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The current article aimed to characterize the spatial-temporal characteristics and the driving
factors of disaster-induced grain vield loss. Taking the world’s largest agricultural country,
China, as the research object, this study evaluated China’s disaster-induced grain yield loss
from 1978 to 2019 and investigated the contribution of three driving factors, using a logarithmic
mean Divisia index (LMDI) approach. The results showed that drought and flood were the main
disasters causing grain yield losses in China. China’s grain disaster loss peaked in 2000 and
then entered a declining period. In terms of spatial distribution, disaster-induced grain yield loss
mainly concentrated in the regions including the Middle-Lower Yangtze region, the Huang-
Huai-Hai region, and Northeast China. The gravity center of disaster-induced grain yield loss
shifted northward in China. Disaster intensity contributed the most to change in disaster-
induced grain yield loss, followed by vield loss density, and the grain planting area. Thus,
addressing drought and flood disasters, and enhancing disaster prevention and reduction
capacity are critical to reduce disaster-induced grain yield loss, especially in the Middle-Lower
Yangtze, the Huang-Huai-Hai region, and Northeast China.

Keywords: logarithmic mean Divisia index (LMDI), grain yield loss, yield loss density, disaster intensity, grain planting
area

1 INTRODUCTION

Food security is a cornerstone for global sustainable development (Liu et al., 2021) and is listed as the
second of the United Nations’ 17 sustainable development goals (SDGs) for 2030 (United Nations,
2016). However, the accelerating climate change has caused frequent natural disasters in recent
decades, resulting in severe grain yield loss and significantly threatening food security on local and
global levels (Lesk et al., 2016; Abid et al., 2019; Elahi et al., 2021a; Shi et al., 2021). According to the
report from the Food and Agriculture Organization, agriculture experienced 63% of the disasters’
impact, with the least developed countries and low- and middle-income countries experiencing the
greatest impact of more than 108 billion US dollars for the period 2008-2018 (Food and Agriculture
Organization of the United Nations, 2016).

China is the world’s most populous developing country, the world’s largest food producer and consumer
(Cao et al,, 2021), and one of the most vulnerable countries to disasters (Abd El-Wahab et al., 2018; Guo
et al,, 2019; Li et al,, 2019; Ma et al,, 2020). China has experienced severe risks in grain-producing areas
caused by natural disasters (Peng et al., 2021). These disasters, which included floods, drought, storm and
hail, low temperatures, and typhoons, impacted greatly on China’s grain production (Chen et al., 2013; Guan
et al, 2015; Du, 2020; Xu and Tang, 2021). In 2009, China’s disaster-induced grain yield loss accounted for
10.4% of the total grain yield (Wang and Li, 2012). It was estimated that in July 2021, a typhoon affected 14.5
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million people in 150 counties in Henan, a major grain-producing
province in China, and led to a grain yield loss of 2.053 million tons
(Mei, 2021).

Natural disasters have partially or completely damaged crop
production, making it difficult for China to maintain the food
self-sufficiency rate of 95% specified in China’s new food security
strategy (Ghose, 2014). Thus, it is imperative to understand the
adverse impact of disasters on China’s grain yield and the driving
forces of grain yield loss.

2 Literature review

Grain yield loss is defined as a comprehensive indicator to
measure the constraint that natural disasters imposed on grain
production (Zhang et al., 2013; Zhang et al., 2014). To assess grain
yield loss, two methods were widely applied, namely, process-
based crop models and statistical models (De Wit, 1965; Zheng
and Huang, 1998; Rosenzweig et al., 2002; Lobell et al., 2006;
Pathak, 2006; Wang et al., 2013). Process-based crop models
revealed the mechanisms of grain yield loss (Zhang et al., 2012;
Glotter and Elliott, 2016; Cao et al., 2020; Leng, 2021), but the
accuracy was relatively low. This was because process-based crop
models integrated not all crop characteristics and key processes
related to disasters (Challinor et al, 2018), and models that
simulated the response of single factor were the most common
(Lobell and Asseng, 2017).

