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Abstract: Maintaining high double rice productivity in China is very important for ensuring the food
security of China. However, the double rice production system is sensitive to changes in both
climate and management practices. Previous studies showed that rice production has been negatively
impacted by global warming without considering the changes of cultivars and management practices.
However, cultivar improvements and the impact of cultivar change must not be ignored in any
assessment. In the current study, we combined data analysis with crop modeling to investigate
the impacts of changes in climate and cultivars on rice productivity at three different double rice sites
(Nanchang, Hengyang, and Gaoyao) in China. The results showed a warming trend at the study
sites during 1981–2009, and the temperature increase rates (maximum, average, and minimum
temperatures) in the late rice growing season were larger than in the early rice growing season.
Global warming has led to a reduction in the length of the rice growth period. Adopting new rice
cultivars may partially mitigate the declining trend of the growing duration and grain yield, but it
would not completely compensate for the negative impact observed in double rice regions. In general,
the changes in cultivars prolonged the growing duration by increasing the basic vegetative phase
and the photoperiod formation phase. The main reasons for yield improvement were the increase in
the percentage of filled grains for early rice and the increase in grain number per spike for late rice.
In the face of future warming, breeding efforts are necessary for producing new cultivars that are
resilient to the negative impacts of future climate change on agriculture.
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1. Introduction

Rice is the third most widely grown cereal crop after wheat and maize and is the staple food of
more than half of the world’s population [1–3]. China is one of the major rice-producing countries
and accounts for approximately one-third of global rice production [4]. China’s 2015–2017 rice harvested
area was estimated at 31.0 million ha, accounting for 18.5% of the world’s total [5], and this was
dominated by double rice [6]. Approximately 66% of the total rice area in China is under a double
rice cropping system [7]. Therefore, it is important that the production from this system in China
contributes to global food security. Over the past 60 years, rice farming practices in China have changed
tremendously [8,9], and these changes have contributed significantly to the increase in production.
From 1978 to 2017, the total rice production increased by 75.7 million t, and the average yield increased
by 2.9 t/ha in China [10]. This increase has come from the development of high-yielding varieties, such as
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semidwarf and hybrid rice varieties, and improved crop management measures, such as nitrogen
fertilization and irrigation [11].

However, to meet the demands of a rapidly expanding population worldwide, an estimated 35%
increase in rice production is required over the coming decades [12], a goal that is difficult to attain
due to the gradual decrease in crop planting area and the increase in global warming. The global
mean surface air temperature is projected to increase by 1.4–5.8 ◦C over the period 1990–2100 based on
the IPCC Third Assessment Report [13,14]. In the last century, China had a more temperate climate [15].
The annual mean air temperature in China has increased by 1.2 ◦C since 1960 [16]. Climate change
is recognized to shorten the crop-growing period, which is disadvantageous to production [17,18].
At the current CO2 level, the yield of early rice, late rice, and single rice decreased by 6.6%, 5.2%,
and 8.2%, respectively, for every 1 ◦C increase in China [19]. Although climate remains one of the major
and uncontrolled driving forces in crop production, an agriculture production system is a complex
dynamic system that is influenced by multiple factors [20]. Some studies have shown that changes in
cultivars can stabilize the crop growth stage and improve crop yield [21,22]. By a regression model,
Zhang et al. found that climate warming over the past three decades (1980s–2000s) has shortened rice
growth duration in China and cultivar shifts have further accelerated the process for late rice [23].
Liu et al. quantified three-decade changes of single rice cultivars in China using crop modeling
and found that crop modeling is an efficient way to study the impact of environmental and cultivar
changes on crop productivity in agricultural production [24,25]. Due to partial differences in the impact
of climate and cultivar change on single and double rice in China [20], it is necessary to quantify
the cultivar change in double rice regions under a warming climate.

In this study, we used agricultural records and a rice model to quantify the changes in cultivars
under the global warming environment during 1981–2009 in double rice regions. The objectives were
to (1) quantify the three-decade changes in rice cultivars, (2) analyze the impact of cultivars on rice
phenology and yield, and (3) provide directions for future rice breeding.

