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Abstract
Surface-level ozone pollution causes crop production loss by directly reducing healthy

green leaf area available for carbon fixation. Ozone and its precursors also affect crop pho-

tosynthesis indirectly by decreasing solar irradiance. Pollutants are reported to have

become even more severe in Eastern China over the last ten years. In this study, we investi-

gated the effect of a combination of elevated ozone concentrations and reduced solar irradi-

ance on a popular winter wheat Yangmai13 (Triticum aestivum L.) at field and regional

levels in China. Winter wheat was grown in artificial shading and open-top-chamber envi-

ronments. Treatment 1 (T1, i.e., 60% shading with an enhanced ozone of 100±9 ppb),

Treatment 2 (T2, i.e., 20% shading with an enhanced ozone of 100±9 ppb), and Control

Check Treatment (CK, i.e., no shading with an enhanced ozone of 100±9 ppb), with two

plots under each, were established to investigate the response of winter wheat under ele-

vated ozone concentrations and varying solar irradiance. At the field level, linear temporal

relationships between dry matter loss and cumulative stomatal ozone uptake were first

established through a parameterized stomatal-flux model. At the regional level, ozone con-

centrations and meteorological variables, including solar irradiance, were simulated using

theWRF-CMAQmodel (i.e., a meteorology and air quality modeling system). These vari-

ables were then used to estimate cumulative stomatal ozone uptake for the four major winter

wheat-growing provinces. The regional-level cumulative ozone uptake was then used as the

independent variable in field data-based regression models to predict dry matter loss over

space and time. Field-level results showed that over 85% (T1: R2 = 0.85 & T2: R2 = 0.89) of

variation in dry matter loss was explained by cumulative ozone uptake. Dry matter was

reduced by 3.8% in T1 and 2.2% in T2 for each mmol O3�m-2 of cumulative ozone uptake. At

the regional level, dry matter loss in winter wheat would reach 50% under elevated ozone

concentrations and reduced solar irradiance as determined in T1, and 30% under conditions

as determined in T2. Results from this study suggest that a combination of elevated ozone

concentrations and reduced solar irradiance could result in substantial dry matter loss in the

Chinese wheat-growing regions.

PLOS ONE | DOI:10.1371/journal.pone.0145446 January 13, 2016 1 / 24

a11111

OPEN ACCESS

Citation: Xu J, Zheng Y, He Y, Wu R, Mai B, Kang H
(2016) The Effect of Elevated Ozone Concentrations
with Varying Shading on Dry Matter Loss in a Winter
Wheat-Producing Region in China. PLoS ONE 11(1):
e0145446. doi:10.1371/journal.pone.0145446

Editor: Juan A. Añel, Universidade de Vigo, SPAIN

Received: October 20, 2015

Accepted: December 3, 2015

Published: January 13, 2016

Copyright: © 2016 Xu et al. This is an open access
article distributed under the terms of the Creative
Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any
medium, provided the original author and source are
credited.

Data Availability Statement: All relevant data are
within the paper and its Supporting Information files.

Funding: This work was supported by the Natural
Science Foundation of Jiangsu Higher Education
Institutions (No.20123228220003) to Youfei Zheng,
the National Natural Science Fund project
(No.41075114) to Youfei Zheng, and Jiangsu
Province Ordinary University Graduate Student
Research Innovation project (No.KYLX_0837) to
Jingxin Xu.

Competing Interests: The authors have declared
that no competing interests exist.

http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0145446&domain=pdf
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


Introduction
Man-made emissions of high levels of pollutants, especially nitrogen oxides (NOx) and volatile
organic compounds (VOC), contribute to the chemical formation of surface-level ozone.
Annual average background ozone concentrations over the mid-latitudes of the Northern
Hemisphere range between approximately 20–45 ppb [1–2]. Background surface ozone will rise
by 8 ppb, on average, by the year 2100 [3]. High surface-level ozone concentrations negatively
affect plant photosynthesis, cause visible injuries to leaf, and result eventually in yield loss [4–9].

As part of ozone risk assessment, ozone exposure-response relationships have been charac-
terized through open-top chamber (OTCs) experiments and simulated by several models
[10–21]. Among these models, the ozone-dose exposure indices, AOT40 and SUM06, use
ozone concentrations and exposure time as their main parameters to simulate the effects of
ozone on plants. However, the two indices both overestimate loss in crop yield as a result of
ignoring stomatal ozone uptake. To address this overestimation issue, the ozone-flux index
(cumulative ozone uptake) has been proposed [18]. Specifically, the ozone-flux index is
expressed through the stomatal-flux model, and this index has been used successfully to inves-
tigate relationships between yield loss and ozone uptake for wheat at field level [18, 22–25].

An increase in the concentrations of ozone and its precursors, such as NOx and VOC, could
also lead to atmospheric turbidity and hazy days, which are evident in many cities in South-
western, Eastern, and Southern China [26–27]. Solar irradiance has decreased by more than
6% per decade in the Yangtze River region of China in the last five decades; this is much higher
than the mean global decrease of 1.3% a–1 in photosynthetic active radiation [28–30]. Numer-
ous studies have reported that reduced solar irradiance could alter plant chloroplast structure,
hinder photosynthesis and stomatal conductance [31–32], and decrease light-use efficiency
[33–35]. Thus, it is important to estimate accurately the combined effect of elevated ozone con-
centrations and reduced solar irradiance on crops. To the best of our knowledge, however, few
studies have investigated this combined impact.

Winter wheat (Triticum aestivum L.) is a grass species that is planted widely in China, par-
ticularly in the Yellow and Huai River Valleys, which occupy about 43% of the country’s wheat
growing area [36]. This region, however, has been experiencing high-level emissions of pollut-
ants in recent years as a result of urbanization and industrialization [37–38]. Using field experi-
ments and modeling approaches, the aim of this study was to quantify the effect of elevated
ozone concentrations with reduced solar irradiance on winter wheat in four winter wheat-
producing provinces in China. We estimate dry matter loss of wheat using the stomatal-flux
model, which is strongly dependent on phenology and environmental variables such as solar
irradiance, temperature, vapor pressure deficit, and soil moisture. Our specific objectives were
1) to establish relationships between dry matter loss and cumulative ozone uptake for winter
wheat under elevated ozone concentration with varying solar irradiance at the field level, and
2) to estimate dry matter loss at the regional level by using dry matter loss-cumulative ozone
uptake relationships established in 1). The study region for the second objective is the four
provinces (i.e., Jiangsu, Anhui, Shandong, and Henan) within the major winter wheat-growing
region in China.

Materials and Methods

Overview of methodology
An overview of the methodology used in this study is shown in Fig 1. Specifically, we first col-
lected data on stomatal conductance, dry matter, and environmental variables from field exper-
iments (i.e., open-top-chambers and artificial shading). Second, cumulative ozone uptake was

The Effect of Elevated Ozone Concentrations with Varying Shading onWinter Wheat

PLOS ONE | DOI:10.1371/journal.pone.0145446 January 13, 2016 2 / 24



calculated through the parameterized and validated stomatal-flux model for the field site. Lin-
ear temporal relationships between cumulative ozone uptake and dry matter loss were estab-
lished. Third, cumulative ozone uptake in winter wheat-growing provinces was simulated
through the combination of the stomatal-flux model and an air quality modeling system. The
uptake of regional cumulative ozone was used then as the independent variable in the regres-
sion models established in the second step to estimate dry matter loss at the regional level
under elevated ozone concentrations with varying shading conditions.