By contrast, statistical models were not conducive to explain
the potential mechanism of grain yield loss. However, they
directly expressed the risk of disasters because statistical
models included the ultimate impact of all disaster factors,
crop characteristics and human intervention, and easy to
implement (Lobell and Asseng, 2017). Statistical models
mainly included the yield decomposition method and yield
reduction apportionment method (Zhao et al, 2017; Kim
et al,, 2019). The yield decomposition method decomposed the
crop pure yield into disaster-induced loss and trending yield.
However, the trending yield resulted in a huge difference by using
different methods (Zhang, 2004; Li et al., 2008; Hu, 2016; Zhang
et al., 2018; Zhu et al,, 2020; Li et al, 2021), while the yield
reduction apportionment method calculated the disaster-induced
grain yield loss according to fixed yield reduction proportions of
the areas experiencing different degrees of disasters (Zhang et al.,
2009; Gao et al., 2012; Wen et al,, 2017; Xiao et al., 2017; Guo
et al,, 2019; Yu et al, 2019). Based on the harvest yield, this
method eliminated differences in crop varieties and disaster
resistance of crop at different growth stages (Gong and Zhang,
2010), and it is also used by the Ministry of Agriculture, the
Ministry of Civil Affairs, and the National Bureau of Statistics in
China.

Investigating the determining factors of disaster-induced
grain yield loss is also a major concern. Most of the
previous studies investigated the factors of disaster-induced
grain yield loss by means of sensitivity analysis, regressive
models, and gray relational analysis. Based on sensitivity
analysis, Wang et al. (2020) found that severe drought
increased the yield loss rates of soybean and maize in
Northeast China by more than one and four times,
respectively, compared with moderate drought (Wang et al,
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2020). Based on multiple linear regression analysis, Zhang et al.
(2018) concluded that compared with the covered and no
harvest areas, the affected area posed the greatest impact on
the disaster-induced grain yield loss in the Middle-Lower
Yangtze (Zhang et al, 2018). Based on gray relational
analysis, Luan and Zhou (2016) found that the relational
degree of the drought-affected area on disaster-induced
grain yield loss was the greatest (Luan and Zhou 2016). In
addition, the grain planting area was found to be one of the
factors influencing disaster-induced grain yield loss (Li et al.,
2010). The adverse effect of natural disasters was mitigated by
adjusting grain planting area (Qiao et al., 2018). Disaster-
bearing bodies have natural and social attributes. The
fluctuations in agricultural production were also affected by
external and internal environmental factors (Elahi et al., 2018;
Elahi et al., 2019; Elahi et al., 2020; Elahi et al., 2021b).

The above studies were undoubtedly meaningful to
understand the factors affecting the grain yield loss caused
by disasters. However, quantitative analyses decomposing
change in disaster-induced grain yield loss into a variety of
driving factors are rarely presented. Index decomposition
analysis (IDA) is a decomposition approach used to identify
the key factors affecting the target variable by measuring the
contribution of each factor (Ang, 2005; Chen et al., 2021). The
most popular submodel of IDA is the logarithmic mean Divisia
index (LMDI) model raised by Ang (Ang et al., 1998; Gonzélez
et al., 2014; Ang, 2015; Nzudie et al., 2021). In recent years,
LMDI has been applied extensively in the fields of grain and
crop production (Jin and Lu, 2011; Liu et al., 2014; Hua, 2016;
Ge and Si, 2020; Lyu and Xu, 2020). By using LMDI, Blomqvist
etal. (2020) found that pure yield contributed the most (nearly
two-thirds of aggregate yield improvements), compared with
the other drivers, including the cropland area, cropping
intensity, country share, and crop composition (Blomqvist
et al, 2020). In China, the LMDI was employed to
decompose the changes in grain output into yield effect,
area effect, crop-mix effect, and spatial distribution effect,
with the contribution of pure yield showing a decreasing
trend over time (Li et al., 2016). However, there was still no
research using an LMDI approach to analyze the underlying
factors that affected changes in disaster-induced grain
yield loss.

