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Evaluation index system construction and empirical analysis on food  

security in China 

Yao Chengsheng1, Teng Yi1, Huang Lin2 

1. College of Economics and Management, Nanchang University, Nanchang 330031, China; 

2. Foreign Languages College, Jiangxi Normal University, Nanchang 330022, China 

Abstract: Food security is not only one of the most important issues that Chinese government attaches great im-

portance to, but also one of the hot topics that researchers focus on. In order to make a comprehensive analysis on 

China's food security, this paper, from the perspectives of its four subsystems including food production resources, 

food availability and stability, food access, and food utilization, constructed an evaluation indexes system on food 

security, and further made a quantitative assessment about the state of food security in China from 1990 to 2011. 

The results showed that: in China, during the period of 1990–2011, as to the development of food security system, it 

could be divided into steady increase stage (1990–1998), rapid decrease stage (1999–2003) and rapid increase stage 

(2004–2011). As to the four food security subsystems, the development of food production resources subsystem 

could be divided into slow decrease stage (1990–2002) and rapid increase stage (2003–2011); the development of 

food availability and stability subsystem could be divided into fluctuating increase stage (1990–1998), rapid de-

crease stage (1999–2003) and steady increase stages (2004–2011); the development of food access subsystem could 

be divided into slow increase stage(1990-2004) and rapid increase stage (2005–2011); while the development of 

food utilization subsystem had only one stage, with its index constantly on the rise. As to the impact of the four 

subsystems on food security system, food production resources subsystem had the greatest impact, while food 

availability and stability came next, whose weight were 0.377 and 0.302 respectively. Using pathological diagnosis 

methods, this paper also analyzed the major factors hindering China's food security system from 1990 to 2010, and 

listed the first five obstacle factors in descending order of hindrance. It pointed out that, from 1990 to 2000, state 

financial support for agriculture, total grain production and road density were the key factors that had posed the 

greatest hindrance to the food security system. The obstacle degree of the three factors in 1990, 1995 and 2000 were 

44.48%, 44.05% and 44.29%, respectively. However, from 2000 to 2010, the obstacle degree of the three factors on 

food security system was on the decrease, while the obstacle degree of per capital cultivated land was on the rise. In 

2010, the factor of per capital cultivated land became the greatest obstacle to food security system, whose obstacle 

degree was 29.79%; the next greatest obstacle factors were net grain importation and domestic food price index, 

whose obstacle degree were 16.93% and 11.87%, respectively. As to the obstacle degree of the four food security 

subsystems, food production resources subsystem had the maximum obstacle degree to food security system, food 

availability and stability subsystem coming next, with their obstacle degrees rising from 31.32% and 26.34% in 

1990 to 43.69% and 39.32% in 2010, respectively. Finally, based on the development characteristics of China's food 

security system, this paper proposed some relevant suggestions and policies to improve the state of China's food 

security. 

Keywords: China; agriculture; grains; security; food system; indexes system; comprehensive evaluation 

CLC number: F307.11 

0 Introduction 

The food security issue is an important problem con-

cerning the national economy and the people's livelihood, 

and is the foundation for the stability and development of a 

nation [1]. In a paper published on Science, Godfray pointed 

out that the continued growth in population and per capita 

food consumption indicates that at least within the follow-

ing 40 years, the global food demand will still continuously 

increase; on the other hand, the development of industriali-

zation and urbanization will fiercely compete with agricul-

ture on the aspects of land, water resource, and energy, and 

therefore it will significantly reduce the capability of food 

production [2]. Therefore, the food security issue remains a 

worldwide major problem. The newest estimation of Food 

Agriculture Organization (FAO) of United Nations indicates 

that in 2011–2013, there are a total of 842 million people in 

the world (account for approximately 12% of the population 

in the world) who cannot satisfy their energy demand of 
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food. This means that slightly less than 1/8 of the population 

in the world may suffer from hunger for a long time, and it 

is difficult for them to acquire adequate food to maintain 

their active and health living. The vast majority of these 

people (827 million) reside in the developing countries, 

where the current average occurrence rate of food inade-

quacy is estimated to be 14.3% [3]. As the developing coun-

try with the largest population in the world, any change of 

food security state in China not only affects itself, but also 

has the broad worldwide impact. Therefore, the food secu-

rity problem in China has always been the focus of domestic 

and foreign scholars. 

The studies on the food (grain) security in China are con-

siderably different from relevant studies in other countries, 

because there is no issue of food (grain) security in other 

countries. In other countries, the concept corresponding to 

the food security in China is food (grain) security, and the 

objects of its study are significantly different from that in 

China. As for the objects of studies, according to the defini-

tion of National Statistic Bureau of China, the food only 

includes a total of 8 categories, i.e., rice, wheat, maize, sor-

ghum, millet, potato, beans, and other minor cereals; how-

ever, the definition of food by the United Nations Food 

Agriculture Organization includes a total of 18 classes as 

cereals, starch tubers (cassava, potato, sweet potato, and red 

potato, etc.), sugar, beans, nuts, oilseeds, vegetables, fruits, 

stimulants (coffee, cacao, and tea), spices, wines, meat, edi-

ble protein, animal fat, milk, eggs, fishes and seafood, other 

water products [4] and so on. In correspondence, the food 

studied in China only includes three classes of aforemen-

tioned food, namely cereals, tuber starch, and beans. As for 

the content of studies, there is no definitive definition for 

food security in China, and the food security is essentially 

equal to the food production or food supply level, and 95% 

of food self-sufficiency is set as the symbol to achieve the 

food security of China [5–6]. Therefore, the content for the 

studies of food security in China is essentially implemented 

around the food production, which mainly includes: the 

impact of change in land use on the food production [7–9], 

impacting factors on the change of food production [10–12], 

the variation in the spatial and temporal pattern of national, 

regional, and provincial food production, and so on [1, 13–18]. 

Of course, there are also a few studies regarding the 

evaluation index system of food security, but they generally 

use 3–5 indexes for the relatively simple weighting. More-

over, there is rare relevant study that use the evaluation in-

dex system of food security to conduct a long-term analysis 

of food security state in China [5]. In the studies of other 

countries, the current concept of food security that is 

broadly accepted is determined on the World Food Summit 

in 1996, namely the so-called food security is: food security 

is achieved when all people, at all times, have physical and 

economic access to sufficient, safe, and nutritious food to 

meet their dietary needs and food preferences for an active 

and healthy life [19–20]. Around the definition above, with 

FAO as the representative, the food security is mostly stud-

ied from the perspective of food system in other countries 
[21–22], and the content is very broad. On the aspect of na-

tional and regional food security, the method of constructing 

the evaluation index system was adopted for the compre-

hensive evaluation. For example, in 2003, the Economic 

Research Service of United States Department of Agricul-

ture designed relevant questions and selected the evaluation 

indexes from 18 aspects, and compiled and released the 

report on the state of food security for the residents in the 

United States [5]. 

In 2013, FAO released The State of Food Insecurity in 

the World 2013: The multiple dimension of food security, 

and selected 30 indexes from four dimensions of food 

availability, food stability, food access, and food utilization 

to construct the evaluation index system of food security 

and evaluate the state of food safety in 157 countries and 

districts in the world [3]. In 2014, the Economist Intelligence 

Unit released Global Food Security Index: An annual meas-

ure of the state of global food security, and selected 19 in-

dexes from the three dimensions (i.e., food affordability, 

food availability, and food quality and safety) of food ac-

quisition to construct the evaluation index system of food 

security to evaluate the state of food security in 109 coun-

tries and districts in the world [23]. 

The concept of food security was introduced into China 

in the middle of 1970s. It was translated to food security 

because the consumption level of food was not high for 

people at that time, and the main food consumption is grain 

consumption. Therefore, it grasped the essence of the prob-

lem at that time by replacing "food" with "grain", which is 

conducive to seize the grain production as the focus to rap-

idly resolve the food and clothing issue of people [24]. How-

ever, since 1990s, the issue of food and clothing has been 

solved in the vast majority of regions [24], and has continu-

ously transformed to the nutritious, safe, and healthy food 

consumption model [25]. On the other hand, the regional ur-

ban-rural gap is still growing in China, and the food prob-

lem has not been fundamentally resolved in many remote 

and poor areas. At present there are still near 1.27 × 108 

people under the state of undernourishment, which accounts 

for nearly 10% of the population in China [26]. 

Therefore, it has been relatively difficult to reveal the 

essence of problems by studying the food security of China 

only from the perspective of grain production, and the 

scholars have begun to explore whether we should study the 

food security problem in China from the perspective of food 

safety [25]. In the Guidelines for the Application of National 

Social Science Foundation (Applied Economics) in 2014, it 

also listed for the first time the declaration project of "Study 

on the Construction of Index System for the Grain Security 

in China". 

In view of this, on the basis of existing studies in China 

and other countries, in this paper we attempt to construct the 

system of evaluation index for the food security in China, 
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and diagnose the critical impacting factors on the food se-

curity, in order to provide the scientific basis for improving 

the food security level in China. 

1 Construction of evaluation index system for 

food security in China and evaluation method 

1.1 Data source 

The farmland data in this study are from China Land and 

Resources Statistical Yearbook (1991–2012), and the data of 

agricultural water usage are from China Environment Sta-

tistical Yearbook (1991–2012). The data of total population, 

total grain production, financial budget for agricultural de-

velopment, fertilizer used, area of grain affected by natural 

disaster, and net grain importation are from China Statistical 

Yearbook (1991–2012) and China Statistical Yearbook of 

Villages (1991–2012), and the relevant index data for the 

two sub-systems of food access and food utilization level 

are from Report on the Food Insecurity Development in the 

World (2013) compiled by the FAO of United Nations. 

1.2 Systematic point of view for food security and 

construction of evaluation index 

According to the current definition of food security that 

is commonly accepted by the international community, from 

the perspective of food security system, the sufficient and 

stable food supply is only the necessary but not the suffi-

cient condition to achieve the food security. If the geo-

graphical distribution of grain is not uneven, while the food 

deficit areas do not have the capability to purchase grains 

(including the physical and economic capability, and the 

physical capability mainly refers to the lack of transport 

infrastructure), it will inevitably cause regional food securi-

ty problem [21]. That's why there are still some people in the 

world under the state of food insecurity even the food pro-

duced in the world is sufficient to satisfy the consumption 

of global population [27]. 

From the perspective of family and personal level, even 

there is sufficient food supply on the market, if the family or 

individual does not have the paying capability, it will also 

cause the food security problem (which is especially mani-

fested in cities). Moreover, even the family has sufficient 

food, if the food cannot be fully used due to the lack of 

basic living facilities (such as clean water source, sanitation 

facilities and so on), therefore causing undernourishment of 

people, which is also the important manifestation of food 

security problem [21]. So the food security problem must 

include at least three aspects, i.e., food supply and stability, 

food access and food utilization. However, the per capita 

cultivated land and water resource is extremely poor in 

China, and it is always the important national policy to en-

sure the food security in China by holding the red line of 

farmland as 1.2 × 108 hm2 and rationally using water re-

sources. 

On the other hand, along with the increasingly tense ag-

ricultural water and soil resources and the continued transfer 

of rural youth to cities, the improvement on the level of ag-

ricultural mechanization and increase on policies and finan-

cial support on agriculture have played a key role in the  

Table 1  Evaluation indexes and their weight of food security system in China 
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promotion of grain production [28]. Therefore, the natural, 

economic, and social resources of grain production are espe-

cially important for the food security in China, while this 

aspect is not reflected in the evaluation of international food 

security. Consequently, in this paper, we refer to the concept 

of international food security system and combine the practi-

cal situation in China, and select 18 indexes to constitute the 

evaluation index system of food security in China from the 

four aspects of food production resources, food availability 

and stability, food access, and food utilization (Table 1). 

As for the selection process of evaluation index, here we 

provide some description. On the selection of index for 

grain production resources, we comprehensively analyze 23 

relevant literatures published in China according to the 

aforementioned reasons, and eventually decide to evaluate 

the relevant selected indexes from the five aspects of farm-

land, water resources, agricultural labors, fertilizer used, 

and agricultural funds input; as for the selection of food 

availability and food stability indexes, in this paper we 

conduct the statistical analysis of 45 relevant papers in Chi-

na and the report of FAO on the food insecurity in 2013, and 

selected the indexes with the highest occurrence frequency 

that are relatively recognized in common; on the selection 

of index for food access and food utilization, because there 

is few study in China, the authors mainly refer to Report on 

the Food Insecurity Development in the World (2013) pub-

lished by FAO, combine 12 Science Citation Index (SCI) 

papers in China and other countries, and select the most 

commonly used indexes. 

It should be particularly noted that, in the evaluation in-

dex system of FAO, the relevant indexes of weight-loss 

proportion, stunted growth of children under 5 years old, 

and the proportion of adult with low body weight are the 

important indexes in the food utilization sub-system. How-

ever, due to lack of the corresponding data, these indexes 

are not included while we construct the index system of 

food security evaluation in China. 

1.3 Determination of evaluation index weight 

The index weight means the relationship of significance 

for individual indexes under the same target constraint. In 

the multi-index comprehensive evaluation, the weight plays 

an important role. In this study, we adopt the method of 

entropy weight coefficient to assign the weight of the evalu-

ation indexes of food security, and its main procedures are 

as follows: 

① Normalization processing of data: Because there is 

difference in the dimension and order of magnitude for dif-

ferent indexes and the positive and negative orientation of 

indexes, we need to implement the normalization processing 

to the original data. For two classes of positive and negative 

indexes, the method of normalization processing is as fol-

lows: 

For the positive impact index: 

 
For the negative impact index: 

 
② Calculate the weight of the jth index value in the ith 

year:  

③  Calculate the information entropy of in-

dex: , set , then 0 ≤ ej≤ 

1, and when Yij= 0, Yij× ln Yij= 0; 

④ Calculate the redundancy of comentropy: dj= 1–ej; 

⑤ Determine the weight of index  

where Xij′ and Xij are respectively the normalized and 

original value of the jth individual index in the ith year, 

maxXj and minXj are respectively the maximum value and 

minimum value of the jth individual index in all the years. 

Here m is the year of evaluation, and n is the number of 

index. 

1.4 Synthesis of food security index 

After determining the weight of index according the 

aforementioned method, we calculate the weight of different 

single indexes respectively. According to the constructed 

evaluation index system and method for the food security of 

China, we adopt the weight function to derive the develop-

ment index and variation trend for different sub-systems of 

food security and the food security system of China. The 

equation for its calculation is: 

 
where Xij' is the normalized value of individual indexes 

corresponding to the subsystems of food security, 

is the evaluation value of development index 

for individual food security subsystems, and S is the com-

prehensive evaluation value of development index for the 

food security system. 

1.5 Diagnosis of obstacle factors for the food se-

curity system 

The food security is a complex system, and varying fac-

tors have different impacts on the system. In order to deter-

mine the main factors that affect the food security system in 

China, we adopt three indexes, namely factor contribution 

(F), index deviation (D), and obstacle degree (h, H) to con-

duct a diagnostic analysis on the obstacle factors of food 

security system, where F is the impact of individual single 
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factors on the food security system, namely the weight of 

individual index with respect to the total object; D means 

the difference between the target of development for indi-

vidual indexes and the food security system, namely the 

difference between the standardized value of individual in-

dexes and 100%; h and H respectively represent the im-

pacting degree of individual single indexes and different 

food security sub-systems on the food security system, 

which is the goal and consequence of the diagnosis on the 

barrier factors of food security system. The individual in-

dexes are calculated as follows [29]: 

 

2 Results and analysis 

2.1 Comprehensive analysis of evolution in the 

food security system of China in 1990–2011 

From Table 1, we can see that as for the four sub-systems 

of food security, the food production resource subsystem 

has the largest weight (0.377), followed by the food availa-

bility and food stability sub-system (0.302), the food access 

sub-system (0.184), and the food utilization sub-system 

(0.137). This result indicates that the food production re-

source is particularly important for maintaining the food 

security in China, which is considerably different from the 

studies on the food security in the international community, 

because they are mainly concerned on four levels of food 

availability, food stability, food access, and food utilization 
[3]. However, China has a large population, and the per cap-

ita amount of all kinds of resources is extremely poor. The 

problem of resource environment has become the bottleneck 

for the sustainable development of agriculture in China [7, 9]. 

Therefore, when the food security issue in China is studied 

from the systematical perspective, the food production re-

source problem must be focused. The numerous studies in 

China regarding the factors of food security and land, water 

resources, and agricultural labors, effectively proving the 

specialty of food security issue in China. 

From the perspective of individual index for the food se-

curity system, the four indexes of financial expense (0.110), 

total grain production (0.106), per capita cultivated land 

area (0.096), and road density (0.092) have the largest im-

pact on the food security system, and their weight totally 

accounts for 40.4% of the food security system. This indi-

cates that in 1990–2011, the support of government on the 

agricultural production, the change of farmland area and 

food production, and the construction of transportation in-

frastructure play an important role in the food security of 

China. Meanwhile, this also indicates that some conclusions 

in this study have relatively high consistency with other 

studies, namely the resource of cultivated land is the main 

condition to constrain the food production in China [10, 28]. 

But this study also reveals that the impact of policy funding 

and construction of transportation infrastructure on the food 

security is not less than that of cultivated land, but there are 

not many studies on this aspect. Therefore, this subject must 

receive the deserved attention in the future study. 

Fig. 1 shows the overall change of food security system 

in China during the research period. From the perspective of 

variation process, we can divide the variation in the food 

security state of China into three stages: steady growth pe-

riod (1990–1998), rapid declination period (1999–2003), 

and rapid growth period (2004–2011). At the first stage, the 

food security level steadily increases, and the index value of 

food security system increases from 0.337 in 1990 to 0.483 

in 1998, with annual average growth rate of 4.60%; the lev-

el of food safety exhibits the status of rapid declination at 

the second stage, and its index value declines from 0.492 to 

0.328, with annual average declination rate of 9.64%; at the 

third stage, the level of food security began to rapidly in-

crease, and its index value increases from 0.454 to 0.772, 

with annual growth rate of 7.88%. 

2.2 Analysis of evolution in different sub-systems 

of food safety 

2.2.1 Food production resource subsystem 

The change of food production resource subsystem can 

be divided into two stages (Fig. 2): slow decrease stage 

(1990–2002) and rapid increase stage (2003–2011). At the 

first stage: the index of food production resource subsystem 

development declined from 0.169 in 1990 to 0.132 in 2002, 

and the annual average declination rate is 0.003, with total 

declination magnitude of 21.89%. From the perspective of 

individual indexes of food production resource subsystem, 

the main reason causing the slow declination in the index of 

food production resource development in this period is: in 

1990–2002, China experienced a rapid process of urbaniza-

tion development [9]. The farmland continued to transfer to 

non-agricultural land for construction, and the agricultural 

water is transferred to the urban secondary and third indus-

tries with high economic efficiency [11], causing the per cap-

ita cultivated land and the water resource possessed per unit 

 

Fig. 1  Change in food security system index in China 
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area of farmland to decline from 0.115 hm2 and 3050.09 

m3/hm2 in 1990 to 0.098 hm2 and 2966.90 m3/hm2 in 2002, 

respectively. In this period, the economic resources of ferti-

lizer used per unit of cultivated land and state financial 

support for agriculture continued to increase; however, due 

to the constraint of economic development level, the growth 

rate of two factors is relatively slow [30]; although the con-

figuration of agricultural labor resources is optimized, due 

to the constraint from the impact of institutional factors, 

there are still many rural surplus labor retained in agricul-

tural sectors [31]. Therefore, the growth speed of agricultural 

economic resource is slower than the declination speed of 

agricultural water and soil natural resource, which causes 

that the index of food production resource subsystem de-

velopment in this period exhibits the slow downward trend. 

This also indicates that, in this period, the daily declination 

of agricultural water and soil natural resources dominates 

the change of food production resource subsystem. 

 

Fig. 2  Changes in food security subsystems index in China 

The second stage: the development index of food pro-

duction resource subsystem increased from 0.075 in 2003 to 

0.267 in 2011, and the annual growth is 0.021, increasing by 

256%. The reason is that from middle and late of 1990s to 

the early 21st century, the total food production in China 

continued to decrease, and in 2003 it reached the lowest 

point in the history. The crisis of food deficit causes the 

considerable attention from the Party and government. 

Therefore, since 2004, the Central First Document of China 

in recent 10 years is all focused on the issue of "three agri-

cultures", and has issued a series of policies to support and 

benefit farmers, such as exemption of agricultural tax, grain 

subsidies, comprehensive agricultural subsidies, and farm 

machinery purchase subsidy [28]; meanwhile, the govern-

ment continuously increased the financial expense on the 

agricultural production, and according to the constant prices 

in 1990, the state financial support for agriculture increased 

by 3.52 fold from 30.780 billion RMB in 2003 to 139.226 

billion RMB in 2011. Under the strong stimulus of policies, 

the farmer's enthusiasm to grow grains was greatly im-

proved [10], and fertilizer used per unit of cultivated land 

increases from 4411.6 kg/hm2 in 2003 to 5704.24 kg/hm2 in 

2011, increasing by 1.29 fold; the further promotion of ur-

banization also caused the transferring speed of rural sur-

plus labor to continue to accelerate, and therefore the pro-

ductive efficiency per unit of agricultural labor continued to 

increase [32]. In this period, although the area per capita cul-

tivated land was still declining, it only decreased from 0.098 

hm2 in 2003 to 0.091 hm2, while the water resource pos-

sessed per unit of cultivated land essentially maintain at 

about 3000 m3/hm2. We can infer that in this period, the 

continuous increase of agricultural economic resources is 

the main reason for the continuous enhancement of devel-

opment index for agricultural production resource security 

subsystem, and it dominates the variation of entire 

sub-system. 

2.2.2 Food availability and food stability sub-system 

The variation in the food availability and food stability 

sub-system can be divided into three stages: increase period 

with fluctuation (1990–1998), rapid declination period 

(1999–2003), and stable growth period (2004–2011). We 

can see that the stage division of developmental index for 

food availability and food stability sub-system is consistent 

with the stage division of developmental index for the food 

security system, and exhibits the same variation trend. Ac-

cording to Pearson correlation analysis, we can know that 

the correlation coefficient between them reaches 0.948, 

which passes the significance test of 1%. We can see that 

the food availability and food stability sub-system also has 

the largest impact on the food security system (the correla-

tion coefficients between the developmental index of other 

sub-systems and the developmental index of food security 

system are 0.836, 0.831, and 0.826, respectively). This also 

indicates that, for a long time the indexes of total grain 

production, per capita grain possession, and net grain im-

portation are the focuses in China, and it has some rational-

ity to discuss the food security issue of China. 

From the perspective of process, at the first stage, the 

development index of food availability and food stability 

sub-system increased from 0.125 in 1990 at a fluctuating 

state to 0.188 in 1998. The average annual growth during 9 

years is 0.007. This is mainly due to the grain market reform 

of China and the implementation of grain purchase price 

protection from early to the middle and late stage of 1990s, 

which greatly promoted the farmer's enthusiasm to grow 

grains [30]. During the process of the second stage, because 

the grain yield in China continued to increase every year in 

the middle and late 1990s, the supply of main agricultural 

products has changed from long-term shortage to a general 

balance, and exhibits the development trend to surplus in 

good years [33]. In this period, the problems of sluggish sales 

of agricultural products and reduced prices occurred on the 

market; on the other hand, due to the financial pressure, the 

government often issued a note of debt while acquiring the 

grain from farmers (which was especially obvious in the 

main food production area), which seriously dampened the 

farmer's enthusiasm for growing grains, causing the grow-
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ing area of food to continue to decline [30]. Therefore, the 

indexes of total grain production and per capita grain pos-

session were rapidly declined, and the fluctuation of food 

production significantly increased, along with the disloca-

tion of grain import and export during this period (namely, 

grain was exported or only a small amount of grain was 

imported in the grain deficit years), the disaster area of 

crops is always relatively large [33], causing the develop-

mental index of food availability and food stability 

sub-system to decrease from 0.194 in 1999 to 0.077 in 

2003. It decreased by 0.0234 every year in five years, which 

was 3.44 times of the growth speed in the previous period. 

As mentioned earlier, due to the impact of continued decli-

nation of food production status in 1999–2003, the food 

production regained the attention from government, and the 

resources of food production continued to increase, there-

fore the important indexes of total grain production, the per 

capita grain possession, and the average supply of animal 

protein continued to increase. Along with the continued 

declination of disaster area for crops during the aforemen-

tioned period, the development index of food availability 

and food stability sub-system increased from 0.143 in 2004 

to 0.225 in 2011, and the annual average growth over 8 

years was 0.0102. 

2.2.3 Food access sub-system 

The variation in the development index of food access 

sub-system can be divided into two stages, i.e., slow growth 

(1990–2004) and rapid growth (2005–2011). From the per-

spective of individual indexes, the slow growth process on 

the first stage is roughly divided into two time periods: the 

first period is 1990–1995, when the per capita depth of food 

deficit and the prevalence of food inadequacy declined from 

167 kcal/d and 32.50% in 1990 to 105 kcal/d and 23.6% in 

1995, respectively, which considerably improved the de-

velopment level of food access sub-system; but the domes-

tic food price index rapidly increased from 1.44 to 1.65, 

while the road density essentially keeps unchanged, which 

therefore to some extent also reduced the food access. We 

can see from early 1990s to the middle of 1990s, the con-

tinued growth of food productivity caused the depth of food 

deficit and the prevalence of food inadequacy to continue to 

decline. This change dominated the variation in the food 

access sub-system, causing the developmental index to 

slowly increase from 0.040 to 0.059, and the annual growth 

was 0.0032. The second stage is 1996–2004, when the road 

density increased from 33.63 km/km2 to 34.87 km/km2, and 

the three indexes of the domestic food price index, per cap-

ita depth of food deficit, and the prevalence of food inade-

quacy respectively declined from 1.64, 102 kcal/d, and 

23.1% to 1.56, 92 kcal/d, and 21.20%. Therefore, the 

change of food security subsystems in this period is the 

consequence of the combined effect of four indexes, and the 

index of food access subsystem development increased 

from 0.061 to 0.077, with average annual increase of 

0.0018. 

At the second stage, the development index of food ac-

cess sub-system increased from 0.072 in 2005 to 0.1430 in 

2011, and the annual growth during seven years is 0.0101, 

which was 4.05 times of the annual growth rate (0.0025) 

during 1990–2004 (Fig. 1). From the perspective of indi-

vidual indexes, the road density in China in this period in-

creased from 34.87 km/km2 in 2005 to 42.32 km/km2 in 

2011, which played a critical role in improving the level of 

food access. The reason is that, China began to implement 

the construction project that "every village access roads" 

since 2004, and continuously invested 100 billion RMB 

over 5 years to construct rural roads; until 2010, the total 

mileage of rural roads in China has reached 333.56 × 104 

km, the township access rate reached 99.4%, and the paten-

cy rate reached 92.7%. The implementation of "every vil-

lage access roads" policy changed the backward situation of 

rural transportation, which not only significantly improved 

the level of grain circulation in the rural areas, but also fun-

damentally changed to rural appearance, laying the solid 

foundation for the new rural development [34]. In 

2005–2011, the depth of food deficit and prevalence of food 

inadequacy per capita still declines slowly, and decreased 

from 88 kcal/d and 20.7% to 76 kcal/d and 18.9%, respec-

tively, which also played a role in improving the food ac-

cess; but the domestic food price index increased from 1.60 

in 2005 to 2.03 in 2011, which correspondingly reduces the 

food access. This result indicates that by strengthening the 

infrastructure construction in rural areas, improving the ca-

pacity of food flow, and stabilizing the price level of food, 

we can effectively improve the food access (especially poor 

areas), and further significantly improve the level of food 

security in China. 

2.2.4 Food utilization sub-system 

The development index of food utilization sub-system 

increased from 0.003 in 1990 to 0.137 in 2011, and the an-

nual growth during 22 years is 0.0061. The linear equation y 

= −12.4382 + 0.0063x (R2 = 0.968, x is the year, and y is 

the index value for the food access sub-system) fairly well 

reflects the variation trend of food utilization sub-system. 

From the perspective of variation in specific indicators, the 

level of improved water access and the level of improved 

sanitation facility access respectively increased linearly 

from 66.7% and 23.7% in 1990 to 91.7% and 65.1% in 

2011. The annual growth rates were 1.53% and 4.93%, re-

spectively. Therefore, the improvement of drinking water 

and sanitation conditions (especially in rural areas) greatly 

improved the health level of residents, and promoted the 

better utilization and absorption of food, which is the main 

driving force to improve the food utilization. Since 1990s, 

the fast development of economics in China causes the 

health awareness of urban residents to continue to grow, and 

the material standard of living in rural areas (especially in 

poor areas) is also greatly improved; therefore the preva-
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lence of undernourishment decreased from 22.9% in 1990 

to 11.4% in 2011, with annual average declination rate of 

3.27%, which is the important manifestation for the contin-

ued increase of food utilization. This result indicates that 

under the situation that the food security problem has been 

solved in the areas with relatively high level of economic 

development and urbanization, we should improve the 

awareness of urban residents on the health diet, continue to 

improve the diet and sanitation conditions in poor areas, 

distant mountainous areas, and backward ethnic minority 

areas, and reduce the prevalence of undernourishment, 

which are important content for further improving the level 

of food security in China [35]. 

2.3 Diagnosis and analysis of main obstacle fac-

tors for the food security system 

2.3.1 Individual main obstacle factors of food secu-

rity system and analysis of their variation 

According to the method of obstacle factor analysis, we 

can derive the obstacle factors ranked at the first five places 

that affect the food security system of China in 1990–2010 

and the magnitude of their obstacle degrees (Table 2). 

We can see from the table that in 1990–2010, the maxi-

mum sum of obstacle degree for the obstacle factors ranked 

at first five places is 74.34% in 2010, and the minimum is 

56.28% in 1995. In particular, the barrier factors that are 

ranked at the first three places are always state financial 

support for agriculture, total grain production, and road 

density, and the sum of obstacle degree of three factors in 

1990, 1995, and 2000 is 44.48%, 44.05%, and 44.29%, re-

spectively; in this period, the indexes with relatively con-

siderable impact on the food security system also include 

the prevalence of undernourishment, water resource pos-

sessed per unit of cultivated land, and the fluctuation coeffi-

cient of total grain production. This indicates that before 

2000, the economic development level was still relatively 

low in China, and the government did not have sufficient 

financial support to improve the agricultural infrastructure 

to stabilize grain production, therefore its production was 

prone to fluctuation [36], and it became the main obstacle 

factor to affect the food security; this also indicates that 

agriculture is the weak industry that needs support. When 

the economy develops to a certain level, we must resolutely 

implement the policy to have industry nurture agriculture, 

which is the most important means to maintain the food 

security in China [37]. On the other hand, it also indicates 

that before 2000, due to the relatively low level of infra-

structure (such as transportation and sanitation) in China [34], 

when food was shortage, the residents of rural areas (espe-

cially in poor regions) cannot effectively enter the food 

market to obtain the necessary food resources [3]. Therefore, 

the strengthening of infrastructure construction (such as 

roads, health, and water and electric facilities) in rural areas 

can not only improve the capability of regional economic 

development, but also more effectively enhance the food 

security level in China. 

In 2000–2010, the obstacle degree of per capita cultivat-

ed land for the food security system continued to increase, 

while the obstacle degree of state financial support for ag-

riculture and total grain production with respect to the food 

security system gradually declines. In 2010, these two in-

dexes were no longer the obstacle factors ranked at the first 

three places. The reason is that, the urban area in China ex-

panded by 18377 km2 in 2000–2010, in which 12620 km2 

comes from the cultivated land (68.7%); in 1990–2000, the 

urban area in China expanded by 9602 km2, in which 5130 

km2 comes from the cultivated land (53.4%) [38]. In compar-

ison, the total area for the urban expansion and the occupied 

area of cultivated area in China during 2000–2010 are 1.91 

times and 2.46 times those during 1990–2000. According to 

Statistical Yearbook of China (2013), by the end of 2012, 

the area of cultivated land in China was only 1.217 × 108 

hm2, which has approached the red line of 1.20 × 108 hm2 

for the area of cultivated land. Therefore, it has become the 

most important factor to maintain the current food security 

in China by strictly keeping the red line of farmland. As 

Table 2  Five major obstacles and their value of food security system in China from 1990 to 2010      % 
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mentioned early in this paper, the government emphasized 

more on the food security in this period (especially after 

2004), and the economic resources of food production con-

tinued to increase, achieving the sustained and stable 

growth of food production. Therefore, the barrier degree of 

two indexes, i.e., the state financial support for agriculture 

and total grain production, on the food security of China 

significantly declines. 

As for 2010, the obstacle factors ranked at the second 

and third places are respectively the net grain importation 

and domestic food price index, with obstacle degrees of 

16.93% and 11.87%, respectively. In 2003–2011, the grain 

yield in China achieved the continued growth over nine 

years, but the net grain importation increased from 53 × 104 

t to 6102.8 × 104 t, which made it become the second major 

obstacle factor that affects the food security in China. This 

indicates that the food demand also increased substantially 

in this period, and exceeded the growth speed of food pro-

duction. This reason is that the level of urbanization and 

economic development continued to increase, which caused 

the diet structure of people to continue to upgrade, and the 

demand for feed grains increased dramatically; meanwhile, 

the rapid development of wine, food, and fuel ethanol in-

dustries also formed the vast demand for grain [39]. There-

fore, the growth of grain demand caused by the rapid 

development of urbanization and industrialization was the 

important factor to affect the current food security in China. 

Consequently, it is an important content to maintain the 

current food security in China by accelerating the adjust-

ment of agricultural structure and adapting to the change in 

the structure of food demand. In the 21st century, the do-

mestic food price index exhibits the significant trend of in-

creasing with fluctuation; in particular, after 2006, this 

index exhibits the trend of rapid growth [40], and its value 

reaches 2.01 in 2010. Studies indicate that the continued 

increase of food price will significantly reduce the purchas-

ing capability of food, which has the great impact on the 

poor community; many residents in the poor areas will be 

forced to deplete the small amount of assets, thus falls into 

the trap of poverty, which brings a negative impact on the 

longer-term food security [41]. Therefore, by stabilizing the 

price level of food, we can not only achieve the long-term 

food security in China, but also can effectively reduce the 

incidence of poverty, promoting the sustained and stable 

development of national economics. 

2.3.2 Analysis of variation in the obstacle degree for 

individual food security subsystems 

According to the method to calculate the obstacle degree 

for the food security subsystems, we can derive obstacle 

degrees for individual food security systems in 1990–2010 

and their variation situation (Fig. 3). We can see from the 

figure that in 1990–2010, the main obstacle factors that af-

fect the food security in China are concentrated on two as-

pects, namely the food production resource subsystem and 

food availability and stability sub-system, and the average 

obstacle degrees are 39.04% and 32.48%, respectively, ex-

hibiting the general trend of increase. In comparison, the 

obstacle degrees of two subsystems of food accessibility 

and food utilization to the food security in China exhibit the 

clear downward trend in this period, and its value respec-

tively decreased from 21.73% and 20.61% to 13.77% and 

3.22% in 2010. In 1990, the highest obstacle degree of food 

resource security subsystem was 31.32%, the lowest obsta-

cle degree of food utilization sub-system was 20.61%. The 

difference between the obstacle degrees of two factors was 

only 10.71%. However, in 2010, the obstacle degree of food 

resource security subsystem increased to 43.69%, and the 

obstacle degree of food utilization subsystem declined to 

3.22%; the difference between the obstacle degrees of two 

factors increased to 40.47%. We can see that the factors of 

food insecurity in China are more and more concentrated on 

two factors of food production resources and food availabil-

ity and stability (the sum of obstacle degree for two factors 

in 1990 was 57.66%, while reached 83.01% in 2010). By 

combining the analysis early in this paper, we can see that 

the rapid industrialization and urbanization cause deficiency 

of food production resources (especially the cultivated land 

resource) and the change of food consumption structure, 

while the change of food consumption structure also causes 

the rapid growth of food demand, which is the essential 

reason to cause the continued increase of obstacle degree 

for food production resources and food availability and sta-

bility. Therefore, it is a major problem related to the sus-

tained rapid development of economics and social stability 

in China as how to adopt more effective policies and 

measures to better coordinate the construction of industrial-

ization, urbanization, and agricultural modernization in 

China. 

 

Fig. 3  Obstacle degree of food security subsystems in China 

from 1990 to 2010 

3 Discussion 

1) According to the constructed system of index evalua-

tion, we derive that the food production security system is 

the primary factor to affect the food security system. The 

analysis of obstacle degree for individual indexes indicates 
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that for a long time, the state financial support for agricul-

ture is always one of the main barrier factors for the food 

security. That is, without the financial support of govern-

ment, the agriculture is difficult to obtain the sustained and 

fast growth. Therefore, we must speed up the establishment 

and improvement of stable growth mechanism for the in-

vestment of "three agricultures" on the basis of existing 

policies to support and benefit agriculture, improve various 

kinds of subsidies and policies for agricultural production, 

increase the national transfer payment from the exchequer 

to agriculture production, and accelerate to establish the 

interest compensation mechanism of national and main sale 

areas of food to the main food production areas. The analy-

sis indicates that, since 2010, the area of cultivated land has 

become the main obstacle factor for the food security in 

China, and therefore we must correctly handle the relation-

ship between industrialization, urbanization, and protection 

of cultivated land, always implement the most stringent 

farmland protection policy, establish the dynamic monitor-

ing and evaluation system of total quantity and quality of 

cultivated land in the whole nation, and insist on the red line 

of cultivated land. 

2) The food availability and food stability sub-system is 

the second important factor that affects the food security 

system. The analysis of obstacle degree for individual in-

dexes indicates that the total grain production has always 

been the important factor that affects the food security in 

China. Because the likelihood to increase the total grain 

production by expanding the sowing area of food becomes 

smaller and smaller, while there is still relatively large gap 

in the grain yield between China and developed countries 
[42], we must further excavate the potential of grain yield by 

strengthening the agricultural infrastructure and the con-

struction of modern agricultural equipment, and strengthen-

ing the agricultural science and technology support. The 

studies in this paper indicate that the supply-demand rela-

tionship and price of food have a relatively large impact on 

the food production. Therefore, we must further improve the 

formation mechanism of food price, and establish the im-

proved regulation system for the market of agricultural 

products. Because of the rapid growth of food demand 

caused by the industrialization and urbanization, at present 

the net grain importation has become the important factor 

that affects the food security in China. Therefore, while we 

continue to increase the total food production, we should 

make as many efforts as possible on the cutting expenditure 

to reduce the food waste. The studies indicate that the total 

wasted amount of grain reaches above 0.35 × 108 t in China 

only due to the loss on the aspects of storage, transportation, 

and processing; meanwhile, the value of food wasted every 

year on the dinner table is high up to 200 billion RMB, 

which is equivalent to the provisions of 2 × 108 persons [43]. 

Hence, we should actively respond the national call, and 

fully implement the spirit in the documents of Opinions on 

Austerity against Food Waste, and Notice on Implementa-

tion the action to save in the General Community, forming 

the social atmosphere to save grains. 

3) The analysis of obstacle degree for individual indexes 

indicates that among the food utilization sub-systems in 

2010, the road density and domestic food price index have 

become the main obstacle factors that affect the current food 

security. Therefore, it is an important means to further im-

prove the food security in China by strengthening the infra-

structure construction (such as transportation, food, and 

sanitation) in the poor areas, and stabilize the price level of 

food. The studies indicate that in 2010, according to the new 

poverty line as per capita annual income of 1196 RMB, 

there are still about 100 million poor people in China, and 

2/3 of them is concentrated in west of China. These people 

do not have sufficient food access, and are in the state of 

food insecurity [44]. Consequently, it is an important means 

to further improve the food security level in China at pre-

sent and in the future, to strengthen the establishment and 

improvement the construction of different infrastructure 

facilities in the rural areas of central and west of China, and 

to strengthen the poverty alleviation and development ef-

forts in remote mountainous areas, poor areas, and old rev-

olutionary base areas. 

4 Conclusions 

1) From the perspective of food system, due to the prac-

tical situation in China, we select 18 indexes to construct 

the comprehensive evaluation index system of food security 

in China. His system contains rich information, and fully 

reflects the substantial basis, production level, fluctuation 

state, and circulation state of food production, as well as the 

capability of food acquisition and utilization and their con-

sequence, showing the comprehensiveness of food security 

connotative. 

2) In 1990–2011, the quantitative analysis on the com-

prehensive evaluation of food security in China indicates 

that the three subsystems of food production resources, food 

availability and stability, and food access have obvious fea-

tures of changing on stages. In particular, the continued dec-

lination of agricultural water and soil resources and the 

continued growth of agricultural economic resources are the 

main reason that the food resource security subsystems ex-

hibited the two-stage variation , and agricultural develop-

ment policies, supply and demand relationship in the food 

market, and the changes of food price are the main reasons 

for that the food availability and food stability sub-system 

exhibits three-stage changes , while the domestic food price 

index and road density dominate the two-stage variation of 

food access subsystem. During the period of research, the 

development index of food utilization sub-system increased 

from 0.003 to 0.137, which is mainly attributed to the sig-

nificant improvement of food and health conditions in Chi-

na over the past 22 years. 
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3) The diagnosis of obstacle factors for the food security 

indicates in 1990–2000, the three indexes of state financial 

support for agriculture, total grain production, and road 

density are the main obstacle factors for the food security, 

and the sum of obstacle degrees for three factors in 1990, 

1995, and 2000 reached 44.48%, 44.05%, and 44.29%, re-

spectively; in 2000–2010, the obstacle degree of per capita 

cultivated land increased from 9.60% to 29.79%, and it had 

become the largest obstacle factor for food security system. 

The obstacle degrees of net grain importation and domestic 

food price index in 2010 were 16.93% and 11.87%, respec-

tively, which had replaced the total grain production and 

road density, and became the second and third obstacle fac-

tors that affected the food security system in China. 

Based on the entropy method and the index system to 

comprehensively evaluate the food security, which are ap-

plied to the study on the state of food security system 

change in China, we derive some beneficial conclusions. 

However, the threshold range of harmony between individ-

ual sub-systems of food security has not been analyzed; 

meanwhile, we should also note that there is obvious divi-

sion of main food production areas, main sale areas, and 

balance areas of production and sale in China, and therefore 

the studies on the difference of regional food security sys-

tem should also be strengthened to guide different regions 

and to better achieve the food system security according to 

local conditions. On the discussion of reasons for the 

change of food security system, in this paper we are more 

concerned on the reasons from the economic and social as-

pects, without much concern on the natural factors, such as 

natural disasters and changes of soil environment. 
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Influential factors decomposition for China's grain yield based on logarithmic  

mean Divisia index method 
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Abstract: The premise for establishment of appropriate grain production policies is to analyze the contributions of 

different influencing factors to the variation of grain yield. However, the existing studies focus on the overall com-

parison of influencing factors affecting the grain yield in China, and thus cannot reflect the annual differences or 

changes. Therefore, in this study, we built a non-residual decomposition model based on logarithmic mean Divisia 

index (LMDI) method for investigation into grain production in China. With this model, the changes of grain yield 

were decomposed into the contributions from four factors, including yield per cultivated area, planting structure, 

multi-cropping index, and changes of cultivated land area. Based on the data from 1996 to 2012, we decomposed 

and analyzed the factors affecting the changes of grain yield in China during this period. The results showed that the 

total grain yield in China generally increased from 1996 to 2012, but it also fluctuated at a severe rate inter-annually. 

From the perspective of increments, the effect size of yield per cultivated area was 85.9225 million t, and yield per 

cultivated area was a major influencing factor promoting the increments of grain yield in China. The effect size of 

planting structure was −39.0911 million t, and planting structure was a major influencing factor inhibiting the in-

crements of grain yield in China. However, the effect of planting structure on grain yield became strongly positive 

from 2004 to 2006, and planting structure was a major influencing factor promoting the increments of grain yield 

during this period. From the perspective of fluctuation, the fluctuation of grain yield in China from 1996 to 2003 

was mainly attributed to the effect of yield per cultivated area and the effect of planting structure. From 2004 to 

2007, the effects of yield per cultivated area, planting structure and multi-cropping index on grain yield were con-

tributive alternatively, but no effect was absolutely dominant. Since 2008, the effect of yield per cultivated area and 

the total effect changed in very similar ways. The results above show that the effect of yield per cultivated area is 

mainly responsible for the changes of grain yield in China at the current stage, while the effect of planting structure 

can be enhanced greatly in the future. Moreover, the effect of multi-cropping index will not bring about great 

changes, but its sudden reduction may cause fluctuation. In comparison, the effect of cultivated land area can be ig-

nored. Thus, regarding how to enhance China's grain production ability in the future, the main developing trends are 

to stably improve the yield per cultivated area, raise the enthusiasm of peasants for grain production, modify the 

planting structure, prevent natural disasters, and avoid the abrupt changes of multi-cropping index. These findings 

provide some valuable information for relevant governmental departments to establish grain production develop-

ment plans and to formulate related industrial policies. 

Keywords: grain; crops; agriculture; logarithmic mean Divisia index (LMDI); yield; influencing factors; decompo-

sition; non-residual 

CLC number: F062.1 

0 Introduction 

Grain safety of China has been one of the major issues 

that attract the attention of Chinese government and interna-

tional society. Public opinions represented by “Who will 

raise China?” invoked extensive discussion of government 

and academic circle in China [1–4]. Realizing self-sufficiency 

in grain and ensuring grain safety based on domestic prac-

tice has always been regarded as the basic policy for grain 

in China [5]. Although from 2004, grain yield of China in-

creased in consecutive years and realized “ten-year consec-

utive increase”, it showed that total grain yield increased 

with great fluctuation, thus affecting effective grain supply 

and grain safety level [6]. Therefore, clarifying the contribu-

tion of different influencing factors to the changes of grain 

yield of China and identifying the causes of great fluctua-

tion for the increase of grain yield can provide data refer-

ence and theoretical basis for relevant governmental 

departments to establish grain production development 

plans and formulate related industrial policies. 

Studies about influencing factors to the changes of grain 

yield of China have been conducted from the aspects of 
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resource input, climatic changes, technological develop-

ment, institution and policy, etc. by now. Studies showed 

that grain yield increase slowed down due to reduction in 

resources such as cultivated land and irrigation water during 

industrialization and urbanization process and frequent nat-

ural disasters [7–9]; the grain yield speeded up greatly due to 

advanced farming technology, high-quality labor and effi-

cient irrigation system [10–11]; related policies like cancela-

tion of agriculture tax, fiscal subsidies and land circulation 

system contributed to the increase of grain yield [12–14]. 

However, when considering the combined effect of above 

factors, researchers draw results with great difference and 

even to the contrary [15–17]. The causes are as follows. First-

ly, in many studies, one issue of cross-section data or sever-

al issues of panel data were adopted for reference only. 

While increase of grain yield of China showed great fluctu-

ation, and main influencing factors may be different every 

year; the existing study adopted C-D production function, 

grey correlation analysis, factor analysis, entropy weight 

method and multiple regression analysis which consider the 

overall influence of different factors in the whole study pe-

riod not including analysis and comparison for these factors 

in different years. Under this circumstance, different con-

clusions may be drawn for the same issue if the researchers 

conduct studies of different periods, thus affecting their ex-

planation and guidance in real situation [18–19]. Secondly, the 

factors may affect grain yield at different levels. Generally, 

cultivated land area, yield per cultivated area, planting 

structure and multi-cropping index have direct impacts on 

grain yield, while other factors such as applying quantity of 

fertilizer, natural disaster, irrigation water, agricultural 

technology and fiscal subsidies have indirect impacts 

through acting on the above four factors. Inclusion of all 

factors into the same level without considering the interac-

tive effects of influencing factors at different levels may 

lead to study results concealing partial actual differences. 

In this study, non-residual decomposition model is estab-

lished based on logarithmic mean Divisia index (LMDI) 

method. With this model, the changes of grain yield were 

decomposed into the contributions from four factors, in-

cluding yield per cultivated area, planting structure, mul-

ti-cropping index, and cultivated land area. Based on the 

data from 1996 to 2012, the contributions of changes of 

above four factors to the fluctuation of grain yield were 

measured and main factors affecting the changes of grain 

yield and change features were analyzed. Based on this, the 

method and strategies for conducting safe grain yield in 

future China were discussed. 

1 Data and method 

1.1 Source of data 

The statistical data of cultivated area before 1996 are 

gained prior to the first agriculture census of China, and 

China Statistical Yearbook declared that these data are 

smaller than actual data for many times. To reduce calcula-

tion error caused by data statistics difference, the related 

grain production data of China from 1996 to 2012 were se-

lected in this paper, among which data from 1996 to 2008 

come from China Statistical Yearbook and those from 2009 

and later are gained from Land and Resources Bulletin of 

each year by Ministry of Land and Resources. 

1.2 Study method and the establishment of model 

1.2.1 Method selection 

Factor decomposition method refers to a method in 

which target variables are decomposed into several critical 

factors for analysis through conversion operation for 

mathematic identical equation and relative effect degree on 

the target variable from each factor is calculated so as to 

reveal the change features and change mechanism of a mat-

ter. Factor decomposition methods mainly include 

Laspeyres and Divisia index decomposition methods [20–21]. 

For Laspeyres index decomposition method, it is simple, but 

has great decomposition residual which may affect analysis 

results. On basis of Divisia index method, Ang et al. [22–25] 

further introduced the logarithmic mean Divisia index 

method (LMDI), which is more convincing compared to 

other methods since it solved problems of residual item and 

zero value in decomposition. It is applied widely in re-

source, energy and environment fields [26–31], but less in the 

field of grain production and safety. In this paper, the grain 

is regarded as a kind of resource and LMDI method is se-

lected to decompose and analyze the changes of grain yield 

in China.  

1.2.2 Establishment of model 

The grain safety is based on cultivated land. The security 

effect of cultivated land on grain safety in a country or re-

gion is mainly dependent on cultivated area, yield per culti-

vated area, planting structure and multi-cropping index [32], 

and the relational expression is represented as follows:  

 
where, Yg refers to total grain yield, t/hm2; Yu refers to grain 

yield per cultivated area, i.e., yield per cultivated area, 

t/hm2; Rs refers to the ratio of grain area to crop area, i.e., 

planting structure; Im refers to the ratio of crop area to cul-

tivated area, i.e., multi-cropping index; Ag refers to culti-

vated area, hm2. 

Assuming that the time t is continuous, the following 

equation can be obtained by differentiation of Eq. (1): 
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Integrating Eq. (2) in the interval of [0, t], there is: 

 
For the right side of Eq. (3), the first part refers to effects 

from changes of yield per cultivated area; the second part 

refers to effects from changes of planting structure; the third 

part refers to effects from changes of multi-cropping index; 

and the fourth part refers to effects from changes of culti-

vated area. 

Assuming that Eq. (3) is continuous in infinitesimal 

space, the following equation can be obtained: 

 

 

 
Thus, the discrete approximate formula of Eq. (3) is as 

follows: 

 
Direct application of Eq. (7) often results in unaccounta-

ble residual item. However, Ang et al. [22] introduced loga-

rithmic mean function into factor decomposition and solved 

the residual item issues. The logarithmic mean function is 

expressed as follows: 

 
where, L(x, y) is logarithmic function that can be expressed 

as follows: 

 
Substituting Eq. (8) into Eq. (7), there is: 

 
Substituting Eq. (9) into Eq. (10), one can get: 

 
For the right side of Eq. (11), the first item refers to con-

tribution from changes of yield per cultivated area to total 

grain yield, i.e., the effect of yield per cultivated area; the 

second item refers to contribution from changes of planting 

structure to total grain yield, i.e., the effect of planting 

structure; the third item refers to contribution from changes 

of multi-cropping index to total grain yield, i.e., the effect of 

multi-cropping index; and the fourth item refers to contribu-

tion from cultivated area changes to total grain yield, i.e., 

the effect of cultivated area. In case that the effect has a 

positive contribution, it contributes to the growth of grain 

yield, i.e., growth effect. In case that the effect has a nega-

tive contribution, it inhibits the growth of grain yield, i.e., 

reduction effect. 
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2 Results and analysis 

2.1 Changes of grain yield from 1996 to 2012 

After sorting related grain production data, the interan-

nual variation trend of China’s grain yield from 1996 to 

2000 was shown in Fig. 1. In 2012, the grain yield in China 

was 589.58 million t, a net increase of 85.048 million t over 

the end of 1996, up by 16.86%. However, the increase 

shows great fluctuation including three stages. From 1996 

to 1999, grain yield increased insignificantly with fluctua-

tion from 504.535 million t to 508.386 million t, up by 

0.76%. From 2000 to 2003, grain yield reduced markedly, 

and in 2003, it reduced to 430.695 million t, a reduction of 

15.28% compared with 2000. From 2004 to 2012, grain 

yield increased significantly from 430.695 million t to 

589.58 million t, up by 36.89% over the end of 2003, real-

izing consecutive increase for nine years. 

 

Fig. 1  Variation of China’s grain yield from 1996 to 2012 

2.2 Effect of factors on fluctuation of grain yield 

2.2.1 Total effect of factors on the increase of grain 

yield 

In order to find causes of great fluctuation in grain yield 

in China, the factor decomposition for changes of grain 

yield from 1996 to 2012 was conducted based on Eq. (11), 

and the contribution from changes of the four factors (yield 

per cultivated area, planting structure, multi-cropping index 

and cultivated area) to the increase of grain yield was con-

cluded and shown in Fig. 2. 

As seen from total effect (Fig. 2), from 1996 to 2012, 

yield per cultivated area and multi-cropping index showed 

growth effect and promoted the growth of grain yield, of 

which yield per cultivated area contributes 85.9225 million t 

to the growth, accounting for 101.03% of overall growth of 

grain yield. The multi-cropping index contributes to 

69.2697 million t to the growth, accounting for 81.45% of 

overall growth of grain yield. The planting structure and 

cultivated area showed reduction effect, inhibiting the growth 

of grain yield, of which changes of planting structure resulted

in a reduction of 39.0911 million t, accounting for −45.97% 

of overall growth of grain yield. The changes of cultivated 

area resulted in a reduction of 31.0561 million t, accounting 

for −36.52%. The growth effect (from changes of yield per 

cultivated area and multi-cropping index) was much greater 

than reduction effect (from changes of planting structure 

and cultivated area). Therefore, grain yield showed overall 

growth of 85.0450 million t from 1996 to 2012 in China, 

with the increase by 16.86%. 

 

Fig. 2  Influential factor decomposition for China’s grain yield 

from 1996 to 2012 

2.2.2 Variation in contribution of factors to grain 

yield increase from 1996 to 2012  

From 1996 to 2012, yield per cultivated area was a most 

major factor in promoting China’s grain yield (Fig. 2), but it 

showed great fluctuation. Fig. 3 represents variation of ef-

fect value of factors influencing China’s grain yield from 

1996 to 2012. According to Fig. 3, yield per cultivated area 

showed the greatest fluctuation respectively in 2000, 2004, 

2008 and 2011, affecting more than 20 million t of grain 

yield, and grain yield showed the greatest fluctuation in 

above four years, thus indicating that yield per cultivated 

area may be the major cause of great fluctuation in grain 

yield in China. Since 2008, the effect curve of yield per 

cultivated area showed a consistent fluctuation trend with 

total effect curve, while the effect curves of planting struc-

ture and multi-cropping index tended to be stable with less 

fluctuation and showed larger distance from the total effect 

curve, indicating that yield per cultivated area had more 

obvious impact on the fluctuation of grain yield growth 

from 2008. From 1996 to 2004, yield per cultivated area 

showed an alternative trend between reduction effect and 

growth effect, while a continuous growth effect with fluctu-

ation can be observed since 2004, except for reduction ef-

fect in 2009. The phenomenon indicated that when other 

effects are stable, a stable growth of yield per cultivated 

area will play a crucial role in promoting stable growth of 

grain yield in China. 
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Fig. 3  Variation of effect value of factors influencing China’s 

grain yield from 1996 to 2012 

Planting structure effect showed obvious stage change 

(Fig. 3). In the first stage (1996–2003), it showed reduction 

effect; particularly from 2000 to 2003, the reduction effect 

of planting structure became great. In 2001 and 2003, the 

reduction effect of planting structure was much greater than 

the effects of other factors, becoming a major cause of re-

duction of grain yield in the year. The reasons are as fol-

lows. For a long time, the price of means of grain 

production has been increased, while grain price showed 

weak situation. Higher output was not accompanied by a 

higher income, which dampened peasants’ enthusiasm to 

cultivate. Many peasants adjusted planting structure, and 

economic crop proportion increased relatively, thus causing 

reduction of area proportion for grain cultivation. In the 

second stage (2004–2006), planting structure effect showed 

growth effect to a large extent. This is due to removal of 

agriculture tax in 2004 as well as the implementation of a 

series of benefiting-peasants policy such as “subsidies for 

superior crop varieties”, ”direct subsidiaries for grain” and 

“subsidies for agriculture materials expense increasing” 

which improved peasants’ enthusiasm to cultivate greatly. 

From 2005 to 2006, the contribution of planting structure 

effect to overall grain yield was up to 13.8501 million t, 

higher than effect of yield per cultivated area and it was the 

most important contribution for the increase of grain yield 

in the year. This indicated that variation of planting struc-

ture due to implementation of benefiting-peasants policies 

had a significant impact on the fluctuation of grain yield. In 

the third stage (2007–2012), planting structure mainly 

showed reduction effect; although there was fluctuation, the 

variation of grain yield was impacted slightly. Main reasons 

are as follows. With the rapid development of industrializa-

tion and urbanization, a large quantity of high-quality and 

young workforce moved to work in cities, and only some 

peasants were engaged in farming to satisfy their needs for 

grain due to peasant consciousness, land complex, removal 

of agriculture tax and various subsidiaries. However, culti-

vation became a sideline business instead of main business 

for peasants and it is hard to invest more to develop grain 

production, which creates large space for centralization of 

scattered plots to realize large-scale cultivation of grain. 

Multi-cropping index showed growth effect except for 

reduction effect in 2006, contributing to cumulative growth 

effect of 69.2697 million t, and played a key role in pro-

moting grain yield growth. In 2006, grain yield decreased 

by 9.4233 million t due to reduction effect of mul-

ti-cropping index and it was a major factor inhibiting the 

growth of grain yield in the year mainly due to severe flood 

disaster in South China, severe drought in the middle part of 

Sichuan and Chongqing, as well as serious low temperature 

and snow disaster in September in North China, which pre-

vented peasants from engaging in multi-cropping timely. It 

is noted that from 2008, multi-cropping index showed ob-

vious decline in growth effect. This is because for China, 

multi-cropping index is relatively high compared with other 

countries and there was limited capacity to improve; in oth-

er words, there is limited space to improve grain yield 

through increasing multi-cropping index. However, more 

attention should be paid to reduction effect of mul-

ti-cropping index caused by natural disasters which had 

great impact on grain yield. 

Cultivated area effect had a negative contribution 

(−31.0561 million t in total) to grain yield (1996–2012), 

which indicated that under the circumstance that other fac-

tors did not change, grain yield reduced by 31.0561 million 

t due to reduction of cultivated area. The reduction effect of 

cultivated area can be divided into two stages. In the first 

stage (1996–2003), the reduction effect of cultivated area 

presented rising trends, and reached to the maximum value 

(−9.0325 million t) in 2003, greater than the effect of yield 

per cultivated area and multi-cropping index, accounting for 

34.26% of grain yield reduction. In the second stage 

(2004–2012), the cultivated area showed reduction effect, 

but its inhibiting effect imposed on the growth of grain yield 

tended to decline. Since 2007, the reduction effect of culti-

vated area was from −192,800 to −70,800 t, and its influ-

ence can be ignored compared with other factors. This 

indicated that dynamic balance strategy of total cultivated 

land implemented strictly by Chinese government for en-

suring not exceeding warning limit of cultivated land is ef-

fective, and the reduction of total grain yield caused by the 

decline of cultivated area is controlled effectively. 

3 Conclusions and discussion 

A non-residual decomposition model was built based on 

LMDI method. With this model, the changes of grain yield 

were decomposed into the contributions from four factors, 

including yield per cultivated area, planting structure, mul-

ti-cropping index, and changes of cultivated area. Based on 

the data from 1996 to 2012, the factors affecting the chang-

es of grain yield in China during this period were decom-

posed and analyzed. The following conclusions can be 
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drawn: 

1) Yield per cultivated area showed growth effect on the 

whole, and was a major factor in promoting China’s grain 

yield (accounting for 101.03% to the growth of overall grain 

yield). However, it showed great fluctuation, and particular 

since 2008, the variation trend of the effect of yield per cul-

tivated area was almost consistent with that of the total ef-

fect, indicating that it was a major cause for the fluctuation 

of grain yield since 2008. Therefore, the stable growth of 

grain yield with less fluctuation lies in the stable increase of 

yield per cultivated area. 

2) Multi-cropping index showed growth effect except for 

reduction effect in 2006, and was a contributor to the 

growth of grain yield (contributing 69.2697 million t to the 

growth of grain yield), but the growth effect declined obvi-

ously since 2008. This is because the multi-cropping index 

is relatively high in China compared with other countries 

and there is limited space to improve grain yield through 

increasing multi-cropping index. The reduction effect of 

multi-cropping index caused by natural disaster in 2006 had 

an adverse impact on grain yield. Therefore, more attention 

should be paid to the construction of disaster reduction in-

frastructures to proactively prevent great fluctuation of 

grain yield due to natural disaster such as flood, drought and 

frost. 

3) Planting structure showed reduction effect, but it 

showed obvious growth effect along with removal of agri-

culture tax and wide implementation of grain subsidy poli-

cies in 2004–2006. Particularly in 2006, it was a major 

cause to the increase of the grain yield (contributing 

13.8501 million t to the overall grain yield), but its growth 

effect reduced sharply since 2007. Even though there is 

grain subsidy, benefit from grain yield is low compared with 

out-migration for work along with rapid development of 

industrialization, resulting in extensive unused rural land. It 

is hard to anticipate peasants to increase investment to grain 

yield; however, it creates large space for centralization of 

scattered plots to achieve large-scale cultivation. Therefore, 

the government should enhance policy support (such as 

grain subsidy) to super grain producer and guide them to 

invest more to grain yield actively.  

4) Although cultivated area showed reduction effect con-

tinuously, it can be ignored from 2007 compared with the 

effect of other factors. With the rapid development of indus-

trialization and urbanization, it is unrealistic to anticipate 

the increase of grain yield through the growth effect con-

verted from reduction effect by stably enlarging cultivated 

area. In future, the existing cultivated land protection policy 

should be persisted to ensure the limit of cultivated land not 

to be exceeded. 

The yield per cultivated area was a major influencing 

factor in changes of grain yield in China from 1996 to 2012, 

but the great fluctuation indicated that there were compli-

cated factors influencing yield per cultivated area, which in 

turn had an indirect impact on overall grain yield. What are 

influencing factors for yield per cultivated area? How much 

indirect influence of each factor had on changes of grain 

yield? All these questions have not been explained clearly in 

this paper, and they need to be investigated further through 

gathering corresponding data. In addition, for vast area of 

China, whether influencing factors show spatial heterogene-

ity in different grain production areas should be further an-

alyzed. Only by this way, related policy may be more 

targeted and scientific. The authors will conduct further 

study on these issues to provide valuable scientific data and 

support for promoting stable growth of grain yield in China. 
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Abstract: Since 2003, Chinese agricultural and rural development has entered a golden period and a period of stra-

tegic opportunities. The report of 18 th National Congress of Communist Party of China (CPC) proposes that the 

comprehensive goal of building a moderately prosperous society should be achieved in 7 years before 2020. To ful-

fill this objective, it is needed to make up the deficiency of agricultural development and accelerate development of 

agricultural modernization in China. However, in agricultural production, there are still a series of prominent con-

tradictions and challenges between production resources and resource needs, between the product quantity and 

structure, between costs and benefits, between population and labor force, between infrastructure and natural disas-

ters, and so on. All of these force the government to strength further the agricultural foundation, transform devel-

opment pattern into a new path of intention-type agricultural development. One of primary tasks of China's 

modernization construction is to promote agricultural modernization. Agricultural engineering provides important 

technology support and substantial guarantee for the construction agricultural modernization. Recently, the im-

provement of agricultural engineering technology is increasingly correlated with development of agricultural mod-

ernization in China. According to the new strategy about promoting collaborative development of 

informationization, industrialization, urbanization and agricultural modernization (hereafter referred to as Four 

modernizations synchronization), agricultural modernization is involved in a more complicated giant social system, 

and the complexity, dynamics, openness and heterogeneity of the system are in accelerated growth. As a core ele-

ment of China's agricultural modernization, agricultural engineering cannot develop well within its own isolated 

field. To be able to playing a better role and realizing win-win situation, the relationship and interaction between 

agricultural engineering and other systematical components have to be revealed in agricultural modernization. 

Based on the study about Chinese characteristic modern agriculture construction path, in combination with the the-

ory, principle and methods of organized system and advanced productivity establishment, this study analyzed the 

systematic target and structure of China's agricultural modernization, and the status and function of agricultural en-

gineering in the system and its relationship with other elements, structures and environment, in order to investigate 

the effect of the developing quantity, quality, momentum and structure of agricultural engineering on the develop-

ing quality and speed of agricultural modernization. The results showed that the development of agricultural engi-

neering was greatly influenced by the development environment of agricultural modernization that included the 

macroscopic targets and polices related with national economy and society. The development of agricultural engi-

neering was also restricted by the factors such as technology, talents, finance and management system. Meanwhile, 

agricultural engineering could improve the quality of core factors affecting agricultural modernization development 

including nature, policies, and society environment. Additionally, agricultural engineering had a significant impact 

on the structure of Chinese agricultural modernization development and showed positive correlations especially 

with the composition of the labor, land and products. In a word, the development mode of China's agricultural en-

gineering needs to be changed. The period of strategic opportunity should to be well captured. The initiative and 

coordinate development of agricultural engineering can speed up the transforming of the development of modern 

agriculture, and create better developing environment and more opportunities for itself. 

