel, H., Selldén, G., 2002. Elevated ozone (O3) alters carbohydrate 
metabolism during grain filling in wheat (Triticum aestivum L.). Agric. Ecosyst. 
Environ. 92 (1), 71–81. 

Soja, G., Soja, A.M., 1995. Ozone effects on dry matter partitioning and chlorophyll 
fluorescence during plant development of wheat. Water Air Soil Pollut. 85 (3), 
1461–1466. 

Soja, G., Barnes, J.D., Posch, M., Vandermeiren, K., Pleijel, H., Mills, G., 2000. 
Phenological weighting of ozone exposures in the calculation of critical levels for 
wheat, bean and plantain. Environ. Pollut. 109 (3), 517–524. 

Taiz, L., Zeiger, E., Moller, I.M., Murphy, A., 2015. In: Taiz, L., Zeiger, E. (Eds.), Plant 
Physiology and Development, 6th ed. Sinauer Associates Inc., Massachusetts, USA.  

Tambussi, E.A., Maydup, M.L., Carrión, C.A., Guiamet, J.J., Araus, J.L., 2021. Ear 
photosynthesis in C3 cereals and its contribution to grain yield: methodologies, 
controversies, and perspectives. J. Exp. Bot. 72 (11), 3956–3970. 

Verbruggen, N., Hermans, C., 2008. Proline accumulation in plants: a review. Amino 
Acids 35 (4), 753–759. 

Wang, Y., Xi, W., Wang, Z., Wang, B., Xu, X., Han, M., Zhou, S., Zhang, Y., 2016. 
Contribution of ear photosynthesis to grain yield under rainfed and irrigation 
conditions for winter wheat cultivars released in the past 30 years in North China 
Plain. J. Integr. Agric. 15 (10), 2247–2256. 

Wang, T., Zhang, L., Zhou, S., Zhang, T., Zhai, S., Yang, Z., Wang, D., Song, H., 2021. 
Effects of ground-level ozone pollution on yield and economic losses of winter wheat 
in Henan, China. Atmos. Environ. 262, 1–12. 

Wingler, A., Purdy, S., MacLean, J.A., Pourtau, N., 2006. The role of sugars in integrating 
environmental signals during the regulation of leaf senescence. J. Exp. Bot. 57 (2 
SPEC. ISS), 391–399. 

Wittig, V.E., Ainsworth, E.A., Naidu, S.L., Karnosky, 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 (2), 
396–424. 

Xu, H., Chen, S.B., Biswas, D.K., Li, Y.G., Jiang, G.M., 2009. Photosynthetic and yield 
responses of an old and a modern winter wheat cultivars to short-term ozone 
exposure. Photosynthetica 47 (2), 247–254. 

Yulong, Y., Qingfeng, M., Hao, Y., Qingsong, Z., Ye, L., Cui, Z., 2021. Climate change 
increases nitrogen concentration in rice with low nitrogen use efficiency. Earth’s 
Future 9 (9), 1–18. 

Zadoks, J.C., Chang, T.T., Konzak, C.F., 1974. A decimal code for the growth stages of 
cereals. Weed Res. 14, 415–421. 