Field experiment and data collection
The experimental site is located at an agro-meteorological experimental station (32°140N, 118°
420E), in Nanjing City, Jiangsu Province. The area has a subtropical monsoon climate with
long, hot, wet summers and short, dry winters. Mean annual temperature is 16.5°C and accu-
mulated precipitation is 1,107 mm. No specific permits were required for the described field
experiment. The location is not owned privately or protected, and field work did not involve
endangered or protected species.

Winter wheat Yangmai13 (Triticum aestivum L.), obtained from Lixiahe Agricultural
Research Institute (Jiangsu, China) was planted in the field on November 18th, 2010. Prior to
sowing, 692.3 kg ha−2 of nitrogen complex fertilizer (N8-P2O56K2O6, Tianbu Co. Ltd., Shang-
hai, China) was applied. Winter wheat was harvested on May 31th, 2011.

The winter wheat was grown in a 3 × 3 m field plot. A 1.5 m buffer zone from the plot edge
was used to prevent mutual interference. Three treatments, with two plots under each, were
established to study the response of wheat to elevated surface-level ozone concentrations with
varying levels of solar irradiance. Open-top-chambers (OTC, 2 m diameter and 1.9 m height)
were used to elevate ozone concentrations. Polyethylene neutral shade cloths were used to
reduce solar irradiance. Specifically, one polyethylene neutral shade cloth was placed 0.5 m
above the open-top-chamber, and two additional shade cloths for eastwards and westwards
were placed 0.5 m away from the OTC to cover each plot (Fig 2). The three treatments were in
the uniform OTCs with an enhanced ozone of 100±9 ppb, and the shading levels were set as
follows: T1: high-level shading (i.e., 40% of total solar irradiance); T2: low-level shading (i.e.,

Fig 1. The overview of the methodology used in this study.

doi:10.1371/journal.pone.0145446.g001
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80% of total solar irradiance); and CK: no shading. We decided to set the enhanced ozone con-
centration at a level of 100 ppb in this experiment for the following reasons: 1) the daily back-
ground ozone concentrations of this region have nearly reached 50 ppb and it is therefore
meaningful to investigate the impact of the doubled ozone concentration on plants; and 2)
many pervious experiments adopted the level of 100ppb to study the effect of elevated ozone
concentrations on plants [5] and the ozone concentration of 100ppb used in this work could
enable a direct comparison between our results and those from previous work. The experi-
ments were started on March 24th, 2011, when the crop was at the jointing stage. During the
experimental period, artificial shading was applied throughout each day, and ozone exposure
was set between 08:00 and 16:00 local time (a total of eight hours each day).

Photosynthetically active radiation (PAR) and the elevated ozone concentrations were mon-
itored by a TBQ-5A portable spectroradiometer (JWF Ltd. Co., Shanghai, China) and a HK90
ozone detector (Hengaode Co Ltd., Beijing, China), respectively. Air temperature and relative
humidity were measured using a HOBO U23-001 data-logger (Onset Computer Corp., Bourne,
MA, USA), which was placed 10 cm above the wheat canopy in the chamber. Stomatal conduc-
tance of winter wheat was measured in each treatment between 09:00 and 16:00, using an SC-1
steady stomatal conductance meter that was placed over 5–8 randomly selected winter wheat
plants. Ten plants for each plot were chosen randomly to determine the dry matter nondestruc-
tively (Table 1).

Simulation of field-level cumulative ozone uptake
Temporal uptake of stomatal cumulative ozone was calculated by the stomatal-flux model for
the entire experimental period. The model included two modules: a multiplicative Javis stoma-
tal conductance model and an ozone flux-effect model. Stomatal conductance was simulated
from the multiplicative Javis stomatal conductance model and then used as input in the ozone
flux-effect model to estimate stomatal cumulative ozone uptake. The details of the stomatal-
flux model were fully described in a previous study [19].

Fig 2. The experimental design of artificial shading and an open-top chamber.

doi:10.1371/journal.pone.0145446.g002
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The multiplicative Javis stomatal conductance model simulates stomatal conductance (GST)
by multiplying the maximum stomatal conductance value (Gmax) by six limiting driving
parameter functions. These limiting driving parameters are PAR, air temperature (Temp),
vapor pressure deficit (VPD), phenology (Phen), ozone, and soil water potential (SWP), and
their functions (i.e. fPAR, fTemp, fVPD, fphen, fO3, fSWP) were adopted from the earlier work [19]
(Table 2). No limiting function of soil water content was considered in this model, because soil
moisture was sufficient at the experimental station [39]. The constants in the limiting functions
PAR, Temp, VPD, and Phen were obtained using the boundary-line analysis.

Cumulative ozone uptake was simulated using the ozone flux-effect model by dividing
ozone concentrations (i.e., set to 100 ppb in this study) by two resistance factors (i.e., stomatal
resistance (1/GST) and leaf boundary layer resistance (a constant)). Specifically, the diffusivity
ratio between ozone and water vapor is 0.663 [24].

Relationship between field-level cumulative ozone uptake and dry
matter
Regression analysis was performed to investigate relationships between dry matter loss and
cumulative ozone uptake in T1 and T2. The dry matter loss (i.e., relative dry matter) was
obtained by dividing dry matter from T1 or T2 by dry matter from CK [19]. Leave-One-Out
Cross-Validation (LOOCV) was used to evaluate the established regression models, since this
method is used commonly for studies with a small sample size. In this study, only seven sets of
data were measured over time for each treatment, and thus the LOOCV was adopted for model
evaluation. Specifically, each single observation (relative dry matter of winter wheat) from the
original sample set was selected as validation datum, and the remaining observations (n–1 out
of n relative dry matter) were used as training data to establish a regression model. This step
was repeated n times. The prediction accuracy was computed using the absolute root mean
square error (RMSE), relative root mean square error, absolute bias and relative bias [40].

Table 1. The dates when the stomatal conductance and dry matter measurements were taken in 2011.

Growth Stage Stomatal Conductance Dry Matter
Measurements Measurements

Jointing stage April 10 Mar 24 and April 02

Heading stage April 20 April 12 and April 22

Filling stage April 28 May 2

Full ripe May 6 May 12 and May 22

doi:10.1371/journal.pone.0145446.t001

Table 2. The parameters used in the stomatal conductance model [19].

Description/functions

fPAR 1-e(-L*PAR)

fT If Tmin� Temp �Tmax, fT = 1- (Temp -Topt)
2/(Topt-Tmin)

2

If Tmin<Temp or Temp>Tmax, fT = Gmin

fVPD min{1,((1-Gmin)*(VPDmin-VPD)/(VPDmin-VPDmax))+Gmin}

fphen Before anthesis, fphen = 1-(1-fa)(TTmax-TT)/TTmax

After anthesis, fphen = 1-(1-fb)(TT-TTmax)/(TTend-TTmax)

fO3 (1+(AFsto0/11.5)
10)-1

doi:10.1371/journal.pone.0145446.t002
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Simulation of regional-level cumulative ozone uptake and loss of dry
matter
In short, a meteorology and air quality modeling system (WRF-CMAQmodel) [41] was used
to simulate regional meteorological variables (solar irradiation, T and VPD) and ozone concen-
trations. The stomatal-flux model was then used to simulate the uptake of cumulative ozone
that was distributed spatially. Finally, the regional uptake of cumulative ozone was used as the
independent variable in the regression models established in Sec. 2.4 to estimate regional dry
matter loss under elevated ozone concentrations with varying shading conditions.