Keywords: agricultural engineering; modernization; construction; system; effect; relationship; structure 

CLC number: S-1 

20



   

© 2015 China Academic Journals (CD Edition) Electronic Publishing House Co., Ltd. 

0 Introduction 

Engineering science and technology has the closest rela-

tionship with economy and society, which has the most di-

rect influence and obvious effect on them, and is a key 

factor creating actual productivity
 [1]

. At the 2014 Interna-

tional Conference on Engineering Science and Technology, 

President Xi Jinping emphasized that “an innovation on 

engineering technology can promote an industry and even 

influence and change the world” 
[2]

. Agricultural engineer-

ing refers to application of engineering science and tech-

nology in agricultural field. It appears as a rich and 

complete subject in China after the 1
st
 National Conference 

on Science and Technology in 1978 
[3]

, and grows along 

with reform and opening-up and modernization of Chinese 

agriculture. After direct improvement on agricultural pro-

duction conditions, it promotes development of agricultural 

productivity and adjustment of production relationship, and 

forms close positive interaction with agricultural moderni-

zation. Agricultural engineering is gradually expanded from 

narrow and partial scope to wide and systematic scope, and 

covers various aspects including technology, products, or-

ganization, system, planning, design, construction and oper-

ation. Currently, national development and reform has 

entered into a critical stage 
[4]

, especially after the report of 

the 18th National Congress of Communist Party of China 

which proposes four modernizations synchronization (col-

laborative development of informationization, industrializa-

tion, urbanization and agricultural modernization) and 

Five-in-One requirements (economic construction, political 

construction, cultural construction, social construction and 

ecological civilization construction), agricultural moderni-

zation of China encounters unprecedented pressure and op-

portunities. Issues involve national politics, economy, 

society and ecology in addition to agriculture, farmers and 

rural areas. Development of agricultural modernization has 

an increasing requirement on systematization, integrity and 

coordination, and presents various characteristics of open 

and complicated giant system such as dynamic evolution, 

symbiosis, openness, human involvement and spatial hier-

archy
 [5]

. There has been an increasing awareness of signifi-

cant role of agricultural engineering in promoting 

agricultural modernization, thus agricultural modernization 

cannot be realized without support of modern agricultural 

engineering
 [6]

. Consequently, it is necessary to study inter-

actions between agricultural engineering and modern agri-

cultural construction by considering them as two 

subsystems of agricultural modernization, to form an orga-

nized integral part as much as possible (i.e., input of one 

subsystem is output of other subsystems or the subsystem 

itself 
[7]

), and also make agricultural engineering better ad-

just its development structure to meet requirements of mod-

ern agricultural development, thus improving scientificity of 

modern agricultural construction and obtaining new power 

and opportunities. 

1  Agricultural modernization construction 

path 

China has entered into a critical stage for accelerating 

traditional agriculture improvement and establishing mod-

ern agriculture on the whole. However, based on the 

long-term relatively poor agriculture of China, there is ur-

gent need to study modern agricultural construction path in 

two aspects, namely productivity and production relation-

ship, especially to strengthen basis of modern agriculture in 

engineering to accommodate and promote adjustment of 

production relationship. 

1.1 New situation of agricultural modernization 

Since 2003, Chinese agricultural and rural development 

has entered another “golden period” 
[8]

 and a period of stra-

tegic opportunities which continues till today. The report of 

the 18
th

 National Congress of Communist Party of China 

proposes that the comprehensive goal of building a moder-

ately prosperous society should be achieved in 7 years be-

fore 2020 
[9]

. To fulfill this objective, it is needed to make 

up the deficiency of agricultural development and accelerate 

development of agricultural modernization in China. How-

ever, in agricultural production, there are still a series of 

prominent contradictions and challenges between produc-

tion resources and resource needed, between the product 

quantity and structure, between operation costs and benefits, 

between agricultural population and labor force 
[10]

, between 

infrastructure and natural disasters 
[11]

, and so on. All of 

these challenges force the government to strengthen further 

the agricultural foundation, transform development pattern 

into a new path of intention-type agricultural modernization 

development, and especially strengthen infrastructure con-

struction and science & technology application. Agricultural 

engineering covers construction, technology and other 

fields, and assumes unprecedentedly important missions. 

1.2 New demands of agricultural modernization 

Since Chinese economy has entered into a “new normal 

status” and agricultural and rural development has entered 

into a new stage, agricultural modernization also needs to 

meet new demands. On a macro level, agricultural modern-

ization is the basis of national modernization. Compared 

with urbanization, industrialization and informationization 

under rapid development, Chinese agricultural moderniza-

tion has fallen behind relatively, which seriously influences 

collaborative development of “Four modernizations”. 

Therefore, it is more urgent than ever to accelerate the pro-

motion on agricultural modernization and realize collabora-

tive development of “Four modernizations” under 

inter-dependency. On a micro level, agricultural moderniza-

tion is a “key variable” of Chinese “Four modernizations”, 

while industrialization, urbanization and informationization 

provide support and optimization for agricultural moderni-
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zation and are subjected to agricultural modernization de-

velopment. Industrialization requires high-quality raw ma-

terials of agricultural products and enough labor forces 

supplied by agricultural modernization; urbanization re-

quires land development and good rural environment real-

ized by agricultural modernization; informationization 

requires normalized production management processes and 

standardized infrastructure supplied by agricultural mod-

ernization. Therefore, development of agricultural modern-

ization directly relates to successful promotion of 

industrialization, urbanization and informationization. As 

direct method for accelerating Chinese modern agricultural 

construction, agricultural engineering will play an important 

role in meeting new agricultural modernization demands 

under “new normal status”. 

1.3 Agricultural modernization construction path 

Chinese agricultural modernization has experienced three 

periods, i.e., exploration and orientation after the founda-

tion of new China, reform construction after the Third 

Plenary Session of the 11
th

 Central Committee of the CPC 

as well as comprehensive promotion since the 16
th

 Na-

tional Congress of Communist Party of China. Over re-

cent years, theoretical exploration and reform practice of 

agricultural modernization has accelerated obviously, 

which is dominantly characterized by synchronous ad-

justment and construction of production relationship and 

agricultural foundation. In Chinese Agricultural Engi-

neering, Tao Dinglai proposed the concept and principle 

of “agricultural construction”. In terms of macro technical 

route, after considering national conditions and strength 

and agricultural development, fully studying the experi-

ence in modernization development of mechanical tech-

nology in America, Canada and Australia, 

mechanical-biological technology in France, UK and 

Germany as well as biological technology in Japan, Korea 

and Taiwan 
[12-14]

, and actively exploring Chinese agri-

cultural modernization development path, especially con-

struction path and optimization plan for promoting 

agricultural modernization dominated by agricultural en-

gineering, the government proposed “Ten moderniza-

tions” (“large-scale production, operation organization, 

product standardization, economic management infor-

mationization, scientific & technical integration, opera-

tion mechanization, device engineering, environmental 

ecologization, farmers professionalization as well as pol-

icy systematization”) for modern agriculture construction 

with Chinese characteristic in a scientific, systematical 

and innovative way 
[15]

, which provides important princi-

ple and decision support for Chinese characteristic agri-

cultural modernization development, and also provides a 

systematic and complete model for studying the functions 

of agricultural engineering in Chinese modernization. 

1.4 Logical relationships of construction paths 

Design process of agricultural modernization construc-

tion paths is a process of establishing giant system for gen-

eralized modern agriculture. Agricultural modernization 

construction path features high factor complexity (the factor 

itself is a complex lower system), strong structure dyna-

mism and obvious environment openness, and intends to 

form an organized system in the whole process of agricul-

tural modernization construction
 [7]

, and fully reflect fea-

tures of advanced productivity adaptable to current 

economic and social development in China. It is required 

to take “Ten modernizations” paths of modern agricultural 

construction as objects, follow the sequence of “logic 

starting point, logic intension and promotion results”, and 

realize two-level analysis through organized system struc-

ture analysis and advanced productivity, so as to obtain 

analysis of “Ten modernizations” paths as shown in Fig. 1 

to verify scientificity and integrity of the paths from sev-

eral aspects. According to Fig. 1, agricultural engineering 

can directly promote changes in quantity, quality and mo-

mentum of core factors such as talents, science and tech-

nology, land, information, infrastructure and production 

tools, and influence structure and environment of giant sys-

tem of modern agriculture.

 

Fig. 1  Analysis of agricultural modernization construction path 
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2 Intension, fields and functions of agricul-

tural engineering 

Chinese agricultural engineering started serving modern 

agriculture from the middle and late 1980s as a relatively 

complete subject
 [16]

, and witnessed great development during 

continuous improvement of Chinese agricultural moderniza-

tion. Many Chinese researchers conducted theoretical analy-

sis and practice summarization for relationship between 

agricultural engineering and agricultural modernization from 

different aspects
 [17-22]

. However, most of the summarization 

and analysis focused on technology. As to development of 

modern agriculture, it is needed to systematically take a new 

look at functions of agricultural engineering and its relation-

ship with modern agriculture development. Therefore, it is 

necessary to define some concepts and principles of modern 

agricultural engineering more scientifically and systematical-

ly, to further explore intension, fields and functions of mod-

ern agricultural engineering. 

2.1 New intension of agricultural engineering 

Engineering refers to detailed practical activities for 

changing the world by using scientific theory and technical 

method comprehensively and actual achievements obtained 

herein 
[23]

. Agricultural engineering appeared along with 

agriculture civilization, with the same long history as man-

kind 
[3]

. Its intension has been continuously changed and en-

riched along with improvement of sci-tech and society. 

Therefore, Tao Dinglai defined agricultural engineering as 

“all engineering required for constructing agriculture and 

maintaining efficient operation of agricultural production
 [24]

”, 

which truly reflects development process and application 

characteristics of agricultural engineering, and also indicates 

“qualitative” changes in intension of agricultural engineering. 

Traditional agriculture creates great agricultural engineering 

heritage (rather than sci-tech heritage) such as Dujiangyan 

Irrigation System, and produces modern agricultural engi-

neering during alternation of agricultural society and indus-

trial society. However, modern agricultural engineering 

changed fundamentally in intension, which is dominantly 

characterized by its scientificity and systematicness. In short, 

modern agricultural engineering refers to the activities pro-

moting agricultural modernization under scientific operation 

mechanism through applying advanced technology and de-

vices and implementing modern organization management 

system based on scientific theory of engineering and the 

achievements obtained. As an important part of agricultural 

engineering, agricultural engineering technology combines 

scientific knowledge and human practices, and presents the 

part-whole relationship with agricultural engineering. 

2.2 Fields of agricultural engineering 

Seen from intension of “modern agricultural engineer-

ing”, it consists of three factors, i.e., scientific knowledge, 

technical device and engineering facility. The structures of 

those factors, especially technical structure of agricultural 

engineering, determine development level of agricultural 

engineering. Reasons include: Scientific technology is the 

key factor and major index of advanced productivity
 [25]

; 

key point of agricultural modernization is to promote de-

velopment of industrial structure to higher level; and tech-

nical structure is an important factor leading to industrial 

structure evolution 
[26]

, and directly influences and deter-

mines basic direction and level of development of agricul-

tural structure and economic structure
 [27]

. Likewise, 

technical structure of agricultural engineering determines its 

function to agricultural modernization, and modern agricul-

tural engineering is formed and developed under certain 

technical support, therefore, it is more reasonable to analyze 

and obtain fields involved in agricultural engineering by 

focusing on fields involved in technical devices. After com-

prehensive analysis on agricultural engineering in Chinese 

discipline classifications 
[28]

, setting of CIGR technical de-

partment 
[29]

, setting of CSAE professional committee 
[30]

, 

summarization by authoritative experts 
[31]

 as well as current 

conditions of agricultural engineering development, it is 

concluded that fields involved in agricultural engineering 

technology mainly include 14 aspects based on working 

object (land), working tools, working conditions, resources 

and engineering management contained in productivity, as 

shown in Fig. 2. 

 

Fig. 2  Main field involved in agricultural engineering technology 

All fields of agricultural engineering technology include 

numerous technical contents. For instance, facility agricul-

ture includes specific technologies in 4 major classes, 18 

medium classes as well as numerous sub-classes and small 

classes 
[32]

. Processing and storage of agricultural products 

in production areas 
[33]

 and other technologies also involve 

various aspects of modern agriculture. These technologies 

present cross overlapping, but with prominent features in 

technical application and functions, reflecting features of 

agricultural engineering as an interdiscipline. With devel-

opment of modern engineering technology, system theory, 

information theory, cybernetics, logics, the dialectical mate-

rialism and other subjects provide an increasing guidance on 

engineering knowledge accumulation, technical innovation 

and engineering implementation
 [34]

, thus ensuring matching 

and coordination of agricultural engineering technology and 

agricultural modernization development in increasingly 
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complex dynamic process. 

2.3 Contribution of agricultural engineering to 

agricultural modernization 

Chinese agricultural engineering consists of agricultural 

engineering heritage which still plays its role in agricultural 

engineering, sci-tech achievements obtained through disci-

plinary researches on modern agricultural engineering, all 

facilities developed and applied based on agricultural engi-

neering technology, as well as new organization, system and 

culture generated along with agricultural engineering de-

velopment, which reflects increasingly complex function 

process and generalized systematic features of modern so-

cial productivity and production relationship 
[35]

. At the ear-

ly stage of reform and opening-up, people have realized that 

agricultural modernization cannot be realized without de-

velopment of agricultural engineering technology 
[20]

. The 

agricultural development over the past 30 years fully veri-

fies this judgment. The rapid development of new modern 

agricultural modes covering large-scale water-saving irriga-

tion, high-standard farmland construction 
[36]

, agricultural 

mechanization 
[37]

, facility agriculture 
[38]

, processing indus-

try for agricultural products 
[39]

, current rural environment 

protection and agricultural internet of things
[40]

, verifies 

prominent contributions of Chinese agricultural engineering 

to the guarantee of national food security, supply of 

“non-staple products”, new rural construction, ecological 

civilization construction and other major strategies, and also 

provides powerful technical and material support for suc-

cessful adjustment of agricultural production relationship, 

promotion of rural reform and innovation and transfor-

mation of agricultural development method under new 

challenges. 

3  Relationship between agricultural engi-

neering and agricultural modernization de-

velopment factors 

3.1 Agricultural engineering requires support of 

modern agricultural production factors 

Traditional agricultural production factor mainly consists 

of natural resources (soil and water), labors engaged in 

production, material and currency capital as well as science 

& technology 
[41]

. Modern agriculture can overcome re-

strictions of natural resources (soil and climate) to produc-

tion and change “traditional agriculture governed by 

weather condition” by depending on advanced technical 

device system and modern management method and apply-

ing industrialized agriculture, stereoscopic cultivation and 

other engineering methods. Therefore, importance of natural 

resources among modern agricultural production factors 

decreases gradually, while modern production factors such 

as agricultural facility, mechanical device and operation 

management have an increasing importance. Agricultural 

engineering refers to high-efficient utilization of agricultural 

production materials and production of high-quality agri-

cultural products through comprehensively using modern 

facilities, integrated technical methods and advanced man-

agement mode. Its typical integration of technology, 

knowledge and capital determines its higher demands for 

modern agricultural production factors. For instance, as to 

high-quality pot flower production, it is required to set up 

standard multi-span greenhouse, set horticultural machinery 

and environment control equipment including whole set 

equipment from seeding to transplanting and logistics. It 

also needs to employ agricultural producers similar to in-

dustrial worker and adopt informationlized operation man-

agement mode in order to realize standardized production. 

Therefore, modern agricultural engineering can fully play 

its promotion and guarantee functions to agricultural mod-

ernization by depending on professionalized labors, engi-

neering facilities, mechanized devices, informationalized 

management and other modern agricultural production fac-

tors. 

3.2 Agricultural engineering improves quality of 

modern agricultural development factors 

1) It is helpful to improve quality of labor. Farmers are 

the main part of agricultural production, and their skills and 

knowledge level influence agricultural productivity. Over 

recent years, due to low comparative benefits of traditional 

agricultural production, most of rural young adults migrate 

into cities and engage in non-agricultural industry on a large 

scale, which leads to increasingly prominent problems such 

as continuous reduction of rural labor forces and decrease of 

quality structure
 [42-43]

. This situation impedes promotion 

and application of new products, technology and device, 

restricts development of modern agriculture, influences im-

provement of agricultural production income and frustrates 

labors directly, consequently forming a vicious circle. 

Widespread application of agricultural engineering tech-

nology can change this status in some degree. For instance, 

as to facility agriculture, production benefits obtained by 

relying on integrated application of technology, device and 

management increases by 5-10 times. Facility agriculture 

has become an important method to attract farmers in the 

local employment and increase productive income. Will-

ingness of practitioners to study spontaneously and improve 

technical level under attraction of high-efficiency benefits, 

as well as improvement of organization degree and voca-

tional differentiation promote formation of vocational farm-

ers directly and realize improvement of labor quality. 

2) It is helpful to strengthen agricultural technology inte-

gration. Agricultural technology is a key factor accelerating 

modern agricultural construction. Input of agricultural sci-

entific research funds increases greatly along with increas-

ing national emphasizing on “Three rural issues”. During 

“the 11
th

 Five-year Plan” period, totally 18.7 billion RMB is 
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input into rural agricultural fields as to science & technolo-

gy plan managed by Department of Science and Technolo-

gy, which is approximately 4 times the 4.9 billion RMB 

during “the 10
th

 Five-year Plan” period. Meanwhile, contri-

bution ratio of agricultural science & technology improve-

ment increases to 55.2% in 2013 from 48% at the end of 

“the 11
th

 Five-year Plan” period, however, it is still less than 

70%-80% in developed countries (Europe and America). 

There are more than 6000 achievements of agricultural sci-

ence & technology every year in China, of which the trans-

formation rate is only 30%–40%, and less than 20% of the 

achievements truly form a certain scale 
[44-45]

. It is mainly 

because that many achievements of Chinese agricultural 

science & technology involve single technology and some 

phase in the industrial chain, true integrated technologies 

are few and combination of agricultural machinery and 

agronomy is insufficient. So the core driving effect of sci-

ence & technology on production is restricted. Agricultural 

engineering involves all phases of the whole industrial 

chain, and integrates all aspects such as technology, device 

and management. Based on the development of agricultural 

engineering and implementation of agricultural engineering 

projects, it is planned to establish a technical demand forc-

ing mechanism to promote sci-tech development and accel-

erate integrated process of agricultural science & 

technology. 

3) It is helpful to improve material and device conditions. 

Modern agriculture requires support and guarantee of engi-

neering infrastructure and mechanized devices. Since re-

form and opening-up, agricultural infrastructure and 

mechanized device have been developed slowly due to re-

striction from agricultural decentralized management. Over 

recent years, the government has made great efforts on the 

establishment of agricultural material and device conditions. 

However, it is still under slow improvement on the whole 

due to many problems unsolved. Due to higher initial in-

vestment on material and device such as large-scaled 

mechanized cultivation device, processing device and 

greenhouse facilities
 [46]

, as well as limited input by the 

government, farmers cannot bear the investment and they 

are in urgent need of involvement of external capital. Under 

guidance of the government, industrial and commercial cap-

italists are willing to attend construction and operation of 

agricultural projects to solve initial fund input problems of 

material and device and speed up improvement of material 

and device levels. The newly-emerging financial modes 

such as credit and pledging of agricultural facilities and 

agricultural machinery can provide operators with enough 

cash flow for upgrading materials and devices, to speed up 

improvement of facilities engineering and operation mecha-

nization level. 

4) It is helpful to improve informationalized operation 

and management level. Informationlized operation and man-

agement is an important method to optimize agricultural re-

source configuration, improve operation and management 

level and accelerate agricultural products circulation. Oper-

ation and management informationlization of Chinese agri-

culture is still under accumulation. Informationlized 

operation and management needs to realize large-scale ag-

ricultural production and standardization of all phases, 

namely, perform informationlized operation and manage-

ment by limiting agricultural engineering to controllable 

environment. Agricultural engineering is helpful to create 

good environment for materials and devices, realize accu-

racy and controlling of production process and products and 

provide standard production carrier for operation and man-

agement in order to improve informationlized level directly. 

4  Relationship between agricultural engi-

neering and agricultural modernization de-

velopment structure 

Agricultural engineering influences adjustment of mod-

ern agricultural structure, which is dominantly characterized 

by three aspects, i.e., land structure, organization structure 

and product structure. 

4.1 Improving land scale management level 

Land is basic material foundation of agriculture. Howev-

er, China has to face huge challenge of land resource scar-

city in the past, at present and in the future 
[47]

, even though 

area of Chinese cultivated land is expected to be kept to 0.8 

billion ha. by 2020 based on positive estimation, which is of 

great difficulties 
[48]

. Therefore, the key point for improve-

ment of Chinese agricultural land utilization ratio is to 

transform into optimization of land structure, i.e., seek for 

breakthrough in spatial distribution model, high-quality 

cultivated land proportion and other aspects. From the his-

torical and dialectical perspective, all countries generally 

apply land policy to promote relative concentration of land 

in the process of agricultural modernization
 [49]

. However, 

based on experience of developed countries, land manage-

ment scale cannot be expanded unlimited
 [50]

, and applicable 

land scale is the prerequisite of agricultural modernization 

development and it is also determined by laws of economy. 

Agricultural engineering development can lay foundation 

for applicable land scale management, and also promote 

concentrated land management directly. For instance, re-

mote sensing technology can, through dynamic monitoring, 

forecast changes and evolution tendency of land use, effec-

tively guide management and decision making of the gov-

ernment on land utilization 
[51]

, and diminish land 

fragmentation and segmentation; land utilization engineer-

ing serves to large-scaled high-standard farmland construc-

tion and also provides support for land exploitation & 

improvement as well as increase of reserved cultivated land 

through land configuration, land consolidation and land 

protection 
[52]

; agricultural mechanization greatly improves 
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agricultural producer’s ability of controlling the lands 

through substituting manual labor, to apply lever effect of 

agricultural mechanization and promote rural land circula-

tion 
[53]

, thus realizing prominent improvement of agricul-

tural land structure. For instance, in Xilian Village of 

Keshan County, Heilongjiang Province, agricultural ma-

chinery cooperation is established to expand use ratio of 

agricultural machinery. 91% of lands in the village realized 

large-scale management, and comprehensive mechanization 

degree of farmland reached to 98% 
[54]

. There has been in-

creasingly obvious tendency of promoting large-scale pro-

duction through mechanization
 [55]

 and promoting high 

efficiency through large-scale production. 

4.2 Improvement of operation organization degree 

Organizational system is a key factor of realizing eco-

nomic increase 
[56]

 and core factor of agricultural operation 

system, and it is classified within production relationship. 

The reform and opening-up of Chinese agriculture started 

from organizational innovation of “work contracted to 

household” 
[57]

, which has always been the key point of ag-

ricultural reform and exploration. Over recent years, speed 

and quality of innovation on Chinese agriculture are far 

from requirements of economic development 
[58]

 although 

modes of its economic organization are increasingly diver-

sified. With regard to this point, the report of the 18
th

 Na-

tional Congress of Communist Party of China proposed to 

establish new agricultural operation system in combination 

of intensification, specialization, systematization and so-

cialization; “No. 1 Central Document of 2013” proposed 

that innovation of agricultural production operation and 

organization is a core factor and foundation of promoting 

modern agriculture, and innovative agricultural operation 

system requires to cultivate new operation subject 
[59]

. Ob-

jectively, modern agriculture requires that operators can 

centralize funds, land, talents, information and other re-

sources to conform to conditions of science & technology 

integration, facility engineering, operation mechanization 

and management informationlization. Therefore, operation 

subject must possess organization at different degree. For 

instance, each agricultural machinery cooperation 
[60]

 gener-

ated based on agricultural mechanization typically reflects 

the obvious effects of “productivity drives production rela-

tionship 
[61]

 and engineering technology promotes organiza-

tional reform”, and agricultural engineering promotes 

generation and evolution of all new organizations obviously 

during development of facility agriculture 
[62]

 and pro-

cessing industry for agricultural products 
[63]

. Qi et al. con-

ducted systematic analysis for functions of organization 

mode and engineering integration in the paper entitled 

“Constructing methods of engineering integrative mode for 

protected horticulture 
[64]

”. In addition, improvement of or-

ganization efficiency and benefits speeds up positive inter-

action of “agricultural population transferring to cities and 

high-quality urban labors transferring to rural areas 
[65]

”, 

which optimizes social production organization structure. 

4.3 Improvement of product quality level 

Currently, Chinese major agricultural products are still 

under the situation of “generally-balanced gross production 

and structural shortage” 
[66]

, and realizing “satisfied, good 

and safety diet” in China is always the task to be conducted 

in case of adjustment of product structure. Structure of ag-

ricultural products mainly covers variety and quality. Varie-

ty structure is restricted by social demands and market, 

while quality structure depends on technical normalization 

level of the whole industrial chain. Quality relates to “safety 

of food 
[67]

” and also relates to international competitiveness 

on agricultural products 
[68]

, while normalized production is 

the fundamental solution 
[69]

. Taking non-staple product as 

an example, the government supports to construct fruit, 

vegetable and tea standard demonstration garden, livestock 

and poultry standard demonstration farm, and healthy aq-

uaculture standard demonstration farm (7288 in total), and 

perform comprehensive application of agricultural engi-

neering technologies such as agricultural biotechnological 

environment engineering (facility engineering), agricultural 

environmental protection, mechanization, informationliza-

tion as well as processing of agricultural products to im-

prove agricultural normalization level obviously. During 

production of farm crops, application of mechanized tech-

nology 
[70-72]

 realized standardized production in the whole 

process based on land, inputs and management standardiza-

tion, and greatly improved production efficiency, benefits 

and quality of farm crops. 

5  Relationship between agricultural engi-

neering and agricultural modernization de-

velopment environment 

5.1 Improving production environment of mod-

ern agriculture 

Agricultural modernization development is closely relat-

ed to agricultural natural properties, and therefore is influ-

enced by soil, water, atmosphere and creature. Meanwhile, 

modern agricultural production activities also influence 

natural environment directly. On the whole, Chinese agri-

culture encounters with natural resource shortage and severe 

pollution 
[73]

, which seriously influences agricultural pro-

duction and also has adverse impact on Chinese economic 

and social development. Quality safety accidents on agri-

cultural products 
[74]

 occurring frequently in a period arous-

es the whole society’s attention to agricultural production 

environment. In addition to policy and biological measures, 

engineering measure is the most direct method of improving 

agricultural production environment; agricultural environ-

mental protection engineering and rural energy engineering 

directly serve to agricultural resource and environment pro-
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tection and rural energy construction 
[75]

. Other agricultural 

engineering is applied to directly reduce consumption of 

agricultural resources and energy during production and 

improves ecological level of agricultural production, thus 

protecting agricultural production environment. For in-

stance, land exploitation and utilization and water & soil 

conservation engineering has been emphasized and devel-

oped since comprehensive management engineering was 

implemented in North China Plain 
[76]

. It ensures that spatial 

distribution of Chinese agricultural land maintains gross 

production stabilization, structure optimization and quality 

improvement 
[77]

 in the process of continuous development 

and changing of regional economy and society over past 20 

years. Research and application 
[78-80]

 of many engineering 

technologies applied to traditional non-cultivated land also 

lay a foundation for further optimization of Chinese culti-

vated land reservation. Long history and rapid development 

of agricultural mechanization in China greatly influences 

agricultural environment 
[81]

. Over recent years, soil protec-

tion has been realized well through deep fertilization, re-

turning crop stalks to the field, intensive pesticide 

application, used plastic film collection 
[82]

 and protective 

cultivation 
[83]

; widespread application of water-saving irri-

gation technology plays a great role 
[85-86]

 in water resource 

protection, sustainable utilization and even soil & water 

conservation 
[84]

 of Chinese agricultural land; construction 
[87]

, research and application of a series of energy-saving 

and emission reduction technology systems on agricultural 

mechanization also greatly influence agricultural environ-

ment such as atmosphere during reduction of agricultural 

mechanization application. Facility agriculture obviously 

improves use ratio 
[88]

 of water resource, energy and land 

through vigorously developing engineering facility “solar 

greenhouse”. Many advanced technical modes 
[89]

 of agri-

cultural engineering in agricultural circulating development 

of “production-living-ecology” are applied in agricultural 

development (including “green agricultural engineering” 
[90]

 

developed by many regions). In short, agricultural engi-

neering plays an important, direct and positive role in im-

proving agricultural production environment. Especially, 

deepening of future informationlization in agricultural en-

gineering will allow precision agriculture and wisdom agri-

culture to play a more scientific and efficient role in 

agricultural production environment. 

5.2 Optimization of policy environment of mod-

ern agriculture 

The basic status of agriculture in all industries and its 

weakness determine that this industry needs special protec-

tion 
[91]

 from the government; therefore, guiding policy is of 

great importance to modern agricultural development. Cur-

rently, Chinese agricultural subsidy has entered into a rapid 

increasing stage. Total agricultural subsidy and subsidy lev-

el of major agricultural products improve greatly, and price 

support and pegging subsidy become major policy gradually 
[92]

. In this process, rapid popularization of agricultural en-

gineering technologies and devices directly generates issu-

ance of relevant agricultural industrial policies, including 

laws, industrial development planning, specific policies and 

regulations. For instance, agricultural mechanization devel-

opment generated Law of PRC on Promotion of Agricultur-

al Mechanization in 2004, which makes agricultural 

mechanization formally work as a state will in laws 
[93]

; 

thereafter, “agricultural machinery procurement subsidies” 

was implemented, and total funds increased to 21.75 billion 

in 2013 from 70 million in 2004, which powerfully pro-

moted realization of great-leap-forward development of 

agricultural mechanization 
[94]

. Types of subsidy also extend 

towards the whole agricultural engineering field. For in-

stance, preliminary processing of agricultural products, ir-

rigation and drainage, livestock and aquaculture, power, 

general farmland construction, facility agriculture and other 

mechanical devices are all included into scope of subsidy 
[95]

. With rapid development of facility agriculture, Ministry 

of Agriculture issued the 12
th

 Five-year Plan for National 

Facility Agriculture Development 
[96]

 in 2011 for the first 

time since the establishment of new China. The government 

initiated and implemented “Subsiding program on prelimi-

nary processing in agricultural producing area 
[97]

” to im-

prove conditions of preliminary processing in agricultural 

producing area in 2012. To actively test and explore practice 

mode of Agriculture Internet of Things, Ministry of Agri-

culture selected Tianjin, Shanghai and Anhui 
[98]

 which at-

tract leaders’ attention and with good economic conditions 

and high agricultural level to initiate “regional experimental 

engineering of Agriculture Internet of Things 
[99]

” in 2013. 

State Overall Planning for High Standard Farmland Con-

struction was issued in 2013 
[100]

. Issuance of these major 

polices which intend to change industrial development 

method by encouraging agricultural engineering develop-

ment clearly shows that positive function of agricultural 

engineering is highlighted and the function to policy support 

is strengthened continuously. It plays a positive role in 

forming support system for systematic, legalized and scien-

tific agricultural modernization construction policy. 

5.3 Improving social environment of modern ag-

ricultural development 

Chinese agricultural modernization is reengineering of a 

complex social system and a process of Chinese agricultural 

evolution from low-level to high-level. Subject of modern 

agriculture is not limited to farmers, but involves all social 

levels and fields, and covers human (involved in agricul-

ture) characteristics in knowledge, attitudes and behaviors 

as well as mutual relationships. Therefore, agricultural 

modernization development requires a good social atmos-

phere of understanding, supporting and encouraging the 

development. In reality, agricultural engineering greatly 

increases methods and opportunities for the whole society to 

27



   

© 2015 China Academic Journals (CD Edition) Electronic Publishing House Co., Ltd. 

understand, study and even utilize modern agriculture, thus 

shortening distance between human and modern agriculture. 

Actually, agricultural modernization is a process of contin-

uously strengthening and expanding its functions 
[101]

, and 

modern agricultural engineering directly promotes agricul-

tural multi-functional development, especially urban agri-

cultural development, to make agriculture transform to 

multi-functional contribution including economy, society, 

culture, ecology and system from single food production 
[102]

. Urban residents are involved in facility agriculture 

harvest, agricultural product processing and household gar-

dening to expand scope of scientific popularization of agri-

cultural engineering; farmers utilize advanced agricultural 

engineering technologies and devices to improve scientific 

quality and management ability; governmental department 

strengthens engineering awareness and recognition degree 

in the process of agricultural development based on the 

huge changes by agricultural engineering. It is fairly to say 

that agricultural engineering accelerates the improvement of 

social environment of agricultural modernization develop-

ment through specialization, systematization and directing 

of modern agriculture. Agriculture is a concentrated repre-

sentation of human social nature. In the process of agricul-

tural modernization, the initial stage is oriented by natural 

environment, and is gradually transformed into social envi-

ronment orientation 
[103]

, which is of particular importance 

under requirements of “Four modernizations synchroniza-

tion” and establishment of new urban-rural relationship. 

Agricultural engineering has been playing and will contin-

uously play an increasingly positive role in mutual under-

standing, active cooperation and active support for social 

environment of modern agricultural development after im-

provement of modern agricultural scientific and cultural 

quality at all urban-rural levels. 

6 Conclusions and discussions 

Agricultural engineering is supporting and promoting 

Chinese agricultural modernization development with un-

precedented depth, breadth and intensity, and Chinese agri-

cultural modernization is also promoting new evolution and 

improvement of agricultural engineering. Both of them have 

an increasingly obvious relationship of mutual promoting 

and mutual supporting. Chinese agricultural modernization 

faces a giant social system with abnormal changing speed. 

Complexity, dynamics, openness and heterogeneity of the 

system exceed any country in history. This paper reveals 

influences of quantity, quality, momentum and structure of 

agricultural engineering development on the developing 

quality and speed of Chinese agricultural modernization 

through extending agricultural modernization development 

to modern agricultural construction, detailing modern agri-

cultural construction as “Ten modernizations” paths, and 

analyzing multi-systematic target and systematical compo-

nents of Chinese agricultural modernization as well as status 

and function of agricultural engineering in the system and 

its relationship with other elements, structures and envi-

ronment. The results showed that the development of Chi-

nese agricultural engineering is directly influenced by the 

macroscopic environment of agricultural modernization 

including the macroscopic developing targets and polices 

related with national economy and society, and also re-

stricted by modern factors such as technology, talents, fi-

nance and management system. Meanwhile, agricultural 

engineering could improve the quality of core factors af-

fecting agricultural modernization development including 

nature, policies and social environment. Particularly, agri-

cultural engineering has a dominantly positive impact on the 

structure of the labor, land and products and shows the same 

development orientation of synergetic optimization. 

Development mode of Chinese agricultural engineering 

also needs to be changed. It cannot develop well by only 

relying on its own system, but needs to master the regularity 

and grasp opportunities, fully utilize all favorable conditions 

during upheaval of higher-level system of agricultural mod-

ernization to play a better role and realize interaction and 

win-win situation with agricultural modernization in ele-

ment, structure and environment. Especially, current strate-

gic opportunity period should be grasped to promote 

transformation of Chinese modern agricultural development 

mode through initiative developing, active changing and full 

cooperation, and strive for more developing opportunities 

for discipline construction, sci-tech development and major 

project implementation of agricultural engineering in the 

process. 
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Design and experiment of pneumatic cylinder-type precision direct  

seed-metering device for rice 

Zhang Shun, Xia Junfang, Zhou Yong, Zhai Jianbo, Guo Yangmin, Zhang Xiumei, Wu Hao 

College of Engineering, Huazhong Agricultural University, Wuhan 430070, China 

Abstract: With the adjustment of social industrial structure and the rising cost of rural labor, especially the lack of 
freshwater resources, rice direct seeding is characterized by cost-saving advantages compared to rice transplanting. 
The planting area of rice direct seeding is enlarged during the last several decades. In order to meet the direct seed-
ing requirements (2–4 seeds per hole) of hybrid rice, a unique pneumatic cylinder-type precision metering device 
was designed, which combined the features of socket-filling, vacuum suction, air-blowing, rubber guard and pneu-
matic clear plugging. This paper described the working principle of metering device, determined the key structure 
parameters, and established the mechanical model of single rice seed during the air-blowing clearing process of air 
nozzle. Based on pre-experiments, the socket shape, cylinder speed, vacuum degree, and air-blowing strength were 
the main impact factors of the metering device performance. In bench test, the hybrid rice bud seed Huanghuazhan, 
which had been pre-germinated with the moisture content of 21.65%–23.73% (wet basis), was selected as experi-
mental material and the effects of the four main impact factors on miss-seeding rate, qualified rate and reseeding 
rate of seeding were studied by four factors and three-level orthogonal experimental design. The results indicated 
that the order affecting miss-seeding rate (less than 2 seeds per hole), qualified rate (2–4 seeds per hole) and re-
seeding rate (more than 4 seeds per hole) was socket shape > cylinder speed > air-blowing strength > vacuum de-
gree. The optimal combination parameters were conical socket shape, cylinder speed with 10 r/min, air-blowing 
strength with 17.03 m/s and vacuum degree with 4 kPa. Under the condition of the optimal combination parameters, 
the miss-seeding rate, qualified rate and reseeding rate were 3.6%, 85.47% and 10.93%, respectively. Meanwhile, 
the cavity rate was 0.4%, the average hole distance was 199.37 mm (theoretical hole distance was 200 mm), the 
variation coefficient of hole distance was 6.1%, the seed breakage rate was 1.08% and the seeding quality meet the 
precise direct seeding requirements of hybrid rice. The seeding adaptability experiment was carried out under the 
same conditions with three hybrid rice bud seeds (Gangyou 364, Shanyou 63 and Fengyuanyou 272), whose overall 
dimension existed some differences from each other. All the miss-seeding rates were less than 4%, all the qualified 
rates were more than 85.07%, all the cavity rates were less than 0.67%, the average hole distances were 200.51, 
200.48 and 200.07 mm, respectively; the variation coefficient of hole distances were 4.46%, 4.61% and 5.67% re-
spectively, the seed breakage rates were 0.67%, 0.34% and 0.64%, respectively. Experiment results indicated that 
when planting different hybrid rice, the conical socket had a certain adaptability with the auxiliary of flexible seed 
clearing rope and seed clearing air nozzle. Although the seeding performance should be further improved, the 
miss-seeding and cavity rates were lower, the seed breakage rates were small, the suctions were never plugged, 
which indicated that the features of metering device had extensive application prospect. The research provides a 
theoretical reference for the design of socket-type precision direct seed-metering device for rice. 

Keywords: agricultural machinery; seed; pneumatic equipment; cylinder; socket; seed clearing rope; seed clearing 

air nozzle; direct seed-metering device 

CLC number: S223.2+3 

0 Introduction 

Rice mechanical direct seeding is a light and simplified 

planting technology that is labor-saving, water-saving, 

cost-saving and highly efficient [1], thereof the precision 

hole-direct-seeding, an advanced rice direct seeding tech-

nology at present, can distribute the rice bud seeds accu-

rately in holes in the fields according to the required plant 

distance, row distance and number of seeds per hole, meet-

ing the agronomic requirements for rice planting [2–3]. The 

key technology of precision hole-direct-seeding lies in the 

seed-metering device. So far, China's hybrid rice has been 

widely cultivated for its good tillering ability and high yield. 
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The hybrid rice planting focuses on less-seed and ra-

re-planting [4], so in order to ensure suitable field growth 

environment for high yield, the direct seeding planting re-

quires the number of seeds per hole to be properly con-

trolled as (3 ± 1). The rice direct seeder developed by 

Gaikwad, Wang et al. using mechanical seed-metering de-

vice has poor cavitation performance, and the number of 

seeds per hole cannot meet the requirements for direct 

seeding of hybrid rice [5–7]. The mechanical wheeled 

seed-metering device for hole-seeding developed by the 

research group led by Luo has good cavitation performance, 

but the number of seeds per hole is too large, and there may 

be problems such as bud seed damage [3, 8]. 

Pneumatic seed-metering device has been widely studied 

and applied in various planting fields for its advantages 

such as convenience, high adaptability to seed shape and 

low seed damage rate [9]. At abroad, Singh et al. [10–12] con-

ducted optimization study on structure and operation pa-

rameters of the pneumatic seed-metering device upon 

seeding different seeds, such as cotton, mustard, peanut, 

etc., and Zaki et al. [13] developed a pneumatic 

seed-metering device which can effectively reduce seed 

damage and unplug the suction nozzle. So far, pneumatic 

seed-metering devices for seeding of corn, soybean and rape 

have been studied in a mature manner and widely used in 

China [14–17]. In the rice planting field, Yuan et al. [18–19] 

conducted simulation analysis on vacuum chamber fluid 

field and experimental study on performance of vertical disc 

air suction seed-metering device. Han, Zuo et al. conducted 

optimization study on structure and operation parameters of 

air suction cylinder seed-metering device with socket-slot 
[20–21]. Wang et al. [22] developed a pneumatic cylinder 

seed-metering device with double suction nozzles and con-

ducted experimental study on its seeding performance. The 

above pneumatic rice seed-metering devices are still limited 

to indoor mechanical seedling raising & seeding with one or 

two seed(s) per hole. Zhang et al. developed a sucking plate 

with group holes that can adsorb multiple rice seeds at the 

same time, and applied it on vertical disc direct 

seed-metering device [23], but its seed-metering performance 

and seeding efficiency need to be improved. 

To meet actual production requirements of field precision 

hole-direct-seeding of hybrid rice, this paper designed a 

unique pneumatic cylinder-type precision seed-metering 

device, which combines the features of socket-filling, vac-

uum suction, air-blowing, rubber guard and pneumatic 

plugging clearing, and developed experimental study on 

impact of socket shape, cylinder speed, vacuum degree and 

air-blowing strength on performance of the seed-metering 

device to explore the optimal parameter combination; be-

sides, experiments on adaptability of socket shape to seed-

ing of hybrid rice varieties was also carried out, so as to 

provide reference for design of pneumatic rice precision 

hole-direct seed-metering device. 

1 Structure and working principles of the 

seed-metering device 

 

1. rubber guard 2. seed clearing air nozzle 3. regulating board 4. seed 

clearing rope 5. seed box 6. floor of seed box 7. disc cam 8. rice seeds 9. 

vacuum gas chamber 10. cylinder 11. hollow shaft of air out 12. hollow 
shaft of intake 13. positive pressure gas chamber. I. filling place II. clearing 

place III. carrying place IV. dropping place 

Fig. 1  Structure diagram of metering device 

The pneumatic cylinder-type precision direct seed-

metering device for rice mainly consists of seed box, socket 

cylinder, seed clearing air nozzle and follow-up guard de-

vice, of which the structure is as shown in Fig. 1. 

The cylinder is internally connected with the positive 

pressure /vacuum gas chambers by hollow shaft of air in-

take/out. When the seed-metering device works, the cylin-

der rotates counterclockwise around the hollow shaft, and 

the rubber guard sticks closely to the surface of the cylinder 

and rotates with it. Besides, the disk cam rotates at the same 

time, and drives floor of seed box to vibrate circularly, so as 

to supply bud seeds steadily and smoothly to the filling 

place. After the fan is started, certain blowing and adsorp-

tion forces will be generated in positive pressure and vac-

uum gas chambers respectively, and when the sockets on the 

cylinder rotate into the filling place, the bud seeds there will 

be filled in the sockets by their own gravities, negative 

pressure adsorption force of the suction nozzle and driving 

effect of the socket cylinder upon rotation [24], and rotate 

along with the cylinder. The seed clearing rope and airflow 

from the seed clearing air nozzle will clear the redundant 

bud seeds, and the remaining bud seeds will keep attached 

in the socket by adsorption force of the suction nozzle and 

continue to rotate with it to the carrying place. The rubber 

guard will convey the bud seeds to the dropping place, and 

then the bud seeds in the sockets will be dropped into the 

seed tubes by their own gravities and the positive pressure 

blowing force to complete precision metering of the rice 

bud seeds. 

32



   

© 2015 China Academic Journals (CD Edition) Electronic Publishing House Co., Ltd. 

2 Structural design of critical components of 

the seed-metering device 

2.1 Design of socket shape 

The socket filling mode can effectively avoid effect of 

falling back of the seeds cleared by their weight or air 

blowing on adjacent seed filling and suction. Irregularity of 

rice shape makes seed filling in the filling place complicat-

ed, therefore shape of the socket will directly restrict seed 

filling performance of the seed-metering device. The rice 

seeds can be approximately deemed as a spindle symmet-

rical in all the three directions (length, width and thickness), 

and the mass center is in the symmetry center, so they are 

filled in the sockets in such postures as "lying", "side-lying" 

and "erect" in the filling place. Theoretical analysis shows 

that probability of movement postures of the seeds in the 

gravitational field is directly proportional to its 

cross-sectional area in the three postures [25], namely: 

 
where PL is the probability of seeds in lying posture; PS is 

the probability of seeds in side-lying posture; PE is the 

probability of seeds in erect posture; SL is the equivalent 

area in lying posture; SS is the equivalent area in side-lying 

posture; SE is the equivalent area in erect posture. 

The sum of probability of the three postures is: 

 
By combining Eq. (1) with Eq. (2), it can be obtained 

that: 

 
Projection of the three postures is approximately an el-

lipsoid, and their areas are respectively: 

 
where l, w and t are respectively the length, width and 

thickness of rice seeds, mm. 

Respectively 100 bud seeds of the four rice varieties are 

randomly selected, and their dimensions in length, width 

and thickness directions are measured, with the average 

taken to calculate probability of the three postures of dif-

ferent rice seeds, as shown in Table 1. 

According to the postural probability of the rice seeds in 

Table 1, the bud seeds mainly rely on their own gravities to 

be filled in the sockets, so they are mainly filled in the 

sockets in "lying" and "side lying" postures, and the sum of 

possibility of the two postures is above 0.85. Therefore, this 

paper designed three types of sockets with revolving 

cross-section favorable for the bud seeds to be filled in "ly-

ing" and "side-lying" postures, which are respectively coni-

cal, spherical and cylindrical, and conducted experimental 

study to determine the socket shape more suitable for direct 

seeding of the rice bud seeds. The three sockets are as 

shown in Fig. 2. 

2.2 Determination of socket and suction nozzle 

dimensions 

In view of the seed filling and clearing modes of socket 

filling, vacuum suction and air-blowing, to ensure the direct 

seeding requirement of (3±1) bud seeds per hole, three suc-

tion nozzles are distributed uniformly on the bottom surface 

or on the circumference of spherical surface of the socket 

with diameter D1 of Φ9, of which the diameter d should be 

determined according to the empirical Eq. (5) [26]. 

 
where d is the diameter of suction nozzle, m; b is the aver-

age width of seeds, m. 

According to the data in Table 1, b ∈ [2.31, 3.30], and 

comprehensively considering all factors, diameter of the 

suction nozzle d is taken as 1.5 mm. The maximum distance 

between the suction nozzles is 9.17 mm, which reduces the 

possibility of two suction nozzles adsorbing one rice seed at 

the same time, and ensures that at least two rice seeds can 

be adsorbed by each socket. The experiments show that the 

rice seeds are distributed in the sockets in various forms, so 

there should be two or more rice seeds filled in each socket 

to be adsorbed by the suction nozzles, and the redundant 

rice seeds should be removed by the seed clearing rope and 

airflow, so as to ensure (3±1) rice seeds per hole to enter the 

carrying place. To ensure that at least two rice seeds can be 

filled in each socket, and also to allow the rice seeds to drop 

easily from the socket in the dropping place, inlet diameter 

of the socket D should ensure that two rice seeds with the 

maximum size lmax can be filled in the socket in "lying" 

posture at the same time, as shown in Fig. 2. According to 

Table 1, the maximum length of the experiment bud seeds 

lmax is 11.13 mm, therefore: 

Table 1  Geometry sizes and postural probability of different rice bud seeds 
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1. Suction nozzle 2. Rice bud seed Note: H is the depth of socket, mm; h is 

the wall thickness of cylinder, mm; D is the inlet diameter of socket, mm; 

D1 is the distribution circle of suction nozzles, mm; d is the diameter of 
suction nozzle; The three suction nozzles uniformly distribute on D1 circle; 

Arrow in the figure indicate the motion direction of socket. 

Fig. 2  Structure diagram of three sockets 

where D is the inlet diameter of socket, mm; lmax is the 

maximum length of experiment bud seeds, mm. Width of 

every spindle-shaped rice seed w is greater than its thick-

ness t, so depth of the socket H should be greater than the 

maximum width of single rice seed wmax, and from Table 1, 

wmax = 3.60 mm, thus H is taken as 4 mm. 

2.3 Structure and working parameters of cylinder 

When the seed-metering device works normally, dis-

placement of the cylinder Qm has the following relationship 

with velocity of the seeder Vm: 

 
where Qm is the displacement, hole/s; Vg is the linear veloc-

ity of cylinder, m/s; Δl is the width of partition between the 

sockets, m; Vm is the velocity of seeder, m/s; S is the seed-

ing plant distance, m. It can be easily obtained from Eq. (7) 

that: 

 
where Dg is the diameter of cylinder, m; Z is the number of 

sockets around circumference of the cylinder. From Eq. (8) 

we can see that if velocity of the seeder and seeding plant 

distance are given, linear velocity of the cylinder is directly 

proportional to its diameter, but inversely proportional to 

number of the sockets around circumference of the cylinder. 

If population range in the filling place is given, increasing 

diameter of the cylinder and number of the sockets will 

surely reduce linear velocity of the cylinder, increase filling 

time of the socket in the filling place and raise filling prob-

ability, but the greater the diameter of cylinder is, the great-

er the working gas chamber, more the sockets and suction 

nozzles and greater the pressure relief area will be, and 

more air volume and fan power will be required; if diameter 

of the cylinder is too small, the sockets are too few, and 

filling time of the socket is reduced, it will be hard to guar-

antee the filling probability. Therefore, it is required to con-

sider all factors comprehensively to determine diameter of 

the cylinder, and distribute sockets around the circumfer-

ence as many as possible. This paper, considering all factors 

comprehensively, and in combination with the study and 

production experience in China and abroad on pneumatic 

cylinder seed-metering device [22], determined diameter of 

the cylinder Dg as 0.21 m. 

In design of the sockets around circumference of the 

seed-metering cylinder, considering population separation 

in the filling place and accuracy of seeding hole distance, 

there should not be too many sockets, and width of the par-

tition between the sockets Δl should not be less than the 

maximum size of two seeds, viz.: 

 
If the arc length corresponding to inlet diameter of the 

socket D is about 17.01 mm, design number of sockets 

around circumference of the cylinder Z = 16, then width of 

the partition Δl is 24.20 mm, which meets the requirements 

in the empirical Eq. (9). According to the agronomic re-

quirements for rice planting, the seeding plant distance S is 

0.20 m, seeding row distance is 0.285 m, general velocity of 

the working seeder Vm is 1.8–3.6 km/h, and the work effi-

ciency is 0.359–0.718 hm²/h. Then linear velocity of the 

cylinder Vg is less than 0.3 m/s [27], which is favorable for 

improving filling and suction performance of the 

seed-metering device. 

2.4 Seed clearing mechanism 

The commonly used seed clearing mechanism can be 

classified into mechanical and air-blowing types by struc-

ture principles. The mechanical seed clearing mechanism 

alone cannot meet the requirement of hole-drop 

seed-metering device for number of seeds per hole, there-

fore, this paper applied the seed clearing mechanism which 

combines both the mechanical and pneumatic types, so as to 

achieve good hole-drop seed clearing effect. The seed 

clearing mechanism consists of flexible seed clearing rope 

and air nozzle. 

2.4.1 Seed clearing rope 

According to Table 1, there is certain probability for the 

bud seeds to be filled in the socket in "erect" posture. If the 

bud seeds are filled in the socket in "erect" posture, as there 

is adsorption action of the suction nozzles in the socket, the 

probability for the bud seeds to be attached in the suction 

nozzle is increased; and if there is no flexible seed clearing 

rope, the bud seeds attached in the suction nozzles may be 

subject to three changes in the seed clearing stage: 1) They 

are blown down in the socket by the clearing airflow, enter-

ing the carrying place smoothly; 2) they are blown out the 

socket by the clearing airflow, and fall back to the seed box; 

3) they are not changed by the clearing airflow, but still en-

ter the carrying place in "erect" posture; besides, as length 

of the bud seeds is greater than depth of the socket, the rub-

ber guard may cause crushing damage to the bud seeds, and 
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lead to plugging of the suction nozzles. Therefore, to avoid 

the bud seeds entering the carrying place in "erect" posture, 

flexible seed clearing rope is added in front of the point 

where the socket rotates into clearing area of the air nozzle. 

The seed clearing rope is a kind of transparent nylon rope 

featuring both flexibility and elasticity, of which the diame-

ter Φ is 0.80 mm, and it is installed in the first quadrant with 

the cylinder center O as origin of coordinates, close to outer 

surface of the cylinder without contact, as shown in Fig. 3. 

The flexible seed clearing rope can remove the redundant 

bud seeds outside of the socket back to the seed box, and 

also "stumble" down the bud seeds in "erect" posture in the 

socket, or the bud seeds will be adsorbed by the suction 

nozzles in vacuum suction state, or removed out of the 

socket and fall back to the seed box, thus deflating seed 

clearing of the air nozzle. 

 

1. Rice seed in sliding critical state 2. seed clearing air nozzle 3. seed 

clearing rope 4.latter suction nozzle Note: ψ is friction angle between rice 

bud seed and surface of cylinder, (°); ω is the installation angle of seed 

clearing rope, (°); φ is the minimum installation angle of seed clearing rope, 

(°); 119° is angle between latter suction nozzle axis and spherical tangent 
through the latter suction nozzle’s endpoint, (°); O is center point of cylin-

der section. 

Fig. 3  Installation position of clearing rope 

Seed clearing by the flexible rope should be implemented 

after stable filling in the socket. According to the experi-

mental observations, if the angle between wall of the socket 

rotating out of the filling place is not greater than sliding 

friction angle of the bud seeds, the bud seeds filled in the 

socket will be subject to clearing action by their gravities, 

and such angle is the minimum installation angle of the 

flexible seed clearing rope φ, as shown in Fig. 3. According 

to the previous experiment on material properties of the bud 

seeds, moisture content of the tested rice bud seeds is within 

20.29%–23.73%, and friction angle with the steel plate ψ is 

28.10–34.45°, and combining Fig. 3, of the three sockets 

with the same angle, the spherical socket reaches the stable 

filling state in the end (as adsorption force of the suction 

nozzle on the seeds is far greater than weight of the seeds in 

the socket, assuming that the bud seeds adsorbed by the 

suction nozzle is in stable state, then the latter endpoint of 

the latter suction nozzle will be taken as the final stable 

point of filling, and the angle between tangent of the spher-

ical surface crossing the latter endpoint and the horizontal 

plane should be less than the friction angle ψmin), therefore, 

the minimum installation angle of the flexible seed clearing 

rope φ is π − 28.10° − 119° = 32.90°. In the moment when 

the bud seed is removed by the flexible rope, its velocity is 

the same with linear velocity of the cylinder, so the two are 

relatively static; to ensure that the bud seed removed can 

slide back to the seed box smoothly, the angle between 

gravity of the bud seed with normal of contact surface of the 

cylinder must be greater than the friction angle between the 

bud seed and the cylinder wall ψ, so installation angle of the 

flexible seed clearing rope ω should meet the condition: φ < 

ω < (90° − ψmax), viz. 32.90° < ω < 55.55°. In this paper, ω 

is taken as 40°. 

2.4.2 Mechanical analysis of seed clearing process of 

the air nozzle 

After the socket rotates across the flexible seed clearing 

rope, the bud seeds therein are all in "lying" or "side-lying" 

postures, then the socket rotates into action zone of clearing 

airflow from the air nozzle, and at this time, the bud seeds 

are in a complex airflow field with both capture and adsorp-

tion actions of the negative pressure suction nozzle and sta-

bilization and blowing-out actions of airflow from the air 

nozzle [28]. Owning to the primary clearing action of the 

flexible seed clearing rope, there are several bud seeds ad-

sorbed or not adsorbed by the suction nozzles in the socket 

rotating into the action zone of clearing airflow from the air 

nozzle, therefore, the interaction among the seeds is ne-

glected in mechanical analysis of seed clearing process of 

the air nozzle. The spindle-shaped rice seeds are in random 

 

Note: N1 is the holding power of socket’s wall on seed, N; N2 is the holding 

power of socket’s bottom surface on seed, N; O is the seed centroid; l1 is 

the vertical distance from O to the action line of N1, m; l2 is the vertical 

distance from O to the action line of N2 , m; l3 is the vertical distance from 

O to the action line of adsorption force FD, m; d is the diameter of suction 

nozzle, mm; γ is the angle between N1 and x axis, (°); θ is the angle be-

tween suction nozzle axis and horizontal plane, (°); α is the angle between 

air nozzle axis and horizontal plane, (°); β is the angle between airflow 

resistance Fd and suction nozzle axis, (°) ; Fd is airflow resistance, N; F is 

centrifugal force of the bud seed, N. 

Fig. 4  Forces on seed as being cleared by air nozzle 
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posture in the socket; to facilitate the analysis, the bud seed 

is simplified as a regular ellipsoid, of which the geometric 

center is mass center of the bud seeds. Assuming that the 

bud seeds are adsorbed stably by the negative pressure suc-

tion nozzles, there will be no relative slip between the bud 

seeds and bottom or wall of the socket, so friction on the 

bud seeds can be neglected. Based on the above assumption 

and simplification, the mechanical model of plane concur-

rent force system for single bud seed adsorbed in the socket 

is established (taking the conical as an example), as shown 

in Fig. 4. 

The bud seeds are mainly subject to the actions of gravity 

G, adsorption force of the negative pressure suction nozzle 

FD, centrifugal force F and airflow resistance of the air noz-

zle Fd. During seed clearing by airflow from the air nozzle, 

forces on the bud seeds adsorbed by the suction nozzles 

must meet Eqs. (10) and (11) to ensure that the seeds can 

rotate into the carrying place instead of being blown away 

by the clearing flow, thereof Eq. (10) is the prerequisite to 

ensure the bud seeds to be adsorbed by the suction nozzles. 

 

 
where FD is the adsorption force of suction nozzle, N; G is 

the gravity of bud seed, N; Fd is the airflow resistance of air 

nozzle, N; F is the centrifugal force of the bud seed, N; N1 

is the holding power of socket wall on the bud seed, N; N2 

is the holding power of socket bottom surface on the bud 

seed, N; γ is the angle between holding power N1 and x ax-

is, (°); l1 is the vertical distance from the mass center O to 

action line of the holding power N1, m; l2 is the vertical dis-

tance from the mass center O to action line of the holding 

power N2, m; l3 is the vertical distance from the mass center 

O to action line of the adsorption force FD, m; θ is the angle 

between suction nozzle axis and horizontal plane (the angle 

that the suction nozzle rotates around the horizontal plane), 

(°); α is the angle between air nozzle axis and horizontal 

plane (°); β is the angle between airflow resistance Fd and 

suction nozzle axis, (°), and β = π −α −θ. 

In this paper, end face of outlet of the seed clearing air 

nozzle is a 26 mm × 2 mm rectangle; the angle between its 

axis and the horizontal plane α (installation angle of the air 

nozzle) is 70°, and the angle with the tangent crossing the 

intersection point on surface of the cylinder is 26°, so the 

airflow from the air nozzle can not only blow out the bud 

seeds not adsorbed by the suction nozzles from the socket, 

but also blow the bud seeds blown out from the socket and 

removed by the flexible rope back to the seed box. The seed 

clearing action zone of airflow field of the air nozzle is 

within a socket arc length after the socket rotates across the 

flexible seed clearing rope; as inlet diameter of the socket D 

= 17 mm, it can be obtained that the action zone is the area 

where the angle of the suction nozzles in the socket rotating 

around the horizontal plane θ is within 40°–49.29°, so β = π 

− α − θ =110° − θ ∈ [60.71°, 70°]. 

For example, in Eq. (10), both the gravity G and airflow 

resistance Fd help with the stable absorption of the bud 

seeds, and under a certain working speed and fluid field 

state of the seed-metering device, the gravity G, adsorption 

force FD, centrifugal force F and airflow resistance Fd re-

main unchanged; with rotation of the seed-metering cylin-

der, during rotation of the socket across action area of the 

clearing airflow, θ will be increased, β decreased, and the 

help of the gravity G and airflow resistance Fd to adsorption 

of the bud seeds also increased gradually, so seed clearing 

action of the airflow resistance Fd will be reduced accord-

ingly. Therefore, when the socket just rotates across the 

flexible seed clearing rope, viz. θ = 40°, seed clearing action 

of the airflow from the air nozzle reaches the maximum; at 

this time, the bud seeds not adsorbed by the suction nozzles 

lack action of the adsorption force FD, and the component of 

the gravity G and clearing airflow resistance Fd in linear 

velocity direction of the cylinder is far greater than friction 

on the bud seeds, therefore, the bud seeds not adsorbed by 

the suction nozzles will be blown out from the socket by the 

clearing airflow and back to the seed box. 

After the bud seeds are simplified as ellipsoids, it can be 

obtained according to the theory of drag force flowing 

around sphere that: 

 
where c is the dimensionless drag coefficient, which is re-

lated to the seed shape, surface state and fluid Reynolds 

number; ρ is the fluid density, kg/m3; v is the fluid velocity, 

m/s; s is the projected area of the bud seeds in the direction 

vertical to action of the airflow from the air nozzle (frontal 

area), m2, so it can be obtained considering the bud seeds 

simplified as ellipsoids that: 

 
where L1 and L2 are respectively long and short axes of el-

liptic projection plane of the bud seeds, m. Therefore: 

 
From Eq. (14), we can see that, clearing airflow re-

sistance from the air nozzle Fd is mainly related to posture 

of the bud seeds in the socket and velocity of the clearing 

airflow v. As 3D dimensions of the rice bud seeds show 

relatively concentrated normal distribution, there is small 

difference between individual bud seeds, and they are in 

random posture in the socket, so projection area of the bud 

seeds in the direction vertical to action of the clearing air-

flow from the air nozzle s varies in a small range, which is 
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undeterminable. While the airflow velocity v is directly 

proportional to the second power of the airflow resistance 

Fd, and its effect on Fd is beyond the projection area s, 

therefore, during operation of the seed-metering device, the 

seed clearing effect of the clearing airflow resistance Fd is 

controlled mainly by adjusting the controllable airflow ve-

locity v. If the cleaning airflow is too small, the redundant 

bud seeds not adsorbed in the socket will not be removed, 

so that reseeding rate of the seed-metering device will be 

increased; if the cleaning airflow is too large, the bud seeds 

adsorbed by the suction nozzles will be blown out from the 

socket together with those not absorbed, thus miss-seeding 

rate of the seed-metering device will be increased. Accord-

ing to the previous experimental study in this paper and by 

reference to Literature [29], airflow velocity at outlet of the 

air nozzle is taken as 12.28–21.55 m/s in the experiments. 

The cross-sectional area of the suction nozzle πd2/4 and 

the differential pressure at both ends P are taken to express 

adsorption force of the negative pressure suction nozzle FD, 

viz.: 

 
where d is the diameter of suction nozzle in the socket, m; P 

is the differential pressure at both ends of the suction noz-

zle, p; k is the proportionality coefficient integrating all 

factors, which is generally determined by experimental 

methods, and for the rice, k = 0.96. 

From Eq. (12), the adsorption force FD is directly propor-

tional to diameter of the suction nozzle d and the differential 

pressure at both ends of the suction nozzle P, so if d is a 

fixed value, FD will increase with increase of P. When the 

seed-metering device is working, if the differential pressure 

P is too small, the negative pressure suction nozzle in the 

socket will be unable to effectively capture and adsorb the 

bud seeds, plus the seed clearing action of airflow from the 

air nozzle, miss-seeding rate of the seed-metering device 

will thus be increased; if the differential pressure P is too 

large, the capacity to capture and adsorb the bud seeds will 

be enhanced, and the probability of single nozzle adsorbing 

multiple seeds will be increased, thus increasing reseeding 

rate of the seed-metering device; besides, to reduce power 

consumption of the fan, it is not advised to simply increase 

the differential pressure P. According to many previous ex-

periments and the existing production experience [21, 30], in 

this paper, the differential pressure P (vacuum degree of the 

suction chamber) is selected as 2.0–4.0 kPa. 

3 Seeding performance experiment 

3.1 Experiment preparation 

The experiment rice seeds, Huanghuazhan (provided by 

Hubei Provincial Seed Group Co., Ltd.), were soaked and 

pre-germinated to chest breaking, then filtered and aired 

with the moisture content of 21.65%–23.73% (wet basis), 

and put into automatic sealing bags to maintain its moisture 

content for later use. Overall dimensions of the seeds are as 

shown in Table 1. 

The experiment was conducted on the test bench for per-

formance testing of JPS-12 seed-metering device in Agri-

cultural Engineering Laboratory of Huazhong Agricultural 

University. The experiment was conducted by reference to 

the national standard GB/T6973-2005, where the number of 

seeds per hole and hole distance of the 250 seeds dropped 

on the oil belt from the working steadily seed-metering de-

vice were recorded continuously, repeatedly for 3 times. 

