
Citation: Zhang, L.; Wang, J.; Sun, T.;

Wang, X. Impacts of Climate Change

on the Mean and Variance of Indica

and Japonica Rice Yield in China.

Agronomy 2022, 12, 3062. https://

doi.org/10.3390/agronomy12123062

Academic Editor: Paola A. Deligios

Received: 20 October 2022

Accepted: 30 November 2022

Published: 3 December 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

agronomy

Article

Impacts of Climate Change on the Mean and Variance of Indica
and Japonica Rice Yield in China
Lijuan Zhang 1, Jinxia Wang 2,*, Tianhe Sun 3 and Xialin Wang 2

1 Rural Development Institute, Chinese Academy of Social Sciences, No. 5 Jianguomennei Street,
Beijing 100732, China

2 China Center for Agricultural Policy, School of Advanced Agricultural Sciences, Peking University, No. 5
Yiheyuan Road, Haidian District, Beijing 100871, China

3 Hebei Coordinated Innovation Center for BTH Coordinated Development, Hebei University of Economics
and Business, Shijiazhuang 050061, China

* Correspondence: jxwang.ccap@pku.edu.cn; Tel.: +86-1064856537

Abstract: The overall goal of this study was to examine the impacts of climate change on the mean
and variance of rice yields in China by using historical climate and crop data. An econometric model
was established to estimate Just–Pope stochastic production functions and identify the potential
impacts of climate change on the mean and variance of rice yields by type, keeping other factors
constant. Based on the estimated production functions, the contribution rate of climatic factors to rice
yield was then assessed by conducting the growth accounting of yields over the past 30 years. The
results showed that both the mean rice yield and the yield variability were influenced by changes in
the mean climate conditions and climatic variance. In the future, the impacts of climate change on
rice yields will depend on local regions’ present climatic conditions. The results have implications for
improving the adaptation capacity of rice production.
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1. Introduction

Rice plays an important role in China’s food security and agricultural production.
Rice accounts for 9% of global crop production, and China produces more than 25% of the
world’s output of rice [1]. Rice is always one of the most important food crop in China,
irrespective of the cultivated area or the total output. During the period 1978–2021, the
average planting area of rice in China was about 30.98 million hm2, accounting for 27.63%
of the sown area of grain crops. Meanwhile, the average total output of rice in China was
0.19 billion tons, accounting for 37.67% of the total grain production in China (data source:
National Bureau of Statistics of China, https://data.stats.gov.cn/easyquery.htm?cn=C01,
accessed on 10 October 2022). Rice is not only the most important food crop in China and
the world, but also plays an important role in the global carbon cycle [2].

However, a decrease in the proportion of rice’s sown area has been observed over the
past 14 years in China, from 27.33% in 2007 to 25.44% in 2021. The sown area of corn began to
surpass that of rice in 2007, and rice’s sown area dropped to the second largest among crops
in China. The total rice output also moved to second place in 2012. The sustainable increase
in total rice production is challenged by several trends and constrained by many factors in
China [3,4]. Rice production is facing challenges from declining arable land, increasing water
scarcity, global climate change, labor shortages, increasing consumer demand for high-quality
rice, and other factors that limit the capacity of farmers to grow this crop [3–9].

The impact of climate change on major crops such as corn, wheat, and rice has received
increasing attention [10,11]. Extensive studies have used crop models and several climate
change scenarios to simulate the impact of climate change on rice production [5,12–18]. The
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conclusions are inconsistent due to differences in crops, regions, RCPs, timeframes, adapta-
tion, and CO2 fertilization effects [11]. Climate change has caused regionally different—but
mostly negative—impacts on rice yields [9,19–26]. Globally, warming trends from 1961
to 2017 had a negative effect of 4.2% on rice yield [9]. Even considering CO2 fertilization
effects, an overall median per-decade effect of −0.7% for rice yields was projected without
adaptation in the 21st century [21]. A 1.8% loss in rice yield has been reported due to global
changes in precipitation between 1981 and 2010 [22]. The overall drought-driven loss of
rice yield is projected to increase by 18.1% to 19.4% in the period of 2071–2100, relative to
1961–2016 (RCP8.5) [23]. Regionally, negative effects of climate change have been identified
for rice in North Africa, sub-Saharan Africa, Western Asia, South Asia, Southeast Asia, and
North America, while the effects are positive in Australia and New Zealand [21]. New
research findings affirm that the impacts of climate change will continue to significantly
affect rice production, mainly in a negative direction, in particular areas all over Asia [24].

The results on the effects of climate change on rice yields in China are quite mixed,
being dependent on regional scale, analysis approaches, the time period, the assumption
of the CO2 fertilization effect, the climate change scenarios, and whether considering
adaptation and socioeconomic scenarios [17–19,27,28]. Based on the data of 30 Chinese
provinces spanning 1998–2017, it was found that rice cultivation will decline by 0.66% if
the mean temperature increases by 1% in the long term, but the average temperature in
the short term is conducive to China’s rice production [18]. Rice yields will decrease by
5–25% after the 2060s due to climate change [27], but the average yields of both early rice
and late rice will increase during the 2050s and 2070s compared to the 2000s [19]. Using
data between 1980 and 2010 in Northeast China, a study has provided evidence that a
1% increase in the rice’s accumulated temperature significantly increases rice production
by approximately 0.728% [28]. Most researchers believe that increased rainfall is beneficial
to rice production in China. For example, a recent study found that in the long term, a
10% rise in mean rainfall would increase rice cultivation by 0.46% in China [18].

