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Natural disasters have a major detrimental impact on agricultural production. In recent
decades, China has experienced more frequent natural disasters as a result of climate
change. Although the spatial and temporal changes in natural disasters for individual
catastrophic activities are well understood, the impact of several disasters on cereal crop
productivity and subsequent quality loss remains unknown. Furthermore, due to the key
significance of cereal in China’s daily diet, a decrease in cereal quality, namely protein, will
have a detrimental effect on nutrient supply. To better understand the relationship between
natural disasters and cereal crop food quality in China, we used province-level data from
1988 to 2020 to construct a dataset of natural disasters, crop production, and protein
contents of cereal crops (rice, wheat, and maize). Our findings suggest that activities in
areas affected by natural disasters have decreased dramatically since the 21st century,
with changes in areas affected by such disasters varying by province. Between 1988 and
2020, the total protein losses from grain and straw harvests due to natural disasters were
11.93 and 391.27 million tons. Overall, the annual mean total protein loss in maize, rice,
and wheat was 4,982.26, 5,055.4, and 4,200.34 thousand tons, respectively. Although
was responsible for half of the protein losses in more than half of the provinces. Drought
and floods accounted for 80% of the total area affected by all natural disasters.

Keywords: natural disasters, agricultural, protein losses, sustainable production, China

INTRODUCTION

Natural disasters, which are described as unavoidable natural phenomena that occur all over the
world, can cause significant property damage and loss of life. The 2018 State of Food Security and
Nutrition in the World report shows that (Organization 2018), extreme weather conditions such as
natural disasters have a negative impact on agricultural productivity, food production, and existing
food growing practices, thereby widening the food supply gap over a longer period of time (Lesk
et al., 2016). Droughts, floods, low-temperature events, hailstorms, and typhoons are among the
natural disasters that have a profound effect on agriculture (Guan et al.,, 2015), although predicting
the intensity of such natural disasters in advance allows communities to take measures to sustain
food production as much as possible (Wang et al., 2020). As the world’s largest producer and
consumer of cereals, China is increasingly studying the effects of natural disasters on cereal yields
within China in the context of more frequent natural disasters (Lei and Wang 2014). For example,
Long Fang et al. studied the impact of natural disasters on grain yields in China and showed that the
rate of natural disaster success has a large impact on rice yield (Fang et al., 2011). As protein is the
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second most abundant nutrient in cereals besides carbohydrates,
we can hypothesize that the impact of natural disasters on
agriculture will result in changes in cereal protein yields.
Protein is an extremely complex nitrogen-containing organic
molecule that serves as the basic foundation for life (Heird 1998;
Westerterp-Plantenga 2003). Protein supply is a direct indicator
of people’s physical and mental well-being, as well as an essential
emblem of a country’s economic, scientific, and cultural
development (Wardlaw and Insel 1996; Luo 2006). Because
China has such a large population, ensuring an adequate
protein supply and improving the level of quality protein has
always been a priority for the country’s food plan (Luo 2006).
Because the majority of animal protein is obtained through the
consumption of plant protein, increasing plant protein
production, particularly cereal protein, has become the key to
solving this problem. Grains such as rice, corn and wheat are rich
in protein (7-15% of dry weight), which makes them an
important source of protein for human needs. Cereal protein
raw materials are abundant and inexpensive, and they have
unrivaled functions and a vast potential for application in the
food industry, whether as food additives or protein sources
(Wang and Kang 2006). China is experiencing a higher
demand for food as its population grows and its economy
develops, yet the trend of declining arable land and water
resources in China is unstoppable year after year (Luo 2006).
In this context, increasing grain protein yield per unit of arable
land is gradually becoming a high-profile research topic (Luo
2006). In addition, although straw is not high in protein, it is an
important source of protein when formulating feeds for livestock,
especially fast-growing monogastric animals such as pigs and
poultry (Shewry 2007). In 2017, worldwide wheat, maize, and rice
output totaled 0.772, 1.13, and 0.770 billion tons, respectively. In
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China, agriculture accounted for 14.3, 14.2, and 25% of totals
http://www.fao.org/faostat/zh/# data/QC/visualize). Grain and
straw harvests from cereal crops (wheat, maize, and rice) in
China totaled more than 046 and 0.81 million tons,
respectively (Zheng et al., 2020).

Natural disasters have always struck China as a result of its
complex geographical environment and the regular occurrence of
the East Asian monsoon (Simelton 2011; Zhou et al., 2013). These
repeated calamities have hampered China’s economy and society’s
long-term growth. For example, natural disasters, cost the Chinese
economy 264.5 billion RMB in 2018, affecting 130 million people
and resulting in 589 deaths, as well as damaging 20.8 million
hectares (ha) of cropland. As a result, natural disasters have a
detrimental impact on China’s food output. Although some
previous research has looked into the spatiotemporal patterns of
natural disasters and their effects on grain production (Shi and Tao
2014; Du et al., 2015), no complete analysis of multiple major natural
disasters and their impacts on various cereal crops has been
performed (Guo et al,, 2019). Furthermore, although cereals such
as rice, maize and wheat provide 37% of the protein in the global
human diet (Liu et al, 2021), o our knowledge, no study has
estimated losses in the cereal protein harvest due to natural disasters.

To examine the relationship between climatic events and grain
protein content, we collected datasets on natural disasters and crop
output in China from 1988 to 2020, using data at the provincial
level, and assessed the protein levels of different cereal crops. We
also asked the following three questions: 1) How have natural
disasters affected different cereal harvests in China over the last
3 decades? 2) What are the different effects of natural disasters on
different cereal crops in different spatial dimensions? 3) During the
time period selected for this study, how much protein was lost as a
result of various natural disasters?