The calculation formulas for the experimental indexes are as 

follows: 

 

 

 

 
Where n0 is the total number of holes with no bud seed; n1 is 

the total number of holes with one bud seed per hole; n2 is 

the total number of holes with two to four bud seeds per 

hole; n3 is the total number of holes with bud seeds per hole 

above four. 

3.2 Experimental method and result analysis 

3.2.1  Effect of the experimental factors on the 

seed-metering performance 

Through the previous experimental observations and 

analysis, the main factors affecting performance of the 

seed-metering device include socket shape, cylinder speed, 

vacuum degree and air-blowing strength. To make clear of 

effect of the above four factors on the seed-metering per-

formance, four-factor and three-level orthogonal array 

L9(34) was applied in the experiment, with miss-seeding 

rate, reseeding rate and qualified rate as the experimental 

indexes. The experimental factors and levels and the or-

thogonal experiment design are as shown in Table 2 and 

Table 3 respectively. 

Results of the orthogonal experiment are as shown in Ta-

ble 3. Range analysis of results of the orthogonal experi-

ment was conducted, of which the results are as shown in 

Table 4. 

From Table 4, we can see that the order of primary and 

secondary factors affecting miss-seeding rate, qualified rate 

and reseeding rate of the seed-metering device is: socket 

shape > cylinder speed > air-blowing strength > vacuum 

degree. The optimal scheme for miss-seeding rate is 

A1B1D2C3, and KA1 < KA3 < KA2, which means that, for the  
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Table 2  Factors and levels of experiment 

 

Table 3  Design and results of experiment 

 

Table 4  Results of analysis 

 
rice variety Huanghuazhan, miss-seeding rate of conical 

socket is better than that of cylindrical socket; the optimal 

scheme for qualified rate is A1B1D1C2, and KA1 > KA3 > KA2, 

with great difference between the data, which means that, 

for Huanghuazhan, qualified rate of conical socket is better 

than that of cylindrical socket; combining the actual pro-

duction requirements for rice direct seeding that, in field 

operation with the seed-metering device, it will be more 

favorable for the actual production if the miss-seeding rate 

is reduced while the qualified rate is guaranteed, therefore, 

in this paper, conical socket is more suitable for direct 

seeding of Huanghuazhan, and according to the results of 

range analysis, it is determined that the more appropriate 

direct seeding condition is A1B1C3D2, viz. conical socket, 

cylinder speed of 10 r/min, vacuum degree of 4 kPa and 

air-blowing strength of 17.03 m/s. 

Verification experiment was conducted under the direct 

seeding condition of A1B1C3D2, from which it was obtained 

that the miss-seeding rate was 3.6%, and qualified rate was 

85.47%, so compared with experiment results under the 

direct seeding condition of A1B1C2D1 (conical socket, cyl-

inder speed of 10 r/min, vacuum degree of 3 kPa and 

air-blowing strength of 12.28 m/s): miss-seeding rate of 

5.47% and qualified rate of 86.27%, direct seeding effect of 

the former is more suitable for actual production of rice 

field direct seeding; moreover, the cavity rate was 0.4%, the 

average hole distance was 199.37 mm (theoretical hole dis-

tance was 200 mm), the variation coefficient of hole dis-

tance was 6.10%, and the seed breakage rate was 1.08%, 

which meet the planting requirements for mechanical rice 

direct seeding. 

3.2.2 Seeding adaptability of conical socket to rice 

varieties 

The chest-broken bud seeds of three hybrid rice varieties 

with certain difference in dimension, respectively Gangyou 

364 (with moisture content of 20.29%–21.51%), Shanyou 

63 (with moisture content of 20.56%–21.32%) and Feng-

yuanyou 272 (with moisture content of 21.02%–23.07%), 

were selected to explore adaptability of conical socket to 

seeding of rice varieties, of which the dimensions are as 

shown in Table 1. The experimental conditions: the cylinder 

speed of 10 r/min, the vacuum degree of 4 kPa and the 

air-blowing strength of 17.03 m/s were applied, and the 

experiment results are as shown in Table 5. 

From Table 5, we can see that, under the seeding condi-

tions: cylinder speed of 10 r/min, vacuum degree of 4 kPa 

and air-blowing strength of 17.03 m/s, satisfactory experi-

ment results were obtained using conical socket for seeding 

of the three hybrid rice varieties, i.e., Gangyou 364, 

Shanyou 63 and Fengyuanyou 272, with all the 

miss-seeding rates were less than 4%, the qualified rates 

reached or exceeded 85.07%, cavity rates were less than 

0.67%, and average hole distances were 200.51 mm, 200.48 

mm and 200.07 mm respectively, thus all the seed-metering 

performances can meet the agronomic requirements for rice 

direct seeding. The experiment results show that conical 

socket has high adaptability to rice bud seeds of similar di-

mensions or rice varieties. 

Therefore, minimizing cavity rate is an effective method 

to guarantee and improve production by field precision 

hole-direct-seeding of rice, which is especially important for 

the super rice that should ensure (2 ± 1) seeds per hole [31]. 

In this paper, the seed filling and clearing modes of conical 

socket, multiple suction nozzles and supporting flexible  
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Table 5  Experiment results of three varieties 

 

rope and airflow from air nozzles were applied; the four 

hybrid rice varieties: Huanghuazhan, Gangyou 364, 

Shanyou 63 and Fengyuanyou 272 were taken as the seed-

ing objects, and all the cavity rates were less than 0.67%, 

which can better meet the agronomic requirements for field 

precision hole-direct-seeding of rice. 

4 Conclusions and discussion 

1) The seed-metering device designed based on the 

modes of conical socket filling, multiple suction nozzles, 

flexible seed clearing rope and air-blowing, rubber guard 

and pneumatic plugging clearing can meet the planting re-

quirements for field precision hole-direct-seeding of rice, 

such as number of seeds per hole, hole distance, seed 

breakage rate, etc. 

2) The four-factor and three-level orthogonal experiment 

on the four factors, i.e., socket shape, cylinder speed, vac-

uum degree and air-blowing strength show that the order of 

primary and secondary factors affecting miss-seeding rate, 

qualified rate and reseeding rate of the seed-metering device 

is: socket shape > cylinder speed > air-blowing strength > 

vacuum degree, and conical socket is more suitable for di-

rect seeding of Huanghuazhan than spherical and cylindrical 

sockets. The optimal combination parameters for field pre-

cision hole-direct-seeding of rice within the experimental 

parameters were cylinder speed of 10 r/min, vacuum degree 

of 4 kPa and air-blowing strength of 17.03 m/s, and in such 

case, miss-seeding rate of the seed-metering device was 

3.6%, qualified rate was 85.47%, reseeding rate was 

10.93%, cavity rate was 0.4%, average hole distance was 

199.37 mm, variation coefficient of hole distance was 

6.10%, and seed breakage rate was 1.08%. 

3) Different rice varieties have some differences in di-

mension, but with the auxiliary of flexible seed clearing 

rope and airflow from the air nozzle, conical socket has 

high adaptability to rice bud seeds of similar dimensions 

with the experimental varieties such as Huanghuazhan, 

Gangyou 364, etc. 

There are many factors affecting performance of the 

seed-metering device, such as position of seed box, thick-

ness of seed layer in the filling place, etc., and as it is mere-

ly the preliminary study, the optimal parameter combination 

of these factors needs further study. Although overall per-

formance of the seed-metering device is still not high 

enough at present, its miss-seeding rate and cavity rate are 

low, seed breakage rate is small and the suction nozzles will 

never be plugged, which indicate that the seed-metering 

device in that mode has good application prospects. 
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Abstract: The technology of rice's mechanical direct seeding can significantly reduce the consumption of manpow-

er and material resources, and meanwhile maintain the production of rice. Super hybrid rice is a kind of hybrid rice 

and its tillering ability is stronger than the general hybrid rice. Due to the characteristics of high tillering capacity of 

super hybrid rice, the sowing quantity is required to be 1–3 seeds for each hole when super hybrid rice seeds are di-

rectly seeded to the field by the drilling machine, so as to ensure the high precision of seeding and high rate of field 

seedling emergence. In order to meet the requirement of 1–3 seeds for each hole using the precise hill-drop drilling 

technique, a seed-filling stratified room was designed, which was between the seed-metering device and the seed 

box on pneumatic feed mechanism for precision rice hill-drop sowing. It also aimed at improving the liquidity of 

seeds and raising the seeding precision, the liquidity of rice seed would reduced after accelerating germination. This 

the reduction of the liquidity of rice seed after accelerating germination had so bad effects on filling process that it 

limited the improvement of metering performance. Indic hybrid Peizataifeng was taken as the research object, and 

the impacts of the seed-filling stratified room on the performance of the pneumatic feed mechanism was studied by 

the single-factor experiment and orthogonal experiment in this paper. These experiments were carried out under 

different negative pressures for sucking seeds and positive pressures for blowing seeds. The experimental results 

showed that there existed an optimization condition on the capability of the metering device to meet the needs of the 

production. The probability about the quantity for each hill was used to evaluate the capability of the pneumatic 

precise metering device. The seed-filling stratified room consisted of a barrel and two seed-guiding plates. The 

cross-section of the barrel was the square with 50 mm per side. There were the chutes on the lining of the barrel, 

which were 1.1 mm wide. Seed-guiding plates were 1 mm thick, which were connected with the barrel by chutes. 

The two seed-guiding plates formed an angle of 45 degrees. The optimization condition was that the sucking plate's 

rotation speed was 30 r/min, the negative pressure for sucking seeds was 1.6 kPa and the positive pressure for 

blowing seeds was 0.1 kPa. With the seed-filling stratified room, the probability of 1–3 seeds per hill for the meter-

ing device was 95.4%; in addition, the probability of empty seed was 1.53%, and the probability of greater than or 

equal to 4 seeds was 3.07%. Under the same condition, the probability of one seed per hill for the metering device 

was 17.32%; in addition, the two-seed probability was 58.72% and three-seed probability was 19.36%. Compared 

with the existed researches, the results showed that the seed-filling stratified room between the seed-metering de-

vice and the seed box on pneumatic feed device, had a good influence on the precision of the pneumatic 

seed-metering device, improved the fluidity of the seeds and decreased the friction force and extrusion force among 

the seeds. This study provides an important reference for the structure optimization and the performance improve-

ment of the pneumatic metering device. 

Keywords: agricultural machinery; seed; pneumatic equipment; group holes; stratified structure; precision hill-drop 

CLC number: S233.71 

0 Introduction 

Rice is one of the main food crops in China. Rice pro-

duction requires a large amount of manpower, material re-

sources and financial resources [1–2], especially in planting 

stage. However, mechanical direct sowing of rice reduces 

the consumption of manpower and material resources in 

raising seedling and meanwhile ensures the production, 

which is one of current development directions of rice 

mechanization in China [3–4]. 

At present, hybrid rice accounts for more than 50% of 

rice planting area in China. As a kind of hybrid rice, the 

tillering ability of super hybrid rice is stronger than that of 
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general hybrid rice, and 1–3 seeds for each hole can meet 

the requirement of direct sowing. Pneumatic metering de-

vice can be used for direct sowing so as to well meet the 

above actual production demands [5]. 

In the research field of precise seeding technology, the 

pneumatic metering device has the advantages of not hurt-

ing the seeds and higher metering accuracy compared with 

mechanical metering device, which is widely concerned 

both in China and abroad. In order to improve rice mechan-

ical metering precision, Wang [6] improved the wheel shape, 

seed tube, and so forth of cell wheel seedmeter. Liu et al. [7] 

established the aerodynamic flow field equation of pneu-

matic metering device room and carried out metering test 

with soybean as study object. Results showed that rotation 

speed of seed disc and vacuum degree of suction chamber 

had significant effects on the feeding performance of 

seed-metering device. Through improving the structure of 

soybean seed-filling room, Chen et al. [8] studied the feeding 

performance of pneumatic metering device and results 

showed that the filling seed effect was improved. Ma et al. 
[9] investigated the pneumatic double-drum seed-metering 

device and found that this device can meet the requirements 

of indoor seedlings. Prasanna et al. [10] researched the 

pneumatic rotating drum metering device, developed mul-

ti-blade spiral grooved metering model and optimized its 

structural parameters. 

Due to the influence of flow performance degradation 

after rice germination on the seed filling process, some re-

searchers carried out the study to improve the feeding per-

formance. Luo et al. [11–12] designed a hole-type metering 

device with two seed-filling rooms. Deng et al. [13] adopted 

the staggered oriented box. Ma et al. [14–15] added a filling 

wheel in pneumatic wheel metering device to push the 

seeds. These measures adopt the separation method to make 

the seeds in the seed box successively enter into the filling 

room under the action of force, which prevent the rice seeds 

in box directly accumulating at the top of metering device, 

so as to improve the liquidity of the seeds and the filling 

effect. 

In order to meet the requirements of precise direct seed-

ing of super hybrid rice, Zhang et al. [16–17] studied the pre-

cise hill-drop sowing of rice pneumatic metering device. 

The probability of 3–4 seeds per hole of super hybrid rice 

“Y Liangyou No. 1” rice-bud-seeds with discharge moisture 

content of 20.7% was 59.48%. However, the amount of 

hill-drop still cannot meet the cultivation requirements of 

super hybrid rice. In order to meet the requirement of 1–3 

seeds for each hole, on the basis of previous study, this pa-

per adopts the concept that improving the liquidity of seeds 

can improve the filling-seed effect. A stratified seed-filling 

room is designed between the seed-metering device and the 

seed box on pneumatic feed mechanism for precision rice 

hill-drop sowing. Experiments are carried out under differ-

ent negative pressures for sucking seeds and positive pres-

sures for blowing seeds to study the performance of blow-

ing seeds. This study aims at providing a reference for 

structural design and performance improvement of the 

pneumatic metering device. 

1 Working principle 

1.1 Structure and working principle of pneumatic 

seeder for precision rice hill-drop drilling machine 

Reference [13] designed a kind of staggered oriented 

box, which is used for indoor sowing box of rice. With the 

staggered seed guiding plate, the accumulation of seeds is 

reduced, thereby improving the filling effect and seeding 

precision. According to this idea, based on the pneumatic 

seeder for precision rice hill-drop drilling machine studied 

by References [16–18], a stratified seed-filling room with 

guiding plate is added. Configuration of pneumatic seeder 

for precision rice hill-drop drilling machine with stratified 

seed-filling room is shown in Fig. 1. 

When the metering device is working, the seeds in seed 

box 1 flow from stratified room 3 into the seed-filling room 

of seed chamber 4. Under the action of negative pressure 

vacuum in gas chamber shell 2, the seeds in seed-filling 

room are adsorbed to the holes of sucking plate 6, rotating 

with shaft 7. In cleaning area, the heavily adsorbed seeds 

are cleaned by cleaning device 5. After seed cleaning, the 

seeds adsorbed in sucking plate enter into carrying area. 

Under positive pressure, the seeds leave from sucking plate 

and fall into seed tube 8. Finally, the seeds fall within the 

sowing ditch and the process of seed-metering is completed. 

1.2 Design of stratified seed-filling room 

Stratified seed-filling room is located at the bottom of 

seed box of metering device, with two seed guiding plates 

(up and down) interlaced at the inner wall, as shown in Fig. 

2. The existing rice pneumatic metering devices connect 

seed box directly. As the seeds accumulate in seed-filling  

 

Fig. 1  Configuration of pneumatic seeder for precision rice 

hill-drop drilling machine with stratified room 

1. Seed box 2. Gas chamber shell 3. Stratified room 4. Seed chamber shell 

5. Cleaning device 6. Sucking plate 7. Shaft 8. Seed tube 
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room, the seeds at the top will produce extrusion force and 

friction force on the seeds at the bottom, which causes the         

fluidity reduction of underlying seeds near the sucking 

room, the difficulty that the sucking hole absorbs the seeds 

and the precision of seeding performance hard to enhance 
[19–22]. After setting the guiding plate in stratified 

seed-feeding room, the seeds in the box will flow circui-

tously to the seed-feeding room with zigzag path along the 

slant plate [23]. It can be seen from Fig. 2, the section curve 

of natural flow of seeds without the seed guiding plates is 1. 

After setting the plate, the height of seed surface is reduced 

under the obstruction of guiding plate and the section curve 

is 2. Making the tangent line L1L2 along with the lowest 

points of curve 1 and curve 2, the height of seed surface is 

reduced by h after setting guiding plates in stratified 

seed-filling room. 

Therefore, according to the non-arching theory and 

structural calculation formula provided by Reference [13], 

main structural dimension of stratified seed-feeding room is 

as follows: the cross-section of the room is square with side 

length of 50 mm, inside of which the upper and lower two 

rectangular guide plates are installed. The upper guide plate 

is 50 mm wide and 35 mm long. The lower guide plate is 50 

mm wide and 15 mm long. As shown in Fig. 2, the vertical 

interval between two guiding plates is 30 mm, which have 

an angle of 45° in horizontal direction. The guiding plate is 

made of stainless steel plate with a thickness of 1 mm. Un-

der this structural dimension, the thickness of the seeds 

stacked near the sucking hole is reduced by 0.025 m and the 

height of seed surface in seed-filling room is reduced to 

about 50% of the original height [24-28]. 

 

Fig. 2  Configuration and principle of connection device between 

metering device and seed box 

Note: 1 is the section curve of bed interface of seeds without the seed 
guiding plates; 2 is the section curve of bed interface of seeds with the seed 

guiding plates; L1 is the straight line which is tangent to the curve 1 at the 

lowest point; L2 is the straight line which is tangent to the curve 2 at the 
lowest point; h is the distance between L1 and L2; α is the angle between 

the connection device and the sucking plate; filling area 1 is the filling area 

without seed guiding plates; filling area 2 is the filling area with seed 
guiding plates. 

2 Materials and Method 

2.1 Experimental material 

To verify the working effect of stratified seed-feeding 

room, indoor seeding performance experiment is carried out 

for the improved pneumatic seeder for precision rice 

hill-drop drilling machine. 

The test material is the seed of super hybrid rice “Peiza-

taifeng”. The average dimensions of the seed are 8.94 mm × 

2.30 mm × 1.94 mm (length × width × thickness). The 

thousand-seed mass is 22.4 g and the natural angle of repose 

is 24.8 [5]. Seeds are soaked with water and used after filter-

ing surface impurities prior to the test. The average moisture 

content of the seeds is 20.3% (wet base). 

2.2 Experimental devices 

Seed sowing test is conducted in the laboratory of South-

ern Agricultural Machinery and Equipment Education Min-

istry in South China Agricultural University. The structure 

of this test device is shown in Fig. 3, which is composed of 

the rice pneumatic metering device, U-shaped manometer, 

air pipelines, cut-off valves and vortex pump. The positive 

and negative pressure air inlets of seed metering device are 

respectively connected with the positive and negative pres-

sure outlets of vortex pump. 

During the test, the diameter and thickness of sucking 

plate is 165 mm and 2 mm respectively. There are 8 groups 

of sucking holes installed on the planter plate, with two 

sucking holes in each group, which are linearly distributed 

along the diameter of sucking plate. The distance between 

two sucking holes is 6.5 mm. The inside sucking hole lo-

cates in the circle with the rotation center of sucking plate 

and a radius of 61.5 mm. Seed-stirring tooth is equipped 

between two sucking holes. Both sides of sharp corner are 

tangent to excircle of two sucking holes and uniformly dis-

tributed along the hole, whose shape and installation can be 

seen in the Reference [17]. Two seed-clearing fingers are 

perpendicular to sucking plate, with a length of 40 mm, 

which are located outside the two sucking holes with a dis-

tance of 4 mm to the center of sucking hole. They are in-

stalled above the seed-filling room (Fig. 4). Stratified 

seed-feeding room is installed outside the seed-filling room 

of rice pneumatic metering device. The distance between 

 

Fig. 3  Configuration of experimental device 

1. Rice pneumatic metering device 2. U-shaped manometer 3. Air pipeline 

4. Cut-off valve 5. Vortex pump 
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Fig. 4  Position of seed-clearing device 

1. Sucking plate 2. Clearing hole 3. Sucking hole 4. Churning tooth 

the lower end of seeding pipe and the surface of seed con-

veyor is 120 mm. Since the forward velocity of sowing and 

production unit in rice field is about 1 m/s, the rotation ve-

locity of seeding disk is determined to be 30 r/min. 

2.3 Evaluation index and calculation method 

2.3.1 Evaluation index 

In order to satisfy the tillering requirements of super hy-

brid rice, (2 ± 1) seeds for each hill (i.e., 1–3 seeds for each 

hill) should be satisfied in agronomic cultivation of super 

hybrid rice. In sowing performance experiment, the proba-

bility of the occurrence is noted as (1–3) seeds/ hill rate 

(i.e., the number of (2 ± 1) seeds per hill / total hill number 

(100%), and the rest of seed/ hill rate has the same meaning. 

In experiments, when the probability of the missed seed 

per hill is the lowest (number of missed seed per hill / total 

till number × 100%), the probability of ≥ 4 sucked seeds per 

hill is the minimum (number of more than 4 seeds per hill / 

total hill number × 100%) and the probability of (1–3) 

sucked seeds per hill approaches, the highest probability of 

2 sucked seeds per hill (number of 2 seeds per hill / total hill 

number × 100%) is selected as the optimal results. 

2.3.2 Calculation method 

According to the national standard GB-T 6973-2005, the 

probability of the seeds per hill from metering device Xi is 

continuously recorded, with 250 times as one group, a total 

of three groups. The average discharge amount of seeds 

from each group is the average amount of seeds per hill X, 

which can be computed by [29]: 

 
Meanwhile, the number of 0, 1, 2, 3 and ≥ 4 seeds ab-

sorbed in each group Xi is recorded. The probability about 

the quantity for each hill P(i) can be expressed by Eq. (2): 

 

2.4 Experimental design 

According to the existing test results, negative pressure 

of suction chamber, seed-filling positive pressure and nega-

tive pressure of seed-filling stratified room are selected as  

Table 1  Factors and levels in experiments 

 
influence factors. 6 × 4 × 23 orthogonal experiments are 

carried out with different negative pressure of suction 

chamber and seed-filling positive pressure so as to investi-

gate the influence of seed-filling stratified room on the me-

tering performance [30]. The factors and levels considered in 

experiments are shown in Table 1. 

At the same time, in order to optimize negative pressure 

of suction chamber after adopting the seed-filling stratified 

room, the influence law of sucking negative pressure on the 

probability of (1–3) seeds per hill is studied by single-factor 

experiment. Single-factor experimental conditions have a 

seed-filling positive pressure of 0.1 kPa and seed-filling 

stratified room, with the sucking plate rotation velocity of 

30 r/min. Meanwhile, experiments are conducted under the 

condition of 1.0–2.0 kPa. SPSS is used to analyze test re-

sults. 

3 Results and analyses 

3.1 Results and analyses of orthogonal experi-

ments 

Scheme and results of orthogonal experiments are shown 

in Table 2 and intuitionistic analysis results are shown in 

Table 3. It can be found that the all negative pressure of 

suction chamber, seed-filling positive pressure and 

seed-filling stratified room have influence on experimental 

results, with the influence order on the probability of missed 

seed per hill: negative pressure > positive pressure > 

seed-filling stratified room. For the probability of (1–3) 

sucked seeds per hill, the influence order is: positive pres-

sure > negative pressure > seed-filling stratified room. For 

the probability of ≥ 4 sucked seeds per hill, the influence 

order is: negative pressure > positive pressure > seed-filling 

stratified room. 

Variance analysis results are shown in Table 3, which in-

dicates that for the probability of (1–3) sucked seeds per 

hill, positive pressure and negative pressure have extremely 

significant influence, and the seed-filling stratified room 

also has certain influence on the probability of (1–3) sucked 

seeds per hill, but not reaching the significant level. The 

seed-filling stratified room, negative pressure of suction 

chamber and seed-filling positive pressure have extremely 

significant effects on missed seed per hill. Seed-filling  
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Table 2  Experimental scheme and test results 

 

stratified room, negative pressure of suction chamber and 

seed-filling positive pressure have extremely significant 

effect on the probability of ≥ 4 sucked seeds per hill., 

seed-filling stratified room and positive pressure have sig-

nificant influence on the probability of 2 sucked seeds per 

hill, while negative pressure have an extremely significant 

influence on it. 

According to experimental results shown in Table 2, it is 

known that: increasing the negative pressure of suction 

chamber can enhance the suction of hole, reduce the proba-

bility of missed seed per hill, but meanwhile also increase 

the probability of ≥ 4 sucked seeds per hill, which is con-

sistent with the results of existing researches [16–18]. 

Seed-filling stratified room can reduce the probability of 

missed seed per hill, showing a similar effect as increasing 

the negative pressure of suction chamber, which enhances 

the adsorption ability of sucking hole. 

According to the aforementioned evaluation indexes, it is 

known that: when the probability of (1–3) sucked seeds per 

hill is similar, the experimental conditions with the high-

est probability of 2 sucked seeds per hill are selected as 

the optimal choices, so A4B1C1 is selected as optimal 

combination. Since this combination does not appear in 

orthogonal design, validation of this combination test is 

needed. The results of validation experiment show that: 

the probability of (1–3) sucked seeds per hill is 95.4%, 

the probability of missed seed per hill is 1.53% and the 

probability of ≥ 4 sucked seeds per hill is 3.07%. Among 

them, the probability of 1 sucked seed per hill is 17.32%, 

the probability of 2 sucked seeds per hill is 58.72% and 

the probability of 3 sucked seeds per hill is 19.36%, 

which are better than the combinations in orthogonal table. 

3.2 Results and analysis of single-factor experi-

ment 

In order to further optimize the negative pressure of suc-

tion chamber, single-factor experiments are carried out un-

der the range of negative pressure 1.0–2.0 kPa, and the 

results are shown in Table 4. 

Through curve fitting of experimental data, the following 

regression equation can be obtained: 

 
where: y is the probability of 1–3 sucked seeds per 

hill, %; x is the negative pressure of suction chamber, kPa. 

The correlation coefficient of the above regression equation 

is R2 = 0.881. As can be observed, the relationship between 

negative pressure of suction chamber and the probability of 

1–3 sucked seeds per hill approximately follows the quad-

ratic parabolic equation. When the negative pressure of suc-

tion chamber is 1.6 kPa, the probability of 1–3 sucked seeds 

per hill in pneumatic seeder for precision rice hill-drop 

drilling machine with stratified seed-filling room is the 

highest. 
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Table 3  Intuitionistic analysis and variance analysis for rice seeds of group holes 

 
Note: ** is important significant (P < 0.01); * is significant (P < 0.05). 

Table 4  Single factor test results 

 

4 Discussion 

Orthogonal and single-factor experimental results show 

that after adding stratified seed-filling room, with the rota-

tion velocity of 30 r/min and negative pressure range of 

1.4–2.0 kPa, the probability of 1–3 sucked seeds per hill is 

between 94.3% and 94.87%, indicating the metering accu-

racy has been improved significantly compared with the 

existing research results [16–18]. 

This may be because when setting the stratified 

seed-filling room in metering device, as shown in Fig. 2, the 

path that the seeds in the box flow to the sucking plate is 

changed and the seeds flow circuitously with zigzag path. 

As mentioned before, the accumulation thickness of the 

seeds in the suction hole is decreased, which reduces the 

pressure of top seeds to seed-filling surface. Therefore, the 

resistance that the seeds flow from seed box to stratified 

seed-filling room is reduced, and the obstruction of unab-

sorbed seeds on the absorbed ones is also reduced. At the 

same time, the guiding plate installed in stratified 

seed-filling room makes the flow path of seeds lengthen and 

shares a part of pressure caused by the seeds at upper level 

to that at lower level, which further reduces the friction and 

extrusion between the seeds, promotes the flow of the seeds 

and prevents the arched retention phenomenon caused by 

extrusion of the upper seeds to the lower seeds. Under the 

above effects, the liquidity of seeds in filling room is im-

proved so that the adsorption difficulty of seeds in the suc-

tion hole is correspondingly reduced, thereby improving the 

metering accuracy. Test results show that the height control 

of seed layers can improve the metering accuracy, which is 

consistent with the existing research results [31]. 

Results of single-factor experiments show the changed 

negative pressure of suction chamber and stable metering 

precision. Due to the saturation phenomenon of seed suck-

ing in pneumatic metering device [16–18], the installed strati-

fied seed-filling room enhances the seed liquidity and the 

adsorption capacity of the holes, which promotes the gener-

ation of saturated absorption phenomenon. Corresponding-

ly, the influence of pressure change on the metering 

precision is weakened, namely when the negative pressure 

of suction chamber varies between 1.0 and 2.0 kPa, the me-

tering precision is stable and only varies between 88.13% 

and 94.87%. 

According to the results of orthogonal and single-factor 

experiments, increasing the negative pressure of suction 

chamber can increase the probabilities of 1–3 and ≥ 4 

sucked seeds per hill. In field planting, the seeding quantity 

should be determined according to the actual field and rice. 

Considering the emergence rate, 2 sucked seeds per hill can 

basically meet the agronomic requirements of direct sowing, 

while due to field environments, disease, insects and bird 

damage, the risk of empty hole for 2 sucked seeds per hill is 

significantly higher than 3 sucked seeds per hill. Repeated 

absorption can better meet the actual production needs than 
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missed absorption [16–18]. Therefore, when the probability of 

1–3 sucked seeds per hill is similar, negative pressure of 

suction chamber can be increased to increase the probability 

of 3 sucked seeds per hill, so as to ensure that the emer-

gence rate can meet the requirements of practical produc-

tion. 

In experiment, the seeds with broken chest and white bud 

are used, which are immersed in water for 24 h before ex-

periment, with pretreatment of accelerated germination. The 

seed surface is dried before experiment. The seeds have bud 

length less than 3 mm, which is short and hard and is not 

easy to break. The impurity in rice seeds is artificially re-

moved, such as abortive grain and impurities. The thickness 

of sucking plate is 2 mm and the hole diameter is only 1.5 

mm, with short hole lead. So, two hard brushes are installed 

in the gas shell in rice pneumatic metering device and the 

third brush is installed in the seeding shell, with positive 

pressure blowing in metering region. Therefore, the electro-

static interference and the blockage of suction hole have not 

been found in experiment. 

In this paper, the pneumatic metering device adopts the 

group holes and each group hole is composed of two suction 

holes, which can well achieve the precise metering of (1–3) 

sucked seeds per hill. Compared with the metering accuracy 

of the existing mechanical metering device (2–6) sucked 

seeds per hill, the pneumatic metering device can better 

meet the requirements of direct sowing of super hybrid rice 
[6]. But, for other rice varieties, such as conventional rice, 

the metering quantity of this pneumatic device is relatively 

small, so the research on the requirements of direct sowing 

of conventional rice still needs to be conducted. 

5 Conclusions 

1) A stratified seed-filling room is designed in this paper 

to provide the stratification of seeds. Taking the "Peiza-

taifeng" super hybrid rice seeds with moisture content of 

20.3% as study object, the influence of stratified seed-filling 

room on the metering performance is studied through ex-

periments. The results of orthogonal and single-factor ex-

perimental results under different negative pressure and 

positive pressure show that the stratified devise has signifi-

cant influence on the probability of missed and 2 sucked 

seeds per hill. After adding the stratified seed-filling room, 

when the negative pressure of suction chamber changes 

within the range of 1.0–2.0 kPa, the probability of (1–3) 

sucked seeds per hill varies between 88.13% and 94.87%, 

which enhances the liquidity of seeds in the seed-filling 

room and is helpful to reduce the influence of the negative 

pressure change on the metering precision and stabilize the 

seeding quality. 

2) For the similar probability of (1–3) sucked seeds per 

hill and the highest 2 sucked seeds per hill, the optimal 

working parameters suitable for field planting can be deter-

mined as: negative pressure of 1.6 kPa, positive pressure of 

0.1 kPa, with stratified seed-filling room. Experimental 

validation is performed under rotation velocity of sucking 

plate speed 30 r/min and the results show that the probabil-

ity of (1–3), missed, ≥ 4, 1, 2 and 3 sucked seeds per hill is 

95.4%, 1.53%, 3.07%, 17.32%, 58.72% and 19.36% respec-

tively. The experimental results show that the metering pre-

cision focuses on (1–3) sucked seeds per hill, which is 

suitable for the direct hill-drop sowing of super hybrid in 

field. 
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Abstract: One of the major challenges of agricultural robots is the grasping and picking fresh fruit and vegetable 

without any damage under the complex environment. In order to minimize the harm due to robot grasp, this paper 

mainly introduces a dexterous multisensory gripper design and also develops a new force impedance control algo-

rithm. First, the gripper with dual motor drive was designed, and each of fingers had an independent servo drive 

system and was integrated with force and tactile sensors. The calibration force sensors were mounted at the root of 

each finger, and the force signals were obtained by the force sensors. The expected force, position and speed pa-

rameters of the fingers can be set separately, so the grip center and stroke can be controlled for the finger by 

pre-programming, the movement and forces of grasped objects can be actively controlled to achieve through the 

two-finger operations. The gripper with both the mechanical mechanism and control flexibility was mounted in the 

end of the industrial robot. The grasping experiment platform composed of industrial robot and dexterous gripper 

integrated monocular vision, force sensing and many kinds of sensors. The 2-D vision was able to quickly detect 

and locate grasped objects at the top of the experiment platform. Second, a force impedance control algorithm was 

proposed and used for one of fingers, position control was used for another finger, and it can regulate the grasping 

force by defining the target impedance between desired position and contact force. The whole grasping system can 

be equivalent to impedance & admittance model, and the finger force/position control can be equivalent to the ex-

pected target inertia–damping–stiffness model, and the model parameters can be adjustable according to the needs 

to realize the dynamic relationship between grasping force and position. The contact force errors between expected 

force value and actual force acquired from the force sensor were as the input of impedance controller and its output 

can be realized by the reference trajectory correction to the internal position control loop. The proposed algorithm 

only considered the direction of gripping fruit and vegetable, and the reference trajectory can be determined simply, 

and then avoids the use of complicated impedance control for multi-degree of freedom manipulators, through which 

it can improve the real-time control and robustness of the grasping system with model uncertainty or external force 

disturbance. Robot grasping experiments show that the system runs smoothly and reliably, the force-feedback im-

pedance control is very effective and the steady state error is maximum range within ± 0.4 N in the experiment of 

grasping the tomatoes and eggs. It can make force track value with small force overshot and fast response simulta-

neously between the end-effector and fruit and vegetable, so it makes the force controller adaptive to the dynamic 

grasp process between the end-effector and fruit and vegetable, it can realize the flexible grasping and reduce dam-

ages and ensure the quality of the grasped fruit and vegetable. The research provides a key control technology for 

the compliant grasping of fruit and vegetable. 

Keywords: robots; end effectors; algorithms; flexible grasping; force control; impedance control; picking; admit-

tance control 

CLC number: TP24 

0 Introduction 

Due to the complexity and particularity of the task, agri-

cultural robot has a low grasping success rate and a high 

damage rate. Flexible grasping has thus become a key 

technology in the research of related robots. Scholars in 

China and abroad have conducted numerous researches in 

terms of minimizing the damage to fruit and vegetable dur-

ing the process of grasping. Under the constant velocity 

mode of the gripper, a collision model in high-speed grip-

ping of fruit 
[1]

 is established based on the Burgers mechan-

ical model of fruit viscoelasticity. A control model is 

respectively established on the end effectors and the motor 

and a grasping moment optimal control method 
[2]

 is devel-

oped based on the generalized proportional integral. To 
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ensure the grasping force between the end effectors and 

fruit and vegetable to track the expected setting force with 

fast speed and low overshoot, an incremental force algo-

rithm PI based on gray prediction is put forward and carried 

out 
[3]

. The grasping force of the end effectors and the out-

put signal of slip sensor will act as the input of intelligent 

controller, using adaptive neuro-fuzzy inference system to 

automatically adjust the grasping force of fruit and vegeta-

ble with different quality 
[4]

. 

During the two-finger operation of tomato picking by 

robot end effectors, subjects like motor current, velocity and 

the two-finger grasping force of tomato, the relationship 

between contact position and damage deformation 
[5]

 are 

discussed. In addition, the pneumatic muscle flexible drive 

technology is also applied to the grasping of weak and frag-

ile objects 
[6–7]

. For the grasping system mentioned above, 

researchers mainly emphasize the study on the mechanical 

model of fruit or force and torque control algorithm study of 

end effectors, and the study of the whole grasping system of 

end effectors is still insufficient. In this paper, we design 

flexible end effectors and construct a test platform for robot 

autonomous grasping. Moreover, the end effectors—the 

whole grasping system of fruit and vegetable can be equiv-

alent to the expected second order impedance & first order 

admittance model, and the force tracking impedance control 

algorithm based on the two-finger fruit and vegetable 

grasping of Cartesian space end effectors is put forward to 

realize the flexible grasping of fruit and vegetable. 

1 Design of robot flexible grasping system 

1.1 Design of double drive end effectors 

Compared with traditional two-finger end effector with 

fixed gripping center, the double drive end effector is flexi-

ble in mechanism and control 
[8–9]

, and the designed end 

effector can realize the pre-programmed settings of the 

gripping stroke. The expected force, position and speed pa-

rameters of the fingers can be set separately, thus improving 

the flexibility of gripping and reducing the damage rate. The 

maximum design size is 130 mm × 60 mm × 180 mm, with 

the gripping stroke of 0–72 mm and gripping force of 0–80 

N. It is equipped with double synchronous belt and double 

screw drive, so it is compact in structure and smooth in 

driving and functions without noises, enabling a bigger re-

duction ratio and force gain as well as self-locking capabil-

ity. As demonstrated in Fig. 1, this end effector is mainly 

composed of double DC servo motors, dual-motor end pul-

ley, double positioning micro slide rail, double miniature 

ball screws, double screw synchronous pulley, two-finger, 

U-shaped main frame, cover plate, flange, etc., with the 

two-finger installed via screw on the side, thus enhancing 

the flexibility of removal and replacement. The whole 

structure is simple and modularized components are 

adopted, which facilitates the processing, assembly and 

disassembly. The end effector is mainly made of special 

aluminum so that the weight of the shell and components 

can be reduced and the force and efficiency of the grasping 

system can be enhanced. 

1.2 Control system design 

The control of end effector, robot and the upper computer 

is illustrated in Fig. 2. 

Effector control system is composed of embedded con-

troller (NI-sbRIO9631, National Instruments Corporation), 

double DC servo reduction motor (Maxon RE16 6.5W + 

MR512, IMP + GP16A 29:1, Switzerland Maxon Motor), 

double DC servo drive (SDA11, PWM, 100–500 Hz, Su-

zhou Maxon Motor Company), double film FSR force sen-

sor (FlexiForce A401, Interlink Electronics Inc.), double 

tactile switch (Omron, D5B-501, Japan Omron Corpora-

tion), etc. Among them, NI-sbRIO9631 integrates real-time 

processor, reconfigurable FPGA and I/O together with 266 

MHz CPU, one million FPGA, 110 digital I/O lines and 16 

bit resolution channel, which can satisfy the orthogonal ac-

quisition of multimotor encoders, acquisition of force signal 

filtering, tactile detection, digital I/O communication and 

multi-channel pulse width modulation (PWM). The system 

development softwares are LabVIEW Realtime and FPGA, 

in which the DC motor PWM control, orthogonal encoding 

algorithm, force signal acquisition and filtering, tactile sig-

nal acquisition and I/O communication are deployed in the  

 

Fig.1  Flexible grasping system of end-effector 

 

Fig. 2  Composing of control system for robot 
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embedded controller FPGA layer. The main task is to con-

trol the algorithm running on real time controller, which can 

also connect with the LAN computer through the Ethernet 

based on TCP/IP network protocol and transmit, display and 

save relevant operating data. 

The digital I/O line of the FPGA layer of the embedded 

controller is programmed to acquire the phase pulse se-

quence signal of DC servo motor reluctance encoder A, B 

and Z by hardware circuit, and use orthogonal encoding 

algorithm to obtain the position and direction of the rota-

tion. The displacement of each finger is: 

 
where, si is the displacement of finger i, mm; p is the total 

number of detection encoder pulse; x4 is the type algorithm 

of code X4; n is the number of pulses generated by encoder 

after one rotation of the motor (512 pulse/r); i1 is the reduc-

tion ratio from motor end to screw end (1:2); i2 is the linear 

distance of screw after one rotation, with the unit 2.5 mm/r; 

i3 is the reduction ratio of DC servo motor, 29:1. 

The DC servo motor adopts PWM for speed control and 

is programmed on the hardware of FPGA layer of 

NI-sbRIO9631 controller, with multi-channel digital I/O 

deployed to send multi-channel PWM pulse sequence, the 

frequency of which is 500 Hz. The rated speed of the se-

lected servo motor is 12100 r/min, i.e., 202 r/s. The moving 

speed of the finger is: 

 
where vR is the rated speed of the motor, m/s; di is the duty 

cycle of the i servo motor; vi is the speed of the i finger, m/s.  

1.3 Force sensor system design 

FSR sensor is 25.4 mm in diameter and 0.203 mm in 

thickness, with high flexibility. It can be attached to the 

surface of the two-finger to measure the force and force 

change rate. FSR is a kind of polymer film whose output 

resistance will decrease with the increase of effective sur-

face pressure. When RM = 500 K resistor is connected at the 

signal ground, the constant voltage of the employed excita-

tion power is 5 V, and the relative voltage change generated 

by the acquisition force sensor resistance can be expressed 

as: 

 
where v+ is the excitation power, +5 V; rFSR is the resistance 

change generated by compressed sensor; vout is the actual 

voltage, the unit is v. 

FSR sensor must be calibrated before use, the calibrated 

force is demonstrated in Fig. 3 and the fitting formula of the 

measured voltage and force is: 

 
where F is force, N; V is voltage, V. 

 

Fig. 3  Force calibration curve of FSR sensor 

2 Control strategy of robot flexible grasping 

force 

The proposed control strategy of end effector grasping 

force impedance is demonstrated in Fig. 4; it is composed of 

the outer loop and inner loop of impedance controller, 

which constructs the cascade control structure. The imped-

ance control strategy is an active compliance method to 

realize the manipulator and the outside environment 
[10–11]

; 

here the use of impedance control is to replace the actual 

end effector grasping dynamics model with target imped-

ance. Make the force error ef between finger and grasped 

object as the input of the target impedance. The sum of the 

reference position xr and correction amount Δxf generated 

by force impedance loop will act as the dynamic position 

command xd of the real time planning. As the input of in-

ternal position loop, u1 is the input command of the servo 

system; position loop adopts the incremental PID controller 

to track the expected position after correction, thus realizing the 

expected grasping dynamic characteristic of the end effector. 

Make the end effector for grasping fruit and vegetable 

equivalent to the expected second order impedance–first 

order admittance model, as shown in Fig. 5. Finger a adopts 

the position control mode and moves to the specified posi-

tion at the specified speed. Finger b adopts force tracking 

impedance control strategy. The expected dynamic rela-

tionship between end finger displacement and gripping 

force can be established through transforming the finger 

force/position control into expected inertia–damping–

stiffness model so as to realize the coordinated grasping 

from sliding finger to fixed finger. 

 

Note: fd, f and ef are the setting force, actual force and force error, respec-

tively, N; xr, xd and x are the reference position, control input and actual 
grasping position, respectively, m; u1 is motor input; Δxe is length, m; keq is 

the equivalent stiffness. 

Fig. 4  Force tracking impedance control based on force sensor 
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Note: md, bd and kd are the target inertia, damping and stiffness param-

eters, respectively; ke and xe are environment stiffness and reference 
position, respectively; x is actual location; fe is contact force; a and b 

are the fingers. 

Fig. 5  Equivalent impedance admittance model of grasping sys-

tem 

2.1 Grasping force impedance control of end ef-

fector 

When error exists between the finger position of end ef-

fector and reference trajectory, impedance force will be 

generated at the end; the second order differential equation 

established by the gripping force and position deviation 

difference is the target impedance: 

 
where xr is the reference position; x is the actual position; 

md is the target inertia; kd is the target stiffness; bd is the 

target damping; fe is the contact force, N. 

There are certain rules in the confirming and adjusting of 

the impedance parameters md, bd and kd 
[12]

. When the 

grasping impedance–admittance control system is in a sta-

ble state, the actual speed and the acceleration of the finger 

will approach 0. From Eq. (5), it can be seen that the finger 

grasping dynamic characteristics resembles the programma-

ble spring balanced by xr. 

Making the force–deformation of fruit and vegetable 

equivalent to first order admittance model and exerting 

force on it with finger to produce displacement, the corre-

sponding model is: 

 
where fe is the contact force between finger and fruit and 

vegetable, N; xe is the initial contact position; ke is the ob-

ject stiffness, N/m. 

2.2  Steady-state analysis of grasping force 

impedance–admittance system 

To improve the accuracy of force control and enhance the 

tracking ability during the grasping process, the error of the 

setting force and actual force is taken as the input of im-

pedance controller and the correction amount of the refer-

ence trajectory is taken as the output. The force tracking 

impedance controller can be described as: 

 
where fd is the expected force vector of the finger gripping 

direction. 

Before the finger touches the fruit and vegetable, the 

contact force fe is 0; in case of t → ∞, the tracking control 

of position trajectory can be realized through x → xr. 

When the finger touches the fruit and vegetable, the imped-

ance controller will generate reference trajectory correction 

automatically according to force deviation and adjust the 

force between finger and fruit and vegetable, thus realizing 

the dynamic grasping of end effector for fruit and vegetable. 

When the contact is steady, based on admittance Eq. (6), 

the finger reference trajectory must satisfy: 

 
Substituting Eq. (8) into target impedance equation as 

shown in Eq. (7), there is: 

 
where Δf = fd – fe, in which Δf is the force deviation. 

When the expected setting force fd is constant and reach-

es steady contact, the difference between setting force and 

actual force can be calculated by Eq. (9): 

 
where keq is the equivalent stiffness of the grasping system, 

N/m. 

In the steady contact, the impedance-admittance system 

is equal to the series connection of 2 springs with different 

stiffness; the equivalent stiffness of the grasping system is: 

 
When the reference trajectory conforms to Eq. (8), the 

force error Δf in the steady reference trajectory state is 0. To 

realize certain accuracy control, position xe and stiffness ke 

have to be known to calculate the reference trajectory of the 

system. Normally, the stiffness of fruit and vegetable can be 

drawn from test estimate value, the estimate error caused by 

which can be corrected by force feedback impedance con-

troller to obtain the required force and tracking control ac-

curacy. The finger initiative stiffness and admittance 

stiffness must meet the following requirements. 

 
When xe = xr, the second order equivalent system func-

tioned by the interplay between end effector and grasped 

object can be described as: 
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where ωn is the natural frequency of the system, rad/s; ξ is 

the damping ratio of the system. 

The target impedance parameter plays a decisive role in 

the steadiness of the contact transition process and dynamic 

quality which is decided by damping ratio ξ and natural 

frequency ωn. With the change of damping ratio, the char-

acteristic of equation root will change. The bigger the iner-

tia is, the bigger impact is produced on the object. With the 

damping getting bigger, the overshoot will be smaller and 

the energy consumption will be bigger. With the stiffness 

getting smaller, the force control steadiness will be smaller 

and the system will be slow in responding. When the esti-

mated error Δxe for xe satisfies the following formula, the 

expected control force steadiness will not be affected by 

position error; instead, it has a relatively strong robustness 

to the uncertainty of the system model and contact force 

disturbance. 

 

2.3 Position incremental PID controller 

The impedance controller resembles a second order 

low-pass filter, which filters Δf according to sampling in-

terval. Add the filtered position correction Δxf and reference 

position xr as position controller input xd, as shown in 

Fig. 4. The position controller will generate the control 

command that the motor and drive system need. The em-

bedded controller, servo drive and motor will form position 

control to the fingers; the incremental PID algorithm is 

shown as follows: 

 

 

 

 
where x(k) and x(k −1) are the position control value of the 

k
th

 and (k−1)
th

 input, respectively; Δx(k) is the incremental 

value of the k
th

 output; xr(k) is the finger reference dis-

placement of the k
th

 sampling, m; kP, kI and kD are the posi-

tion control ratio, integral and differential gain, respectively; 

e(k), e(k−1) and e(k−2) are the error value of the k
th

, (k 

−1)
th

, (k – 2)
th

 sampling, respectively; xd(k) is the expected 

input of position controller. 

3 Robot flexible grasping experiment 

3.1 End effector grasping impedance correction 

simulation 

The aim is to test the simulation of the finger position 

and speed correction output by force impedance controller 

after contact force changes when the end effector finger is 

in stable contact with the reference position. By taking the 

grasping of tomato as an example, the parameters setting of 

the finger grasping impedance system is as follows: md = 1, 

bd = 100, kd = 2 000, keq = 1272.7 N/m, fd = 8.01 N; the 

stiffness of the selected tomato in the experiment is ke = 

3500 N/m. Define finger b as the starting point of the coor-

dinate; xr = 6.3 × 10
3
 m, xe =4.0 × 10

−3
 m can be obtained 

from Eq. (8) and Eq. (11). Suppose that linear change will 

happen to contact force fe at the reference position xr, which 

fits the description of Eq. (20). Execute numerical simula-

tion of the force impedance controller at T1 = 0.15 s and T = 

2 s based on Matlab software. 

 
where T is the simulation time (2 s); T1 is the change time 

of contact force (0.15s). 

The displacement and speed correction trajectory gener-

ated by contact force of end effector at reference position is 

shown in Fig. 6a. It can be seen from the simulation that 

when the contact force changes, the finger can rapidly re-

sume to reference position and the change of position and 

speed is steady. Set the displacement of finger b as X-axis 

and the speed as Y-axis, thus forming phase plane trajectory 

of movement as shown in Fig. 6b, which can directly and 

accurately reflect the stability and movement form of the 

grasping system and then quickly resume to reference posi-

tion. 

3.2 Robot grasping experiment 

The grasping experiment is shown in Fig. 7. The de-

signed end effector is mounted to the end flange of Fanuc 

M_10IA industrial six-axis robot. By digital I/O two-way 

communication of the robot and embedded controller, it can 

realize two-finger zeroing, stretching and grasping. 

The monocular vision system (Guppy PROF-146B/C) is 

fixed above the robot platform to measure and plan the po-

sition of finger and vegetable. By adopting the visual tem-

plate matching algorithm proposed in this paper 
[13]

, the 

automatic grasping steps of the robot are: 

1) Fix the monocular vision system above the platform, 

use a calibrated template to realize vision calibration, place 

the robot in the center of calibrated template, and keep the 

coordinate system of end effector of the robot consistent 

with the image coordinate system in Z-axis close to plat-

form as far as possible. Ensure the end effector of the robot 

is always vertical downward, and record the robot coordi-

nate O. 

2) Place objects like tomato and egg in the calibrated vi-

sion area; relative to the calibrated template center, identifi-

cation and positioning of the vision system are conducted 

and barycenter and length and the like are measured. 

3) Relative to the calibrated center O, add the actual 

53



   

© 2015 China Academic Journals (CD Edition) Electronic Publishing House Co., Ltd. 

coordinate offset value of the grasped object and coordinate 

value of the robot at O point, and transfer the sum to the 

base coordinate system to robot, thus reaching the coordi-

nate value by robot I\O at the pre-set speed. 

 

 

Fig. 6  Displacement, velocity and phase plane trajectory of 

grasping 

 

Fig. 7  Robotic end-effector impedance control based on vision 

4) As to the movement of the robot-defined I\O end ef-

fector, once object is grasped firmly by the end effector, 

signals will be automatically sent to robot I\O to realize the 

operation. 

In this experiment, we use tomato and egg as grasped 

objects to test tracking impedance control algorithm of the 

grasping force in grasping soft and hard objects. In the set-

ting of control parameters, the force control sampling inter-

val (ts) is 5 ms, the grasping time (t) is 2 s, the starting 

speed when grasping objects with two fingers is 4.9 mm/s. 

In the control experiment of two kinds of forces, the 

expected grasping force for tomato (129 g) and egg (54 g) is 

respectively 8.01 N (the voltage is 2.9 V, calculated by Eq. 

(4), and the same below) and 3.18 N (2 V). In the grasping 

of tomato, the force target impedance control parameter 

adopted by finger b is similar to the setting in section 3.1; in 

the grasping of egg, the force target impedance parameter 

design of finger b is md = 1, bd = 150, kd = 3 000, ke = 

100 000, fd = 3.18 N, keq = 2 912.6 N/m, xr = 1.09 × 10
−3

 m, 

xe = 1.06 × 10
−3

 m. In the control algorithm experiment of 2 

kinds of forces, by sharing the variable through Internet, we 

can transfer the data of the controller obtained during the 

grasping process to the remote computer for display and 

saving. 

Fig. 8 demonstrates the grasping force impedance control 

experiments of robot end effector. It can be seen from the 

curve of gripping tomato in Fig. 8a that the adopted imped-

ance force control algorithm enables the two-finger gripping 

force to track the expected setting force with rapid speed 

and low overshoot. As the gripping force error diminishes, 

the manipulator will be adaptive to change the gripping po-

sition of the fingers to ensure that the gripping force is un-

der control and stable in the setting range. In the experiment 

of Fig. 8a, the maximum force overshoot is 13%, and the 

rise time of the system is 0.04 s. Compared with the ex-

pected setting force (8.01 V), the maximum range of the 

steady error of the two-finger grasping is ±0.4 N. 

 

Fig. 8  Impedance control of grasping force test for ro-

botend-effector 

Fig. 8b demonstrates the experiment curve of two-finger 

grasping force of eggs. During grasping of hard objects, the 

proposed end effector impedance control algorithm can still 
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coordinate the position and force between the finger and the 

object for the required control effect. In the experiment of 

Fig. 8b, the maximum overshoot is 62%, and the rise time 

of the control system is 0.02 s. Compared with the expected 

setting force (3.18 V), the maximum range of the steady 

error of the two-finger grasping is ±0.3 N. According to the 

designed grasping impedance–admittance system model, the 

adoption of force tracking impedance control algorithm can 

make the output force of the end effector track the expected 

setting force with rapid speed and low overshoot and keep 

the force steady in the accepted range, thus realizing flexi-

ble grasping. 

4 Conclusions 

This paper designs a flexible gripping system of robot 

end effector with the intention to realize the 

pre-programmed center settings of the two-finger opera-

tions. With double motor control, it features the flexibility 

of structure and control, which is suitable for the flexible 

grasping or picking in complex environment. It has also 

succeeded in establishing the experiment platform for flexi-

ble grasping and picking force control of industrial robot 

based on the embedded controller, which realizes the au-

tonomous grasping experiment based on vision and force. 

Based on the two-finger gripping direction of Cartesian 

space end effector, a contact force tracking impedance con-

trol algorithm suitable for the fruit and vegetable picking of 

end effector is proposed, which will make the force/position 

control between the end effector and grasped fruit and veg-

etable equivalent to the predesigned second order impedance–

first order admittance model, which is the equivalent inertia–

damping–stiffness model. This model can use force feed-

back impedance controller to correct the error caused by the 

estimation model of fruit and vegetable stiffness. The con-

trol algorithm has a relatively strong adaptability to the un-

certainty and force disturbance of the model, which can 

control the gripping force with rapid speed and low over-

shoot, realizing the flexible grasping of the robot and re-

ducing the damage to fruit and vegetable during grasping; in 

this way, the quality of the fruit and vegetable can be guar-

anteed. 
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Fuzzy self-adjusting proportion integration differentiation for eppo quadrocopter 

Liu Haopeng, Long Changjiang, Wan Peng, Wang Xiaoyi, Hu Ben 

College of Engineering, Huazhong Agricultural University, Wuhan 430070, China 

Abstract: As quadrocopters can fly stably and be controlled flexibly so that they could fulfill the requirements for 

seeding, farmland information acquisition and ultra-low-volume spraying. Conventional PID control algorithm 

could hardly resist the environmental perturbation as structural parameters changed. In this study, a fuzzy propor-

tion, integration and differentiation (PID) control algorithm was proposed to improve the robustness of a plant pro-

tection quadrocopter when the load changed during the operation. In the fuzzy PID control algorithm, the errors of 

the attitude angle and the angular speed were detected and imported into the fuzzy rule table, where correction 

amount was then calculated and used to correct the initial PID parameters. The updated attitude angle and the angu-

lar speed could meet the requirements of the system with a better static and dynamic performance during flight. A 

quadrocopter control system using STM32 Micro Control Unit (MCU) as the core processor was designed based on 

the study of the flight theory of aircrafts and the methods of attitude determination. The attitude heading reference 

system (AHRS) module was adapted as a real-time solver to determine the aircraft attitude parameters so that the 

flight attitude could be controlled by fuzzy PID algorithm. The matlab-simulink software was used in this study to 

simulate the conventional PID and fuzzy PID control algorithms and the simulation results were analyzed and 

compared. For the conventional PID algorithm, the overshoot of the system was 41.9% with the rising time of 

0.78 s. With the fuzzy PID control algorithm, the overshoot of the system was 28.6% and the rising time was 0.69 s. 

With fuzzy PID control algorithm, the overshoot of the system decreased 13.3% and the rising time reduced 0.09 s 

compared with the conventional PID algorithm with the scaling factor as 5, integral coefficient as 0.03, differential 

coefficient as one and system gain as one. Using other parameters have also led to similar results, which indicated 

that fuzzy PID control algorithm had a better control performance. Moreover, experiments were conducted to verify 

the simulation results. The results showed that, the system performed in a stable way under a small load with the 

control of the fuzzy PID algorithm; however, this cannot be achieved by using the conventional PID algorithm un-

der same condition. With the conventional PID algorithm, the overshoot of the system was 37.5% and the rising 

time was 0.62 s with a heavy load. While, the overshoot of the system was 22.5% and the rising time was 0.57 s 

when the fuzzy PID control algorithm was adopted. The overshoot of the system decreased 15.0% and the rising 

time reduced 0.05 s, which agreed well with the simulation results. The results showed that the fuzzy PID algorithm 

had a stronger adaptability with easier adjustment of working parameters and can lead to quicker dynamic response 

capability and more stability of the system when compared with the conventional PID algorithm. The performance 

and disturbance rejection ability of the plant protection quadrocopter were significantly improved by using the pro-

posed fuzzy PID algorithm. This study can provide a reference for the research of plant protection aircraft control 

algorithm. 

Keywords: aircraft; sensors; algorithms; fuzzy self-adjusting; flight control 

CLC number: V275 

0 Introduction 

Quadrocopter is a kind of symmetrical multi-rotor heli-

copter, which consists of four cantilevers (provided with 

rotors) fixed on the centre plate 
[1]

. Quadrocopter has sever-

al flight advantages such as small volume, light mass, sim-

ple structure, convenient operation and flexible engine, and 

it can also realize the vertical landing and hovering, so it has 

been widely used in military and civilian field. For example, 

application of quadrocopter in enemy reconnaissance and 

monitoring, battlefield damage assessment, antiradiation 

and micro attack weapon, and enticement is relatively ma-

ture; civil application in the information acquisition aspect 

such as aerial photo, mapping, and forest fire prevention is 

relatively mature 
[2]

. 
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At present, the application of quadrocopter in the agri-

cultural plant protection aspect such as plant disease and 

insect pest defense and herbal sprinkling is relatively less. 

Agricultural plant protection plane is different from other 

kinds of aircraft and mainly close to the ground for flying. 

Both surface topography change and regional air change can 

significantly influence the flight attitude of quadrocopter. 

During the seeding or spraying process, the mass of quad-

rocopter will change continuously. Mostly, control of quad-

rocopter adopts conventional PID control algorithm, and 

when loading variation is approaching the system empty 

weight or even exceeds, the system can easily cause oscilla-

tion and lead to flight instability based on control algorithm 

of ordinary (proportion, integration, differentiation, PID) 

under relatively larger external interference. Thus, the key 

of plant protection quadrocopter study is to find appropriate 

control algorithm, thus making quadrocopter still keep sta-

ble flight under external interference and relatively large 

loads. 

With continuous development of sensor measurement 

technology and control theory, especially for the gradual 

maturity of micro-electronics and precision machinery 

manufacturing technology, many research institutions and 

specialists from China and abroad start to analyze the dy-

namics and kinematics of quadrocopter, establish systematic 

math model, and provide various kinds of control algorithm 

to realize the autonomous flight control of quadrocopter, 

and design the flight control system for verifying; study on 

control algorithm of quadrocopter is increasing and mainly 

adopts the computer simulation test algorithm, which is 

controlled indoors and within relatively smaller attitude 

angle 
[3–8]

. 

As for control of the conventional PID control algorithm 

during the changes of plant protection aircraft model, this 

study adopts a kind of fuzzy parameter self-adjusting PID 

control algorithm that can be processed by single chip, to 

timely regulate the PID parameter under model parameter 

changes and integrate the merits of conventional PID con-

trol and fuzzy control, thus efficiently improving the control 

performance of quadrocopter system. 

1 Design of quadrocopter control system 

Quadrocopter regulates the flight attitude by changing 

speed of four brushless motors on the diagonal to adjust the 

moment applied on the rack at six degrees of freedom. This 

under-actuated system presents the characteristics such as 

instability and strong coupling; under the process of flight, 

its attitude can be influenced by, in addition to external in-

terference, its mechanical structure, loading changes and 

rotor aerodynamics which cannot be neglected 
[9]

. 

The mechanical structure of quadrocopter is shown in 

Fig. 1. Four brushless motors are installed on the four points 

of rack; the rotor can be divided into two groups such as 

pitching direction and rolling direction (pitching direction: 

1# & 2# rotors and 3# & 4# rotors are controlled jointly; 

rolling direction: 2# & 3# rotors and 1# & 4# rotors are 

controlled jointly); when installing the adjacent rotors, 

screw pitches are reverse and motors rotate in reverse direc-

tion; under the same speed, the anti-torque produced be-

tween rotors can be counteracted, and meanwhile the 

upward lift force is produced; when the speed of adjacent 

rotors is different, anti-torque produced by rotor can change 

the course angle of quadrocopter; when changing the two 

groups of rotor speed in pitching direction and rolling direc-

tion, deflection torque can be produced, so as to change the 

attitude angle of aircraft. This study intends to design the 

control system of controlling the aircraft attitude timely 

based on the flight principle of quadrocopter. 

 

Note: Fi is the lift force of the quadrocopter. 

Fig. 1  Mechanical structure of quadrocopter 

This control system consists of AHRS attitude acquisi-

tion system, and the main control unit and execution unit of 

attitude control. Structure diagram of control system of 

quadrocopter is shown in Fig. 2. AHRS attitude acquisition 

system shall get the corresponding original data through 

each sensor in driver module, to calculate the attitude data 

of aircraft through filtering and integration, and shall trans-

mit to main control unit through serial communication. 

Combining RC wireless control data and current attitude 

data, main control unit shall automatically calculate the 
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Fig. 2  Block diagram of quadrocopter structural control system 

control output through control algorithm and shall drive the 

execution unit through outputting corresponding PWM con-

trol signal. Execution unit shall control the motor speed 

through electron speed regulator, so as to regulate the air-

craft attitude by changing each shaft torque of aircraft 
[11–13]

. 

2 Application of conventional PID control in 

the quadrocopter control system 

2.1 Mechanical model of quadrocopter 

During the flying process of each rotor of quadrocopter, 

the rotating direction of motor remains unchanged, so the 

produced lift force Fi can always be expressed as: 

 
where: Fi is the lift force, N; ρ stands for air density, kg/m³; 

CT expresses the resistance coefficient; Ai stands for the 

rotor disk area of i
st
 rotor, m

2
; ωi expresses the speed of i

st
 

motor, r/s; Ri expresses the radius of i
st
 paddle 

[12]
, m. The 

design of each shaft of quadrocopter generally adopts the 

rack, paddle and motor of the same parameters, so the Ai, ρ 

and Ri can be approximately regarded as ki, and lift force Fi 

can be expressed as formula (2): 

 
where, ki is constant. 

The control mode of quadrocopter is designed as X 

shape. In the pitching direction, control of 1# and 2# rotors 

can increase or decrease at the same time. Meanwhile, the 

control of 3# and 4# rotors can decrease and increase. The 

action produced in the rolling direction can counteract the 

control in the pitching direction, so the control in rolling 

direction dose not interferes that in pitching direction. For 

instance, the rolling direction depends on the torque differ-

ence between 2# & 3# rotors and 1# & 4# rotors. The con-

trols of the same rotor in the rolling direction are identical. 

The rolling torque is Tθ: 

 
where, l expresses the distance from motor shaft to aircraft 

gravity axis, m. 

Control of flight state is to conduct real-time fine adjust-

ing for the speed on the basis of setting motor speed, so the 

speed of each motor can be expressed as the setting speed 

ω0 and fine adjusting speed Δω. The attitude angle of con-

trol aircraft actually is the angular acceleration of control 

aircraft at a certain time and the angular acceleration rotat-

ing around Y axis can be expressed as: 

 
where, ay expresses the angular acceleration of rotating 

around Y axis, rad/s
2
; Iyy expresses the rotational inertia of 

rotating around Y axis, kg·m
2
. Under one initial condition 

and constant loading & mechanical structure of quadrocop-

ter, the arithmetic product of institutional parameters can be 

expressed by K. When the structure and loading of quad-

rocopter change, K value will change. The angular accelera-

tion of aircraft can be further simplified by the formula (2) 

to formula (4): 

 
where, K is the arithmetic product of institutional parameter. 

In the discrete control system, attitude angle variation of 

quadrocopter at a certain time depends on the quadratic in-

tegral of ay on time t. 

