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Abstract. To further study the effect of ozone stress on growth and yield formation of rice (Oryza sativa),
we conducted an experiment with rice by using Free Air gas Concentration Enrichment (FACE) facility
stored in paddy field in China. A conventional indica cultivar Yangdao 6 and a super hybrid indica
cultivar Il you 084 were grown at current or elevated ozone concentration (target at 50% above current,
E-0s) under low (LD, 16 hills m?), medium (MD, 24 hills m) or high planting density (HD, 32 hills m?)
from tillering until maturity. The increase of O3 had no significant effect on phenology and plant height of
Yangdao 6, but greatly accelerated phenology development and reduced plant height of 1l you 084. Ozone
stress significantly reduced dry matter production of rice in mid and late stage, and finally, decreased the
biomass of Yangdao 6 and Il you 084 by 17.6% and 25.4% respectively. Ozone stress had no significant
effect on harvest index of Yangdao 6 but reduced it of 1l you 084 by 9.0%. The increase of O3 had no
significant effect on the panicle number per area of rice. Ozone stress had no significant effect on the
spikelet number per panicle of Yangdao 6, but significantly reduced that of 1l you 084 by 22.0%. Ozone
stress decreased spikelets per area, filled grain percentage, and filled grain weight of rice, and eventually
reduced grain yield of Yangdao 6 and Il you 084 by 15.9% and 27.3% respectively. Variance analysis
showed that the impacts of ozone stress on 1l you 084 were bigger than Yangdao 6, which were proved by
the significant ozone by cultivar interactions for biomass, harvest index, spikelet number per panicle,
spikelet number per area, filled grain percentage, filled grain weight. Week interactions of ozone by
cultivar by planting density were detected: The effects of ozone stress on biomass and grain yield of
Yangdao 6 were decreased with the increase of planting density. The above results showed that the
increase of Oz depressed the dry matter production of rice, and then decreased the yield, and the response
of super hybrid rice varieties to ozone is greater than that of conventional varieties. The selection of high-
yielding conventional varieties combined with relatively high planting density can minimize the yield loss
in the future high ozone conditions.
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Introduction

In recent decades, due to the aggravation of human activities, the use of a large
number of fossil fuels and nitrogenous fertilizers and the emission of automobile tail
gas, the concentrations of NOx and VOCs in the atmosphere have increased
dramatically, resulting in the increasing concentration of ozone in the atmosphere near
the ground. According to observations, the concentration of O3 in the troposphere of the
Northern Hemisphere is increasing at an annual rate of 1% (WMO, 1991), even more in
some industrial areas (Logan, 1985). It is reported that the average ozone concentration
in the troposphere of the earth has risen rapidly from less than 10 nl/L before the
industrial revolution (Volz and Kley, 1988) to about 50 ml/L in 2000 (Fiscus et al.,
2005). According to Fuhrer et al.’s (1997) study, the ozone concentration has exceeded
25% of sensitive crops’ injury concentration (40 nl/L). It is estimated that nearly a
quarter of the countries and regions in the world now face the threat of O3 concentration
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of more than 60 nl/L in summer (Fowler et al., 1999). It is estimated that by 2050, the
concentration of Os in the troposphere will increase by 20% to 25% (IPCC, 2007), and
by 2100 by 40% to 60% (Morgan et al., 2006; Sitch et al., 2007; Meehl et al., 2007).
The pessimistic estimate is that the concentration of Os in the troposphere will rise to
80 nl/ L by 2100 (Fiscus et al., 2005).