Despite the wide variety of findings that have arisen regarding the effects of climate
change on crop yields [9,10,17,29,30], there are many limitations to the previous studies.
Firstly, a majority of climate impact studies concern changes in the means of climate vari-
ables, while fewer studies consider climate variability and extreme events [30]. Second,
previous studies have analyzed the effects of changes in climatic variables on the mean
crop yields, while the impacts of climate change on fluctuations in crop yields have been
studied to a much lesser extent [29–31]. Thirdly, existing studies on the impacts of climate
change on crop yields focus on crop modeling or statistical analysis based on historical
data [17,29,31]. One of the major shortcomings of these two methodologies is that factors
other than climate—such as technological progress and production inputs—are not con-
trolled [29]. Fourthly, there is much uncertainty in simulating the impacts of future climate
change on crop yields based on coarse-resolution climate change scenarios from global
climate models (GCMs) or scenarios assuming fixed increases in mean temperature or
precipitation [13,32,33]. Fifthly, there are relatively few direct assessments of the impact of
observed climate on past crop yields and growth employing econometric models to control
for both the traditional factors and climate change—especially with respect to studies in
China. Furthermore, the existing studies on rice in China are based on data aggregated
over different types of rice; thus, little is known about the effects of climate change among
varieties of rice. However, there are two main rice varieties according to the geographic
distribution of rice production in China: indica rice and japonica rice. Indica rice can be
further divided into early rice, middle rice, and late rice. Due to differences in growing
regions, growing seasons, and variety characteristics, the effects of climate change on rice
yields might vary between different types. Few researchers have analyzed the differences
in responses to climate change between early and late rice [7,19], and there is no literature
concerning the impacts of climate change on japonica and indica rice in China.

In order to address the limitations of existing studies, a great deal of interest exists
in answering the following questions: What is the historical evidence on the impacts of
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climate change on rice yields in China after controlling for the influence of other factors?
Specifically, what are the impacts of climate change (mean and variability) on the mean and
the variance of indica (early, middle, and late rice) and japonica rice? The overall goal of
this study was to examine the impacts of climate change and its variation on both the mean
and the variance of rice yields in China. To achieve this goal, we set the following three
specific objectives: The first was to gain a better understanding of the changes in climate
over the past several decades in China and in the sample areas, as well as the changes in
rice yields over the past 30 years. The second objective was to conduct an econometric
analysis to identify the impacts of climate change and its variation on the mean and the
variance of rice yields in China. The third objective was to quantify the contribution of
climate change and its variation to the growth of rice yields in China. The final objective
was to predict the possible effects of climate change on rice yields among different regions
and different types in the future.

Given the limited empirical studies on the effects of climate change on rice yields,
this study contributes to the literature in several ways: First, an econometric model is
developed to determine the impacts of climatic variables on rice yields, so as well as climate
variability, technological progress and production inputs are controlled in the empirical
analysis. Second, in addition to the changes in the means of climate variables, the climate
variability is also considered in this study. Third, this study not only examines the impacts
of climatic factors on mean rice yields, but also investigates how climate factors affect the
variability of rice yields. Finally, indica rice and japonica rice are separately analyzed to
explore the different effects of climate change between various rice types.

The rest of this paper is organized as follows: In the next section, we briefly introduce
the data used in this study and describe the changes in climate (i.e., temperature and precip-
itation) and rice yields in the sample area. Section 3 introduces the research methodology
and the specification of the econometric models. Section 4 presents the econometric results
on the impacts of climate change and its variability on rice yields, further discusses the
contribution rates of climate and other factors to changes in rice yields, and predicts the
future effects of climate change on rice yields in different regions and rice varieties. The
final section concludes the paper.

2. Data and Description
2.1. Socioeconomic Data

The input and output data for rice production used in this study were obtained from
the Farm Production Costs and Returns Survey (FPCRS). The FPCRS was initially designed
by the State Planning Commission to collect information on costs and returns in farming,
which was then used to set state procurement prices [34]. It is carried out annually by the
State Planning Commission in conjunction with several other government institutions. The
survey was interrupted several times during the 1960s and 1970s.

The basic sampling unit in the FPCRS for the pre-reform period was a production
team, and at present it is a farm household [34]. The survey also covers some state farms
in Northern China. In principle, the FPCRS uses a multistage sampling procedure. For a
particular crop, major producing regions are first identified. Each of these regions is then
divided into superior, average, and poor subregions in terms of production conditions and
yields. Finally, sampling units are selected from these subregions. Sometimes, sample selection
is based on the subjective judgment of the local implementing agencies. The selected units
(households, production teams, or state farms) are required to keep records on the relevant
information sought by the State Planning Commission. The information is then collected by
local officials for processing and summary. Processed data are submitted to the State Planning
Commission and other responsible state institutions via provincial agencies.

The survey data, available to the authors, only provide national and provincial aver-
ages on a per mu basis. We converted mu into hectares in this study. Rice yields are actual
outputs from the sample plots (kg/ha), and production costs are classified as labor costs
and material costs [34]. The latter consist of expenses on manufactured inputs and hired
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services, imputed values for non-traded inputs, and self-supplied services such as animal
power and overheads [34]. In order to simplify the analysis, the value of fertilizer input
(CNY/ha) and the value of other inputs (CNY/ha)—such as seeds, pesticides, plastic film,
machinery, irrigation, livestock services, fuel, technology services, tools, maintenance, and
repair—were selected to represent material costs. Although labor input is valued by wage
rates that determined annually by the State Planning Commission with reference to rural
living standards, the working days per hectare—including own workdays and rent-in labor
workdays—were directly used in this study. Since land is contracted to households without
direct charges, land rent does not appear in production cost accounting [34].