2.2 Conventional PID control of quadrocopter 

PID controller is a kind of linear control system, and can 

realize system control through proportional–integral–

differential control of deviation 
[14]

. In the quadrocopter 

system, PID controller outputs proper motor speed accord-

ing to the deviation between attitude angle and current sen-

sor input attitude angle, with reference to the past state, the 

current situation of aircraft and pre-casting future state of 

aircraft, to realize the control of quadrocopter under the 

unchanging conditions of system control parameters. 

Proportional component can reduce the corresponding 

time of system and quickly reduce the deviation, but it can 

easily cause overshoot. Integration element is mainly used 

to eradicate static difference and improve the system control 

precision, but it can influence the corresponding speed of 

system. Differentiation element can introduce early correc-

tion before the deviation becomes too large, so as to in-

crease the corresponding speed of system and reduce the 

regulation time. According to mechanical model deduction 

of quadrocopter and formula (5), the PID control of quad-

rocopter in rolling direction is established. The simulation 

diagram using Matlab Simulink is shown in Fig. 3. 

In Fig. 3, PID controller can output the corresponding 

speed Δω according to input angle deviation, and the gain K 

mainly depends on the system mechanical structure and 

motor speed setting value ω0. To guarantee that the system 

overshoot cannot exceed the 1/2 of response signal or 

rise-time of system shall not exceed 1 s. Through changing 

the PID control parameters, it can be seen that when K = 1, 

PID proportion coefficient is ranging within: 4 ≤ kp ≤ 7, 1 ≤ 

kd ≤ 3, ki ≤ 0.1. Selecting PID parameters as kp = 5, ki = 

0.03, kd = 1 and 3, if the load changes, K value will also 

change accordingly during the unmanned aerial vehicle 
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Fig. 3  Conventional PID simulation diagram using MatlabSim-

ulink 

 

Note: kp, ki and kd are controls parameters of the PID. They are proportion 
coefficient, integration coefficient and differentiation coefficient. kp is 5, 

and ki is 0.03. 

Fig. 4  System response curve of conventional PID controller 

working process. If K value is 1 and 3, simulation example 

of different parameter combination is applied to obtain the 

system simulation results, as shown in Fig. 4. 

As shown in Fig. 4, the throttle initial value changes 

introduced by quadrocopter institutional difference and 

loading changes can all lead to changes of K value. In Fig. 

4a, overshoot is 4.19° and rise-time is 0.78 s; in Fig. 4b, 

overshoot is 2.58° and rise-time is 0.53 s; in Fig. 4c, over-

shoot is 0.26° and rise-time is 1.43 s. By comparing Fig. 4a 

with Fig. 4b, it can be known that system structure and 

loading can lead to the changes of parameter K, which can 

produce great influence for the attitude control of quad-

rocopter. By comparing Fig. 4a and Fig. 4b, and Fig. 4b and 

Fig. 4c, it can be known that relatively satisfied control ef-

fect can be reached through regulating the control parameter 

of PID. 

The commissioning results show that a kind of quad-

rocopter with constant mechanical structure can reach fa-

vorable control effect through repeatedly adjusting the 

parameters of conventional PID controller (with trial and 

error method) under unchangeable situation of loads 
[4, 9–11]

. 

However, when the loading changes of spraying and seed-

ing approach the system no-load quality and even exceed 

the no-load quality, especially for the low-altitude flight. 

Under the situation of relatively larger interference for to-

pography and external stream, unstable flight can be caused 

by oscillation resulting from conventional PID which can-

not be effectively controlled. Thus, on-line regulating PID 

parameter shall be adopted to adapt the system changes to 

achieve the stable controlling effect. 

3 Simulation and experiment for fuzzy pa-

rameter self-adjusting PID control algorithm 

Quadrocopter’s self-adapting fuzzy PID controller modi-

fies the PID parameters on-line through using the fuzzy 

control rules and continuously detecting attitude error e and 

error changing rate ec, to satisfy the different requirements 

of e and ec to control parameters during the system opera-

tional process and make the quadrocopter have good 

dynamic–static performance. 

3.1 Simulation and result analysis of fuzzy PID 

controller 

According to the attitude control principle of quadrocop-

ter and meanwhile considering function and interconnection 

of the three parameters of PID control algorithm in different 

time, use the fuzzy rule reasoning to formulate the parame-

ter’s fuzzy control table of PID controller through calculat-

ing the current system’s error e and error changing rate ec. 

Meanwhile, define the changing range of system’s error e 

and error changing rate ec as discourse domain e, ec = {−1, 

0, 1} of fuzzy set. The simple definition of fuzzy subset is e, 

ec = {N, Z, P}. The elements in subset can be respectively 

expressed as negative, zero and positive, to get the mem-

bership degree of each fuzzy subset. During on-line opera-

tion of system, the control system can get corresponding 

correction parameters through handling the results of fuzzy 
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logic rules, and complete the on-line self-adjusting for PID 

parameters through further calculation 
[14–19]

. Control sche-

matic diagram of fuzzy PID is shown in Fig. 5. 

 

Fig. 5  Fuzzy PID control principle diagram 

Under the environment of MATLAB, the corresponding 

instruction for the fuzzy control system is input. Based on 

certain fuzzy rules, the fuzzy controller can be obtained as 

well as the dynamic simulation environment of fuzzy infer-

ence system. Then, the correction parameters of PID con-

troller are obtained through fuzzy controller after changing 

the value of input error e and the corresponding changing 

rate ec. 

According to the combination of established fuzzy sys-

tem and conventional PID controller, the established quad-

rocopter system model is added to Matlab Simulink as well 

as the fuzzy controller, in order to simulate the designed 

fuzzy PID controller. The obtained simulation model of 

system is shown in Fig. 6. 

With the given initial parameters, the square signal (ini-

tial value is 10) is input. According to the selection of ordi-

nary PID regulating control parameters, the response curve 

of fuzzy PID can be obtained by changing the initial PID 

control parameters and the gain K influenced by aircraft 

mechanical structure and motor speed value, as shown in 

Fig. 7. 

It can be seen from Fig. 7 that: in Fig. 7a, overshoot is 

2.86° and the rise-time is 0.69 s; in Fig. 7b, overshoot is 

0.38° and rise-time is 1.01 s; in Fig. 7c, overshoot tends to 

0, both rise-time and stable time are 1.67 s, and the stable 

time is relatively shorter compared with the conventional 

PID control algorithm. From the overall comparison of sys-

tem response curve between Fig. 4 and Fig. 7, it can be 

noted that the system overshoot improves greatly based on 

fuzzy PID controller, and when the K value is relatively 

large, the damping of system itself is relatively large. Both 

kinds of known algorithm can realize the stability of system. 

Thus, when the loading is reducing during the aircraft 

working, control performance of conventional PID declines, 

and performance of fuzzy PID controller will improve in the 

aspect of stability and rapid response of fuzzy PID control-

ler. 

3.2 Real test of quadrocopter 

This design adopts Dajiang 450 rack and Langyu kv1250 

brushless DC motor to set up test platform of quadrocopter. 

Through “WFLY 6-channel”, RC remote control unit inputs 

the control signal to set the attitude angle of aircraft. The 

detailed physical figure is shown in Fig. 1. 

During the test, the stability tests for aircraft at any de-

gree of freedom are conducted and it is found that the atti-

tude disturbance in pitching and rolling direction has 

obvious influence on safety of aircraft. For the test con-

ducted in the rolling direction (as the aircraft is of symmet-

rical structure, the test methods in pitching direction are the 

same and results are similar. When rotating the aircraft to 

any angle, the test results are the same), the AHRS attitude 

instrument data is directly input to computer through serial 

interface. The control procedure that based on conventional 

PID and fuzzy PID control algorithm is introduced to upper 

computer by STM32 and the stability of conventional PID 

parameter is debugged. Then, one step disturbance is ap-

plied to quadrocopter and RC remote controller is set with 

the same initial speed. After offsetting 50° of system atti-

tude, the response curve of control system of quadrocopter 

is recorded. The attitude data change curve of quadrocopter 

in the rolling direction is shown in Fig. 8. 

Fig. 8 is the response curve of two kinds of controller. By 

comparing Fig. 8a with Fig. 8b, it can be seen that in Fig. 8a 

the maximum overshoot of angle response curve is 9.38° 

and the rise-time is 0.36 s, while in Fig. 8b the maximum 

overshoot of angle response curve is 7.53° and the rise-time 

is 0.32s. So it can be known that based on the fuzzy param-

eter self-adjusting PID controller, quadrocopter system has 

such features as quick response, small overshoot, relatively 

small fluctuation and high stability, which can better realize 

the control for quadrocopter. 

Motor speed regulation on each shaft applied by quad-

rocopter cannot change the overall lift force of quadrocop-

ter. For example, in the rolling direction, regulation makes 

the speed of a pair of rotors (2# and 3# rotors) increase and 

the speed of an opposite pair of rotors (1# and 4# rotors) 

equivalently reduce. With the load changing of quadrocop-

ter, the downward force should be counteracted by equiva-

lently changing the speed of four rotors at the same time so 

as to keep the flight attitude. Therefore, the load change 

directly determines the initial speed of four rotors during 

flying process. During the test, the high level pulse width 

of throttle value is firstly set as 1 500 us and the system 

stability is debugged with the conventional PID control 

algorithm. Then, test is conducted through setting different 

initial throttle. Under different initial speed of motor, the 

system stability is measured by the conventional PID and 

fuzzy PID algorithm. The measuring results are shown in 

Table 1. 

It can be noted from Table 1 that, when the throttle is set 

as 1 197 us, adaptability of conventional PID control algo-

rithm (with constant parameters) is relatively poor and can-

not get the stability under interference. At this moment, the 

system features relatively large overshoot. When the throttle 

is set as 1 292 us, the overshoot of fuzzy PID control system  
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Fig. 6  Fuzzy PID simulation diagram using Matlab Simulink 

 

 

 

 

Fig. 7  System response curve of fuzzy PID controller 

 

Fig. 8  Response curve of two kinds of controller 
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Table 1  Comparison of stability of system under different initial throttle 

 
Note: In order to support its own mass and keep balance without interference, the throttle RC should be large than 1 180. Releasing the system after offset-

ting 40 degrees compared with the system steady-state value, relevant experimental data had been acquired. The allowable deviation of the system response 

curve is ± 5%. 

is slightly larger than that of the conventional PID control 

system, but the oscillation amplitude of late period quickly 

decays and can reach the stable state more quickly than 

conventional PID control. When the system load is rela-

tively large and the throttle exceeds 1 500 us, value of 

rise-time and settling time based on fuzzy PID system basi-

cally tends to be stable. Meanwhile, compared with the 

conventional PID control system, the overshoot presents 

more improvement. Thus, under the changes of working 

environment and loads, the system parameters need to be 

readjusted. The fuzzy PID control algorithm can adjust the 

parameters on line, which has better adaptability to the load 

change and external interference. 

4 Conclusion and discussion 

This study intends to design the control system of quad-

rocopter and set up the system test platform through ana-

lyzing the control principle of quadrocopter. At the same 

time, the mechanical model of quadrocopter is analyzed and 

the simulation tests are conducted through MATLAB. The 

conventional PID controller and fuzzy parameter 

self-adjusting PID controller are designed and simulated. 

The test results show that conventional PID controller can 

only control the aircraft with fixed mechanical structure, 

which finds relatively proper control parameters through 

trial and error method to finally realize the control function. 

However, fuzzy parameter self-adjusting PID controller, 

without complex main control unit, can timely adjust the 

control parameters based on input deviation and deviation 

change rate. Without changing the original hardware sys-

tem, the fuzzy control algorithm is added, which makes the 

system cost remain unchanged and also improve the control 

quality. During this process, the fuzzy rules system needs to 

be established. The brief fuzzy rules designed in this study 

can be convenient and quick for handling a single chip. 

When adopting the control unit with higher arithmetic speed 

and combining the further detailed fuzzy rules system, it is 

expected to improve the control quality of quadrocopter to a 

greater extent, thus better satisfying the control requirements 

of agricultural aircraft, which is of better application pro-

spect. 
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Abstract: In wine brewing process, the most time-consuming and laborious is grape picking. In order to improve 

the target location accuracy and work efficiency of grape-picking robot, reduce the mechanical damage that was 

caused by improper positioning of grape picking point, in view of some influence factors such as the various colors 

of grape stem and the irregular contour of grape, which make picking robot hard to locate picking point accurately, 

a new method of picking point location based on the improved image segmentation with clustering and the con-

straint by minimum distance between dot and line was put forward in this paper. Because the picking time was often 

chosen in sunny or cloudy day, 300 images of summer black grape were collected using D5200 Nikon digital cam-

era in sunny or cloudy days, which were taken as test materials; the shooting distance between camera and grape 

cluster was about 80 cm, and the sizes of these images were zoomed to 800 × 600 pixels. Firstly, the color space of 

gathered images was analyzed and the component H of HSI color space that can mostly highlight summer black 

grape was found. The H component of images was extracted and median filtering was performed on these images. 

Grape fruit image was segmented by using fuzzy clustering that was improved by artificial swarm. Solving the 

minimum value of fuzzy objective function of FCM clustering algorithm was transformed into solving the maxi-

mum value of artificial swarm fitness function by improving the fitness function of the artificial swarm optimization 

algorithm. Then, the segmented image was processed with morphological denoising, the maximum connected re-

gion was extracted, and the regional barycenter, extreme point and external rectangular were calculated. Secondly, 

the interest region of picking point was determined according to the barycentric coordinates and edge information of 

grape image. Taking 0.6 times of the length of the external rectangular as the length of region of interest (ROI), and 

taking 0.5 times of the vertical distance between highest point of profile and barycenter as the height of ROI, the 

image of ROI was preprocessed with bilateral filter, and its edge image was extracted through gradient edge detec-

tion to obtain binary edge. And Hough's straight line testing of cumulative probability was taken in this ROI, max-

imum votes were taken to 18, all the detected endpoints of line were recorded, and linear equation was established 

by the two endpoints; the distances between all the detected straight lines and barycenter were solved by using the 

method of shortest distance from point to straight line, the straight line whose distance to barycenter was the small-

est was chosen as the line where picking point was located, and the midpoint's coordinates of selected line was used 

as picking point. Finally, in order to verify the method proposed in this paper, a classification experiment based on 

300 images of summer black grape gathered under direct sunlight, backlighting in sunny day and overcast light was 

carried out, using Opencv2.3.1 and Visual C++ as the algorithm programming platform. Through the statistical 

analysis of 300 testing images, it was discovered that the ratio of positioning error within 12 pixels between ob-

tained picking point using this paper's method and optimal picking point by hand could reach up to 88.33%, and 

these obtained points were located in the stems of grapes, which could meet the requirements of picking robot's lo-

cation. When grape clusters were located in both sides of image frame and their covered parts were less than 

one-third, and meanwhile the stem located in the ROI had not been covered mostly, the method could be well to 

solve the position of grape picking point. The average elapsed time of picking point's positioning in natural condi-

tions was 0.3467 seconds. The test results of positioning error and elapsed time show that the method proposed in 

this paper can meet the demand of picking robot on picking point's positioning and is a new solution method of 

picking point for grape-picking robot.  

Keywords: robots; image segmentation; positioning; grape; picking point 

CLC number: TP391.41 
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0 Introduction 

Grape is rich in nutrition and is honored as one of the 

world’s four famous fruits. In wine brewing process, the 

most time-consuming and laborious is grape picking. Due to 

the complexity and uncertainty of grape living environment, 

irregular contour of grape and the interference of many fac-

tors such as leaves, branches and solar radiation, it is hard 

for the grape picking robot to precisely identify and position 

the grape picking points. Positioning of grape picking points 

is an important link prior to picking grape by picking robot. 

Agricultural picking robot needs to quickly identify grapes 

in complex orchard environment, and calculate the three 

dimensional space coordinates of picking points. The color 

of grape stem is similar to that of branches or leaves, but 

different from the color of grapes, thus it is hard to identify 

and position through simple color division. Accurate identi-

fication and positioning of picking points are always the 

difficult problems in the research field of fruit and vegetable 

picking robot. 

At abroad, Kondo et al. 
[1]

 provided the usage of grape 

spectral characteristics to identify and position the target. 

Chamelat et al. 
[2] 

suggested using Zernike moments and 

color information to identify the grape under complex envi-

ronment. Reis et al. 
[3–4] 

proposed identification and posi-

tioning system for the grape under natural environment 

based on photo color information. Font et al. 
[5] 

identified 

the grapes through acquiring the specular reflection peaks 

from the spherical surface of grape to light. Bac et al. 
[6]

 

used the auxiliary line as the visual cue surrounding the 

sweet pepper stem, so as to identify and position the target. 

In China, Zhang et al. 
[7]

 utilized the strawberry image bar-

ycenter and fruit tip to identify and position the picking 

points. Xiong et al. 
[8]

 used Hough circle fitting method to 

firstly divide the citrus image, and then applied the Hough’s 

straight line testing (constrained slope: −0.45 to 0.45) to 

conduct searching. Zeng et al. 
[9]

 and Li et al. 
[10]

 conducted 

identification calculation for the geometric dimensioning of 

the fruit grains of overlapping grapes. Yang et al. 
[11]

 identi-

fied and positioned the target through extracting external 

rectangle of grape image profile. Zhang et al. 
[12]

 conducted 

image segmentation and identification of grape target 

through improved super-green characteristics model and 

genetic algorithm. Tian et al. 
[13]

 calculated the sample value 

of grape image in RGB color space, and then conducted 

image segmentation based on the sample value. Xiong et al. 
[14]

 and Zhao et al. 
[15]

 respectively studied the positioning of 

disturbed litchi and oscillating apple; Zou et al. 
[16]

 adopted 

the combination of binocular stereo vision and virtual ma-

nipulator to position the litchi and analyze the error. Zhang 

et al. 
[17]

 applied the grating projection to study the posi-

tioning of tender tea shoots. Based on researches in China 

and abroad, the grape identification mainly focuses on the 

segmentation and identification of grape cluster image, and 

the physical dimension calculation of grapes at present, but 

the study report is less on automatic positioning method of 

picking points on grape stems based on the picking robot. 

To improve the target identification and positioning ac-

curacy of grape picking robot and reduce the mechanical 

damage that was caused by improper positioning of grape 

picking point, this paper put forward a new method of pick-

ing point location based on the image segmentation with 

fuzzy clustering that was improved by artificial swarm and 

the constraint by minimum distance between dot and line. 

The linear feature of grape stem and the minimum distance 

from grape barycenter to stem line were utilized for solu-

tion. A classification experiment based on 300 images of 

summer black grape gathered under direct sunlight, back-

lighting in sunny day and overcast light was carried out to 

make statistics and analyze the pixel positioning error of 

picking points and the elapsed time. 

1 Grape image acquisition 

Picking operation of fruit and vegetable picking robot is 

usually conducted in sunny or cloudy days, so the research 

personnel adopted Nikon D5200 digital camera to conduct 

image acquisition for the summer black grape in Tianjin 

Chadian Grape Science Park under direct sunlight, back-

lighting in sunny day and overcast light respectively on July 

21, 2014 (sunny day) and Oct. 6, 2014 (cloudy day). Direct 

sunlight means that the sunlight is on the grape cluster, and 

the camera takes photos along the sunlight; backlighting in 

sunny day means that the grape cluster is shaded by leaves 

or other obstacles in sunny day; overcast light means that 

the light ray is relatively homogeneous without direct sun-

light in cloudy days. The size of acquired image was 2 592 

pixels × 1 944 pixels. In order to easily analyze the error of 

positioning pixel in picking points, the distance between 

camera and grape cluster was about 80 cm during taking 

photos, and one grape cluster was shot each time. One hun-

dred grape images were obtained respectively under direct 

sunlight, backlighting in sunny day and overcast light (to-

tally 300 test images). When conducting the positioning test 

in the picking point, to make the positioning method of 

picking points match with the practical physical sample 

machine during working, the collected grape images were 

zoomed to 800 pixels × 600 pixels, which was consistent 

with the camera resolution of HN-6Robot type picking ro-

bot developed by the laboratory. 

2 Calculation method of picking point posi-

tioning 

This paper provides the automatic positioning method of 

grape picking point, as shown in Fig. 1. 
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Fig. 1  Calculation process of picking point 

Firstly, the acquired image was pre-processed and the 

grape was divided to obtain the contour area of grape im-

age. Then, the grape barycenter, the highest point and the 

maximum length at left and right sides of contour were ob-

tained. The region of interest (ROI) of grape stem was de-

termined to extract the edge and Hough’s straight line 

testing of cumulative probability was conducted in the ex-

tracted edge image. The distances from all the detected 

straight lines to barycenter were solved and the shortest line 

was selected as the stem position of picking point based on 

the constraint of minimum distance from dot to line. Finally, 

the coordinate of midpoint in the line was selected as the 

picking point. 

2.1 Image segmentation and extraction of maxi-

mum connected region 

Grape image segmentation is the important basis of posi-

tioning and identification of picking points. Through analyz-

ing the color differences of grapes and the surrounding leaves 

and branches, the color components (YCb Cr, HSI, L*a*b) 

were extracted. Combining these components, it was found 

that the double-peak effect of H component in HSI color 

space was relatively obvious in histogram of summer black 

grape. H component of Fig. 2a is shown in Fig. 2b, and sta-

tistical histogram of Fig. 2b is shown in Fig. 2c. 

After extracting the image H component, median filter-

ing of image was conducted. In order to accurately divide 

the grape image under unsatisfactory double-peak effect of 

component histogram and effect of multiple peaks, images 

were segmented by using fuzzy clustering that was im-

proved by artificial swarm 
[18–20]

. Solving the minimum 

value of objective function of FCM algorithm in fuzzy 

clustering was transformed into solving the maximum value 

of artificial swarm fitness function by improving the fitness 

function of the artificial swarm optimization algorithm, 

which can effectively avoid the local extreme value of FCM 

algorithm. 

 

Fig. 2  Image segmentation process of grape 

The objective function of FCM algorithm can be ex-

pressed as: 

 

where:  

where, n is the sample data of image gray level; μi (xk) is 

the member of membership matrix U; U is membership 

matrix; V is the image clustering center; m is the constant of 

fuzzy degree; c is the number of clusters; di, k is the Euclid-

ean distance from k
th

 gray level (xk) to i
th

 clustering center 

(vi). 

The fitness function of artificial swarm after improve-

ment can be expressed as: 

 
where, λ is the fitness dynamic factor, and is used for regu-

lating fitness amplitude. 
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The segmented image by application of ABC-FCM is 

shown in Fig. 2d. The image still has some noise. To eradi-

cate the fine areas, morphological opening operation was 

conducted for the image. Firstly, corrosion operation was 

conducted for the image to eradicate the noise of small are-

as, and then expansion operation was performed, which not 

only made the grape contour smooth but also restore the 

deleted areas during corrosion operation, thus getting Fig. 

2f. After image segmentation, small individual grapes may 

be separated from the main cluster, as shown in Fig. 2f, but 

most of the separated individual grapes were small entities. 

To reduce the calculation error of grape image barycenter, 

the extracted maximum connected region was taken as the 

contour of grape cluster in this paper, thus Fig. 2g was ob-

tained. 

2.2 Solving the grape image barycenter and ex-

ternal rectangle 

After extracting the maximum connected region, the bi-

nary image of grape area was obtained. Specifically, the 

pixel value of contour areas in grape image were set as 1 

(white), and values in other areas were set as 0 (black). To 

estimate the coordinate of grape barycenter, the grape bary-

center coordinate can be obtained by the following formula 

based on the definition of image barycenter distance 
[21]

: 

 
where, xc and yc are the barycenter coordinates; x and y are 

the pixel coordinates; f(x, y) is the pixel value of binary 

image at point (x, y). 

Grape image barycenter is shown in Fig. 3a. After ob-

taining the barycenter coordinates, the extreme lines at left, 

right, upper and lower sides in the maximum connected 

region were confirmed, to get the minimum external rectan-

gle of grape image area, so as to obtain the highest point 

coordinates (xt, yt) and the maximum length Lmax in left and 

right sides in contour area, as shown in Fig. 3b. 

 

Fig. 3  Morphological parameters of grape 

2.3 Calculation of picking point position 

Based on the diversity of grape growth, this paper stud-

ied the positioning of picking points on the condition that 

grapes hang down from higher places. To improve the posi-

tioning speed of picking points and eliminate the influence 

of image noise on picking point positioning, one ROI of 

fruit stem was set above the grape area; when calculating 

the picking point, only the images in ROI were processed, 

and the interference of image areas irrelevant with picking 

points to positioning were reduced, thus improving the 

timeliness of positioning method. To analyze the geometric 

principle during the solution procedure of picking points, 

the solution process was described by taking the original 

Fig. 4a as example, and the calculation model schematic 

diagram was constructed as shown in Fig. 4b. 

2.3.1 Determination of ROI of fruit stem 

Due to the gravity effect of grape cluster, the grape sus-

pends in the air without the interference of other supporting 

objects, so the fruit stem is usually located rightly above the 

grape barycenter. To reduce the interference of environment 

to picking point positioning, ROI of fruit stem is determined 

based on the grape barycenter, the highest point of contour 

and extreme line distance at left and right sides. The length 

of ROI (Roi_L) was 0.6 Lmax, height (Roi_H) was 0.5 |yc − 

yt|, and the area center coordinate was {xc, yt − 0.5Roi_H}, 

as shown in Fig. 4b. 

2.3.2 Edge extraction of ROI and straight line testing 

Field operation is usually disturbed by shading and illu-

mination changes, causing noise in acquired images; in the 

images of ROI, the edge responses of fruit stem are rela-

tively strong; to reduce the noise and strengthen the border, 

bilateral filtering was adopted to pre-process the images, 

and then edge images were extracted through the edge gra-

dient detection operator. The (x, y) represents the pixel point 

in image f, and the direction vector can be calculated by 

using finite difference. Point gradient in the image is: 

 
where: 

 
The local maximum points of gradient amplitude were 

taken as edge pixel points and then threshold segmentation 

of image gradient amplitude was conducted to obtain binary 

edge image of fruit stem ROI, as shown in Fig. 4c. 

Linear feature of fruit stem edge was adopted to conduct 

the Hoff line testing of cumulative probability 
[22]

. Through 

setting the maximum votes of detected straight line, all the 

straight lines meeting requirements in the area were detect-

ed and the line endpoint coordinates were recorded, as 

shown in Fig. 4d.  
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2.3.3 Calculation of picking point position  

The two detected endpoints Pi1 and Pi2 are respectively 

set as (xi1, yi1) and (xi2, yi2), so the equation of straight line 

between the two endpoints can be expressed as Li(x, y) = 0. 

The schematic diagram of working principle is shown in 

Fig. 4b. 

 
The distance Di from each line to barycenter can be 

solved according to the principle of solving the distance 

from point to line: 

 
Under gravity function, grape stem is usually located 

above the barycenter, so the extension line of stem passes 

through the barycenter theoretically. But, in practical situa-

tion, there is certain deviation between the calculated stem 

extension line and the barycenter due to the influence of im-

age segmentation error, irregular grape contour and the 

branch interference. Thus, this paper took the line with the 

minimum distance to the barycenter as the location of picking 

point and determined the line segment of picking point by 

solving the constraint function min (Di) with minimum dis-

tance between dot and line. Finally, the midpoint of this line 

segment was taken as picking point, as shown in Fig. 4e. 

3 Test and analysis 

3.1 Positioning test 

To test the effect of positioning method of picking points 

in this paper, 300 images were tested under different light 

conditions. Classification tests were conducted according to 

the conditions including direct sunlight, backlighting in 

sunny day and overcast light. All the computers used for test 

platform were configured as follows: Intel (R) Core (TM) 

i5-3230M CPU @ 2.60 GHz, 4 G memory, Window 7 oper-

ating system. Algorithm programming platform adopted 

Opencv2.3.1 and Visual C++ 2008. 

Firstly, the parameters in the positioning method of 

picking points were specified. The fuzzy membership index 

m was set to 2 based on literature 
[23]

. Because H component 

histogram of summer black grape image showed double 

peak in most situation, cluster number c was set to 2. 

Through adjusting the fitness amplitude of artificial swarm, 

the fitness dynamic factor λ = 5. Through regulating the 

pixel number of Hough’s line of cumulative probability, the 

maximum vote was set to 18. Then, positioning test of 

picking points was conducted. Fig. 5 shows the positioning 

process image of picking point under the three light condi-

tions.

 

Fig. 4  Solving process of picking point 

Note: xc and yc indicate barycenter coordinates; xt and yt indicate vertex coordinates of grape profile; Lmax indicates maximum length of grape profile; D is 
the distance between detected straight line and barycenter; Roi_H indicates the height of region of interest; Roi_W indicates the width of region of interest; 

Pi1 and Pi2 indicate endpoint of detected line segment; Pick_H is the distance between picking point and vertex of profile. 
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3.2 Positioning error analysis 

In order to analyze the positioning accuracy of picking 

points, the pixel positioning error is introduced here 
[24]

: 

 

 

 
where, X and Y refer to the pixel region of optimum picking 

points on the stem; x and y refer to the pixel coordinate of 

picking points obtained by the proposed method; ex refers to 

the row direction error from the picking points to optimal 

picking points; ey refers to the column direction error from 

the picking points to optimal picking points; e refers to the

total pixel positioning error of obtained picking points. The 

accuracy of positioning picking points is evaluated by the 

positioning error. 

The barycenter of all the test images and pixel coordinate 

of picking points were calculated by this method. The pixel 

range of optimal picking points was set artificially and the 

medial axis of grape stem was taken as the optimal picking 

point (4 pixels × 30 pixels). The error between the picking 

points obtained by the proposed method and the optimal 

picking points determined artificially was computed. Table 

1 shows the comparisons of picking points and pixel posi-

tioning errors for the three images in Fig. 5. The statistics of 

pixel positioning errors were carried out from 300 test im-

ages and the error distribution is shown in Table 2.

 

Fig. 5  Positioning process of picking point on three kinds of light 
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The pixel errors of picking points positioning in 300 im-

ages for the summer black grape under different light condi-

tions were analyzed. The errors between picking points and 

optimal picking points in 265 images were 5–11. It can be 

found that the picking points in these images were located 

in the edge of grape stems; the pixel errors of the rest 35 

images were more than 30 and the points were located be-

yond the stems. Analyses show that the pixel errors between 

picking points and optimal picking points in the Y (column) 

direction were relatively smaller and when the y values of 

obtained picking point were within Y, ey was 0. But, in the 

X (row) direction, the pixel errors between picking points 

and optimal picking points were 4–10. By analyzing the 

calculation method of picking points, it can be seen that 

when conducting Hough’s straight line testing in stem ROI, 

the stem image showed bilateral effect and the detected line 

segment was usually located in the edge of grape stem, 

making the calculated picking point on the edge of the stem. 

When taking the optimal picking point, the point on the 

stem medial axis was selected. So, the pixel error occurs in 

X direction and the error approximately equals to the radius 

of grape stem. As the clamp and cutting mechanism of end 

actuator of picking robots usually possesses certain 

fault-tolerant range, the pixel error of picking point in X 

(row) direction produced by this method can be compen-

sated. Even so, in the follow-up research works, the error 

compensation method will be studied to further improve the 

accuracy of identification and positioning.  

Through statistical analysis of 300 test images, it is found 

that pictures whose positioning errors between picking 

points and optimal picking points were within 12 pixels 

accounted for 88.33%, and these points were all situated on 

the stem. In addition, when the grape cluster was on the two 

sides of image (the covered part is below 1/3) and stem ROI 

was not largely covered, the method in this text can also 

better position the picking point on the grape stem.  

The elapsed time of picking point positioning directly 

influences the timeliness and working efficiency of picking 

robots. After calculating and analyzing the time consumed 

by positioning the picking points under three kinds of light, 

we obtained the average elapsed time (0.3467 s). The statis-

tics of positioning errors and the elapsed time for picking 

points under three kinds of light are shown in Table 2. 

Although this paper provides one kind of effective pick-

ing point positioning method for grape picking robots, there 

are still some factors that influence the positioning of pick-

ing points: 1) due to the grape variety and color difference, 

it is hard to design uniform image segmentation algorithms, 

which affects the solution of grape image barycenter. 2) 

Complex grape yard environment can always be disturbed 

by overlapping factors (such as branches, dead leaves and 

series of grapes), and when the stem above grape barycenter 

is largely covered, the line testing in this method may be in 

error or failed, thus, it shall be hard to accurately position 

the picking point. 3) Grape color imaging can be influenced 

by light, and identification and positioning accuracy of 

picking point under backlight decreases. In the future re-

search, the segmentation method for a variety of grapes and 

positioning method when the fruit stems are covered will be 

studied, to explore the positioning method of picking point 

applicable for various grapes. 

4 Conclusions 

The paper provides a kind of picking point positioning 

method based on the grape image segmentation and con-

straint with minimum distance between dot and line. This 

method is firstly used to analyze the color component in 

each color space of grape, to extract the component H in 

HSI color space (obvious double peak in histogram); 

through improving the fitness function of the artificial 

swarm optimization algorithm, optimal segmentation of 

fuzzy clustering is conducted for the grape images, then

Table 1  Check list of pixel positioning error for picking point 

 
Note: xc and yc indicate barycenter coordinates; X and Y indicate pixels area of optimal point; x and y indicate obtained picking point coordinates; ex indi-

cates pixel errors in row; ey indicates pixel errors in column; e indicates overall pixel errors. 

Table 2  Statistical table of picking point positioning on three kinds of light 
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morphological denoising processing is performed, to obtain 

the image in grape area and confirm the maximum con-

nected region in image; it is also required to obtain the im-

age barycenter of this area, extreme point of contour and 

external rectangle; the stem ROI should be determined, and 

Hough’s line testing of cumulative probability is conducted 

in the region to find all the lines that satisfies the conditions, 

and then the line with the minimum distance to barycenter is 

selected as the line of picking point, and finally the mid-

point of this line segment is taken as the picking point of 

grape cluster. Through testing and analyzing the 300 images 

summer black grapes acquired under direct sunlight, back-

lighting in sunny day and overcast light, we found that the 

positioning accuracy of picking point reached to 88.33%, 

and the average elapsed time was 0.3467 s, which could 

satisfy the timeliness requirements for positioning of pick-

ing point by picking robots. 
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Design and experiment of small lifting platform in orchard 
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1. College of Engineering, Hunan Agricultural University, Changsha 410128, China; 

2. Hunan Provincial Engineering Technology Research Center for Modern Agricultural Equipment, Changsha 410128, China 

Abstract: Lifting platform in orchard is of great importance to the fruit production, because it plays a vital role in 

the operation links: picking, flower thinning, etc. However, current mechanical devices are not suitable for orchard 

in the southern hillside area due to the complex terrain. It means low efficiency and the need for more farmers. 

Mechanization is the only way to change the present situation. Therefore, based on studying and analyzing the col-

lected data of orchard in south China, a miniature self-propelled lifting platform was developed to increase the op-

eration efficiency in orchard in the southern area. The lifting platform was mainly composed of the crawler, scissors 

elevating mechanism and a multi-function manned worktable. In particular, the manned worktable was designed to 

realize the real-time leveling through the means of azimuth adjustment, lifting and angle adjustment which were 

separately driven by revolving support and hydraulic cylinders. In order to maintain stability of the worktable and 

increase worker's comfort, the secondary leveling was crucial. In order to make the platform has the advantages of 

small external size, compact structure and easy to assemble, the dimensions of the mechanism and main technical 

parameters of key parts were optimized based on preliminary experiments. The prototype was made in a machine 

processing factory and driven directly by a 4.41 kW diesel engine. With the aim to evaluate the performance of the 

platform, tests of the prototype including climbing angle test, turning radius test, leveling performance test, and sta-

ble performance test were carried out in the simulated work environment. The experimental results indicated that 

the running speed of the prototype was 0.12–0.25 m/s, and the maximum lifting height was 1.2 m, and the turning 

radius was 0.75–1.34 m, which meet the design requirements and are suitable for the varied working environments. 

In addition, the simulation results revealed that the static tipping angle of the prototype was between 15° and 30° 

when the platform was equipped with different loads and in various lifting height. Moreover, the mechanism can 

adjust the inclination angle of the manned worktable through the secondary leveling, which demonstrated that this 

mechanical platform can be used to work in difficult terrain. But because the distribution of weight is uneven and 

the chassis touches the ground in a small area, the stability of the whole machine is decreased. All the experiments 

concluded that the lifting platform met the needs of fruit production and fruit transportation. Meanwhile, with 

smaller outline size, it is easy to operate and suitable for orchard planting pattern and use requirements in the South. 

The study provides guidance for the practical production. 

Keywords: agricultural machinery; leveling; orchards; lifting platform; crawler; manned worktable; experiments 

CLC number: S224.9 

0 Introduction 

The industry of fruit planting in south of China is an im-

portant channel for the local farmers to increase their in-

come. In the traditional process of fruit production, some 

operations (such as picking and flower thinning) are mainly 

completed by labor, and the labor intensity is high and the 

operation efficiency is low. As the labor cost keeps rising, 

the demand for the mechanization of orchard management 

also becomes increasingly urgent [1–2]. The lifting platform 

is one kind of machinery that is most widely developed and 

used in the orchard management. The functions of its cur-

rent products not only include picking and transportation. 

Some machines also integrate the operational functions of 

spraying, ditching, and fertilization, and the application is 

very broad. However, because the fruit trees are mostly 

planed in the hilly areas in south of China, where the terrain 

of orchards is complex and there are many slopes, the 

planting density of fruit trees is relatively high, and the farm 

track is narrow, which makes the current lifting operation 

platforms not completely suitable for the operation in the 

complex environment of orchards in south of China. There-
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fore, the development of a small lifting platform for or-

chards that is suitable for the operation in the hilly moun-

tainous areas in south of China is important for improving 

the mechanization level of orchard management in south of 

China. 

According to the queried literature and data, the lifting 

platforms developed in western developed countries in Eu-

rope and America are mainly of wheeled traveling mecha-

nism, and the lifting manners include scissor-type, folding 

arm, lift retracting, and ladder-type, which is suitable for the 

large-scale operation in the orchards on the plain; in Japan 

and South Korea, because of many mountains, the devel-

opment is mainly small management machines in the or-

chard, which mostly adopts the wheeled traveling 

mechanism. Meanwhile, since the hydraulic lifting platform 

of scissoring developed by China in 1980s, there are also 

many agricultural lifting operation platforms that have been 

developed, and the corresponding theoretical studies were 

also developed. For instance, Xinjiang Machinery Research 

Institute developed LG-1 multi-function machine for or-

chards [3], which adopts the crawler-type traveling mecha-

nism, and integrates multiple operational functions of 

picking, pruning, spraying, transportation, and power gen-

eration; although there are many functions, the dimension of 

platform is relatively large. When it is used for the orchards 

in south of China, the accessibility is not high, and the 

climbing capability is limited. Beijing Agricultural Machin-

ery Testing and Promotion Station developed the small mul-

ti-function remote control power platform [4], which also 

adopts the crawler travelling mechanism, and adopts the 

combined operation manner of manual and remote control 

to integrate the functions of pneumatic pruning, forest 

weeding, insecticide spraying, and picking. The operation of 

machine is simple, and the external dimension is relatively 

small; however, the lifting height of platform is limited, the 

applicability is not strong for the orchard operation in south 

of China, and the stability of slope operation is not good. 

The multi-functional lifting operation platform 

STQ150-3000 developed by Shandong Huaxing Machinery 

Co., Ltd. [5] adopts the pneumatic control, which can be 

equipped with pneumatic fruit forceps for picking operation, 

and meanwhile it can also be used as the transportation ve-

hicles; however, the stability of this platform is not high, 

and is only suitable for the orchard operation on the flat 

ground. Prof. Liu Junfeng from Hebei Agricultural Univer-

sity developed the multi-functional lifting platform for the 

orchard that is driven by a hydraulic chassis [6]; the traveling 

and lifting of this machine are both controlled by the hy-

draulic system, and the operation is simple and convenient; 

however, the external dimension of platform is relatively 

large, the manufacturing cost is high, and the climbing ca-

pability is limited. In general, the development of agricul-

tural lifting operation platform for the orchard is constrained 

by the planting environment and management mode of or-

chards. There are not many apparatuses that are suitable for 

the operation in the mountainous orchards in south of Chi-

na, and the relevant studies are also rare. 

Due to the current state for the development and usage of 

lifting operation platforms for the mountainous orchards in 

south of China, we design a small tracked self-propelled 

scissor lifting operation platform with leveling manned 

worktable in order to improve the safety of operational staff, 

which effectively solves the adaptability issue of accessibil-

ity, stability, and maneuverability in the complex operation 

environment. 

1 Requirement of design and overall princi-

ple of structure 

1.1 Requirement of design 

It should adapt to the planting environment and current 

orchard management state for the orchards of mountainous 

areas in south of China, and comply with the operation re-

quirements of picking and flower thinning in the fruit pro-

duction. 

1) It can adapt to the traveling in the mountainous areas 

in south of China. The traveling speed is: 0.1–5 km/h; and 

the adaptive slope: ≤ 25°; number of forward gears: 2; 

number of reverse gear: 1. 

2) Maximum lifting height of manned worktable: 1–1.5 

m. 

3) The manufacturing cost is relatively low, the traveling 

control is convenient, and the stability is good. 

1.2 Overall structure and principle of operation 

1.2.1 Overall structure 

As shown in Fig. 1, the small lifting platform in orchard 

is composed of crawler unit, power plant, leveling device, 

lifting device, and manned worktable. The lifting device is 

composed of scissors mechanism, lifting hydraulic cylinder, 

and manual pumping station; the leveling device is mainly 

composed of slewing bear, turbo-worm reducer, and level-

ing hydraulic cylinder, and manual pumping station; the 

manned worktable is mainly composed of guardrail and 

carrying guardrail. 

 

Fig. 1  Sketch diagram of small lifting platform in orchard 

1. Leveling device 2. Lifting device 3. Manned worktable 4. Power plant 5. 

Crawler 
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During the operation, the prototype machine travels 

through the power apparatus that drives the crawler travel-

ing mechanism. After reaching the operation position, ac-

cording to the balance situation of manned worktable, we 

level the manned worktable through the leveling apparatus, 

and then the worker enters into the manned worktable to 

operate. The height of worktable can be adjusted by control-

ling the lifting hydraulic cylinder in order to adapt to dif-

ferent heights of fruit picking. 

1.2.2 Leveling principle 

Because the operation of platform in the orchard needs to 

constantly move the operation location, and even needs to 

expand the supporting area through support legs, the meth-

od to make the center of gravity fall in the supporting plane 

takes time and efforts, and it is not completely appropriate 

for the picking and flower thinning in the orchard. There-

fore, the research team proposes the "two leveling" method 

of "azimuth leveling + angle leveling", achieving the goal of 

leveling the manned worktable, in order to improve the 

overall maneuverability and operational efficiency. 

Leveling principle: according to the operation processes 

of platform, when the platform is stopped for operation at 

any position, presume the ground surface as plane Ⅰ and 

the horizontal plane as plane Ⅱ, at this time plane Ⅰ' of 

the manned worktable is parallel to plane Ⅰ. When plane 

Ⅰ' is adjusted on the turning azimuth through the cylinder 

of angle (plane Ⅰ"), according to the stereoscopic geomet-

ric knowledge, there is one and only one intersection line 

between two planes that are not in parallel. If we can find 

two intersection lines that can simultaneously pass plane Ⅰ

" and plane Ⅱ, it can prove that the leveling principle is 

feasible [7]. 

The "two" leveling of manned worktable can make the 

center of gravity to be considerably well stable in the sup-

port plane, and enhance the performance of stability for the 

entire machine. In order to reduce the manufacturing cost, 

the prototype machine is driven by adopting the 

hand-operated hydraulic pump, and the bubble-type level 

sensor uses the artificial judgment for the adjustment of 

azimuth and angle. 

1.2.3 Main technical parameters 

We select the citrus tree as the research object. We carry 

out the investigations and data collection for the planting 

models and external dimensions of citrus trees for the citrus 

orchard of mountainous areas in south of China, and extract 

the relevant data [8]. Due to the lack of relevant industry 

standards for query and reference, the design is implemented 

according to the requirement of use in the orchard, and main 

dimensions and parameters of design determined for the 

small lifting platform in the orchard are shown in Table 1. 

Table 1  Dimensional design parameter list of small lifting plat-
form in orchard 

 

2 Design of key components 

2.1 Crawler unit 

For the agricultural crawler chassis, due to the various 

operational environments, operation object, and load situa-

tions, so for there is no relevant design standards to refer to. 

According to the loading situation, climbing requirements, 

and running velocity mastered by the previous studies of 

research team, as well as the design parameters of external 

dimensions, we refer to the design method for small exca-

vator and agricultural power chassis [9–12], and comprehen-

sively analyze individual external parameters and the given 

requirements of design to determine the design parameters 

for the components of driving wheel consisting the power 

chassis, guide wheel, track roller, bearing wheel, and track 

shoe. We select the transmission gearbox with three shifts, 

and use the turning with different speeds. The structure of 

apparatus is shown in Fig. 2. For the convenience of plat-

form travelling between fruit trees, the track gauge is de-

signed to be 0.5 m, and the width of chassis is designed to 

be 0.75 m. The main dimensions and component parameters 

are shown in Table 2. 

 

Fig. 2  Sketch diagram of crawler unit 

1. Bearing wheel 2. Travel gallows 3. Guide wheel 4. Turbo-worm reducer 

5. Slewing bearing 6. Pre-tightening bolt 7. Track roller 8. Operating han-
dle 9. Engine 10. Gearbox 11. Driving wheel 12. Crawler belt 

2.2 Leveling lifting device 

The lifting hydraulic cylinder of lifting device is de-

ployed by adopting the structure of oblique pul l-

ing-shear-fork type [13]; the hydraulic cylinder that adjusts 

the angle of bottom is at the same end of the lockpin, and is 

deployed along the lateral direction of scissors mechanism 

74



   

© 2015 China Academic Journals (CD Edition) Electronic Publishing House Co., Ltd. 

Table 2  Parameter list of size of crawler chassis and components 

 
and perpendicular to the lockpin; the other end of hydraulic 

cylinder is connected to the bottom of scissors mechanism, 

we can drive the angle to adjust the hydraulic cylinder to 

make the scissors mechanism rotate around the lockpin, as 

shown in Fig. 3. 

 

Fig. 3  Sketch diagram of lifting device 

1. Manned worktable 2. Scissors mechanism 3. Slewing bearing 4. Tur-
bo-worm reducer 5. Levelling hydraulic cylinder 6. Lifting hydraulic cyl-

inder 

According to the designed requirement of lifting height 

as 1–1.5 m, we combine the data of row space of fruit trees, 

strain spacing, and picking width, lifting height, and turning 

radius derived from the analysis of preliminary experi-

mental data and determination results of design parameters 

for the tracked belt chassis. From the geometric relationship 

of scissor mechanism, we have: 

 
We select the length of scissor arms, Larm, to be 0.7 m 

and the maximum crossing angle, γ, to be 60°, and solve for 

the theoretical maximum lifting height, hlifting, to be ap-

proximately 1.21 m. 

2.3 Manned worktable 

The design considers the protection of worker safety and 

the improvement of convenience during the turnover pro-

cess of platform, and avoids the second damage of fruits. 

The structure is shown in Fig. 4. 

 

Fig. 4  Sketch diagram of manned worktable 

1. Guardrail 2. Demountable guardrail 3. Carrying guardrail 4. Platform 5. 

Lockpin 

The guardrail part of manned worktable is mainly com-

posed of demountable guardrail, guardrail, lockpin, and 

carrying guardrail. In the design we adopt the reversible 

guardrail to carry the fruit, which considers both the opera-

tion safety of worker and the convenience. Meanwhile, it 

also effectively increases the usable space of platform, and 

solves the problem that the picking process should not only 

ensure the safety of worker, but also need to raise the turn-

over efficiency of fruits. 

2.4 Transmission system 

The transmission system is mainly composed of the pul-

ley of transmission system, driving wheel gearbox of trav-

eling mechanism, sprocket of transmission system, and 

slewing bearing gearbox, as shown in Fig. 5. Due to the 

need for crawling and leveling, the power output from the 

engine is divided into two parts: the first is the transmission 

system that drives the entire machine to run, and through 

clutch Ⅰ, the power is transferred from the pulley to the 

driving wheel gearbox of traveling mechanism, achieving 

the running of entire machine; the second is the transmis-

sion system that drives the manned worktable to turn over 

upon the "fixed-point leveling". Through clutch Ⅱ, the 

power drives the turbo-worm reducer through the sprocket 

transmission system, and after it reduces the speed, it drives 

the slewing bearing to turn over, achieving the "azimuth 

adjustment" of manned worktable [14–15]. 

The running transmission system is composed of three 

parts, i.e., pulley shift, gear shift, and sprocket shift; the 

slewing bearing transmission system is composed of four 

parts, i.e., pulley shift, sprocket shift, turbo-worm shift, and 

gear shift. The power adopts BH175F-1 diesel engine, 

whose rated output power is 4.41 kW, and the rated rotary 

speed is 2600 r/min. 

The running transmission system is first decelerated 

through the pulley transmission (the diameters of small and 

large pulleys are 85 mm and 162 mm, respectively, and the 

transmission ratio is i1 about 1.91). Then, it is transferred to 

the other end of axis through the chain transmission (the 

teeth number of small and large sprockets are 12 and 96, 
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Fig. 5  Diagram of transmission system 

1. Sprocket Ⅰ 2. Jaw Clutch Ⅰ 3. Pulley 4. Jaw Clutch Ⅱ 5. Sprocket 

Ⅲ 6. Sprocket Ⅳ 7. Sprocket Ⅴ 8. Sprocket Ⅵ 9. Gear pairs of slew-

ing bearing 10. Worm-gear reducer 11. Axis Ⅰ of gearbox (output axis) 

12. Axis Ⅱ of gearbox 13. Axis Ⅲ of gearbox 14. Axis Ⅳ of gearbox 

(input axis) 15. Sprocket Ⅱ 

respectively, and the transmission ratio is i2 about 7.38), and 

is transferred to the driving wheel gearbox on the tracker 

belt chassis. This gearbox has the forward low gear and high 

gear, reverse gear and neutral position. The transmission 

ratio of forward low gear and high gear for the driving 

wheel is i3 about 35.71 and i4 about 17.24, respectively, and 

the transmission ratio of reverse gear is i5 about 35.71. 

Therefore, the corresponding transmission ratio of traveling 

transmission system is 503.36 and 243.01. The rotation 

speed of driving wheel when the platform is in the process 

of forward motion at the low-speed and the backward mo-

tion is about ±5.17 r/min, and the rotation speed of driving 

wheel during the forward motion at high-speed shift is 

about 10.70 r/min. 

Due to the operational comfort of workers during the 

turning process of manned worktable, the turning speed is 

not appropriate to be too fast. The slewing bearing trans-

mission system is first decelerated by the belt transmission 

(the diameters of small and large pulleys are 85 mm and 162 

mm, respectively, and the transmission ratio is i1 about 

1.91), and is then transferred to the other end of axis 

through two chain transmissions (the first chain transmis-

sion: the teeth number of small and large sprockets is 15 and 

28, respectively, and the transmission ratio is i6 about 1.87; 

the second chain transmission: the teeth number of small 

and large sprockets is 22 and 42, respectively, and the 

transmission ratio is i7 about 1.91), and the other end of the 

axis is connected to a turbo-worm reducer (model: 

WD102-4-20, and the velocity ratio is 20, i.e., i8 = 20), and 

then is transferred to the gearbox outside the slewing bear-

ing. The teeth number of small and large gear in this gear-

box is 15 and 63, respectively, and the transmission ratio is 

i9 about 4.2. Therefore, the corresponding transmission ratio 

of slewing bearing transmission system is 573.04. During 

the turning and leveling process of manned worktable on 

the lifting platform for the orchard, the rotary speed of 

slewing bearing is about 4.54 r/min. 

3 Results and analysis 

In order to validate the mechanical operation situation of 

prototype machine, we conducted respectively the tests of 

traveling, lifting, climbing, leveling, and turning perfor-

mance on the hard road, slope, and abandoned land on the 

campus of Hunan Agricultural University in August of 2013 
[16–18]; in December of 2013, we conducted the rollover ex-

periment on the rollover stability test platform for agricul-

tural tractors at the agricultural machine testing station of 

Hunan Province. In particular, the abandoned land on the 

campus for the test is relatively flat, and there is some grass 

on the surface of soil. 

3.1 Test of performance on the flat ground 

During the operation process of prototype machine, the 

shift among different gears is smooth. We measure the trav-

eling velocity of platform under the state of non-load and 

engine throttle at the neutral position to be about 0.12 m/s at 

the low gear, and about 0.25 m/s at the high gear. The 

maximum lifting height of manned worktable ≤ 1.2 m; be-

cause we adopt manual hydraulic pump to drive, the lifting 

speed of manned worktable is approximately 0.03 m/s, and 

the lifting speed is relatively slow. 

3.2 Experiment on climbing performance 

The maximum climbing angle of vehicle, θ, is the maxi-

mum dip angle that can be passed by the fully loaded vehi-

cle on the good road with the lowest gear shift, and it 

characterizes the climbing capability of vehicles. It can be 

derived from the following equation: 

 
where Gmax is the mass of entire machine under the fully 

loaded condition (kN); FH is the tangential traction force of 

vehicles with tracker belt (kN); fi is the motional resistance 

(compaction resistance and pushing resistance) (kN) [19]. 

3.2.1 Experimental method 

We test the relationship between climbing angle and 

climbing velocity for the prototype. Due to the lack of ideal 

slope for test, the research team use the concrete road sur-

face on the campus of Hunan Agricultural University for the 

climbing experiment, and the dip angles of experimental 

slope that are measured in advance are 2.9°, 4.0°, and 15.6°, 

respectively. We set the load to be 120 kg, and the engine 

throttle is placed at the neutral position. Within the distance 

beginning from the bottom of slope until traveling out of the 

slope, we test the climbing performance of prototype ma-

chine to be tested under three different slopes at the low 

forward position. 
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3.2.2 Experimental result 

In the process of experiment, the prototype machine runs 

steadily, and can smoothly drive and pass the slopes with 

three different dip angles. However, because the manufac-

turing accuracy of prototype machine is relatively low, and 

the vibration is relatively large during the driving process, 

the track shoe and track shoe teeth made of vehicle tire and 

steel bars are subject to the slip phenomenon during the 

driving on the concrete road. Also because the power of 

engine is relatively small, the climbing speed of the proto-

type machine on the slope is relatively slow. The results for 

the measurement of climbing performance index are shown 

in Table 3. 

Table 3  Test for climbing performance 

 

3.3 Experiment to test the leveling performance 

Because the traveling speed of entire machine is rela-

tively slow in the process when the prototype machine is 

under the climbing test on the test road section with 15.6° 

dip angle, there is slippery phenomenon for the tracker belt, 

and the running resistance and the driving force essentially 

reach the equilibrium state. The leveling is meaningful only 

under the premise that the platform passes the test. There-

fore, the experiment of leveling performance test mainly 

tests the leveling performance within the slope of 15°. 

3.3.1 Experimental method 

We select the concrete road surface on the campus of 

Hunan Agricultural University. The prototype machine is 

placed in the east and west direction, and we use the angle 

steel, wood strips, and bricks to simulate the dip angle of 

ramp. We test the balance situation of manned worktable 

after the "two leveling". The experiment tools include level 

meter, tape measure, and angle measuring instrument. 

3.3.2 Experimental results 

The results of experiment are shown in Table 4. 

The results of measurement indicate that: when the dip 

angle of simulated slope is ≤ 15°, the leveling error of the 

"two leveling" can be controlled within the range of 1°. 

3.4 Experiments to test the turning radius 

3.4.1 Experimental methods 

The experiment is conducted on the empty cement 

ground on the campus of Hunan Agricultural University. 

The measurement instruments include the spraying needle 

and steel tapes. When the prototype machine moves for-

ward, we adopt the first gear of forward to operate, and 

Table 4  Performance test of leveling 

 
Note: Assumed the east, north of slope as positive direction of X, Y axis. 

when it moves backward, we adopt the reverse gear to op-

erate. Under two kinds of states, the manned worktable is at 

the position without being lifted, and the engine throttle is 

placed at the middle position. The measurement method 

refers to the standard experimental method of scissor lifting 

platform in the machinery industry (JB/T 9229.3-1999). 

When it turns to the maximum operating angle, we keep the 

operation handle fixed, and turn left-forward, right-forward, 

left-backward, and right-backward for one round at the 

minimum speed. We use the spraying needle mounted on 

the outermost vehicle body and with the nozzle vertically 

downward to draw the track of turning radius outside the 

vehicle body [20]. 

3.4.2 Experimental results 

The results of measurement in the experiment are shown 

in Table 5, indicating that there is difference in the turning 

radius when the prototype machine operates under two dif-

ferent manners of forward and backward, but the testing 

results of experiments are generally smaller than 1.5 m. 

Table 5  Test of turning radius 

 

3.5 Experiments to test the rollover stability 

3.5.1 Analysis of rollover stability 

The rollover stability is one important index to charac-

terize whether the lifting operation platform could operate 

and safely drive in the orchard. If the longitudinal and lat-

eral stability are better, the safety of platform running will 

be higher [21]. By summarizing the operation situation of 

platform, it mainly has three different operation status of 

longitudinal uphill, longitudinal downhill, and lateral run-

ning. Under various status on the slope, the forces on the 

platform mainly include: self-weight G (kg), loaded weight 

G1 (kg), the combined force of all the vertical counter forc-
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es of ground surface to the support segments of tracker belt, 

PN (kN), traction force Pq (kN), and rolling resistance of 

crawler Pf (kN). Because the running on the slope is mostly 

under the state of low velocity and uniform velocity [22–23], 

the air resistance is relatively small and can be neglected. 

Let the dip angle of slope to be α (°); the leveling angle is ω 

(°); the angle of lifting device relative to the vertical direc-

tion when it is on the slope is β, (°), where α = ω + β; the 

distance between the travel gallows and the installation 

plane of lifting device is c (m); the distance between the 

center of bearing wheel on the driving end and the platform 

centroid in the direction vertical to the slope is a (m); the 

height of platform centroid relative to the slope is h (m); the 

distance between the load centroid and the centroid of 

manned platform is e (m); the lifting height is l (m); the 

distance from PN to the support point on the rear edge of 

support plane on the tracker belt is xi (m). Because the dis-

tance between the travel gallows and the installation plane 

of lifting mechanism is relatively small, we take c = 0. The 

forced situations of three statuses after the simplification are 

shown in Fig. 6. 

1) Analysis of longitudinal stability on the uphill 

In Fig. 6a, when the platform begins to longitudinally roll 

over along point O1, according to the torque equilibrium 

function , there is: 

 
 

From equation (3), we can see that as the slope increases, 

the combined force PN of all the vertical counter forces of 

ground surface to the support segments of tracker belt 

moves more and more toward rear edge O1 of the support 

plane of tracker belt. When PN is completely applied to rear 

edge O1 of the support plane on the tracker belt, the plat-

form will be subject to longitudinal rollover. Therefore, 

when the platform is on the uphill, the condition for that the 

rollover does not around rear edge O1 of the support plane 

on the tracker belt is xi≥ 0. 

 

where:  

 
Therefore, when the dip angle of slope is fixed, the lon-

gitudinal stability of platform on the uphill is related to β, ω, 

l, and e. 

2) Analysis of longitudinal stability on the downhill 

Except for the aforementioned forces on the prototype, 

when the platform is on the downhill when the gear is en-

gaged, it needs to adopt the brake control at the same time, 

and we should consider the braking force Pr, kN, and Pr> 

Pq
[20]. The forced diagram is shown in Fig. 6b.

 

Fig. 6  Forced diagram of platform on slope 

Note: G is the weight of the platform, kg; G1 is the load on the platform, kg; Pq is the driving force, kN; Pr is the breaking force, kN; Pf is the rolling re-

sistance of the crawler, kN; B is the gauge of the crawler, m; b is the width of the track shoe, m; α is the dip-angle of the slope, (°); l is the lifting height, m; ω 

is the adjusting angle, (°); c is the distance between the top surface of the travel frame to the platform assembly surface, m; e is the distance between the 
barycenter of the load and the barycenter of the total barycenter of the load and the manned worktable, m; β is the deflecting angle of the lifting mechanism, 

(°); Fi is the inertia force when the platform travel cross the slope, kN; PN is the rejecting force, kN; PN1 is the rejecting force on the left track, kN; PN2 is the 

rejecting force on the right track, kN; Pf1 is the rolling resistance on the left track, kN; Pf2 is the rolling resistance on the right track, kN; O is centroid posi-
tion of platform; O' is centroid position of load; O1 is supporting point of rear edge of bearing surface; O2 is track supporting front edge of bearing surface; O3 

is track supporting surface of the front of left support; O4 is track supporting surface of the front right support; O3
' is front left support point of track support-

ing surface in tipping position; Mk is driving torque, N·m; h is distance from centroid to slope, m; a is distance from the centroid of platform to supporting 
point of rear of bearing surface when platform is longitudinal driving, m; L is track grounded length, m; xi is distance from PN to supporting point of rear 

edge of bearing surface. 
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When the platform runs on the downhill and begins to 

longitudinally roll over along point O2, according to the 

torque equilibrium equation ∑MO2= 0, there is: 

 
We can obtain: 

 
When the platform is on the downhill, the condition for 

that the rollover does not occur around point O1 on the rear 

edge of support plan on the tracker belt is: xi≤ L. 

From xi≤ L we can derive: 

 
where, 

 

 
Therefore, when the dip angle of slope is fixed, there is 

also a relationship between the longitudinal stability of the 

platform on the downhill and β, ω, l, and e. 

3) Analysis of stability for the lateral running on the 

slope 

The situation for the lateral running of platform on the 

slope is relatively complicated. Presume that the platform 

moves at a uniform speed along a straight line, and the force 

on the entire machine is shown in Fig. 6c, where b is the 

grounded width of crawler (m); B is the gauge of crawler 

(m); PN1 and PN2 are the combined force of all the vertical 

counter forces of ground surface to support segments of two 

tracker belts (kN); Pf1 and Pf2 are the forces parallel to the 

slope applied by soil on the two tracker belts (kN); Fi is the 

inertial force when the platform travels laterally along the 

slope (kN). 

Because the platform moves at a uniform speed along a 

straight line, the inertial force is Fi = 0; when it laterally 

rolls over along point O3
', the applied point O3 of PN1 moves 

to O3
'. According to the torque equilibrium func-

tion , there is 

 
We can obtain, 

 
When the platform travels laterally on the slope, the con-

dition for that the machine does not roll over around the 

edge point O3 on the support side of tracker belt is PN2≥ 0. 

From PN2≥ 0, we can obtain: 

 
where, 

 

 
Therefore, when the dip angle of slow is fixed, the stabil-

ity for the lateral running of platform on the slope is also 

related to β, ω, l, and e. 

According to the stability analysis of the aforementioned 

three running states, if we want to test the rollover stability 

of prototype, we must comprehensively take into account 

the situation of different loads and positions, different lifting 

heights, and different crawling statuses for the platform. 

Due to the limitations of experimental conditions, the ex-

periment of stability test mainly tests the maximum rollover 

angle when the platform is under the static state. 

3.5.2 Experimental methods 

We use the test platform for the rollover stability of agri-

cultural tractor at the agricultural machine testing station of 

Hunan Province for the experiment, and test the rollover 

stability performance of the prototype machine at the static 

state for three different climbing statuses for different lifting 

heights, different loads, and different load positions. 

We place the prototype machine on the test platform to 

simulate the experiments on the following working envi-

ronments: 

1) Three different climbing statuses (when the angle be-

tween the forward direction of prototype machine and the 

rotating axis direction of test platform is 0, 45°, and 90°, 

respectively). 

2) According to the growing conditions for the fruit trees 

of the orchard in south of China, we select three different 

lifting heights (0, 0.3 m, and 0.6 m) to test the manned 
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worktable. 

3) For the prediction of body weight of worker and the 

weight of transited fruits, we select four different load situa-

tions (0, 60 kg, 120 kg, and 150 kg) to test the manned 

worktable. 

4) Design three different load positions for the manned 

worktable (refer to the forward direction of prototype ma-

chine, and they are respectively located on the left side, in 

the middle, and on the right side of the manned worktable). 

Test content: when the prototype machine is at different 

climbing states and different loading positions, we measure 

the rollover angle of extreme position when the prototype 

machine rolls or the rollover angle when the prototype ma-

chine begins to slide (such as the 90° position) under the 

situation of different lifting heights (H) and different loads 

on the platform. The site of measurement is shown in Fig. 7. 

3.5.3 Experimental results 

The test results of rollover stability are shown in Table 6. 

The results of experiment indicate that the overall stability 

of rollover is relatively good, and the rollover angle of en-

tire machine after the lifting decreases as the height of manned 

worktable increases and as the load increases. The rollover 

angle of entire machine for different loads and different lifting

heights is concentrated in the range of 15° to 30°, and the 

rollover angle essentially meets the requirements of design. 

However, there are also the problems that the dimension of 

chassis is relatively small and the mass distribution is not 

uniform. In particular, the mass is relatively large in the 

front of the machine. Under the situation without counter-

weight, it obviously feels that the stability of the entire ma-

chine becomes weaker when it is loaded, such as the 

rollover test at the 45° position. 

4 Conclusions and discussion 

In this paper, we designed and manufactured a small lift-

ing platform in orchard with leveling manned worktable. 