The study used the LMDI decomposition method to
investigate the factors influencing disaster-induced grain
yield loss in China between 1978 and 2019. The main
contributions of this study were as follows: 1) The yield
reduction apportionment method was applied to estimate
disaster-induced grain yield loss. Then the spatial-temporal
characteristics of China’s disaster-induced grain yield loss
were discussed by using a time-series change curve and
standard deviation ellipse (SDE) 2) By constructing an
identity equation for disaster-induced grain yield loss, this
study incorporated three driving factors into analysis
framework, including yield loss density, disaster intensity,
and grain planting area 3) Based on the LMDI, the
contributions of the driving factors to the changes in
disaster-induced grain yield loss were analyzed.
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FIGURE 1 | China’s disaster-induced grain yield loss from 1978 to 2019.
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3 MATERIALS AND METHODS
3.1 Materials

In this study, China’s 31 provinces, autonomous regions, and
municipalities were included (Hong Kong, Taiwan, and Macao
were excluded due to no availability of data). To investigate the inter-
regional differences in the driving factors of disaster-induced grain
yield loss, 31 provinces, autonomous regions, and municipalities
were divided into nine agricultural regions: Northeast China,
Huang-Huai-Hai, Loess Plateau, Gan-Xin, Inner Mongolia,
Southwestern China, the Middle-Lower Yangtze, South China,
and Qinghai-Tibet. This approach was consistent with other
studies (Pan et al., 2020; Li et al, 2021). The disasters included
flood, drought, storm and hail, low temperature, and typhoon. In
this paper, the data of covered area, affected area, and “no harvest”
area were obtained from the China Agriculture Statistical Report;
grain planting area, crop planting area, and grain yield per unit area
were obtained from the China Statistical Yearbook. Referring to
relevant studies (Xiao et al., 2017), the missing and wrong data were
complemented by interpolation method.

3.2 Methods

3.2.1 Disaster-Induced Grain Yield Loss Estimation
Model

The covered, affected, and no harvest areas caused by disasters are
the most commonly used indicators in the statistical data of China

(“covered area”: the area with a reduction of more than 10% of
grain output caused by mild disasters; “affected area”: the area with
a reduction of more than 30% of grain output caused by moderate
disasters; “no harvest” area: the area with a reduction of more than
80% of grain output caused by severe disasters). According to the
yield reduction apportionment method (Zhang et al., 2009; Xu and
Zhang, 2011; Zhu et al, 2015; Wen et al.,, 2017), the disaster-
induced grain yield loss is calculated as follows:

D; = {01 X (Bi—Ci) +0.3 X (C, - E,) + OSEI} xY;

= (01 X B,‘ +0.2 x C,’ + OSEI) X Y,' (1)

Among them, subscripts i represents province in China, D; is
the disaster-induced grain yield loss, Y; is the actual grain yield
per unit area, B; denotes the covered area, C; denotes the affected
area, and E; denotes the “no harvest” area, respectively.

3.2.2 Disaster Intensity

By using the ratio of covered area to sown area, the changes in
disasters in China during 1990-2011 were discussed (Du et al,
2015). However, using certain indicators alone, namely, the covered
area, affected area, or “no harvest” area, cannot effectively describe
the evolutionary characteristics of natural disasters (Li et al., 2010;
Zhao et al., 2017). This paper constructs a disaster intensity index to
assess the comprehensive impact of disasters on grain yield.

M; = (w,B; + w,C; + wsEi)/Si = Ai/si ()
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FIGURE 2 | Disaster-induced grain yield loss and the driving factors in nine agricultural regions of China from 1978 to 2019. (A) represents the grain yield loss, (B)
represents the disaster intensity, (C) represents the yield loss density, and (D) represents the grain planting area.

where M; is the disaster intensity index; B;, C;, and E; are the
covered area, affected area, and “no harvest” area, respectively; S;
is the grain planting area; and A; is the weighted area. It is
assumed that w, is 1; then according to Eq. 1, w; = 0.1/0.2 = 0.5
and ws = 0.5/0.2 = 2.5.

3.2.3 Logarithmic Mean Divisia Index Method

The LMDI model was proposed by Ang based on the Divisia
index decomposition method (Ang, 2005). The LMDI
decomposition method has the advantages of complete
decomposition, factor reversibility, and can produce
consistent decomposition results (Ang, 2015). Thus, LMDI
was widely used as an important research method in energy
and environmental science (Guan et al., 2018; Pei et al,,
2021), and was introduced into the field of crop
production research in recent years (Xu et al., 2021).
According to the principle of LMDI, the disaster-induced
grain yield loss is decomposed into the three determinants as
follows:

D= igxéxs —ZI X M; x §;

3
~A; S = )

where = is the yield loss density (denoted as I;), 5 4 represents the
dlsaster intensity, denoted as M;, and §; represents the grain
planting area.