Rice Wheat

PIIN

Area (Thousan

ajeIapoy

BIONS

— Drought =— Flood — Hail = LowTemp — Total

FIGURE 1 | Trends in the area affected by natural disasters from 1988 to 2020. The smooth lines in each panel represent loss trends.
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METHOUDS AND MATERIALS

Study Area

The People’s Republic of China, is the third largest country in
the world in terms of land area, and the results of the seventh
national census of China show that its total population is 144,
349, 7378, ranking first in the world. This means that China
supports more than 20% of the world’s population with only
7% of the world’s land area, and sustainable agricultural
production therefore plays a crucial role in China’s food
security (Zhao et al, 2022b; Xia et al., 2022). Cereal
production areas are widely distributed in China, and the
country’s vast size, the wide latitudinal span between north
and south and the complexity and diversity of its climate have
led to the occurrence of many different types of natural
disasters throughout the country (Song et al., 2020; Shahzad
etal., 2022). Therefore, to ensure the comprehensiveness of the
study, this paper collected data on natural disasters and cereal
production in all provincial-level regions within China except
Hong Kong, Macau, and Taiwan (data for these three regions
were not available) between 1988 and 2020, and used them to
investigate the changes in natural disasters and their effects on
cereal protein harvest within each province and six geographic
regions of China during the corresponding time period.
According to the traditional definition, the six geographical
regions of China are defined as Northeast (NE), North China
(N), the Changjiang River region (CJ), Northwest (NW),
Southwest (SW), and Southeast (SE) (Shutian et al., 2011)
(Supplementary Table S1). These six geographic regions tend
to have very different climatic characteristics, which results in
them often receiving different natural disasters.

Natural Disasters and Sustainable Production

Data Sources
The statistics for natural disasters are from the China Rural Statistics

Yearbook (http://data.cnki.net/yearbook/single/N201903022_0). The
yearly areas of various disaster effect intensities were included in these
statistics. There were three levels of disaster intensity: mild (grain loss
between 10 and 30%), moderate (30-70%), and severe (>70%). In
addition, data on the areas impacted by natural disasters such as
floods, droughts, cold temperatures, and hail were gathered. The
China Agriculture Statistical Report (http://data.cnki.net/yearbook/
Single/N2017120001) was used to obtain cultivation areas and
productivity statistics for cereal crops. Finally, all information was
gathered and analyzed at the provincial level.

Statistical Analysis
The formulas utilized to compute the protein loss due to natural
disasters from grain across the full study area are Egs. 1-5.

31 3 5

PLGrain = ) )Y Yield x AD; x CAR; x Proy x Int; x 0.01

i=1 k=1li=1

(1)
31 3 5
SD(PLgrain) = Y Y. ¥ Yield x AD; x CARy x Proy x Int; x SD; x 0.01
i=1 k=1i=1
(2)
31 3 5
PLgyaw = ). ) Yield x AD; x CARy. x Proy x Int; x GtS;;
i=1 k=1i=1
x (1= STR;; - STB;;) x 0.01 €)

31 3 5
SD(PLsira) = ). .Y Yield x AD; x CARy x Prog x Int; x GtS;;

i=1 k=1i=1

x (1= STR;; - STB; ;) x SD x 0.01 (4)
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FIGURE 2| Trends in the ratio of the natural disaster-affected area to the total cultivation area for different disaster intensities and different crops from 1988 to 2020.
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PL = PLGain + PLstraw (5)
Where i denotes the province, k the crop type, and j the disaster
type; PLGain and PLg,,,,, (ton) represents the total protein loss
from grain and straw in China; The yield of each crop per
hectare is referred to as the Yield. The disaster-affected area is
represented by AD. The ratio of different cereal cultivation
areas is represented by CAR. Pro represents the protein content

Natural Disasters and Sustainable Production

of different cereal crop’s grain or straw. The loss of grain caused
by various levels of natural disaster intensity is referred to as
Int. STR stands for the rate of straw return in various provinces
and for various cereal crops. The rate of straw burning in
different provinces and for different cereal harvests is
represented by STB. The standard deviation of the different
natural disasters’ intensities is represented by SD. The
conversion factor in the equations is 0.01, which represents
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FIGURE 3 | Trends in the ratio of the area affected by each natural disaster type to the total cultivation area from 1988 to 2020. The smooth lines in each panel
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FIGURE 4 | Changes in the vyield of rice, wheat, and maize in China from 1988 to 2020. The smooth lines in each panel represent loss trends.
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FIGURE 5 | Changes in the area affected by different mild natural disasters for rice, maize, and wheat in each province from 1988 to 2020.

the standard deviation of the intensities of the various natural =~ Table S2 shows the grain to straw ratio, which was derived
disasters. The parameters stated above include detailed  from the references therein (Liu and Li 2017). Supplementary
information, which is presented below. Supplementary  Table S3 and Supplementary Table S4 show the straw
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FIGURE 6 | Changes in the area affected by different moderate natural disasters for rice, maize, and wheat in each province from 1988 to 2020.

returning rates and straw burning rates in different regions for
wheat, maize, and rice over different study periods (Liu and Li
2017). Supplementary Table S5 shows the severity of natural

disasters. Supplementary Table S6 shows the average protein
content of wheat, maize and rice in different provinces based on
data from the China Crop Germplasm Resources Information
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FIGURE 7 | Changes in the area affected by different severe natural disasters for rice, maize, and wheat in each province from 1988 to 2020.

Network (https://www.cgris.net/), Crop straw feed processing Linear regression was used to determine the change in protein
and application and National Library of Standards (http://  losses due to natural disasters and the change in affected areas in
www.nssi.org.cn/), China (Xing 2008). each province from 1988 to 2020. The R programming language
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TABLE 1 | Linear changes in the maize cultivation area affected by different natural disasters from 1988 to 2020. * indicates the presence of statistical significance (Ps < 0.05).