To be specific, the air quality model we used is the third-generation US Environmental Pro-
tection Agency (EPA) Community Multiscale Air Quality (CMAQ, version 4.7.1) model. In
this study, CMAQ was driven by the outputs of the Weather Research and Forecasting (WRF,
version 3.4) model. We chose the WRF-CMAQ coupled modelling system because previous
studies have demonstrated that it performs well in simulating tropospheric ozone concentra-
tions [41–45]. We set the WRF model with two one-way domains: 107 by 107 grids with a spa-
tial resolution of 27 km (domain 1), and 151 by 133 grids with a spatial resolution of 9 km
(domain 2). The latter domain covers the winter wheat-growing provinces. The center of lati-
tude and longitude of the domains was located at 108°E, 32°30’N. Both domains had a total of
31 sigma levels vertically, with the top fixed at 100 hPa. The physical options used in this study
were the WRF Single Moment 6-class microphysics scheme, RRTM (rapid radiative transfer
mode) longwave radiation scheme, Dudhia shortwave radiation scheme, NOAH land surface
model, Yonsei University Planetary Boundary Layer scheme, Kain-Fritsch cumulus parameter-
ization scheme, and none urban physics [46]. The 6-hourly Final Analyses (FNL) data with
1°×1° resolution from the National Center for Environmental Prediction (NCEP) were used as
initial and boundary conditions of the WRF model.

Similarly to WRF, two domains were set in CMAQ with each domain slightly smaller than
those in WRF, but the domain resolutions the same: an 80 ×80 grid system of 27 km resolution
for Domain 1, and a 130 ×110 grid system of 9 km resolution for Domain 2 (Fig 3). CMAQ
was set with a total of 23 vertical layers. Layer collapsing was used in the Meteorology-Chemis-
try Interface Processor (MCIP, version 3.6). CB05 and AERO4 were chosen as the chemistry
and aerosol options of CMAQ [46–48]. Initial and boundary conditions (i.e., IC and BC) for
Domain 1 were obtained from the default files prepared for CMAQ. For Domain 2, the IC and
BC were interpolated from the previous day’s simulation in Domain 1 using initial conditions
processor (ICON) and boundary conditions processor (BCON) modules. Emission data that
included anthropogenic and biogenic volatile organic compounds (BVOC), biomass burning,
and volcanic SO2 emissions were obtained from an emission inventory for Asia in 2006 [49].
The data have a horizontal resolution of 0.1°×0.1°.

The simulation period was from 00:00 local standard time (LST), March 1st, 2006 to 23:00
LST, May 31th, 2006. The period was chosen because the emission inventory data were col-
lected from 2006, and the most important growing period of winter wheat is between March
and May. The WRF and CMAQmodel outputs had an hourly temporal resolution.

The WRF-CMAQmodel outputs were compared with the observed ozone concentrations
data from the Nanjing station between March and May in 2006. The modeling performance
was determined using three measures, including Normalized Mean Bias (NMB), Normalized
Mean Error (NME), and RMSE [50]. The closer the values of these measures approach zero,
the better the simulation. The correlation coefficient (r) was calculated to show the correlation
between the simulated and observational datasets.
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Results and Discussion

Field data
Meteorological factors under varying conditions of reduced solar irradiance. The mean

observed diurnal PAR differed in the three treatments over the 24 h period, and the maximum
difference occurred at noon (Fig 4). The maximum PAR at 12:00 was 426.26 μmol m-2�s-1 for
T1, 852.52 μmol m-2�s-1 for T2, and 1065.65 μmol m-2�s-1 for CK. In comparison with CK, aver-
age temperatures (Temp) decreased 5.6°C in T1 and 4.1°C in T2, and vapor pressure deficit
(VPD) decreased 0.84 kPa in T1 and 0.74 kPa in T2. However, relative humility (RH) increased
16.0% in T1 and 14.5% in T2 (Table 3). These results indicated that reduced solar irradiance
led to substantial changes in field environments. The differences in these variables between CK
and T1/T2 were used later to estimate regional meteorological conditions under shading
treatments.

Fig 3. The twomodelling domains for CMAQ simulations: the nested domain with a resolution of 9 × 9 km and the mother domain with a resolution
of 27 × 27 km. This visualization was created by the NCAR Command Language (Version 6.3.0) [Software], 2015 under a CC BY license [63], with
permission from University Corporation for Atmospheric Research, original copyright 2015.

doi:10.1371/journal.pone.0145446.g003
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Simulation of field-level uptake of cumulative ozone
The parameterization of the multiplicative Javis stomatal conductance model. The

multiplicative Javis stomatal conductance model was parameterized, given that the field envi-
ronments changed under reduced solar irradiance conditions. Stomatal conductance as a func-
tion of PAR, Temp, VPD, and Phen is shown in Fig 5, and the parameterization for each
function is summarized in Table 4.

Fig 4. The diurnal variation of mean (x SD) PAR in each treatment (n = 68).

doi:10.1371/journal.pone.0145446.g004

Table 3. Meanmeteorological data for three variables (Temp, VPD, and RH) in each treatment.

Environmental parameters CK T1 T2

Ave Temp (°C) 26.8 21.3 22.7

Ave VPD (kPa) 1.46 0.62 0.72

Ave RH (%) 51.2 67.2 65.7

doi:10.1371/journal.pone.0145446.t003
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The boundary line displayed a typical light saturation curve, and the light saturation was
obtained at the PAR of 1000 μmol�m-2�s-1 (Fig 5a). The curve in Fig 5a provides the constant
value (i.e., L) in the PAR function, which was -0.0029. These results are different from a previ-
ous study, which concluded that the light saturation was around 500 μmol�m-2�s-1 PAR and the
constant value was -0.0105 [19]. The possible explanations for these differences are 1) the crop
that the other study did the experiment on was spring wheat [19], while we studied winter
wheat, and 2) different planting zones may result in differences in stomatal movements.

Fig 5. Boundary-line analysis of the relationships between relative stomatal conductance and environmental variables under elevated ozone
concentrations with varying shading conditions. (a)PAR represents pohtosynthetically active radiation; (b) Temp represents temperature; (c) VPD
represents vapor pressure deficit; (d) Phen represents accumulated effective temperature.

doi:10.1371/journal.pone.0145446.g005
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The effect of Temp on stomatal conductance is complicated, because it depends not only on
plant species but also on vapor pressure. Relative stomatal conductance value (i.e., Gst/Gmax),
along with the change in Temp, was often characterized by a single-peak. In Fig 5b, the opti-
mum temperature for stomatal conductance was approximately 29.6°C. The lack of measure-
ments below 20.8°C and above 38.5°C posed a limitation for the calibration of the temperature
function. Both minimum and optimum Temp were higher than the past results of 12°C and
26°C [51]. We speculate that our species has a stronger tolerance to high temperature, or has
adapted to excessive ozone uptake and environmental changes under shading conditions.

We found that a VPD higher than 3.0 kPa induced stomatal closure (Fig 5c). Relative stoma-
tal conductance had a marginal change when VPD was low, but declined rapidly when VPD
was higher than 2.1 kPa. The VPDmin threshold (i.e., 3.1 kPa) in this study was lower than
other experimental results (3.2~3.6 kPa) [19, 22, 51]. Constant exposure to high relative
humidity and a wet environment may have affected the drought tolerance of winter wheat,
thus leading to the lower VPDmin threshold.

Along with an increase in the accumulated effective temperature, winter wheat showed a
high degree of senescence (Fig 5d). Relative stomatal conductance decreased especially rapidly
when accumulated effective temperature exceeded 650°C�d. We thus used the phenology func-
tions as introduced previously [52], because our two studies shared a similar response of rela-
tive stomatal conductance to the accumulated effective temperature.