The various test experiments under the simulated working 

environment reflect the following features: 

1) The external dimension of prototype machine is rela-

tively small, the structure is compact, and the operation is 

simple. In the experiment, its running speed is measured to 

be 0.12–0.25 m/s, the lifting height is 0–1.2 m, and the 

turning radius is 0.75–1.34 m. This essentially satisfies the 

requirements of design, and is suitable for the narrow oper-

ation environment in orchards of the mountainous areas in 

south of China.

 

Fig.7  Picture of field test 

Table 6  Maximum tilting angle test value 
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2) In the prototype experiment, the climbing angle of 

prototype is measured to be about 15°, and the rollover an-

gle is concentrated in the range of 15° to 30°. After the "two 

leveling", the machine can fairly well adjust the tilting angle 

of manned worktable, and the leveling of manned worktable 

satisfies the requirements of operation. The prototype ma-

chine is subject to the issues that the mass distribution is not 

uniform on the entire machine and the grounding area of 

chassis is relatively small, which affects the stability of en-

tire machine. By improving the crawler running system and 

optimizing the layout of entire machine and the design of 

transmission system, we can further improve the stability of 

entire machine. 
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Simulation and experimental verification of aerial spraying drift on N-3 unmanned 

spraying helicopter 

Zhang Songchao, Xue Xinyu, Qin Weicai, Sun Zhu, Ding Suming, Zhou Lixin 

Nanjing Institute of Agricultural Mechanization, Ministry of Agriculture, Nanjing 210014, China 

Abstract: In order to find out the safe buffer areas of pesticide drift during the aerial spraying by N-3 unmanned 

aerial vehicle (N-3 UAV), researches on pesticide drift were done, by simulations and experiments as flight speed 

was 3 m/s, crosswind velocities were 1 m/s, 2 m/s and 3 m/s, flight heights were 5 m, 6 m and 7 m. According to the 

parameters of the N-3 UAV and the aerial spraying operations, the whole equipment, atomizing surface and the en-

tire computational domain were grid-processed first. A turbulence model by means of approximate solutions of N-S 

equations with appropriate boundary condition was developed and the two-phase flow of rotor wind field and 

pesticide-spraying was simulated. In the simulations, the equations were discretized by second-order upwind format 

based on the finite volume methods, the fluxes were calculated by the ROE scheme. Iterative calculations were 

processed using Gauss-Seidel method to analyze the droplets flow rate changes under the wind generated by the 

UAV's rotor until to the flow stability when the calculation converges residuals dropped more than three orders of 

magnitude, then liquid concentration and density of each grid were achieved, resulting droplet drift and deposition. 

And the model was verified by experiments. A solution of tracer (Rhodamine-B) mixed with water in a certain 

concentration was selected to replace the pesticide for aerial spraying, to monitor the wind velocity as well as the 

temperature and humidity. The N-3 UAV flight heights were changed in the experiments. The target area was a 

rectangle by 50 m × 20 m, and the fly route was the centerline. Mylar cards with a diameter of 90 mm every 2 m 

downwind, 5 m along the flight direction out of the target area were sampled to collect the droplets drifted, forming 

a 50 m × 10 m drift sample area. The drift amount at each sampling position was measured by means of a fluores-

cence spectrophotometer to obtain the regularities of droplets drifted by the wind. The simulations showed that the 

drift distance downwind (along positive Z-axis) and the maximum amount of drift position rear the UAV (along 

negative X-axis) were not significant with 5 m, 6 m, 7 m flight height under the same crosswind velocity, while 

which were relatively significant as crosswind velocity changed from 1 m/s to 3 m/s with the same flight height. 

The comparison results of amounts and trends of droplet drift (when flight height was 6 m, crosswind velocity was 

1 m/s, 2 m/s, 3 m/s) showed that the simulated and measured curves were coincident, and the correlation determina-

tion (R2) were 0.706 8, 0.845 1 and 0.685 9 respectively, which showed that the research had a significance for de-

termining the buffers before aerial spraying to insure the safety. Also, the following conclusions can be drawn by 

the simulation and experiment results: the crosswind velocity is greater than the aerial spraying height as the droplet 

drift affecting factors; the droplet drift only occurs downwind of the spraying field, and as the crosswind velocity is 

1–3 m, 8–10 m buffer zones should be considered downwind the spraying field for safe aerial spraying.  

Keywords: pesticides; numerical analysis; experiments; unmanned aerial vehicle; aerial spraying; drift 
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0 Introduction 

The aerial application of pesticide is a cost-effective way 

for plant prevention and control, especially for the explosive 

pest disaster, without constraints of crop growing or spray-

ing geographical environment commonly 
[1–2]

. Good flexi-

bilities, no special landing site, assistances of rotor wind 

field for droplet penetration are the characteristics of un-

manned aerial vehicle (UAV), contributing to high efficient 

plant protection operations, better effects and pesticide poi-

soning reduction 
[3]

. However, spray drift is more possible 

than the ground vehicles due to the operation conditions and 

the interactions among the air streams 
[4–7]

. As the most de-

veloped agricultural aviation country, the US government is 

very concerned about the environmental pollution problem 

caused by the drift of aerial application, and has developed 

clear legal provisions for the security administration. Drift 

model has become an important decision means of aerial 

application and processing disputes 
[8–9]

. In the late 1970s 
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and early 1980s, the US Forest Service (USFS) began to use 

computer models to analyze and predict the aerial applica-

tion drift. The first model was Forest Service Cramer Barry 

Grim (FSCBG). In the model, weather conditions, evapora-

tion and canopy penetration were considered to predict 

droplet distribution, program spraying operations and assess 

the risks. Agricultural Dispersion (AGDISP) model is the 

most famous developed from the FSCBG with the efforts of 

Teske and others. Aircraft wake, wingtip vortices, rotor ro-

tary airflow and air turbulence around the body are consid-

ered into the factors affecting droplet motions in AGDISP, 

released droplets are analyzed as discrete objects, aver-

age droplet diameter and volume fraction are as measured 

parameters, processed by Lagrange methods for droplet tra-

jectory, in order to predict the movement of droplets and 

ground deposition. With the study being further, the AGDISP 

model is being expanded and improved constantly 
[10]

. 

Hewitt et al. optimized the aerial spraying to reduce the 

spraying drift of non-target area by combined with Geo-

graphic Information System (GIS) by detecting the wind 

speed real-time in Australia 
[10–11]

. Praat et al. had conducted 

some experiments on the spraying drift considering the 

canopy characteristics and the sprayers in the New Zealand. 

Kaul et al. in Germany had carried some studies on the 

spraying drift based on some crops, and achieved some 

progress 
[12]

. Some Chinese scholars have begun some re-

searches on the spraying drift currently. Xue et al. had taken 

aerial spraying from the UAV with low volume on the pad-

dy by experiments, they found that the 90% drift amount 

was within 8 m when the crosswind speed was less than 5 

m/s, released height was 5 m 
[13]

. Zeng et al. had tested the 

low volume fan nozzle deposition characteristic in the wind 

tunnel evaluating with drift potential index (DIX) 
[14]

. Zhang 

et al. had built a model of spraying deposition for the high 

clearance boom sprayer based on the computational simu-

lation, and carried the verification experiments subse-

quently 
[15]

. To have a summary about the spraying, scholars 

in China focused on the ground plant protection sprayers, 

and scholars abroad focused on the manned fixed-wing air-

crafts and helicopters. So, the authors propose a more con-

venient Computational Fluid Dynamics (CFD) method than 

the traditional one to analyze the chemical aerial spraying 

drift released from N-3. The results were verified, and the 

conclusions were summarized and given to guide the aerial 

spraying operations. 

1 Physical model 

Fig. 1 shows N-3 UAV, and the detail parameters are 

shown in Table 1. Two WS-5CD centrifugal nozzles are 

installed on each side of N-3. The centrifugal nozzle mainly 

consists of a low-power DC motor, an atomization disk, and 

the infusion tube. The spraying volume of a nozzle is 850 

mL/min as the pressure is 0.21 MPa, the droplet diameter 

size is about 280 μm (D50) as the voltage is 5 V for the DC 

motor, measured 30 cm distance from the atomization disk 

by the DP-02 laser particle analyzer (Zhuhai OMEC in-

strument Co., Ltd., China). 

 

Fig.1  Unmanned spraying helicopter, N-3 

1. Rotor 2. Fuselage 3. Centrifugal atomization nozzles. 

Direction definition: coordinate as shown in Fig 1, the 

flying direction as the positive X-axis (from the tail to the 

head), the up direction as the positive Y-axis, the right side 

of N-3 to the left direction side as the positive Z-axis. 

Table 1  Main parameters of N-3 

 

2 Computational simulation 

2.1 Mesh processing 

According to the actual measurement data, the fuselage, 

the atomizing surface, and the computational domain were 

divided into mesh with a certain simplification Gambit 
[16]

. 

Non-Uniform Rational B-Spline Surface (NURBS) was 

chosen to smooth over the fuselage 
[17–20]

, the same high 

spraying area with the nozzles was as the initial spraying 

source, the mesh of the fuselage, the atomizing surface, and 

the domain were generated with Body Fitted Coordinate 

(BFC) in a cylindrical computational domain whose diame-

ter was 30 times of the N-3 length. For the dynamic mesh of 

the rotor and a complete structured, interface was used to 

connected each mesh, the classifing basis was in order to 

take the basis of dynamic mesh in rotor area and formation 

of structured grid. The mesh number was approximately 1.3 

million 
[16, 20–21]

. 

The mesh results are shown as Fig. 2. 
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Fig. 2  Mesh results 

2.2 Simulation methods 

2.2.1 Boundary conditions 

1) Velocity inlet boundary conditions setting 

Set the far field boundary as the velocity inlet boundary 

condition, the flying speed as −3m/s, direction opposite of 

the positive X-axis, crosswind as 1 m/s, 2 m/s, 3 m/s, direc-

tion is from right to left, see Z direction in Fig. 1.  

2) Boundary conditions of wall 

Set the fuselage and the rotor surface as the non-slip wall 

boundary, and all the velocity as 0 m/s on the rotor surface 

in viscous flow as the Equation (1). 

 

where, is velocity vector. 

2.2.2 Selection of computational model 

Two-phase field, which is on the basis of mass, momen-

tum, and energy conservation equation, chooses the SST 

k-ω turbulence model. Its general mathematical expression 

is shown as follows 
[22]

. 

 
where, ψ is common variable; ζ is generalized diffusion 

coefficient; S is generalized source term. 

Based on the finite volume method, the second-order 

upwind scheme is used to discrete the equations with Roe, 

the iterative computation with Gauss-Seidel method is car-

ried on, the wind velocity changes are analyzed from the 

generation to the fuselage then to the spraying surface, the 

pesticide droplets density of each mesh is calculated ac-

cording to the spraying volume, the deposition and drift 

combined with the consideration of the wind velocity 

changes and pesticide droplets density each grid are pre-

dicted. 

2.2.3 The initial conditions and convergence crite-

rion 

The initial conditions are: crosswind speed: 1, 2, 3 m/s (Z 

axis direction, the plane perpendicular to the Z axis), the 

atmospheric temperature: 303 K, far field static atmospheric 

pressure: 101.325 KPa, air viscosity: 1.9 × 10
−4 

Pa · s, the 

UAV flying speed: −3 m/s (X direction), headwind velocity: 

−10 m/s (Y direction). To ensure the convergent solutions of 

the control-equations, some assumptions are as follows: ①

all the flow variables are constant, ②all the flow variables 

are set as free status, ③initial flow conditions are set as 

free status in the computational domain. Set the entrance of 

computational domain as the velocity entrance, a given 

mass flow for export, when the calculation residuals de-

crease more than three orders of magnitude, and the mass 

flow of the atomizing surface is stable, the computational 

calculation is converging. 

3 Experiments 

3.1 Experiment site 

The experiments were carried out at Mingguang Bian-

zhuang UAV base, Anhui Province (118°02′27.16″E, 

32°43′36.82″N). The spraying area was 1000 m (length) × 

30 m (width) cement concrete pavement, the drift collection 

area was grass about 12–15 cm without any obstruction in 

50 m. The humidity and temperature were recorded, and the 

wind speed and direction of 5 m height above ground were 

recorded by GM8901 (ShenZhen WanYiTong Instrument 

Co., Ltd.). 

3.2 Materials and methods 

According to the standard of Crop Protection Machin-

ery Spray Drift Field Test Method (GB/T24681-2009/ 

ISO22866:2005), the area was divided into spraying target 

area A, spraying drift collection area B, spraying advance 

direction X, wind direction C (Y direction) and the sam-

pling location, which are shown in Fig. 3.  

The spraying target area was set as 50 m × 20 m, sam-

pling paper card was set every 1 m in the travel direction 

and the vertical direction (76 mm × 76 mm); high density 

polyethylene (diameter Φ 90 mm) was set every 2 m in 
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spray area downwind and every 5 m in the travel direction, 

forming 50 m × 10 m drift amount samping area (see Fig. 3). 

The tracer was Rhodamine-B (Rh-B) solvent soluble fluo-

rescent aqueous solution (mass fraction of 0.1%). The N-3 

UAV took off 20 m away from the area A in order to obtain 

enough time for the flying speed 3 m/s, and flied along the 

center of area A automatically with the GPS autonomous 

navigation system. Recorded the environmental parameters, 

repeated for three times. 

After aerial spraying, the polyethylene plates labelled 

were collected into ziplock-bags wearing gloves when dried 

back to the laboratory for analysis. Rh-B (Tianjin Guangfu 

Fine Chemical Research Institute, 25 g) on each sample was 

eluted with 100 mL deionized water. A fluorescence spec-

trophotometer (Shanghai Jinpeng Analytical Instruments 

Co., Ltd. F95) was used to analyze the fluorescence of the 

eluent, so the deposition of per unit area was achieved ac-

cording to the "concentration-fluorescence value" standard 

curve 
[23]

. 

 

Fig. 3  Spray test 

Note: X is fly direction of UAV; Y is the horizontal axis at right angle to X 
axis; A is spraying zone; B is drift zone; C is wind direction; D is sampling 

location. 

4 Results and analysis 

4.1 Simulation results and discussion 

The spraying deposition behind the UAV (X-axis nega-

tive direction) and the spraying drift maximum distance 

down the crosswind (Z-axis positive direction) were simu-

lated when the UAV flying speed was 3 m/s, crosswind 

speeds were 1, 2, 3 m/s, and released heights were 5, 6, 7 m. 

For paper length limitation, representative results under the 

situation of released height 6 m, crosswind speed 1, 2, 3 m/s 

would be analyzed, as in Fig. 4, the figure contour line rep-

resented liquid distribution mass volume concentration in 

the air. 

The spraying drift occurred down the crosswind, and the 

trend was more apparent as the crosswind increased, as 

shown in Figs. 4a, 4c and 4e. Most of the liquid drift didn’t 

exceed to 5 m when the crosswind speed was 1, 2 m/s. Liq-

uid drift had arisen, and the higher concentration drift had 

exceeded to 5 m (shown in red zone) causing pollution haz-

ard to the non-target area when crosswind speed was 3 m/s. 

Comparing with Fig. 4b, 4d and 4f, the maximum depo-

sition position didn’t change obviously behind the UAV, 

about between 4 and 12 m when crosswind speeds were 1 

and 2 m/s. But when crosswind was 3 m/s, the liquid arose 

obviously down the crosswind and behind the UAV, taking 

more time for deposition. 

4.2 Comparative analysis of experimental results  

4.2.1 Statistics of deposition and drift 

Droplet deposition refers to the per unit area mass 

amount of deposition and drift 
[24–25]

, calculation formula is  

 
where: βdep is the amount of deposition, μg/cm

2
, ρsmpl is flu-

orescence readings value of the sample, μg/cm
2
, ρblk is blank 

sampling apparatus (collector + dilution water); Fcal is cali-

bration coefficient (equals to reciprocal of recovery rate), 

μg/L; Vdil is the diluent volume of tracer agent (such as tap 

water or deionized water), L; ρspray is the tracer concentra-

tion or the solute tracer amount in the spray liquid at nozzle 

place, g/L; Acol is collector (polyester card) area, cm
2
. 

4.2.2 Error definition 

Taking the recovery loss into account, there must be 

some error between the measured values and true values on 

the fluorescent solution. Here taking the measured results as 

exact value, we defined the relative error between simula-

tion and experimental results as follows: 

 
where: qe is measured deposition amount, μg/cm

2
; qs is sim-

ulated deposition amount, μg/cm
2
. 

Analysis comparisons of simulated and experimental re-

sults are shown in Table 2 when height is 6 m, crosswind 

speeds are 1, 2, 3 m/s. 

Conclusions can be obtained in Table 2 that: ① when 

crosswind speed is 1, 2 m/s, the average relative error is less 

than 100% within 2 m from spraying target area, and when 

crosswind speed is 3 m/s, the average relative error is less 

than 100% within 4 m from spraying target area, which ac-

curately reflects the drift amount in buffer area to a certain; 

② the relative error is bigger when the distance exceeds  
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Fig. 4  Results of deposition and drift 

Note: Flying height is 6 m, vF is crosswind velocity, m·s−1. The same bellow. 

Table 2  Comparison of simulated and experimental results 

 
Note: Crosswind velocity is 1, 2, 3 m·s−1, flying height is 6 m. 

4 m from spraying target area to buffer area, but the abso-

lute error is still not big, indicating a consistent trend with 

some reference values; ③ the drift amount measured results 

maintain good fluctuation consistency in the buffer area; it 

decreases as the distance increases from the spraying target 

area (> 8 m); ④ although the simulated drift amount does 

not maintain the trend above, the fluctuation trend keeps the 

variation from big to small overall; ⑤ the simulated drift 

amount results are all bigger than the experimental one on 

the corresponding sample locations. 

The liner regression analysis on the drift amount meas-

urement values and simulation values is shown in Fig. 5. 

Possible error causes: 

1) In the experiment, the crosswind speeds could not be 

maintained at 1, 2, 3 m/s actually, and the direction of 

crosswind could not be kept perpendicular to the flying di-

rection, while in the computational simulation, the two were 

both approximate to the ideal values, which determined the 

exist of error. 
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Fig. 5  Linear regression analysis of simulation and measurement 

values 

Note: Flying height is 6 m. 

2) The evaporation of the liquid and the decomposition 

of the tracer had happened during the experiment under the 

high temperature and strong sun light; while the complexity 

of simulation process could be increased if considering 

those affecting factors, causing the simulated results all 

bigger than the experimental one. This was a further im-

provement in the model. 

3) In order to reduce the decomposition of the tracer un-

der the sun light, the samples should be collected as soon as 

possible to ensure the accuracy of data. Usually after an 

aerial spraying, samples were collected in the shortest time. 

In this case, for the droplets might not deposit completely, 

recovery loss would be increased. 

5 Conclusions 

The aerial spraying was simulated according to the ac-

tual parameters based on the N-3 UAV, the spraying drift 

out of the spraying target area was analyzed, the outdoor 

experimental verification was carried on, and the following 

conclusions were drawn: 

1) The crosswind speed took a more important role of 

affecting the drift than the altitude of UAV. 

2) The variation trend of the simulated and experimental 

results maintained a good consistency, the determinations 

(R
2
) were 0.748 2, 0.805 0 and 0.687 5 respectively, indi-

cating that the simulation results can qualitatively describe 

the spray drift law. 

3) The drift only occurred down the crosswind. Accord-

ing to the data comparison and simulation, when the cross-

wind speed was 1–3 m/s, 8–10 m buffer area would be 

needed to avoid the pollution from the spraying target area. 
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Abstract: In order to improve the efficiency of hybrid rice planting mechanization and expanding the row width ra-

tio of the parents planting, rotary-wing UAV (unmanned aerial vehicle) is used to the supplementary pollination 

work. Rotor wind is driven by UAV rotor rotating, which propels the air flow in crop canopy and forms wind field. 

Cover width of wind field, wind speed in 3 directions and distribution of wind field will directly affect the agricul-

tural UAV's field effect. In this paper, based on the UAV flight parameters, wind speed acquisition system was used 

to collect pollination's wind speed of 18-rotor UAV; for wind data, the significance of the row and column data of 

matrix data (100 × 60) was fully discussed, and the characteristics of row and column data were summarized and it 

was processed with the field test. The temporal change law of the wind speed data in three directions has the char-

acteristics of consistency, and the mean value of X direction is greater than Y and Z direction before the maximum 

moment; the difference of the wind speed value sequence curve between X and Y is less than the differences be-

tween X and Z or Y and Z. The space distribution of wind speed values in 3 directions suggests that the maximum 

mean value of collected wind speed occurs in the intersection of UAV flight path and a sensor array (9# to 11#); 

considering the error of measurement value, the farther the distance between the sample point and flight path, the 

more the attenuation of corresponding wind speed value of sampling points. Summarizing two-dimensional wind 

field data, it is found that the result of the wind field widths in 3 directions is Y > X > Z. On this basis, the method 

of Gaussian curve fitting is used to calculate the row data and column data; by comparing the statistical parameters, 

column data is fitted to establish the five-order exponent function model of the relationship between wind speed da-

ta and time, and row data is fitted to establish the six-order exponent function model of the relationship between 

wind speed data and sample point. The method of matrix transformation is used to eventually establish the ideal 

2-dimensional wind field model in UAV rotor X direction in rice canopy based on row and column data models. 

And by the model diagram, it is found that "steep" effect exists in the distribution shape of wind field in X direction, 

which means the maximum wind speed is below the rotor drones, the increasing rate of the wind speed in forward 

direction is significantly higher than the reducing rate of backward direction, and the wind field "steep" presents bi-

lateral symmetry along the UAV flight direction. "Steep" effect and the model parameters are used to clarify the 

shape of the distribution of UAV rotorcraft wind field in rice canopy plane. Then we can study how to use inde-

pendent air source or auxiliary device to change the existing wind field distribution shape to improve pollination 

effect. The new method provides the theoretical foundation for the UAV pollination work. It must be noted that the 

model is only a single sample from a single-direction data, and only the ideal basic model of wind field distribution 

of UAV rotorcraft in the canopy, and the further researches are needed for one-direction model of the UAV ro-

torcraft wind field. 

Keywords: Unmanned Aerial Vehicle; Model; Wind; Experiments; Rotors; Rice Canopy; Data Fitting; Wind Field 

Model 

CLC number: S252+.9 

0 Introduction 

The rotors 
[1]

, as the prominent mark of the micro agri-

cultural unmanned aerial vehicles (UAV), distinguish it 

from other agricultural machinery. The rotors get the micro 

UAVs off the ground to complete all sorts of operations, 

which shows an advantage that other agricultural machinery 
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cannot assimilate. With the rotors, the UAVs are also 

equipped with a special parameter—rotors wind field 
[2]

. As 

the agricultural unmanned aerial vehicle usually operates 3 

to 10 meters 
[3]

 high above the rice canopy, the wind field of 

rotors will inevitably and directly act on the rice canopy in 

the field, and the width, the wind speed in all directions and 

the distribution rule of the wind field can affect the field 

operation effects of the agricultural UAVs directly 
[4]

. The 

wind field, as a significant parameter to reflect the correla-

tion between the flight parameters of the agricultural UAVs 

and the field operation effect, is of fundamental significance 

to the field operation of the UAVs. 

The hybrid rice supplementary pollination requires 

strong technology, high accuracy and tight time, and the 

pollination effect is affected by sorts of natural environment 

factors. Among these factors, the rice features short flo-

rescence with 7 to 10 days of full-bloom stage and 1.5 to 2 h 

of flowering time everyday, and the pollen longevity is quite 

short, only 4 to 5 min, and thus the pollination must be fin-

ished within a very tight timelimit. The micro UAVs feature 

strong rotors wind and fast flight speed, which can satisfy 

the requirements of cross pollination of hybrid rice. Mean-

while, the rice pollen is small in granule with 50 to 60 μm 

of diameter, and the pollen distribution is hardly observed 

by the naked eyes after the supplementary pollination is 

done by the UAV. However, the pollen distribution and the 

rotor wind field are closely related to the horizontal distri-

bution rule of rice canopy, and the distribution of pollen is 

identical with that of rice canopy under the ideal conditions 

of temperature, humidity and wind. The distribution rule of 

rotor wind field under the rice canopy is one of the signifi-

cant basis to evaluate the rice supplementary pollination 

effect. 

1 Wind field data acquisition 

1.1 Acquisition system 

The rotor wind field is generated when the rotors rotate 

to propel the air flow above the rice canopy 
[5–6]

. The wind 

field parameter, is closely bound up with the flight parame-

ter of UAV and the distribution parameters of ground sen-

sors, and is determined by comprehensive factors 
[7–8]

. The 

wind field parameter acquisition system can acquire not 

only the wind speed above the rice canopy with the wind 

speed sensor array, but also the flight parameter of the UAV. 

The whole system includes the wind speed parameter ac-

quisition system and the GPS parameter acquisition system 

(airborne end and ground end), and the wind speed parame-

ter acquisition system contains the wind speed sensors array 

and the wind speed data receiving end. The wind speed 

sensor array can send the acquired wind speed value within 

the time division in sequence to the receiving end to trans-

mit the data to the ground station for processing 
[9–10]

 . The 

wingspan of the test UAV, SUMA18 features the round and 

symmetrical structure layout, and the multiple motors in the 

symmetric position can power the corresponding small ro-

tors 
[11]

. Each rotor rotates in different speeds under the con-

trol of the flight control system, which ensures that the UAV 

can accomplish all kinds of aerial attitudes. 

1.2 Acquisition plan 

1.2.1 Materials and experiment site 

This supplementary pollination parameter optimization 

experiment takes the hybrid rice variety 1892S/HR1128 as 

the work object. This variety of rice is planted in the hybrid 

rice breeding base in Jianxin Farm of Junshan District, 

Yueyang, Hunan province (112°48.692′E, 29°31.894′N). 

During the experiment the rice is in the florescence, and the 

average plant height of male parent is 140 cm and that of 

female parent is 110 cm. 

1.2.2 Acquisition ways 

The layout plan of wind speed sensors in the field can 

refer to the wind speed measuring method of three direc-

tional linear arrays introduced by Wang et al. 
[12]

. To be 

more specific, arrange the sampling nodes with one meter of 

intervals into a row along the vertical row of male parent 

rice and number the nodes consecutively as 1# to 20#. The 

sampling node 20# is used to synchronously measure the 

natural wind speed in the corresponding direction, and is 

placed in the end with 15 meters far from the 19# node. 

There are 8 rows of male parent rice with 4 meters wide, 

and 60 lines of female parent rice with 7 meters wide on 

each side. Place 3 wind speed sensors on each node, and the 

sensors can be installed with the axis in X direction that is 

parallel to the flight direction and the rice plant line; Y di-

rection that is perpendicular to the flight direction and the 

rice plant line; Z direction that is perpendicular to the 

ground. The plane formed by X and Y directions is parallel 

to the rice canopy plane and the suspension transmission of 

pollen depends on the wind from these two directions, and 

thus the faster of the wind in these two directions, the better 
[13]

. In the Z direction we mainly inspect the damage of the 

wind field of the UAV to the rice plants (Generally when the 

UAV with large rotors hovers, the wind speed can achieve 

over 15 m/s, which can lead to the rice lodging), and thus 

the slower of the wind in this direction, the better 
[14]

 . The 

agricultural UAV with rotors flies along the male parent rice 

line based on the specific flight parameters, and begins to 

acquire the data when approaching the sensors array. After 

finishing the single data acquisition, the UAV hovers stand 

by in the front end or the rear end of the male parent rice 

line. When the data transmission finishes, the UAV begins 

the next flight. 

1.2.3 Data samples 

We will acquire 60 groups of impellers data in total,  
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Note: Unmanned aerial vehicle (UAV) flying back and forth along a 

straight line between point A and point B. 

Fig. 1  Wind field acquiring plan 

which are in X, Y and Z directions of 20 sampling nodes. 

The single impeller data is acquired every 0.05 s for 5 s and 

there are 100 wind speed data in total. We will acquire 100 

× 60 data in 20 sampling nodes, which can form the 100 × 

60 matrix. According to the acquisition plan, when the UAV 

conducts the single data acquisition, the column data ac-

quired by wind speed sensors can describe the wind speed 

change recorded by the impeller in the sampling nodes, and 

the acquired row data can describe the wind speed distribu-

tion in the row of the array recorded by the sensor in some 

moment or some period of time. The whole matrix data can 

describe the wind field distribution within the area covered 

by the rotors of the UAV in the single sampling period. Ac-

cording to the analysis method of the effectiveness of wind 

speed samples of Li et al. 
[15]

, the effective samples only 

account for 40% of the total samples acquired in the ex-

periment in Junshan Farm, Yueyang, Hunan Province on 

August, 21, 2013, and after drawing the data into plot, we 

can see the wind field change rule in three directions de-

scribed by the effective samples appears obviously con-

sistent. Here we take the sample data numbered as 2013 821 

12-31-32 (SUMA18 of the UAV type, 3 m/s of flight speed, 

and one meter high above the canopy 
[14–15]

, no load) as the 

example for discussion as follows. 

2 Wind field data analysis 

2.1 Significance of wind speed matrix column 

data 

There are 60 arrays of data in the wind speed matrix to 

correspond to the data of 60 impellers acquired in the ex-

periment. The column data describe the data variations of 

one impeller within the two-dimensional plane formed by 

the wind speed value and the time. Fig. 2 shows the wind 

speed change in three directions after processing the data of 

10# sampling node (with the maximum wind speed in X and 

Y directions). In Fig. 2, we can see the three directional 

column data of this node have obvious single peak value, 

which means the wind speed increases from small value to 

the maximum value and then decreases during the  

 

Note: Sampling interval is 50 ms, the same as below. 

Fig. 2  Time sequence of three-direction wind speed in 10# 

non-hovering flight sampling, which is identical with the 

expected result of the field experiment. The column data 

can provide the value, the time of the maximum wind speed 

value and the mean wind speed value in three directions, as 

well as other key wind field parameters. Fig. 3 shows the 

column data variations corresponding to the maximum wind 

speed in three directions after the single experiment sam-

pling data are processed. 

Different from Fig. 2, in Fig. 3 the maximum wind speed 

of three directions in this experiment sample are put in the 

same coordinate. The maximum of three directions are 5.7 

m/s in Z direction, 3.8 m/s in Y direction and 3.1 m/s in X 

direction; the sequences of the maximum are Y direction 

(0.05 s × 47), X direction (0.05 s × 51) and Z direction (0.05 

s × 50); the mean of column data corresponding to the 

maximum are 1.276 m/s in Z, 1.084 m/s in Y and 0.824 m/s 

in X. As for the pollination effect, the mean wind speed in a 

single sampling node within the sampling period does not 

make any sense, but the maximum in the single sampling 

node can reflect the actual wind speed affected by the rotor 

wind speed when the rotor is closest to the node in the flight 

experiment, which can be applied as the representative of 

rotor wind speeding this flight sample for further analysis 

and processing. See also the field experiment of wind field 

parameters conducted by Li et al. 
[15]

. 

In addition, from Fig. 2 and Fig. 3 we can see the se-

quential variations of the three-direction wind speed are in 

consistency despite their different sequences. Moreover, the 

 

Fig. 3  Time sequence of three-direction maximum speed in sin-

gle sample 
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mean value of X-direction wind speed is larger than that of 

Y-direction and Z-direction before the maximum; the shape 

difference of the time sequence curves of X and Y is less 

than that of X and Z or that of Y and Z. 

2.2 Significance of row data in wind speed matrix 

There are 100 lines of data in the wind speed matrix, and 

each row data record the wind speed in 20 sampling nodes. 

In the two dimensional plane formed by wind speed and the 

numbers of sampling nodes, and the row data explain the 

data distribution of 60 impellers at the same time. Fig. 4a 

shows the mean value distribution of three-dimension wind 

speed. 

From Fig. 4a we can see some rules of the mean value of 

three-direction row data. The X-direction means wind speed 

appears in 13 nodes in total, and except the 20# node (ac-

quiring the natural wind speed), the maximum mean ap-

pears in 10# node, and 5# to 8# nodes acquire small values 

in the left side of the maximum, and 11# to 15# and 17# to 

18# acquire small values in the right side of the maximum. 

The maximum of Y-direction appears in 11#, and the wind 

speed of 9#, 7# and 19# decreases in sequence. The maxi-

mum of Z-direction appears in 10#, and the wind speed of 

11#, 9# and 12# decreases in sequence. The Y-direction and 

Z-direction values of 2# node are larger than the values in 

the middle, but the X-direction value is still 0, and thus the 

data of 2# node are fault and should be removed. Combin-

ing the distribution of the three-direction wind speed values 

in the sampling nodes, we can see the maximum mean wind 

speed is in the intersection of the UAV flight path and the 

sensors array row (9# to 11#), and in consideration of the 

measuring error values 
[16]

, the wind speed decreases as the 

sampling nodes are farther from the flight path. For the 

wind speed samples acquired by the single flight of UAV, 

the pollen movement distance above the rice canopy is re-

lated to the maximum three-direction wind speed of the 

whole sample. To further analyze the decrease rule of the 

wind speed from the maximum, we can process the maxi-

mum three-direction wind speed in the sample and draw the 

distribution in Fig. 4b. 

From Fig. 4b we can see that the maximum wind speed 

appears in the intersection of the UAV flight path and the 

sampling node line, the wind speed decreases as the sam-

pling nodes are farther from the flight path, which is identi-

cal with the expectation results in the actual field 

experiment of the UAV. The maximum wind speed of 

X-direction and Y-direction both appear in 11# sampling 

node, but that of Z-direction appears in 10# node. The 

maximum wind speed of three directions exceeds 3 m/s, and 

appears around the expected sampling nodes. Thus Fig. 4b 

can replace Fig. 4a as the pollination field work parameters 

of rotary UAV for other processing and analysis. 

2.3 Significance and processing of wind speed 

matrix data 

The column data in the wind speed matrix can explain  

 

Fig. 4  Distribution of mean and maximum wind speed in three 

directions 

the wind speed in the time dimension; the row data can ex-

plain the wind speed in the spatial dimension (the sampling 

nodes arrays), and the combination of these two data is the 

matrix of time, space and wind speed. This matrix can de-

scribe the wind field distribution acquired by the sampling 

nodes arrays. Fig. 5 shows three directions contour wind 

field distribution. Except the maximum, the time of the 

maximum and the sampling node of the maximum, Fig. 5 

also shows the main width range of the three-direction wind 

field clearly and directly. From Fig. 5, even though the 

X-direction wind speed distributes in wide range, the dis-

tribution of the effective wind speed for pollination (> 1 

m/s) is not wide 
[17]

, around the range of 9# to 12#; but the 

effective wind field in Y-direction is wide in the range of 8# 

to 12#; as for the Z-direction wind speed with the largest 

maximum in the three-direction wind speed, its effective 

wind field has the smallest distribution range between 9# to 

11#. The comparison of the width of three-direction wind 

field is Y > X > Z. 

In Fig. 5, the Y-direction wind field and Z-direction wind 

field show distinct type of “arrow” in the horizontal coordi-

nate, and the flat part of the “arrow” is in the middle of the 

sampling time, which means the sampling time is proper to 

acquire the maximum wind speed in the experiment; and the 
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flat part of the “arrow” is in the middle of the sampling 

nodes, which means the UAV flight path is perpendicular to 

the sampling arrays line, and the flight parameters are effec-

tive. The “arrow edge” in the time line points to the end of 

the sampling time, which means the wind speed decreases 

in this period, and the decreased speed is related to the 

change rate of the decline curve in Fig. 2 and Fig. 3, and the 

variation trend conforms to the analysis above. In the dis-

tance line, the “arrow edge” spreads from the sampling node 

line to both sides, and the “edge” shows Y-direction wind 

field decrease caused by the rice canopy, and the change 

trend is identical with that in Fig. 4b. Therefore, the three 

directions contour wind field distribution not only shows the 

wind speed of column data and row data, but also demon-

strates the distribution range and rules of the wind field di-

rectly 
[18]

. However, the contour figure is still a 

two-dimensional expression and is insufficient to further 

study the inherent rule of the wind field distribution on the 

rice canopy. To this we need to build a basic model of rotor 

wind field of UAV 
[19–20]

. 

 

Fig. 5  Distribution of three directions contour wind field 

3 Single-direction wind field model 

To further reveal the distribution rule of the wind field of 

rotary UAV, this section will adopt the least square method 

to fit the effective samples and simulate and create the basic 

model of single-direction wind field on the rice canopy 
[21]

 

via Matlab. 

3.1 Wind speed matrix column data model 

Based on the data sample 2013 821 12-31-32 (SUMA18 

of the UAV type, 3 m/s of flight speed, and 1 m high above 

the canopy 
[14–15]

, no load), the three-direction wind field 

column data, as stated in Section 2.1, have the significant 

characteristics as follows: 

1) The time sequence variations of three-direction wind 

speed are in consistency;  

2) Before achieving the maximum, the mean wind speed 

of X-direction is larger than that of Y-direction and 

Z-direction; 

3) The shape difference of the time sequence curves of X 

and Y is less than that of X and Z or that of Y and Z. 

According to the three characteristics above, we can see 

that the model curves of three-direction wind speed time 

sequence are similar in whole, and the time sequence waves 

have distinct characteristics. In overall consideration, we 

take the time sequence of the sampling node of X-direction 

wind speed maximum (11#) as the example of column data 

of the matrix to build the model. Fig. 3 shows the abundant 

data of X-direction wind speed that can cover all the curve 

characteristics in the whole sampling period without any 

obvious data errors, and thus we don’t have to further cor-

rect or interpolate the data 
[22]

, and conduct the curve fitting 

with the functions directly. Here we will adopt the methods 

of Fourier fitting, Gaussian fitting, polynomial fitting, ra-

tional fitting and the sum of sine fitting to fit the experi-

mental data 
[16, 23]

, and after the fitting curve is created, we 

compare the curve with the statistical parameters to deter-

mine the optimal column data model 
[24]

. 

3.1.1 Fourier fitting 

Fig. 6 shows the common 8-terms Fourier fitting formu-

la: 

 
The coefficients of Formula (1) are shown in Table 1 

3.1.2 Gaussian fitting 

As the experiment data feature the Gaussian distribution 

with maximum and the data at both sides declining, Fig. 7 

shows the Gaussian fitting curve that uses the sum of sine 

function and cosine function, and the fitting formula with 

the optimal fitting terms of 5-terms is: 
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Fig. 6  8-terms Fourier fitting 

Table 1  8-terms coefficients for Fourier fitting 

 

 

Fig. 7  5-terms Gaussian fitting 

The coefficients of Formula (2) are shown in Table 2. 

3.1.3 Sum of sine fitting 

The experimental data are fitted with the sine function, 

and then compared with the Gaussian fitting in Fig. 8. 

 

3.1.4 Polynomial Fitting 

Fig. 9 shows the traditional polynomial fitting, and we 

can see the 9 terms calculation still fa ils to fit the  

Table 2  5-terms coefficients for Gaussian fitting 

 

 

Fig. 8  7-terms Sum of sine fitting 

The coefficients of Formula (3) are shown in Table 3. 

Table 3  7-terms coefficients for Sum of sine fitting 

 
experimental data. The polynomial fitting formula can be 

seen as follows. 
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Fig. 9  9-terms Polynomial fitting 

The coefficients of Formula (4) are shown in Table 4. 

Table 4  9-terms coefficients for Polynomial combiner 

 

3.1.5 Rational fitting 

In order to improve the polynomial fitting, we adopt the 

rational fitting 
[25]

 and the ratio of 2 polynomial, and the 

optimal fitting is the 5-terms polynomial as the numerator 

and 3-terms polynomial as the denominator. The fitting 

performance is shown in Fig. 10 and the fitting formula is: 

 

 

Fig. 10  5/3-terms Rational fitting 

The coefficients of Formula (5) are shown in Table 5. 

3.1.6 Determination of the optimal function 

According to the analysis of the fitting curve of the mod-

els above, we can see that, except the polynomial fitting, the 

other fitting methods can be used to establish the function of 

the column data and the time. To further determine the op-

timal function, we need to conduct the computation and 

comparison 
[26–27]

 for the statistics of the model, and figure 

out the sum of squares error (SSE), R-square coefficient of 

determination, degrees of freedom error (DFE), Adj R-sq 

coefficient of determination, root mean square error 

(RMSE) and the number of #coeff undetermined coefficient 

according to Table 1, 2, 3, 5 (Table 6). 

Table 6 shows that as the parameters values of SSE and 

RMSE are close to 0, the fitting is better; as the parameters 

values of R-square and Adj R-sq are close to 1, the fitting is 

better, and when two values are closer to each other, the 

fitting is better. The optimal values of these 4 parameters are 

Gaussian 5, and thus we can choose Gaussian fitting as the 

function model of the wind speed and the time. The specific 

model function formula is Formula 2 and the specific coef-

ficient values are listed in Table 2. 

3.2 Wind speed matrix row data model 

As the column data, the three-direction wind field row 

data have the following characteristics as stated in Section 

2.2. 

1) The spatial variations of three-direction wind speed 

data maintain consistency. 

2) The three-direction wind field distribution features the 

maximum in the central node (the intersection of the array 

Table 5  5/3-terms coefficients for Rational combiner 

 

Table 6  Time-series model statistical parameters 

 
Note: SSE: Sum of squares error, R-square: Coefficient of determination, 

DFE: Degrees of freedom error, Adj R-sq: Degree-of-freedom adjusted 

coefficient of determination, RMSE: Root mean squared error, #coeff: The 
number of undetermined coefficients; Fourier 8: 8-terms Fourier fitting, 

Gaussian 5: 5-terms Gaussian fitting, Sin7: 7-terms Sum of sine fitting, 

Rational 5/3: 5/3-terms Rational fitting, the same as below. 
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line and the UAV flight path), and the wind speed of the 

symmetrical nodes at both sides declining one by one. 

3) Given the physical difference of the impellers, the 

wind speed of the symmetrical nodes at both sides of the 

central node are not symmetrical. 

According to the three characteristics above, we can see 

that the spatial model of three-direction wind speed is simi-

lar and the spatial distribution rule is obvious. The model of 

row data is similar to that of column data, and given the 

largest number of X-direction wind speed samples, we can 

establish the wind speed spatial model with the X-direction 

mean wind speed. In Fig. 4 we can see the abundant wind 

speed data of X-direction, but there are obvious asymmet-

rical data, data errors (2# node) and the natural wind speed 

(20# node), we need to correct and interpolate the data in 

accordance with the wind field distribution rule 
[28] 

before 

the modeling. 

3.2.1 Rows data interpolation 

From Fig. 4a we can see that 10# is the central node (the 

intersection of sampling nodes arrays and the UAV flight 

path), and the equally spaced nodes at both sides of the cen-

tral node are the symmetrical nodes, such as 9# and 11# 

with the symmetrical wind speed. However, there is no 

X-direction wind speed in 9#, which is related to the actual 

work status of the impeller in the field and has some ran-

domness. Therefore we need to interpolate the X-direction 

wind speed data in 9#. There are two ways of interpolation: 

we can assign 9# with the wind speed of 11# 0.824 m/s, but 

it is less than 0.851 m/s, the 8# wind speed, which does not 

conform to the second characteristic. We can take the sec-

ond way of interpolation to take the mean of the values of 

adjacent nodes that is 1.0865 m/s, the mean of 0.851 m/s of 

8# and 1.322 m/s of 10#, as the wind speed value of 9#. 

Then according to the symmetric principle, we can assign 

the 11# wind speed with the 9# wind speed. We can adopt 

the similar data processing mode for other nodes to create 

the interpolation data as shown in Fig. 11. 

3.2.2 Rows data model 

As the column data fitting, we can fit the experimental 

data with Fourier fitting, Gaussian Fitting, polynomial fit-

ting, rational fitting and the sum of sine fitting to create the 

wind speed spatial distribution model, and conduct the 

computation and comparison for the statistics of the models, 

and figure out the sum of squares error (SSE), R-square 

coefficient of determination, degrees of freedom error 

(DFE), Adj R-sq coefficient of determination, root mean 

square error (RMSE) and the number of #coeff undeter-

mined coefficient as shown in Table 7. 

According to the analysis of the statistics in Table 6, the 

optimal value of 4 parameters is Gaussian 6 in Table 7, and 

thus we still choose Gaussian fitting as the function of the 

wind speed and the sampling nodes distribution distance. 

This conforms to the Gaussian distribution of the row data 

of the three-direction wind field with minor model error. 

The specific model function is Formula (6) and the specific 

coefficient values can be seen in Table 8. 

 

 

Fig. 11  Corrected rows data in wind speed sample 

Table 7  Spatial model statistical parameters 

 

3.3  Basic ideal two-dimensional model of 

X-direction wind field 

By ways of the modeling and calculation of the raw ex-

perimental data, Formula (2) and Table 1 show the correla-

tion of the wind speed and the sampling time, and the SSE 

is 0.2931; given the measuring errors we correct the exper-

imental data before modeling, and Formula (6) and Table 8 

show the correlation of the wind speed and the distance of 

sampling nodes, and the SSE is 0.000209. We can transform 

the one-dimensional model via the matrix transformation 

method 
[29–30]

 to build the ideal two-dimensional model z_ab 

of the X-direction wind field with Matlab. Formula (7) 

shows the function of z_ab model and Table 9 shows the 

specific coefficients. 

 
The function in Formula (7) can be transformed to the 

two-dimensional surface as shown in Fig. 12. 

Fig. 12 shows the ideal model of the single sample in the 

one-direction wind field created by the UAV rotors above 

the rice canopy. This model mainly explains the rule that 

X-direction wind speed varies with the sampling time, as 

well as the rule that the wind speed declines from the cen-

tral node (the intersection of row array and the UAV flight 

path) to both sides. From Fig. 12 we can see as the UAV 

flies along the rice canopy the distribution shape of the  
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Table 8  Six-terms coefficients for Gaussian fitting 

 
Note: Fitting of constant within 95% confidence interval in bracket. 

Table 9  Coefficients of two-dimensional X-direction wind field 
model 

 
X-direction wind field is not the ordinary “column” type, 

but features an obvious “steep” effect that when the wind 

speed of the UAV rotors achieves the maximum, and the 

increase rate of forward wind speed is more than the de-

crease rate of backward wind speed, and the “steep” of the 

wind field appears bilateral symmetry along the UAV flight 

direction. The “steep” effect and the model parameters fur-

ther confirm the distribution shape of the UAV rotors wind 

field above the rice canopy, and then we can study how to 

use the independent wind source or auxiliary devices to 

change the existing wind field distribution shape to improve 

the pollination effect, which forms the theoretical founda-

tion for the new methods of the UAV auxiliary pollination. 

However, it must be noted that this model is established 

with the one-direction data of single sample, and it is only 

the ideal basic model of the UAV rotors wind field distribu-

tion above the rice canopy. As the wind field variation of Y, 

Z and X directions maintain consistency, the Y-direction and 

Z-direction wind field models can be built by reference to 

Fig. 12. The three-direction wind field model can lay a 

foundation for further explaining the distribution rule of 

wind field generated by the rotors when the UAV conducts 

the pollination work above the rice canopy. However, the 

further correction of one-direction wind field model re-

quires a large number of effective experimental data for 

support. 

 

Fig. 12  Two-dimensional surface model for X direction wind 

field 

4 Conclusion 

In this paper we acquired, analyzed and processed the 

data of the rotary UAV field pollination experiment. We 

fully discussed the significance of the line data and column 
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data in the matrix (100 × 60), summarized the characteris-

tics of the line and column data, and processed the data with 

the field experiment. On this basis, we compared the Fouri-

er fitting, Gaussian fitting, polynomial fitting, rational fit-

ting and the sum of sine fitting for the modeling of the row 

data and the column data, and ultimately built the 

two-dimensional model of one-direction wind field of the 

UAV rotors above the rice canopy. 

1) The time sequence variations of the three-direction 

wind speed maintain consistency; before achieving the 

maximum, the mean wind speed of X-direction is larger 

than that of Y-direction and Z-direction; the shape differ-

ence of the time sequence curves of X and Y is less than that 

of X and Z or that of Y and Z. The spatial variations of 

three-direction wind speed data maintain consistency, and 

the intersection of the array line and the UAV flight path (9# 

to 11#) acquires the maximum wind speed, and given the 

measuring errors, the wind speed declines as the sampling 

nodes are farther from the flight path. Combining the 

two-dimension wind field data, we can conclude that the 

width comparison of three direction wind field is Y > X > Z. 

2) We adopt the Gaussian fitting for the row data and the 

column data, and after comparing the parameters of all the 

statistic items, we choose the Gaussian 5 fitting for the 

column data to establish the function model between the 

wind speed and the time; choose Gaussian 6 fitting for the 

line data as the function model between the wind speed and 

the distribution distance of sampling nodes; based on the 

models of column data and row data, we use the matrix 

transformation to establish the ideal two-dimension model 

for the X-direction wind field. 

3) We discover the obvious “steep” effect in the shape of 

X-direction rotors wind field as the UAV flies above the rice 

canopy, when the wind speed achieves the maximum, and 

the increase rate of forward wind speed is more than the 

decrease rate of backward wind speed, and the “steep” of 

the wind field appears bilateral symmetry along the UAV 

flight direction. 
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Abstract: Farmland is the material base of human survival and development. Currently, China faces the serious 

situation that a large population corresponds to less average arable land during a long term. As Chinese urbanization 

process has accelerated in recent years, farmland in particular area- suburb is often developed to construction land, 

and even suffers the risk of being illegally occupied. With the implementation of geography national condition 

monitoring plan on a national scale, China is in urgent need of the development of efficient extraction and monitor-

ing method of farmland for the protection and rational utilization of farmland. High-resolution remote sensing im-

age contains rich and detailed ground information, and it can accurately reflect the suburb terrain types and their 

spatial distribution. However, house, road, drainage, tree are mixed with farmland in the high-resolution remote 

sensing image of suburb, and the suburban grounds' features are very similar in the spectrum, shape and texture 

characteristics, which leads the extraction of farmland to become very difficult. It is more feasible to extract the 

farmland from the non-construction area, therefore, the construction area is separated out from the image in the first 

place. The best segmentation scale suitable for farmland is determined according to the multi-scale segmentation in 

order to accomplish the extraction of farmland in an object-based approach, and then the whole image is segment in 

this best scale. Furthermore, the typical samples of farmland and non-farmland are selected to train the support vec-

tor machine (SVM) model. After the farmland has been classified via SVM, the spatial distribution relationship 

between segmented objects is taken into consideration to remove the false alarm objects and offset the omitted ob-

jects. Specifically, the proposed method consists of four steps: construction area removing, hierarchical farmland 

extraction, classification via SVM, and judgment by spatial distribution relationship. As a result, according to the 

characteristics of the suburban farmland in high-resolution remote sensing image, an automatic farmland extraction 

method combining multi-scale segmentation and hierarchical recognition is presented in this paper. Firstly, an im-

proved algorithm of Harris corner detection constrained by NDVI is developed to extract the corner, and based on 

the probability density map of built-up areas, the complex construction areas are separated by using Otsu algorithm 

(OTSU). Secondly, the estimation of scale parameter (ESP) is used to analyze the parameters for generating the 

multi-scale segmentation of the non-construction area, and then the optimal ones suitable for extracting farmland 

are selected to segment the image as a whole. Thirdly, based on three rules for identifying farmland objects, shape 

and spectrum are intergraded to extract the typical farmland objects from a mass of segmented objects; after the 

SVM model is trained based on the intact farmland samples and the non-farmland samples in construction areas, 

this model is used to classify the remaining uncertain ground objects. Finally, the spatial distribution relationship is 

taken into account to refine the classification results produced by SVM. In this study, high-resolution remote sens-

ing image from Quick Bird is used to precisely extract farmland in suburb. In the farmland extraction experiments, 

correct rate of the proposed method is 80.09% which is 17.88% higher than the object-oriented SVM classification 

method, and error rate of the proposed method is 12.26% which is 1.30% lower than the object-oriented SVM clas-

sification method. The final results indicate that the proposed method can effectively extract farmland with different 

structures and spectral features from high-resolution remote sensing image of the complex environment of suburban 

area. 

Keywords: remote sensing; image segmentation; support vector machine (SVM); corner; farmland; high-resolution 

remote sensing imagery 
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0 Introduction 

Farmland is the material basis for the survival and de-

velopment of human being. China has a large population but 

relatively limited farmland, and it faces a long-term severe 

situation of tense relationship between residents and farm-

land. In particular, the urbanization process in China speeds 

up in recent years. The farmland in the suburban area of 

cities as a special region is often developed as construction 

sites, and even is subjected to the risk of being illegally oc-

cupied. As the surveillance of national situation is gradually 

promoted to implement in China, currently there is an ur-

gent need to develop a rapid and efficient method to extract 

and monitor the farmland. The high-resolution remote sens-

ing imagery contains various detailed information of ground 

features, it can correctly reflect the types of ground features 

in the suburban area and their spatial distribution. However, 

the scenes of ground objects in the high-resolution remote 

sensing images are extremely complicated. For instance, the 

grass land, shrubs, and trees present in the construction area 

will cause some interference on the extraction of cultivated 

land; the arable land in the non-construction region also has 

the features of different shapes and sizes, as well as mixed 

spectra. Although we can accurately obtain the information 

of farmland in the area through the aid of expert visual 

identification method, the speed for the change of ground 

objects in the suburban is relatively fast, and the extraction 

of farmland information urgently needs to be achieved by 

adopting the automated method of computer. At present, the 

automated extraction of farmland in the high-resolution 

remote sensing imagery has received the attention from re-

searchers in China and other countries. For example, Ry-

dberg et al. proposed a method of farmland extraction based 

on the splitting and merging rules of boundary information 
[1]

; 

Turker et al. used the vector data to assist the farmland extrac-

tion from remote sensing imagery; Ruiz et al. divided the 

ground features into seven types according to the analysis of 

characteristic difference and extracted the farmland 
[3]

, Yang et 

al. used the support vector machine (SVM) to conduct the 

studies on the identification of crops from high-resolution re-

mote sensing images 
[4]

, Liu et al. used eCongition software to 

segment and classify SPOT5 images to extract the farmland 

information 
[5]

, and Chen et al. conducted the studies of hilly 

farmland extraction through the method of multi-scale seg-

mentation 
[6]

. Although these methods of farmland extraction 

can achieve relatively good results, most of them studied the 

regions with dominance of farmland, and it is very difficult to 

be adaptive to the farmland extraction under the complex 

scene in the suburb of cities. 

The ground features in the high-resolution remote sens-

ing images have complicated texture and various spectra, 

and many types of vegetation in the built-up area of the 

suburban areas have the similar features with the spectrum, 

shape, and texture of farmland, which causes that the farm-

land is very difficult to be separated from these vegetation 

areas. In the high-resolution remote sensing images of the 

suburban area, the ground features of houses, roads, water, 

trees, and farmland are mixed with each other. In particular, 

there is difference between growing crops and non-growing 

crops in the farmland, and it is very difficult to accurately 

extract the farmland area through the method of pixel clas-

sification. The image objects derived through segmentation 

have their unique spectral and shape information, and the 

object-oriented manner using this information will be help-

ful to distinguish the object ground features from other 

ground features. In addition, the farmlands in different re-

gions of China have considerable difference: the terrain is 

undulating in the hilly areas, and the shape of farmland is 

not regular and the area is relatively small; the terrain is flat 

in the plain area, and the farmland in the suburban areas is 

mostly of rectangular shape or approximately rectangular 

shape with relatively large area. Therefore, due to the diffi-

culty of farmland extraction in the suburban areas and its 

characteristics, in this paper we propose a hierarchical ex-

traction method, which mainly includes the content on four 

aspects, i.e., the removal of built-up area, multi-scale seg-

mentation of farmland, classification of SVM, and determi-

nation of spatial relationship. 

1 Principle of method 

The high-resolution remote sensing images in the subur-

ban areas have various types of ground features with many 

details, and the farmland extraction faces many disturbing 

factors. Therefore, we first separate the built-up area from 

the image, and then extract the farmland in the non-built-up 

area. Furthermore, in the multi-scale segmentation of 

non-built-up area, we select the optimal segmentation scale 

that is appropriate to farmland, and adopt the ob-

ject-oriented strategy to extract farmland. Then, we imple-

ment the segmentation of entire image under this scale, and 

select the typical samples for the classification of images 

using SVM. At last, in the derived results of farmland clas-

sification, we further consider the spatial relationship be-

tween the objects of ground features. On the one hand, we 

remove the erroneously extracted farmland in the built-up 

area; on the other hand, we compensate some farmland that 

is missed in identification. Specifically, we will conduct the 

following studies: 1) establish the improved Harris corner 

extraction method to remove the construction area in the 

image; 2) conduct the multi-scale segmentation in the 

non-built-up area dominated by farmland and segment the 

entire image under the optimal scale; 3) extract and analyze 

the shape and spectral features of regular farmland, and 

train the SVM based on the preliminarily extracted samples 

of farmland and non-farmland to classify and extract farm-

land; 4) by combining the spatial relationship and the char-

acteristics of ground features to determine and eventually 

derive the results of farmland extraction. The flowchart of 

method developed in this paper is shown in Fig. 1.
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Fig.1  Workflow of proposed algorithm 

1.1 Removal of built-up area 

Different from the farmland area, the built-up area often 

has rich and obvious corners, while the corner feature is one 

of the main features for the built-up area to be different 

from the farmland area. Therefore, in order to reduce the 

impact of built-up area on the farmland extraction, in this 

paper we adopt the strategy to first use the corner feature to 

distinguish the built-up area from the non-built-up area, and 

then extract the farmland area in the non-built-up area. 

Many scholars in other countries used the corner features 

to detect the construction area 
[7]

. In particular, Harris corner 

is a kind of stable and effective algorithm of local feature 

extraction 
[8]

, and it detects the corner by defining the func-

tion of grayscale change, E(x,y), between each pixel point 

and the surrounding pixels. The equation for calculation is: 

 

where is Gaussian filter used to remove 

the noise, and σ is the radius of Gaussian filter; I(x,y) means 

the gray scale value of pixel (x,y); Δx and Δy mean the 

change in the direction of x and y, respectively; o(*) means 

the high-order infinitesimal; Ix, Iy mean the partial deriva-

tive at point (x,y); T means the transpose of a matrix; M is a 

real symmetric matrix, which is used to describe the local 

structural information at point (x,y). Through the diagonali-

zation process of matrix M, we derive the two characteristic 

values, which have the following three cases: 1) both char-

acteristic values are relatively small, and (x,y) is located in 

the region with uniform gray-scale; 2) one characteristic 

value is large and one characteristic value is small, and (x,y) 

is located in the region on the edge; 3) both eigen-values are 

relatively large, and the change of grayscale at (x,y) is rela-

tively large when it moves in various directions. In order to 

simplify the calculation of characteristic value, we usually 

use corner function HR in the following equation to simpli-

fy: 

 
where det(M) is the determinant of a matrix; tr(M) is the 

trace of a matrix; k is a constant, and its value is in the 

range of 0.04 to 0.06. When the value of pixel point 

HR(x,y) is greater than the given threshold, we will set this 

pixel point as the significant corner. 

Because the high-resolution remote sensing image can 

clearly show the details of ground features, a large amount 

of corner points will also appear in the farmland area be-

cause of relatively rich texture and structure information. In 

order to more accurately identify the built-up area, we pro-

pose in this paper the improved Harris algorithm of corner 

point detection under the constraint of vegetation index, in 

order to considerably eliminate the corner points in the 

farmland area. Under general conditions, the vegetation 

index of cultivated land area is higher than the vegetation 

index of built-up area, and the probability for the corner 

points of building to appear at roof, boundary of house, and 

house corners is relatively high. Therefore, we can use this 

method to achieve relatively good results on the elimination 

of pseudo corner points in the built-up area. This algorithm 

determines the corner of built-up area by setting the condi-

tion of NDVI(Npi) < NDVI_mean. Because the houses play 

a dominant role in the built-up area, its vegetation index is 

obviously smaller than the average vegetation index of the 

entire image, NDVI_mean. As for the construction area with 

dense vegetation, NDVI(Npi) of the corner of roof is also 

obviously smaller than NDVI_mean; as for the suburban 

images where the vegetation is obviously more than 

non-vegetation, even one half of the region around the cor-

ner point on the boundary of houses is all vegetation, its 

NDVI(Npi) will be smaller than NDVI_mean; for the 

built-up area where the corner points of houses without 

dense vegetation, the likelihood of NDVI(Npi) < 

NDVI_mean is also relatively high. While the vegetation 

index is relatively high in the farmland area, and for the 

corners in most farmland areas there is NDVI(Npi) > 

NDVI_mean, we are able to fairly well eliminate corner 

points of farmland area by constraining vegetation index. 

102



   

© 2015 China Academic Journals (CD Edition) Electronic Publishing House Co., Ltd. 

Hence, by using NDVI(Npi) < NDVI_mean as the con-

straint condition to further determine Harris corner, we can 

considerably remove the corner in the farmland area, and 

meanwhile it can fairly well retain the corner of built-up 

area. The algorithm mainly contains the following proce-

dures: 

Step 1: Read image I to calculate the vegetation index 

NDVI of image. 

Step 2: Use the Harris corner algorithm to derive the 

corner set AP ={pi|1<i<N}, where, AP is Harris corner; N is 

the number of corners in AP; pi is the i
th

 corner in AP. 

Step 3: Traverse all the corner points in AP, and for any 

point pi, if there is NDVI(Npi) < NDVI_mean, add this 

point to BP. In particular, Npi represents the region with pi 

as the center and R as the radius; NDVI(Npi) means the 

average NDVI in Npi region; NDVI_mean is the average 

vegetation index for the entire image; BP is the corner point 

of built-up area. 

From the corners detected with aforementioned proce-

dures, they are relatively abundant in the range of built-up 

area, while are relatively sparse in the range of non-built-up 

area. As for any pixel point on the image, when there are 

more corner points in the vicinity and it is closer to the cor-

ner point, the probability of belonging to the built-up area is 

higher 
[9]

. In order to measure the probability of each point 

in the image of belonging to the built-up area, we establish 

the following function of probability density: 

 
where Np is the number of corner points in the built-up area; 

(xj, yj) is the extracted coordinates of corner point in the 

built-up area; ω is the scale factor of range affected by cor-

ner points, and the affected range of corner point is larger if 

ω is larger, and the affected range of corner point is smaller 

when ω is smaller. 

When the value of B_index(x,y) is larger, the probability 

for this pixel point belonging to the built-up area is higher; 

if the value of B_index(x,y) is smaller, the probability for 

the pixel point belonging to the construction area is smaller. 

Because the histogram of B_index(x,y) clearly shows the 

situation of 2 peaks, we can divide it into the built-up area 

and non-built-up area through the method of histogram 

splitting. In this paper, we calculate the segmentation 

threshold T when the deviation between two categories is 

the largest through the algorithm of Otsu 
[10]

; if there is 

B_index(x,y) ≥ T, it is indicated to be built-up area, and if 

there is B_index(x,y) < T, it is indicated to be non-built-up 

area. In this way, after deriving the built-up area, we can 

determine the final built-up area by eliminating the small 

areas through the threshold of area. The computation 

amount is relatively large for the probability density func-

tion of this built-up area, but it can effectively divide the 

built-up area and the non-built-up area. 

1.2 Multi-scale division 

We implement the multi-scale segmentation on the im-

ages dominated by farmland after the built-up area is elimi-

nated. There have been many algorithms in China for the 

segmentation of remote sensing images 
[11–16]

, and in this 

paper we select the Mean-shift algorithm 
[17]

 as an efficient 

statistical iterative algorithm, which has the advantages of 

rejecting noise interference and maintaining good borders in 

the segmentation of remote sensing images 
[18]

. For the 

software of edge detection and image segmentation system 

(EDISON) compiled based on the Mean-shift idea, the 

segmentation results are controlled by the spatial bandwidth 

hs, frequency bandwidth hr, and areal threshold s. The gen-

eration of multi-scale segmentation results will fix the spa-

tial bandwidth hs and areal threshold s, which can be 

achieved by changing the value of hr. 

Because the local deviation can fairly well measure the 

regional heterogeneity, it can indicate whether the objects of 

segmentation have good consistency in the object-oriented 

analysis. Drăguţ et al. 
[19]

 developed an effective scale selec-

tion tool (estimation of scale parameter, ESP) based on the 

local variance, and this tool measures the rationality of 

scales through the average of local variance (LV) for the 

segmentation results and the rate of change (ROC) for the 

local variance on the adjacent scale. The difference in the 

local variance on the adjacent scale is expressed as follows: 

 
where LV(i+1) means the average LV on the (i+1)

th
 scale, 

LV(i) means the average LV on the i
th

 scale, and ROC(i+1) 

means the percentage of local deviation change when the 

segmentation scale changes from i to i+1. 

By combining the ROC and LV curves, we can better 

show the meaningful change of segmentation result as the 

scale varies. The studies indicate that the place where the 

ROC-LV variation is the most dramatic is often the place 

where the optimum scale appears 
[13]

. When the LV and 

ROC dramatically change on certain scale and LV becomes 

gentle thereafter, it indicates that the segmentation result 

changes on this scale, and keeps relatively stable on the 

following scales. This scale is considered to be an optimum 

scale. 

1.3 Hierarchical extraction of farmland 

The farmland objects derived from the multi-scale seg-

mentation include the following three types: ① the vegeta-

tion index is relatively high and the shape is regular; ② the 

vegetation index is high and the shape is irregular; ③ the 

vegetation index is relatively low after the crop is harvested. 

The spectral and shape information is the important basis 

for the artificial determination of ground features in the re-

mote sensing image, and we are able to distinguish the 

ground features with obvious characteristics from other 
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ground features according to these information. Then, the 

farmland in the first situation is relatively easily identified, 

and the farmland in the second and third situations is very 

difficult to be identified with these simple rules. 