The response of rice growth and yield formation under ozone stress has been widely
reported (Yang et al., 2008; Ainsworth, 2008). The results showed that the response of
yield to ozone stress varies greatly due to the control equipment of the experiment
(Maggs et al., 1995), materials (Kobayashi et al., 1995; Maggs and Ashmore, 1998;
Zheng et al., 1998; Jin et al., 2000; Li et al., 2017), the concentration of O3 treatment
materials (Bai et al., 2002; Jin et al., 2001; Feng et al., 2003) and the treatment period
(Asakaw et al., 1981; Heagle et al., 1991). But does the response of rice growth and
yield formation to the increase of ozone concentration vary with other environment or
cultivation factors? Due to the limitation of the air chamber’s narrow test space, there
are few reports in this aspect. Because of the large experimental space and long
duration, FACE platform provides an opportunity to study the interaction between
ozone and other factors (Long and Ainsworth, 2005; Lie et al., 2014; Peng et al., 2016).
In recent years, the influence of ozone and other factors, especially N, on rice (Luo et
al., 2012, 2013) or wheat (Chen et al., 2011a, b) has been studied by FACE platform. As
a common cultivation measure, could planting density regulate rice growth and yield
formation under high ozone concentration? And does this regulation vary from variety
to variety? There have been no previous reports, which is more realistic for the future
development of strategies for rice production under higher surface ozone
concentrations. According to the experimental materials, most of the previous studies
focused on conventional rice varieties, but less on hybrid rice and even less on super
hybrid rice. As has been reported in the past, the yield response of rice varieties and
hybrid rice varieties to ozone stress was more significant (Shi et al., 2009; Wang et al.,
2012; Luo et al., 2013). But what is the difference between the growth and vyield
response of super rice under ozone stress and other types of varieties? Is the yield loss
similar or even greater to hybrid rice? In order to solve these problems, the effect of
ozone stress on growth, development and yield formation under different densities were
analyzed by using China O3;-FACE platform and conventional indica rice of Yangdao 6
and Super hybrid rice of 1l you 084 in order to provide some guidance for rice
production strategies and high-yield cultivation measures under the condition of high
0zone concentration in the future.

Materials and methods
Ozone-FACE platform

The experiment was conducted on the China O3-FACE platform, which was located
at Xiaoji town, Jiangdu County, Jiangsu province, China (119°45” E, 32°35° N). The
site, at 5 m above the sea level in elevation, sits in the subtropical marine climatic zone.
Throughout the period of 113 days from June 21 to October 17 for the experiment in
2012, mean daily temperature was 24.5 °C, mean daily integral solar radiation (or PAR)
was 13.9 MJ m®, and mean daytime (6:00—18:00) vapor pressure deficit was 0.67 kPa
(Tang et al., 2011). This site has been in continuous cultivation for more than
1000 years with rice-wheat or rice—rapeseed rotation. Detailed descriptions of the soil
properties for the site can be found in our previous publication (Shi et al., 2009).

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 16(4):4199-4215.
http://www.aloki.hu e ISSN 1589 1623 (Print) e ISSN 1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/aeer/1604_41994215
© 2018, ALOKI Kft., Budapest, Hungary



Peng et al.: Effects of ozone and density interaction on the growth, development and yield formation of rice
-4201 -

Details of the design and performance of this O3-FACE system are provided by Tang
et al. (2011). In brief, The FACE system has eight 240 m? plots, of which four replicate
plots were exposed to elevated ozone concentration (hereinafter called E-O3 plots) and
four equal size plots were in current ozone concentration (current ambient ozone
concentration, C-Os plots). Any one of the E-Os plots was separated from other plots by
at least 70 m to avoid cross contamination. The quantity and direction of the ozone
release for each E-Os plot was controlled by a proportional integral derivative algorithm
for computer feedback that compares achieved ozone concentration to the target ozone
concentration of 1.5 times current ozone concentration (simulating the predicted ozone
concentration at the end of the century) with an ozone monitor (model 49i, Thermo
Environmental Instruments, MA, USA), a data logger-controller, an anemometer and a
wind vane. Current ozone concentration at canopy height was monitored with separate
O3 analyzers in two of the C- O3 plots at a 2-min interval. Every 10 min, a control
computer accessed all the data logger-controllers in C- Oz and E- O plots to collect the
latest ozone concentration. A mixed gas consisting of about 5% ozone and 95% O, was
produced by an ozone generator (KCF-BTO0.2, Jiangsu Koner Ozone Co., Ltd,
Yangzhou, China). The mixed gas was released in a stream of compressed air into the
plots through the ABS pipes positioned at about 50 cm above the canopy. In the
ambient plots, plants were grown under ambient ozone conditions without the ring
structures. The ozone fumigation began on 1st July and continued throughout the rice
season until harvest, from 9:00 am to 16:00 pm every day, only suspended in these
conditions, such as ozone concentration in the control cycle lower than 20 nL/L, leafs
moistened by rain and dew, ozone analysis device correction, and equipment overhaul,
so the actual mean ozone concentration in FACE cycle during the entire growing season
of rice was higher approximately 27% than that in the control cycle. Figure 1 shows the
seasonal change in daily 7-h mean ozone concentration for C-O3z and E-Og plots.
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Figure 1. The change of day time 7-h average ozone concentration during ozone fumigation. C-
Oj3: Current O; concentration; E-Os: Elevated O; concentration; The same below