The input–output data for rice that were used in this paper cover the period from 1980
to 2010. The FPCRS panel data are not balanced, as some sample provinces did not conduct
the survey in all years. While the FPCRS dataset is not flawless, it is the only dataset that
possesses nationwide coverage and provides exact correspondence between inputs and
outputs of individual crops [34].

In this study, rice is classified into indica rice and japonica rice, and indica rice is
further divided into early rice, middle rice, and late rice according to the maturity time.
Nine provinces—Zhejiang, Anhui, Fujian, Jiangxi, Hubei, Hunan, Guangdong, Guangxi,
and Hainan—were selected as the study area of early rice. According to the statistics
published on the website of the Ministry of Agriculture of China, these are among the main
agricultural production regions in China, accounting for 99% of the total sown area and
output of early rice in 2010. For middle rice, 10 main provinces were included: Jiangsu, Anhui,
Fujian, Henan, Hubei, Hunan, Sichuan, Guizhou, Yunnan, and Shaanxi. These provinces
accounted for about 64% of total production of middle rice in terms of both sown area and
output in 2010. The study area of late rice was the same as that of early rice, contributing more
than 99% of late rice production in 2010. The study area of japonica rice only included three
main provinces in the northeast of China: Liaoning, Jilin, and Heilongjiang.

2.2. Climate Data

The basic climate data used in this study were obtained from the website of the
National Meteorological Information Center in China (NMIC) (source: http://data.cma.cn/,
accessed on 20 October 2022). Temperature and precipitation data were collected for
each month from 1980 to 2010 at 753 national meteorological stations located throughout
China [35]. In order to obtain the province-level climate variables used in this study, the
average of meteorological stations located in each province was calculated.

The monthly average temperature and total precipitation over the rice-growing season
at the province level were used in this study. Moreover, the standard deviation of monthly
mean temperature and monthly precipitation over the rice-growing season were included.
The definition of the rice-growing season varies between provinces and types, as presented
in Table 1. Generally, the growing season for early rice is from February to July or from March
to August. The growing season for middle rice predominantly starts in April and ends in
September. Late rice is planted mainly in June and harvested in October or November. The
growing season of japonica rice in this study is from April or May to September.

Table 1. Growing seasons of rice by province.

Province Early Rice Middle Rice Late Rice Japonica Rice

Liaoning April–September
Jilin April–September

Heilongjiang May–September
Jiangsu May–September

Zhejiang March–August June–November
Anhui March–August April–September June–November
Fujian February–July April–September June–October
Jiangxi March–July June–October
Henan May–September June–October
Hubei March–July April–September June–October
Hunan March–August April–September June–October

http://data.cma.cn/
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Table 1. Cont.

Province Early Rice Middle Rice Late Rice Japonica Rice

Guangdong February–July June–November
Guangxi February–July June–November
Hainan December–June June–November
Sichuan April–August
Guizhou April–September
Yunnan March–September
Shaanxi April–September

2.3. Climate and Rice Yield at the Sample Sites

Although the rate of warming is sensitive to the beginning and end dates, the annual
mean temperature has displayed a clear warming trend in China over the past 60 years.
During the period of 1951–2010, the annual mean temperature across China rose from
12.5 ◦C to 13.1 ◦C, with the largest increases after 1980 (Figure 1a). It has also been observed
that the warming slowed down after reaching a peak value of 13.8 ◦C in 2007. Therefore, the
annual mean temperature in China exhibits an obvious increasing trend, with fluctuations
in several years. Unlike the pattern in annual mean temperature, the change in annual total
precipitation does not show a clear trend, in addition to large fluctuations from year to year
between 1951 and 2010 (Figure 1b).
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Figure 1. Long-term changes in temperature and precipitation in China from 1951 to 2012, and changes
over the rice-growing season at the sample sites from 1951 to 2010: (a) Long-term changes in temper-
ature in China (◦C). The red line is the trend line for temperature change. (b) Long-term changes in
precipitation in China (mm). The red line is the trend line for precipitation change. (c) Long-term
changes in temperature over the rice-growing season at the sample sites (◦C). (d) Long-term changes in
precipitation over the rice-growing season at the sample sites (mm).
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Similar to the changes in temperature at the national level, the annual mean tempera-
ture over the rice-growing season in the study area increased from 1951 to 2010—especially
after 1980 (Figure 1c). The annual mean temperature rose from 20.5 ◦C to 21.5 ◦C in the
early rice production sample area from 1951 to 2010, with a slightly higher rate of increase
than at the national level. During the same period, the annual mean temperature increased
from 21.8 ◦C to 22.2 ◦C and from 24.4 ◦C to 24.7 ◦C in the middle rice area and late rice
area, respectively (Figure 1c). The japonica rice area also experienced a warming trend,
with a rise from 16.8 ◦C to 17.8 ◦C (Figure 1c). Obviously, the rate of warming after 1980
was higher than that before 1980. Unlike the changes in temperature, the annual total
precipitation over the rice-growing season in the study area did not show any clear trend,
with dramatic fluctuations from year to year over the past 60 years (Figure 1d).

Over the past 30 years, rice yields have shown a significant increase. Figure 2 highlights
the increase in indica and japonica rice yields throughout the sample areas for the period
from 1980 to 2010. The early rice yield increased by 16% (from 5185 kg/ha to 6015 kg/ha)
from 1980 to 2010. It can be seen that the middle rice yield increased by 47% (from
5072 kg/ha to 7450 kg/ha) in the same period. For late rice yields, an increase of 49 percent
(from 4091 kg/ha to 6082 kg/ha) can be found in the past 30 years. Compared with indica
rice, the yield of japonica rice has increased more, reaching to 78% in the sample area.
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Figure 2. Change rate of rice yields over the past 30 years (%).