The results and validation of the multiplicative Javis stomatal conductance model. The
simulated stomatal conductance data ranged from 0.04 to 0.31 molO3�m-2�s-1, with a standard
deviation of 0.062 molO3�m-2�s-1 for all three treatments. In comparison, mean stomatal con-
ductance and its variation in CK were greater than those of T1 and T2. The model results were
validated using observed stomatal conductance data for the three treatments in jointing,

Table 4. The unit and value of each parameter used in the stomatal conductancemodel.

Parameter Units Value

Gmax mmolH2O�m-2�s-1 427(observed data)

Gmin Fraction 0.1(observed data)

L Fraction -0.0029 (Fig 5a)

Tmin °C 20.8(Fig 5b)

Topt °C 29.6(Fig 5b)

Tmax °C 38.5(Fig 5b)

VPDmax kPa 2.1(Fig 5c)

VPDmin kPa 3.1(Fig 5c)

fa Fraction 0.52(Fig 5d)

fb Fraction 0.82(Fig 5d)

TTmax °C�d 650(Fig 5d)

TTend °C�d 1600(Fig 5d)

The parameter Gmax was the maximum stomatal conductance; Gmin was the lowest stomatal conductance

expressed as a fraction of Gmax; L defined the rate of saturation of the fPAR function; Topt denoted the

temperature where there was no limitation of stomatal conductance; Tmax and Tmin gave the temperature

above and below which there was limited stomatal conductance, respectively; VPDmax defined the level

where started to limit stomatal conductance and VPDmin indicated where there was limitation of stomatal

conductance; fa and fb denoted the maximum fraction of Gmax that stomatal conductance took at the

beginning and end of the ozone exposure. The beginning and end of the ozone exposure period are

expressed as temperature sums before (TTmax) and after (TTend) anthesis in wheat.

doi:10.1371/journal.pone.0145446.t004
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heading, flowering, and grain-filling stages of winter wheat (Fig 6). The regression line, with a
slope of 0.94, was not significantly different from the 1:1 line at the 0.05 significance level. The
R2 of 0.88 and RMSE of 0.035 indicated good agreement between the observed field data and
modeling results.

Simulation of cumulative ozone uptake for the field site. Simulated stomatal conduc-
tance was then used to drive the ozone flux-effect model to obtain daily cumulative ozone
uptake in T1, T2, and CK over time (Fig 7). A similar trend was found in all treatments, with
only a marginal difference in the magnitude of values. At the end of the experimental period,
cumulative ozone uptake in T1, T2, and CK reached a maximum of 14.92, 15.52, and 16.23

Fig 6. Simulated stomatal conductance plotted against measured stomatal conductance in all treatments. (“---” and “—” represent 95% confidence
level and the overall mean confidence region, respectively).

doi:10.1371/journal.pone.0145446.g006
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mmolO3�m-2, respectively, suggesting that a decrease in solar irradiance reduced cumulative
ozone uptake. It is well known that the uptake in cumulative ozone is dependent on both ozone
concentrations and stomatal conductance [53]. Reduced solar irradiance is thus solely respon-
sible for the decrease in stomatal conductance and stomatal ozone uptake, since the three treat-
ments were all set under the same ozone exposures, which suggested that shading could
alleviate ozone damage to the plant.

To further investigate the relative importance of environmental factors that influence the
uptake in cumulative ozone under the reduced solar irradiance conditions, daily and hourly
curves of environmental variables (PAR, Temp, and VPD) involved in the modelling of stoma-
tal conductance were plotted for each treatment (Figs 8 and 9). The limiting effect of PAR on
stomatal conductance was consistent over the entire season (around 0.2 in T1, 0.3 in T2, and
0.4 in CK in Fig 8a), except for several fluctuations that likely resulted from rainfall. The daily

Fig 7. Cumulative ozone uptake in each treatment during the whole experiments period.

doi:10.1371/journal.pone.0145446.g007
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variation in Temp showed similar trends in all treatments, with a variation in the magnitude.
The limiting effect of Temp on stomatal conductance was stronger at the beginning, but its
impact became weaker with stronger diurnal fluctuations (Fig 8b). The daily variations in VPD
in T1 and T2 showed a similar trend, but they were different from CK. VPD had no impact on
stomatal conductance at the beginning in T1 and T2 (i.e., fVPD = 1 before day 30 in Fig 8c), and
had a relatively low effect in CK (i.e., fVPD had a very small variation around 0.9). The hourly
variations in PAR, Temp, and VPD had similar trends in all three treatments, except for an
obvious difference in Temp at noon (Fig 9). Between 08:00 and 16:00, PAR and Temp was at

Fig 8. The daily variation of mean fPAR, fT, and fVPD in each treatment (the black line represents the slide average of the five days).

doi:10.1371/journal.pone.0145446.g008

Fig 9. The hourly variation of mean fPAR, fT, and fVPD in each treatment.

doi:10.1371/journal.pone.0145446.g009
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its lowest in T1 and VPD was at its highest; PAR, Temp, and VPD were all moderate in T2;
and PAR, Temp, and VPD in CK showed a trend opposite to that of T1. Temp in T1 and T2
reached its maximum value, but we observed a decrease in CK. The daily and hourly variations
suggested that 1) PAR was the most limiting factor on stomatal conductance over the entire
experimental period, and this effect became more negative with increasing shading. This was
expected, because lower solar irradiance resulting from shading would lead to insufficient radi-
ation needed for crop photosynthesis, and would lead also to a weaker stomatal conductance.
This is also consistent with a past finding [54], 2) the limiting effect of Temp was stronger at
the beginning, and the limiting effect of VPD became stronger over time, 3) the limiting impact
of PAR combined with Temp was stronger than that of VPD, leading to the highest stomatal
conductance in CK and the lowest in T1, and 4) the effect of each factor on stomatal conduc-
tance in T2 was intermediate as a result of moderate stomatal conductance in T2.

An interesting observation was that the wheat in CK showed an obvious "noon-nap" phe-
nomenon (i.e., stomatal closure), but this phenomenon was not observed in T1 and T2 (Fig
9b). At noon, higher Temp and VPD in CK induced instantaneous stomata closure (i.e.,
“noon-nap” phenomenon), to decrease transpiration rate and moisture loss from the leaves
[55]. Without a “noon-nap”, one would expect to see an increase in stomatal conductance in
T1 and T2, which did not happen. A possible explanation is that the lower temperature in T1
and T2 influenced the crop’s enzyme activity [56], and resulted further in lower stomatal con-
ductance. Therefore, both temperature and enzyme activity can affect stomatal conductance
[57].

The relative importance of fPhen and fO3 in the modeling of stomatal conductance is also
expressed as daily variation curves for each treatment (Fig 10). Phen increased at first and
decreased towards the end of the day in each treatment, while O3 decreased with a very differ-
ent trend among the three treatments. The fO3 in each treatment had no impact on stomatal
conductance at first (around 30 days in T1, 25 days in T2, and 20 days in CK), but it had a
strong and increasing limiting effect towards the end of the growing season. Owing to the dif-
ferent trends for fO3 over time, the effect of phenology on stomatal conductance was dominant
for the first 35 days in T1, for 27 days in T2, and for 23 days in CK. These results suggested that
1) the limiting effect of fO3 lasted longer under reduced solar irradiance, 2) phenology is the
dominant limiting factor on stomatal conductance in the early growth period of winter wheat,

Fig 10. The daily variation of mean fphen and fO3 in each treatment.

doi:10.1371/journal.pone.0145446.g010
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and 3) ozone exposure became a stronger limiting factor in CK, which suggested that shading
may have alleviated leaf senescence and ozone damage.