2. Materials and Methods

2.1. Study Sites

Three study sites were selected from the main double rice cropping system regions, namely,
Nanchang (28◦33′ N, 115◦57′ E) in Jiangxi Province, Hengyang (26◦53′ N, 112◦30′ E) in Hunan Province,
and Gaoyao (23◦03′ N, 112◦28′ E) in Guangdong Province (Figure 1).

2.2. Climate and Crop Data

Daily maximum, average, and minimum temperatures; sunshine hours; and precipitation recorded
from 1981 to 2009 were obtained from the National Meteorological Networks of the China Central
Meteorological Agency (CMA). Double rice growth and yield data and management records from 1981
to 2009 were obtained from the Agrometeorological Experiment Stations (AES) operated by CMA at
each study station, including the name of the cultivars, dates of sowing and harvesting, dates of the main
growth stages (trilling, jointing, booting, flowering, and grain filling), aboveground biomass, grain
yield, yield components (1000-grain weight, percentage of filled grains, and grain number per spike),
and management practices (fertilizer and irrigation rate). The crop harvest index was calculated
as the ratio of grain yield to total aboveground biomass. In this study, rice phenology was divided into
four main phases: basic vegetative phase (BVP, from emergence to the start of the photoperiod-sensitive
phase), photoperiod-sensitive phase (PSP, from the end of the basic vegetative phase to panicle
initiation), panicle formation phase (PFP, from panicle initiation to flowering), and grain-filling phase
(GFP, from flowering to physiological maturity). During the study period, 20 and 18 varieties were
used as early and late rice at Nanchang, 13 and 8 varieties were used as early and late rice at Hengyang,
and 12 and 15 varieties were used as early and late rice at Gaoyao, respectively. The names and traits
of the early and late rice are listed in Tables S1–S6.
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Figure 1. Regionalization of rice cropping in China and the three study sites (province names are
shown in capital letters and parentheses).

2.3. Crop Modeling

The Agricultural Production Systems Simulator (APSIM)-Oryza model was used to simulate
rice growth and yield formation at the study sites. This model was developed by incorporating
the ORYZA2000 model [26,27] into the APSIM framework [28]. The key objectives of this model
are to accurately simulate the growth and development of rice while also dealing with management
decisions such as fertilization, time of transplanting, and field management practices. It allows rice
physiology, such as photosynthesis, phenological development, and yield, to be simulated as intended
in ORYZA2000 while using the existing APSIM suite of modules for water, nitrogen, and other soil
processes and management issues. This model also allows assessment of a continuous cropping system.
APSIM-Oryza has been calibrated and used in Korea [29] and Sri Lanka [30] to simulate the different
nitrogen treatments in rice cropping systems. The model has satisfactorily simulated the dynamics of
the rice variables measured, such as phenological stages, yield, and biomass. We included four cultivar
parameters in this model: the development rate during the juvenile phase (DVRJ), the development rate
during the photoperiod-sensitive phase (DVRI), the development rate during the panicle development
phase (DVRP), and the development rate in the reproductive phase (DVRR). In this study, 63 and 24
observed records were used for model calibration and validation in early rice, and 62 and 25 records
were used in late rice, respectively. The fitness between the observed and simulated main growth
stages was assessed with root-mean-square error (RMSE), mean-square error (MSE), and correlation
coefficient (R2).

2.4. Data Analysis

The changes in rice cultivars in terms of phenological development and yield formation at each
study site were quantified by combining data analysis and crop modeling. The APSIM-Oryza model
was used to conduct cultivar quantification and subsequent modeling against the observed phenology,
biomass, and grain yield of early and late rice. Changes in trends of different climate variables
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(maximum, average, and minimum temperatures) and changes in the model parameters (DVRJ, DVRI,
DVRP, and DVRR) were tested for significance at the 5% level using Student’s t-test. The stepwise
multilinear regression (SMLR) method was used to quantify the contributions of each yield component
to changes in observed rice grain yield. In addition, we used analysis of variance (ANOVA) to analyze
the changes in thermal time among different cultivars at each site. The cultivars that were planted
for only one year were excluded. Statistical processing was performed with SPSS 22.0 (SPSS, Inc.,
Chicago, IL, USA)