3. Research Methodology and Specification of Econometric Model
3.1. Research Methodology

Many methodologies and tools—such as mathematical modeling, statistical analysis,
and scenario analysis—have been applied for assessing the impacts of climate change
on agriculture [7,18,27,29,36–51]. However, crop modeling and statistical analysis cannot
control factors other than climate, such as technological progress and production inputs. In
order to determine the impacts of climatic and socioeconomic variables on both the mean
and the variance of rice yield, the Just–Pope stochastic production function was used in
this study. The general form of the Just–Pope production function is as follows [31,41,42]:

y = f (X, β) + µ = f (X, β) + h(X, α)0.5ε (1)

where y is the crop yield, X is a vector of explanatory variables, and f (X, β) is the mean
function (or deterministic component of production) relating X to the average yield, with β
as the associated vector of estimated parameters; µ is a heteroscedastic disturbance term
with a mean of zero [42]; h(X, α) is the variance function (or stochastic component of
output) that relates X to the standard deviation of yield, with α as the corresponding vector
of estimated parameters, and ε is a random error with zero mean and variance σ2. In this
production function, the expected crop yield (E(y)) is f (X, β); thus, estimation of f (X, β)
gives the effects of the independent variables on the mean crop yields. The variance of the
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crop yields (V(y)) is given by h(X, α)σ2; therefore, estimation of h(X, α) gives the effects of
the independent variables on the variance of crop yields [31,42].

The Just–Pope production function in Equation (1) can be estimated using maximum
likelihood estimation (MLE) or a three-step estimation procedure involving feasible gener-
alized least squares (FGLS) [42]. The FGLS method has been applied in a majority of the
literature, but MLE is more consistent and efficient than FLGS estimation in the case of small
samples [31,42,43]. In this study, the MLE approach was used to estimate the Just–Pope
production function. As described in [31,43], the following log-likelihood function was
applied in this study:

LnL = − 1
2
[N ∗ ln(2π) +

N

∑
i = 1

(yit − f (Xit, β))2

exp(αXit)
+

N

∑
i = 1

αXit] (2)

where N is the number of observations. The maximization of Equation (2) provides the
maximum likelihood parameters of β and α.

3.2. Model Specification

To estimate the effects of climate variables on the mean yield and yield variability
under heteroscedastic disturbances, the analytical challenge is to separate the non-climate
effects on crop yields from the climate change effect. We hypothesized the crop yield as a
function of crop inputs, technology, and climate factors, and set up the functional form as
shown in Equation (3):

log(yit) = α0 + α1temit + α2tem2
it + α3preit + α4pre2

it + α5std_temit

+ α6std_preit +
3
∑

k = 1
βk log(inputkit) + φTi + γRi + εit

(3)

where yit refers to the rice yield or yield variation (kg/ha) for province i at time
t (t = 1980,1981, . . . , 2010). The key explanatory variables of interest are the six climate
variables on the right of Equation (3). The first two variables are the mean temperature
(temit) and total precipitation (preit) in province i over the rice-growing season in year
t. In order to capture concave relationships between rice yields and temperature and
precipitation, as in many previous studies [44], the quadratic terms of mean temperature
(tem2

it) and total precipitation (pre2
it) are included in Equation (3). Similar to some existing

studies [29,45–48], two climate variables were included in the model to capture the variance
of climate: the standard variation of monthly mean temperature during the rice-growing
season (std_temit), and the standard variation of monthly total precipitation during the
rice-growing season (std_preit). It is believed that climate change not only changes the mean
climate conditions, but also affects climatic variability, and the greater the variance, the
wider the dispersion of actual weather outcomes [45,47].

In addition to climate variables, production input variables (inputkit) are included in
Equation (3), including fertilizer, labor, and other inputs (such as seeds, pesticides, plastic
film, machinery, irrigation, livestock services, fuel, technology services, tools, maintenance
and repair, etc.). In this study, the labor input was measured in terms of working days per
hectare, including own workdays used and rent-in labor workdays. Fertilizer and other
inputs are represented by real expenses per hectare of sown rice area. In this estimation, as
in many other studies [30], Ti is a year variable as a proxy for crop production technology,
such as the development of new varieties and management practices. Ri denotes provincial
dummy variables and captures the effects of any province-specific factors that do not
change over time. α0 − α6, β, φ, and γ are parameters to be estimated. εit is the error term
that captures the uncertainty faced by farmers and satisfies E(ε) = 0. In order to identify the
differences between early rice, middle rice, late rice, and japonica rice, we ran the models
separately.
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4. Estimation Results and Discussion

Tables 2 and 3 present the estimation results of Equation (3). The basic descriptive
statistics are presented in Tables A1–A4. Most of the estimated coefficients are statistically
significant, with the expected signs in both the mean rice yield function and the rice yield
variance function. In addition, the impacts of climate factors on the mean and variance of
indica and japonica rice yields are summarized in Tables 4 and 5, respectively.

Table 2. Regression results for the determinants of mean rice yield.