Regression models for dry matter loss for the field site. According to field measure-
ments, dry matter losses were 3.8% (T1) and 2.2% (T2) for the increase in ozone cumulative
uptake for each 1 mmol O3�m-2. It is interesting to note that reduced solar irradiance resulted
in a decrease in cumulative ozone uptake, but an increase in dry matter loss. Shading hindered
stomatal conductance and further affected CO2 uptake negatively, which led to reduced photo-
synthesis and a reduction in biomass products.

The strongest correlations for winter wheat were obtained using an ozone flux threshold of
6 nmol O3 �m-2 (AFsto6) [19]. Therefore, cumulative ozone uptake (AFsto6) was used to estab-
lish regressions with dry matter loss for T1 and T2. A relatively stable modelling error calcu-
lated through the LOOCV validation approach (Tables 5 and 6) indicated that no outliers were
included in the dataset. Given that model 4 for T1 and model 3 for T2 produced the lowest
absolute RMSE, relative RMSE (i.e., RS1 and RS2), absolute bias and relative bias (i.e., Bias1 and
Bias2), the two models (Fig 11) with R2 greater than 0.85 were then adopted to predict dry mat-
ter loss over time with T1 and T2 treatments.

Simulation of cumulative ozone uptake and dry matter loss at the
regional level

Simulation of regional ozone concentrations. The simulated regional ozone concentra-
tions from Nanjing station using the WRF-CMAQmodel were compared with observed hourly
mean ozone concentrations in March, April, and May of 2006 (Table 7 and Fig 12). The simu-
lated ozone concentrations have a mean of 33.25 ppb with a range of 24.94–38.31 ppb, while
the observations have a mean of 27.7 ppb with a range of 19.28–36.31 ppb (Table 7). The daily
variations in simulated and observed ozone concentrations are consistent as a function of solar
irradiation: increasing with an increased solar irradiation in the morning, reaching the

Table 5. Prediction accuracy of the different regression models for T1.

MODEL(T1) RS1 RS2 (%) Bias1 Bias2 (%)

1 0.0875 12.65% 0.0077 1.11%

2 0.0839 12.12% 0.007 1.02%

3 0.0728 10.52% 0.0053 0.77%

4 0.0582 8.41% 0.0034 0.49%

5 0.0876 12.66% 0.0077 1.11%

6 0.0833 12.04% 0.0069 1.00%

7 0.0949 13.72% 0.009 1.30%

doi:10.1371/journal.pone.0145446.t005

Table 6. Prediction accuracy of the different regression models for T2.

MODEL(T2) RESE1 RESE (%) Bias1 Bias (%)

1 0.042 5.30% 0.00177 0.22%

2 0.0421 5.31% 0.00177 0.22%

3 0.0347 4.38% 0.00121 0.15%

4 0.0388 4.89% 0.00151 0.19%

5 0.0357 4.50% 0.00127 0.16%

6 0.0379 4.78% 0.00143 0.18%

7 0.0354 4.46% 0.00125 0.16%

doi:10.1371/journal.pone.0145446.t006
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maximum value around 15:00, and decreasing with a decreased solar irradiation in the after-
noon (Fig 12). However, the simulated data were higher in general, with a smaller difference
around noon in March and April. In contrast, the simulated ozone concentrations were lower
than the observations around noon in May. Overall, the model simulated diurnal ozone con-
centrations variations well (Table 7). The correlations between simulations and observations
were all higher than 0.67, and significant (p<0.05) (Fig 13). The ranges of NMB, NNE, and
RMSE were 6.08–33.85, 31.16–43.9, and 9.96–14.58, respectively, which were similar to the
ranges of published studies [50, 58–62]. Therefore, the model demonstrated that the model
used in this study is able to provide acceptable ozone concentration data in the absence of
ground truth.

Fig 11. Temporal relationships between dry matter loss of winter wheat in T1 and AFsto6 (a) and in T2 and AFsto6 (b). (“---”and“—” represent 95%
confidence level and the overall mean confidence region, respectively).

doi:10.1371/journal.pone.0145446.g011

Table 7. The statistics of simulations and observations in Nanjing station fromMarch to May of 2006.

Total (from March to May) March April May

Average simulated concentrations (ppb) 33.25 24.94 34.32 38.31

Average observed concentrations(ppb) 27.7 19.28 26.38 36.11

Correlation Coefficient r 0.67(Fig 13) 0.72 0.69 0.68

NMB (%) 20.05 29.35 33.85 6.08

NME (%) 37.97 43.83 43.9 31.16

RMSE(ppb) 13.44 9.96 14.58 14.54

doi:10.1371/journal.pone.0145446.t007
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Fig 12. The hourly simulated and observedmean ozone concentrations in Nanjing station fromMarch to May of 2006.

doi:10.1371/journal.pone.0145446.g012

Fig 13. Simulated ozone concentrations plotted against observed ozone concentrations in Nanjing station fromMarch to May of 2006.

doi:10.1371/journal.pone.0145446.g013
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Simulation of regional cumulative ozone uptake. Spatial uptake of cumulative ozone
was then simulated by the stomatal-flux model. The uptake in cumulative ozone in winter
wheat-growing provinces under conditions of decreased solar irradiance (i.e., CK, T1, and T2
conditions) is shown in Fig 14. In March, the ozone uptake values were at their lowest, ranging
from 1–7 mmol O3�m-2. In April, the ozone uptake values increased substantially, particularly
in Southwest Henan Province and in most areas of Anhui Province under CK conditions, with
a maximum of 15 mmol O3�m-2. In May, ozone uptake reached a maximum of 16 mmol O3�m-

2 in most of the winter wheat-growing provinces under CK and T2 conditions, although the
values under T1 were 15 mmol O3�m-2.

Estimation of regional dry matter loss under elevated ozone concentrations with differ-
ent shading conditions. Regional dry matter loss (Fig 15) was estimated by the regression
models (Fig 11), using regional cumulative ozone uptake as the independent variable (Fig 14).
Dry matter loss under T1 was greater than under T2 fromMarch to May. In March, the loss
under T1 was between 0.92 and 0.96, and under T2 was between 0.94 and 0.96. In April, the
dry matter loss in T1 and T2 decreased to 0.7 and 0.8, respectively. In May, the dry matter loss
in T1 and T2 continued to decrease to a minimum of 0.5 and 0.7, respectively. In total, dry
matter loss in winter wheat-growing provinces was 50% under high-level shading conditions
(T1), and 30% under low-level shading conditions (T2). Our results suggested that the impact
of shading and ozone pollution on winter wheat could be substantial. What we have to keep in
mind is that our results are limited by an experiment that lasted only one season; the stomatal

Fig 14. The temporal and spatial variations of simulated cumulative ozone uptake under elevated
ozone concentrations and reduced solar radiation conditions in the major areas for production of
winter wheat (fromMarch to May of 2006). This visualization is created by the NCAR Command Language
(Version 6.3.0) [Software], 2015 under a CC BY license [63], with permission from University Corporation for
Atmospheric Research, original copyright 2015.

doi:10.1371/journal.pone.0145446.g014
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models and dry matter loss model would have benefited from data collected over multiple
years. Furthermore, some other studies will be needed to do in the next step, such as the factors
affecting simulated ozone concentrations, a sensitivity analysis of the WRF-CMAQmodel and
validation using more ground observations.

