21st International Congress on Modelling and Simulation, Gold Coast, Australia, 29 Nov to 4 Dec 2015
www.mssanz.org.au/modsim2015

Potential impact of increased heat tolerance of grain
formation on maize yield under future warming

Y. Zhang ® and Y. X. Zhao »"

4 Chinese Academy of Meteorological Sciences, Beijing, P. R. China
b Shanghai Institute of Meteorological Sciences, Shanghai 200030, China.
Email: zyx@cams.cma.gov.cn

Abstract:  Variety has been a dominant factor in crop production to achieve high yield. Efforts to identify
suitable crop varieties to increase yield under future climate conditions remains essential for sustainable
agriculture development and food security.

Previous studies have evaluated the impact of varietal changes on crop productivity under global warming,
mostly in terms of varietal improvement that changed growing duration, growth characteristics and disease
resistance. Potential impact of varietal improvement to increase the tolerance of grain formation to extreme
temperatures has been rarely studied, particularly in the North China Plain (NCP).

The objective of this study is to assess the likely impacts of future climate change scenarios on maize
productivity in North China Plain (NCP), and evaluate the potential impact of using ‘new’ varieties with
increased tolerance of grain number formation to high temperatures in response to climate warming.

The ‘new’ maize variety, derived from existing variety Xundan29 in the APSIM model package, has a higher
tolerance of pollen viability to high temperature. That is its grain number development has a higher maximum
temperature threshold of 40°C as compared to Xundan29 (38°C).

The process-based crop model APSIM, coupled with outputs of a regional climate model RegCM4, was used
to simulate the impact of climate warming on maize yield in the periods of 2020-2045 based on RCP4.5 and
RCP8.5 at Yuanyang, Yongnian and Shijiazhuang in the NCP.

Results show that the reduction in maize yield caused by climate warming (without considering the contribution
of variety adaptation) increased from northern to southern sites, by 12% on average, taking 1980-2005 as the
baseline period. Introduction of a variety with increased tolerance of grain number formation to high
temperature could be one of the effective adaptation strategies to offset the negative impact of climate change.
It could lead to an average yield increase of 1-9% as compared to no adaptation, depending on sites and climate
scenarios.
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1. INTRODUCTION

Variety is the most important factors in crop production to obtain high yield. Adopting modern variety has
dramatically increased crop yields. For example, Yu et al. (2012) estimated that variety improvement
contributed 39% increase in rice yield in China from 1980 to 2009. Liu et al. (2013) showed that about 13% to
38% of maize yield increase could be attributed to variety improvement in Northeast China from 1981 to 2007.
Variety change is an effective adaptation option to compensate the adverse climate change impacts in many
regions (Tao et al., 2013; Zhang et al., 2013), and will remain as a key option for sustainable agriculture
development and food security in future climate.

Maize grain yield is closely associated with the number of grains (Andrade et al., 1999; Tollenaar et al., 2000).
Grain number is highly variable and very sensitive to environmental stresses such as high temperature in the
period centered at flowering (Edreira et al., 2011; Rezaei et al. 2014). For example, heat stress reduces the
number of flowers/plant, pollen tube development, limits pollen release and diminishes both pollen viability
and flower fertility, all leading to the decline in grain number (Carcova and Otegui 2001; Prasad et al., 2006).
Furthermore, heat stress is likely to become more frequent with climate warming and would have more serious
consequences for grain production (Lobell et al. 2013; Teixeira et al., 2013; Deryng et al. 2014). Varietal
changes with improved heat tolerance, expressing with a higher tolerance for the cardinal temperatures, have
proven to be a successful adaptation to cope with heat stress (Tao and Zhang, 2010; Tachie-Obeng et al., 2013).
Relatively few studies have focused on related genotypic adaptation through improved tolerance of pollen
viability, e.g. formation of grain number, to high temperature.

Maize is one of the main grain crops in China, and the North China Plain (NCP) is the largest summer maize
production area in China. The growing season for maize in NCP experiences the hot summer. Heat stress,
particularly during the crop reproductive period, could result in dramatic yield reductions in NCP (Tao et al.,
2010, Zhao et al., 2012). However little is known about the potential impact of using ‘new’ varieties with
increased tolerance of grain number formation to high temperatures in response to climate warming.

In this study, we employ a process-based crop model driven by the outputs of a regional climate model to
evaluate the impact of climate change on maize yield in NCP. We attempt to investigate the potential impact
of genotypic adaptation to heat stress, namely improved tolerance of pollen viability (grain number formation)
to heat stress. The objective is to identify effective adaptation to mitigate the negative climate warming.