Plant material and cultivation

The rice varieties are conventional indica Yangdao 6 (the variety features can not be
separated from their offspring) and super hybrid indica Il you 084 (the variety that was
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produced by cross breeding, and had heterosis in yield). Rice seeds were sown on 21
May; the seedlings were grown under current air and were manually transplanted into
the C-O3 and E-Og3 plots with one seedling per hill on 21 June 2012. Nitrogen (N) was
supplied as urea (N = 46%) and compound chemical fertilizer (N:P,05:K,0 = 15:15:15)
at a rate of 15 g N/m?. Of the total N, 50% was applied as the basal dressing on 20 June,
10% was top-dressed on 7 July and 40% top-dressed on 7 August. Both phosphorus (P)
and potassium (K) were applied as compound chemical fertilizer at equal rates of 7 g/m?
as the basal dressing at 1 d before transplanting. Standard cultivation practices as
commonly performed in the area were followed in all experimental plots. In brief, the
paddy fields were submerged with water of about 3 cm in depth from 21 June to 4 July,
and then the fields were subjected to wet—dry cycles through natural drainage and
intermittent irrigation. At 10 d before harvest, irrigation was terminated to allow paddy
fields to dry for final harvesting. Pesticides and fungicides were applied when necessary
throughout the experiment.

Experimental treatment

This trial was a split plot experiment, in which ozone concentration was the main
plot, and the treatment of varieties and transplanting density was the split plot, repeated
each treatment four times, so there were 12 treatments and 48 plots in total. The
transplanting density was determined as three densities including low density
(16 hills/m?, planting spacing 25 cm), medium density (24 hills/m?, planting spacing
16.7 cm x 5 cm), and high density (32 hills/m?, planting spacing 12.5 cm x 25 cm).

Plant phenology, plant height and tillering dynamics

The date for heading (50% of plant headed) and grain maturity was recorded in each
subplot. Plant height and tiller numbers were measured for fixed 10 hills in each
treatment at 5-10 days intervals until heading. The productive tiller ratio (%) was
expressed as the panicle number per square meter/ the maximum tiller number per
square meter x 100.

Dry matter production

Eight plants (hills) were randomly selected at tillering, jointing, heading and maturity
stage. The samples were separated into green and senescent leaf, stem (including leaf
sheath), and panicle (when applicable). Each plant organ was dried in an oven at 105 °C
for 30 min, then at 80 °C until dry weight was constant. The dry matter accumulation
and distribution among different organs during each growth period were calculated. The
dry weight per stem at heading stage (%) was expressed as the dry weight per plant at
heading stage / the stem number per plant. The ratio of spikelet number to stem dry
weight (number/g*) was expressed as the spikelet number per panicle/the dry weight per
plant at heading stage.

Grain yield and yield components

Actual grain yield was determined of all the plants (60 hills) from a 4, 3, and 2 m?
patch in each LD (low density), MD (medium density) and HD (high density) subplot,
respectively. The grains were air dried and weighted to obtain actual grain yield. Grain
yield components, i.e. the number of panicles per square meter, the number of spikelets
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per panicle, filled grain percentage, and individual grain mass, were determined at crop
maturity with six hills of plants in each subplot. Grains were soaked in tap water
(specific gravity = 1.0) and the number of sunken and floated grains was counted to
determine the filled grain percentage. The sunken (filled) grains were oven-dried at
80 °C until constant weight achieved. low, medium and high density.

Statistical analysis

A split-plot design was employed with [O3] as main-plot treatment, varieties and
planting density as the split-plot treatment. Analysis of variance (ANOVA) was
performed using the software Statistical Product and Service Solutions (SPSS Inc.,
Chicago, IL, USA) to determine the main effects of [O3], variety, planting density and
the effects of their interaction. Treatments were compared by Tukey’s test and
differences were declared statistically significant if p < 0.05.