Conclusions
A decrease in solar irradiance resulted in a decrease in average temperature of 5.6°C and 4.1°C,
a decrease in vapor pressure deficit of 0.84 kPa and 0.74 kPa, and an increase in relative humid-
ity of 16.0% and 14.5% under a high (T1) and low (T2) level of shading, respectively, in com-
parison with those in CK, in the field environment. The parameterization of the conductance
model was obtained through boundary line technology, and a typical light response curve was
formed with light saturation at approximately 1000 μmolm-2�s-1 photosynthetically active radi-
ation (PAR). Optimum leaf temperature for stomatal conductance was 29.6°C. The stomatal
conductance declined greatly when the vapor pressure deficit was greater than 2.1 kPa. PAR
was the most limiting factor on stomatal conductance over the entire experimental period, and
this negative effect became stronger with an increase in shading. The limiting effect of Temp
was only strong at the early stage of growth, but the limiting effect of VPD became stronger

Fig 15. Regional loss of dry matter for winter wheat, simulated under elevated ozone concentrations
and reduced solar radiation (fromMarch to May of 2006). This visualization is created by the NCAR
Command Language (Version 6.3.0) [Software], 2015 under a CC BY license [63], with permission from
University Corporation for Atmospheric Research, original copyright 2015.

doi:10.1371/journal.pone.0145446.g015
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over time. The limiting effects of PAR in combination with Temp were stronger than VPD.
The combined effect of shading on stomatal conductance and dry matter could thus be nega-
tive; however, reduced solar irradiance was found to be responsible for the decrease in stomatal
ozone uptake, which suggested that shading levels set in this experiment could alleviate ozone
damage to the plant.

Over 85% (T1: R2 = 0.85 & T2: R2 = 0.89) of the dry matter loss can be explained by cumula-
tive ozone uptake. Dry matter losses were 3.8% (T1) and 2.2% (T2) compared to CK for each 1
mmol O3�m-2 increase in ozone cumulative uptake. At the regional level, dry matter loss in
winter wheat could be 50% under high-level shading (T1), and 30% under low-level shading
(T2).

Supporting Information
S1 Table. The diurnal variation of mean (± SD) PAR in each treatment (n = 68).
(PDF)

S2 Table. Boundary-line analysis of the relationships between relative stomatal conduc-
tance and environmental variables under elevated ozone concentrations with varying shad-
ing conditions.
(PDF)

S3 Table. Simulated stomatal conductance plotted against measured stomatal conductance
in all treatments.
(PDF)

S4 Table. Cumulative ozone uptake in each treatment during the whole experiments
period.
(PDF)

S5 Table. The daily variation of mean fPAR, fT, and fVPD in each treatment.
(PDF)

S6 Table. The hourly variation of mean fPAR, fT, and fVPD in each treatment.
(PDF)

S7 Table. The daily variation of mean fphen and fO3 in each treatment.
(PDF)

S8 Table. Temporal relationships between dry matter loss of winter wheat in T1 and AFsto6
and in T2 and AFsto6.
(PDF)

S9 Table. The hourly simulated and observed mean ozone concentrations in Nanjing sta-
tion fromMarch to May of 2006.
(PDF)

S10 Table. Simulated ozone concentrations plotted against observed ozone concentrations
in Nanjing station fromMarch to May of 2006.
(PDF)

S1 File. The temporal and spatial variations of simulated cumulative ozone uptake under
elevated ozone concentrations and reduced solar radiation conditions in the major areas
for production of winter wheat (from March to May of 2006).
(PDF)

The Effect of Elevated Ozone Concentrations with Varying Shading onWinter Wheat

PLOS ONE | DOI:10.1371/journal.pone.0145446 January 13, 2016 20 / 24

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0145446.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0145446.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0145446.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0145446.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0145446.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0145446.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0145446.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0145446.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0145446.s009
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0145446.s010
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0145446.s011


S2 File. Regional loss of dry matter for winter wheat, simulated under elevated ozone con-
centrations and reduced solar radiation (fromMarch to May of 2006).
(PDF)

Author Contributions
Conceived and designed the experiments: YZ RW. Performed the experiments: JX. Analyzed
the data: JX. Contributed reagents/materials/analysis tools: JX BM HK. Wrote the paper: JX
YH.

References
1. Vingarzan R. A review of surface ozone background levels and trends. Atmospheric Environment.

2004; 38(21): 3431–3442.

2. Yang LX, Wang YL, Shi GY, Wang YX, Zhu JG. Response of rice growth and development to elevated
near-surface layer ozone (O3) concentration: A review. Chinese Journal of Applied Ecology. 2008;
19(4):901–910. [In Chin.] PMID: 18593056

3. CoreWriting Team, Pachauri RK, Meyer LA (eds.) IPCC, 2014: Climate Change 2014: Synthesis
Report. Contribution of Working Groups I, II and III to the Fifth Assessment Report of the Intergovern-
mental Panel on Climate Change. IPCC, Geneva, Switzerland; 2014. pp. 151.

4. Zheng CL, Wang CY. Numerical simulation study on the impacts of troposphere O3 and CO2 concentra-
tions changes on winter wheat. Part I: model description Acta Meteorological sinica. 2005; 63(2):
184–191. [In Chin.]

5. Wang CY, Bai YM. Study on the changes of ozone and aerosol concentration effects on crops. Beijing:
China Meteorological press; 2007. [In Chin.]

6. Feng ZZ, Kobayashi K. Assessing the impacts of current and future concentrations of surface ozone on
crop yield with meta-analysis. Atmospheric Environment. 2009; 43(8): 1510–1519.

7. Mills G, Hayes F, Simpson D, Emberson L, Norris D, Harmens H, et al. Evidence of widespread effects
of ozone on crops and (semi-)natural vegetation in Europe (1990–2006) in relation to AOT40- and flux-
based risk maps. Global Change Biology. 2011; 17(1): 592–613.

8. Vandermeiren K, De Bock M, Horemans N, Guisez Y, Ceulemans R, De Temmerman L. Ozone effects
on yield quality of spring oilseed rape and broccoli. Atmospheric Environment. 2012; 47: 76–83.

9. Feng ZZ, Sun JS, WanWX, Hu EZ, Calatayud V. Evidence of widespread ozone-induced visible injury
on plants in Beijing, China. Environmental pollution. 2014; 193:296–301. doi: 10.1016/j.envpol.2014.
06.004 PMID: 24989347

10. Fuhrer J. The critical level for ozone to protect agricultural crops—an assessment of data from Euro-
pean open-top chamber experiments. In: Fuhrer J., Achermann B. (Eds.), Critical Levels for Ozone (A
UN-ECEWorkshop Report). Schriftenreihe der FAC, Liebefeld. 1994; 16:42–57.

11. Mills G, Ball G, Hayes F, Fuhrer J, Skärby L, Gimeno B, et al. Development of a multi-factor model for
predicting the effects of ambient ozone on the biomass of white clover. Environmental Pollution. 2000;
109(3):533–542. PMID: 15092887

12. Ewert F and Porter JR. Ozone effects on wheat in relation to CO2: Modelling short-term and long-term
responses of leaf photosynthesis and leaf duration. Global Change Biology. 2000; 6(7): 735–750.