As a matter of fact, the issues of less segmentation and 

excessive segmentation will cause that the candidate object 

of farmland cannot be uniformly described in shape. There-

fore, for the objects that are not easily identified, we distin-

guish their types instead, namely use the preliminarily 

extracted farmland and non-farmland as the samples to 

classify the remaining objects to be determined. Specifical-

ly, we propose the following strategy of classification ex-

traction: first of all, implement the preliminary extraction of 

farmland in the first type according to the spectral and shape 

information. Then, we select the samples of farmland and 

non-farmland to use their characteristic vector to train the 

SVM classifier, and apply the derived model to classify the 

candidate farmlands in the non-urban area and derive the 

results of farmland extraction. Because the objects with 

relatively high vegetation index, obvious rectangular fea-

tures, and relatively large area, more comply with the gen-

eral features of farmland, we establish the following three 

rules for the preliminary selection of farmland: 

1) Ratio of vegetation index: 

 
where NDVIo is the NDVI value of targeted ground object, 

and NDVImean is the average NDVI in the suburb area. PF1 

means the abundance degree of vegetation for the objective 

ground feature in the suburban environment in comparison 

with other ground features, and when its value is higher, it 

means more vegetation coverage on the object ground fea-

ture. 

2) Rectangle degree: 

 
where SF is the targeted area, and SR is the area of the 

smallest externally connected rectangle. PF2 represents the 

filling degree of ground objects in the externally connected 

rectangle. For the rectangular farmland, PF2 reaches the 

maximum of 1. 

3) Length-width ratio: 

 
where lmax and lmin respectively mean the length and width 

of the smallest externally connected rectangle. 

Here we take the objects with relatively high vegetation 

index, regular rectangular shape, and the length-width ratio 

in the range of [1,4] as the typical samples of farmland, and 

take the ground features in the built-up area with NDVI 

smaller than the global average NDVI as the typical sam-

ples of non-farmland. On the other hand, the texture 

characteristics can be used as a basic feature of remote 

sensing image, which plays an active role in the classifica-

tion of ground objects. Therefore, we adopt the Gabor oper-

ator with relatively strong capability to distinguish texture 

to obtain the texture feature of all the objects 
[20–21]

. It is 

expressed as: 

 
where x′ = xcosθ + ysinθ, y′ = −xsinθ + ycosθ; θ is the 

directional parameter; λ is the scale; ρ is the Gaussian radi-

us; φ is the phase angle; γ is the length-width ratio of 

Gaussian window. In this paper, we use Gabor operator to 

implement the filtering of images on four scales and in six 

directions, then calculate the mean and variance on the four 

scales to constitute an eight-dimensional characteristic vec-

tor, and normalize the vector to derive the feature of ground 

object. 

Because SVM has the relatively good generalization 

function in the model classification, it can satisfy the classi-

fication requirement of small samples with 

high-dimensional feature. The large amount of experiments 

on the classification of remote sensing images indicate that 

SVM has higher stability and accuracy than the classifiers 

of neural networks and Bayesian 
[22–24]

, and therefore in this 

paper we use the classical library for support vector ma-

chines (LIBSVM) for the classification of farmland extrac-

tion. After deriving the characteristic vector of ground 

features, we use the preliminarily extracted samples of 

farmland and non-farmland to train the optimizing classifi-

cation model of SVM grid parameters, and then use this 

model to classify the segmentation results of the entire im-

age. In specific, we apply the cross-validation method to 

derive the optimal penalty parameter c and kernel parameter 

g for distinguishing the farmland and non-farmland in 

LIBSVM 
[25]

, and use these two optimal parameters to train 

the classification model, therefore achieving the farmland 

extraction. 

1.4 Determination of spatial relationship 

Although the farmland results derived from the SVM 

classification have good accuracy, there is still a few situa-

tion of misidentification. These misidentifications mainly 

include: the ground features in the built-up area with the 

similar texture to the farmland are misidentified as farm-

land, and there is some phenomena of missing farmland 

extraction in the non-built-up area. Because the image ob-

ject in the built-up area has the low vegetation index and 

small area, their probability of belonging to farmland is rel-

atively small. Then, for the image objects in the built-up 

area that are erroneously identified as farmland, we set the 

following rules to remove these pseudo farmlands from the 

classified farmland. Let FB be the farmland object in the 

built-up area to be determined, sjudge be the area of object to 

be determined, and FS be the threshold of minimum area. 
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The determinant formula is as follows: 

 
For the missing identified farmland in the non-built-up 

area, we can make the determination according to the spatial 

adjacent relationship between ground features. The first law 

of geography indicates that there is a law between ground 

features that they are more correlated when they are closer 

to each other. In general, the relationship between two ad-

jacent objects in the space is positively correlated to the 

length of common border. The border of object with large 

area is relatively long, and it will be adjacent to more ob-

jects and is subject to small impact of other objects; as for 

the objects with relatively small area, the border is relatively 

short, and it has relatively large impact of adjacent objects 
[26]

. Therefore, in this paper we determine the missing ex-

traction according to the adjacent relationship between im-

age objects and the extracted farmland, and the expression 

is as follows: 

 
where i is the goal to be determined, and j is the ground 

object adjacent to i; Ijudge(i,j) is the degree of object i to be 

classified to belong to farmland; L(i,j) is the common side 

length of i, j; T(j) means the property of ground feature j 

adjacent to i, which is equal to 1 if j is farmland, and is 

equal to 0 if j is non-farmland; L(i) means the side length of 

object i. 

The determination of missing extraction mainly includes 

the following three procedures: ① establish the matrix of 

adjacent relationship between objects, and the value is "1" 

when it is adjacent, otherwise the value is "0"; ② calculate 

the side length of all the objects, and obtain the length of 

common border between two objects within value of "1" in 

the matrix of adjacent relationship; ③ calculate Ijudge(i,j) 

and normalize. It should be noted that although some 

ground features are surrounded by farmland and the value 

of Ijudge(i,j) is very high, it could be not farmland. Therefore, 

it is defined that between a certain object to be classified 

and the farmland object, if the value of Ijudge(i,j) is higher 

than a certain threshold and the spectral and texture features 

are similar, it is determined to be farmland; if Ijudge(i,j) is 

high and the characteristic difference is too large, it is de-

termined to be non-farmland. 

2 Experimental results and analysis 

The experimental data adopt the remote sensing images 

of QuickBird acquired on August 4, 2009 for the suburban 

area of Jiangning District, Nanjing. It includes the pan-

chromatic band and four bands of red, green, blue, and in-

frared, and after fusion the spatial resolution of individual 

bands is 0.61 m. The configuration of computer used in the 

experiment is Intel Pentium 1.73 GHz CPU and 2 GB 

memory. The experiment was developed according to the 

four modules in Fig. 1, and all the codes were implemented 

in MATLAB 2011b. 

Fig. 2 shows the false-color image composited from three 

bands of infrared, red, and blue, and the size is 600 × 600 

pixels. In the figure, A marks the built-up area, with abun-

dant information of corner points but the texture is compli-

cated; B marks the farmland area with regular shape and the 

crops grow well; C marks the farmland area mixed by crops 

and non-crops. In general, the ground features in the whole 

research area are complicated and diverse, and the difficulty 

is relatively high for farmland extraction. 

 

Fig. 2  Remote sensing image of study area 
Note: Rectangular A is construction area; Rectangular B is standard farm-

land; Rectangular C is mixed farmland. 

2.1 Removal of built-up area 

As shown in Fig. 3a, by using the traditional Harris oper-

ator of corner point, we can accurately detect the corner 

points of buildings in the suburban area, but it also detects a 

small number of pseudo corner points in the non-built-up 

area (such as regions D and E in Fig. 3). If we directly use 

these corner points to distinguish built-up areas and 

non-built-up areas, it will cause relatively large false alarm 

rate. Using the improved Harris algorithm of corner point 

extraction proposed in this paper, we can derive the results 

shown in Fig. 3b. In particular, in order to effectively elim-

inate the corner points on the edge of ridge, we set the buff-

er radius R to be 10. From this result, we can see that the 

improved Harris method of corner point extraction proposed 

in this paper can effectively eliminate the corner points of 

non-built-up area in regions D and E, and can improve the 

accuracy of corner point detection in the built-up area. 

According to the description of probability distribution in 

the built-up area in section 1.1, the value of probability dis-

tribution function in the region with abundant corner points 

(corresponding to the built-up area) should be higher than 

the probability distribution in the region with relatively less 

distribution of corner points (corresponding to non-built-up 
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Fig. 3  Result of corner extraction 
Note: Rectangular D and E are non-construction areas. 

area). Therefore, after many experiments, it is derived that 

when we set ω to be 7, it can fairly well reflect the distribu-

tion of probability density for the built-up area and 

non-built-up area in the suburban images. On this basis, we 

use the Otsu algorithm to calculate the final extraction re-

sults of built-up areas and non-built-up groups. As shown in 

Fig. 4, the results indicate that the method in this paper has 

the relatively high accuracy in the extraction of built-up 

areas. 

2.2 Multi-scale segmentation 

In the suburban images after eliminating the built-up ar-

ea, the farmland plays a dominant role. At this time, we can 

conduct the multi-scale analysis to determine the best seg-

mentation result. In the multi-scale segmentation, we con-

figure the parameters as follows: hs = 2, s = 100, and hr 

 

Fig. 4  Result of built-up area extraction 

increases from 0.25 at 0.25 as the minimum interval until 6. 

Some of the segmentation results are shown in Fig. 5: 

there is obvious excessive segmentation phenomenon in 

Fig. 5a, the excessive segmentation phenomenon is obvi-

ously reduced in Fig. 5b, the local farmland has appeared 

in blocks in Fig. 5c, there is excessive segmentation phe-

nomenon for a small amount of farmland in Fig. 5d, the 

segmentation result is relatively good for farmland in Fig. 

5e, and there is a small amount of under-segmentation phe-

nomenon in Fig. 5f.

 

Fig. 5  Results of multi-scale segmentation according to different hr 
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By calculating LV and ROC of the multi-scale segmenta-

tion results, we can derive the results shown in Fig. 6. As 

shown in the figure, the ROC and LV curves exhibit obvi-

ous jumps at hr = 0.75, 3, and 5, and the LV curve keeps 

relatively stable after these three scales. Therefore, the three 

optimum segmentation results are obtained at hr = 0.75, 3, 

and 5. Fig. 7 shows the local effect plot of these three seg-

mentation results. When there is hr = 0.75, some local small 

areas that are similar are collected together, which is the 

optimum scale of small patches; when there is hr = 3, the 

farmland is divided by the gullies in the region, and it is the 

optimum scale of small regions; when there is hr = 5, the 

farmland is relatively complete, and it is the optimum scale 

of farmland. Therefore, by setting the segmentation results 

for hr = 5 as the optimum segmentation results of subse-

quent analysis on the farmland extraction, we can effective-

ly extract the farmland. 

 

Fig. 6  Farmland segmentation based on estimation of scale pa-

rameter tool 

 

Fig. 7  Optimal segmentation according to different hr 

2.3 Hierarchical extraction of farmland 

At the initial stage of extraction, when we extract the 

rectangular farmland with abundant vegetation and the 

segmentation result is complete, we set the ratio of vegeta-

tion PF1 to be greater than 1, the minimum of rectangular 

degree PF2 to be 0.7, and the maximum length-width ratio 

PF3 to be 4 for the extraction of farmland object. The 

ground features with relatively low vegetation index in the 

built-up area are taken as the samples of non-farmland. Due 

to the spatial resolution of experimental data, the area of 

farmland should be within a certain range. Here we set the 

minimum threshold of area to be 200 pixels in order to 

eliminate the ground features with too small area. By strict-

ly setting the aforementioned conditions, we can simply 

extract the farmland, and then we can continue to determine 

other uncertain ground features. Fig. 8 shows the initial ex-

traction result, including 40 farmland samples and 101 

non-farmland samples. 

 

Fig. 8  Samples at first extraction stage 

In the classification using LIBSVM, through the 

cross-validation of samples in Fig. 8, we can derive the op-

timum parameters of c = 0.25 and g = 6.9644, when the 

classification accuracy of samples is 94.3262%. By using 

the training classification model of optimum parameters to 

classify the ground features in the image, we can derive the 

results of farmland classification shown in Fig. 9. As shown 

in Fig. 9, the method in this paper has the relatively good 

result of farmland extraction, which can accurately derive 

the distribution, location, and structural information of 

farmland. However, some objects in the built-up area are 

misidentified as farmland, as shown in the rectangular 

frame in Fig. 9; in the farmland region, there are also some 

objects that are not extracted, as shown in the oval area in 

Fig. 9. 

2.4 Determination of spatial relationship 

We set the areal threshold of object to be 200, and deter-

mine the credibility of farmland in the built-up area to 

eliminate the false alarm objects. We use the adjacent rela-

tionship to determine the farmland missed in identification: 
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Fig. 9  Result of farmland extraction 

the ground objects with Ijudge(i,j) higher than 0.5 and similar 

spectral and texture features to farmland are attributed to 

farmland. According to the determination result on the spatial 

relationship shown in Fig. 10, the farmland erroneously clas-

sified in the rectangular frame is eliminated, and the farmland 

in the oval area that is missed is correctly extracted. 

 

Fig. 10  Optimized result of farmland extraction 

2.5 Evaluation of extraction result 

At present, the relatively mature algorithms of farmland 

extraction from high-resolution remote sensing images are 

mainly the object-oriented methods. In order to compare the 

advantages and disadvantages of different methods on the 

extraction of suburb farmland, in this paper we analyze this 

main-stream method by comparing the results with the 

method in this paper. Since the object-oriented ground fea-

ture extraction module in the software of the environment 

for visualizing images (ENVI) is developed, it has been 

successfully applied to the studies on the extraction of 

buildings, roads, and farmland. We compare it with the 

method proposed in this paper. When we use the ob-

ject-oriented module in the ENVI software to extract the 

ground features, we divide the ground features into farmland 

and non-farmland for the extraction. We mainly need to 

configure three parameters: segmentation scale, combina-

tion scale, and type of classifier. Because of the complexity 

of suburban images, after many debuggings, in this paper 

we determine the factor of segmentation scale to be 40, the 

factor of combination scale to be 60, and the classifier to be 

SVM, when the accuracy of farmland extraction is relative-

ly high. Fig. 11a shows the final results of farmland extrac-

tion derived with the method in this paper, Fig. 11b shows 

the results of farmland extraction derived with ENVI soft-

ware, and Fig. 11c shows the reference map for the artificial 

interpretation of professional staff in remote sensing on the 

experimental data. By visually comparing Fig. 11a and 11b, 

we can know that the method in this paper has relatively 

less missing extraction of farmland in the built-up area than 

ENVI, which is because the method in this paper uses the 

extracted built-up area to constrain the misidentified farm-

land in the built-up area, and therefore reduce the misidenti-

fication; in the farmland area, however, the method in this 

paper relatively more frequently identified erroneously the 

non-farmland as the farmland, which is because in the ex-

traction of farmland distribution, the method in this paper 

used the texture features, causing some non-farmland with 

similar texture to farmland identified as farmland. Generally 

speaking, the farmland extracted with the method in this 

paper has relatively good completeness. 

 

Fig. 11  Farmland extraction result of proposed method, farmland 

extraction result via ENVI and reference map of professional re-

mote sensing interpretation 

In order to quantitatively evaluate the effect of algorithm 

in this paper, the extraction results of our algorithm and 

ENVI software are compared with the reference map of 
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artificial interpretation on a pixel basis. Denote Nr as the 

number of pixels that are correctly classified as farmland in 

the extraction results of our algorithm; Nf is the number of 

pixels that are erroneously classified as the farmland; N is 

the number of pixels in the artificially labeled urban area. 

We set the quantitative index to extract the farmland as fol-

lows: 

 

 
where Pright is the proportion of right detection, and Pfalse is 

the proportion of false alarming. 

As shown in Table 1, the proportion of right detection for 

the method in this paper as 80.09% is obviously higher than 

the proportion of right detection for ENVI software as 

62.21%, while the proportion of false alarm rate for the 

method described in this paper is slightly higher than the 

false alarm rate of ENVI software by 1.3%. In the ob-

ject-oriented segmentation process, the method described in 

this paper can automatically conduct the selection of scalar 

parameters, and the degree of automation is relatively high. 

In the selection of classification samples, the efficiency of 

selecting samples by using spatial distribution relationship 

and simple rules in this paper is higher than the manual 

sample selecting in ENVI. In general, the method described 

in this paper has some advantages in comparison with the 

application of ENVI method to the extraction of suburban 

farmland. 

Table 1  Accuracy comparison of farmland extraction 

 

3 Conclusions and discussion 

In this paper, we study the issues of incorrect extraction 

of farmland information caused by variety in the ground 

features and complex environment in the suburban area. We 

mainly carry out the work and innovations on the following 

aspects: 1) By improving the Harris corner features, we 

achieve the separation of built-up area from the non-built-up 

area dominated by farmland. 2) In the farmland area, we use 

the difference in the local deviation for the segmentation 

results of adjacent scale to determine the optimal scale of 

farmland segmentation. This will effectively reduce the in-

terference of other ground features on the farmland in the 

multi-scale analysis, and the derived optimal scale is more 

appropriate for the segmentation of farmland area. 3) 

According to the shape and spectral information of farm-

land, we extract the regular farmland in the optimal seg-

mentation results, and use the regular farmland and 

non-farmland to train SVM, and classify them to derive the 

results of farmland extraction. By setting the rules to select 

the samples of classification, we can greatly reduce the 

work of artificial determination, and improve the efficiency 

of farmland extraction. 4) Further optimize the results of 

extraction through the spatial relationship to derive the final 

results. 

The method in this paper can relatively well extract the 

farmland in the suburb area, but the phenomenon of erro-

neous and missing extraction still exists. On the next step, 

we will conduct an in-depth study of phenomena of farm-

land erroneous identification and missing identification in 

order to derive the better extraction results. 
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Estimation method of straw burned area based on multi–source satellite remote 

sensing 

Chen Jie, Zheng Wei, Gao Hao, Shao Jiali, Liu Cheng 

National Satellite Meteorological Center, Beijing 100081, China 

Abstract:Straw burning often occurs in June every year in Huang-Huai region of China, which results in the wast-

ing of agricultural resources, atmospheric pollution and traffic accident. Straw-burning area is one of important fac-

tors for estimating the impact of straw burning. In China, there are many researches for monitoring straw-burning 

hot spots and estimating burned areas. However, there are two problems in estimating straw-burning area efficiently 

in Huang-Huai region: one is the mixture of multiple types of underlying surfaces in the pixel coverage with middle 

or lower resolution, such as FY-3/MERSI, EOS/MODIS with 250 m resolution which may contain cropland, water 

body, residential land and other types in one pixel; and the other is fast speed of cropland ploughing that may be 

only one or two days after harvest or straw burning according to the field survey, which causes the difficulty in the 

estimation by using land resource satellites such as TM, SPOT and HJ/CCD. So, it is difficult to use single type of 

satellite data for estimating the straw-burning area in Huang-Huai region. To solve this issue of time sensitivity of 

estimating straw-burning area, a new method was presented in this paper, which used multiple satellites data in-

cluding FY-3/MERSI and GF-1. FY-3/MERSI has three times of revisiting period per day and lower resolution 

(250 m), and GF-1 has high resolution (16 m) and long revisiting period (four days). The new method combined the 

advantages in each type of satellite. FY-3/MERSI data was used to acquire the straw-burning scar region timely, 

and GF-1 data was used to provide detailed distribution of multiple underlying types, especially the ratio of 

cropland in a pixel. The estimation was based on spectral analysis of satellite data and mixed pixel separation tech-

nology. There were two important parameters provided in this new method. One was cropland ratio, and the other 

was burned extent. Land cover information of study region including cropland, surface water and residential area 

was classified based on GF-1 data, using the decision-tree classification method. The accuracy of classification 

reached 90%. The cropland ratio was calculated by the above land cover classification data. The information de-

rived from GF-1 could improve the accuracy of straw-burning area estimation by providing the accurate ratio of 

cropland in a pixel. Straw-burning scar region could be extracted utilizing the near infrared band of FY-3/MERSI 

data which is more sensitive than other MERSI bands to distinguish the straw-burning scar region according to the 

spectrum analysis. The burned extent of straw could be estimated based on the difference between the near infrared 

bands before and after the straw burning. During the process of mixed pixel separation, selecting the pure 

end-member pixels of burned and un-burned cropland was the critical step because the end-member value may be 

different to different observation images, so dynamically deciding the end-member value based on searching win-

dow should be more reasonable. Furthermore, in order to simplify the method of estimating burned extent using two 

images in different observations, the equation was given to estimate burned extent based on just one image observed 

after the straw burning, which could avoid the errors resulted from the different atmospheric conditions of two-time 

images. After getting the two parameters, the straw-burning area could be calculated. Using this method, this paper 

estimated the straw-burning area in Zhengyang and Pingyu County, Henan Province on June 6, 2014. The result of 

estimation was validated by GF-1 data, and the accuracy reached more than 94%, which indicated that the method 

was effective. 

Keywords: remote sensing; straw; satellites; burned area estimation; FY-3; GF-1; straw burning 

CLC number: TP79 

0 Introduction 

Straw burning often occurs in June during the harvest pe-

riod of winter wheat in Yellow River–Huaihe River and 

Yangtze River–Huaihe River areas of China, and the 

phenomenon of straw burning is especially serious in large 

areas of wheat-producing regions. China is a big agricultur-

al country, and the straw resource is plentiful 
[1–3]

. Direct 

burning not only causes the waste of resources 
[4–5]

, and lots 

of smoke generated by burning is prone to cause air pollu-

tion over large areas 
[6–8]

, bringing significant impact on the 
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ecological environment and air quality. The traffic and fire 

accidents caused by straw burning cause enormous loss to 

people's lives and property. In recent years, the environ-

mental protection departments put a lot of efforts on the 

governance of straw burning, and developed a number of 

measures. The monitoring of straw burning is the primary 

task. The conventional ground-based monitoring can ac-

quire the intensity of straw burning, but the monitored range 

is limited, without being able to acquire on time the spatial 

distribution of straw burning over large areas. Through the 

remote sensing technique of satellite, we can rapidly acquire 

the position of straw burning sites over large areas, provid-

ing the information support for timely supervision of burn-

ing situation. There is a lot of work that has been made on 

this aspect, and the major used remote sensing data of satel-

lite mainly include MODIS (Moderate-resolution Imaging 

Spectroradiometer), AVHRR (Advanced Very High Resolu-

tion Radiometer), and VIRR (Visible-Infrared light Scan-

ning Radiometer) 
[9–15]

. However, due to the factors of cloud 

area block and satellite transit time, the instantaneous in-

formation of straw burning location cannot fairly well re-

flect the straw burning situation, but the burned area 

information with relatively long time of ground remaining 

can more thoroughly reflect the straw burning area, intensi-

ty, and characteristics of spatio-temporal distribution. The 

past studies on the monitoring of straw burning area with 

remote sensing of satellite mainly use the high spatial reso-

lution data of Landsat, such as Environmental Mitigation 

Satellite 
[16–18]

. The high space-resolution satellite can rela-

tively accurately obtain the information of burned area, but 

the revisit period of Landsat is relatively long. According to 

the field investigation, it is found that the plowing speed of 

winter wheat during the summer harvest season in the straw 

burning area is relatively fast, and it might be plowed one to 

two days after the straw burning. Therefore, it has very high 

requirement on the observation frequency to use the satellite 

remote sensing data to acquire the information of straw 

burned area, and the relatively long revisit period of land 

satellite is difficult to meet this requirement, while the me-

teorological satellites have the feature of high observation 

frequency. FY-3 (Fengyun-3) meteorological satellite is the 

second generation of self-developed polar-orbiting meteor-

ological satellite of China, and it carries a moder-

ate-resolution spectral imager (MERSI) with five channels, 

including three visible light channels, one near-infrared 

channel, and one far-infrared channel, which can identify 

the spectral change of pixels with cropland caused by the 

straw burning. Current, there are three satellites (A/B/C) in 

orbit, where FY-3A/C is morning satellite, and FY-3B is 

afternoon satellite. For the same region, FY-3 can acquire at 

least three repeated observations at daytime of a day, this 

feature of high temporal resolution can effectively over-

come the impact of missing identification and erroneous 

identification of burned area caused by the fast plowing of 

burned area in cropland. However, the spatial resolution of 

FY3/MERSI is 250 m, and many kinds of underlying sur-

faces could be obscured within the coverage range of 

FY3/MERSI pixel in the densely populated Yellow 

Rive–Huaihe River area with dense distribution of villages 

and roads. Therefore, it will bring considerable erroneous 

identification by using the pixel area to estimate the straw 

burning area. 

Due to the issue of dual requirements on high observa-

tion frequency and high spatial resolution on satellites in the 

estimation of straw burned area from the satellite remote 

sensing, in this paper we proposed the method to estimate 

the burned area to use the high observation frequency fea-

ture of FY-3 satellite and combine the feature of high spatial 

resolution for satellite GF-1 to estimate the straw burned 

area from the remote sensing with multi-source satellites. 

That, we used FY-3 data to rapidly acquire the range of 

straw burned area, and used GF-1 to establish the back-

ground data for the classification of land use with 16-m res-

olution within the pixel scale of FY-3, in order to obtain the 

proportion of cropland in the pixel of FY-3 and use the 

spectral analysis of satellite remote sensing images and the 

decomposition technology of mixed pixel to estimate the 

burned degree of cropland in the FY-3 pixel. With this 

method, we applied the data of FY-3/MERSI in June of 

2014 to estimate and analyze the straw burned area in 

Zhengyang County and Pingyu County of Zhumadian City, 

Henan Province, and adopted the GF-1 data to validate the 

accuracy of estimation result, in order to illustrate the effec-

tiveness of this method in solving the demand of high ob-

servation frequency and high spatial resolution to estimate 

the straw burned area from the satellite remote sensing. 

1 Data 

The main data used in this study include the observation 

data of FY-3/MERSI (Medium Resolution Spectral Imager) 

and GF-1 satellite for Zhengyang County and Pingyu 

County in Zhumadian City, Henan Province on June 7–11. 

FY-3 satellite carries a total of 11 sensors, and achieves the 

global, all-weather, multi-spectral, three-dimensional, and 

quantitative detection. It has been widely applied to the 

fields of weather forecast, disaster and environment moni-

toring, and climate change studies, and significantly im-

proves the capability to prevent and mitigate disasters and 

cope with climate change in China 
[19]

. In particular, MERSI 

sensor carried by the FY-3 satellite has 20 channels, and its 

spatial resolution is 250 m for 5 channels (Table 1), and 

1000 m for 15 channels. In this paper, we used the channel 

data with 250 m resolution to study the method to identify 

the burned area and estimate the burned area. 

GF-1 was successfully launched on April 26, 2013, the 

satellite is equipped with 2 m resolution panchromatic and 8 

m and 16 m resolution multi-spectral cameras. The mul-

ti-spectral camera has four channels from visible to  
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Table 1  Parameters of channels 1–5 of FY-3/MERSI 

 

Table 2  Parameters of channels of GF-1/WFV 

 
near-infrared range (Table 2). In this paper we used the data 

of GF-1 with 16 m resolution to study the classification of 

land use data and calculate the proportion of cropland dis-

tribution area. Meanwhile, the wavelength ranges of GF-1 

data and Channel 1–4 of FY-3/MERSI are essentially con-

sistent, and can be used to verify the results of the estima-

tion of burned area from meteorological satellites. 

2 Method of burned area estimation 

2.1 Identification of burned pixel 

Using the variation in the characteristics of surface radia-

tion from the cropland pixel in the remote sensing images of 

satellite before and after the burning, as well as the differ-

ence between the radiation characteristics of surface and 

other ground features after the burning, we can identify the 

burned pixel. Based on the FY3C/MERSI data with 250 m 

spatial resolution in the research area on June 7, we selected 

121 samples of typical straw burning pixels and 121 sam-

ples of unburned pixel (11 × 11 rectangular area), and stud-

ied the characteristics of reflectivity for the pixels of 

cropland before and after the burning in the spectral channel 

for the four channels of FY-3/MERIS with 250 m spatial 

resolution (Fig. 1). From Fig. 1, we can see that the differ-

ence in the reflectivity change between the burned pixel and 

unburned pixel of cropland is relatively large in different 

channels. This is mainly reflected by that the surface reflec-

tivity of the near-infrared band (Channel 4) rapidly declines 

after the burning. In the color composite figure from the 

combination of three channels (Channel 3, 4, and 2 respec-

tively correspond to red, green, and blue channel), it can 

relatively clearly reflect the burned area. Because of the 

characteristics of variation in the near-infrared reflectivity, 

we used the threshold method to extract the straw burned 

area, and the discriminant is as follows: 

 
where RNir represents the reflectivity of near-infrared chan-

nel, and TNir represents the threshold of reflectivity. In order 

to ensure the extraction accuracy of burned area, this 

threshold is determined by the interactive human-machine 

identification. As for the pixel of cropland area, when the 

reflectivity of near-infrared channel is smaller than thresh-

old, this pixel is considered to be burned pixel of cropland. 

The advantage of this method is that it only needs to use the 

single-time remote sensing image to extract the burned area 

of cropland, but it is easily affected by surface objects with 

low reflectivity, such as the shadow caused by water body, 

cloud, and mountains. As for the disturbance of these sur-

face objects, we can eliminate this impact through the in-

formation of land use type and far-infrared channel data of 

FY-3/MERSI with 250 m resolution. 

2.2  Establishment of proportion data for 

cropland distribution area 

Owing to the phenomena of different objects with the 

same spectrum and same spectrum for different objects, the 

classification of remote sensing images 
[20–24]

 is a relatively 

complicated process. In this paper, based on the fourth 

waveband data with 16 m resolution from GF-1 satellite, we 

calculate to obtain the data of Normalized Differential Veg-

etation Index (NDVI) and Digital Elevation Model (DEM) 

data, and divide the research area through the classification 

method of decision tree to five land cover types of cropland, 

trees, water, towns, and bare land. The classification method 

of decision tree 
[25]

 is similar to the attribute structure of a 

flowchart, and each node of the tree represents the test of 

certain attribute; every derived branch represents a category. 

In this study, the priori knowledge is introduced into the 

generation process of decision tree, and the basis of classi-

fication is established through the histogram obtained from 

the top-down interactive manner of human and machine. 

Eventually, we classify the study areas by means of the 

QUEST method of multivariate algorithms, and derive the  

 

Fig. 1  Spectrum curve of radiance of different surface objects 

from FY3C/MERSI channel 
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data of land cover type with 16 m resolution. Using the 

ground verification points, we validate this method with the 

confusion matrix method, and the classification accuracy is 

larger than 90%. We further use the grid points with 250 m 

resolution to conduct the statistical analysis of all the land 

cover types with 16 m resolution within the scale of 

FY-3/MERSI pixel. For the pixel with 16 m resolution on 

the edge of grid points, if the area larger than 50% falls 

within the 250 m grid, it is included in the statistical analy-

sis, and eventually we can calculate the proportion of 

cropland distribution area with 250 m resolution (Fig. 2). In 

this way, we fully use the features of satellite data with high 

spatial resolution, and ensure the correctness of calculation 

on the proportion of cropland area. 

2.3 Burned area estimation 

The highest spatial resolution of FY3/MERSI is 250 m, 

which is relatively coarse in comparison with the spatial 

distribution of straw burning, and the pixel identified as the 

burned area is usually prone to generate non-pure cropland 

and non-pure burned area. Therefore, the burned area error 

is easily to be overestimated only through the number of 

fired pixels. In order to solve the issue of burned area esti-

mation for the pixels of non-pure cropland, in this paper we 

 

Fig. 2  Crop ratio map based on GF-1 data 

introduce two parameters of areal ratio for cropland distri-

bution and burned degree. The areal ratio of cropland dis-

tribution means the percentage of cropland area related to 

the entire pixel area; the burned degree means the percent-

age of burned area of cropland relative to the cropland area 

in the pixel. By introducing these parameters, we can elim-

inate the impact of non-burned area on the estimation of 

burned area, and therefore improve the accuracy of burned 

area estimation. 

In this paper, we calculate the burned degree of cropland 

based on the decomposition principle of mixed pixels. The 

linear spectral mixing model is the most commonly used 

method in the decomposition of mixed pixels, and it uses 

the linear relationship to describe the type and proportion of 

individual ground features within single pixel scale of re-

mote sensing systems and the spectral response of ground 

features 
[26–27]

. In this model, the reflectivity of a pixel in a 

certain spectral waveband is the linear composition of the 

reflectivity of basic compositions that constitute the pixel 

with the proportion related to the pixel area as the weight 

coefficient 
[28]

. Because the straw burning mainly occurs in 

agricultural production area, where the surface types mainly 

include cropland, water body, and residential places (in-

cluding towns and roads), we presume that each pixel is 

composed of cropland (pure unburned cropland), water 

body, and residential land, according to the model of linear 

spectral mixing, the reflectivity of background mixing pixel, 

Rm, can be expressed as: 

 
where Rc is the reflectivity of cropland, Rw is the reflec-

tivity of water body, Rn is the reflectivity of residential site, 

and Pc, Pw, and Pn respectively represent the areal propor-

tion of pixels occupied by cropland, water body, and resi-

dential places. Therefore, there is: 

 
Similarly, for this burned pixel, the reflectivity of burned 

mixing pixel, Rmf, can be expressed as: 

 
where Rcf is the reflectivity of burned cropland, and Rcn 

is the reflectivity of unburned cropland, namely Rcn = Rc. Pcf 

and Pcn are respectively areal proportions occupied by 

burned cropland (burned degree) and unburned cropland, 

namely: 

 
We presume that the proportion between the area of wa-

ter and residential places in this pixel does not change be-

fore and after the burning, and the interval time between the 

images of two scenes acquired by the satellite before and 

after the burning is relatively short. There is no change in 

the reflectivity caused by the natural change of vegetation. 

We substitute formula (3) and (5) into formula (4), and sub-

tract it with formula (2) to derive formula (6): 

 
Through arrangement, formula (6) can be transformed to: 
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In formula (7), (Rc−Rcf) is the reflectivity difference of 

unburned and pure burned cropland; (Rm−Rmf) is the differ-

ence of reflectivity between the mixed pixel in the back-

ground (unburned) and the burned pixel, and Pcf is the 

burned degree. 

Regarding the proportion of cropland area in the wheat 

growing regions is relatively high, and the underlying sur-

face of straw cropland is uniform, we can use the sin-

gle-scene image after the burning to estimate the burned 

degree. Then, formula (7) can be converted to: 

 
where ΔRb−a is the difference between the reflectivity of 

unburned pixel adjacent to the current burned pixel and with 

close proportion of cropland area in the pixel and the reflec-

tivity of current burned pixel, and ΔRv−f is the difference of 

reflectivity between unburned pixel and pure burned pixel 

in the pure cropland pixel. After calculating the value of 

burned degree Pcf, we adopt the following formula to calcu-

late the burned area: 

 
where S is the total burned area, Si is the area of the i

th
 

pixel, and Pcfi is the burned degree of the i
th

 pixel. 

3 Example of application 

We selected the estimation of straw burned area in 

Zhengyang County and Pingyu County in Zhumadian City, 

Henan Province under the clear sky condition on June 7, 

2014 for the experiment. The satellite data from 

FY3C/MERSI and GF-1 are processed through projection 

conversion and geometric precise correction, and the cor-

rection accuracy is smaller than 1 pixel (250 m); we inter-

cept the administrative regions in the two counties of 

Zhengyang and Pingyu (Fig. 3). From Fig. 3 we can clearly 

see the distribution of burned area (black region), and we 

use Equation (1) to extract the range of burned area. 

We use the method in Section 2.3 to calculate the burned 

degree of cropland in two regions, as shown in Fig. 4. In 

comparison with the observation of meteorological satellite, 

the spatial resolution of GF-1 data is relatively high, and in 

this paper we use the burned area extracted from 

high-resolution data as the data to verify the method. 

In order to avoid the estimation error caused by smoke, 

we select four burned area with completely clear sky in the 

two regions for the comparison and validation, as shown in 

Fig. 5. 

Using the burned area estimated from GF-1 data as the 

reference value, we analyze the error of burned area esti-

mated from FY-3C data, and meanwhile calculate the error 

of area that is derived directly by using the number of 

burned pixels, as well as the error of area based on the sta-

tistics of areal proportion by only taking into account the 

cropland distribution. Table 3 shows the comparison of 

burned area estimated from different methods in four dif-

ferent regions, and the mean accuracy reaches 94.35%. 

From Table 3, we can see that based on the method pro-

posed in this paper, for the burned area calculated using 

FY-3 data while taking into account the proportion of 

cropland distribution area and the parameters of burned de-

gree, the accuracy in four regions is obviously improved in 

comparison with the burned area calculated directly from 

the number of pixels by only taking into account the pro-

portion of cropland distribution area. By analyzing the indi-

vidual error data in the table, we can see that the errors of 

burned area calculated with different conditions are consid-

erably different. In particular, the error of area directly cal-

culated from the number of pixels is the largest, and the 

error for No. 1 area exceeds 50%; after including the areal 

proportion of cropland distribution, the accuracy is slightly 

improved, and the largest error declines to 40%; meanwhile, 

after taking into account the burned degree, the errors of 

four regions is significantly reduced, and the minimum error 

in No. 1 region is less than 5%, namely the overall accuracy 

in this region is improved by near 50%; in No. 4 region, the  

 

Fig. 3  FY3C/MERSI composite images on June 7, 2014 
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Fig. 4  Cropland burned scars extent map based on 

FY-3C/MERSI data 

overall accuracy is improved by less than 30%, which is 

partially attributed to the difference of burned degree. For 

the mixed pixels with lower burned degree, the accuracy to 

be improved is higher, which indicates that in the estimation 

of burned area, the introduction of parameter for burned 

degree can significantly reduce the impact of mixed pixel 

on the area estimation. 

 

Fig. 5  GF-1 composite images on June 7, 2014 

Note: The red dotted boxes (1–4) represent the validation regions. 

Table 3  Comparison of straw burned area estimation based on different methods 

 
Note: When only using ratio of cropland, formula is S=∑(Si×Pci); When calculating size with number of pixels, formula is S=∑Si. The parameters 

showed in formula (2) and (9). 

We conduct a monitoring analysis of straw burning state 

of cropland in Pingyu County on June 7–11, 2014 with rela-

tively good weather condition using the method proposed in 

this paper to calculate the straw burned area, and make the 

monitoring map of daily burned area distribution (Fig. 6) 

and the statistical map of daily burned area (Fig. 7). From 

Figs. 6 and 7, we can see that in June 7–11, the spatial dis-

tribution and area of straw burned area change every day,  
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Fig. 6  Burned scars region monitoring of FY-3C/MERSI from June 7 to 11, 2014 in Ping Yu county 

 

Fig. 7  Change of burned area from June 7 to 11, 2014 in Ping Yu 

county 

and the area of straw burning is mainly distributed in east 

and south of Pingyu County with relatively high proportion 

of cropland area. On June 7, the burned area is about 6000 

hm
2
; the new burned area appears on June 8, and the total 

burned area slightly increases; on June 9, the burned area 

slightly declines because the burned area is covered by 

cloud and the plowing of burned area; on June 10, there is a 

large area of new burned area in south of Pingyu County, 

and the total burned area exceeds 13000 hm
2
; until June 11, 

the burned area rapidly declines. By combining the on-site 

survey, the decrease of burned area in cropland over a large 

area is mainly caused by the plowing of cropland. This ex-

ample illustrates the feature of high temporal resolution of 

FY-3 meteorological satellite, and it can better satisfy the 

requirement of monitoring the burned area under the situa-

tion of rapid plowing in cropland. 

4 Conclusions and discussion 

In this paper, due to the issue of relatively fast speed of 

plowing in the cropland after the burning of crop straw, as 

well as the high requirement on the observation frequency 

and spatial resolution on the estimation of burned area of 

straw burning from satellite remote sensing, we propose a 

method to estimate the straw burned area from the mul-

ti-source remote sensing data based on the spectral analysis 

of satellite remote sensing images and the decomposition 

technology of mixed pixels by using the features of high 

temporal resolution of FY-3 meteorological satellite and the 

high spatial resolution of GF-1 satellite. This method uses 

the images of FY-3 meteorological satellite as the primary 

data of dynamic observation, and acquires the information 

of straw burned area; the data from GF-1 satellite are used 

as the auxiliary data to calculate the percentage of cropland 

distribution from FY-3 pixels and validate the accuracy of 

straw burned area estimated from FY-3 data. Meanwhile, we 

propose the method to calculate the parameters of burned 

degree for cropland. We can use this parameter to consider-

ably improve the accuracy of estimation. According to the 

result of accuracy validation, the average accuracy exceeds 

94% in the four selected clear sky regions in Zhengyang 

County and Pingyu County which indicates that this method 

has relatively high credibility; at last, we use this research 

method to conduct a dynamic monitoring analysis of straw 

burning state in the cropland of Pingyu County with rela-

tively good weather condition on June 7–11, 2014. 

Based on the aforementioned results, it indicates that the 

method proposed in this paper is not only able to improve 

the accuracy of burned area estimation, but also has rela-

tively high timeliness, which can satisfy the requirement to 

timely acquiring the information of straw burned area under 

the situation of fast plowing speed in straw burned cropland. 

This method has strong feasibility, and is suitable for the 

business applications. It can provide timely and accurate 

information of straw burned area for the supervision of 

straw burning. Besides, this method has certain limitations. 

For instance, under the situation of cloud coverage or 

plowing in burned area, the estimation value of burned area 
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is lower than the actual situation. For example, on June 9 

and June 11, 2014, the burned area of Pingyu County was 

reduced significantly than the previous day. If the land sur-

face is completely covered by cloud, it could not be esti-

mated; as for the plowed cropland area, it is difficult to 

determine whether it is plowed after burning. These ques-

tions are the places where the method needs further im-

provement and modification. 
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Remote sensing estimation of crop planting area based on HJ time-series images 
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Abstract: Remote sensing images with the medium spatial resolution can provide long-time series data of the same 

area, thus are suitable for remote sensing monitoring of major crops in large scale. Based on the analysis of the 

time-series spectrum character curve, crop type identification and acreage extraction can be effectively achieved. 

Taking Hengshui City, Hebei Province as a study area, and employing monthly NDVI (normalized difference vege-

tation index) time-series data from 16 scenes of HJ-1A/B satellite CCD images with spatial resolution of 30 m, 

which were collected from October 3rd 2011 to October 24th, 2012, spectrum curve characteristics of the major 

crop types (winter wheat, summer maize, spring maize, cotton, peanut and soybean) in the whole growth period are 

extracted. With consideration of high similarity of the NDVI time series among the two crops, i.e., soybean and 

peanut, they are grouped into the same category to conduct the classification, which is named as minor crop. The 

NDVI spectrum curve analysis shows that, all other types show a unimodal shape, except for winter wheat/summer 

maize rotation type; the peaks generally appear in September during the vigorous growth period of crops; consistent 

with seasonal growth pattern, the NDVI values of both spring maize and cotton during growth period are relatively 

high, with wider spectrum curve and slow decline; while the spectrum curve of minor crop is relatively narrow, with 

fast decline. In the study, five parameters, including the NDVI maximum, NDVI minimum, the number of NDVI 

wave peak, the date of peak and the NDVI value of the most productive period are taken as the extraction charac-

teristics of the five crops and the identification of the five types of crops is conducted in the study area. The preci-

sion of the result is evaluated by identifying initial classification threshold, which is gradually adjusted according to 

the validation of field samples until it is finally confirmed. The distinctive feature for identifying winter 

wheat/summer maize is its 2 wave peaks. The first date of peak appears between early April and early May and the 

value of NDVI is above 0.5, and correspondingly, the value of NDVI is below 0.3 in the late March or the early 

June. The second peak appears between the late August and the middle of September and the value of NDVI is 

above 0.7, while the value of NDVI is below 0.4 in the early June or the middle of October. With above features, 

winter wheat/summer maize rotation type can be identified. The number of peak for spring maize is 1, and the peak 

occurs between late August and the middle of September; the value of NDVI is below 0.6 in the middle of July or 

the late of September and is above 0.7 in late August or the middle of September; with these features, spring maize 

can be identified. The number of peak for cotton is 1, and the highest value of NDVI appears between late August 

and the middle of September; the value of NDVI in the middle of July or late September is above or equal to 0.6 

and it is below or equal to 0.5 in early June or the middle of October; according to these features, cotton can be 

identified. The number of peak for minor crop (soybean and peanut) is 1, and the date of peak appears between late 

August and the middle of September; the value of NDVI in the middle of July or late September is below 0.6, and is 

below 0.7 in late August or the middle of September; if having these features, it can be identified as minor crop. By 

using the decision-tree classification technology based on NDVI, the crop-planting area extraction is carried out. 

The accuracy of this investigation is verified by on-site GPS measurement of 15 normal example areas with the 

scale of 2 km × 2 km. The results show that the winter wheat, summer maize, spring maize, cotton and the minor 

crop can be effectively identified. The general accuracy is as high as 90.9%, and the accuracies for individual crop 

type are as follows: winter wheat 94.7%, summer maize 94.7%, spring maize 82.4%, cotton 86.9%, minor crop 

81.2%, and unidentified crops 85.9%. This paper proves that mass crop's planting area can be precisely obtained 

from time-series data of remote sensing images with the medium spatial resolution. 

Keywords: remote sensing; crops; decision-trees; classification; HJ-1A/B; time series; crop area 

CLC number: S252+.9 

0 Introduction 

Crop planting area is an important basis for poli-

cy-making of agricultural food production and trade quanti-

ty and for adjusting agricultural planting structure. Remote 

sensing has the characteristics of timeliness, objectiveness, 

and visibility, and thus gradually is combined with tradi-
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tional observation and statistical investigation and plays an 

increasingly important role in monitoring crop planting ar-

ea. In China, the crop planting area monitoring business 

includes two aspects of dynamic monitoring and baseline 

investigation. Dynamic monitoring requires to obtain the 

sowing area in the early stage of plant growth and the time-

liness is very important; the baseline investigation requires 

to obtain the national or provincial crop planting area in 

plant growth year or the late 2 to 3 years, which is useful for 

the relevant departments of the government to collect agri-

cultural information. And so, the resolution is very im-

portant at this aspect. Multi-temporal remote sensing images 

can make full use of the seasonal spectrum difference dur-

ing different growth stages of plant and have a great poten-

tial in plant baseline investigation due to its high resolution 

and efficiency. There are many reports about the remote 

sensing application with low, moderate and high spatial 

resolution in China and abroad [1–4]. 

With respective to the application of multi-temporal re-

mote sensing image with low spatial resolution, earth ob-

serving satellites / moderate-resolution imaging 

spectroradiometer (EOS/MODIS) and national oceanic and 

atmospheric administration / advanced very high resolution 

radiometer (NOAA/AVHRR) are commonly used. Lin et al. 
[5] used EOS/MODIS image to establish a method of au-

to-extracting crop through spectral analysis and full-cover 

of remote sensing image, and successfully performed an 

auto-identification of main autumn crops in Beijing region 

through remote sensing images. Jakubauskas et al. [6] ex-

tracted the maize, soybean and alfalfa planting in Kansas 

Finney County through AVHRR data after Fourier trans-

form. After the transformation, the range and phase were 

more accurately corresponding to the plant type, and thus it 

was more accurately to distinguish the crop planting variety. 

With respective to the application of remote sensing with 

moderate and high resolution, most of them were identifica-

tion of crop planting area. Anne et al. [7] combined earth 

observation satellite-1/synthetic aperture Radar 

(ERS-1-SAR) and Thematic mapper (TM) to extract agri-

cultural crops and results showed that the addition of other 

auxiliary spatial data (elevation, slope degree and slope di-

rection) could obviously improve the classification resolu-

tion. Ma et al. [8] used 3 different time-phase TM images to 

extract the planting information of soybean, maize and rice 

in Junchuan Farmland of Heilongjiang Province. In the 

study of Ma et al., they took a basis of land plants’ spectrum 

characteristic, and designed a Decision Tree Classification 

through using normalized difference vegetation index 

(NDVI) as a new spectral characteristics of band. The clas-

sification resolution was generally up to 85.9%. Turner et al. 
[9] obtained high-resolution rice planting distribution map in 

the semi-drought area of Africa through 3 time-phase 

SPOT-XS images (system eprobatoired’ observation dela 

Tarre/XS) and using a combination of unsupervised classi-

fication and supervised classification. The remote sensing 

image with high-temporal resolution and moderate-high 

spatial resolution can provide more accurate data of crop 

planting area; however, the time for the foreigner’s satellite 

to provide high-resolution images is long. For example, the 

revisiting cycle of the operational land image (OLI) for 

LandSat8 satellite is 16 d, and the cycles of other 

high-resolution satellites are usually larger than this cycle. 

In addition, there are programming and price effects. As a 

result, during the growth stages of the plant, those satellites 

can just provide very limited effective data, which limiting 

the application of temporal sequence data with moderate 

and high resolution. Currently, the HJ-1A/1B satellite had 

two charge-coupled devices (CCD) images with spatial res-

olution of 30 m, and was set 4 wave bands in infrared and 

visible spectrum. The range of separate camera was 360 km 

and two CCD were grouped to net with a revisiting period 

of 2 d [10]. Since its emission on September 6, 2008, many 

scholars in China quickly applied the satellite’s 

high-temporal resolution character in distinguishing crop 

planting area. Wang et al. [11] used the single time-phase data 

during the green period of the winter wheat to monitor the 

planting area variation in Henan Province with a resolution 

high up to 96.1%; Wang et al. [12], Dan et al. [13], Wei et al. 
[14] and Wu et al. [15] all chose two best time-phase images to 

identify the crop areas like cotton, rice, etc., by combining 

with other data like land surface water index (LSWI). Their 

resolutions ranged from 80.4% to 93.3%. Li et al. [16] ana-

lyzed the data of HJ-CDD reflection rate and enhanced veg-

etation index (EVI) through reducing the cloud influence 

and estimated the areas of rice, soybean and maize in 

Friendship Farmland of Heilongjiang Agricultural Region 

through decision tree classification. The general resolution 

was up to 96.3%. 

The above studies enrich the application of HJ-1A/1B 

satellite image in crop planting area, but there are few re-

ports about simultaneously extracting multiple crops with 

respect to a complete administrative area. From the view of 

national agricultural remote sensing monitoring business, it 

is necessary to conduct further studies with respective to the 

following aspects: establishing a standard time-series curves 

over the whole growth of plant to accurately identify the 

crops; establishing a fast and direct classification method 

which is proper to time-series image to improve business 

operation efficiency. In this paper, we take Hengshui City, 

Hebei Province as a study area, and employed monthly 

NDVI time-series data from 16 scenes of HJ-1A/B satellite 

CCD images with spatial resolution of 30 m. Spectrum 

curve characteristics of the major crop types (winter wheat, 

summer maize, spring maize, cotton), and part of the minor 

crop types in the whole growth period are extracted. 

1 Study area 

Hengshui City is located in the southeastern of Hebei 
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Province (115°10′–116°34′E, 37°03′–38°23′N). This region 

belongs to Hebei flood plain, and it leans from the south-

west toward the Northeast, with an elevation of 12 to 30 m. 

The climate is continental monsoon climate zone, and four 

seasons are obvious. Annual sunshine hours are 2400 to 

3100 h, and annual precipitation is 300 to 800 mm. In Janu-

ary the average temperature is below 3 °C and in July the 

average temperature ranges from 18 °C to 27 °C. The total 

land area is 8641.7 km2, and the farmland area is 565100 

hm2 which accounts for 65.4% of the total land area. In the 

whole city, the tidal soil accounts for 62.10% of the total 

land, which is extensively distributed in each county and 

city area and is the major soil type for agricultural use. The 

non-tide soil area accounts for 20.4% of the total land area 

and is the area of high-yield of food and cotton due to no 

risk of flood and salinization. Hengshui City is a plain agri-

cultural region where the agricultural production accounts 

for a big portion in the economic structures. The main crops 

include winter wheat, maize, cotton, sweet potato, soybean 

and peanut, etc. Recently, the greenhouse vegetation plant-

ing is developing greatly. 

2 Study methods 

2.1 HJ-CCD image collection and preprocessing 

In order to analyze the annual variation of 5 crops during 

the different growth stages, this paper takes Hengshui City, 

Hebei Province as a study area, employing monthly NDVI 

time-series data from 16 scenes of HJ-1A/B satellite CCD 

images with spatial resolution of 30 m, which are collected 

from October 3, 2011 to October 24, 2012. These images 

are collected from China Center for Resources Satellite Da-

ta and Application, taking the 10% cloud cover and below 

as criterion. Fig. 1 shows HJ-1A image of Hengshui on June 

11, 2012 (R/G/B:4/3/2) and Table 1 summarizes 16 scenes 

of HJ-1A/B CCD image of Hengshui City. 

On the basis of atmospheric correction and geometic 

correction, we calculate the NDVI for each scene according 

to the following equation: NDVI = (Ref4 − Ref3)/(Ref4+ 

Ref3), Ref4 and Ref3 are the reflection rate of the 4th and 3rd 

spectrum of CCD. In order to reduce the noise of NDVI 

time-series data and to make them more proper to the 

growth process of the plants, we use Savitzky-Golay meth-

od to smooth the NDVI time-series data of the 16 scenes 
[17–20]. 

2.2 Ground observation data 

Ground sample-plot number and location. In this paper, 

we choose 15 regular grids from the 2302 grids (2 km × 2 

km) covering the Hengshui City as sample-plots. The prin-

ciple is focusing on the uniformity of crop spatial distribu-

tion and crop varieties. There is at least one sample-plot in 

each county. The lcoation of sample-plot is the center of 

 

Fig. 1  HJ-1A Image of Hengshui on June 11th 2012 

(R/G/B:4/3/2) 

Table 1  List of HJ-1A/B CCD image of Hengshui City 

 
crop distribution in a county. With respective to Shenzhou 

City with large area, we set 3 sample-plots; in Wuqiang coun-

ty and Fucheng county where the crop spatial distribution are 

very complex, we add one sample-plot in each county. 

Ground sample-plot location and crop variety within 

sample-plot. We use difference GPS for field investigation 
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and plotting with combination of Rapid Eye image with 5 m 

spatial resolution through indoor interpretation. In order to 

match the images accurately, all field investigation results 

and Rapid Eye images are corrected geometrically on the 

basis of TM image on June 8, 2011. The error is limited in 

one pixel. The specific process is following: obtaining the 

Rapid Eye images of Hengshui City on September 19, 2011 

and September 3, 2012, which cover above 93.0% area of 

the study region; some area in the southeastern, western, 

and the most southern area is not covered; there is cloud 

cover in Anping county and Raoyang county. On the basis 

of geometric correction, the images are joint and trimmed. 

According to the chosen sample-plot, we obtain the location 

of sample-plot in the field and the range of major crops dis-

tribution through Trimble Geo XT difference GPS; and thus 

we establish the interpretation mark for all crops. Based on 

Rapid Eye images, we plot the crop varieties which would 

be classified and formed verified sample-plot. The verified 

sample-plot is obtained repeatedly in October of 2012 and 

May of 2013. Fig. 2a shows the Rapid Eye images of study 

area, 2 km × 2 km grid and spatial distribution of verified 

sample-plot; Fig. 2b and 2c show explanation of Rapid Eye 

image and crop varieties in the sample-plots. This method 

avoid the shortage of heavy workload during sample-plot 

direct measurement and missing the small ground feature; 

meanwhile, this method ensure the accuracy of obtain veri-

fied sample-plot. 

Crop area and number in ground sample-plot. The total 

area for the 15 sample-plots is 6000 hm2. The areas of win-

ter wheat, summer maize, spring wheat, cotton and minor 

crop are 3597.2, 255.5, 836.6, 314.4 hm2, accounting for 

total area of 59.9%, 4.3%, 13.9% and 5.2%, respectively. 

The area of other crops is 996.4 hm2, and accounts for 

16.6% total area. 

2.3 Main crops growth stages 

In Hengshui region, the winter wheat grows over the 

winter, usually sowing in October, entering into wintering 

period in the last December, being green period and begin-

ning to grow in March of next year, growing peak period 

since April, and generally finishing the harvest before the 

middle June. The growth season is 8 months.  

The summer maize is sowed after harvest of winter 

wheat. Wheat-maize rotation is a main rotation type in 

North China Plain, which could make full use of the hydro-

thermal condition in this region. Usually, it is sowed in the 

middle June and harvested in the late September. During 

this period, it experiences emergence of seedling, elongation 

stage, heading stage, grouting, milking and maturity stages 

and the growth season is approximately 4 months. 

Spring maize (or quarterly maize) is a new crop type 

which is increasing in recent years. Each year, it is sowed 

one time, and its growth season is longer than the summer 

maize. Usually it is sowed in the first May, beginning to 

seed emergence in the late May, entering into the elongation 

stage in June, entering into heading stage in July, entering 

into milking stage in the middle and late August, and begins 

to mature and harvest in October. However, at present, there 

is also some place where it directly plant the summer maize.  

Cotton is planted one time annually in this region. Usu-

ally, it is sowed in the late April, opening of bolls since the 

middle August and then entering into the growth peak peri-

od. Meanwhile, it is gradually harvested. This would last to 

the late October or even to the middle November. The 

growth season is approximately 6 months. 

Soybean and peanut are usually planted one season an-

nually. The sowing stages are relatively disperse. Between 

the middle May and the late June, there are people to sow 

soybean and peanut. Their harvesting time is also disperse. 

Soybean is usually harvested in the late September or the 

early October; but in October, their stalks are still leaving in 

the field. Peanut is usually harvested in the early or middle 

August. For these two crops, the growth stages overlap a 

lot, especially for the peak growth period. Table 2 shows the 

major crop development periods of Hengshui City as ex-

pressed in 10 days.

 

Fig. 2  Distribution of ground samples in Hengshui study area 
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Table 2  Major crop development periods 

 

2.4 Crop classification method 

With respective to winter wheat, summer maize, spring 

maize, cotton, soybean and peanut as the 6 major crops in 

Hengshui City, due to the close growth stages of peanut and 

soybean and the difficulty of identification on their NDVI 

temporal curve, we put peanut and soybean together as a 

minor crop for classification. As a result, we determine 5 

types of crops for study: winter wheat, summer maize, 

spring maize, cotton and minor crop. The classification 

procedures include that: masking the counties and villages, 

combining with ground investigation, and extracting the 

standard NDVI variation curves of the 5 crops through 16 

scenes HJ satellite NDVI time-series. During this process, 

we use 5 statistical parameters: maximum, minimum, peak 

number, the time of peak rearing, and critical period thresh-

old, and apply the decision tree classification method for 

crop classification. 

Data of masking counties and villages are from Rapid 

Eye image with 5 m spatial resolution, with the basis of 

object-oriented classification and with the combination of 

visual correction. For the area where Rapid Eye image can-

not cover, we use HJ-1A/B satellite CCD image and visual 

interpretation. The splitting parameters of scale factor, 

shape and degree of compacting are set as 10, 0.5 and 0.1 

for the object-oriented classification method. For extraction, 

NDVI and plaque homogeneity are used and set as < 0.2 

and < 0.27. The splitting and extracting parameters are de-

termined by visual comparison. In addition, visual interpre-

tation is used to correct the extraction results. The accuracy 

of human visual inspection is above 99%. The masking 

process can avoid the influences from the green-land and 

road trees in the counties and villages which have the simi-

lar spectral signature with the crops [21–24]. 

2.5 Precision validation 

Validation by ground sample-plot data is one of the major 

methods of precision validation and also a parameter to in-

dicate the accuracy of classification result [25–27]. In this pa-

per, we use the ground sample-plot data to validate the 

precision as expressed in confusion matrix, Kappa coeffi-

cient, the overall classification accuracy, mapping accuracy, 

and user range accuracy. 

The overall classification accuracy refers to the ratio of 

all the correctly classified pixels and the total pixels. The 

mapping accuracy refers to the ratio of the pixels correctly 

classified as A type and the total pixels of A type. The user 

range accuracy refers to the ratio of the pixels correctly 

classified as A type and the overall image's A-type pixels 

classified by the classification machine (the summary of A 

pixels in the confusion matrix). The other definitions are 

after the references [28–30]. 

3 Results and analysis 

3.1 The spectral signature of main crops in study 

area 

With the combination of ground sample-plot investiga-

tion, in the center of each crop's sample-plot, we choose 5 

crop types as sample-point, and calculate the average NDVI 

in each stage to form the changing curve of NDVI for the 5 

types of crops (Table 3). As seen from the table, NDVI 

gradually increases in the process of crop growth quickly 

and then decreases. For the winter wheat and summer 

maize, the curves of NDVI have a bimodal variation, and 

two peaks occur on May 3 and September 4, 2012, which 

correspond to the sprouting stage of winter wheat and the 

milking stage of summer maize. The minimum values occur 

on March 27 and June 10, 2012, which correspond to the 

green period of winter wheat and the sowing period of 

summer maize.  
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Table 3  NDVI change characteristics of major crop types in 
Hengshui region 

 
With respective to the spring maize, cotton and minor 

crop, the trends of NDVI curves are unimodal pattern; the 

peak value occurs in September when the crops grow 

quickly, and the minimum value occurs on March 27 when 

it is preparation of land before sowing and the bare land 

lowered NDVI. The width of spring maize and cotton's 

NDVI curves are large and they decrease slowly; that of the 

minor crops is relatively narrow and decreases quickly. 

Compared to the summer maize, the curve of spring maize 

has a lower peak value and the decrease after September 15 

is relatively flat, which is consistent with the long growth 

stages of spring maize. The spectral width of cotton is the 

largest, from March 27 through October 24; the high-values 

last for a long time, from July 11 to September 30, which is 

the crop with the longest growth period. The decrease rate 

of the minor crops in the last periods of growth is greater 

than that of cotton and maize, suggesting that the minor 

crops have a shorter growth period than the other crops. 

3.2 Classification and extraction based on spec-

tral signature 

On the basis of the above crop NDVI analysis in 

Hengshui City, from the view of covering the overall 

growth time, we choose NDVI maximum, minimum, peak 

number, peaking time and threshold of NDVI in the critical 

period as parameters to extract the 6 crops. The maximum 

and minimum are used to judge the peak number. The 

threshold is determined firstly according to the statistics of 

the sample data to obtain the initial value. Following the 

decision tree classification procedures as shown in Fig. 3, 

we validate the classification results by 15 sample-plots 

data. When the precision validation is quite low, we adjust 

the threshold and re-classified. When the adjustment of the 

precision validation cannot get any good effect, we stop 

adjustment and accept the current classification results. 

 

Fig. 3  Extraction of crop acreage in Hengshui based on NDVI 

features 

Firstly, we identify the curve as bimodal pattern or uni-

modal pattern. During April to May, the peak of NDVI ≥ 

0.5, and during August to September, peak of NDVI ≥ 0.7, 

we recognize them as bimodal pattern and the others are 

unimodal pattern. It is bimodal pattern in the planting area 

of winter wheat and summer maize; the other crops are 

unimodal types. For the unimodal patterns, in July or the 

late September, when NDVI ≥ 0.6, or in June or October 

NDVI≤0.5, we recognize it as cotton. For the unimodal pat-

tern, in late August or the middle September, when NDVI ≥ 

0.7, we recognize it as spring maize. For the unimodal pat-

terns, in middle July or the late September, when NDVI < 

0.6, or in late August or middle September NDVI < 0.7, we 

recognize it as minor crops. 

3.3 Classification results and precision validation 

Using the above procedures, we extract the winter wheat, 

summer maize, spring maize, cotton and minor crops (soy-

bean and peanut) types in Hengshui City of Hebei Province 

in 2012. Fig. 4 shows the spatial distribution of crop types. 

Through statistical analysis, the total planting area of 5 

types crops is 734800 hm2, and the areas of winter wheat, 

summer maize, spring maize, cotton and minor crops are 

282200, 282200, 25200, 112800 and 32400 hm2, accounting 

for the total area of 38.4%, 38.4%, 3.4%, 15.4% and 4.4%, 

respectively. 
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Fig. 4  Spatial distribution of crop types in Hengshui in 2012 

As shown in Fig. 4, the rotation area of winter wheat and 

spring maize is located in the middle and northern area and 

belongs to the traditional area of rotation planting. Cotton is 

mainly planted in the southwestern area where the salt con-

tent of soil is high and it is also the traditional area for cotton 

planting. Spring maize is extensively planted overall the city, 

and it focuses in the northeastern area, where it is econom-

ic-crop planting zone including grape and vegetation in 

greenhouse. Planting spring maize could save labor and time, 

and it is more convenient to adjust crop planting annually. 

Minor crops are uniformly distributed in the whole city and 

just focuses in some small corners in northeastern area, which 

is consistent with the results of ground investigation. 

Generally speaking, the spatial distribution pattern of the 

5 crops is consistent with the local crop planting, suggesting 

that our method is of local application value. 

Using the 15 sample-plots to validate the classification 

result, Table 4 summarizes the confusion matrix of precision 

validation. As shown by the table, taking into account of the 

other unclassified types, the general precision of 5 type 

crops is 90.9%, with a Kappa coefficient of 0.846, which 

reaches the average level of the previous reports. As for the 

mapping precision, the identification precision of the crop 

with a high area ratio is the highest: winter wheat/summer 

maize and cotton, 94.7% and 86.9%; spring maize and mi-

nor crops, 82.4% and 81.2%; the others, 85.9%.  