Results
Plant phenology and plant height

O3 treatment had no significant effects on phenology development and plant height
of Yangdao 6. However, high concentration of O3 advanced the heading stage of 11 you
084 by 3 days and the mature stage by 7 days (Table 1; Fig. 2). High concentration O3
decreased the plant height of Yangdao 6, but did not reach the significant level, and
decreased the height of Il you 084 by 0.5%, 1.3% and 6.7% (p < 0.05) and 7.8%
(p < 0.05) after transplanting at 23, 45, 66 and 113 d (Fig. 3). The results of variance
analysis showed that the interaction between O3 and varieties had a weak interaction
effects on plant heights at the mature stage of rice (p = 0.16).
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Figure 2. Ozone stress had no impact on growth stage of Yangdao 6, but obviously accelerated
phonological development of Il you-084
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Figure 3. Effects of ozone concentration on plant height at different growth stage of Yangdao 6
and Il you 084

Table 1. Effects of surface ozone concentration and plant density on growth stage of rice
varieties

o Growth stage/mouth/day Growth period/days
Cultivar treatr;ent Heading Maturity | Transplanting | Heading to | Transplanting
stage y to heading maturity to maturity
C-0; 8/28 10/16 68 49 117
Yangdao 6
E-O3 8/28 10/16 68 49 117
C-0; 8/29 10/19 69 51 120
Il you 084
E-O3 8/26 10/12 66 47 113

Dry matter production and biomass

High concentration of O3 reduced the biomass of Yangdao 6 by 17.6% (p < 0.01),
among which 23.5%, 20.1% and 9.3% were decreased at low, medium and high density
respectively, with all reaching a significant level. The elevated ozone concentration
decreased the biomass of Il you 084 by 25.4% (p < 0.01), among which 29.2%, 25.6%
and 22.0% were significantly decreased respectively (Fig. 4). The effects of ozone
multiplied by varieties and ozone multiplied by density on biomass of rice reached the
significant level of 0.05 and 0.1 respectively.

The biomass of rice was closely related to the dry matter production in each growth
stage. High concentration of O3 reduced the dry matter production of Yangdao 6 from
tillering to jointing, jointing to heading, heading to maturity stage by 1.8%, 29.2%
(p <0.01) and 19.0% (p < 0.05) respectively, and decreased Il you 084 with the same
stage by 8.6% (p < 0.05), 13.6% (p < 0.1) and 46.5% (p < 0.01) respectively (Table 2).
The analysis of variance showed that the interaction of ozone and varieties had a
significant effect on the biomass from heading to maturity of rice. The high
concentration of O3 had no significant effect on the harvest index of Yangdao 6 but
decreased it of Il you 084 by 9% (p < 0.05) (Fig. 5). Variance analysis showed that the
effect of ozone multiplied by varieties on harvest index of rice reached 0.1 significant
level.
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Figure 4. Effects of surface ozone concentration and plant density on biomass yield of Yangdao
6 and 11 you 084. ANOVA: Cultivar (P < 0.05); Density (P < 0.01); Ozone (P < 0.01); O3 x
Cultivar (P < 0.05); O3 x Density (P < 0.1); Cultivar x Density (p > 0.1); O; x Cultivar x

Density (p > 0.1)

Table 2. Effects of surface ozone concentration and plant density on dry matter production of

rice varieties

Dry matter production/g/m?

Cultivar | Density | Ostreatment ——— — — - - -
Tillering to jointing |Jointing to heading|Heading to maturity
C-04 336+21 389452 892+75
o E-O; 339+15 245441 629+90
vangdao6| MD C-04 31845 541429 776496
E-O; 313+17 393+58 573+92
HD C-04 351+20 449+26 793+47
E-O; 321+34 338+24 792428
C-04 34148 528+55 701+105
o E-O; 293+13 427+19 371435
llyou084| MD C-04 365+32 567+24 662+58
E-O; 342422 441+48 383+64
HD C-04 416+28 454146 852+59
E-O; 390+25 470450 432+71
O3 0.068 0.001 0.000
Cultivar 0.074 0.004 0.000
Density 0.089 0.030 0.200
ANOVA (p value) O3xD 0.859 0.423 0.553
0O3xC 0.400 0.298 0.031
CxD 0.365 0.641 0.598
O3xDxC 0.784 0.662 0.391

The values in the table represent average values + standard errors
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Figure 5. Effects of surface ozone concentration and plant density on harvest index of Yangdao
6 and /7-you 084. ANOVA: Cultivar (p > 0.1); Density (p > 0.1); Ozone (P < 0.1); O3 x
Cultivar (P < 0.1); O; x Density (p > 0.1); Cultivar x Density (p > 0.1); Oz x Cultivar

Density (p > 0.1)