3. Results and Discussion

3.1. Climate Changes during Different Rice Growth Stages

With the intensification of climate change, a significant warming trend has been documented at most
locations around the world [31]. In addition, it has been proved that the phenology and growth duration
of crops have been shortened as temperatures have risen in the past decades [23], and the accelerated
developmental rate caused by climate warming is often associated with a harmful effect on crop
production [17,32]. Rice is one of the world’s most important cereals, as the staple food for the majority
of the world population [33], and accounts for approximately 30% of the total planting acreage of food
crops and half of the total grain production in China [34]. The double rice of China produced 61.3% of
the total rice production [24]. Therefore, improved knowledge of how the past climate change during
early and late rice phenology could provide insights into future climate adaptation strategies to ensure
the safe production of rice.

Our results showed that the temperature trends, including maximum, average, and minimum
temperatures, during different growth stages were different between early and late rice at all three
sites (Table 1). For early rice, the temperatures showed an increasing trend (except for the minimum
temperature at Gaoyao) during the BVP stage. The temperatures at Hengyang increased significantly
(p < 0.01). During the PSP stage, temperatures gradually decreased (except for the temperatures
at Hengyang and the maximum temperature at Gaoyao). During the PFP stage, only the minimum
temperature at Gaoyao changed significantly (p < 0.05). During the GFP stage, the temperatures of
each site changed slightly. From emergence to maturity (EM), temperatures at Hengyang significantly
increased. The average temperature increased by 0.017 ◦C/year at Nanchang, 0.033 ◦C/year at Hengyang,
and 0.001 ◦C/year at Gaoyao. For late rice, the temperatures at Nanchang showed an increasing
trend in all stages, and the temperatures during the PFP, GFP, and EM stages increased significantly.
At Hengyang, the temperatures during PSP and PFP and the maximum temperature during BVP
decreased. Only temperatures during PSP reached a significant level (p < 0.05). At Gaoyao, the maximum,
average, and minimum temperatures during all stages increased significantly. Only temperatures during
BVP and minimum temperatures during PSP did not reach the significance level. From emergence to
maturity, the average temperature increased by 0.074, 0.038, and 0.039 ◦C/year at Nanchang, Hengyang,
and Gaoyao, respectively.
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Table 1. Trends in maximum, average, and minimum temperatures during the different rice growth stages at three study sites (1981–2009).

Sites Temperature (◦C/y) BVP PSP PFP GFP EM

Early rice

Nanchang
Maximum y = 0.047x − 69.5 y = −0.012x + 53.6 y = 0.045x − 59.2 y = 0.002x + 28.3 y = 0.024x − 20.9
Average y = 0.037x − 52.6 y = −0.015x + 54.5 y = 0.035x − 42.9 y = 0.007x + 13.8 y = 0.018x − 12.1

Minimum y = 0.026x − 34.5 y = −0.002x + 25.6 y = 0.022x − 19.9 y = 0.011x + 2.4 y = 0.013x − 4.8

Hengyang
Maximum y = 0.094**x − 161.5 y = 0.078x − 131.4 y = −0.031x + 94.1 y = −0.010x + 54.3 y = 0.037*x − 47.6
Average y = 0.081**x − 139.2 y = 0.081*x − 141.4 y = −0.011x + 49.5 y = 0.005x + 19.5 y = 0.033**x − 44.9

Minimum y = 0.073**x − 126.9 y = 0.080**x − 142.0 y = 0.003x + 18.6 y = 0.016x − 7.2 y = 0.032**x − 45.2

Gaoyao
Maximum y = 0.022x − 17.5 y = 0.003x + 24.3 y = −0.010x + 51.6 y = −0.031x + 94.9 y = 0.009x + 10.7
Average y = 0.007x + 8.5 y = −0.006x + 38.1 y = −0.033x + 92.6 y = −0.024x + 76.7 y = 0.001x + 27.7