Mean Yield (log)

Indica Rice
Japonica Rice

Early Rice Middle Rice Late Rice

Climate during growing
season

Temperature 0.0892 −0.2599 ** −0.2830 ** 0.4235 **
(1.32) (2.04) (1.97) (2.46)

Temperature squared −0.0028 * 0.0046 * 0.0057 * −0.0119 **
(1.80) (1.66) (1.93) (2.44)

Precipitation −0.0001 0.0001 0.0000 −0.0000
(0.48) (0.49) (0.18) (0.01)

Precipitation squared −0.0000 −0.0000 −0.0000 −0.0000
(0.53) (0.49) (1.25) (0.22)

Climate variation in growing
season

Standard deviation of
temperature

−0.0235 *** −0.0088 −0.0155 ** −0.0193 ***
(3.93) (0.74) (2.12) (2.68)

Standard deviation of
precipitation

−0.0004 *** −0.0005 0.0003 * 0.0001
(3.41) (1.63) (1.96) (0.27)

Production inputs
Fertilizer (CNY/ha) (log) 0.0955 *** 0.0612 * 0.1638 *** 0.2777

(3.19) (1.70) (4.00) (0.0001)
Labor days (days/ha) (log) 0.0031 0.0835 *** 0.0005 −0.0217

(0.12) (2.84) *** (0.02) (0.59)
Other material inputs

(CNY/ha) (log)
0.0275 0.0298 0.0240 0.1386 ***
(1.021) (0.82) (0.72) (2.72)

Technological progress
Year 0.0045 *** 0.0120 *** 0.0056 *** 0.0023

(3.23) (7.39) (4.17) (1.06)
Province dummy Not reported Not reported Not reported Not reported

Constant −1.5979 −12.5611 −0.1748 −2.2140
(0.63) (4.00) *** (0.05) (0.48)

Wald chi2 509 406 1217 370
Observations 261 266 242 93

Absolute t statistics in parentheses. Significance of t statistics: * p < 0.10, ** p < 0.05, *** p < 0.01.

Table 3. Regression results for the determinants of variance of rice yield.

Variance of Yield (Log)

Indica Rice
Japonica Rice

Early Rice Middle Rice Late Rice

Climate during growing
season

Temperature 2.6813 4.3153 ** −8.1446 ** −6.0456
(1.02) (1.98) (2.24) (1.25)

Temperature squared −0.0752 −0.0965 * 0.1638 ** 0.1272
(1.20) (−1.95) (2.14) (0.91)

Precipitation −0.0057 0.0143 *** −0.0066 ** −0.0406 **
(1.43) (3.59) (2.57) (2.41)

Precipitation squared 0.0000004 ** −5.95 × 10−6 *** 4.09 × 10−6 *** 0.00003 **
(2.12) (2.96) (3.12) (2.12)

Climate variation in growing
season

Standard deviation of
temperature

−0.0918 −0.2171 0.0547 −0.3667
(0.46) (0.71) (0.22) (1.04)
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Table 3. Cont.

Standard deviation of
precipitation

0.0043 −0.0010 −0.0037 0.0324 **
(0.86) (0.17) (0.83) (1.89)

Production inputs
Fertilizer (CNY/ha) (log) 0.5244 −0.2165 −1.7125 * −0.1814

(0.57) (0.40) (1.96) (0.20)
Labor days (days/ha) (log) −0.5579 −0.6235 −1.3058 * 2.3804

(0.76) (1.22) (1.75) (1.34)
Other material input

(CNY/ha) (log)
0.0888 0.6636 1.0250 −5.0666 ***
(0.11) (0.76) (1.28) (3.51)

Technological progress
Year −0.0753 ** −0.0964 *** −0.1795 *** 0.0818

(−1.96) (−2.94) (−4.33) (0.87)
Province dummy Not reported Not reported Not reported Not reported

Constant 122.0343 * 132.6428 ** 466.6886 *** −59.2032
(1.65) (2.17) (4.72) (0.30)

Wald chi2 509 406 121 1339
Observations 261 266 242 93

Absolute z statistics in parentheses. Significance of t statistics: * p < 0.10, ** p < 0.05, *** p < 0.01.

Table 4. Summary: Impacts of climate change on the mean of rice yield.

Mean of Climate Variables Standard Deviation of
Climate Variable

Temperature Temperature2 Precipitation Precipitation2 Temperature Precipitation

Early rice − − −
Middle rice − +

Late rice − + − +
Japonica rice + − −

Table 5. Summary: Impacts of climate change on the variance of rice yield.

Mean of Climate Variables Standard Deviation of
Climate Variable

Temperature Temperature2 Precipitation Precipitation2 Temperature Precipitation

Early rice +
Middle rice + − + −

Late rice − + − +
Japonica rice − + +

4.1. Estimation Results

The sign and significance of the estimated coefficients for the temperature differ
between rice types in both the mean yield and variance functions. The coefficient of temper-
ature term is not significant in the mean yield function of early rice, but the quadratic term
of temperature is negative and statistically significant (Table 2, column 1). The temperature
does not have a significant effect on the variance of early rice (Table 3, column 1). These
results imply that the rise in temperature will harm the mean yield of early rice in the
study sites. This is consistent with the results of a previous study, which revealed that the
observed warming trends significantly reduced rice yield by 3.7% for each 1 ◦C increase
in growing-season temperature in Anhui Province, Eastern China, during the last two
decades of the 20th century [7].

The estimated results for middle rice reveal a U-shaped relationship between temper-
ature and mean yield (Table 2, column 2), as well as an inverted U-shaped relationship
between temperature and yield variance (Table 3, column 2). The corresponding results
for late rice show that the temperature has a U-shaped relationship with both the mean
yield and the variance of late rice (Tables 2 and 3, column 3). The nonlinear relationship
between rice yield and temperature suggests heterogeneity in the effects of temperature.
This is supported by relevant study [50], which found that negative responses of rice yield
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to temperature were concentrated in most provinces of Northern and Northwestern China,
while positive responses were concentrated in Northeastern and Southern China.