Incorporating Eq. 3 with the LMDI method, the change in
disaster-induced grain yield loss can be divided into grain yield
loss effect (ADy), disaster intensity effect (ADy,), and planting
area effect (ADs).

AD = D; — D;_; = AD; + ADy; + ADg (4)

According to the LMDI addition decomposition principle, the
three effects are calculated as follows:

1 I (1)
n . i1 Mi (t)
ADy = ;L (D}, D )ln(m) ©
n . . S;(t)
ADs = ;L(Di,Di 1)ln(m> (7)

Note that:
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4. RESULTS AND DISCUSSION

4.1 Spatial-Temporal Characteristics of

Disaster-Induced Grain Yield Loss in China
4.1.1 Time Variation Pattern of Disaster-Induced Grain
Yield Loss

Figure 1 shows the disaster-induced grain yield loss from 1978 to
2019 in China. During 1978-2019, China experienced a disaster-
induced grain yield loss of 32.35 x 10° tons annually (6.7% of
grain output), which can feed approximately 80.88 million people
a year. Based on grain yield loss, the disasters were in descending
order: drought, flood, storm and hail, low-temperature, other
disasters, and typhoons. This further confirmed the fact that
drought and flood were the most serious disasters in China
(Zhang et al., 2014; Guan et al.,, 2015; Zhao et al., 2017).

The year 2000 was an important cutoff point for the change in
disaster-induced grain yield loss in China, which further
confirmed the previous research (Hu, 2016). Between 1978
and 2000, disaster-induced grain yield loss showed increasing
trend, rising from 24.45 x 10° to 50.04 x 10° tons (2.14 times of

that in 1978). The floods in 1991 and 1998 caused more than 50%
of disaster-induced grain yield loss. After 2000, due to the
implementation of effective flood disaster prevention plan (Ali
et al, 2020), the flood-induced grain yield loss decreased
significantly. In 2000, China experienced the most serious
drought during the period (76.98% of the total loss in that
year). In contrast, between 2000 and 2019, disaster-induced
grain yield loss rapidly decreased to 19.76 x 10° tons. Since
2000, the adjustment of agricultural policies and
popularization of agricultural mechanization mitigated the
impact of disasters to some extent. Moreover, favorable
natural conditions had a positive impact on grain production
(Holst et al., 2013; Zhu et al., 2013) (Figure 1).

Considering the variations in China’s grain yield loss, it was
divided into eight stages: 1978-1984, 1984-1990, 1990-1995,
1995-2000,  2000-2004, 2004-2012, 2012-2017, and
2017-2019. Before 2000, grain yield loss increased, with the
exception of a stage of slight decrease (5.88%) from 1978 to
1984. From 1984 to 1990, grain yield loss increased by 5.62 x 10°
tons (25.48%). From 1990 to 1995, grain yield loss increased by
7.97 x 10° tons (28.83%). From 1995 to 2000, the increase of grain
yield loss reached 14.41 x 10° tons (40.45%), which was the
largest increase in all stages. However, grain yield loss
decreased by 22.55 x 10° tons (45.07%) from 2000 to 2004.
From 2004 to 2012, grain yield loss decreased by 6.56 x 10°
tons (23.87%). From 2012 to 2017, grain yield loss decreased
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FIGURE 4 | Contributions of driving factors to changes in disaster-induced grain yield loss between 1978 and 2019.

by 3.22 x 10° tons (12.86%). From 2017, grain yield loss increased
by 2.20 x 10° tons (12.08%).