Minimum y = −0.006x + 31.6 y = −0.001x + 25.2 y = −0.037*x + 98.3 y = −0.018x + 60.9 y = −0.007x + 36.5

Late rice

Nanchang
Maximum y = 0.002x + 30.1 y = 0.043x − 54.6 y = 0.110*x − 197.9 y = 0.189**x − 351.2 y = 0.075**x − 117.9
Average y = 0.015x + 0.08 y = 0.044x − 58.9 y = 0.107**x − 188.7 y = 0.179**x − 336.8 y = 0.076**x − 125.8

Minimum y = 0.023x − 19.1 y = 0.047x − 68.2 y = 0.104**x − 192.0 y = 0.167**x − 326.4 y = 0.078**x − 132.3

Hengyang
Maximum y = −0.014x + 62.2 y = −0.097*x + 232.1 y = −0.005x + 40.3 y = 0.073x − 125.7 y = 0.031x − 32.0
Average y = 0.001x + 27.8 y = −0.074*x + 180.6 y = −0.008x + 41.5 y = 0.076*x − 129.4 y = 0.038x − 52.2

Minimum y = 0.011x + 3.1 y = −0.047*x + 121.6 y = −0.018x + 59.1 y = 0.064*x − 114.4 y = 0.040*x − 60.4

Gaoyao
Maximum y = 0.011x + 10.6 y = 0.062*x − 97.2 y = 0.067*x − 107.1 y = 0.121**x − 222.2 y = 0.041**x − 53.2
Average y = 0.003x + 22.9 y = 0.053*x − 81.5 y = 0.071**x − 120.4 y = 0.132**x − 249.4 y = 0.039*x − 52.7

Minimum y = 0.001x + 24.5 y = 0.048x − 73.5 y = 0.063**x − 106.6 y = 0.129**x − 245.9 y = 0.035**x − 47.7

** Significant at p < 0.01; *Significant at p < 0.05. Abbreviations: Basic vegetative phase (BVP); from emergence to the start of the photoperiod-sensitive phase. Photoperiod-sensitive phase
(PSP); from the end of the basic vegetative phase to panicle initiation. Panicle formation phase (PFP); from panicle initiation to flowering. Grain-filling phase (GFP); from flowering to
physiological maturity. From emergence to maturity (EM).
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3.2. Model Calibration and Validation

APSIM-Oryza was parameterized using the observed data of Nanchang, Hengyang, and Gaoyao.
We simulated the phenological phases, potential biomass, and yield for each site and compared observed
and simulated growth periods for early and late rice (Figures 2 and 3). The model performed well in
simulating the different phenological phases, with RMSE, MSE, and R2 between 3.38 and 4.40, 11.43
and 19.40, and 0.40 and 0.89 days in the calibration dataset and 2.75 and 4.75, 7.54 and 22.52, and 0.48
and 0.91 days in the validation dataset. A similar trend was observed between the observed and simulated
biomass and yield at the three study sites (Figures 4 and 5). In conclusion, the APSIM-Oryza model
could explain the variation of rice cultivars in terms of phenological development and capture the trend
of change in both biomass and grain yield. In addition, the significant over- or underestimation in
grain yield and biomass might be due to poorer management in those early years or to the cultivar
changes that were not yet captured in the current simulations. Furthermore, the improvement of disease
resistance in new cultivars and the inaccurate specification of model parameters that control grain
number and size may also play a role in the over- or underestimation of the simulation results.

Figure 2. Observed versus simulated early rice growth periods at three study sites (1981–2009): (a) BVP,
(b) PSP, (c) PFP, (d) GFP, and (e) EM.

Figure 3. Cont.
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Figure 3. Observed versus simulated late rice growth periods at three study sites (1981–2009): (a) BVP,
(b) PSP, (c) PFP, (d) GFP, and (e) EM.

Figure 4. Simulated potential and observed biomass at the study sites.
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Figure 5. Simulated potential and observed yield at the study sites.