Unlike the three types of indica rice, our estimated results show that there is an inverted
U-shaped relationship between temperature and the mean yield of japonica rice (Table 2,
column 4), but the temperature has no significant effect on the yield variance of japonica
rice (Table 3, column 4). These results suggest that increases in temperatures do not always
reduce rice yields [49]. As mentioned in Section 2.1, japonica rice is mainly planted in
three provinces (Liaoning, Jilin, and Heilongjiang) in Northeast China. Positive correlations
between rice yield and temperature were also obtained in previous studies concerning
these provinces [32,50]. However, these studies did not account for the nonlinear effects of
temperature on rice yield.

The precipitation has no significant effect on the mean yield of all kinds of rice, but it
significantly influences the variance of yield. The estimation results of mean yield functions
for indica and japonica rice show that the coefficients of both the precipitation term and
the quadratic term of precipitation are not significant (Table 2). Similar results have been
reported in another study using historical climate and crop data in China, where rice yield
was not significantly correlated with precipitation in 20 of the 24 provinces [49].

However, the precipitation has a significant impact on the variance of yield for all
rice varieties (Table 3). For example, the estimated coefficient on the quadratic term of
the precipitation is positive and statistically significant (Table 3, column 1), implying that
the increases in the precipitation will bring larger variability in early rice yields. For
middle rice, an inverted U-shaped relationship exists between the precipitation and yield
variance (column 2). Conversely, estimation results show that precipitation has a U-shaped
relationship with the yield variance of late indica rice and japonica rice (columns 3 and 4).
These findings are similar to those of previous studies for other countries [29] and provide
further basis for the concerns that yield variability is likely to increase with a rise in the
average temperature and total precipitation.

The effects of the standard deviation of temperature and precipitation on mean yield
and yield variance also differ by rice type. The estimated coefficients on the standard
deviation of temperature and precipitation are negative and statistically significant for the
mean yield function of early rice (Table 2, column 1), but they are not significant for the
yield variance function (Table 3, column 1). These results indicate that more variations in
temperature and precipitation reduce the mean yield of early rice. This finding is consistent
with results found in other literature, suggesting that increases in the variance of temperature
and precipitation would be harmful to crop yield [7,29,45,47]. For example, based on data from
agricultural experimental stations across China for the period 1981–2000, Tao et al. indicated
that obvious variation in precipitation reduced early rice yields sharply [7].

However, both the mean and variance of middle rice yields are not influenced by
the standard deviation of temperature and precipitation over the growing season. The
effect of the standard deviation of temperature on the mean yield of late rice is negative
and statistically significant, but the effect of the standard deviation of precipitation is
positively significant (Table 2, column 3). The estimation results show that the mean
yield of japonica rice is negatively influenced by the standard deviation of temperature,
while it is not significantly affected by the standard deviation of precipitation (Table 2,
column 4). These results indicate that temperature variance also increases the yield risks
of late rice and japonica rice in China. In addition, the yield variance of japonica rice
is positively correlated with the standard deviation of precipitation (Table 3, column 4),
implying that higher volatility in precipitation increases the yield variability of japonica
rice. Similar results were obtained by studies in India, Canada, and the United States,
where increases in the variance of key climate variables—specifically, precipitation and
temperature—increased the variability in crop yields [29,37,47].

In addition to climatic factors, the mean and variance of rice yields are correlated with
production inputs and technological progress (Tables 2 and 3). Considering the effects of
production inputs on the mean and variability of rice yields, we found that higher fertilizer
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inputs increase the mean yield of indica rice, while they decrease the variation of late rice
yields. The positive relationship between fertilizer inputs and mean trends of crop yields is
consistent with the findings of other studies. [45,51]. The increase in labor inputs is likely to
increase the mean yield of middle rice and decrease the variance of late rice yields. Higher
inputs of other materials positively affect the mean yield of japonica rice and reduce the
variation in japonica rice yields. Similar results have been found in other studies [45,51]. In
addition, our estimation results reveal that the coefficient of the year variable is positive
and statistically significant in the mean yield functions of indica rice (Table 2), implying
that the technological progress contributes to the mean yield. This result is consistent with
the findings of many previous studies [29,51]. However, the effect of the year variable on
the mean yield of japonica rice is positive but not statistically significant. There exists a
negative relationship between technological progress and the variance of indica rice yield,
implying that increases in time decrease the variance of indica rice yields.

4.2. Contribution of Climate Factors to the Growth of Rice Yield

To assess the contribution of climatic factors to rice yield, the growth accounting
of yield was conducted based on the estimates of the production function parameters.
With reference to a previous study [51], the accounting for rice yield growth includes
four steps: The first step is to evaluate the elasticity of the explanatory variables based
on the estimated coefficients. The second step is to calculate the changes in yield and
each explanatory variable that refers to percentage growth during the period of 1980 to
2010. In order to avoid the effects of atypical years, the average value for 1980–1982 was
calculated to represent the level in 1980, and the average value for 2008–2010 was calculated
to represent the level in 2010.The third step is to calculate the contribution to yield growth
by multiplying the elasticity and the change rate of each climate variable. The last step is to
calculate the percentage shares of contribution to total rice yield growth, with total yield
growth set to 100.