Regin Province Mild Moderate Severa
Drought Flood Hail LowTemp Total Drought Flood Hail LowTemp Total Drought Flood Hail LowTemp Total
CJ Anhui -2.94 -0.48 -0.25 0.08 -3.06 -2.24 -1.37 -0.4* 0.02 -3.72 -0.39 -0.24 -0.08* -0.01 -0.62
Hubei -2.53 1.7 -0.39 1.49 0.41 -1.78 0.77 -0.19 0.54 -0.61 -0.45 0.04 -0.06 0.04 -0.49
Hunan -0.04 1 0.07 1.05 2.23 -0.02 0.29 -0.01 0.6 0.92 0.1 -0.04 0 0.1 0.18
Jiangsu -4.36* -4.84* -1.06* -0.8 -10.64* -2.1* -2.02 -0.56* -0.33 -4.83* -0.4* -0.56 -0.09* -0.03 -1.06*
Jiangxi -0.22* -0.13 -0.05" 0.02 -0.37* -0.07 -0.09 -0.02* 0.01 -0.17 -0.01 -0.06 -0.01 0 -0.08
Shanghai -0.21 -0.26 -0.09 -0.04 -0.59 -0.06 -0.15 -0.04 -0.01 -0.26 -0.01 -0.04 -0.01 0 -0.06
Zhejiang -0.11 -0.37* -0.13* 0.18 0.23 -0.04 -0.22* -0.05* 0.06 0.04 -0.03 -0.07* -0.01* 0 -0.01
N Beijing -2.46* -0.1 -0.55 0.01 -3.07* -1.06* 0.04 -0.13 -0.01 -1.14* -0.18* -0.01 -0.03 0 -0.26*
Hebei -18.28* 0.08 -1.86 1.79 -18.09* -6.95 -1.01 -2.24 1.05 -8.95 -1.12 -0.84 -0.63 0.2 -2.86
Henan -20.94* -4.02 -0.51 -1.29 -41.15 -13.83* -2.08 -0.54 -0.48 -16.65* -2.62* -0.83 -0.58 -0.14 -6.11
Shandong -31.05* -4.1 -5.17* 0.45 -37.74* -13.97* -3.78 -2.32% 0.05 -19.14* -3.08* -1.36* -0.61* 0.01 -5.24*
Shanxi 1.79 0.52 1.59 3.32 7.28 -0.16 0.13 1.45% 1.51 2.99 -0.06 -0.09 0.2 0.56* 0.38
Tianjin -2.95 -0.13 -0.58" 0.05 -3.55* -1.23* 0.07 -0.19 0.01 -1.32* -0.28 -0.04 -0.03 0 -0.39*
NE Heilongjiang 11.66 -8.85 4.1 -1.66 10.33 9.31 -2.88 2.87* -0.56 10.58 -0.3 -0.47 0.63 -0.16 -0.14
Jilin -15.94 -19.39* -2.61 -5.19* -41.94* -6.39 -12.74* -2.05 -2.99* -25.71* -1.38 -4.22* -0.51 -0.45* -7.25*
Liaoning -3.32 -4.98 -2.5* -1.46 -10.34 0.56 -3.69 -1.25 -0.93 -4.11 1.81 -1.81 -0.14 -0.15 -0.63
NW Gansu 9.98* 1.83* 2.4* 4.57* 18.87¢ 5.73" 1.35* 1.65* 2.03* 10.71* 0.73 0.18* 0.27* 0.25 1.39*
Inner Mongolia 40.5* 6.68 8.29" 4.36 59.78* 25.01* 3.06 5.21* 2.36 35.74* 7.34* 1.2 1.24* 0.57 10.07*
Ningxia 3.51* 0.24 0.62* 0.92 5.29* 1.89* 0.12 0.35* 0.27 2.65* 0.37 0.03 0.13* 0.1 0.59*
Qinghai 0.39* 0.1* 0.32* 0.22* 1.03* 0.17* 0.05* 0.23* 0.09* 0.65* 0.01 0.01* 0.05* 0.01* 0.08*
Shaanxi -14.98* -1.64 0.57 0.62 -15.39* -7.42* -1.45 0.31 0.17 -8.35* -2.21* -0.23 0.05 0.11 -2.49*
Xinjiang 3.27 1.49* 5.64* 3.06 14.54* 217 1.07* 4.6* 1.91 10.04* 0.21 0.21 1.01* 0.23 1.61*
Yunnan 10.91 -0.13 1.1 3.17* 15.94* 7.49 -0.26 0.6 1.12 9.41* 2.43 -0.03 0.24 0.33 2.99*
SE Fujian -0.08 -0.16 -0.01 0.08 0.1 -0.03 -0.07 0 0.02 0.05 -0.01 -0.02 0 0.01 0.01
Guangdong -0.26 -0.09 -0.17 0.01 1.37* -0.11 -0.11 -0.07* -0.02 0.51 -0.02 -0.05 -0.02 -0.01 0.11
Guangxi -4.48* -2.21 -0.63 0.52 -3.63 -2.71* -1.44 -0.38* 0.17 -3.34* -0.67* -0.66 -0.09* -0.09 -1.54*
Hainan -0.34* -0.36 -0.28 -0.02 -0.78 -0.05 -0.18 -0.14 -0.01 -0.28 -0.01 -0.05 -0.03 0 -0.04
SW Chongaing -11.68* -3.77 -2.2* -1.29 -18.2* -5.95* -2.69 -1.69* -0.84 -10.69* -1.26 -0.43 -0.5* -0.08 -2.29*
Guizhou 0.71 -1.15 -0.94 1.24 0.19 2.05 -0.94 -0.66 0.39 0.92 1.8 -0.2 -0.02 0.17 1.62
Sichuan -14.07* -3.94 -3.2* 0.25 -20.89* -6.53* -2.45 -1.25% -0.05 -9.59* -1.25* -0.74 -0.28* -0.01 -2.47*
Tibet -0.18 -0.02 -0.01 -0.01 -0.21 -0.05 -0.01 0 0 -0.07 -0.01 0 0 0 -0.01
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TABLE 2 | Linear changes in the rice cultivation area affected by different natural disasters from 1988 to 2020. * indicates the presence of statistical significance (Ps < 0.05).