3.3. Changes in Rice Cultivars

In this study, we used the APSIM-Oryza model to derive the cultivar parameters to quantify
the varietal changes of early and late rice in the study period at the three sites. The changes in
the parameters among different rice cultivars at each site are shown in Table 2. From 1980 to 2009,
the four parameters at Nanchang showed no significant change for both early and late rice. At Hengyang,
the DVRJ and DVRI showed a significant declining trend for both early and late rice. However, the DVRP
showed a significant increasing trend for early and late rice. The DVRR of early rice decreased significantly,
while that of late rice increased slightly. At Gaoyao, all the parameters changed slightly; however, only
DVRJ for early rice and DVRI for late rice reached a significant level. The decreased parameters indicated
prolonged phenological phases. In contrast, the increase in parameters indicated shortened phenological
phases. The rice cultivars used at each study site and their parameters are shown in Figure 6.
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Table 2. Changes in rice parameters at the three study sites (1981–2009).

Sites DVRJ DVRI DVRP DVRR

Early rice Nanchang −0.09 −0.29 0.04 0.23
Hengyang −0.75** −0.87** 0.74** −0.45*

Gaoyao 0.41* 0.10 −0.02 −0.06
Late rice Nanchang −0.02 0.20 0.18 −0.11

Hengyang −0.72** −0.60** 0.39* 0.34
Gaoyao 0.22 0.42* 0.00 0.00

** Significant at p < 0.01; * Significant at p < 0.05. Abbreviations: Development rate during the juvenile phase
(DVRJ). Development rate during the photoperiod-sensitive phase (DVRI). Development rate during the panicle
development phase (DVRP). Development rate in the reproductive phase (DVRR).

Figure 6. Parameters of the rice cultivars at three study sites.

The changes of thermal time required to complete growth stages could reflect the changes of
cultivars in terms of phenological development [24]. In this study, thermal time was significantly
different among the different cultivars at each site (Figure 7). A declining trend in thermal time was
recorded at Nanchang and Gaoyao for both early and late rice and at Hengyang for early rice; however,
an increasing trend was recorded at Hengyang for late rice. The results showed that from 1980 to 2009,
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the cultivars’ traits significantly changed, and less thermal time was required for double rice, except for
late rice at Hengyang.

Figure 7. Changes in thermal time among different cultivars from 1981 to 2009. Cultivars planted for
only one year were eliminated from variance analysis. The black bar indicates that the cultivar was
planted more than one year, and the gray bar indicates that the cultivar was planted for only one year.
The different letters above the bars indicate significant differences at p < 0.05.

3.4. Impact of Cultivars on Rice Phenology and Grain Yield

The phenology controls the life cycle of crops, the portioning of assimilates, and also determines
the timing of agronomic management practices [35]. Previous studies indicated that the phenology
has changed with the temperature increases in recent decades, a process that occurs worldwide in
most crops [23]. The accelerated development rate caused by climate warming is often associated
with a harmful effect on crop production [36]. Therefore, alteration in the duration of crop growth
is an important indicator of agricultural vulnerability to climate warming and has received much
attention. The duration of the observed total rice growth stage showed a declining trend at each study
site, except for late rice at Hengyang (Figure 8). These changes were mainly due to the changes in
climate and cultivar traits from 1981 to 2009 (Tables 1 and 2 and Figure 8).



Agronomy 2019, 9, 794 11 of 15

Figure 8. Duration of observed rice stages from 1981 to 2009. + indicates BVP, � indicates PSP, N
indicates PFP, × indicates GFP, and � indicates EM. Straight lines show the linear trends against year.
** Significant at p < 0.01 and * significant at p < 0.05.