C. Brewster et al.                                                                                                                                                                                                                                

http://refhub.elsevier.com/S0048-9697(23)06915-2/rf0200
http://refhub.elsevier.com/S0048-9697(23)06915-2/rf0200
http://refhub.elsevier.com/S0048-9697(23)06915-2/rf0200
http://refhub.elsevier.com/S0048-9697(23)06915-2/rf0205
http://refhub.elsevier.com/S0048-9697(23)06915-2/rf0205
http://refhub.elsevier.com/S0048-9697(23)06915-2/rf0205
http://refhub.elsevier.com/S0048-9697(23)06915-2/rf0205
http://refhub.elsevier.com/S0048-9697(23)06915-2/rf0210
http://refhub.elsevier.com/S0048-9697(23)06915-2/rf0210
http://refhub.elsevier.com/S0048-9697(23)06915-2/rf0210
http://refhub.elsevier.com/S0048-9697(23)06915-2/rf0215
http://refhub.elsevier.com/S0048-9697(23)06915-2/rf0215
http://refhub.elsevier.com/S0048-9697(23)06915-2/rf0215
http://refhub.elsevier.com/S0048-9697(23)06915-2/rf0220
http://refhub.elsevier.com/S0048-9697(23)06915-2/rf0220
http://refhub.elsevier.com/S0048-9697(23)06915-2/rf0220
http://refhub.elsevier.com/S0048-9697(23)06915-2/rf0220
http://refhub.elsevier.com/S0048-9697(23)06915-2/rf0225
http://refhub.elsevier.com/S0048-9697(23)06915-2/rf0230
http://refhub.elsevier.com/S0048-9697(23)06915-2/rf0230
http://refhub.elsevier.com/S0048-9697(23)06915-2/rf0230
http://refhub.elsevier.com/S0048-9697(23)06915-2/rf0230
http://refhub.elsevier.com/S0048-9697(23)06915-2/rf0230
http://refhub.elsevier.com/S0048-9697(23)06915-2/rf0235
http://refhub.elsevier.com/S0048-9697(23)06915-2/rf0235
http://refhub.elsevier.com/S0048-9697(23)06915-2/rf0235
http://refhub.elsevier.com/S0048-9697(23)06915-2/rf0235
http://refhub.elsevier.com/S0048-9697(23)06915-2/rf0235
http://refhub.elsevier.com/S0048-9697(23)06915-2/rf0240
http://refhub.elsevier.com/S0048-9697(23)06915-2/rf0240
http://refhub.elsevier.com/S0048-9697(23)06915-2/rf0240
http://refhub.elsevier.com/S0048-9697(23)06915-2/rf0245
http://refhub.elsevier.com/S0048-9697(23)06915-2/rf0245
http://refhub.elsevier.com/S0048-9697(23)06915-2/rf0245
http://refhub.elsevier.com/S0048-9697(23)06915-2/rf0250
http://refhub.elsevier.com/S0048-9697(23)06915-2/rf0250
http://refhub.elsevier.com/S0048-9697(23)06915-2/rf0250
http://refhub.elsevier.com/S0048-9697(23)06915-2/rf0255
http://refhub.elsevier.com/S0048-9697(23)06915-2/rf0255
http://refhub.elsevier.com/S0048-9697(23)06915-2/rf0255
http://refhub.elsevier.com/S0048-9697(23)06915-2/rf0255
http://refhub.elsevier.com/S0048-9697(23)06915-2/rf0260
http://refhub.elsevier.com/S0048-9697(23)06915-2/rf0260
http://refhub.elsevier.com/S0048-9697(23)06915-2/rf0265
http://refhub.elsevier.com/S0048-9697(23)06915-2/rf0265
http://refhub.elsevier.com/S0048-9697(23)06915-2/rf0270
http://refhub.elsevier.com/S0048-9697(23)06915-2/rf0270
http://refhub.elsevier.com/S0048-9697(23)06915-2/rf0270
http://refhub.elsevier.com/S0048-9697(23)06915-2/rf0275
http://refhub.elsevier.com/S0048-9697(23)06915-2/rf0275
http://refhub.elsevier.com/S0048-9697(23)06915-2/rf0275
http://refhub.elsevier.com/S0048-9697(23)06915-2/rf0280
http://refhub.elsevier.com/S0048-9697(23)06915-2/rf0280
http://www.r-project.org
http://refhub.elsevier.com/S0048-9697(23)06915-2/rf0290
http://refhub.elsevier.com/S0048-9697(23)06915-2/rf0290
http://refhub.elsevier.com/S0048-9697(23)06915-2/rf0290
http://refhub.elsevier.com/S0048-9697(23)06915-2/rf0290
http://refhub.elsevier.com/S0048-9697(23)06915-2/rf0295
http://refhub.elsevier.com/S0048-9697(23)06915-2/rf0295
http://refhub.elsevier.com/S0048-9697(23)06915-2/rf0295
http://refhub.elsevier.com/S0048-9697(23)06915-2/rf0300
http://refhub.elsevier.com/S0048-9697(23)06915-2/rf0300
http://refhub.elsevier.com/S0048-9697(23)06915-2/rf0300
http://refhub.elsevier.com/S0048-9697(23)06915-2/rf0305
http://refhub.elsevier.com/S0048-9697(23)06915-2/rf0305
http://refhub.elsevier.com/S0048-9697(23)06915-2/rf0305
http://refhub.elsevier.com/S0048-9697(23)06915-2/rf0310
http://refhub.elsevier.com/S0048-9697(23)06915-2/rf0310
http://refhub.elsevier.com/S0048-9697(23)06915-2/rf0310
http://refhub.elsevier.com/S0048-9697(23)06915-2/rf0315
http://refhub.elsevier.com/S0048-9697(23)06915-2/rf0315
http://refhub.elsevier.com/S0048-9697(23)06915-2/rf0315
http://refhub.elsevier.com/S0048-9697(23)06915-2/rf0315
http://refhub.elsevier.com/S0048-9697(23)06915-2/rf0320
http://refhub.elsevier.com/S0048-9697(23)06915-2/rf0320
http://refhub.elsevier.com/S0048-9697(23)06915-2/rf0320
http://refhub.elsevier.com/S0048-9697(23)06915-2/rf0325
http://refhub.elsevier.com/S0048-9697(23)06915-2/rf0325
http://refhub.elsevier.com/S0048-9697(23)06915-2/rf0325
http://refhub.elsevier.com/S0048-9697(23)06915-2/rf0330
http://refhub.elsevier.com/S0048-9697(23)06915-2/rf0330
http://refhub.elsevier.com/S0048-9697(23)06915-2/rf0330
http://refhub.elsevier.com/S0048-9697(23)06915-2/rf0335
http://refhub.elsevier.com/S0048-9697(23)06915-2/rf0335
http://refhub.elsevier.com/S0048-9697(23)06915-2/rf0335
http://refhub.elsevier.com/S0048-9697(23)06915-2/rf0340
http://refhub.elsevier.com/S0048-9697(23)06915-2/rf0340
http://refhub.elsevier.com/S0048-9697(23)06915-2/rf0345
http://refhub.elsevier.com/S0048-9697(23)06915-2/rf0345
http://refhub.elsevier.com/S0048-9697(23)06915-2/rf0345
http://refhub.elsevier.com/S0048-9697(23)06915-2/rf0355
http://refhub.elsevier.com/S0048-9697(23)06915-2/rf0355
http://refhub.elsevier.com/S0048-9697(23)06915-2/rf0360
http://refhub.elsevier.com/S0048-9697(23)06915-2/rf0360
http://refhub.elsevier.com/S0048-9697(23)06915-2/rf0360
http://refhub.elsevier.com/S0048-9697(23)06915-2/rf0360
http://refhub.elsevier.com/S0048-9697(23)06915-2/rf0365
http://refhub.elsevier.com/S0048-9697(23)06915-2/rf0365
http://refhub.elsevier.com/S0048-9697(23)06915-2/rf0365
http://refhub.elsevier.com/S0048-9697(23)06915-2/rf0370
http://refhub.elsevier.com/S0048-9697(23)06915-2/rf0370
http://refhub.elsevier.com/S0048-9697(23)06915-2/rf0370
http://refhub.elsevier.com/S0048-9697(23)06915-2/rf0375
http://refhub.elsevier.com/S0048-9697(23)06915-2/rf0375
http://refhub.elsevier.com/S0048-9697(23)06915-2/rf0375
http://refhub.elsevier.com/S0048-9697(23)06915-2/rf0375
http://refhub.elsevier.com/S0048-9697(23)06915-2/rf0380
http://refhub.elsevier.com/S0048-9697(23)06915-2/rf0380
http://refhub.elsevier.com/S0048-9697(23)06915-2/rf0380
http://refhub.elsevier.com/S0048-9697(23)06915-2/rf0385
http://refhub.elsevier.com/S0048-9697(23)06915-2/rf0385
http://refhub.elsevier.com/S0048-9697(23)06915-2/rf0385
http://refhub.elsevier.com/S0048-9697(23)06915-2/rf0390
http://refhub.elsevier.com/S0048-9697(23)06915-2/rf0390