Grain yield and yield components

O3 treatment decreased the grain yield of Yangdao 6 by 142.0 g/m? which was
15.9% (p < 0.01) reduction compared to the control, with the decrease of 23.5%
(p <0.01), 14% (p < 0.1) and 9.9% (p < 0.1) under low, medium and high density. The
Ojs stress reduced the yield of I you 084 by 278.5 g/m?, which was 27.3% (p < 0.01)
reduction compared to the control, with the significant decrease of 26.9%, 25.0% and
30.0% respectively under low, medium and high density (Fig. 6). Variance analysis
showed that the interaction of O3 and varieties had a significant effect on rice yield, and
the interaction of three factors of Os, varieties and density had a weak interaction effect
on the rice yield (p = 0.20), which show that the effect of O3 on the grain yield of
Yangdao 6 decreased with the increase of density.

Yangdao 6 11 you 084
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1000 1000 |
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T 600 600
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Figure 6. Effects of surface ozone concentration and plant density on grain yield of Yangdao 6
and /7 you 084. ANOVA: Cultivar (P < 0.05); Density (p > 0.1); Ozone (P < 0.01); O; x
Cultivar (P < 0.01); O3 x Density (p > 0.1); Cultivar x Density (p > 0.1); O; x Cultivar x
Density (p > 0.1)
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The high concentration of O3 had no significant effects on the spike number per unit
area of Yangdao 6 and Il you 084. But from the composition of the spike number, the
elevated ozone concentration significantly decreased the maximum tiller number of rice
by 8.5%, increased productive tiller ratio of rice by 6.6% (p < 0.05) (Fig. 7). O3 stress
had no significant effect on the spikelet number per panicle of Yangdao 6 but decreased
it of 11 you 084 by 22. 0% (p < 0.01), with the significant decrease of 15.7%, 27.6% and
21.9% under low, medium and high density (Table 3). Analyzing from the composition
of the spikelet number per panicle, the increase of O3 concentration decreased the dry
weight per stem at heading stage of Yangdao 6 by 11.1% (p < 0.05) but increased the
ratio of spikelet number to stem dry weight of Yangdao 6 by 13.2 g (p < 0.05). High
concentration of O3 reduced the dry weight per stem at heading stage and the ratio of
spikelet number to stem dry weight of Il you 084 by 12.7% (p < 0.05) and 10.7%
(p < 0.05) respectively (Fig. 8). Ozone stress reduced the spikelet number per unit area
of Yangdao 6 by 4.8% (p > 0.05), and decreased it of 11 you 084 by 21.7% (p < 0.01)
on average, among which 20.3%, 26.0% and 18.8% were significantly decreased
respectively under low, medium and high density (Table 3). High concentration of O3
reduced the filled grain percentage of Yangdao 6 and Il you 084 by 6.4% (p < 0.05) and
11.9% (p < 0.01) respectively. The filled grain weight of Yangdao 6 and 1l you 084
were decreased by 2.3% (p < 0.05) and 4.7% (p < 0.01) respectively to ozone stress
(Table 3).
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Figure 7. Effects of surface ozone concentration and plant density on maximum tiller number
per square meter and productive tiller ratio of Yangdao 6 and /7/-you 084. ANOVA (M means
maximum tiller number per square meter, P means productive tiller ratio): M: Cultivar (P <
0.01); Density (P < 0.01); Ozone (P <0.01); O3 xC(p>0.1); O3 xD(p>0.1);C xD(p >
0.1); O3 x C x D (p > 0.1). P: Cultivar (P < 0.01); Density (p > 0.1); Ozone (P < 0.05); O3 x

C(p=>01);0xD(p=>01);CxD(p=>0.1);0sxCxD(p=>0.1)
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Figure 8. Effects of surface ozone concentration and plant density on dry weight per stem at
heading stage and ratio of spikelet number to stem dry weight of Yangdao 6 and //you 084
under FACE condition. ANOVA (D means dry weight per stem at heading stage, R means ratio
of spikelet number to stem dry weight): D: Cultivar (P < 0.01); Density (P < 0.05); Ozone (P <
0.01); 03 xC(p=>0.1);0: xD(p>0.1);CxD(p=>0.1); O3 x C x D (p>0.1). R: Cultivar
(p > 0.1); Density (p > 0.1); Ozone (p>0.1); O3 xC(P<0.05); O3 xD(p>0.1);C xD(p>
01);0: xC xD (p>0.1)