2. MATERIALS AND METHODS

2.1. Study sites and crop data

Three study sites (Figure 1), Yuanyang (35.05°N, 113.97°E) in Henan
Province, Yongnian (36.78°N, 114.49°E) and Shijiazhuang (38.04°N,
114.52°E) in Hebei Province, were selected for this study. They are
representative of the climate in the maize production region NCP. At
the three sites, maize variety Xundan29 was planted with density of 7
plants m? in 2008 and 2009. Irrigation (60mm) was applied after
sowing and nitrogen fertilizers were applied twice, at planting (100 kg
N ha!) and jointing stage (150 kg N ha' ) in both seasons. Crop
phenological stages (emergence, flowering and maturity) and final
grain yield were recorded and used for model evaluation (Table 1)
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Figure 1. The study sites in the
North China Plain.
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Table 1. The information of experiments

Site Experiment year ~ Sowing date  Emergence date  Flowering date ~ Maturity date ~ Yield (t ha')
Yuanyang 2008 Jun.14 Jun.20 Aug.6 Oct.1 11.9
2009 Jun.16 Jun.23 Aug.10 Oct.1 9.9
Yongnian 2008 Jun.13 Jun.20 Aug.6 Oct.1 12.7
2009 Jun.16 Jun.24 Aug.10 Oct.1 11.4
Shijiazhuang 2008 Jun.13 Jun.21 Aug.6 Oct.3 8.5
2009 Jun.10 Jun.15 Aug.5 Sep.27 9.4

2.2. APSIM model, parameterization and testing

APSIM (Keating et al., 2003) was employed to simulate the maize yield in response to different crop varieties
in future climate. The cultivar parameters for maize variety Xundan29 were derived using a trial-and-error
method with the data from 2008 (Table 2). Then the model was tested against all the experimental data in 2008
and 2009. Figure 2 shows the comparison between observed and simulated yields in 2008 and 2009. The slope
(a=0.95) of the regression line implied that the model tended to slightly underestimate maize yield towards
high yield range. The coefficient of determination for y = x line [#? (1:1)] reached a value of 0.89, indicating
about 90% of the variation in measured grain yield could be explained by the model. Root mean squared error
(RMSE) was 0.7 t ha™!, which represents less than 10% of observed values. The performance of the model was

considered to be satisfactory.

2.3. Climate data and climate change projections

The outputs of a regional climate model RegCM4 (Giorgi et al., 2012),
run under low and high emission scenarios of RCPs 4.5 and 8.5, were used
in the present study. The time slices of 1980—2005 and 2020 —2045 were
selected from outputs of RegCM4 to represent the baseline and future
climate, respectively. Compared with the baseline climate conditions, the
monthly mean maximum temperature increased by 0.6°C to 0.9°C under
RCP4.5 and by 1.4°C to 1.6°C under RCPS8.5 at all sites during the maize-
growing season (Jun-Sep). The increases of mean minimum temperature
in the future scenarios were greater than those of the mean maximum
temperature for all the sites, which ranged from 0.9°C to 1.2°C under
RCP4.5 and from 1.5°C to 1.7°C under RCP8.5, respectively (Table 3).

Table 2. Maize parameters of cultivar Xundan29 in the study sites

Parameters Value
Thermal time required from emergence to end of juvenile (°C d) 130
Thermal time required from flowering to maturity (°C d) 850
Photoperiod slope (°C h") 18
Potential grain numbers per head 600
Grain-filling rate (mg of grain per day) 11
Maximum temperature above which grain number is reduced (°C) 38
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Figure 2. Comparison between measured
and simulated maize yields for three sites.
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Table 3. The increase (AT)in monthly mean maximum (Tmax) and minimum (Tmin) temperature in 2020-2045 reference to

the baseline (T) in 1981-2005

Tax(°C) Tuin(°C)
Site Climate project Jun Jul Aug Sep Jun Jul Aug Sep
Yuanyang Baseline (T) 353 349 34.0 285 20.8 22.6 217 15.9
RCP4.5 (AT) 0.5 0.9 0.7 1.6 1.1 1.2 1.0 1.6
RCPS.5 (AT) 1.2 1.2 13 2.2 1.1 1.2 1.5 23
Yongnian Baseline (T) 34.8 345 334 274 202 22.0 20.9 14.9
RCP4.5 (AT) 0.3 0.9 0.2 1.0 0.7 1.2 0.7 1.4
RCPS.5 (AT) 0.7 1.7 1.1 1.9 0.9 1.4 1.5 2.2
Shijiazhuang Baseline (T) 34.0 34.1 324 26.3 19.0 212 19.8 13.6
RCP4.5 (AT) 0.5 0.6 0.4 1.0 0.7 0.9 0.7 1.4
RCPS.5 (AT) 0.6 2.1 1.7 2.0 1.1 1.6 1.9 23

2.4. Assumptions of increased heat tolerance of pollen viability

Carberry et al. (1989) indicated that high maximum temperatures above 38°C around anthesis could reduce
grain-numbers per ear of maize based on analysis of the data from Herrero and Johnson (1980) and Schoper et
al. (1986). Based on this finding, a high-temperature stress function was incorporated in the APSIM-Maize
model to simulate grain-number reduction when the maximum temperatures exceeded 38°C during the critical
period from flag leaf to start of grain filling stage. We assumed a ‘new’ maize variety that is similar to
Xundan29, but has a higher tolerance of pollen viability or grain number development to maximum temperature
to a threshold value of 40°C as compared to 38°C Xundan29 (Table 2).