13. Martin MJ, Host GE, Lenz KE, Isebrands JG. Stimulating the Growth Response of Aspen to Elevated
Ozone: a Mechanistic Approach to Scaling a Leaf-level Model of Ozone Effects on Photosynthesis to
Complex Canopy Architecture. Environmental Pollution. 2001; 115(3): 425–436. PMID: 11789923

14. Emberson LD, Ashmore MR, Cambridge HM, Simpson D, Tuovinen JP. Modelling stomatal ozone flux
across Europe. Environmental Pollution. 2000; 109(3): 403–413. PMID: 15092873

15. Nussbaum S, Remun J, Rihm B, Mieglitz K, Gurtz J, Fuhrer J. High-resolution spatial analysis of stoma-
tal ozone uptake in arable crops and pastures. Environment International. 2003; 29(2–3):385–392.
PMID: 12676231

16. Liu JD, Zhou XJ, Yu Q, Yan P, Guo JP, Ding GA. Impacts of ozone in the ground layer atmosphere on
crop photosynthesis. Chinese Journal of Atmospheric Sciences. 2004; 28(1): 59–68. [In Chin.]

17. Yao FF, Wang XK, OuYang ZY, Feng ZW. A simulationmodel of ozone stress on photosynthetic produc-
tion and its allocation of winter wheat. Chinese Journal of Applied Ecology. 2007; 18 (11): 2586–2593.
[In Chin.] PMID: 18260468

The Effect of Elevated Ozone Concentrations with Varying Shading onWinter Wheat

PLOS ONE | DOI:10.1371/journal.pone.0145446 January 13, 2016 21 / 24

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0145446.s012
http://www.ncbi.nlm.nih.gov/pubmed/18593056
http://dx.doi.org/10.1016/j.envpol.2014.06.004
http://dx.doi.org/10.1016/j.envpol.2014.06.004
http://www.ncbi.nlm.nih.gov/pubmed/24989347
http://www.ncbi.nlm.nih.gov/pubmed/15092887
http://www.ncbi.nlm.nih.gov/pubmed/11789923
http://www.ncbi.nlm.nih.gov/pubmed/15092873
http://www.ncbi.nlm.nih.gov/pubmed/12676231
http://www.ncbi.nlm.nih.gov/pubmed/18260468


18. Pleijel H, Danielsson H, Ojanperä K, De Temmerman L, Högy P, Badiani M, et al. Relationships
between ozone exposure and yield loss in European wheat and potato-a comparison of concentration
and flux-based exposure indices. Atmospheric Environment. 2004; 38(15): 2259–2269.

19. Pleijel H, Danielsson H, Emberson L, Ashmore MR, Mills G. Ozone risk assessment for agricultural
crops in Europe: Further development of stomatal flux and flux-response relationships for European
wheat and potato. Atmospheric Environment. 2007; 41(14): 3022–3040.

20. LRTAP Convention. Manual on methodologies and criteria for modeling and mapping critical loads &
levels and air pollution effects, risk and trends. Chapter 3. Mapping critical levels for vegetation, 2010
revision. Available from: http://icpvegetation.ceh.ac.uk

21. Zhu XK, Feng ZZ, Sun TF, Liu XC, Tang HY, Zhu JG, et al. Effects of elevated ozone concentration on
yield of four Chinese cultivars of winter wheat under fully open-air field conditions. Global Change Biol-
ogy. 2011; 17(8): 2697–2706.

22. Danielsson H, Karlsson GP, Karlsson PE, Pleijel HH. Ozone uptake modelling and flux-response rela-
tionships-an assessment of ozone-induced yield loss in spring wheat. Atmosphere Environment. 2003;
37(4): 475–485.

23. Pleijel H, Danielsson H, Vandermeiren K, Blum C, Colls JJ, Ojanperä K. Stomatal conductance and
ozone exposure in relation to potato tuber yield-results from the European CHIP program. European
Journal of Agronomy. 2002; 17(4): 303–317

24. Grünhage L, Pleijel H, Mills G, Bender J, Danielsson H, Lehmann Y, et al. Updated stomatal flux and
flux-effect models for wheat for quantifying effects of ozone on grain yield, grain mass and protein yield.
Environmental Pollution. 2012; 165: 147–157. doi: 10.1016/j.envpol.2012.02.026 PMID: 22445923

25. Feng ZZ, Tang HY, Uddling J, Pleijel H, Kobayashi K, Zhu J G, et al. A stomatal ozone flux-response
relationship to assess ozone-induced yield loss of winter wheat in subtropical China. Environmental
pollution. 2012; 164:16–23. doi: 10.1016/j.envpol.2012.01.014 PMID: 22310057

26. Cheng HZ, Zhang XY, Li Y, Zhou ZJ, Qu JJ, Hao XJ. Haze trends over the capital cities of 31 provinces
in China,1981–2005. Theoretical and Applied Climatology, 2009; 97(3): 235–242.

27. Ding AJ, Wang T, Thouret V, Cammas JP, Nedéléc P. Tropospheric ozone climatology over Beijing:
analysis of aircraft data from the MOZAIC program. Atmospheric Chemistry and Physics, 2008; 8: 1–13.

28. Che HZ, Shi Y, Zhang XY. Analysis of sky conditions using 40 year records of solar radiation data in
China. Theoretical and Applied Climatology. 2007; 89(1–2): 83–93.

29. Li YG, Yu ZW, Liang XF, Zhao JY, Qiu XB. Response of wheat yields and quality to low light intensity at
different grain filling stages. Acta Phytoecological Sinica. 2005; 29(5): 807–813. [In Chin.]

30. Zheng Y, Mai B, Wu R, Feng Y, Sofo A, Ni Y, et al. Acclimation of winter wheat (Triticum aestivum, cv.
Yangmai 13) to low levels of solar irradiance. Photosynthetica. 2011; 49(3):426–434.

31. Cavagnaro JB and Trione SO. Physiological, morphological and biochemical responses to shade of Tri-
chloris crinita, a forage grass from the arid zone of Argentina. Journal of Arid Environments. 2007;
68(3): 337–347.

32. Sofo A, Dichio B, Xiloyannis C. Antioxidant regulation during drought stress in Mediterranean fruit
crops.-In: Ahmad P, Umar S, Sarwat M (ed.): Antioxidants: Oxidative Stress Management in Plants.
Studium Press LLC, Houston; 2010. pp. 329–348.

33. Dai F, Zhou M, Zhang G. The change of chlorophyll fluorescence parameters in winter barley during
recovery after freezing shock and as affected by cold acclimation and irradiance. Plant Physiology and
Biochemistry. 2009; 45(12): 915–9217.

34. García-Plazaola JI, Becerril JM, Hernández A, Niinemets Ü, Kollist H. Acclimation of antioxidant pools
to the light environment in a natural forest canopy. New Phytologist. 2004; 163: 87–97.

35. Kreslavski VD, Carpentier R, Klimov VV, Murata N, Allakhverdiev SI. Molecular mechanism of stress
resistance of photosynthetic apparatus. Biochemistry Supplement Series A: Membrane and Cell Biol-
ogy. 2007; 1(3): 185–205.

36. He ZH, Rajaram S, Xin ZY, Huang GZ (eds.). A history of wheat beeding in China. Mexico, D.F.: CIM-
MYT. 2001.

37. Luo C, John J, Zhou XJ, Lam KS, Wang T, ChameidesWL. A nonurban ozone air pollution episode
over eastern China: observations and model simulations. Journal of Geophysical Research. 2000;
105 (D2): 1889–1908.