Table 6 reports the results of the contribution rates for various types of rice. The results
show that rising temperatures account for 27.05% of the decline in early rice yields—far
larger than their negative contribution to the yield growth of middle rice (16.21%) and
late rice (0.66%). However, the yield growth of japonica rice benefits slightly from rising
temperatures. The precipitation has a positive contribution of 2.92% to early rice yield,
while it has negative contributions of 0.01%, 2.49%, and 1.73% to the yields of middle rice,
late rice, and japonica rice, respectively. The standard deviation of temperature and the
standard deviation of precipitation have non-uniform contribution to yield growth across
rice types. For example, the standard deviation of temperature has a positive contribution
to both early rice yields and japonica rice yields, while it has a negative contribution to
the yields of middle rice and late rice. In addition, it appears that physical inputs have the
largest contribution to the yield growth of early rice (46.32%) and japonica rice (46%). More
than 70% of yield growth comes from technical progress for early rice and middle rice—far
larger than that for late rice and japonica rice.

When keeping the constant of production inputs and technical progress, we can
predict the separate impacts of temperature and precipitation over the growing season
on future rice yields. Specifically, based on the estimated coefficients of Equation (3), the
corresponding mean yield was calculated with annual temperature or precipitation changes
at the sample mean, keeping other factors constant. This process is illustrated in Figures 3–6,
and the impacts of temperature and precipitation on rice yields are summarized in Table 7.
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Table 6. Contribution of climate factors and other factors to the growth of rice yields (%).

Indica Rice Japonica
RiceEarly Rice Middle Rice Late Rice

Climate during growing season
Temperature −27.05 −16.21 −0.66 0.63
Precipitation 2.92 −0.01 −2.49 −1.73

Climate variation in growing
season

Standard deviation of temperature 8.65 −0.07 −0.68 1.10
Standard deviation of precipitation −3.34 0.17 2.68 0.14

Production inputs
Fertilizer (CNY/ha) (log) 27.57 7.82 21.26 35.67

Labor days (days/ha) (log) −1.39 −11.83 −0.07 2.42
CNY 20.14 6.76 7.13 7.91

Technological progress
Year 79.78 72.09 32.55 9.79

Others −7.27 41.27 40.28 44.07
Total 100 100 100 100
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Table 7. Summary: Impacts of temperature and precipitation on rice yields.

Temperature Increase Precipitation Increase

Indica rice
Early rice All regions (−) All regions (−)

Middle rice All regions (−) if mean
temperature < 28.3

Regions < 958 mm (+)
Regions > 958 mm (−)

Late rice Regions < 24.8 (−)
Regions > 24.8 (+) All regions (−)

Japonica rice Regions< 17.8 (+)
Regions > 17.8 (−) All regions (−)

In the future, if the temperature over the growing season continues to increase, the
yield of early rice will be reduced in all study regions (Figure 3). Similarly, increasing pre-
cipitation will result in a decrease in early rice yields (Figure 3). According to the estimated
coefficients of the early rice production function, the turning point for temperature—where
the positive relationship changes into a negative relationship—is 15.9 ◦C, which is lower
than the minimum temperature in the study regions (18.2 ◦C). This means that the tem-
perature values of all study regions are on the right side of the turning point of the curve,
reflecting a perfect negative relationship between early rice yield and mean temperature
over the growing season. Therefore, the rise in temperature over early rice’s growing
season is likely to lead to lower yields for all study regions (Table 7). Similarly, in our study
regions, the precipitation during early rice’s growing season reached a level where more
precipitation would have negative effects on the mean yield of early rice (Table 7). This
result is consistent with that found in another study, where average yields of early rice
were predicted to decrease due to climate change during the 2030s in China, compared to
the 2000s [19].

The rise in temperature will adversely impact the mean yield of middle rice before
reaching certain level in the future for all of the study regions, while the effect of the
increasing precipitation is not uniform across regions (Figure 4). The calculated turning
point for the temperature is 28.3 ◦C, which is larger than the maximum monthly average
temperature over the middle rice growing season in the study sites (25.2 ◦C). This means
that higher temperatures over the middle rice growing season influence its yield negatively
in the study sites before the temperature rises to 28.3 ◦C. Meanwhile, the turning point for
the precipitation is about 958 mm—between the sample minimum (326 mm) and maximum
(1543 mm). This implies that in the regions where the total precipitation over the middle
rice growing season is less than 958 mm, the mean yield of middle rice will benefit from
the increase in the precipitation (Table 6). However, the increase in precipitation over the
middle rice growing season will reduce the middle rice yield for the regions where the total
precipitation over the middle rice growing season is more than 958 mm (Table 7).

It appears that the yield of late rice in some regions will increase if the temperature rises
in the future, while in other regions it will be negatively affected by rising temperatures.
Figure 5 presents a U-shaped relationship between temperature over the growing season
and the mean yield of late rice, with a turning point of 24.8 ◦C. For the late rice study site,
the monthly mean temperature over the growing season is between 20.4 ◦C and 27.7 ◦C,
implying that higher temperatures have positive effects on late rice yields in the regions
with a monthly mean temperature lower than 24.8 ◦C, while rising temperatures will harm
the yield of late rice in other regions (Table 7). Moreover, Figure 5 also shows that the
precipitation level over the late rice growing season has been in the decline phase of the
inverted U-shaped curve, because the minimum precipitation (426 mm) is far more than
the turning point (143 mm). These results indicate that more precipitation over late rice’s
growing season will reduce the mean yield of late rice for all of the study regions (Table 7).