The global warming during 1981–2009 was found to have negatively impacted the early and late
rice growth, which is in accordance with previous studies of a variety of agricultural crops that
used phenological data from laboratory experiments [37], field trials [38], simulation models [20,23],
and satellite observations [39,40], all of which reported that temperature increase is the most important
driver of crop phenology. In spite of the evidence from previous studies that global warming leads to
earlier maturation of double rice, several recently published articles have found little or no change in
crop phenology in some areas [25,41,42]. By combining data analysis with crop modeling, we detected
that the adoption of new rice cultivars could partially mitigate the declining trend but could not
completely compensate for the negative impact observed in double rice regions. The prolonged basic
vegetative phase at Nanchang and Hengyang for both early and late rice contributed to the decreasing
DVRJ. The DVRI also showed a declining trend at Hengyang and Nanchang (only early rice) and led
to the increase of the photoperiod formation phase. However, the DVRP showed an increasing trend
at Nanchang and Hengyang, which indicates a shortened panicle formation phase due to global
warming. The grain-filling phase was shortened at Nanchang (early rice) and Hengyang (late rice),
as indicated by an increase in the DVRR. Generally, the entire phase (from emergence to maturity)
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of both early and late rice was prolonged by shifting the long-duration cultivars to adapt to climate
warming. Such cultivar shifts reduced phenological sensitivity and even altered the direction of
the phenological response, counteracting the supposed negative impact of climate warming [23].

Moreover, we observed an increasing trend in grain yield at all study sites (except for early
rice at Hengyang; Figure 5). This may be mainly due to the changes in yield components (Table 3).
The percentage of filled grains had a positive impact on early rice yield at Nanchang and Gaoyao.
The grain number per spike contributed significantly to the increase in early rice yield at Gaoyao
and late rice yield at each study site. The relationship between the 1000-grain weight and rice yield
reached the 95% significance level for early rice at Gaoyao and late rice at Hengyang. Fischer reported
that the partitioning of dry matter to growing spikes was enhanced due to the application of dwarfing
genes on the crop [43]. As a result, less competition from the stems was devoted to the significant
growth of spikelet and grain numbers, which contributed to the increased harvest index and grain
yield. Our results on yield component changes were consistent with these findings. For early rice,
the main reason for yield improvement at Nanchang and Gaoyao was the increase in the percentage of
filled grains. For late rice, the primary reason for the increase in yield at Nanchang and Gaoyao was
the improvement in grain number per spike.

Table 3. Results of stepwise multilinear regression (above 95% significance level) between yield
components (percentage of filled grains, grain number per spike, and 1000-grain weight) and grain
yield of rice (1981–2009).

Sites Percentage of
Filled Grains (%)

Grain Number
Per Spike

1000-Grain
Weight (g) B0 R2

Early rice
Nanchang 0.27 - - 0 0.70
Hengyang

Gaoyao 0.68 0.41 0.39 0 0.73

Late rice
Nanchang - 0.19 - 0 0.64
Hengyang - 0.11 0.57 0 0.63

Gaoyao - 0.28 - 0 0.49

B0, intercept of the linear regression equation.

4. Conclusions

The changes in temperature have been demonstrated to shorten the crop growth period and reduce
the crop yield throughout most of the world. However, analysis of the trends in climatic change
indicates that although the temperature in the entire rice growth period showed an increasing
trend for both early and late rice from 1981 to 2009, only the temperatures at certain sites increased
significantly. By combining the analysis of rice growth data with crop modeling to quantify the changes
in double rice cultivars over three decades, we found that the adoption of new cultivars in the past
decades may have partially mitigated the declining trend of growth duration and yield but could
not completely compensate for the negative impact observed in double rice regions. Warming is
predicted to continue for the next 20–100 years, with the warming rate depending on emission
scenarios [44]. Such changes due to global warming are expected to have further negative impacts on
agriculture [45–48]. Future breeding strategies should focus on extending the rice grain filling period
and improving the grain number per spike to adapt to global warming.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4395/9/12/794/s1,
Table S1: Traits of the early rice cultivars at Nanchang, Table S2: Traits of the early rice cultivars at Hengyang,
Table S3: Traits of the early rice cultivars at Gaoyao, Table S4: Traits of the late rice cultivars at Nanchang, Table S5:
Traits of the late rice cultivars at Hengyang, Table S6: Traits of the late rice cultivars at Gaoyao.
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