Regin

CJ

NE

NW

SE

SW

Province

Anhui

Hubei
Hunan
Jiangsu
Jiangxi
Shanghai
Zhejiang
Beijing
Hebei
Henan
Shandong
Shanxi
Tianjin
Heilongjiang
Jilin
Liaoning
Gansu
Inner Mongolia
Ningxia
Qinghai
Shaanxi
Xinjiang
Yunnan
Fujian
Guangdong
Guangxi
Hainan

Chongaing
Guizhou
Sichuan
Tibet

Mild Moderate Severa
Drought Flood Hail LowTemp Total Drought Flood Hail LowTemp Total Drought Flood Hail LowTemp Total
-21.87* -12.37 -2.86* -1.06 -36.64* -12.63* -12.04 -2.55" -0.35 -26.81* -2.33 -3.14 -0.53* -0.07 -5.69*
-30.81* -9.58 -4.16* 2.93 -40.99* -17.05* -5.38 -1.82 0.93 -23.1* -3.66* -2.09 -0.56 -0.08 -6.84*
-37.35* -23.22 -4.2% 13.2 -49.34* -20.26* -17.55* -2.5* 8.08 -31.2* -2.71 -6.76* -0.35 1.38 -8.36*
-21.76* -25.47* -5.25* -3.98 -54.16* -10.46* -10.69 -2.82* -1.62 -24.63* -2.02* -2.98 -0.47* -0.14 -5.47*
-563.11* -11.81 -7.74* 3.85 -66.19* -19.42* =777 -3¢ 2.11 -27.18* -3.85 -5.66 -0.76* 0.62 -10.07*
-6.23 -7.53 -2.63 -1.19 -17.18 -1.62 -4.52 -1.29 -0.4 -7.66 -0.39 -1.25 -0.28 -0.06 -1.8
-15.78* -26.67* -7.04* 212 -39.64* -6.1* -15.08* -2.99* 0.75 -20.48* -2.09 -4.19* -0.73* 0.01 -5.32*
-0.39* -0.08* -0.17* 0 -0.63* -0.17* -0.03* -0.08* 0 -0.28* -0.03* -0.01* -0.02* 0 -0.06*
-1.99* -0.32* -0.49* -0.02 -2.82* -0.9* -0.22 -0.34* 0 -1.45* -0.17* -0.08 -0.08* 0 -0.37*
-5.07* -0.99 -0.19 -0.31 -10.17 -3.24* -0.5 -0.15 -0.12 -3.94* -0.61* -0.19 -0.13 -0.03 -1.45
-1.6* -0.3 -0.31* 0 -2.12* -0.74 -0.23 -0.14* 0 -1.07* -0.16* -0.08* -0.03* 0 -0.28*
-0.22* -0.04* -0.02* -0.02 -0.3* -0.11* -0.02* -0.01* -0.01 -0.15* -0.02* -0.01* 0* 0 -0.03*
-1.02* -0.15 -0.28* 0 -1.44* -0.42* -0.06 -0.13* 0 -0.6* -0.09 -0.02 -0.03* 0 -0.16*
15 2.06 3.28 -0.05 23.34 9.1 1.72 2.07* 0.15 14.16 0.39 0.66 0.45 0 1.6
-2.53 -3.64* -0.42 -0.98* -7.33* -0.95 -2.4* -0.35 -0.59* -4.58 -0.22 -0.79* -0.09 -0.09* -1.32
-4.37 -1.8 -1.08* -0.59 -7.28 -1.66 -1.32 -0.53* -0.37 -3.51 0.08 -0.61 -0.07 -0.06 -0.82
-0.03 -0.01 0 0.02 -0.02 -0.01 0 0 0.01 0 -0.01 0 0 0 -0.01
0.08 -0.09 0.03 0.02 0.03 0.14 -0.13 0.04 -0.01 0.05 0.11 -0.04 0.01 0.01 0.06
0.41 0 0.04 0.12 0.56 0.28 0 0.03 -0.02 0.29 0.03 -0.01 0.03 0.01 0.04
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
-2.86" -0.49* -0.08 -0.02 -3.45* -1.43* -0.33* -0.04 -0.03 -1.83* -0.38" -0.08 -0.01 0 -0.49*
0.03 0.05 0.21 0.23 0.72 0.1 0.06 0.31* 0.15 0.68* 0 0.01 0.07* 0.01 0.09
6.13 -1.11 0.45 1.99 8.11 4.81 -0.75 0.27 0.66 5.33 1.64 -0.16 0.14 0.22 1.83
-8.96" -19.62* -1.81* -0.39 -27.75* -3.43 -9.88* -0.8* -0.7 -13.67* -0.72 -2.64* -0.18* -0.08 -3.18*
-27.8* -21.07* -9.58* -3.12 -43.73* -11.24* -12.37* -4.31* -1.55 -20.99* -2.2* -3.54* -1.01* -0.46 -5.35"
-22.86" -11.52* -3.09* 1.84 -24.61* -13.74* -7.16 -1.8* 0.6 -18.56* -3.22* -3.04 -0.45* -0.36 -7.34*
-10.98* -12.25 -8.97 -0.37 -25.11 -1.59 -6.04 -4.75 -0.22 -9.74 -0.3 -1.63 -1.06 -0.05 -1.6
-18.4* -6.32 -3.44* -2.03 -29.06* -9.35* -4.4* -2.61* -1.32 -16.96* -1.98 -0.73 -0.77* -0.13 -3.63"
-2.41 -2.61 -1.68* 0.54 -5.84 0.36 -1.71* -1.04* 0.07 -2.23 1.29 -0.4 -0.12 0.1 0.71
-27.51* -9.13* -6.12* -0.02 -42.67* -12.64* -5.25* -2.42* -0.28 -19.5 -2.41* -1.54* -0.54* -0.05 -4.9*
-0.05 -0.01 0 0 -0.07 -0.02 0 0 0 -0.02 0 0 0 0 0
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TABLE 3 | Linear changes in the wheat cultivation area affected by different natural disasters from 1988 to 2020. * indicates the presence of statistical significance (Ps < 0.05).