38. Tang HY, TakigawaM, Liu G, Zhu JG, Kobayshi K. A projection of ozone-induced wheat production
loss in China and India for the years 2000 and 2020 with exposure-based and flux-based approaches.
Global Change Biology. 2013; 19(9):2739–2752. doi: 10.1111/gcb.12252 PMID: 23661338

39. Susana E, Rocío A, Benjamín SG. Simulation of stomatal conductance for Aleppo pine to estimate its
ozone uptake. Environmental Pollution. 2007; 146(3):617–623. PMID: 17029685

The Effect of Elevated Ozone Concentrations with Varying Shading onWinter Wheat

PLOS ONE | DOI:10.1371/journal.pone.0145446 January 13, 2016 22 / 24

http://icpvegetation.ceh.ac.uk
http://dx.doi.org/10.1016/j.envpol.2012.02.026
http://www.ncbi.nlm.nih.gov/pubmed/22445923
http://dx.doi.org/10.1016/j.envpol.2012.01.014
http://www.ncbi.nlm.nih.gov/pubmed/22310057
http://dx.doi.org/10.1111/gcb.12252
http://www.ncbi.nlm.nih.gov/pubmed/23661338
http://www.ncbi.nlm.nih.gov/pubmed/17029685


40. Christoph S and Barbara K. Estimating Single Tree Stem Volume of Pinus sylvestris Using Airborne
Laser Scanner and Multispectral Line Scanner Data. Remote Sensor. 2011; 3(5), 929–944.

41. Unal A, Hu Y, Chang ME, OdmanMT, Russel AG. Airport related emissions and impacts on air quality:
application to the Atlanta International Airport. Atmospheric Environment. 2005; 39(32):5787–5798.

42. Gego E, Porter PS, Hogrefe C, Swall J, Gilliland A, Irwin JS, et al. Objective comparison of CMAQ and
REMSAD performances. Atmospheric Environment. 2006; 40 (26): 4920–4934.

43. OdmanMT, Hu Y, Unal A, Russell AG, Boylan JW. Determining the sources of regional haze in the South-
eastern U.S. using the CMAQmodel. Journal of Applied Meteorology and Climatology. 2007; 46 (11):
1731–1743.

44. Xu J, Zhang Y, Fu JS, Zheng S, WangW. Process analysis of typical summertime ozone episodes over
the Beijing area. Science of the Total Environment. 2008; 399(1–3): 147–157. doi: 10.1016/j.scitotenv.
2008.02.013 PMID: 18455756

45. Shi C, Fernando HJS, Yang J. Contributors to ozone episodes in three U.S./Mexico border twin-cities.
Science of the Total Environment. 2009; 407(18):5128–5138. doi: 10.1016/j.scitotenv.2009.05.046
PMID: 19559465

46. Fu JS, Hus NC, Gao Y, Huang K, Li C, Lin NH, et al. Evaluating the influences of biomass burning dur-
ing 2006 BASE-ASIS: a regional chemical transport modeling. Atmospheric Chemistry and Physics.
2012; 12:3837–3855.

47. Foley KM, Roselle SJ, Appel KW, Bhave PV, Pleim JE, et al. Incremental testing of the Community Mul-
tiscale Air Quality (CMAQ) modeling system version 4.7. Geosci. Model Dev. 2010; 3:205–226.

48. Yarwood G, Roa S, Yocke M, Whitten G. Updates to the Carbon Bond Chemical Mechanism: CB05.
Final report to the US EPA, 2005. RT-0400675, available at: http://www.camx.com.

49. Zhang Q, Streets DG, Carmichael GR, He BK, Huo H, Kannari A, et al. Asian emissions in 2006 for the
NASA INTEX-B mission. Atmospheric Chemistry and Physics. 2009; (9: ): 5131–5153.

50. Shen J, Wang XS, Li JF, Li YP, Zhang YH. Evaluation and intercomparison of ozone simulations by
Models-3/CMAQ and CAMx over the Pearl River Delta. Science China Chemistry. 2011; 54(11):
1789–1800.

51. Grüters U, Fangmeier A, Jäger HJ. Modelling stomatal responses of spring wheat (Triticum aestivum L.
cv. Turbo) to ozone at different levels of water supply. Environmental Pollution.1995; 87: 141–149.
PMID: 15091587

52. Campbell GS and Norman JM. An Introduction to Environmental Biophysics. Springer, Berlin/Heidel-
berg/New York. 1998.

53. Kurpius MR, McKay M, Goldstein AH. Annual ozone deposition to a Sierra Nevada ponderosa pine
plantation. Atmospheric Environment. 2002; 36(28): 4503–4515.

54. Zhou XY, Cao FL. Effects of Shading on the Antioxidant Enzymatic System and Photosynthesis of Cen-
tipede grass. Journal of Nanjing Forestry University (Natural Sciences Edition. 2006; 30(3):32–36. [In
Chin.]

55. WuRJ, Zheng YF, Zhao Z, Hu CD, Wang LX. Assessment of loss of accumulated dry matter in winter
wheat based on stomatal conductance and ozone uptake model. Acta Ecologica Sinica. 2010; 30(11):
2799–2808. [In Chin.]

56. Tong L, Wang Xk, Sudebilige, Wang Q, Geng CM, WangW, et al. Stomatal Ozone Uptake Modeling
and Comparative Analysis of Flux-response Relationships of Rice. Journal of Agro-Environment. 2011;
30(10):1930–1938. [In Chin.]

57. Livingston NJ, Black TA. Stomatal characteristics and transpiration of three species of conifer seedlings
planted on a high elevation south-facing clear-cut. Canadian Journal of Forest Research. 1987;
17(10):1273–1282.

58. ZhangMG, Uno I, Zhang RJ, Han ZW,Wang ZF, Pu YF. Evaluation of the Models-3 Community Multi-
scale Air Quality (CMAQ) modeling system with observations obtained during the TRACE-P experiment:
Comparison of ozone and its related species. Atmospheric Environment. 2006; 40(26): 4874–4882.

59. Smyth SC, JiangW, Roth H, Moran MD, Makar PA, Yang F, et al. A comparative performance evalua-
tion of the AURAMS and CMAQ air-quality modelling systems. Atmospheric Environment. 2009; 43(5):
1059–1070.

60. Yu S, Rohit M, Schere K, Kang D, Pleim J, Otte TL. A detailed evaluation of the Eta-CMAQ forecast
model performance for O3, its related precursors, and meteorological parameters during the 2004
ICARTT study. Journal of Geophysical Research. 2007; 112: (D12S14):1–24.

61. Appel KW, Gilliland AB, Sarwar G, Gilliam RC. Evaluation of the Community Multiscale Air Quality
(CMAQ) model version 4.5: Sensitivities impacting model performance. Part I-Ozone. Atmospheric
Environment. 2007; 41(40): 9603–9615.

The Effect of Elevated Ozone Concentrations with Varying Shading onWinter Wheat

PLOS ONE | DOI:10.1371/journal.pone.0145446 January 13, 2016 23 / 24

http://dx.doi.org/10.1016/j.scitotenv.2008.02.013
http://dx.doi.org/10.1016/j.scitotenv.2008.02.013
http://www.ncbi.nlm.nih.gov/pubmed/18455756
http://dx.doi.org/10.1016/j.scitotenv.2009.05.046
http://www.ncbi.nlm.nih.gov/pubmed/19559465
http://www.camx.com
http://www.ncbi.nlm.nih.gov/pubmed/15091587


62. Eder B, Yu S. A performance evaluation of the 2004 release of Models-3 CMAQ. Atmospheric Environ-
ment. 2006; 40(26): 4811–4824.

63. The NCAR Command Language (version 6.3.0) [Software]. 2015. Boulder, Colorado: UCAR/NCAR/
CISL/TDD.

The Effect of Elevated Ozone Concentrations with Varying Shading onWinter Wheat

PLOS ONE | DOI:10.1371/journal.pone.0145446 January 13, 2016 24 / 24