Discussion
Phenology and plant height

Previous studies in gas chambers showed that the phenology of rice was unchanged
or shortened under ozone stress (Yang et al., 2008). Our study found that O3 treatment,
which is 25% higher than the ambient concentration, had no significant effects on
phenology development of Yangdao 6, conventional rice. However, the heading date
and maturity stage of super hybrid rice 1l you 084 were 3 days and 7 days earlier
respectively under O3 treatment (Table 1; Fig. 2). The effect on the super hybrid rice
was similar to that of hybrid rice “Shanyou 63” under FACE condition (Shi et al., 2009;
Wang et al., 2012). It was inferred that the effect of high O3 concentration on phenology
of hybrid rice or super hybrid rice in the future may be more significant than that of
conventional rice. Many studies on plant height showed that the increase of ozone
concentration generally reduced the plant height of rice, and the decline varied with
varieties (Abhijit and Agrawal, 2012; Hiroko et al., 2012; Shi et al., 2009). This
research showed that Oz treatment had no significant effect on the plant height of
Yangdao 6 but decreased the plant height of Il you 084 by7.8%. From the dynamic
response of high sensitive variety Il you 084, the effect of ozone stress on the plant
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height gradually increased with the plant growth process (Fig. 3), showing a certain
cumulative effect.

Table 3. Effects of surface ozone concentration and plant density on yield components of rice
varieties

o Panicle Spikelet Spikelets | Filled arain Filled
Cultivar | Density 3 number per | number per P 2o nd g grain
treatment 2 . per m/x10" |percentage/%|
m panicle weight/mg
LD C-O4 188+7 18243 3.4+0.1 84+2 34.5+0.1
E-O; 183+11 167+3 3.0+0.2 74+2 33.3+0.5
C-0Os 227+8 155+6 3.5+0.1 80+2 34.5+0.1
Yangdao 6| MD
E-O; 203+5 163+6 3.3+0.1 80+2 33.7+0.3
HD C-0Os 236+6 149+4 3.5+0.1 81+l 34.6+0.1
E-O; 231415 15743 3.6+0.2 7442 34.3+0.4
LD C-04 3154 124+3 3.9+0.1 91+l 28.3+0.4
E-O; 298+5 10442 3.1+0.1 8143 26.9+0.1
C-0; 330+5 138+3 4.5+0.1 93+1 28.0+0.3
I1'you 084| MD
E-O3 336+13 100+4 3.4+0.2 8244 27.0+0.3
HD C-0Os 350+7 13249 4.6+0.4 90+1 27.5+£0.2
E-O3 366+7 103+5 3.840.1 78+5 26.1+£0.4
(O} 0.385 0.000 0.000 0.000 0.000
Cultivar 0.000 0.000 0.000 0.001 0.000
Density 0.000 0.028 0.005 0.387 0.784
ANOVA (pvalue) | ¢ 1y 0.401 0.438 0.477 0.513 0.664
O3xC 0.244 0.000 0.005 0.112 0.271
O3xDxC 0.282 0.024 0.567 0.437 0.599

The values in the table represent average values + standard errors

Dry matter production and biomass

Previous studies showed that high concentration of ozone significantly inhibited the
dry matter production of rice, but the degree of influence varied greatly with different
treatment concentration, variety and environment (Kobayashi et al., 1995; Jin et al.,
2001; Pang et al., 2009; Hiroko et al., 2012). This result showed that the increase of
0zone concentration decreased the biomass of rice by 22%, in which Yangdao 6 and Il
you 084 were decreased by 17% and 25% respectively (Fig. 4). It showed that the loss
of biomass of super hybrid rice may be higher than that of conventional rice under high
ozone concentration in the future. According to different densities, the response of
biomass of the two varieties to O3 stress decreased with the increase of density,
especially Yangdao 6. Our study also showed that high concentration of ozone had little
effect on the dry matter production of rice in the early stage of growth, but significantly
decreased it in the middle and late stages of rice (Table 2). This indicated that the
decline of the final productivity of rice under ozone stress was mainly related to the
inhibition of growth in the middle and later growth period, especially in the later stage.
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Under ozone stress, the decrease of dry matter production from heading to maturity
stage of Il you 084 (-47%) was significantly larger than that of Yangdao 6 (-19%)
(Table 2), which obviously resulted in the decrease of the final biomass of 11 you 084
was greater than that of Yangdao 6. According to the difference of different densities,
there was significant interaction between ozone and density on the dry matter
production during the reproductive growth stage (jointing to maturity) of Yangdao 6.
The response of dry matter production of Yangdao 6 to ozone stress decreased with the
increase of density. The meta-analysis of Ainsworth (2008) on the gas chamber showed
that the ozone concentration of 61 nl/L decreased the harvest index of rice by 5%,
compared with the filtered air (n = 19). Our results showed that high O3 concentration
had no significant effect on the harvest index of Yangdao 6, significantly reduced it of
I1 you 084 by 9% (Fig. 5), and the difference of response between two varieties reached
a significant level.