With respective to the specific classification process, the 

precision of crop planting area identification is determined 

mainly by the distance of each pixel to the crop standard 

NDVI curve. Due to the bad growth condition of parts of 

crops, their NDVI curves are easily confused with the other 

crops. The current standard curves could identify most of 

the crops, for example, the bimodal pattern of winter 

wheat/summer maize is significantly different from the oth-

er crops, and thus, they are easily identified with high preci-

sion. But, for the winter wheat in green period, due to its 

bad growth condition, the first NDVI value of the bimodal 

pattern is very low, and the bimodal pattern is not obvious, 

which is easily confused with the spring maize or other 

crops with good growth condition. In addition, for the crops 

with small difference of NDVI curves, they are more seri-

ously confused. For example, spring maize is confused with 

the two minor crops, or with the other unclassified crops, 

which is more serious than the other crop confusion. As a 

result, the precision of both type crops is relatively low. 

Table 4  Precision verification of classification result of crop area 
in study area 

 
Note: Minor crop types including soybean and peanut. 

4 Discussion 

In the process of monitoring the main crop planting area 

in North China Plain using HJ satellite time-series images, 

in order to form a business procedure and avoid excessive 

pursuing the high precision of classification which led to a 

lower methods applicability and large workload increase, 

this paper did not use mathematical method to select 

time-phase and add visual interpretation on the basis of 

classification results. If it needs to more accurately extract 

the crop planting area in a given area, we can increase our 

workload in the above aspects. 

There are many places for improvement using HJ satel-

lite time-series to extract crop planting area. With respective 

to minor crops, due to the different planting periods, there 

were probably confusions of NDVI curves of different 

crops; the minor crops were planted relatively fragmentally, 

and the influence of the background reflection rate would be 

great, and thus some of minor crops would be confused in 

the major crops. If we want to improve the precision, more 
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high-resolution images are needed and the character of re-

flection rate would be also included as auxiliary eigenvalue. 

With respective to the classification proposal and method, 

we need to further solidify the time of image input, the local 

signature of identification and threshold, in order to im-

prove the business operational efficiency. 

5 Conclusions 

This paper studied crop planting area extraction through 

time-series images and obtained the following conclusions: 

1) Using HJ satellite time-series images that covered the 

complete growth stages of crops and employing monthly 

NDVI time-series data, we can accurately describe the crop 

growth characteristics in North China Plain. With the com-

bination of decision tree classification, we can effectively 

distinguish the major crops, as well as the minor crops to 

some extent. The total precision of crop planting area ex-

traction was high, suggesting that mass crop's planting area 

can be precisely obtained from time-series data of remote 

sensing images with HJ satellite. 

2) The HJ-1A/B satellite with CCD image had good 

timeliness and accessibility and almost met the require-

ments of crop classification using time-series images. At the 

data source aspect, it ensured that such a method had a great 

potential of application in baseline investigation of agricul-

tural crop planting area. In the business work, it is possible 

to choose the images from March to October to identify the 

major crops and extract information. 
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Critical review of fast detection of crop nutrient and physiological information with 

spectral and imaging technology 

He Yong, Peng Jiyu, Liu Fei, Zhang Chu, Kong Wenwen 

College of Biosystems Engineering and Food Science, Zhejiang University, Hangzhou 310058, China 

Abstract: The research achievements and growing trends of spectral and imaging technology in fast detection of 

crop nutrient and physiological information were reviewed. The basic principle of spectral and imaging technology, 

the data processing methods, modeling methods and evaluation indexes of model were briefly introduced in this 

paper. This paper focused on the research achievements and applications of spectral and imaging technology in fast 

detection of crop nutrient and physiological information of five kinds of common crops (i.e., rice, wheat, oilseed 

rape, maize, soybean), including chlorophyll content and nitrogen content detection, crop diseases and pests moni-

toring, stress diagnosis (water, heavy metal, weed, pesticide stress) and yield prediction. In nutrient content and 

chlorophyll content detection, the data were acquired by ground-based sensing, aircraft-based sensing and satel-

lite-based sensing, and the raw spectra, as well as vegetable indices, were used to build quantitative models. In crop 

diseases and pests monitoring, spectral and imaging technology were used to discriminate the crop diseases and 

pests, and diagnose the crop stress level. As for stress diagnosis, several recently-reported researches were briefly 

reviewed. In yield prediction, this paper was mainly focused on predicting the canopy parameters which were found 

to be significantly related to crop yield. Although the ability of spectral and imaging technology was proved, there 

were several problems needed to be solved. 1) The detection of crop nutrient and physiological information with 

spectral and imaging technology is affected by crop type, crop growing stage, operational conditions, environmental 

parameters and field management. Therefore, the stability and reliability of the model needs to be improved, which 

can be overcome by choosing suitable pretreatment methods and chemometrics methods or proposing new vegeta-

ble indices which are insensitive to these influencing factors. 2) Multi-scale rapid detection of crop nutrient and 

physiological information is required in the future, including the multi-scale dataset fusion, the research of differ-

ent-scale sensing effect. 3) The quantitative models for the level of crop stress diagnosis is hard to carry out, due to 

the lack of stress assessment indexes. So it is critical to set up the reference principle for the crop stress level. Fur-

thermore, this paper also analyzed the growing trends of the spectral and imaging technology for the fast detection 

of crop nutrient and physiological information. Firstly, there is a need to develop more stable and reliable methods 

for variable selection, data mining and model calibration, as well as the calibration technology which is based on the 

actual physical model between the radiation and the crop tissue. Secondly, the development of portable machinery 

and the online detection system for crop information acquirement is required in the further study. Likewise, further 

research is necessary with respect to developing the information detection system of whole crop growing stage with 

consideration of different crop features. In conclusion, it is proved that spectral and imaging technology can be used 

to detect the crop physiological information, carry out the online monitoring of the crop growing statue and the re-

sponse to the adversity and stress, which is important for the realization of precision, digitization, informatization 

and the intelligentization management of the agriculture. 

Keywords: crops; imaging techniques; spectrum analysis; precision agriculture; nutrient information; physiological 

information; detection 

CLC number: O657.3; S-1 

0 Introduction 

As the relationship between human and environment be-

comes more and more nervous, pursuing transformation 

from traditional extensive agriculture to modern precision 

agriculture is one of the important direction of agricultural 

development in the 21st century. Precision agriculture 

technology includes three parts, i.e., information acquisi-

tion, information management and decision making and 

variable operation. Thereinto, the most critical problem to 
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implement precision agriculture [1] is to obtain crop infor-

mation conveniently, rapidly, accurately, and reliably. As 

crops internal indicators, nutrient physiological index is 

closely related to the status of crop growth and yield. Take 

nutrient elements such as nitrogen, phosphorus, potassium, 

zinc as examples, the elements are closely related to crop 

growth status, while lack of any elements may cause ab-

normal crop growth. Parameters such as nitrogen, chloro-

phyll content, canopy indices are associated with crop yields, 

and therefore can be used as crop yield forecast indicator. 

When crops respond to environmental stress, the physiologi-

cal information and external morphological will change. For 

example, when crops are infected by diseases and pests, 

stress reaction will occur, and enzymes and some other out-

comes will be produced. Therefore, the changes of certain 

enzyme content, amino acid content, and protein content can 

reflect the situation of crops in adversity, and therefore can 

be used as crop adversity stress response index. 

Traditionally, chemical analysis method would be used 

for the detection of crops nutrient physiological index. Alt-

hough the accuracy of the method to detect the contents of 

chemicals is higher, but it also has a lot of disadvantages [2], 

such as high cost, time consuming, complex operation, and 

environmental pollution caused by the use of chemical rea-

gents. The spectral characteristic of crops is the result [3] 

affected by environmental factors (biological factors and 

non-biological factors). Using of spectroscopy and imaging 

technology is a rapid, nondestructive method to obtain the 

crop nutrient physiological information, indirectly forecast 

the crops yields and monitor the crop condition when re-

sponding to adversity stress, which can help to achieve the 

precision, digitalization, informatization and the intelligen-

tization management of the agriculture. 

Basic principle of spectral and imaging technology, 

common data processing methods, modeling methods and 

evaluation indexes of model are briefly introduced in this 

paper. This paper focuses on the research achievements and 

applications of spectral and imaging technology in fast de-

tection of crop nutrient and physiological information of 

five kinds of common crops (i.e., rice, wheat, oilseed rape, 

maize, soybean) (including chlorophyll content and nitrogen 

content detection, crop diseases and pests monitoring, other 

stress diagnosis and yield prediction). The trend of the de-

velopment of spectral and imaging technology in crop 

growth information detection is analyzed. 

1 Spectral and imaging technology 

Spectral and imaging technology has many characteris-

tics, such as nondestructive, fast, and green analysis, and it 

has been widely used in the acquisition of nutrient, physio-

logical information and crop diseases and pests stress in-

formation during crop growth process. Table 1 briefly lists 

crop nutrient physiology information detection related liter-

atures which are based on spectral and imaging technology. 

The main purpose of the acquisition of nutrient, physiolog-

ical information based on spectral and imaging technology 

is to build a stable and reliable index prediction model, 

therefore, the principle of spectral and imaging technology, 

data analyzing and modeling methods, evaluation indices of 

model, and vegetation indices (VIs) based on comprehen-

sive analysis related content will be elaborated separately as 

below. 

1.1 Spectral analysis technology 

Spectral analysis technology is a technology to carry out 

quantitative and qualitative analysis based on the absorption 

properties to electromagnetic wave of a certain substance of 

the research object. Spectral analysis [4] technology can 

mainly be divided into visible, near infrared, mid-infrared, 

etc. according to various wave bands. At present, spectral 

technology of the visible/near infrared wave band is widely 

used, application status and development trend of spectral 

analysis technology are discussed in relevant reviews with 

respect to quality detection and crop disease diagnosis [10] of 

fruit [5–6], vegetable [7], meat [8], and olive oil [9]. 

Table 1  Survey of works on fast detection of crop nutrient and physiological information with spectral and imaging technology 
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1.2 Spectral imaging technology 

Spectral imaging technology combined spectral analysis 

technology and imaging technology, therefore, spectral in-

formation, spatial information as well as physical properties 

and chemical properties of samples can be obtained. Spec-

tral image is usually three dimensional (3D), which consists 

of two-dimensional spatial information and one dimensional 

spectral information. Based on the number of wave band, 

spectral imaging technology can be divided into mul-

ti-spectral imaging technology and hyper-spectral imaging 

technology. Generally, image obtained from hyper-spectral 

imaging technology is composed of a mass of continuous 

wave bands (dozens or hundreds of), while the image from 

multi-spectral imaging technology consists of a series of 

discrete wave bands (usually less than 10). 

Main hyper-spectral imaging methods are spot scanning, 

linear scanning and area scanning, while linear scanning 

method is normally adopted in the laboratory. Better access 

to information of samples can be achieved with higher 

spectral resolution of hyper-spectral image, however, hy-

per-spectral image usually carries massive information, so 

dimensionality reduction of data is needed to remove re-

dundant information. Hyper-spectral imaging technology 

also has its limitations, such as high cost, low processing 

speed, not suitable for real-time online detection, etc. 

Therefore, hyper-spectral imaging technology is mainly 

used for basic research [11]. Compared to hyper-spectral im-

aging technology, multi-spectral imaging technology is 

more suitable for the on-line monitoring of the field. In 

general, the requirements for multi-spectral imaging system 

is to get the image quickly, process it roughly and rapid re-

sponse for a decision. 

Quantitative remote sensing [12] is the technology using 

of sensors for the electromagnetic wave information of the 

surface features, with the support of computer system, re-

mote sensing information obtained and target yield observed 

on the ground surface are related through mathematical or 

physical models, hence some target parameters including 

geological, biology and atmospheric aspects can be inverted 

or calculated quantitatively. In agriculture, remote sensing 

technology is mainly used for crop discrimination, yield 

prediction, estimation of the degree of crop diseases and 

pests, and nutrition diagnosis, etc. Based on the number of 

wave band, remote sensing technology can be divided into 

hyper-spectral remote sensing and multi-spectral remote 

sensing technology, etc. 

1.3 Spectral analysis modeling method and eval-

uation index 

1.3.1 Spectral data pretreatment method 

Spectral information includes background and noise in 

addition to chemical information of the sample itself. 

Therefore, combining chemometrics method to conduct 

pretreatment for spectrum is required to eliminate irrelevant 

information of spectral data and noise information. A great 

influence will be generated on the result by choosing dif-

ferent pretreatment methods. Commonly used pretreatment 

methods are mean centering, normalization, smoothing, 

derivative, standard normal variate (SNV), multiplicative 

scatter correction (MSC), Fourier transform (FT), wavelet 

transform (WT), direct orthogonal signal correlation (OSC) 

and net analyte signal (NAS), etc. [13, 14]. In spectral pre-

treatment process, suitable pretreatment method needs to be 

chose according to specific situation, i.e., the method to 

retain sample information and remove irrelevant infor-

mation to the maximum. 

1.3.2 Spectral data feature extraction method 

In spectral data processing, as the spectral data contains a 

large amount of information, compression is usually needed 

and redundant information should be removed for it. Spec-

tral data features mainly include characteristic wavelength 

and feature vector. Generally speaking, the extracted spec-

tral data are required to reflect the physical and chemical 

properties of the material, and have the ability to distinguish 

with classification. Methods of spectral data feature extrac-

tion are the correlation coefficient (r), spectrum derivatives, 

analysis of spectral differences (ASD), stepwise regression 

(SR), discrimination analysis (DA), partial least squares 

(PLS), principal component regression (PCA), successive 

projections algorithm (SPA), independent component analy-

sis (ICA) and artificial neural network (ANN) [15]. 

1.3.3 Spectral image feature extraction method 

Corresponding to the extraction of spectral data feature, 

extraction of useful information from image information is 

also a very important step in spectrum image processing. 

Spectral image characteristics including texture characteris-

tics, color characteristics and morphological characteristics. 

Among them, the 2-D Gabor transform and gray level 

co-occurrence matrix are commonly used methods to ex-

tract texture feature. Due to similarity in the method of 

spectral image feature extraction and the method mentioned 

in machine vision [16], further details on this are not shown 

in this paper. 

1.3.4 Modeling analysis method 

Calibration model is established for the purpose of 

building a model with correspondence between chemical 

value and spectral data. The reliability and accuracy of the 

calibration model has significant influence on quantitative 

or qualitative analysis. In the process of the use of near in-

frared spectroscopy, calibration model is established com-

bining with different chemometrics methods, which greatly 

expand the spectrum application field and effect. Chemo-

metrics methods [17] can be roughly divided into two catego-

ries, the linear and nonlinear. Linear calibration methods 

are: principal component regression (PCR), linear regres-

sion (LR), multiple linear regression (MLR), and partial 
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least squares (PLS), etc.; Nonlinear calibration methods are: 

artificial neural network (ANN), soft independent modeling 

of class analogy (SIMCA), support vector machine (SVM) 

and kernel partial least squares (KPLS), etc. Among them, 

Table 2  Vegetation indexes of crop nutrient and physiological information detection 

 
Note: RNIR, Rred, Rred-edge, Rblue, Rgreen are reflectances for NIR, red, red-edge, blue and green bands, respectively; Rλ is reflectance at wave length λ; Dλ is first 

derivative at wave length λ; FVcover is spectrum adjusted with vegetation coverage; NDRE is normalized difference red edge index. 
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two algorithms are applied more widely, i.e., PLS and ANN. 

1.3.5 Modeling evaluation index 

In the process of modeling and validation, evaluation and 

optimization of model are needed. Several statistical param-

eters [6, 18] are usually used, such as root mean square error 

of calibration (RMSEC), standard error of calibration 

(SEC), root mean square error of prediction (RMSEP), 

standard error of prediction (SEP), standard error of cross 

validation (SECV), root mean square error of cross valida-

tion (RMSECV), residual predictive derivation (RPD), bias, 

coefficient of determination (R2) or the correlation coeffi-

cient (r), etc. Model evaluation process mainly includes the 

evaluation of the establishment process and validation of the 

model. In the process of establishing a model, the evalua-

tion indexes are used to evaluate the quality of the model in 

order to select the optimal modeling parameters. After the 

model is established, performance verification of accuracy, 

repeatability, robustness and transitivity needs to be carried 

out by using validation set. Generally speaking, the effect of 

the model is better with higher value of r, R2, and RPD, and 

lower value of RMSEP, RMSEC, SEP, the SEC. When the 

RPD value ranges between 1.5 and 2, the model can distin-

guish high and low chemical values; When the RPD value 

ranges between 2 and 2.5, the model can make rough pre-

diction; When the RPD value reaches 2.5 or above, the 

model has very good prediction ability [7]. 

1.4 Vegetation index 

Vegetation index is the combination of spectral values of 

different wave bands with a series of certain biological sig-

nificance, there are usually ratio vegetation index, linear 

combination vegetation index, revised vegetation index, 

difference vegetation index, etc. Vegetation index of differ-

ent wave band combination have different prediction effects 

on different parameters. In agriculture, the wave band based 

on spectral technology for the detection of crop physiologi-

cal index generally ranges between 400 and 2500 nm. The 

detection involves the absorption of pigment (chlorophyll, 

carotenoid, etc.), nitrogen and water, and the internal struc-

ture of leaf cells [19]. In 400–740 nm visible wavelengths, 

absorption peaks for chlorophyll appear in 480, 650, 

670–680, and 740 nm; for carotenoids it appears in 420, 

425, 440, 450, 470 and 480 nm; and for lutein are in 425, 

445 and 475 nm. At near-infrared wave band of 740–1300 

nm, due to the reflection effect of healthy mesophyll cells, 

there is a dramatic increase in the reflectance; crop water 

absorption peaks are mainly concentrated in 970, 1450 and 

1944 nm. So when crops are stressed, corresponding nitro-

gen, pigments, enzymes will change. By applying various 

vegetation indexes to monitor the changes of physiological 

indexes, the crop stress situation, growth condition and 

yield can be judged. Table 2 lists relevant vegetation index 

for monitoring crop growth. 

2 Nutrient index detection 

Nitrogen and chlorophyll content are important nutrient 

indexes of crops which are closely related to crop yield. The 

acquirement of crop nutrient information based on spectral 

and imaging technology can be divided into two types ac-

cording to whether spectral information is used directly or 

not, i.e., quick acquirement of crop nutrient information 

based on direct spectral information and quick acquirement 

based on vegetation index. Quick acquirement of crop nu-

trient information based on direct spectral information is to 

obtain crop nutrient information through modeling of pro-

cessed raw spectrum, and nutrient detection based on vege-

tation index is to analyze by establishing the model of 

vegetation index and nutrient. 

2.1 Chlorophyll content 

Pigment (chlorophyll a and chlorophyll b, carotenoid, 

etc.) is an important index for crop nutrition stress, the 

growth condition and crop diseases and pests stress. Close 

monitoring of crop pigment content can reflect crop growth 

condition, and is of great significance for the implement of 

rapid diagnosis, precision operation, and crop yield predic-

tion. In actual crop pigment content monitoring, spectral 

and imaging technology based on direct spectral data or 

vegetation index can predict crop pigment content quickly 

and efficiently, and the coefficient of determination (R2), can 

reach over 0.8. 

In visible wavelengths of the spectrum, absorption peak 

intensity of pigment such as chlorophyll, carotenoid, an-

thocyanin, etc. is closely related with pigment content and 

of important influence on monitoring pigment content based 

on spectral and imaging technology. Absorption peak for 

chlorophyll a mainly distributes at 435, 670–680, and 740 

nm wave bands, for chlorophyll b, absorption peak mainly 

distributes at 480, 650 nm, for carotenoid a, mainly distrib-

utes at 420, 440, 470 nm, and for carotenoid b concentrates 

at 425, 450–480 nm [19]. However, models established by 

using of relevant wave band directly are vulnerable to fac-

tors such as soil, atmosphere environment, and leaf struc-

ture. Therefore, establishment of vegetation index based on 

the combination of pigment related wave band and other 

useful wave band can effectively eliminate the influence of 

external factors, and improve prediction effect and stability 

of the model. As shown in Table 2, vegetation indexes re-

lated to pigment content detection are mainly modified 

chlorophyll absorption in reflectance index (MCARI), nor-

malized difference vegetation index (NDVI), modified soil 

adjust vegetation index (MSAVI), green chlorophyll index 

(CIgreen), enhanced vegetation index (EVI), MCARI / 

OSAVI vegetation index, reflective value at 550 nm, ratio 

vegetation index (RVI), triangular greenness index (TGI), 

difference vegetation index (DVI), red edge chlorophyll 

index, CIred-edge. 
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2.1.1 Indicators monitoring based on direct spectral 

data 

In prediction based on direct spectral data, the model 

prediction effect is influenced by instrument parameters, 

environmental factors, and crop growth stage. Zhao et al. [20] 

researched vertical distribution of chlorophyll content for 

canopy winter wheat by applying 350–2500 nm ASD hy-

per-spectrometer. The authors retrieved vertical distribution 

of chlorophyll content by using spectral data obtained under 

different zenith angles. Campbell et al. [21] studied the 

change of vegetation under the influence of environment in 

view of three different types of crops blade by using the 

reflection of hyper-spectral technology and fluorescent 

technique respectively. Author obtain the fluorescence and 

reflection spectrum, and estimate the photosynthesis pig-

ment, C and N content for maize of different nitrogen gra-

dients, soybean of different CO2 concentration and red 

maple under different illumination intensities. Hy-

per-spectral measurement performs better than fluorescence 

spectrum, and the derivative pretreatment effect is the best, 

but the reflection spectrum cannot differentiate between 

influencing factors. Yang et al. [22] applied 3CCD mul-

ti-spectral imaging technique to estimate rice leaf area in-

dex, biomass, chlorophyll content, yield, and morphological 

parameters, etc. Results show that the estimation effects are 

not the same for rice at different growth periods. Mul-

ti-spectral imaging technology is not suitable for estimating 

the agronomy parameter of tillering stage. Detection for leaf 

area index is most accurate at differentiation stage, and for 

biomass, chlorophyll content and yield the effect is best at 

heading stage. 

In addition, for the prediction of chlorophyll content, the 

effect of the model can be effectively improved by choosing 

appropriate chemometrics method and pretreatment method. 

Huang et al. [23] studied the chlorophyll content of wheat by 

the use of hyper-spectral imaging technology. The authors 

used pretreatment methods such as multiple scattering cali-

bration, first derivative, and second derivative respectively, 

establish models by PLS and MLR, and identify that best 

effect appeared with the combination usage of MSC, second 

derivative, and MLR (RMSEP of prediction set = 0.71, R2 = 

0.79). Tang et al. [24] used ASD spectrometer to estimate 

chlorophyll content of canopy soybean. Authors conducted 

wavelet transform for the spectral data obtained, established 

model by using MLR, back-propagation artificial neural 

network (BP–ANN), radial basis function artificial neural 

network (RBF–ANN), PLS, and identify the R2 values for 

the validation set are 0.578, 0.715, 0.873, 0.776 respective-

ly; and RMSE values are 0.812, 0.643, 0.468, 0.557 respec-

tively. 

2.1.2 Monitoring of index based on vegetation index 

In detection of crops based on vegetation index, re-

searchers usually compare the prediction effect of vegeta-

tion index on crop chlorophyll content. In rice research: 

Yang et al. [25] obtained canopy spectrum of rice and wheat 

by using 384.3–1075 nm ASD hyper-spectrometer, com-

pared changes of the spectrum at the growth process of rice 

and wheat, as well as the prediction ability of rice and wheat 

leaf area index and chlorophyll density by different vegeta-

tion indexes. In wheat research: Feng et al. [26] researched 

prediction ability of red edge parameters on chlorophyll and 

carotenoid content by using 350–2500 nm ASD hy-

per-spectrometer. In maize research: Satellite-based remote 

sensing hyper-spectral imaging technology is applied to 

predict canopy chlorophyll content of maize by Wu et al. 
[27]. The authors compared the modeling effect of four veg-

etation indexes: modified soil adjust vegetation index 

(MSAVI), normalized difference vegetation index (NDVI), 

green chlorophyll index (CIgreen), enhanced vegetation index 

(EVI) and found that MSAVI and NDVI saturated at chlo-

rophyll content of 400 mg/m2, CIgreen prediction effect 

reaches the highest prediction effect (R2 = 0.86), and sorting 

of modeling prediction effect is CIgreen > EVI > MASVI > 

NDVI. Zhang et al. [28] predicted the chlorophyll content of 

maize by using near-ground hyper-spectrometer. Based on 

the modeling set of pot, and prediction set of big field, mul-

tiple vegetation indexes are calculated, where 

MCARI/OSAVI vegetation index reaches the best effect, 

with modeling set R2 = 0.897, prediction set R2 = 0.887, 

RMSE = 1.8. Li et al. [29] researched the change of the can-

opy leaf spectral reflectance in seedling stage by using 

190–900 nm ultraviolet visible spectrophotometer. The re-

search revealed that the chlorophyll content have high cor-

relation with NDVI and reflectance at wave band of 550 

nm, but poor correlation with RVI. The prediction model of 

reflectance at 550 nm peaks at early stage of five leaves 

stage, and the correlation coefficient is 0.88. Liao et al. [30] 

used continuous wavelet transform, CWT to estimate the 

chlorophyll content of maize leaves. Near the red edge area, 

the most effective wavelet characteristics (724 nm, with the 

scaling factor of 4) is superior to other optimal spectral in-

dex (R2 = 0.905). Hunt et al. [31] put forward a new triangu-

lar greenness index, TGI to fit the chlorophyll content of 

maize canopy, and the highest correlation coefficient reach-

es 0.91. 

In addition, the effect of prediction model of chlorophyll 

based on vegetation index is affected by the crop growth 

stage. Ciganda et al. [32] applied near infrared reflectance 

(NIR) technology in predicting chlorophyll content of maize 

leaf, and tried to establish a relationship between maize leaf 

and canopy. The author used red edge chlorophyll index to 

predict the correlation coefficient of chlorophyll, leaf at 

silking stage and heading stage and canopy maize, and the 

results are 0.80, 0.87. Sun et al. [33] researched chlorophyll 

content at growth period of maize using 325–1075 nm ASD 

portable hyper-spectrometer. The study revealed that growth 

period detected through chlorophyll is associated with ni-

trogen level, and the sensitive periods are jointing stage and 
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bell stage. In addition, chlorophyll content correlation level 

at normal nitrogen levels is higher than at others. Establish 

MLR and PLS model with wavelength of 558, 667, 714, 

912 nm directly, R2 at the jointing stage are 0.67, 0.62, 

while at the bell period are 0.57, 0.56. Then the author es-

tablished the relationship between chlorophyll in jointing 

stage and bell stage by DVI index, and the correlation coef-

ficient are 0.80, 0.66. 

In addition to simple linear models, chemometrics meth-

ods can also be combined for prediction model of chloro-

phyll content. Atzberger et al. [34] measured winter wheat 

canopy using 350–2500 nm ASD hyper-spectrometer, and 

established the relationship between canopy chlorophyll 

content and NDVI. In the process, three types of chemo-

metrics methods of PLS, PCR, SMLR are used for the mod-

eling, and the predictive ability are compared. Coefficient of 

determination of cross validation, Rcv
2 = 0.82 is the highest; 

PCR's prediction ability is the worst, with Rcv
2 = 0.57, but it 

is most sensitive to white noise; SMLR is sensitive to white 

noise, but interested variables corresponding to the spectral 

region can be processed in standard processing software. 

Singh et al. [35] used 350–2500 nm ASD hyper-spectrometer 

to obtain spectral data at 400–1350 nm, thereafter to detect 

soybean canopy leaf pigments (chlorophyll and carotenoid 

content) at field. The author used several known vegetation 

index and some single frequency, ratio of frequency and 

multiple wavelength to establish linear model. Results 

showed that MLR model combined with spectrum pro-

cessed by continuous wavelet transform performs best, and 

R2, RMSE and RE are 0.86, 2.12, 12.5%; 0.83, 0.56, 12.7% 

respectively. 

2.1.3 Summary of chlorophyll content detection 

In the prediction of crop chlorophyll content based on 

spectral and imaging technology, there are mainly two 

methods: based on spectral data directly and on vegetation 

index. The prediction of crop chlorophyll content based on 

direct spectral data mainly concentrates in the near-ground 

spectral detection; while the prediction of crop chlorophyll 

content based on vegetation index mainly concentrates in 

the remote sensing detection. Prediction of chlorophyll 

content is influenced by crop growth stage, detection pa-

rameters, and environment parameters, so the key is to ob-

tain accurate and stable quantitative model to detect 

chlorophyll content based on spectral and imaging technol-

ogy. In addition, the use of chemometrics and pretreatment 

methods can improve the effect of the model. 

2.2 Nitrogen content 

Nitrogen is one of the most important nutrient elements 

in crops, which is closely related to the growing conditions. 

Nitrogen deficiency can easily lead to the decline of crop 

chlorophyll synthesis efficiency, cause the blade show yel-

low-green, thus less crop yields. Excessive amounts of ni-

trogen in the soil cause fertilizer waste and seedling burnt 

phenomenon. In addition, because of the influence of fac-

tors such as non-uniform fertilization, soil matrix and 

growth stage difference, crop demand for nitrogen fertilizer 

are different with space and time change. Therefore, re-

al-time access to spatial information for crop nitrogen con-

tent is of great significance to plot crop fertilizer 

prescription chart, and realize precision and automatic agri-

culture management. In rapid detection sensors of crop ni-

trogen content, one representative is soil plant analysis 

development (SPAD), SPAD–502, which is produced by 

MINOLTA company, Japan. It calculates leaf SPAD value 

by detecting signals passing through visible red light (650 

nm) and near infrared wave band (940 nm). Although SPAD 

is small in size and convenient for the detection, it is not 

suitable for large area crop nitrogen content measurement as 

the detection range is small. And spectral and imaging 

technology can obtain spectral data of large areas, so spec-

tral and imaging technology is of great significance to the 

quick detection of crop nitrogen content. 

Nitrogen can promote the synthesis of crops pigment, 

and nitrogen content in crop has a close relationship with 

pigment content [36]. Therefore, the pigment absorption peak 

mentioned above can characterize crop nitrogen levels to a 

certain extent. In addition, studies have shown that when 

nitrogen deficiency occurs in crops, the red edge position of 

the spectrum (red and near infrared band spectrum handover 

location) will change in shape and position [37]. As a result, 

the spectrum is closely related to crop nitrogen content [38]. 

As shown in Table 2, main vegetation indexes used to pre-

dict the nitrogen content are ratio spectral index (RSI), op-

timal normalized difference index (NDIopt), normalized 

difference vegetation index (NDVI), difference vegetation 

index (DVI), normalized difference spectral index (NDSI) 

(714, 554 nm), ratio spectral index (RSI), RSI (714, 554 

nm), canopy chlorophyll content index (CCCI), coverage 

adjusted spectral index (CASI), etc. 

2.2.1 Index monitoring based on direct spectral data 

In studies on the prediction of crop nitrogen content di-

rectly based on spectral data, choosing of optimum pre-

treatment and modeling method is the key to the research. 

Among the methods, ANN, LS–SVM, PLS, LR are the most 

commonly used modeling methods, while PCA, DOSC, 

PLS, improved particle swarm algorithm can effectively 

reduce the number of wavelengths, and the spectral data 

amount required. Yi et al. [39] detected N content of rice by 

using 350–2500 nm ASD hyper-spectrometer on rice leaf. 

The author detected chemical value and spectral data re-

spectively of leaf nitrogen in the laboratory, established 

model combining with MLR–ANN, LR, PC–LR, PC–ANN, 

and found that RMSE under MLR–ANN model is reduced 

by 14.2%, 32.1%, 31.5% respectively, compared to that 

under LR, PC–LR, PC–ANN. Yi et al. [40] predicted the N 

content of rice canopy at all growth stage for three big fields 

of different fertilization gradients by using 350–2500 nm 
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ASD hyper-spectrometer. The effects of LR and ANN mod-

eling are compared with principal component and N sensi-

tive wavelengths as input variables, where the effect of 

ANN is the best, prediction concentration on R2 = 0.894, 

RMSE = 0.347. Noh et al. [41] applied multi-spectral tech-

nology to detect the nitrogen content of maize. BP–ANN 

model is established with the spectral reflection values of 

three-channel and the SPAD value measured, and the final 

R2 = 0.89, RMSE = 2.52 in validation set. Xu et al. [42] used 

ASD portable hyper-spectrometer to predict nitrogen con-

tent by measuring maize canopy spectrum. With improved 

particle swarm optimization (PSO) algorithm, the number of 

wavelength after selection can be reduced by 93%, and pre-

diction accuracy can be increased by 34% combining with 

PLS model. Liu et al. [43] detected N, P, K content of oilseed 

rape leaf at seedling stage by using of ASD visible/near in-

frared spectrum. The author confirmed the optimal pre-

treatment method is direct orthogonal signal correction 

(DOSC), by PLS modeling. The characteristic wavelength 

extracted by SPA is input to BP–ANN, LS–SVM and PLS 

as input variable, and the results showed that for N, the pre-

diction effect is best with DOSC–SPA–PLS, with r, RMSEP 

equal to 0.9743, 0.1459 respectively; for P, K, the effect is 

best by using DOSC–SPA–BPANN, the r, RMSEP are 

0.7054, 0.0594; 0.9380, 0.1788 respectively. Zhang et al. [44] 

estimated macro elements (N, P, K) content and the distri-

bution in oilseed rape leaf at flowering stage by using hy-

per-spectral imaging technology. The author established 

models of N, P, K, respectively by using of effective char-

acteristic variables in PLSR model at whole wave band as 

input variables. For LS–SVM, the correlation coefficients of 

prediction (rp) in prediction set are 0.882, 0.71, 0.746 re-

spectively. 

For crop nitrogen content prediction, the major influenc-

ing factors for the model are spectral band, environmental 

factors (water, illumination, etc.), crop physiology factors, 

etc. Moron et al. [45] used near infrared reflectance (NIR) for 

the determination of nitrogen content of fresh wheat plant 

leaf. The test adopted PLS modeling, and leave-one-out 

cross validation methods for the verification. The author 

established models with different spectrum bands (near in-

frared and visible, near infrared, visible) respectively. 

Among which, using of near infrared and visible spectrum 

band for modeling work are best (R2 = 0.89, SECV = 

0.64%). Zhang et al. [46] tested nitrogen content in oilseed 

rape under test environment through the application of ASD 

spectrometer. The author studied the influence of moisture 

and illumination conditions on nitrogen detection, and es-

tablished the illumination calibration model. Aiming at dif-

ferent moisture content, by stepwise regression to extract 

the characteristic wavelength, principal component regres-

sion model of total nitrogen is established, and used for the 

prediction of crop total nitrogen, r = 0.92, RMSE = 0.53 for 

the model. Ryu researched N content of rice at differentia-

tion stage and heading stage in 2009 and 2011, respectively. 

Ryu et al. [47] applied airborne hyper-spectral for the detec-

tion of N content of rice at continuous three-year differenti-

ation stage. When using five latent variables, the LVs, best 

model effect is achieved (r = 0.938, RMSEP = 0.774) when 

modeling with PLS in combination of data between 2003 

and 2005. Ryu et al. [48] applied airborne hyper-spectral for 

the detection of N content of rice at continuous three-year 

heading stage. The model is established by the author using 

MLR (8 variables) in combination with PLS modeling (4 

hidden variables), coefficient of determination, R2, root 

mean square error, RMSE and relative error RE are 0.893, 

1.092, 8.550%; 0.837, 1.401, 11.23% respectively. Due to 

robustness and sensitivity to different results of modeling, 

PLS model is more suitable for the prediction of N content 

using multi-year airborne hyper-spectral than MLR model. 

At present, most of the study is based on short term test 

data, the results of this study cannot prove the robustness 

and reliability of the model. Therefore, the study should be 

based on more growth periods and on data for many years, 

what is more, the scope of sample should be expanded, 

which is of great significance for the development of appli-

cation based on spectral and imaging technology. 

Nitrogen content of crop leaf affects crop morphology, 

color and other characteristics directly. So crop color, tex-

ture information obtained based on the imaging technique 

can also be effective for the prediction of crop nitrogen 

content. Zhang et al. [49] applied multi-spectral imaging 

techniques to estimate the nitrogen content of oilseed rape. 

The author extracted mean image feature, image normaliza-

tion ratio characteristics and characteristics of image fusion, 

and established nitrogen content prediction model by step-

wise regression method. According to the results, the effect 

of oilseed rape model at stem elongation period is the best (r 

= 0.82, MRE = 14%, RAE = 9%). 

2.2.2 Indicators monitoring based on vegetation in-

dex 

Spectral and imaging technology can be divided into 

ground-based remote sensing, aircraft-based remote sensing 

and satellite-based remote sensing according to the height of 

spectrometer. Due to different heights of remote sensing, 

each technology has advantages and disadvantages. Data 

obtained through ground-based sensing technology is of 

high precision and can reflect actual crop information; range 

of satellite-based remote sensing detection is big, but the 

accuracy is poor; aircraft-based remote sensing technology 

is strong in maneuverability, and the precision and range are 

between the two as above. Many scholars have detected the 

effect of crops nitrogen content based on spectral and im-

aging technology with different dimensions. Inoue et al. [50] 

applied 350–2500 nm ASD hyper-spectrometer to research 

the relationship between hyper-spectral index and photo-

synthesis variable based on canopy. Inoue et al. [51] applied 

ASD hyper-spectrometer as well as aircraft-based hy-

per-spectrum to measure canopy nitrogen content (CNC), of 
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rice in big field. This paper studied vegetation index (spec-

tral index (spectral indices, SIs) and spectral ratio index 

(ratio spectral index, RSI) as well as predictive ability for 

CNC by multiple regression methods (PLS and i PLS). The 

study revealed that prediction effect for CNC in vegetation 

indexes by RSI (ratio of first derivative at 740 nm and 522 

nm) is the best. Reyniers et al. [52] compared the prediction 

ability of the yields for winter wheat between aircraft-based 

and ground-based multi-spectral technology. Compared 

with aircraft-based multi-spectral system, the ground-based 

spectrum system is higher in accuracy, and lower in cost. 

This paper established the relationship between NDVI and 

wheat yield (grain and straw yield, dry matter of grain and 

straw content, grain and straw nitrogen content, grain pro-

tein content), among which the correlation with nitrogen is 

the closest, for aircraft and ground based spectral technolo-

gy, the correlation coefficients are 0.84 and 0.91 respective-

ly. Schlemmer et al. [53] used remote sensing technology to 

predict nitrogen content and chlorophyll content in leaf and 

canopy of maize respectively. Based on the level of leaf, R2 

is 0.74, 0.94 for the prediction of nitrogen and chlorophyll 

using red edge chlorophyll index (CIred–edge) of vegetation 

index; based on canopy level, the results of prediction are 

0.9, 0.87. 

The effect of models established to detect crop nitrogen 

content based on spectral and imaging technology is related 

with crop varieties, growth period and so on. Many scholars 

has conducted relevant researches. Zhou et al. [54] discovered 

that NDSI (714, 554 nm) and RSI (714, 554 nm) can be 

used for the prediction of maize leaf nitrogen content. 

However, when model for one variety is used to predict 

other varieties, the deviation between overvalued and un-

dervalued can be as high as 35.6% and 32.7%, respectively. 

Chen et al. [55] used hyper-spectral technology to predict the 

nitrogen content of bell stage, and the prediction accuracy 

with DSI (564, 681 nm) and DSI (681, 707 nm) are 93.43% 

and 93.39%. Rambo et al. [56] measured the nitrogen content 

of maize through multi-spectral technologies, and found that 

NDVI has similar effects for different soil and crops in con-

tinuous two-year time. Li et al. [57] applied 350–2500 nm 

ASD spectrometer and remote sensing satellite to compare 

different vegetation index and predict nitrogen content at 

different growth stage of maize. The results showed that the 

prediction effect is best based on canopy chlorophyll con-

tent index (CCCI), and the best prediction stages of maize 

growth stage are 6, 7 and 10–12 leaves stages. 

Therefore, the researchers hope to propose new vegeta-

tion index so as to reduce the influence of other interference 

factors. Stroppiana et al. [58] applied hyper-spectrometer to 

collect canopy spectral data so as to predict N content of 

rice in big field. The author put forward a new optimal 

normalized difference index (NDIopt). Correlation between 

NDIopt and leaf area index (LAI), above ground biomass 

variability (ABV) is lowest, and between NDIopt and N 

content is the highest (R2 = 0.65). Tian et al. [59] estimated N 

content aiming at multispecies rice of different nitrogen 

gradients in big field by applying ground-based and air-

craft-based hyper-spectrum. The author researches predic-

tion ability for N content by different vegetation indexes. 

This paper pointed out that prediction effect for combina-

tion index of three frequencies is better than that of two 

frequencies. In addition, the authors found that green area 

has good correlation with N content, prediction effect of 

vegetation index R705 / (R717 + R491) on the ground and air-

craft is the best (R2 = 0.83). Reyniers et al. [60] put forward 

an optimal vegetation index (VIopt) to optimize the predic-

tion accuracy of nitrogen in wheat. VIopt ((1 + L) (RNIR
2 + 1) 

/ (Rred + L), L = 0.45 (L is coefficient range from 0 to 100) 

has a low RMSE, and is not very sensitive to lighting condi-

tions and the vibration of the equipment. Tian et al. [61] 

pointed out that SR (553, 537 nm) can reduce the influence 

of rice leaf area index and vegetation cover. Coverage ad-

justed spectral index (CASI) is put forward by Yao et al. [62] 

aiming at different soil backgrounds, and can effectively 

reduce the interference factors of wheat soil background. 

2.2.3 Summary of nitrogen content detection 

From the researches above, it is convinced by the author 

that rapid diagnosis for the crop nitrogen can be studied 

from the following aspects. 1) Carry out multi-scale detec-

tion of crop nitrogen content based on spectral and imaging 

technology. Due to the characteristics of remote sensing 

technology of different scales, diagnosis of crops nitrogen 

content with different demand should be analyzed combin-

ing with the technical characteristics. 2) Systematic explo-

ration should be carried out on various influencing factors 

of spectral and imaging system. The effect of spectral and 

imaging modeling is closely related to spectrum band, en-

vironmental factors (water, illumination, etc.), crop physi-

ology factors (growth stage, varieties, etc.) and field 

management factors. So exploring the effects of influence 

factors on the model and proposing calibration model of 

vegetation index is of great significance for improving the 

robustness of the model. 3) Systematic research should be 

carried out aiming at diagnosis characteristic of nitrogen of 

crops. Although similarities exist to a certain extent in ni-

trogen diagnosis for different crops based on spectral and 

imaging technology, due to differences in internal cellular 

structure, shape, physiological needs within crops, various 

models effects between different crops are not comparable. 

3 Crop diseases and pests stress 

Early diagnosis of crop diseases and pests is of signifi-

cant importance for the scientific prevention and control of 

diseases and pests and the guarantee of crop yields. At pre-

sent, the diagnosis of crop diseases and pests [10] can be di-

vided into direct method and indirect method. On direct 

direction is mainly chemical analysis method, including 
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polymerase chain reaction (PCR), DNA array, etc. While 

sensor technology, such as electronic nose, spectrometer, 

etc., is predominant in indirect methods. Spectral and imag-

ing technology is a fast, non-destructive and effective detec-

tion technology for the diagnosis of diseases and pests. 

When crops face diseases and pests stress, the internal 

physiological index and external morphology will both 

change, and changes will be reflected by spectral response, 

texture, color and other characteristics based on spectral and 

imaging technology. Therefore, spectral and imaging tech-

nology can diagnose diseases and pests through the analysis 

of certain waveband or multiple waveband spectrum, and 

crop image information. Fig. 1 is spectral sensitive band 

(gray part for sensitive wavelengths) related to crops dis-

eases and pests stress. In addition, main vegetation indexes 

for the diagnosis of diseases and pests are NDVI, green 

NDVI, RVI, PRI, leaf moisture vegetation index 1 (LMVI 

1), water index (WI), and water band index (WBI), etc. 

 

Fig. 1  Sensitive bands distribution for crop diseases and pests 

detection 

Note: From Reference [63]. 

3.1 Stress diagnosis of crop diseases and pests 

based on spectral information 

3.1.1 Diagnosis for the existence of crop diseases 

Study of crops diseases and pests stress based on 

non-imaging spectral technology can be divided into diag-

nosis of the presence of crop diseases and pests, and diag-

nosis of crop diseases and pests index. In the diagnosis of 

the presence of crop diseases and pests: Sun et al. [64] ap-

plied ASD hyper-spectrometer to detect infection conditions 

of cnaphalocrocis medinalis for rice. The author analyzed 

spectral changes of the leaves under infection, set threshold 

to distinguish the presence of infection by near infrared 

normalized difference vegetation index, and its accuracy is 

up to 70%. Prasannakumar etc. [65] applied hyperspectral 

remote sensing technology to research diagnosis of rice 

brown planthopper pest stress. Four characteristic wave-

lengths (764, 961, 1201 and 1664 nm) related to rice brown 

planthopper pest stress are discovered. Based on the com-

bination of the four characteristics wavelengths, three spec-

tral indexes of rice brown planthopper pest are proposed. 

Wen et al. [66] put forward a new type of vegetation index 

for the diagnosis of three kinds of pests of winter wheat, 

including powdery mildew, yellow rust aphids insect, and 

aphid. The recognition rates of the three kinds of pests are 

85.2%, 91.6%, and 93.5% respectively. Andrade et al. [67] 

applied photoacoustic near infrared spectrum for the detec-

tion of soybean leaf rust infection. The author can distin-

guish between infected and un-infected soybeans through 

the analysis of spectrum. Jinendra et al. [68] applied NIR 

technology to diagnose soybeans infected by soybean mo-

saic virus (SMV) in the hidden symptoms stage. The author 

carried out enzyme–linked immunosorbent assay (ELISA), 

on the sample to determine whether it is infected by virus, 

and establish model for spectrum by the combination of 

second order derivative and SIMCA methods. Results 

showed that for this model, the sensitivity to predict the 

diseases is 91.6%, and the specificity is 95.8%. Das et al. [69] 

applied 350–2500 nm ASD radiation photometer for the 

identification of soybeans infected by yellow mosaic virus 

(YMV). The authors studied the changes of chlorophyll and 

leaf area index after virus infection, and used indexes such 

as NDVI, RVI, greeness index (GI), photochemical reflec-

tance index (PRI), and leaf moisture vegetation index 1 

(LMVI1), respectively in the infected crops, among which 

NDVI works best. 

3.1.2 Diagnosis of disease grading 

In the aspects of crops diseases and pests index diagno-

sis: Liu et al. [70] applied 350–2500 nm ASD hy-

per-spectrometer to research fungal infection (the rice 

disease) level in the laboratory. The author divided disease 

grading into four grades, and compared the classification 

effect of learning vector quantization neural network based 

on four kinds of pretreatment methods. The accuracy of the 

validation set based on the original, inverse logarithmic, 

first derivative and second derivative methods are 91.6%, 

86.4%, 95.5%, 100%, and the corresponding Kappa coeffi-

cients are 0.887, 0.818, 0.939, 1. Huang et al. [71] applied 

ASD hyper-spectrometer for the detection of cnaphalocrocts 

medinalis infection conditions at booting stage (take the rate 

of leaf rolling and infection area as index) of rice leaves and 

canopy. The author analyzed the changes of different spec-

tral ranges, and sensitive ranges for leaves are 503–521, 

526–545, 550–568, 581–606, 688–699, 703–715, 722–770 

nm, for canopy the sensitive ranges are 747–754 nm. In 

addition, the author also estimated a regression model based 

on vegetation index, minimum RMSE for leaf rolling rate 

and infection area are 0.059, 0.22 respectively. Elliott et al. 
[72] detected stress conditions of wheat under the binary 

aphid by airc multispectral imaging system. At the field 

level, the degree of disease is found to have significant cor-

relation with vegetation index; two varieties under the scope 

of 1 m2, the degree of disease and the normalized difference 

vegetation index have a consistent linear relationship, the 

relationship with the green normalized difference vegetation 
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index is not consistent. 

3.2 Diagnosis of crop diseases and pests stress 

based on imaging information 

The diagnosis of crop diseases and pests stress by imag-

ing spectral technology is mainly based on applying image 

information of different wavelengths. Feng et al. [73] con-

ducted detection and classification of rice leaf blast based 

on multi-spectral imaging techniques. Researches showed 

that recognition rate for rice seedling blast is 98% and for 

leaf blast is 90% at nutrition growth stage. In the diagnosis 

of crop diseases and pests stress by imaging spectral tech-

nology, crop growth stage has great influence on the effect 

of diagnosis. Imaging spectral technology can't effectively 

diagnose when crops diseases and pests occur in the early 

growth stage. Bauriegel et al. [74] analyzed fusarium infec-

tion status of wheat based on hyper-spectral imaging tech-

nology. Study showed that at the early flowering stage and 

fully mature stages, diseases cannot be identified. The au-

thors used PCA to establish model, analysis was conducted 

with the help of spectral angle mapper (SAM), and its ac-

curacy can reach 87%. Huang et al. [75] applied 400–1000 

nm hyper-spectral technology for the identification of soy-

bean infected by pests. Four characteristic values of the im-

age are extracted by the author (maximum, minimum, 

mean, standard deviation), and input into the support vector 

data description (SVDD) classifier to identify soybeans. 

Results showed that the classification accuracy is 100% for 

the modeling set, as for validation set, recognition rates for 

normal and pests infected samples are 97.3%, and 87.5%, 

and the overall recognition rate is 95.6%. 

3.3 Summary for diagnosis of diseases and pests 

stress 

Diagnosis of crop diseases and pests stress is an im-

portant application of spectral and imaging technology in 

agriculture. At present, the main research focuses on diag-

nosis of existence of crop diseases and pests, and research 

for index diagnosis of diseases and pests is relatively rare. 

The binding of non-spectral imaging, spectral and imaging 

technology, and chemometrics methods can increase effi-

ciency by around 90%. In terms of diagnosis index of dis-

eases and pests, as no uniform standard exists in evaluation 

indexes of crops diseases and pests, it is difficult for mod-

eling. Researches on airborne or satellite based remote 

sensing measurement for the diagnosis of crop diseases and 

pests stress should speed up to establish diagnosis model. In 

addition, spectral and imaging technology is restricted by 

crop growing period in the diagnosis of crop diseases and 

pests stress (especially the imaging spectral technology), 

and the diagnosis for some growth periods is difficult. 

4 Diagnosis of other stresses 

In addition to crop diseases and pests stress, crops will be 

affected by heavy metal, water, weeds, pesticides and other 

stresses in the growth process, and thereafter quality and 

yield of crops would be affected [76]. Similar to diseases and 

pests stress, when crops face these stresses, internal physio-

logical index will change, leading to the change of crop 

morphology and spectrum lines. 

4.1 Diagnosis of water stress 

Rapid access to crop water stress information through 

spectral and imaging technology is beneficial for the accu-

rate control of crop fertilizer and water management. Song 

et al. [77] applied hyper-spectral technology in the laboratory 

to distinguish rice leaf with different parameters grow up in 

field. In this paper, crops with three irrigation gradients and 

four nitrogen gradients are distinguished by choosing dif-

ferent wavelengths. The authors used PCA and frequency 

related methods to extract the wavelength, the study found 

that the combination of four single wavelengths (553, 675, 

705 and 776 nm) and three wavelengths combination (1158, 

1378, 1965 nm) combined with LDA method to distinguish 

the effect of nitrogen and water performs best. In addition, 

different modeling methods will affect the result of the 

model. For booting stage in greenhouse canopy rice, Sun et 

al. [78] used BP–ANN, genetic algorithm combined with 

artificial neural network (GA–BP–ANN) and multiple linear 

regression model, finding that GA–BP–ANN modeling ef-

fect is the best (mean error rate is 3.9%, the biggest error 

rate is 6.1%). For four kinds of wheat irrigation levels, five 

kinds of water stress indexes were put forward by Bandyo-

padhyay et al. [79] to describe water stress and pointed out 

that the normalized water index–1 (NWI–1) and water index 

(WI) for wheat yield prediction effect are best. Zhang et al. 
[80–81] applied the multi-spectral imaging technology and 

hyper-spectral technology to study the water content of 

rapeseed leaves under water stress. Predictive results of 

model based on hyper-spectral are better than the model 

based on multi-spectral imaging. 

4.2 Diagnosis of weed stress 

Spectral and imaging technology can also be used for the 

identification of field crops weed. Chen et al. [82] applied 

ASD spectrometer to obtain spectrum of rice and weed, 

used multiple reflectance ratio as variables, and used SAS 

statistical software for the determination process of weed 

identification. The study identified that the rates of identifi-

cation for R395 / R555, R535 / R555, R705 / R555, R1105 / R555 

achieve 100%. Gray et al. [83] applied hyper-spectral tech-

nology to classify soybean, soil and six kinds of weeds. The 

author collected hyper-spectral data of mature leaves, and 

carried out classification by inputting the combination of 

vegetation index extracted and three wavelengths into PCA 

and linear discrimination analysis (LDA). Results showed 

that the LDA performs better than PCA, and sensitive 

wavelengths located at short-wave near infrared areas 

(1445–1475, 2030 –2090, 2115–2135 nm). When using 
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chemometrics method to distinguish weeds and crops, the 

choice of pretreatment method can effectively reduce the 

influence of environmental factors. Hadoux et al. [84] com-

pared the effect of different pretreatment methods on dis-

criminant model, and pointed out that the logarithmic 

transformation combining with PLS–DA is best for noise 

processing ability. 

4.3 Diagnosis of heavy metal stress 

When soil where crop grow is polluted by heavy metal, 

crops will also absorb the heavy metal as well as water. As 

heavy metal material density reaches a certain degree, it will 

cause serious damage to human body. Therefore, many re-

searchers hope that diagnosis of crop heavy metal stress can 

be conducted through spectral and imaging technology. 

Zhang et al. [85] applied infrared spectroscopy to study spec-

trum of root, stem and leaf of two types of soybean with 

different aluminum resistance, and tried to distinguish be-

tween the two varieties of soybeans by comparing the spec-

trum difference under different aluminum concentration. 

Wang et al. [86] applied 350–2500 nm ASD hy-

per-spectrometer to detect maize field with different pollu-

tion degrees under natural environment, the author collected 

400–800 nm visible light spectrum data and built BP–ANN 

model with chlorophyll value collected, its fitting residual 

error is 0.0013, R2 is 0.9758. In the diagnosis of heavy met-

al stress level, vegetation index and chemometrics method 

are still important means. Guan et al. [87] applied Hyperion 

hyper-spectral remote sensing detection to test leaf chloro-

phyll content of rice under cadmium-polluted soil, research 

sensitive remote sensing parameters to chlorophyll changes 

with the method of multiple discriminant analysis, where 

modified chlorophyll absorption in reflectance index, 

MCARI is most sensitive, and the response coefficient 

reaches 0.59. Liu et al. [88] applied ASD hyper-spectrometer 

to detect heavy metal pollution stress level of rice based on 

field test. The study revealed that prediction effect of REP is 

the best among vegetation index usually mentioned; based 

on wavelet transform (WT) to predict chlorophyll, R2 of N, 

Cu, Cd linear model is higher than 0.7, RMSE is less than 

3.5. Xiu et al. [89] applied 350–2500 nm ASD hy-

per-spectrometer for the detection of rice pollution under 

cadmium stress. This paper used wavelet energy coefficient 

extracted for the modeling of cadmium content, the study 

revealed that singular range of the wavelet decomposition 

(d5) for the fifth layer is 550–810 nm, singular amplitude is 

0.04, when modulus maximum center is located at 700 nm, 

identification effect of rice pollution is the best; prediction 

accuracy on cadmium content is maximum when modeling 

with wavelet coefficient of layer 3, R2 = 0.958, RMSE = 

0.122. 

4.4 Diagnosis of pesticide stress 

In addition, as crops suffer from weed stress in the pro-

cess of growth, pesticide will be used to deal with weeds 

inevitably. When crops are facing pesticide stress, some 

protein, enzyme, amino acids and antioxidant indexes will 

change in the crops. On one hand, pesticide stress level can 

be detected directly through the establishment of relation-

ships between spectrum and pesticide content, on the other 

hand, crop pesticide stress level can be evaluated through 

the detection of protein, enzyme, amino acids and other 

indicators indirectly. Yao et al. [90] apply hyper-spectral im-

aging technology for early damage diagnosis aiming at 

soybean without glyphosate resistance in the greenhouse. 

The author used glyphosate of three gradients, measured the 

canopy spectrum at four periods after applying pesticide and 

analyzed with extracted vegetation index. The results 

showed that some vegetation indexes can identify damage 

after 24h. In addition, the wave band of 519, 670, 685, 697 

nm after the first derivative processing can identify damage 

after 4 h, and distinguish soybeans with different pesticide 

concentration. Research of reflecting pesticide stress level 

through physiological index indirectly concentrates in 

oilseed rape, but is rare in other crops research, thus corre-

sponding study should be conducted as soon as possible. 

Liu et al. detect total amino acids [91–92], acetyl lactic acid 

synthase [93] and protein content [94] of oilseed rape leaf un-

der pesticide stress based on visible/near infrared spectral 

technology. The author used PLS modeling to determine the 

optimal pretreatment method, and input the characteristic 

wavelength extracted by SPA as input variable to MLR, 

LS–SVM and BP–ANN, PLS models, where r value of the 

optimal model can reach above 0.98. Bao et al. [95] applied 

visible/near infrared spectral detection for glutamic acid 

content in oilseed rape leaves under pesticide stress. The 

author used PLS modeling and determined that the optimal 

pretreatment method is the first derivative (1-derivative, 

1-der), and characteristic wavelength extracted by SPA is 

input to the LS–SVM and PLS as input variable. Results 

showed that the best effect is for SPA–LS–SVM, where its 

r, RMSEP are 0.9943 and 0.0569 respectively. Kong et al. 
[96] used ASD spectrometer for the determination of 

malondialdehyde (MDA) content of oilseed rape in seedling 

stage. The author adopted latent variable (LV) extracted by 

PLS and effective wavelength extracted by SPA as input 

parameter, and conducted modeling in combination with 

LS–SVM. The studies demonstrated that the best is 

LV–LS–SVM model, while R2, RMSEP based on de-trend 

and second order derivative treatment are 0.9999, 0.9999; 

0.5302, 0.3957 respectively. 

4.5 Diagnosis summary of other stresses 

Rapid access to stress information of heavy metal, water, 

weeds, pesticides and other stresses based on spectral and 

imaging technology, is closely related to how to guarantee 

the quality and safety of agricultural products and effective 

field management, such as irrigation, weeding. The main 

detection object for spectroscopy is molecular, thus detec-

tion of heavy metal stress for crops is mainly through de-
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tecting the change of other substances indirectly. So the 

theoretical basis of spectral and imaging technology still 

needs further research. For research of water stress diagno-

sis and weed identification, near-ground spectral technology 

is predominant, combination of the airborne remote sensing 

and satellite remote sensing technology, etc., can be consid-

ered. For the diagnosis of pesticides stress, current study 

mainly focuses on the study of oilseed rape, and is only lim-

ited to the detection indicators associated with pesticide, 

however, no relationship with pesticide level is established. 

5 Yield prediction 

Crop yield is affected by many factors, not only related 

to the factors mentioned above, but also related closely to 

field management factors, soil factors, environmental fac-

tors, etc. Crop yield prediction based on spectral and imag-

ing technology is mainly through the establishment of 

relationship between spectral vegetation index and crop 

canopy parameters, and belongs to the experience model [97] 

in crop yield prediction. The structure of the model is sim-

ple, but robustness is poor. At present, commonly used veg-

etation indexes are: green chlorophyll index (CIgreen), red 

edge chlorophyll index (CIred–edge), the MERIS terrestrial 

chlorophyll index (MTCI), normalized difference vegetation 

index (NDVI), chlorophyll index (CIs), simple ratio (SR), 

modified triangular vegetation index (MTVI2), modified 

chlorophyll absorption ratio index (MCARI2), excess green 

minus excess red (ExG – ExR), etc. 

5.1 Yield prediction for different crops 

In terms of crop canopy parameter prediction, the opti-

mal vegetation index of models is different because of the 

differences between different crops. Considering oil seed 

rape, Behrens et al. [98] applied multi-spectral multi-transient 

technology to detect canopy characteristics for winter rape 

and barley—shoot fresh matter (FMshoot), shoot dry matter 

(DMdry), shoot N content (NCshoot), shoot water content 

(WCshoot). Through modeling of the traditional vegetation 

index and canopy characteristics, we find that vegetation 

index with relatively high frequency has higher correlation, 

and put forward new vegetation index in the reflectance at 

850 nm. Muller et al. [99] applied hyper-spectral technology 

to compare different vegetation indexes to estimate the rape 

canopy parameters—green area index (GAI), shoot dry 

matter (DMshoot), total nitrogen amount in the shoot (Nshoot). 

The study found that the combination of two kinds near 

infrared wave bands has the best effect on estimation of 

these parameters. When forecasting Nshoot, R2 could reach 

82%. The normalized difference index (NDI) (750, 740 nm 

combination) has the best effect on predicting GAI. NDI 

(740, 780 nm combination) and simple ratio (SR) (740, 780 

nm) has the best effect on predicting DMshoot and Nshoot. In 

terms of corn, de la Casa [100] applied satellite imaging spec-

trometer and various vegetation indexes to estimate the corn 

ground cover. Results illustrated that NDVI has the best 

effect (R2 = 0.87, RMSE = 9%). In the aspect of soybean, 

Meyer [101] proposed a new vegetation index when identify-

ing soybean crop biomass in the greenhouse and field, that 

is excess green minuses excess red, ExG − ExR, and com-

pared it with the traditional excess green (ExG), normalized 

difference indices (NDI). The results showed that the quali-

ty factor for ExG – ExR in the greenhouse is 0.88 ± 0.12, 

which is higher than other vegetation index. In particular, 

the above 3 vegetation indexes for comparison are color 

vegetation indices (CVI). 

5.2 Analysis of yield prediction influencing fac-

tors  

In addition, when forecasting crop canopy parameter, the 

forecast model is affected by inspection parameters, the soil 

and crop varieties. Therefore, related researchers has con-

ducted factors analysis to seek the least affected vegetation 

index. Perbandt et al. [102] applied hyper-spectral technology 

to inspect dry matter yield (DM), metabolisable energy (CP) 

and crude protein (ME) in the corn biomass. The author 

found that different heights and angles could affect the cor-

relation of the test. Vina et al. [103] applied hyper-spectral 

imaging technology based on aircraft to inspect green leaf 

area index (LAIgreen). The author compared forecast result of 

3 green chlorophyll indexes—green chlorophyll index (CI-

green), red edge chlorophyll index (CIred–edge), and MERIS 

terrestrial chlorophyll index (MTCU), and found that 

CIrededge have the least sensitivity to crop category and soil 

background, and the RMSE is 0.577. Nguy–Robertson [104], 

applied 400–1100 nm marine optical spectrum and inte-

grated various indexes (including NDVI, CIs, SR) to predict 

leaf area index of corn and soybean. Among them, the 

NDVIred–edge and CIred–edge have good adaptability. Kross et 

al. [105] forecasted leaf area index and biomass for cotton and 

soybean integration vegetation index and found that NDVI 

has the best versatility of crop types and R2 for biomass is 

0.9. 

5.3 Summary of yield prediction 

Regarding crop yield forecast, this paper mainly involves 

the forecast based on spectral and imaging technology for 

crop canopy parameter. The question of how to establish 

relationship between canopy parameters with yields is be-

yond the scope of this paper. In terms of crop canopy pa-

rameters inspection, there is significant difference for 

suitable vegetation index because of the different categories 

and external forms. Besides, the instrument parameters, soil 

and other indexes also could affect the model. Therefore, 

when conducting crop canopy parameter forecast, it is sug-

gested that systematic study should be carried out for one 

crop, influencing factors should be explored, the optimal 

vegetation index should be found and crop model database 
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should be established. 

6 Conclusions and prospects 

To sum up, due to the characteristics of rapid, nonde-

structive, and green analysis, spectral and imaging technol-

ogy has played an important role in crop nitrogen and 

chlorophyll content monitoring, stress diagnosis of crop 

diseases and pests, heavy metal, water, weed, pesticide etc., 

and crop yield prediction, etc. Through the analysis of crop 

spectral response and image information, crop physiological 

information can be obtained effectively, and crop growth 

status can be evaluated. Although spectral and imaging 

technology has become a key technology for information 

acquisition in precision agriculture, there are still some 

problems. 1) Robustness and transitivity for detection model 

of crop index based on spectral and imaging technology 

remains to be improved. Due to the effect of various influ-

encing factors including crop physiological factors (varie-

ties, growth stage, etc.), environmental factors 

(illumination, soil, temperature, precipitation, etc.), detec-

tion parameters and field management factors (irrigation, 

fertilization, etc.), the mutual interference between indexes, 

the crop index model is difficult to cover all cases. There-

fore, by choosing appropriate chemometrics methods and 

vegetation index, the robustness and transitivity, of model 

can be improved, and the interference of other factors can 

be reduced. The key to the future research is to study influ-

encing factors and detection mechanism, and establish 

model database for various crops. 2) Research based on 

multi-scale remote sensing technology for rapid diagnosis 

of crop nutrient physiology index is relatively deficient. 

Due to respective advantages of remote sensing technology 

at different scales, crop index characteristics and application 

requirements should be combined to carry out systematic 

research on remote sensing technology of different scales. 