Regin Province Mild Moderate Severa
Drought Flood Hail LowTemp Total Drought Flood Hail LowTemp Total Drought Flood Hail LowTemp Total
CJ Anhui -19.04* -9.41 -2.37 -0.62 -29.83* -11.49 -10.1 -2.27* -0.22 -23.27* -2.1 -2.51 -0.47* -0.05 -4.78
Hubei -15.92* -5.3 -2.18* 1.31 -21.82* -8.77* -2.95 -0.97* 0.37 -12.23* -1.87* -1.12 -0.29* -0.06 -3.59*
Hunan -2.62* -2.49* -0.37* -0.08 -5.56* -1.41* -1.51* -0.18* -0.03 -3.13* -0.27* -0.46* -0.03* -0.01 -0.79*
Jiangsu -20.99* -25.64* -5.15* -3.93 -53.7* -10.03* -10.85 -2.77* -1.59 -24.39* -1.94* -3.02 -0.47* -0.13 -5.42*
Jiangxi -1.49* -0.8* -0.24* -0.1 -2.62* -0.56* -0.48* -0.09* -0.04 -1.18* -0.11* -0.18* -0.02* -0.01 -0.35"
Shanghai -1.71 -2.08 -0.72 -0.37 -4.72 -0.44 -1.23 -0.35 -0.13 -2.09 -0.12 -0.34 -0.08 -0.02 -0.49
Zhejiang -2.09* -3.63" -0.9* 0.05 -5.98" -0.81* -1.96* -0.38" 0 -3* -0.27 -0.54* -0.09* -0.01 -0.75"
N Beijing -2.22* -0.31 -0.77* 0 -3.28* -0.97* -0.1 -0.31* -0.01 -1.37* -0.18* -0.02 -0.08* 0 -0.32*
Hebei -29.9* -3.41 -5.99* 0.68 -38.44* -12.69* -2.89 -4.65* 0.55 -19.47* -2.25 -1.28 -1.14* 0.1 -5.16*
Henan -59.22* -12.35 -3.34 -3.8 -115.1 -36.72* -6.11 -2.29 -1.38 -45.94* -6.98* -2.22 -1.42 -0.36 -15.93*
Shandong -58.12* -11.8 -10.55* -0.35 -78.24* -25.92* -8.34* -4.61* -0.16 -37.94* -5.46* -2.71* -1.16* -0.01 -9.8*
Shanxi -20.08* -4.13* -1.13 -0.26 -25.55" -10.51* -2.05" -0.25 -0.34 -13.08" -2.06 -0.66" -0.12 0.15 -3.03"
Tianjin -2.75* -0.26 -0.64* 0.03 -3.58* -1.14* -0.04 -0.25 0 -1.4* -0.26 -0.05 -0.05 0 -0.39*
NE Heilongjiang -21.45* -20.14* -1.74* -2.51* -45.65* -10.1* -9.89* -0.7* -1.36 -21.97* -1.92* -2.94* -0.16 -0.25 -5.32*
Jilin -1.32* -0.83* -0.23* -0.22* -2.61* -0.65* -0.52* -0.14* -0.12* -1.48* -0.15 -0.17* -0.03* -0.02* -0.4*
Liaoning -2.37* -1 -0.36* -0.21 -4.02* -1.14* -0.72 -0.24* -0.12 -2.21* -0.24 -0.28 -0.04* -0.02 -0.61*
NW Gansu -11.46 -2.96* -1.59 2.76 -13.03 -4.18 -1.06 -0.44 1.12 -4.46 -1.29 -0.48* -0.1 0.21 -1.86
Inner Mongolia -15.38* -4.81* -2.31* -1.62 -24.04* -8.4* -3.59* -0.86* -1.15 -13.95* -1 -1.14 -0.21 -0.1 -2.84
Ningxia -2.43 -0.43 -0.7 -0.5 -4.08* -0.79 -0.2 -0.29 -0.53 -1.77 -0.29 -0.09 -0.02 -0.06 -0.57
Qinghai -2.79 -0.57 -0.61 0.68* -3.29 -1.14 -0.1 -0.27 0.25 -1.22 -0.38 -0.03 -0.1 0.04 -0.562
Shaanxi -32.17* -5.92* -1.49 -0.5 -40.01* -16.12* -3.87* -0.71 -0.4 -21.05* -417* -0.92 -0.16 0.01 -5.59*
Xinjiang 0.15 1.15 4.84 3.23 11.72* 1.15 1.18 5.29* 2.03 10.42* -0.11 0.2 1.2 0.17 1.36*
Yunnan 0.71 -1.61* -0.3 0.31 -0.6 1.3 -0.95* -0.13 0.04 0.4 0.55 -0.22 0.01 0.05 0.36
SE Fujian -0.75* -1.63* -0.17* -0.18* -2.89* -0.3* -0.84* -0.07* -0.11 -1.41* -0.06* -0.22* -0.02* -0.02 -0.33*
Guangdong -0.71* -0.43* -0.2* -0.07 -1.46* -0.3* -0.23* -0.1* -0.03 -0.67* -0.06* -0.06* -0.02* -0.01 -0.16*
Guangxi -0.25* -0.15* -0.03* -0.01 -0.45* -0.14* -0.09* -0.02* -0.01 -0.25" -0.03* -0.03* 0* 0 -0.07*
Hainan 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
SW Chongaing -13.21* -6.73* -2.56* -1.9 -23.64* -6.38" -4.19* -1.84* -1.07* -13.01* -1.32% -0.74* -0.55* -0.12* -2.74*
Guizhou -3.88* -3.17* -1.78* -0.35 -8.95* -1.25 -1.86* -1.04* -0.23 -4.32* 0.18 -0.46* -0.19* -0.01 -0.56
Sichuan -21.64* -8.35" -4.8* -0.34 -35.06* -9.92* -4.65* -1.96* -0.33 -15.92* -1.87* -1.32* -0.43* -0.06 -3.93*
Tibet -2.91 -0.36 -0.14 -0.2 -3.62 -0.89 -0.2 -0.09 -0.09 -1.26 -0.18 -0.04 -0.01 0 -0.25
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FIGURE 8 | Trends in protein loss from the grain harvest in maize, rice, and wheat due to different natural disasters from 1988 to 2020. The shaded regions