4.1.2 Spatial Distribution Pattern of Disaster-Induced
Grain Yield Loss
Figure 2 shows the spatial distributions of disaster-induced grain
yield loss, disaster intensity, yield loss density, and grain planting
area in the nine agricultural regions of China. The Middle-Lower
Yangtze, Huang-Huai-Hai region, and Northeast China experienced
the most of grain yield loss, accounting for 66.55% of total grain yield
loss (Figure 2A). Before 2000, grain yield loss occurred mainly in the
Middle-Lower Yangtze and the Huang-Huai-Hai region. After 2000,
there was a significant decrease in the two regions; however, there
was increasing trend of grain yield loss in Northeast China. The gaps
of grain yield loss between Northeast China and the above two
regions were obviously widened after 2014. Overall, Northeast China
became the area with the greatest grain yield loss over time.
There were significant differences in disaster intensity among
the nine agricultural regions (Figure 2B). Inner Mongolia, Loess
Plateau, South China, and Northeast China had the highest
disaster intensity levels, followed by the Gan-Xin and
Qinghai-Tibet. The disaster intensity was lowest in the
Middle-Lower Yangtze, Huang-Huai-Hai, and Southwestern
China. Over time, the yield loss density increased in the nine

agricultural regions (Figure 2C). The Middle-Lower Yangtze,
Huang-Huai-Hai, and Northeast China experienced the highest
levels, followed by Southwestern China, Gansu-Xin, and
Qinghai-Tibet, while the Loess Plateau region, Inner
Mongolia, and South China had the lowest levels of yield loss
density. The Middle-Lower Yangtze, Huang-Huai-Hai, Northeast
China, and Southwestern China were the major grain planting
areas in China, followed by the Loess Plateau and South
China, and the Qinghai-Tibet region had the smallest grain
planting area (Figure 2D). When considering the variations of
the trend, in the Middle-Lower Yangtze, the grain planting area
decreased significantly after 2000, while increased obviously in
Northeast China, especially after 2000 (the grain planting area in
2019 increased by 8,926,960 ha compared with 2000).

This study applied the standard deviation ellipse (SDE)
(Lefever, 1926; Furfey, 1927; Hou et al, 2021), which can
effectively and accurately identify overall patterns of the spatial
distribution of geographical factors. It was used to analyze the
spatial distribution and gravity center of disaster-induced grain
yield loss in China (Figure 3).

Most disaster-induced grain yield loss incidents in China
concentrated in the southwest-northeast belt, and the belt
expanded in the northeast direction, which was consistent
with the results in other studies (Guo et al, 2019). This
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pattern was consistent with the spatial agglomeration pattern of
grain production (Li et al., 2016; Wang et al., 2018; Pan et al,
2020). The Gravity Center geographical coordinates of disaster-
induced grain yield loss ranged from 113.88°E-116.94°E to
33.58°N-37.89°N, and moved from Henan Province, Shanxi to
Hebei. Especially after 2000, the Gravity Center shifted to the
northward at a significantly faster speed. The long axis of the SDE
extended from 1,028.89 km in 1978 to 1,458.27 km in 2019, while
the short axis shrunk from 786.53 km in 1978 to 688.84 km in
2019. Overall, the ratio of the short axis to the long axis decreased.

4.2 Decomposition of Disaster-Induced

Grain Yield Loss

4.2.1 Decomposition Results for the Whole of China
Figure 4 shows how the three driving factors (disaster intensity,
yield loss density, and grain planting area) contributed to changes
in disaster-induced grain yield loss during the study period. It was
clear that the majority of the changes came from disaster
intensity, while yield loss density and the grain planting area
contributed relatively little.

In 1978-1984, 2000-2004, 2004-2012, and 2012-2017, the
contribution of yield loss density was negative, indicating that it
played a negative role in the decline of disaster-induced grain
yield loss, while grain planting area was helpful to reduce the
disaster-induced grain yield loss in 1978-1984, 1990-2004, and
2017-2019.

4.2.2 Inter-Regional Differences of the Effects

4.2.2.1 Yield Loss Density Effect

During the entire study period, the region where yield loss
density effect was greatest shifted from Huang-Huai-Hai to
Inner Mongolia (Figure 5A). In 1978-1984, yield loss density
effect in Huang-Huai-Hai was largest, followed by the Middle-
Lower Yangtze and Northeast China, while yield loss density effects
in other regions were relatively little. Between 1984 and 1990, the
regions with the greatest contribution of yield loss density were
Huang-Huai-Hai, Northeast China, and Inner Mongolia, followed
by South China and the Middle-Lower Yangtze. From 1990 to
1995, the contributions of yield loss density in both Huang-Huai-
Hai and the Middle-Lower Yangtze were higher than those of other
regions, while during 1995-2017, the region contributed the most
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yield loss density effect was Northeast China. After 2017, the region
with the greatest yield loss density effect transferred to Inner
Mongolia, which was followed by Northeast China.