Yield components

Previous studies on yield components of rice show that O3 stress had no significant
effect on panicle number per unit area (Ainsworth, 2008). There were also studies
showing that the panicle number per unit area of rice decreased under ozone stress,
which was due to the decrease of tiller capability (Walid et al., 1995) or the decrease of
productive tiller percentage (Maggs and Ashmore, 1998). This study showed that high
concentration ozone had no significant effect on panicle number per unit area of
conventional indica rice Yangdao 6 and super hybrid rice Il you 084. Analyzing the
constituent factors of panicle number per unit area, the increase of O3 concentration
resulted in an average decrease of the maximum tiller number 9% and 7% increase in
productive tiller percentage (Fig. 7). It indicated that the tiller capability was decreased,
and the productive tiller percentage was increased under the ozone stress, which may be
the main reason for the no significant change of panicle number per unit area. The
majority of previous studies showed that the spikelet number per panicle of rice was
decreased with ozone stress, and the decline was due to different ozone treatment (Kats
et al., 1985; Jin et al., 2001; Feng et al., 2003; Bhatia et al., 2011) or different varieties
(Shi et al., 2009; Wang et al., 2012; Hiroko et al., 2012). This study showed that high
concentration ozone had no significant effect on the spikelet number per panicle of
Yangdao 6, but significantly reduced it of 1l you 084 by 22% (Table 3). Ozone stress
both decreased the dry weight per stem at heading stage and the ratio of spikelet number
to stem dry weight of Yangdao 6, which resulted in a significant decrease in the spikelet
number per panicle of Yangdao 6. Ozone stress significantly reduced the dry weight per
stem at heading stage of 11 you 084, meanwhile, increased the ratio of spikelet number
to stem dry weight. As a result, the spikelet number per panicle of Il you 084 was not
significantly changed. According to the differences among different densities, ozone
multiplied by varieties and density also had significant interaction effects on the spikelet
number per panicle of rice (p = 0.02). It showed that the effect of O3 on the spikelet
number per panicle of Il you 084 had no significant differences between different
densities. For Yangdao 6, the high concentration of O3 decreased the spikelet number
per panicle by 9% at low density, but increased slightly (+5%, p > 0.05).

The spikelet number per unit area of rice represents the yield capacity. The meta-
analysis of Ainsworth (2008) on the gas chamber showed that the ozone concentration
of 62 nl/L decreased the spikelet number per unit area of rice by 20%, compared with
the filtered air (n = 15). This study showed that high concentration of O3 significantly

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 16(4):4199-4215.
http://www.aloki.hu e ISSN 1589 1623 (Print) e ISSN 1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/aeer/1604_41994215
© 2018, ALOKI Kft., Budapest, Hungary



Peng et al.: Effects of ozone and density interaction on the growth, development and yield formation of rice
-4211 -

reduced the spikelet number per unit area of rice by 14%, among which 5% and 9.3%
were decreased of Yangdao 6 and Il you 084 respectively with significant differences
among Vvarieties. Combined with the change of the spikelet number per panicle, the
effect of ozone stress on the spikelet number per unit area was mainly due to the
influence of the spikelet number per panicle.

The filled grain percentage and filled grain weight reflected the grain filling ability of
rice. Previous studies showed that high concentration of ozone reduced the filled grain
percentage of rice. This study also showed that ozone stress decreased the filled grain
percentage of Yangdao 6 and Il you 084 by 6% and 12% respectively, and the effect on
the 11 you 084 was significantly greater than that of Yang Rice No. 6. The meta-analysis
of Ainsworth (2008) on the gas chamber showed that the ozone concentration of 83 nl/L
decreased filled grain weight of rice by 5%, compared with the filtered air (n = 22). The
meta-analysis of Feng (2009) showed that current ozone concentration (31-50 nl/L)
decreased filled grain weight of rice by 3.1%, compared with the filtered air. Recent
FACE experiments in China showed that the filled grain weight of rice decreased with
the increase of ozone stress, and the decline was due to different varieties or years (Shi
et al., 2009; Wang et al., 2012). The results of this study showed that O stress reduced
the filled grain weight of Yangdao 6 and Il you 084 respectively 2% and 5%, and the
effect of O3 stress on the filled grain weight of Yangdao 6 decreased with the increasing
density.