was used to conduct all statistical analyses and create graphs
(Wang and Kang 2006; Null et al., 2011).

RESULTS

Trends in Disaster-Affected Areas Between
1988 and 2020

Changes in the areas impacted by disasters at three levels of
intensity exhibited similar trends (Figure 1). Drought and
floods were the most widespread of the four natural disasters
examined in this study, accounting for 80% of the total area
affected by all natural disasters. By cereal type, the affected area
for maize increased before 2003 and then decreased afterwards. For
rice and wheat, a linear decrease was observed in the mild effect
category from 1988 to 2020 and in the moderate and severe effect
categories after 2000. Before 2000, flat trends were observed in the
moderate and severe effect categories. The ratio of affected cereal
area to total crop area for each degree of disaster has shown a trend
of first increasing and then decreasing over the past 3 decades
(Figure 2). Most reached a maximum around 2000, different from
that the trends shown in Figure 1. As shown in Figure 3, the areas
affected by mild, moderate, and severe effects accounted for 48.50,
25.31, and 6.07% of the cultivated cereal area in each of the three
categories. Furthermore, the highest percentages of cultivated area
affected by the mild effect, moderate effect, and severe effect were
77.05, 42.33, and 11.89%, respectively. Despite the negative effects
of natural disasters on crop yields, cereal grain yield has continued
to increase throughout time (Figure 4); yields of rice and corn in
China in 2020 were 6,861.74 kg/ha, 5,327.08 kg/ha and 5,971.33 kg/
ha, respectively.

Trends in Disaster-Affected Areas on
Different Spatial Scales for Various Natural

Disasters

There were regional differences in the areas affected by mild
(Figure 5), moderate (Figure 6) and severe (Figure 7) natural
disasters at the provincial level. For maize in the NE, N, and
Inner Mongolia in the NW, drought was the primary disaster;
for rice in the CJ and SE, drought and flooding were the
primary disasters that affected production regions; and for
wheat in the N, drought was the primary disaster. For
moderate disasters (Figure 6), the impacted areas for maize
and rice showed a pattern similar to that for mild disasters at
the provincial level, whereas the affected area for wheat
declined rapidly after 2003. For severe disasters (Figure 7),
drought affected maize in the North region and Inner
Mongolia; flood affected rice in the provinces of Jiangxi and
Hunan; and drought affected wheat in the provinces of
Shandong, Henan, and Shanxi.

Table 1, Table 2, Table 3 illustrate linear changes in grain
cultivation areas for each province. For maize, 13 of the 31
provincial units selected for this study showed a significant
linear trend in the total area of cereals exposed to all classes of
disasters during 1988-2020, with the areas of mild effects in Jilin,
Henan, and Shandong decreasing by 41.95, 41.15, and 37.74
thousand ha per year, respectively, and Inner Mongolia’s mildly
impacted region increasing by 59.78 thousand ha per year. In
addition, for all three disaster classes, all provinces in Northwest
China except Shaanxi showed a significant upward trend in the
area of rice damage, and drought was often the most significant
factor. In most provinces, the area of wheat affected by natural
disasters has been decreasing year by year. The exception is
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FIGURE 9 | Trends in protein loss from the straw harvest in maize, rice, and wheat due to different natural disasters from 1988 to 2020. The shaded regions
represent one standard deviation of the protein loss in the straw.

Xinjiang Province, where the annual increased in the area affected
by mild, moderate, and severe natural disasters were 11.72, 10.42,
and 13.6 thousand ha, respectively, showing a significant upward
trend from 1988 to 2020. In the case of rice, the area affected by
natural disasters decreased in most provinces during the
study period, especially in the Yangtze River region, where all

provinces showed a significant downward trend except for
Shanghai. By contrast, Heilongjiang province showed the
opposite trend, with average annual areas affected by mild,
moderate, and severe natural disasters of 23.34, 14.16, and 16
thousand ha, respectively, although this trend was not statistically
significant.
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FIGURE 10 | Trends in protein loss from agricultural production in maize, rice, and wheat due to different natural disasters from 1988 to 2020. The shaded regions
represent one standard deviation of the protein loss in China’s agriculture.
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Agricultural Protein Losses due to Natural

Disasters

Figure 8 depicts protein losses in the cereal harvest due to various
natural disasters that occurred between 1988 and 2020. Overall,
there was no statistically significant change in the amount of
protein lost during the course of the trial. The average annual
grain protein losses in maize, rice and wheat were 159.94, 169.01
and 129.35 thousand tons for mild disasters; 230.95, 234.05 and
173.51 thousand tons for moderate disasters; and 92.56,91.12 and
68.70 thousand tons for severe disasters. In addition, Figure 9
illustrates the protein losses due to different natural disasters in
straw harvested from 1988 to 2020; these were much smaller than
grain protein losses over the same time period. During the time
period selected for the study, the amount of protein loss in maize
straw was comparable to that in rice straw and showed no notable
changes, however the amount of protein loss in wheat straw
decreased after 1997.