2.5. Simulations and analysis

To investigate the possible impacts of climate change on maize yield, simulation was carried out using variety
Xundan29 sown on the current common planting date that employed by agro-meteorological station of the
Chinese Meteorological Administration near the study sites from 1981 to 2010. The simulation was conducted
assuming no water, nutrient and other stresses.

The adaptation strategy of using ‘new’ maize variety with increased tolerance of grain number formation to
high temperature was tested to cope with the negative climate change impacts. The relative changes in yield
and grains number under the scenarios, referred to yield and grain number predicted for the baseline, were used
in the analysis rather than absolute values.

3. RESULTS AND DISCUSSION

3.1. Maize yield under climate change

The predicted changes in overall production for each site under RCP4.5 and RCP8.5 are provided in Table 4
and Figure 3. On average, more reduction in maize yield was simulated from northern to southern sites, varying
from 5% to 19% and from 7% to 19% under RCP4.5 and RCP8.5, respectively. The overall change in mean
maize yield showed a reduction of 12% relative to 1980-2005. This is in line with previously studies which
show a reduction in maize yield between 13% and 29% during 2050s in NCP (Guo et al., 2010; Tao and Zhang,
2010). Large decreases in maize yield by75% were simulated at all three sites (Figure 3), indicating yield loss
in extreme years under RCP4.5.
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Table 4. Mean percent change (%) in yield and in grain number for maize grain development without and with new variety
during 2020-2045, relative to 1980-2005.

Grain number (%) Yield change (%)
Site Climate projection
Local variety New variety Local variety New variety
Yuanyang RCP4.5 -21 +3 -19 1
RCP8.5 -19 +2 19 1
Yongnian RCP4.5 -3 +11 -6 5
RCP8.5 -8 +13 -15 7
Shijiazhuang RCP4.5 -3 +11 -5 5
RCP8.5 -4 +18 -7 9
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Figure 3. Percent change in maize yield of local variety ~ Figure 4. Percent change in maize yield of a ‘new’ variety
during 2020-2045. The box plots show the 5, 25, 75 and 95  during 2020-2045. The box plots show the 5, 25, 75 and 95
percentiles. The dots represent the mean value of the data. ~ percentiles. The dots represent the mean value of the data.

3.2. Adaptation: increased tolerance of grain number to temperature

Results of using ‘new’ variety with increased tolerance of grain number formation to high temperature as
adaptation are given in Table 4 and Figure 4. Under future scenarios, temperature during grain development
period was predicted to be higher. Without the use of the ‘new’ variety with higher temperature tolerance as a
substitute, large reductions in maize yield were predicted due to decreasing grain number as a result of heat
stress. The decrease in grain number in future scenarios ranged from 3% to 21%, with the largest decrease
occurring at Yuanyang (Table 4). With the adaptation of the ‘new’ variety with increased heat tolerance, the
negative effects of warmer climate condition on yield loss could be offset. The grain number during grain
development would increase by an average of 10% (range 2% and 18% depending on sites and climate
scenarios). The mean yield with ‘new’ variety was simulated to increase by 7% and 6% on average in
Shijiazhuang and Yongnian in future scenarios, and to remain at the current level in Yuanyang..

Our simulation results revealed that future warming climate will like reduce maize yield by its adverse effect
on grain number formation in North China Plain, as grain number of maize is sensitive to high temperature
during grain development (Barnabas et al., 2008; Edreira et al., 2011). Introduction of new varieties with
increased tolerance of grain number formation to high temperature would be an efficient way to adapt to the
increased heat stress during grain filling period in future climates. In other similar investigations, Gouache et
al. (2012) indicated that using wheat variety with increased threshold temperature of heat stress during grain
filling from 25°C to 26°C could be the effective adaptation strategy in France. Likewise, Krishnan et al. (2007)
showed that using rice variety with increased tolerance of spikelet fertility to maximum temperature to a
threshold value of 38.5°C as compared to 36.5°C could offset the negative impact of climate warming in India.
This indicates that new varieties with increase heat tolerance of grain number formation needs to be considered
in order to mitigate the negative impact of extreme high temperatures.
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4. CONCLUSION

While previous studies showed that varietal change to late maturing cultivars could stabilize the maize yield
under rising temperature in the North China Plain, our results demonstrate that using variety with increased
tolerance of grain number formation to higher temperatures could be an effective adaptation strategy in
reducing the adverse climate change impact on maize yield. The yield of the *new’ variety was simulated to
increase by 1% to 9% in 2020-2045 as compared to the current maize varieties.
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