Grain yields

Previous studies had mostly shown that the increase of atmospheric ozone
concentration significantly decreased the rice yield, and the decline was related to the
control equipment of the experiment (Maggs et al., 1995), materials (Kobayashi et al.,
1995; Maggs and Ashmore, 1998; Zheng et al., 1998; Jin et al., 2000), the concentration
of O3 treatment (Asakawa et al., 1981; Heagle et al., 1991; Bai et al., 2002) and the
treatment period (Morikawa et al., 1980; Asakawa et al., 1981; Chen et al., 2007). The
meta-analysis of Ainsworth (2008) on the gas chamber showed that the ozone
concentration of 61 nl/L significantly decreased yield of rice by 14%, compared with
the filtered air. Our results showed that the grain yield of rice was decreased 235 g/m? at
high O3 concentration, with the significant decrease of 25%, in which Yangdao 6 and 11
you 084 were decreased 16% and 27% respectively (Fig. 6), and the interaction between
ozone and varieties reached a significant level. Combined with previous research results
(Shi et al., 2009; Pang et al., 2009; Wang et al., 2012), it was inferred that compared
with conventional rice, although hybrid rice and super hybrid rice have some yield
advantages at present, the yield loss of them may be more significant in the future under
the condition of high O3 concentration. From the perspective of yield components, the
effect of ozone stress on yield of Yangdao 6 was mainly related to the decrease of filled
grain percentage, followed by the decrease of the filled grain weight. That was, ozone
stress mainly affects the fertilization process and filling process of Yangdao 6. The
main reason for the effect of ozone stress on the yield of Il you 084 was the decrease of
the spikelet number per area and filled grain percentage, then the filled grain weight.
Ozone stress not only affected the spikelet formation of 1l you 084, but also affected the
fertilization process and grain filling process, and the effect of the latter was
significantly greater than that of Yangdao 6, so the loss of yield was more obvious. In
terms of dry matter production and distribution, high concentration of ozone reduced the
photosynthetic production of Yangdao 6 but had no significant effects on the proportion
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of photosynthesis to grain. Analyzing the effect on Il you 084, on the one hand, ozone
stress significantly decreased the biomass (the decrease was significantly higher than
that of Yangdao 6), but also significantly reduced the distribution of dry matter in the
grain, thus making the decline of grain yield of Il you 084 more significant.

The results showed that there was a weak interaction effect among ozone, varieties
and density on yield. There were no significant differences in the effect of O3 stress on
the yield of Il you 084 among different densities. However, the yield-loss of Yangdao 6
to high ozone concentration decreased significantly with the increase of density (at low,
medium and high density, the yield was decreased 24%, 14% and 10% respectively).
According to the factors of yield composition, the effect of ozone on the spikelet
number per panicle, yield capacity and filled grain weight of Yangdao 6 decreased with
the increase of density. However, the effects of ozone stress on the yield components of
I1 you 084 had no significant differences among different densities. Analyzing from dry
matter production, effects of ozone on dry matter production at reproductive stage of
Yangdao 6 decreased with the increase of density, and the effects on biomass and yield
showed the same trend among different densities. Effects of ozone stress on Il you 084
had no significant difference among different densities.

Conclusion

The results showed that the loss of rice yield under the condition of high Os
concentration was caused by the decline of grain filling ability (conventional rice) or
both the decrease of yield storage capacities and grain filling ability (super hybrid rice).
The ozone stress effect of hybrid rice varieties was significantly higher than that of
conventional rice varieties. Secondly, proper increase of planting density can alleviate
the ozone stress effect of conventional rice varieties to some extent. Therefore, under
the background of high ozone concentration in the future, we can first select high-
yielding conventional rice varieties with strong ozone resistance by properly increasing
planting density, thus slowing down the production loss to a certain extent. Limited to
the conditions, only two varieties and three densities were studied in our research.
Further researches on the interaction of ozone with more varieties and more cultivation
measures should be further expanded in the future.
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