From 1988 to 2020, among the three cereals examined in this
study, the protein content of rice was the most severely affected by
each level of natural disaster, with a total protein loss of 146.61
million tons due to flood, drought, hailstorms, and low
temperatures (Figure 10). Overall, the mean annual total
protein losses in maize, rice, and wheat were 1,647.25,
1728.81, and 1,319.14 thousand tons for mild disasters;
2,380.29, 2,394.21, and 1770.60 thousand tons for moderate
disasters; and 954.72, 932.38, and 700.93 thousand tons for
severe disasters. This shows that moderate natural disasters
caused larger amounts of crop protein loss. In addition,
Figure 11 depicts the total protein loss of rice, wheat, maize,
grain, straw and total during 1988-2020, where both rice and
wheat showed a significant decreasing trend (Ps < 0.05), while
the total protein loss of maize showed an increasing trend but
was not statistically significant (Ps > 0.05). The average annual
amount of protein lost in grain and straw due to natural
disasters was 13.49 million ton and 0.41 million ton,
respectively. The amount of protein lost in both straw and
cereal grain showed a decreasing trend, but it was statistically
significant only in straw (Ps < 0.05).

Natural Disasters and Sustainable Production

Among the several natural hazards selected for this study,
droughts and floods caused most of the crop protein losses
during 1988-2020 (Figure 12). For mild disasters, drought loss
accounted for more than half of the protein loss from maize, rice,
and wheat in 15, 15, and 16 of the 31 provinces, respectively. For
moderate natural hazards, drought caused more than half of the
protein loss in corn, rice and wheat, respectively, all of which were 14.
Floods accounted for more than half of the protein loss from maize,
rice, and wheat in 10, 10, and 12 of the 31 provinces, respectively, and
drought accounted for more than half of the protein loss from maize,
rice, and wheat in 14, 14, and 10 of the 31 provinces, respectively. For
severe natural disasters, flooding was an important influencing
factor, which caused more than half of the protein losses of corn,
rice and wheat 6, 8 and 6, respectively. Meanwhile, this indicator for
drought was 11, 12 and 10. In particular, it can be seen in Figure 12
that more than half of the crop protein losses in all provinces of
North China are caused by drought.

DISCUSSIONS

Using China as an example, we attempted to relate natural disasters
to protein losses in agricultural systems. We discovered that: 1) the
area of crops affected by natural disasters in China has declined
significantly since the twenty-first century; 2) during the period
1988-2020 the area affected by natural disasters differed among
provincial units within China; and 3) during the time period
selected for this study, the total amounts of protein lost from
corn, wheat and rice in grain and straw due to natural disasters in
China were 391.26 million and 11.94 million tons, respectively.
Crops are among the most important sources of protein in the
human diet. To study the impact of natural disasters on crop
protein production (Shewry 2007), we analyzed the frequency
and intensity of natural disasters affecting three cereal crops, rice,
wheat and maize. Cereal crops accounted for 92.7% of total crop
production in 2020 and FAO production data (http://faostat.fao.
org) show that these three major species account for about 85% of
all cereal crop production and provide more than 200 million
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the fitted linear regression trends.

1990 1996 2002

Year

2008 2014 2020

— Grain = Straw — Total

Frontiers in Environmental Science | www.frontiersin.org

April 2022 | Volume 10 | Article 884754


http://faostat.fao.org
http://faostat.fao.org
https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles

Huang et al. Natural Disasters and Sustainable Production

Mild Moderate Severa

Guangdong o
Hainan
Guangxi o
Fujian <
Tibet |
‘Yunnan
Guizhou
Sichuan <
Chongaing o
Xinjiang
Qinghai
Gansu 1
Ningxia |
Shaanxi
Inner Mongolia
Jiangxi |
Hunan
Hubei 4
Anhui |
Zhejiang
Jiangsu
Shanghai |
Shanxi 4
Shandong o
Henan <
Hebei
Tianjin |
Beijing 4
Liaoning
Jiin 4
Heilongjiang |

[T%o)

Guangdong
Hainan 4
Guangxi o
Fujian <
Tibet {
Yunnan
Guizhou o
Sichuan <
Chongaing o
Xinjiang
Qinghai
Gansu |
Ningxia
Shaanxi §
Inner Mongolia |
Jiangxi |
Hunan
Hubei
Anhui |
Zhejiang
Jiangsu
Shanghai |
Shanxi
Shandong
Henan
Hebei o
Tianjin |
Beijing |
Liaoning <
Jiin 4

Heilongjiang

201y

Provicne

Guangdon
Hainan
Guangxi
Fujian <
Tioet |
Yunnan
Guizhou o
Sichuan <
Chongaing +
Xinjiang 1
Qinghai
Gansu |
Ningxia |
Shaanxi 4
Inner Mongolia |
Jiangxi 1
Hunan <
Hubei
Anhui |
Zhejiang 1
Jiangsu
Shanghai -
Shanxi o
Shandong 1
Henan
Hebei |
Tianjin 4
Beijing |
Liaoning
Jiin 4
Heilongjiang

1eauM

25 5

0 75
Realtive protein loss (%)

. Flood . Hail . LowTemp . Drought

FIGURE 12 | Cumulative relative protein loss due to different natural disasters from 1988 to 2020 for each province. The vertical line represents the 25, 50, and 75%
contribution to the total loss, respectively. Due to the high protein losses from drought and flood, if the bar for drought or flood overlaps with the vertical lines, more than
50% of the protein loss was caused by that type of disaster.