For japonica rice, the impacts of rising temperatures on the mean yield also differ
between regions. An inverted U-shaped curve is presented to describe the relationship
between the temperature and the mean yield of japonica rice (Figure 6). The turning point
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(17.8 ◦C) is between the minimum (15.0 ◦C) and maximum (20.0 ◦C) values of the monthly
mean temperature in japonica rice’s study regions. Therefore, in the regions where the
mean temperature over the japonica rice growing season is higher than 17.8 ◦C, the rise
in temperature will negatively affect the mean yield of japonica rice (Table 7). However,
the rise in the mean temperature over japonica rice’s growing season will contribute to an
increase in japonica rice yields for the regions where the mean temperature over japonica
rice’s growing season is lower than 17.8 ◦C (Table 7). Compared to the non-uniform effect
of temperature, the precipitation over japonica rice’s growing season has a negative effect
on the mean yield of japonica rice for all of the study regions (Figure 6 and Table 7).

5. Conclusions and Policy Implications

This study used an econometric model to estimate Just–Pope stochastic production
functions and identify the potential impacts of temperature and precipitation on the mean
and variance of rice yields by rice type (indica rice and japonica rice). Based on the
estimated production functions, the contribution rate of climatic factors to rice yields was
then assessed by conducting the growth accounting of yields over the past 30 years. Finally,
the relationship between the changes in the temperature and precipitation and the mean
rice yields was further explored by region.

Based on the historical climate and rice yield data, the estimation results from the
econometric models show that not only the mean rice yield, but also the yield variance,
will be influenced by climate change. Moreover, not only the mean trend change of climate
change, but also the climate variance, will significantly influence rice yields. This study
also finds that the impacts of climate change on rice yield differ by rice type and by region.

In the past 30 years, rising temperatures have reduced the mean yield of indica rice,
while they have contributed to the yield growth of japonica rice. Precipitation has a positive
effect on the yield growth of early rice, while it has negative effects on the yield growth
of middle rice, late rice, and japonica rice. The larger standard deviation of temperature
over the growing season had a positive contribution to the yield growth of early rice and
japonica rice, while it had a negative contribution to the yield growth of middle rice and
late rice. The larger standard deviation of precipitation negatively influenced the mean
yields of middle rice, late rice, and japonica rice, but it had a positive effect on the yield
growth of early rice.

In the future, the impacts of climate change on rice yield will depend on local regions’
present climate condition. The rise in temperature and increased precipitation over the
early rice growing season will have negative impacts on the mean yields for all study
regions. Higher temperatures over the middle rice growing season will reduce the yield of
middle rice before the temperature rises to 28.3 ◦C in the study regions. However, increased
precipitation will increase the mean yield of middle rice in some regions and reduce it
in other regions. For late rice and japonica rice, higher temperatures will have a positive
effect on the mean yield in some regions, while having a negative effect in other regions.
Increased precipitation will reduce the mean yields of late rice and japonica rice for all of
the study regions. Therefore, improving the adaptation capacity of rice production requires
full consideration of rice types and regional differences.
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Appendix A

Table A1. Descriptive statistics of major variables for early rice.

Mean Minimum Maximum

Yield (kg/ha) 5566 4022 6713
Average temperature in growing season 21.3 18.2 25.3

Average temperature in growing season (squared) 456 331 640
Total precipitation in growing season 957 320 1555

Total precipitation in growing season (squared) 977,541 102,699 2,418,507
Standard deviation of temperature in growing season 6 3 8
Standard deviation of precipitation in growing season 82 13 248

Value of fertilizer input per area (CNY/ha) 926 428 1505
Number of labor inputs per area (day/ha) 248 62 554

Other material costs per area (CNY/ha) 1382 660 2464
Note: Observation is 261.

Table A2. Descriptive statistics of major variables for middle rice.

Mean Minimum Maximum

Yield (kg/ha) 6689 3218 8890
Average temperature in growing season 21.9 16.7 25.2

Average temperature in growing season (squared) 484 279 636
Total precipitation in growing season 798 326 1543

Total precipitation in growing season (squared) 687,203 106,472 2,382,315
Standard deviation of temperature in growing season 3 2 5
Standard deviation of precipitation in growing season 67 19 153

Value of fertilizer input per area (CNY/ha) 823 229 2092
Number of labor inputs per area (day/ha) 296 90 738

Other material costs per area (CNY/ha) 1363 416 2737
Note: Observation is 266.

Table A3. Descriptive statistics of major variables for late rice.

Mean Minimum Maximum

Yield (kg/ha) 5467 2205 7268
Average temperature in growing season 24.6 20.4 27.7

Average temperature in growing season (squared) 606 418 770
Total precipitation in growing season 874 426 1860

Total precipitation in growing season (squared) 831,554 181,368 3,457,823
Standard deviation of temperature in growing season 4 2 8
Standard deviation of precipitation in growing season 100 10 308

Value of fertilizer input per area (CNY/ha) 922 384 1348
Number of labor inputs per area (day/ha) 231 78 480

Other material costs per area (CNY/ha) 1429 596 2752
Note: Observation is 242.
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Table A4. Descriptive statistics of major variables for japonica rice.

Mean Minimum Maximum

Yield (kg/ha) 6664 2485 8578
Average temperature in growing season 17.5 15.0 20.0

Average temperature in growing season (squared) 307 224 400
Total precipitation in growing season 527 314 870

Total precipitation in growing season (squared) 290,551 98,653 756,441
Standard deviation of temperature in growing season 5 3 7
Standard deviation of precipitation in growing season 59 15 132

Value of fertilizer input per area (CNY/ha) 859 175 1477
Number of labor inputs per area (day/ha) 202 57 582

Other material costs per area (CNY/ha) 2373 1393 4015
Note: Observation is 93.
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