	Chronic ozone exposure affects nitrogen remobilization in wheat at key growth stages
	1 Introduction
	1.1 Ozone, wheat and nitrogen
	1.2 Effect of ozone on senescence, the C:N balance and nitrogen partitioning
	1.3 Aims of the study

	2 Materials and methods
	2.1 Plant establishment
	2.2 Additional nitrogen fertilization, 15N tracer experiment and ozone exposures
	2.3 Senescence and chlorophyll indices
	2.4 Biomass and yield measurements at anthesis and post-harvest
	2.5 C:N and 15N analysis
	2.6 Nitrogen remobilization efficiency (NRE)
	2.7 15N trace experiment – calculation of 15N% recovery
	2.8 Statistical analysis

	3 Results
	3.1 Senescence index
	3.2 Chlorophyll index
	3.3 Nitrogen percentage (N%) in plant parts
	3.4 C:N ratio in plant parts
	3.5 Total nitrogen in plant parts
	3.6 Nitrogen remobilization efficiency (NRE)
	3.7 15N percentage recovery in plant parts
	3.8 Grain yield

	4 Discussion
	4.1 Chronic ozone affects whole canopy chlorophyll during critical growth stages
	4.2 Less impact on flag leaf compared to lower canopy
	4.3 Ozone affects the timing of nitrogen remobilization and senescence
	4.4 Senescence is slower in ear/awns during grain fill
	4.5 Ozone affects N% and C:N partitioning at harvest but not at anthesis
	4.6 Extra nitrogen fertilization ameliorated effect of ozone

	5 Conclusion
	Funding
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgements
	Appendix A Supplementary data
	References