Frontiers in Environmental Science | www.frontiersin.org 14 April 2022 | Volume 10 | Article 884754


https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles

Huang et al.

tons of cereal protein per year. Because of data limitations, few
studies have focused on changes in the area of key agricultural
cultivation zones that are affected by natural disasters (Song et al.,
2022). To remedy this, we used the cultivation ratio, which
reflects the proportionate changes in different crops, to
estimate the affected area for the various crops. On this basis,
we calculated the maximum proportions of arable land area
affected by mild, moderate, and severe natural disasters as 77.
05, 42.33, and 11.89%, respectively, and all of these maxima
occurred at the beginning of the 21st century. From Figure 3,
we can see that the area affected by natural disasters in China has
decreased year by year in recent years. Another study has also
shown that the area affected by crop disasters in China decrease
between 1978 and 2012 as a result of efforts of local and central
governments and the implementation of various effective measures
(Liu and Li 2017). This result also implies that China’s long-
standing measures, such as strengthening agricultural
infrastructure and increasing subsidies for agricultural
insurance, have been effective and can be replicated in other
developing countries that are plagued by natural disasters.

Previous studies have analyzed changes in the area affected by
natural hazards in China over various time scales, but such
studies have tended to be on a national scale, which may
obscure the various impacts of natural disasters on a smaller
scale. This study analyzes the areas affected by different classes
and types of natural disaster within each provincial unit of China
from 1988 to 2020, and the results show that there are differences
among provinces and regions affected by different natural
disasters. Nonetheless, the area affected in most provinces has
been decreasing year by year in recent years, consistent with the
findings of a study of meteorological hazards in China from 1979
to 2008. Only areas of corn production in Inner Mongolia and
wheat production in Xinjiang have shown significant increases in
natural disasters. (Sang and Hao 2019). China’s vast territory,
complex geography, and multiple climate types are important
reasons for the differences in disaster status among provinces
over the past 3 decades (Shahzad et al., 2021; Ma et al., 2022). This
study shows that drought and flood are the main types
contributors to of crop damage in China, and the northeastern
region is most severely affected.

The significant hazards of natural disasters for crop yields have
been demonstrated, and an increasing number of researchers
have analyzed the impact of natural disasters on crop yields in
China at spatial and temporal scales in recent years. However
these studies have tended to focus on large scales, such as national
or geographic regions. This study reports a more comprehensive
analysis of protein losses in grain and straw of three major cereal
crops caused by different levels and types of natural disasters at
national, regional and provincial scales. Most of the protein in
cereal crops is concentrated in the grain and straw, and the
amount of protein lost in grain due to natural disasters in China
during 1988-2020 was 391.27 million tons, about 30 times that in
straw. This result clearly shows the important role of grains in
protein supply. However, the contribution of straw to protein
supply as an excellent raw material for feed and fertilizer cannot
be ignored. Our results show that the total protein loss in wheat
and rice due to various natural disasters decreased significantly

Natural Disasters and Sustainable Production

over the time frame examined in this paper, indicating that
disaster prevention and mitigation measures implemented in
China in past years have had some positive effects. FAO
production data from 2001 to 2005 (http://faostat.fao.org)
shows that the average annual production of all cereals
exceeds 2,100 million tons, of which the three major species
(maize, wheat, and rice) account for about 85%. Even with a
conservative estimate of 10% protein content, this translates into
an annual harvest of more than 200 million tons of cereal protein.
Information from the National Bureau of Statistics of China
shows that the total production of these three crops has reached
658 million tons in 2018, suggesting that at least 65.8 million tons
of protein was harvested from corn, wheat and rice in China in
2018. Increasing the protein content of cereals has long been an
important means of addressing the “protein gap” and increasing
per capita protein intake in developing countries, and with global
warming and a rising human demand for crops, the impact of
natural disasters on global protein supply must be given more
attention. Moreover, in more than half of Chinese provinces,
protein loss due to drought accounts for more than half of the
total protein loss, and previous studies have demonstrated that
drought has a great impact on crop yield. The use of various
types of drought resistance to improve the protein yield of cereal
crops may therefore be an important direction for future
development.

This study had a number of drawbacks. The first is the model
parameters that were used to calculate protein loss due to natural
calamities. Due to the paucity of observational data, regional
parameters (grain to straw ratio, straw return, and burning rate)
were used in this study rather than province-level data, and the
protein concentrations in straw were examined using average
data from throughout the entire study area. As a result, critical
parameters at the province level will be required for a more
precise analysis in the future. Because there were no precise data
on the affected areas of maize, rice, and wheat, the second
constraint is the exact affected area for each individual crop.
We calculated the affected area for each crop by assuming a ratio
of individual cultivation to overall cultivation area. As a result, a
customized dataset for each crop’s affected area will need to be
compiled in the future.

CONCLUSION

Our work shows that the impact of natural disasters on Chinese
agriculture, led by droughts, floods, hailstorms and low
temperatures, has significantly weakened since the 2Ist
century, although there were different patterns of variation at
the provincial level. Although existing disaster prevention and
mitigation measures in China have been effective and can be
extended to other developing countries, the impact of natural
disasters, especially drought, on the protein harvest of cereal
crops requires greater attention in the context of global warming
and green and sustainable development. We put forward the
following suggestions for coping with agricultural natural
disasters: 1) Establish well-developed early warning and
monitoring systems for natural disasters, especially high-
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technology systems; 2) Strengthen the construction of irrigation
infrastructure, such as water storage and irrigation facilities to
avoid drought; 3) Develop and cultivate new crop species, such as
drought-tolerant crops; 4) Establish a sound insurance system to
reduce losses of agricultural producers.
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