4.2.2.2 Disaster Intensity Effect

Figure 5B reveals the disaster intensity effect on changes of
disaster-induced grain yield loss in nine agricultural regions of
China. Overall, the four regions’ disaster intensity effects were
relatively great, namely, Middle-Lower Yangtze, Northeast
China, Southwestern China, and Inner Mongolia. Between
1978 and 2019, the region with the greatest disaster
intensity effect transferred from Middle-Lower Yangtze to
Inner Mongolia. In 1978-1990, disaster intensity effect of
Middle-Lower Yangtze was the largest among the nine
regions. From 1990 to 1995, Northeast China’s disaster
intensity effect was the highest, followed by the Loess
Plateau, and other regions. From 1995 to 2000, Huang-
Huai-Hai contributed the largest disaster intensity effect,
followed by Northeast China and other regions. Middle-
Lower Yangtze showed the greatest disaster intensity effect
during 2000-2004 and 2012-2017, while Northeast China’s
disaster intensity effect contributed the most from the period
2004-2012. Inner Mongolia was the major region with the
negative effect of disaster intensity, which offset the increase in
disaster-induced grain yield loss in 2017-2019.

4.2.2.3 Grain Planting Area Effect

Figure 5C shows the contribution of the grain planting area in
the nine agricultural regions. From 1978 to 1990, Huang-Huai-
Hai was the region with the greatest grain planting area effect. In
1990-2000, grain planting area in Middle-Lower Yangtze offset
the increase in disaster-induced grain yield loss mostly. From
2000 to 2004, the region with the grain planting area effect was
Huang-Huai-Hai. From 2004 to 2017, the region with the
greatest grain planting area effect transferred to Northeast
China, followed by Inner Mongolia, the Huang-Huai-Hai,
and the Middle-Lower Yangtze, while in 2017-2019, Middle-
Lower Yangtze contributed the greatest grain planting area
effect, which offset the increase in disaster-induced grain
yield loss.

5 CONCLUSION AND
RECOMMENDATIONS

5.1 Conclusion

This study applied the LMDI method to analyze three factors
contributing to the changes in disaster-induced grain yield loss in
China between 1978 and 2019, namely, yield loss density, disaster
intensity, and grain planting area. The study yielded the following
key results.

1) China’s disaster-induced grain yield loss peaked in 2000 and
then entered a declining period, and drought and flood were
the main disasters causing grain yield loss. (2) The gravity
center of China’s disaster-induced grain yield loss shifted
northward. Disaster-induced grain yield loss presented a

Disaster-Induced Grain Yield Loss Factors

spatial distribution pattern in a northeast-southwest belt
encompassing the Middle-Lower Yangtze, the Huang-Huai-
Hai, and Northeast China. (3) Disaster intensity was the
principal factor driving the changes in disaster-induced
grain yield loss in China, followed by yield loss density and
the grain planting area.

5.2 Recommendations

1) To reduce China’s disaster-induced grain yield loss caused by
drought and flood disasters, flood and drought prevention
measures should be reinforced. These measures include the
application of water-saving techniques for dry farming, water
drainage and moisture dissipation techniques, and other
agricultural techniques.

2) The spatial distribution of China’s disaster-induced grain
yield loss was consistent with the spatial pattern of the
grain production. This highlights the need to enhance the
capacity of disaster prevention and reduction in the main
grain-producing areas, especially in the Middle-Lower
Yangtze, Huang-Huai-Hai, and Northeast China.

3) Based on inter-regional differences, targeted measures to
reduce disaster-induced grain yield loss are needed. More
specifically, in Northeast China, reducing the disaster
intensity and optimizing the grain planting structure are
more important than increasing the scale of grain planting
area. In the Middle-Lower Yangtze and the Huang-Huai-Hai,
the grain planting area and yield loss density mainly offset the
decline in disaster-induced grain yield loss since 2004. This
indicates that optimizing the grain planting structure and
disaster prevention and reduction should be prioritized in
these two regions. In Inner Mongolia, disaster intensity was
the main factor that hindered the reduction in disaster-
induced grain yield loss since 2012. Thus, reducing disaster
intensity is more urgent in that region.
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