In addition, the multi-scale data fusion with remote sensing 

technology is helpful to realize the technical advantage, and 

to achieve better access to crop nutrient physiology infor-

mation. 3) For the diagnosis of plant stress level, there is 

still problem exists. As there is no unified evaluation index 

for crop diseases and pests, weeds, water stress, it is diffi-

cult to establish quantitative diagnosis model. Therefore, for 

each crop, we need to establish reference standard of the 

actual stress level which is suitable for spectral and imaging 

technology.  

The awareness and access of crop physiological infor-

mation, has played an important role in agricultural produc-

tion, decision making and crop growth status inspection and 

has become a crucial content for precision agriculture and 

agriculture information development. In precision agricul-

ture, obtaining crop nutrient physiological information fast 

and lossless (N, chlorophyll, proteins, enzymes, etc.) is still 

the key and difficult aspect of precision management and 

agricultural study. The breakthrough of relevant methods 

and technology will have great significance for realizing 

precision, digitalization, informatization and intellectualiza-

tion in agriculture. 1) Extraction method for crop physio-

logical characteristic wavelength or image information, 

compression method for massive data, and accurate and 

effective modeling method are still needed further study. 2) 

Based on spectral and image information acquisition sen-

sors, portable devices, farmland online monitoring instru-

ment and equipment are not only key points in research and 

development, but also important parts in the agricultural 

informatization and digitization. 3) Rapid detection of 

physiological information of crop has critical scientific sig-

nificance and extensive application prospects in terms of 

crop germplasm resources analysis, field water manage-

ment, diseases and insect pests monitoring, yield forecast, 

agricultural product quality and quality inspection, and 

straw utilization research. 
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Abstract: Mining subsidence is one of the most prominent environmental problems in the plain area with high 

groundwater level in Eastern China. The recovery percentage of cultivated land with non-filling reclamation tech-

niques, such as "Digging deep to fill shallow", "Directly reconditioning" and "Drainage" is too low, while filling 

reclamation technique is an effective way to solve the problem. However, the filling reclamation material, such as 

coal gangue and fly ash, has disadvantages of limited amount and potential contamination. Other filling material 

such as lake mud can only be used in mining areas close to the lake, and the thick mud layer of the reclaimed land 

needs about 3 years to drain away the water, which is a very long time for land reclamation. Thus new land recla-

mation techniques need to be explored. In this study, a new technique of filling reclamation of mining subsidence 

land with Yellow River sediment was implemented in an experimental site in the north of Jining City, and the tech-

nique process, reclaimed landscape and soil profiles, soil physical and chemical properties, and reclaimed farmland 

productivity were introduced. The results indicated that 100 percent of land could be reclaimed with the new tech-

nique, in which more than 95 percent could be reclaimed to cultivated land. The reclaimed farmland had compara-

ble landscape with that of the control farmland, proving that the new technique was feasible. However, there were 

some deficiencies of the capacity to retain water and fertility for the reclaimed soil profiles. The water contents of 

the surface soil layer (0–20 cm), subsoil layer (20–50 cm) and substratum (50–80 cm) of the reclaimed farmland 

were 9.16%, 5.06% and 3.67%, respectively, which were significantly lower than those of the control farmland. The 

pH values of the reclaimed farmland ranged from 7.5 to 8.11, which basically met the requirements of the crops in 

research region. The contents of total nitrogen, available potassium and organic matter of the surface soil layer 

(0–20 cm), subsoil layer (20–50 cm) and substratum(50–80 cm) and the content of available phosphorus of the sur-

face soil layer (0–20 cm) of the reclaimed farmland were lower than those of the control farmland. As for the re-

claimed farmland, the total nitrogen contents ranged from 0.07 to 0.53 g/kg, which were in low or very low levels 

according to the standard classification of the Second Soil Survey of China. The available phosphorus contents 

ranged from 4.46 to 7.73 mg/kg and were in low or medium levels. The available potassium contents ranged from 

37.00 to 109.33 mg/kg and were in low, medium or high levels. The organic matter contents ranged from 2.66 to 

11.12 g/kg, which were in very low, low or medium levels. The relatively low water and nutrient contents of the re-

claimed farmland would restrict the crop growth. The field investigation showed that the reclaimed farmland had 

bad germination and growth of wheat seed, the plant number per square meter, grain number per plant, plant height 

per plant, root length per plant, dry weight per plant and thousand kernel weight were significantly lower than those 

of the control farmland, and the estimated wheat yield of the reclaimed farmland was only one half of that of the 

control farmland, indicating that the filling reclamation process needed to be innovated and the reclaimed soil 

needed to be improved. On the basis of the analysis of technical feasibility, the following studies should be con-

ducted in the future, such as the innovation of the reclaimed soil profile reconstruction, innovation of filling recla-

mation process with fast drainage, design or innovation of highly efficient dredging equipments and optimal 

technical parameters of sediment transportation by pipeline in long distance. When the new technique of filling rec-

lamation of mining subsidence land with Yellow River sediment in long distance is successfully developed, it can 

be popularized and applied in many coal mining areas close to Yellow River in He'nan and Shandong Provinces in 

the future. 

Keywords: land reclamation; mines; sediments; high groundwater level; mining subsidence land; Yellow River; 

physical and chemical properties; farmland productivity 
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0 Introduction 

Coal is China's most principal energy, and it accounts for 

about 70% of the primary energy 
[1–2]

. China is also the 

world's first coal producing countries; the coal production in 

2013 reached 3.68 billion tons, accounting for 47.4% of 

world coal production 
[3]

. The exploitation of coal resources 

not only provided adequate energy for the development of 

national economy, but it also caused damage to the land and 

ecological environment, such as the coal gangue tied up lots 

of land, surface cracks, subsidence land, landscape change, 

toxic gas emissions, soil and groundwater pollution
[4]

. As 

more than 90% of coal production of China comes from 

underground mining and the long walls all adopt caving 

method mining which caused a lot of land subsidence dam-

age. So the reclamation of mining subsidence land has been 

a problem to be solved urgently in the coal mining area 
[1, 5–6]

. By the end of 2010, due to the coal mining in China, 

the cumulative subsidence area had been more than 1 mil-

lion hm
2
, and increased at an annual rate of 70 thousand 

hm
2 [7]

. In the plain area of the high potential water level, the 

underground mining caused the ground subsidence, 

groundwater system damage and water conservancy facili-

ties blocked. The perennial water in the central area of the 

subsidence formed closed lakes or swamps. Soil salinization 

formed in shallow areas. In the borderland of the subsidence 

area, the soil erosion was serious and the land had lost its 

ability to cultivate 
[8]

. Among them, the surface water ac-

cumulation of the coal mining area in some areas had 

reached more than 50% of the subsidence area, and the 

maximum water depth was of 20 m 
[6]

, which had caused 

the smaller proportion of land reclamation in high potential 

water level, increase of land lost farmers and serious social 

and environmental problems. 

The recovery rate of reclamation land was low by ap-

pling the nonfilling reclamation technology such as tech-

nology of deep-digging and shallow-filling of traditional 

pulp pump or towed scraper, land leveling, dredging and 

draining method, and the quality of reclamation soil was 

poor 
[9]

. In order to improve the reclamation rate in high 

dive subsidence area, filling reclamation was the most ef-

fective method. In China, some results had been obtained by 

using mine solid waste (fly ash and coal gangue) to fill the 

reclamation in coal mining subsidence land, but because the 

mine solid waste was limit and might cause secondary pol-

lution, the application of the filling reclamation technology 

was limited. China had also carried out a trial on the lake 

mud filling technology 
[12–14]

, but its use was limited, and it 

was only limited to the mining area of lake mud. After using 

this technology, the bottom of the reclamation had thick silt 

layer and it also was easy to form a swamp. The drainage 

consolidation time was relatively long. After the reclama-

tion, the land can be cultivated two or three years later. So it 

was urgent to find a more suitable filling material. Yellow 

River is a big public hazard because it has a large amount of 

sediment which leads to the river bed elevation. China had 

adopted a variety of methods to adjust the sediment, trying 

to reduce the deposition of the sediment. Because many of 

the mining areas were close to Yellow River, if the Yellow 

River sediment as a filling material to fill reclamation of 

coal mining subsidence land, it not only can restore a large 

number of arable land, but also can transform harm to ad-

vantage and also make a certain contribution to dredging of 

the Yellow River sediment. At present, the research on the 

Yellow River in warping by the Chinese scholars mainly 

concentrated on the dyke strengthening by warping, etc. 

According to the practice on soil amelioration and dyke 

strengthening by warping in lower reaches of Yellow River, 

Zhao et al. 
[15]

 gave analyses on some warping types, such 

as Kanawha depression, silt soil, tong depression and silt 

deposit. They had put forward an engineering layout method 

of warping dike inlet door, canal, embankment and drainage 

back and calculating method of drainage engineering layout 

method and amount of water. It had been 50 years for China 

in middle and lower reaches of the Yellow River to carry out 

back aggradation solid embankment, and had gone through 

three stages, i.e., gravity warping, provided water silt back 

and silt dike. But after 40 years of refinement, the Yellow 

River dike silt machine technology promotion only limited 

to take effect to improve the equipment of sediment excava-

tion 
[16]

. The research on use of Yellow River sediment con-

centrated more on the effect to the soil by sediment from 

Yellow River irrigation 
[17–19]

 and the technology of farming 

the land of desilting basin sediment 
[20–21]

, while the re-

search of the Yellow River sediment filling reclamation of 

mining subsidence has not been reported. This paper based 

on the practice is to make study on using the Yellow River 

sediment to fill coal mining subsidence and to try to explore 

the feasibility of filling technology and find the break-

through point of technological innovation. 

1 General introduction on experimental site 

and experimental materials 

1.1 General introduction on experimental site 

Because the coal mining subsidence land is far from the 

Yellow River, the cost of the pipeline is huge, and it is easy 

to cause the pipeline clogging if the optimal parameters of 

sediment transportation in long distance are unknown. So in 

order to study the feasibility of the technology of filling 

reclamation with Yellow River sediment, the paper mainly 

discusses the technology process of reclamation and the 

effect of reclamation, which is the direction of the devel-

opment of the technique of filling reclamation with Yellow 

River sediment. This study chose the waterlogged lowland 

ponds as the test point, which had similar land features as 

the mining subsidence land and close to the Yellow River. 
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The experimental site is located in the northwest of Peng-

nali Village, Dalukou Town, Liangshan County, Ji'ning City, 

the northern part of Shandong Province, and near the Yel-

low River (Fig. 1). It is about 7 km away from Yellow river, 

the maximum depth is 1.5 m. The area is about 48.67 hm
2
 

(730 mu), and has similar characteristics as the coal mining 

subsidence land, so this area cannot be cultivated. The cli-

mate of this area is semi-humid continental; the annual av-

erage temperature is 13.5 °C. Frost free period is 205 d. The 

annual precipitation is 601 mm. According to Chinese soil 

classification system, the soil of this area is moisture 

soil 
[22]

, originated from the alluvium of Yellow River with 

flood many times. Nearby, the control farmland, in high 

quality, is the result of sediment deposition of the Yellow 

River for more than 40 years. And its planting structure is 

winter wheat and summer corn, double cropping in a year. 

 

Fig. 1  Location of experimental site 

1.2 Physical and chemical properties of Yellow 

River sediments 

The filling material of the experiment, Yellow River 

sediments, is from the sampling site of Liangshan County. 

And its basic characteristics were shown in Table 1. Wang et 

al. 
[23]

 had studied the feasibility of the Yellow River sedi-

ment as the filling material of the coal mining subsidence 

land and found that the type of Yellow River sediment be-

longs to sandy soil, with poor performance of water and 

fertility protection; the Yellow River sediment is in weakly 

alkaline and the electrical conductivity is very small. So it 

can meet the requirements of most crops. The organic mat-

ter, total nitrogen, available nitrogen, total potassium, 

available potassium, total phosphorus and available phos-

phorus in Yellow River sediment are in medium, low or 

very low level. So it is needed to take appropriate measures 

to improve it. Cd and Hg were not detected in the Yellow 

River sediment, and Cr, Cu, Zn, Pb, Ni and As in sediment 

does not exceed the two and three standard values of the 

"Soil Environmental Quality Standard" (GB 15618-1995), 

and will not cause pollution. So it is feasible to be used as 

filling material in the coal mining subsidence land, but it is 

necessary to improve the capacity to retain water and fertil-

ity of the Yellow River sediments. 

Table 1  Physical and chemical properties of Yellow River sedi-
ments 

 
Note: Soil texture was classified according to U.S.D.A. system of textural 

classification. "–" means not detected. 

2 Technique of filling reclamation with Yel-

low River sediments 

The process flowchart of filling reclamation with Yellow 

River sediments in experiments site is shown in Fig. 2. The 

specific processes were: 1) Drain the water of the area be-

fore filling the sediments; 2) Try to strip the surface soil of 

the area (0–20 cm) and part of subsoil (> 20–50 cm) and 

stack in the edge of the filling area to form the dam body; 3) 

Collect the Yellow River sediment by dredging boat with 

the water and sediment sampling rate 1100 m
3
/h; 4) 

Transport the sediment by ordinary pipeline with a diameter 

of 350 mm. The transport concentration reached 400 kg/m
3
. 

The length of the pipeline was about 7 km. According to the 
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requirements of transportation, set up a one-level pressure 

pump in distance of 3.5 km dredger to form a dredging boat 

to make the transmission rate reach 1.9 to 2.3 m/s and 

guarantee that the Yellow River sediment can be transported 

to the experiment site; 5) After the Yellow River sediments 

were transported to the experimental site, the sediment de-

posited and water will be drained into the river nearby the 

project area. 6) After the filling, put these stripped surface 

soil and subsoil on the sediment and then it can be used as 

farmland after smoothing. 

 

Fig. 2  Process flowchart of technique of filling reclamation with 

Yellow River sediments 

3 Effect analysis on filling reclamation with 

Yellow River sediments  

3.1 Land reclamation rate and reclamation land-

scape features 

Before reclamation, the experiment site was waterlogged 

lowland pond. The land was a water storage for a long time, 

and was covered with reeds and cannot be farmed through-

out the year. The scene after the harvest of reed every year 

is shown in Fig. 3a. After reclamation, the waterlogged 

lowland pond became flat farmland (Fig. 3b). Totally 100% 

of land was reclaimed, in which more than 95% had been 

reclaimed to cultivate. Except for the difference of the 

growth between the reclamation and the nearby farmland, 

the landscape patterns were basically the same. We cannot 

distinguish which one was filling reclamation land without 

special introduction. 

3.2 Physical and chemical properties of reclaimed 

soil 

3.2.1 Profile characteristics of reclaimed soil 

Soil profile of reclaimed farmland is shown in Fig. 4a. 

The upper part is overburden layer, about 25 cm deep, with 

dark brown color. The organic matter content is high, and 

the root system is basically distributed in this layer; the 

lower part is Yellow River sediments, in yellow brown and 

organic matter content is lower and basically, no root sys-

tem distributed in this layer; the boundaries between the two 

layers are obvious and neat. 

 

Fig. 3  Landscape features of land before and after reclamation 

with Yellow River sediments 

The soil profile of control farmland is shown in Fig. 4b. 

The upper part is surface soil layer, about 30 cm deep, in 

dark gray. The organic matter content is high. The texture is 

stickier, and the root distribution is more; the lower part is 

the semi-zonal soil layer formed by irrigation sediment 

deposition after long-term soil maturation. The organic 

matter content is high. The color was deep brown. The tex-

ture is too sticky and the root distribution is less. 

 

Fig. 4  Soil profiles of reclaimed and control farmlands 
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3.2.2 Main physical properties of reclaimed soil 

Five soil sampling points were separately set up on the 

reclaimed and control farmland. Excavating the soil profile 

at each sampling point (200 cm × 100 cm × 80 cm), and 

according to three layers, 0–20 cm, 20–50 cm and 50–80 

cm, we sampled to determine the soil particle distribution, 

water content and bulk-densities. Soil particle distribution 

of reclaimed and control farmland is shown in Table 2. Soil 

water content and bulk-densities of reclaimed and control 

farmland are shown in Table 3. 

From Table 2, it could be seen that the reclaimed farm-

land, from top to bottom respectively is the clay, silt loam 

and sand. While, the control farmland from top to bottom 

respectively is clay, clay and silt clay. The surface (0–20 

cm) soils of the two farmlands were clay and presented the 

solid skeleton in tight bonding with strong capacity to retain 

water and fertility. The part (20–50 cm) of the reclaimed 

farmland was silt loam. It had both advantages of the sand 

and clay; the silt loam was a kind of rather ideal soil, with 

excellent cultivated feature. The silt’s volume fraction of the 

reclaimed farmland (50–80 cm) was 0.4%, the sand 99.6% 

with no clay and the texture was sand. The research of 

Wang et al. 
[23]

 indicated that the silt’s volume fraction of 

Yellow River sediment was 0.9%, the sand 99.1%. The 

comparison showed that the drainage process of the re-

claimed farmland lead to the silt lost in a certain degree. 

The layer (50–80 cm) of the reclaimed farmland had loose 

soil solid skeleton and larger intergranular void, in which 

water would be easy to infiltrate. And the internal drainage 

was fast with less water storage and weak drought re-

sistance 
[24]

. In addition, its nutrient content was little, nu-

trient-preserving capability was poor, and the fertility is 

easy to be infiltrated and ran off with water. 

Table 3 showed that there were significant differences in 

soil water content of two types of farmlands in the same 

level (P 0.05). The water content of the surface soil layer 

(0–20 cm), subsoil layer (20–50 cm), and the substratum 

(50–80 cm) of the control farmland were 2.5, 4.2, 5.3 times 

of those of the reclaimed farmland, respectively. According 

Table 3  Soil water contents and bulk densities of reclaimed and 
control farmlands 

 
Note: Means followed by different letters in the same column are signifi-

cantly different at the 0.05 level. Same as below. 

to the investigation to the local farmers, we knew that dur-

ing the whole crop growing period, with the same irrigation 

water content every time, the irrigation frequency of the 

reclaimed farmland was two times more than that of the 

control farmland, but every layer’s water content of the re-

claimed farmland was still obviously lower than that of 

control farmland, which indicated that the water retain ca-

pacity of the reclaimed farmland was poor and easy to make 

the water of the overburden layer infiltrated and ran off. 

Therefore, no enough water could be supplied to the crops. 

We can tell from Table 3 that there was no significant 

difference between the two types of farmlands in the same 

level of soil bulk density (P > 0.05). The bulk density of the 

surface soil layer (0–20 cm), middle layer (20–50 cm) of the 

reclaimed farmland was a little bigger than those of control 

farmland, which may be because of the slight compaction 

caused by the process of the peeling, stacking and backfill-

ing during reclamation. 

3.2.3 Chemical properties of reclaimed soil 

The soil sample collected from the reclaimed and control 

farmlands needed natural air drying and screening. After 

that, the soil pH value, total nitrogen, available phosphorus, 

available potassium, organic matter and other chemical in-

dicators were tested. Data were calculated by Excel 2007, 

and variance analysis was conducted by SAS 8.5. Then the 

results are shown in Table 4.

Table 2  Soil particle distribution of reclaimed and control farmlands 

 
Note: Soil texture was classified according to U.S.D.A. system of textural classification. 
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Table 4  Soil pH, total nitrogen, available phosphorus and potassium, organic matter of reclaimed and control farmlands 

 

We can see from Table 4 that there is no significant dif-

ference in pH value between the same layer of the reclaimed 

and control farmlands (P > 0.05). The pH value of the sur-

face soil layer (0–20 cm) and middle layer (20–50 cm) of 

these two types farmlands is slightly larger than 7.5. How-

ever, the pH value of filling layer of the reclaimed farmland 

(50–80 cm) is 8.11, and the soil is slightly alkaline. The 

Yellow River sediment was from the quaternary sediments 

of Loess Plateau, and had similar particle distribution, min-

eral composition and organic matter content with the loess 

in the middle reaches of the Yellow River 
[25]

. The pH value 

of the Yellow River sediment was in agreement with the pH 

(7.5–8.6) of the loess 
[26]

. The soil in most parts of northern 

China was base saturation and often contained free calcium 

carbonate 
[24]

. When the pH value was from 7.5 to 8.3 or 

higher, the soil pH was mainly controlled by the hydrolysis 

of calcium carbonate 
[24]

 and for main crops, such as wheat, 

corn, and soybean in this area, the pH value of the growing 

environment was 6.5 to 8.0 
[24]

. The pH value of the re-

claimed soil was between 7.5 and 8.11, which basically met 

the growing demand of the main crops. 

Table 4 shows that there are significant differences be-

tween the total nitrogen, available potassium and organic 

matter of the same level between two types of farmlands (P 

< 0.05). There are significant differences in the available 

phosphorus content of the surface soil layer of two types of 

farmlands (0–20 cm), but no significant differences (P > 0.05) 

in middle layer (20–50 cm) and substratum (50–80 cm). The 

content of total nitrogen, available potassium and organic 

matter content in each layer of the reclaimed farmland are 

smaller than those in the control farmland, and the available 

phosphorus content is lower than that in the surface soil 

(0–20 cm). Referring to the second national soil survey on 

total nitrogen, available phosphorus, available potassium and 

organic matter classification standards 
[27]

, the content of total 

nitrogen in the surface soil layer (0–20 cm), middle layer 

(20–50 cm) and the substratum layer (50–80 cm) was in 

low, lower and lower levels, and the content of organic 

matter was in medium, low and lower levels. The content of 

available potassium was in high, medium and low levels. 

The content of available potassium was in medium, medi-

um, and low levels. 

On the whole, the content of total nitrogen, available 

phosphorus, available potassium and organic matter of the 

reclaimed farmland was less than that in the control farm-

land. This may be caused by the following reasons: first, the 

divestiture and backfilling of reclamation in surface soil, 

subsoil increased the permeability of the soil and promoted 

the microbial decomposition of organic residues 
[24, 28–29]

. 

During the soil stack, the anaerobic environment changed 

the form of soil nitrogen and made it into unstable forms 

and easy to leaching loss or dissipation. In addition, during 

the reclamation, the bulk process of the surface soil and 

subsoil aggravates soil erosion due to the increasing slope, 

but also reduces the content of total nitrogen, available 

phosphorus, available potassium, and organic matter
 [30]

. For 

the control farmland, the large amount of organic and inor-

ganic fertility was applied into the soil and a large number 

of crop roots in the soil which maintained higher soil nutri-

ent content. While for the reclaimed farmland, which was 

only used for 2a, the time of the fertility input was short and 

the plants were still less. At the same time, due to poor wa-

ter retention properties of the filling mud layer of the re-

claimed farmland and in crop growing season, the irrigation 

amount was two times higher than that of the control farm-

land. So over high frequency of irrigation also led the nu-

trient in surface soil and middle soil of the reclaimed 

farmland to leach into the deeper layers of the soil. 

3.3  Growth and yield of wheat in reclaimed 

farmland 

According to the field investigation, we found that in re-

claimed farmland, wheat sprouting was irregular, and even 

the bare land emerged. Local farmers had to replant, as 

shown in Fig. 5a. The main reason was the surface soil in 

some areas became thin or mixed sand, and even the emer-

gence of sediment directly appeared in the surface because 

of farming and other reasons. All of these resulted in over 

low of the water content of the surface soil, and effected the 

germination of seed. As shown in Fig. 5c, during the whole 

growing period, the growth status of wheat in reclaimed 

farmland is significantly different from that of control 

farmland. The growing status in reclaimed farmland is poor 

and the plant is sparse, small and yellow, as shown in Fig. 
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5c. During the harvest period, the yield of the wheat is 

measured, and the results are shown in Table 5. 

Table 5 shows that, the mean values of plant number, 

grain number, plant height, root length, dry weight, thou-

sand kernel and estimated yield of wheat separately are 

1.21, 1.90, 1.20, 1.64, 1.77, 1.09 and 2.07 times of the re-

claimed farmland. This result was caused by many reasons. 

The soil profile of reclaimed farmland was a typical model of 

“upper sticky and lower sand” type. Because the sediment 

used as the filling was collected from the Yellow River shoal, 

with a large grain size, and poor capacity to retain water and 

fertility. The irrigation water of overburden layer would be 

downward leakage, then the total nitrogen, available phos-

phorus, available potassium and organic matter of the over-

burden layer would be leached to deeper soil, resulting in the 

insufficient of water and nutrient of crop root growth depth 

(0–80 cm) in reclaimed farmland and limiting the growth of 

wheat. In addition, for the reclaimed farmland, the soil thick-

ness of the filling layer was not enough to support wheat 

growth and the planting time was short, less than 2a. The 

soil fertility of reclaimed farmland has not restored. 

4 Analysis and discussion 

4.1 Feasibility and application prospect of new 

technology 

Based on practice, in this paper we studied the basic 

process and practical application of the technique of filling 

reclamation of mining subsidence land with Yellow River 

sediment. Totally 100% of land had been reclaimed with the 

new technique, in which more than 95% could be reclaimed 

to cultivated land by the way transporting sediment to ex-

periment site by pipeline. The whole reclamation project 

was completed in 6 months, and the wheat was planted in 

the same year. As of now, the wheat and corn had been 

planted for two cycles of the rotation. The landscape pat-

terns of filling and reclamation farmland and control farm-

land were almost the same. The project improved the local 

ecological environment and remitted the contradictions of 

the local people, thus proved feasibility of filling and rec-

lamation technology which was based on the sediment of 

Yellow River.

 

Fig. 5  Wheat growth on reclaimed and control farmlands 

Table 5  Growth and yield of wheat of reclaimed and control farmlands 

 

150



   

© 2015 China Academic Journals (CD Edition) Electronic Publishing House Co., Ltd. 

Due to the characteristics of coal mining subsidence in 

plain area with high water level, the existing reclamation 

technology still could not solve the contradiction of more 

people and less land in the area. The technique for filling 

reclamation of mining subsidence land with Yellow River 

sediment could solve the problem of lack of sufficient mate-

rial for filling reclamation. For this experiment, because the 

surface soil was from the local and the sediment was col-

lected in short distance, the average cost per hectare was 

less than 150 thousand RMB. If the subsidence land in long 

distance to Yellow River (45 km), the cost would be 564 

thousand RMB/hm
2
, only 4.81% of the income of the coal 

mining in the same area, which was reasonable and feasible 

in economy and within the range that mining enterprises can 

bear. This new technique could be applied to many areas in 

Yellow River basin and would have a wide application pro-

spect, such as Yima mining area, Xin’an mining area, 

Wenyuan mining area, Yanlong mining area, Xinggong 

mining area, Jiaozuo mining area in He'nan Province and 

the mining area in northern of Jining in Shandong Province, 

Feicheng mining area, Jidong mining area and northern 

mining area of Heze Juye coal area. Take Jining city as an 

example, after the implementation of the project, the annual 

increase of new cultivated land was about 293.3 hm
2
, and 

the total area of planning and management was about 8 000 

hm
2
. This would not only greatly alleviate the difficult situ-

ation with no land to cultivate for local people, but also 

avoid the relocation of the village. Furthermore, the original 

farming, transportation, ecological conditions would be re-

stored, and the building of a new socialist countryside 

would be promoted, which would be good to social stability 

in urban and rural areas and could maintain the steady and 

rapid development of national economy. At the same time, 

through directly collecting the sediment with dredger from 

Yellow River, this project could reduce the siltation and the 

elevation of river bed, and turn harm into profit. This could 

solve the siltation of the Yellow River on the flood control 

pressure to certain extent, just as the old saying that kill two 

birds with one stone, which would be of great significance. 

4.2 Technique needs to be improved 

According to this experiment, we found that the physical 

and chemical properties of reclaimed soil and the growth of 

wheat were worse than the control farmland, which indi-

cated that we need further innovate the reclaimed process: 

1) The innovation of the reclaimed soil profile recon-

struction: the soil profile structure was “upper sticky and 

lower sand” after filling and reclamation. Although the 

permeability of the clay in upper layer was weak and had a 

strong capacity to retain water and fertility, since the soil of 

overburden layer was not thick enough and the filling layer 

had a weak capacity to retain water and fertility, the irriga-

tion water in the overburden layer would be leakage down. 

And the total nitrogen, available phosphorus, available po-

tassium and organic matter of the soil in overburden layer 

would be leakage down to deeper soil, which would lead to 

the short supply of water and nutrients in growth depth 

(0–80 cm) of root system of the agricultural crops and limit 

the growth of crops. Therefore, it was necessary to increase 

the thickness of the overburden layer soil and change the 

soil profile structure of “upper sticky and lower sand”. In 

addition, mixture of stripping soil or the viscous foreign soil 

with sediment of the Yellow River proportionally could ef-

fectively improve the quality of reclaimed soil. But it was 

necessary to explore a new filling process and study prob-

lems on when to mix, how to mix and how to fill, etc., 

which also was the direction of future research. 

2) Innovation of filling and drainage with fast separation 

of water and sediment: in reclaimed soil, the Yellow River 

sediment was transported by pipeline mixed water and 

sediment. This reclamation and drainage process took direct 

open drainage at the end of the cofferdam in reclaimed area 

and did not take any of the sand drain facilities, which lead 

to that the clay and silt particles (with good water retention 

ability and higher nutrient content) in water and sand mix-

ture before precipitation were also drained by the drainage. 

All the precipitated were coarse grain with big size and 

weak capacity to retain water and fertility and the nutrient 

content was low. Therefore, a scientific process on water 

and sediment separation and precipitating sediment was 

necessary, and a reasonable filling size should be designed 

to ensure the necessary precipitation. Measures, such as the 

geotextiles should be used to speed up the drainage and 

protection of powder particles and clay and explore the op-

timal precipitation rate. 

3) Optimization and innovation of efficient dredging 

equipment under the flowing water condition 

In this experiment, the sediment was collected from the 

Yellow River shoal. If this new technique could be applied 

in a wide range, the sediment in the Yellow River shoal 

would not meet the demand of filling. We need study the 

technique on collecting with highly efficient dredging 

equipment. The sediment would be easy to be affected and 

loss by the flow of water with this technique. In order to 

form special equipment to filling reclamation, the present 

equipment needs to be innovated on the basis of the optimi-

zation. 

4) Optimization technical parameters of sediment trans-

portation by pipeline in long distance 

The area for this experiment was close to Yellow River, 

so it could meet the requirements by building a primary 

pump station. But many mining subsidence land had long 

distance to Yellow River, in order to excavate the sediment 

with enough concentration in long distance, we need exca-

vate the sediment on beach or riverbed, which had big grain 

size. During transportation, it was easy to be precipitated 

and to lead to the pipeline siltation; because of the low 

sediment concentration, it was not worthwhile on the cost. 

The sediment would be easy to be precipitated in a low 

transporting speed and the high speed would abrase the 
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pipeline seriously. Since the sediment transported by the 

pipeline had big grain size and high concentration, which 

would abrade pipeline seriously, we need a kind of anti-

abrade pipeline. The diameter of the pipeline also had a big 

effect on the concentration of sediment, the flow velocity 

and the resistance. So we need to carry out a special exper-

iment to optimize the pipeline, pipeline diameter, concentra-

tion and speed. In addition, to transport the sediment by 

pipeline in long distance, it was also necessary to establish a 

multi-stage relay booster pump station. We need carry out 

the special study on these pump station how to work to-

gether, and how to work in the condition that one of the 

pump stations stopped working and caused pump siltation. 

5 Conclusions 

1) The preliminary application of the filling reclamation 

technique of mining subsidence land with Yellow River 

sediment in the north of Jining City has successfully 

achieved 100% of land being reclaimed, in which more than 

95% could be reclaimed to cultivated land. The reclaimed 

farmland had almost the same landscape with the control 

farmland and improved the local ecological environment, 

proving that the new technique was feasible. 

2) There were some deficiencies of the capacity to retain 

water and fertility for the reclaimed soil profiles. The water 

content, total nitrogen, available potassium and organic 

matter of the surface soil layer (0–20 cm), middle layer 

(20–50 cm) and substratum (50–80 cm) and the available 

phosphorus content of the surface soil layer (0–20 cm) were 

lower than those of the control farmland, which would re-

strict the crop growth. The field investigation showed that in 

the first year the reclaimed farmland had bad growth and 

yield of plant. The irrigation frequency of the reclaimed 

farmland was at least two times of the control farmland and 

wheat yield of the reclaimed farmland was only one half of 

the control farmland, indicating that the filling reclamation 

process needed to be innovated and the reclaimed soil 

needed to be improved. 

3) The technique of the innovation of the reclaimed soil 

profile reconstruction, innovation of filling drainage process 

with fast separation of water and sediment, optimization and 

innovation of highly efficient dredging equipment and op-

timization technical parameters of sediment transportation 

by pipeline in long distance needs further study. When the 

new technique of filling reclamation of mining subsidence 

land with Yellow River sediment in long distance is suc-

cessfully developed, it can be popularized and applied in 

many coal mining areas close to Yellow River in He'nan and 

Shandong Provinces in the future. 
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Abstract: Since early 1990 s, the agricultural structure of Naoli River Basin has been greatly adjusted with large 

amount of dry land changed into paddy field. This resulted in a set of problems in the utilization of water resources. 

To reveal the water profit and loss situation of the cultivated land resources in this river basin, the dynamic changes 

between the dry land and paddy field was analyzed and the farmland water requirements of the cultivated land in 

this basin was calculated in this article. By modeling the rice planting proportion coefficient which could show the 

structure of cultivated land, and using the contribution rate that was borrowed from the thought of economics, 

combing the results of established various types of crop, which was from the research of other scholars, the rate of 

paddy field and dry land proportion was determined. The remote sensing image data, the long-term sequenced me-

teorological data and the DEM data were used as its fundamental data resources in all the above analysis. By com-

bining the planar climatic elements data which was attained from the dot data interpolation processing, the 

Penman-Monteith Model was used to create the computational condition of reference evapotranspiration (ET0), 

which was generally agreed upon in the academic circles, the related model was used to analyze and compute the 

actual evapotranspiration (ET) for the condition of Naoli River basin, evaluation model of water profit and loss de-

gree was established, and the order of evaluation standard was also structured to analyze the variation of area 

changes at different levels of moisture shortage. Fastly, the balance effect questions between the soil and water re-

sources under the situation where the cultivated land constantly changed in the basin between 1990 and 2013 were 

discussed in this article. Results showed that the changes between the paddy field and the dry land in the Naoli Riv-

er Basin were incredibly violent. The internal transformations between the paddy field and dry land were the pri-

mary changes. The dry land was the main source land for the increase of the paddy field; the farmland water 

requirements also increased from 541 mm in 1990 to 581.82 mm in 2013. These changes were mainly concentrated 

in the northwest and middle regions of this river basin and the range of the annual actual evapotranspiration was 

between 438–587 mm. Its overall distribution characteristic manifested itself as ‘middle low, two ends high'; the 

change degree of the cultivated land's water profit and loss were obvious and the spatial distribution differences of 

the profit and loss index for evaluation grades were great. Except for the slight increase of the cultivated land with 

serious water shortage, the cultivated land area of the rest four evaluation grades all changed strongly. Among them, 

the area proportion of cultivated land with normal water shortage decreased 22.06% and the area proportions of cul-

tivated land for the rest three evaluation grades all increased 4.74%, 9.61% and 7.72% successively. The above 

statement shows that the water deficit of the cultivated land in this river basin has been further intensified. These 

research results provide the references and consultancies for the farmland irrigation schemes in the Naoli River Ba-

sin. 

Keywords: land use; water resources; water supply; land and water resource; farmland; balancing effect; Naoli 

River Basin 

CLC number: F323.2; F301.21; S28 

0 Introduction 

Land and water resources, as the fundamentality, strategy 

and sensibility factors in the ecological and economic sys-

tem 
[1]

, not only the support and assurance conditions of 

regional social and economic development, but also the 

basic constitutive element of ecological environment 
[2]

. 

Balance of land and water resources as well as spatial and 

temporal matching problem are always the concerns of 

scholars 
[3]

. Water resources are considered as the bottleneck 
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of regional agricultural land use, and its amount affects the 

plausibility of land use structure 
[4]

. The unreasonable utili-

zation of water resource has caused the problems of 

non-sustainable utilization of land resource, such as misap-

propriation, shortage, and regional structural damage due to 

unreasonable utilization of water resources 
[5]

, strictly re-

stricting the regional economic development and food pro-

duction safety. 

Presently, some scholars have conducted study on the 

balance and coupling relation of land and water resources 

from regional or basin scale. For example, Wang et al. pro-

posed the three-dimensional optimization and distribution 

theory model system of water resources in temporal, divi-

sion and spatial aspects 
[6]

. Zhang et al. studied the farmland 

water balance from two aspects, the natural state land and 

water resources as well as artificial control conditions 
[7]

. 

Yang et al. analyzed the balance state of land and water re-

sources based on the resource balance relation so as to re-

veal the balance relation of natural precipitation and crop 

water requirement 
[8]

. Jiang et al. constructed the matching 

and calculating model of land and water resources on the 

basis of spatial distribution pattern of land and water re-

sources so as to realize the optimal spatial configuration of 

land and water resources 
[9]

. The scholars commonly think 

that land and water resources correlate, permeate and re-

strict mutually, and they should be combined to better en-

sure the full play of overall efficiency of land and water 

resources system 
[5, 10]

. However, due to the regional internal 

complexity, particularity of research object, and diversity of 

research method, presently, most related studies focus on 

the balance of supply and demand, optimal configuration, 

and sustainable utilization of water resources, or on the as-

pect of bearing capacity of land resources and land use 

planning. But, research on the specific land and water re-

sources balance or their spatial matching is relatively less 
[11]

, mostly focusing on the water resources configuration. In 

those studies, the combination of water source with land 

resource is limited 
[4]

. 

Naoli River Basin is the earliest in land development in 

Sanjiang Plain and also one of the most important reclama-

tion areas since the foundation of People’s Republic of 

China 
[12]

. Since early 1990s, due to the adjustment of agri-

cultural structure in this region, a large amount of dry land 

that is vulnerable to flood was changed into paddy field. As 

a consequence, water needs for agricultural irrigation 

sharply increased, which lead to the continuous drop of un-

derground water level, resulting in a series of problems 

concerning ecological environment 
[13]

. Urgent problems 

emerge as to how to coordinate and arrange agricultural 

production and protect ecological environment in basin re-

gion in the condition of reasonably using local water re-

sources. The study about use pattern, intensity, and coupling 

relation of land and water resources will contribute to the 

sustainable utilization of local land resources and the effec-

tive protection of ecological environment 
[2]

. In this paper 

we adopt the acquired remote sensing image to extract cul-

tivated land data by taking the Naoli River Basin as the 

study area and taking the period before and after the agri-

cultural structure adjustment from dry land to paddy field as 

time entry point, and quantitatively investigate the balance 

effect of land and water resources in cultivated land before 

and after "dry land transforming into paddy field" in the 

basin through collecting the long-term sequenced meteoro-

logical data and basic geographic spatial data around the 

basin and meteorological stations, so as to provide scientific 

evidence and decision support for the sustainable develop-

ment of agricultural economy in the Basin. 

1 Overview and data source of study area 

1.1 Overview of study area 

Naoli River Basin is located in Sanjiang Plain hinterland 

of Heilongjiang Province, and the geographical range is 

131°31’–134°10’E and 45°43’–47°45’N. In the southeast, it 

takes the Wanda Mountain as boundary, and in the east, 

joints with Ussuri River. The drainage area is approximately 

2.49 × 10
4
 km

2
, and its location is as shown in Fig. 1. The 

basin is classified as temperate continental monsoon cli-

mate. In summer, it is hot and rainy; in winter, it is cold and 

long. The average temperature in July (as the hottest month) 

is 21.9 °C, and the average temperature in January (as the 

coldest month) is −18.6 °C. The average precipitation of 

Naoli River Basin for many years is 518 mm with uneven 

precipitation distribution. The precipitation from June to 

September occupies 72% of the yearly precipitation. In 

spring, it usually features frequent droughts and in autumn, 

it features more floods and droughts. The average evapora-

tion for many years is 1 417.9 mm (20 cm evaporating 

dish), and the average evaporation from water surface for 

many years is 702 mm. The basin tends to be high in 

southwest and low in northeast, and the river system flows 

from southwest to northeast. The geomorphic type mainly 

consists of mountains and plains. Area of mountain occu-

pies 38.3% of drainage area, and mountains are mainly dis-

tributed in the southwest and southern part of the basin. 

Area of plain occupies 61.7%, and plains are mainly dis-

tributed in internal and external Qixing River at north and 

middle of the basin and the middle reaches of Naoli River. 

Agricultural development activities in Naoli River Basin 

are very active. Since the establishment of new China, it has 

experienced large-scale agricultural developing activities for 

many times. Especially in 1980, the nation has entered to 

the rapid development period of economy. Presently, 6 

counties and 7 modern farms have been built in this area. 

The total population has reached 1.25 million, and the agri-

cultural population occupies 65.4% 
[14]

. This region has be-

come the major grain production area of Sanjiang Plain and 

the national important commodity grain base. 
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Fig. 1  Location of Naoli River Basin 

1.2 Data source and processing 

1.2.1 Remote sensing image data 

To know the spatial and temporal pattern of land use be-

fore and after “dry land transforming into paddy field” in 

the basin, especially the changes of dry land and paddy 

field, we adopt the U.S. Landsat satellite image data of land 

sources to extract the two-period LUCC information in 

1990 and 2013. This study firstly takes topographic map at 

1:100 000 scale as benchmark to conduct geometric correc-

tion and rectification, then establishes the land use interpre-

tation mark of secondary land type including paddy field 

and dry land according to imaging tone and texture of dif-

ferent covering types. Furthermore, we conduct human–

computer interactive interpretation under ArcGIS environ-

ment by referring to the land use covering image and terri-

torial resource data, and obtain the land use status map of 

Naoli River Basin in 1990 and 2013 after data checking, 

correction and blending. 

1.2.2 Meteorological data 

Original meteorological data comes from China’s State 

Meteorological Administration, including the daily observa-

tion data about temperature (including maximum tempera-

ture and minimum temperature), precipitation, wind speed, 

sunshine duration, atmospheric pressure and humidity of 

totally 14 meteorological stations around the study area 

(40a) of 1971–2010. During study, daily data for the mete-

orological elements of each meteorological station is sum-

marized, to obtain the climate element data such as monthly 

average temperature, wind speed, and relative humidity 

from the stations, and the ArcGIS 9.3 land statistical analy-

sis module is utilized to conduct interpolation processing of 

dotted climate element data. To compare advantages and 

disadvantages of effects of different interpolation methods, 

this paper utilizes the mean relative error (MRE) to conduct 

interpolation precision evaluation. The MRE calculation 

results of IDW, Spline and Kriging are respectively 0.56, 

0.83 and 0.65. Obviously, the interpolation simulation effect 

of IDW is better, so this study selects IDW interpolation 

method to acquire areal data of climate element. 

1.2.3 Primary spatial data 

Primary spatial data include the data of geographic lon-

gitude, geographic latitude and elevation. The data origi-

nates from DEM data of United States Geological Survey 

with the precision of 90 m. In the study, DEM grid data are 

changed into the vector data of point factors, and the 

ArcGIS 9.3 Attribute Table is used to calculate the geo-

graphic element value. Based on the obtained geographic 

latitude and longitude and elevation value of point factors, 

the corresponding grid data are generated. Each map is gen-

erally changed into the Albers equal-area projection with 

two standard parallel through projection transformation. 

2 Research method 

Firstly, the internal structure changes of dry land and 

paddy field in cultivated land are analyzed. The farmland 

water requirement in the basin is estimated through calcula-

tion of paddy field and dry land proportion coefficient in 

different evaluation units and combining the measured re-

sults of related crop water requirement. The actual situation 

in study area is considered to calculate actual evapotranspi-

ration of land surface, and farmland water requirement and 

actual evapotranspiration are utilized to build the evaluation 

model of moisture profit and loss. Moisture profit and loss 

changes under the changes of cultivated land in the basin 

are quantitatively analyzed, that is, under the general back-

ground of agricultural structure adjustment, the land and 

water resources balance effect of cultivated land in Naoli 

River Basin. 

2.1 Analysis of changing features of cultivated 

land 

To analyze the features of dynamic changes of cultivated 

land, we can study the spatial and temporal changes in the 

quantity of cultivated land resources, or the features of in-

ternal structure changes of cultivated land. In consideration 

of non-irrigation and small irrigable area of dry crops in the 

Basin, we unify the irrigable land and dry land in the sec-

ondary class of land use as dry land for the convenience of 

study. The internal structure of cultivated land influences 

the regional land and water resources balance effect. In this 

study, rice planting proportion coefficient is used to reflect 

the internal structure of cultivated land. The mathematical 

formula is as follow: 

 
where η is the rice planting proportion coefficient in analy-

sis unit; ai is the paddy field area in analysis unit, km
2
; A is 
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the total area of cultivated land in analysis unit, km
2
. Trans-

forming dry land into paddy field is the most primary fea-

ture of landscape change in this basin in recent years 
[9]

. To 

analyze the influence degree of each land use type change 

on transformation of dry land and paddy field, the influence 

degree on transformation is measured by referring to the 

contribution rate index that was borrowed from the thought 

of economics. The formula is as follow: 

 
where: Km-n is the contribution rate of land use type m 

transforming as n; Im-n is the area of land use type m trans-

forming as n, km
2
; ΔIn is the sum of area of shifting to the 

land use type n, km
2
. 

2.2 Estimation of farmland water requirement 

The physiological water requirement of crop can be ba-

sically ignored compared with the evapotranspiration, so the 

water resource consumption of crop in farmland is mainly 

evapotranspiration. In the Naoli River Basin the under-

ground water is mainly used for irrigation, and the water for 

farmland irrigation occupies above 99.4% of underground 

water development capacity 
[15]

. The underground water is 

under full utilization, and the leakage mainly caused by 

paddy field irrigation can still be regarded as the water re-

source quantity in this area because of its repeatable utiliza-

tion. In the farmland ecological system in the basin, except 

for the evapotranspiration of dry crops such as soybean, 

corn, and wheat and rice, the farmland water requirement 

shall also include related farmland water consumption such 

as the evapotranspiration of farmland non-crop plant and 

surface runoff, and water utilization for agricultural ma-

chinery, namely: 

 
where: Efarmland is the farmland water requirement, mm; 

Ecrop, Enon-crop and Eother respectively represent the farmland 

crop evapotranspiration, non-crop plant evapotranspiration 

and related farmland water consumption item, mm; i repre-

sents the four major crop types including soybean, corn, 

wheat and rice in the basin; Pi is the evapotranspiration of 

the i
th

 crop, mm; Ai is area of the i
th

 crop, km
2
; Pnon-crop 

stands for the evapotranspiration of non-crop plant, mm; 

Eother represents the related farmland water consumption 

item, mm. 

The period from November to next April is the fallow 

period of cultivated land in the basin. Although the farmland 

evaporation capacity is weak, the fallow period is long. 

Therefore, the water consumption in fallow period cannot 

be neglected in yearly farmland water requirement. In con-

sideration of one crop system per year in this region, high 

ratio of rice area and large evapotranspiration as well as 

basically no irrigation of dry crop, regarding the rice, the 

evapotranspiration of dry crop and non-crop plant can be 

substituted by the mean value of water requirement of dry 

crop 
[11]

. The formula (3) is simplified as follows: 

 
where Edry+growth and Edry+fallow are respectively the average 

water requirement of dry crop in growth period and fallow 

period, mm; Erice+growth and E rice+fallow are the average water 

requirement of rice in growth period and fallow period, re-

spectively, mm. 

Based on the measured results of surface evaporation in 

Sanjiang Plain and in combination of related studies 
[15-16]

, 

the water requirement of major crops in growth period and 

fallow period are obtained in the Naoli River Basin. And the 

water requirement of rice in growth period shall be estimated 

based on the measured results of ground surface evapotran-

spiration in Fujin region and the corresponding monthly crop 

coefficients, and the water requirement of dry crop in growth 

period shall refer to the research results obtained by Wang et 

al. 
[17]

. Considering that the crop fallow period in the basin is 

cold and long, the soil evapotranspiration in freezing period 

shall be used to substitute the water requirement in fallow 

period, and the result is shown in Table 1. 

Table 1  Water requirement of main crops in Naoli River Basin 

 
In the farmland water consumption item, farmland sur-

face runoff water consumption is the most obvious item, 

and the water consumption for agricultural machinery is 

relatively less, the influence of which on farmland water 

requirement can be neglected. To estimate the water con-

sumption of farmland surface runoff, and according to the 

acquired runoff volume changing data during 1978–2005 of 

the Caizuizi hydrometric station at the downstream exit of 

Naoli River, the runoff volume in normal year is selected to 

estimate the water consumption of surface runoff, which is 

−10% < P < 10%. Wherein, P is anomalous percentage of 

representing high and low degree of runoff. The yearly sur-

face runoff water consumption in farmland is 52.75 mm by 

calculation. 

2.3 Estimation of actual evapotranspiration 

Evapotranspiration is the important component of surface 

water balance and heat balance. In regional evapotranspira-

tion, due to the influence of factors such as plant types, 

weather and soil, it is difficult to accurately calculate the 

surface evapotranspiration 
[18]

. The crop reference evapo-

transpiration is taken as the theoretical upper limit of actual 

evapotranspiration; its represents the degree of atmosphere 

evaporation capacity and it is an important index influenc-

ing surface water transmission and diffusion rate. The crop 

reference evapotranspiration can be taken as the calculation 

basis of actual evapotranspiration. On the basis of the 

Penman–Monteith model of blade stomatal resistance, the 
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theory of surface vegetation energy balance and water vapor 

diffusion is comprehensively considered to better reflect the 

comprehensive influence of each climate element. The for-

mula is as follow: 

 
where ET0 is the reference crop evapotranspiration, mm/d; 

ETrad is the radiation item in reference crop evapotranspira-

tion, mm/d; ETaero is the aerodynamics item in reference 

crop evapotranspiration, mm/d; Rn is the net radiation on 

canopy surface, MJ/(m
2
·d); G is the soil heat flux, 

MJ/(m
2
·d); ea is the saturation pressure of water vapor, kPa; 

ed is the actual water vapor pressure, kPa; Δ is the slope of 

saturation water vapor pressure–temperature curve, kPa/°C; 

γ is the constant of wet and dry bulb, kPa/°C; U2 is the wind 

speed at the height of 2 m, m/s; T is the average tempera-

ture, °C. 

Numerous studies have shown that there is a proportional 

or complementary relation between actual evapotranspira-

tion and reference crop evapotranspiration 
[19]

. The basin is 

semi-humid. The underlying surface and precipitation are 

the two important factors influencing the actual evapotran-

spiration. In this study the Fubaopu formula is used to cal-

culate the actual evapotranspiration of land surface under 

natural conditions. The formula is as follow: 

 
where ET is the actual evapotranspiration of land surface, 

mm; Q is the precipitation, mm; m is the parameter of un-

derlying surface water permeability, vegetation status and 

topography. In the district where water permeability is poor 

on underlying surface, vegetation is less and topographic 

slope is large, surface runoff is strong, and m value is small. 

On the contrary, in the area with good water permeability, 

high vegetation coverage and flat terrain, surface runoff is 

small, and m value is large. Most of cultivated lands in the 

basin are located in the plain area, and the condition of un-

derlying surface is relatively better. By referring to the re-

sults of related studies 
[19-20]

, m is taken as 2.5. 

2.4 Evaluation of moisture profit and loss degree 

of cultivated land 

In order to more accurately reflect the moisture profit and 

loss feature and balance status of cultivated land in the ba-

sin, based on the calculation of farmland water requirement 

and actual evapotranspiration, the satisfying situation of 

cultivated land moisture condition is analyzed and index 

MPLD (moisture profit and loss degree) model of cultivated 

land is constructed. On this basis, the moisture profit and 

loss degree is evaluated and the balance effect of land and 

water resources of cultivated land in the Naoli River Basin 

is further discussed. The formula is as follow: 

 
where W is moisture profit and loss quantity, mm. On the 

basis of calculated MPLD value and in reference to the 

grade classification standard 
[2]

, the moisture satisfying de-

gree of the cultivated land in the basin is divided into nor-

mal moisture shortage (MPLD ≤ 0.15), mild moisture 

shortage (0.15 < MPLD ≤ 0.30), moderate moisture short-

age (0.30 < MPLD ≤ 0.45), serious moisture shortage (0.45 

< MPLD ≤ 0.60) and most serious moisture shortage 

(MPLD > 0.60). Based on this, the moisture profit and loss 

situation of cultivated land unit in the Naoli River Basin is 

evaluated. 

3 Results and analysis 

3.1 Analysis of changing features of cultivated 

land 

The ArcGIS 9.3 software platform is utilized to establish 

interpretation mark and visual interpretation is conducted 

for the remote sensing image of 1990 and 2013 in Naoli 

River Basin, so as to extract two-period land use and cov-

erage data and quantitatively calculate land use changes 

data in the basin before and after "dry land transforming 

into paddy field". Based on this, the spatial and temporal 

distribution characteristics of cultivated land are analyzed. 

The spatial distribution pattern of cultivated land in 

two-period of the basin shows that (Fig. 2) the spatial and 

temporal change of paddy field & dry land distribution for 

more than 20 years in the basin is incredibly violent. 

Through statistical analysis of land use changes data in the 

basin, it can be known that area of cultivated land increases 

to 1.4855 million km
2
 in 2013 from 1.2399 million km

2
 in 

1990, the added quantity is 245,700 km
2
, and reclamation 

ratio (that is the ratio of regional cultivated land area to the 

total area of land) reaches 67.50%. The paddy field area 

increases by 340,000 km
2 
and reaches 536,500 km

2
. Yearly 

growth rate is 7.52%, and the dry land area slightly de-

creases to the 949,000 km
2
 in 2013. The ratio of paddy field 

and dry land increases from 15.85:84.15 in 1990 to 

36.12:63.88 in 2013. Although the proportion of paddy field 

increases by 20.27%, the dry land still is the main type of 

cultivated land. 

The features of land use type transformation in the two 

periods in the basin (Table 2) are analyzed and the results 

show that from 1990 to 2013, dry land is the main source 

of paddy field increase. During the period, totally 346,600 

km
2
 dry land was transformed into paddy field. Its contri-

bution rate for paddy field increase in this period is 

84.60%, followed by the contribution rate of unused land, 

reaching 13.76%. Most of woodlands are located in the 

southeast and southern area of the Basin. Mountain is the  
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Fig. 2  Farmland distribution maps in 2000 and 2013 of the Naoli 

River Basin 

major geomorphic type; construction land is mainly used for 

the living and industrial and mineral purpose; the contribu-

tion ratio of the two is relatively small, both less than 1%. In 

the basin, as the grassland area is extremely small, basically 

there is no transformation of grassland into paddy field. 

During the study period, totally 69,800 km
2
 paddy field was 

transformed into the land with other use types, most of 

which was dry land, with a transformation area of 69,500 

km
2
. The above analysis suggests that the change of culti-

vated land in the Naoli River Basin is mainly the internal 

transformation. Within over 20 years, totally 268,500 km
2
 

of other land use types have been transformed into dry land, 

of which there was 107,000 km
2
 unused land, with a con-

tribution rate of 39.85%, being the maximum. The contribu-

tion rates of woodland, paddy field and water area are 

respectively 31.90%, 25.88% and 1.50%. The contribution 

rate of construction land is only 0.32% due to the difficulty 

in its application change. The contribution rate of grass land 

transforming into dry land is only 0.48%, as the grassland 

area was only 6,000 km
2
 in 1990. Dry land is mainly trans-

formed into paddy field. And during the period, totally 

362,800 km
2
 dry land was transformed into the land with 

other use types, of which the paddy field occupies 95.51%, 

followed by construction land. During 1990–2013, totally 

6,300 km
2
 dry land was transformed into construction land,

and the transformed area of water, woodland and grassland 

from dry land is respectively 5,200, 3,600, and 900 km
2
. 

Because of national policy and farmer’s self-awareness, 

there is basically no land abandonment, and only 200 km
2
 

dry land was transformed into unused land. 

3.2 Analysis of farmland water requirement 

To directly reflect the dynamic changing process of 

transforming the cultivated land to paddy field in Naoli 

River Basin, this paper conducts the vector grid cut of 1 km 

for dry land and paddy field distribution diagram in 

two-period, and utilizes the formula (1) to get the rice 

planting ratio coefficient of single grid. By combining the 

estimated growth period of main crops, water requirement 

in fallow season and the yearly surface runoff water con-

sumption, the formula (4) is utilized to quantitatively calcu-

late the farmland water requirement of single grid in 1990 

and 2013. Based on this, the changing situation of farmland 

water requirement in the basin is analyzed. 

The statistical result shows that the great increase of 

paddy field area before and after the transformation of dry 

land into paddy field in the Naoli River Basin results in the 

increasing tendency of farmland water requirement, from 

541 mm in 1990 to 581.82 mm in 2013. The increase of 

water requirement in the Basin is 1.935 billion m
2
 in total. 

ArcGIS 9.3 Attribute Table is used to calculate the variation 

range of farmland water requirement in each single grid and 

generate the dynamic change map of water requirement 

(Fig. 3). The results show that within over 20 years, spatial 

variation was characterized by the great range of variation 

of farmland water requirement variation at the downstream 

of mainstream in the Naoli River and around the internal 

and external Qixing River at its tributaries. Variation in 

northwest and middle part in the Basin is incredibly violent. 

The transformation degree of dry land into paddy field in 

the northern region and southern region of middle part is 

relatively mild, and the increase of farmland water require-

ment is relatively slow. Farmland water requirement de-

clined in some regions in the south of middle part due to 

small amount of paddy field transformed into dry land.

Table 2  Transformation quantity of land use types in the Naoli River Basin from 1990 to 2013 
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Fig. 3  Dynamic changes of crop water requirement in Naoli 

River Basin from 1990 to 2013 

3.3 Analysis of actual evapotranspiration 

Evapotranspiration is the surface water loss formed by 

transpiration of soil surface evaporation and transpiration of 

plant leaves and is the main water consumption of soil dur-

ing crop growing period, thus estimation of evapotranspira-

tion for cultivated land is very important. Estimation of 

evapotranspiration includes estimation of crop reference 

evapotranspiration ET0 and estimation of actual evapotran-

spiration ET. Based on formula (5) and the facet climate 

element data of many years acquired by inverse distance 

interpolation method, and by combining the elevation and 

geographic latitude and longitude (expressed by radian) 

extracted by DEM, the crop reference evapotranspiration in

the basin is quantitatively calculated. Based on this and ac-

cording to formula (6), many years’ actual evapotranspira-

tion of the basin is calculated under natural condition. 

Study about the evapotranspiration in the Naoli River 

Basin shows (Fig. 4) that annual reference crop evapotran-

spiration in the basin is within 372–620 mm, with a mean 

value of 577 mm. Overall spatial pattern presents the char-

acteristic of irregular increase from the northeast to the 

southwest of the basin. The reference crop evapotranspira-

tion is small in the relatively high terrains of the southeast 

and the south region. Reference crop evapotranspiration 

within the range of 599–620, 579–599 and 558–579 mm 

occupies 24.55%, 35.53% and 17.75% of total land area in 

the basin, respectively and the three are the main evapo-

transpiration intervals in the basin. Due to the change of 

season, the difference of reference crop evapotranspiration 

within a year is obvious. Month-based statistical analysis of 

evapotranspiration in four seasons shows that in summer, as 

the period with the maximum yearly reference crop evapo-

transpiration in the basin, the evapotranspiration interval is 

135–218 mm, with a mean value of 202 mm. In winter, it is 

cold and solar radiation is weak, so the evapotranspiration is 

relatively difficult; reference crop evapotranspiration is with-

in 14–44 mm, with a mean value of only 38 mm, less than 

6.59% of that in the whole year). Annual actual evapotran-

spiration in the basin is within 438–587 mm. Spatial distribu-

tion is characterized by the gradual decrease from the 

northeast to the southwest of the Basin and gradual increase 

after reaching the extreme value in the middle of the basin. Its 

overall distribution is featured by “low in the middle, high in 

the two ends”. Regional distribution of actual evapotranspira-

tion is obviously different. The low-value zone is mainly dis-

tributed in the Changan Town and Jinshan Town of Fujin City 

and Wanjinshan Village of Baoqing County, and most of 

high-value zones are located in Naohe County.

 

Fig. 4  Spatial distribution of average values for ET0 and ET in Naoli River Basin 
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3.4 Balance effect analysis of land and water resources 

The aim of study on land and water resources balance is 

to investigate the balance between agriculture and natural 

resources, mainly the land and water resources, and to deter-

mine the spatial and temporal matching degree of land and 

water resources, so as to formulate reasonable agricultural 

irrigation scheme. On the basis of farmland water require-

ment in the basin and the surface actual evapotranspiration, 

and according to the constructed moisture profit and loss in-

dex model, the moisture shortage tendency of cultivated land 

resources in the Naoli River Basin is analyzed by taking 1 km 

× 1 km grid as the basic unit. 

The study shows that before and after "dry land trans-

forming into paddy field", changing of moisture profit and 

loss degree for cultivated land in Naoli River Basin is obvi-

ous, and the spatial distribution difference of profit and loss 

index evaluation grade is relatively large. In 1990, the culti-

vated land in the basin mainly presents normal moisture 

shortage or mild moisture shortage. There are fewer areas 

with moderate or serious moisture shortage and no area with 

most serious moisture shortage. The areas with serious mois-

ture shortage are sparsely scattered in the internal Qixing 

River at western of the basin, and less areas with moderate 

moisture shortage are distributed in northern and middle part 

of the basin. Through statistical analysis of moisture profit 

and loss index (MPLD), it can be found that the mean value 

of moisture profit and loss index of cultivated land in the ba-

sin is less than 0.06, and the cultivated land presents normal 

moisture shortage range (MPLD ≤ 0.15), which shows that 

overall moisture profit and loss for cultivated land in Naoli 

River Basin within the period is under good condition. Large 

increase of paddy field area can lead to the sharp increase of 

farmland water requirement. The moderate or serious mois-

ture shortage area of cultivated land in the basin of 2013 in-

creases largely compared with that in 1990. The overall 

spatial pattern represents that the sporadical distribution (in 

1990) of serious moisture shortage area of internal Qixing 

River in the midwest of basin is changed to large-scale dis-

tribution of 2013. The moderate moisture shortage area is 

mainly concentrated in the Eastern Region of Naoli River 

mainstream and the downstream region of internal and exter-

nal Qixing River, less area with moderate moisture shortage 

is also distributed in the south region of middle basin, and 

most part of mild moisture shortage area is concentrated in 

the north of Naoli River downstream. Although the mean 

value of cultivated land’s MPLD index in 2013 of Naoli Riv-

er Basin is much higher than that in 1990 which reaches to 

0.13, the tendency of moisture shortage within the basin in-

tensifies, and it is normal moisture shortage in most areas. 

To further describe the evaluation grade changing situation 

of moisture profit and loss before and after "dry land trans-

forming into paddy field" in detail, this paper conducts statis-

tical analysis for the index evaluation grade of 1990 and 2013 

with ArcGIS 9.3 reclassification function. The result shows 

that the land and water resource balance tendency of culti-

vated land in Naoli River Basin of 1990 and 2013 mainly 

covers normal moisture shortage. Specifically, area of normal 

moisture shortage region of cultivated land in the basin in 

1990 is 1.0386 million km
2
 which occupies 83.77% of total 

cultivated land area in this year. In 2013, the area decreases to 

916,700 km
2
, area ratio is changed as 61.71%, and the area 

variation reaches to 12.19 km
2
. The normal moisture shortage 

is the evaluation grade of moisture shortage index for 

two-period with the maximum area. The cultivated land of 

moderate moisture shortage evaluation grade is the cultivated 

land with the largest area variation before and after "dry land 

transforming into paddy field", and it changes from 64,000 

km
2
 of 1990 to the 219,400 km

2
 of 2013. The area variation 

reaches to 155,400 km
2
, which occupies 31.75% of total area 

variation of cultivated land in each index evaluation grade 

and represents that before and after "dry land transforming 

into paddy field", the cultivated land of moderate moisture 

shortage is the main changing type of cultivated land in Naoli 

River Basin. In 1990, within the basin, basically there is no 

cultivated land with serious moisture shortage, and slight 

increase of cultivated land with severe moisture shortage in 

2013 is 100 km
2
. From 1990 to 2013, within the basin, the 

area of cultivated land with mild moisture shortage increases 

by 96,000 km
2
, and the area increase occupies 19.61% of the 

total area variation of cultivated land. The cultivated land 

type of serious moisture shortage is the cultivated land type 

with largest amplitude of variation among the above five 

kinds of moisture profit and loss evaluation grade. The area 

increases from 8,000 km
2
 in 1990 to 124,100 km

2
 in 2013, 

and the area ratio of both exceeds 1:15. Through the above 

analysis, it can be known that except for slight area increase 

for the cultivated land type of serious moisture shortage be-

fore and after "dry land transforming into paddy field" in 

Naoli River Basin, the cultivated land with the rest four kinds 

of moisture profit and loss index evaluation grade changes 

very obviously. The area of cultivated land with normal 

moisture shortage decreases largely, and the area of cultivated 

land with the rest three kinds of evaluation grades increases 

largely. Generally speaking, application of "dry land trans-

forming into paddy field" in Naoli River Basin intensifies 

moisture shortage tendency in the basin. 

 

Fig. 5  Spatial distribution of area changes at different levels of 

moisture profit and loss index in Naoli River Basin in 1990 and 

2013
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Table 3  Variation of area changes at different levels of moisture shortage in Naoli River Basin from 1990 and 2013 

4 Discussions 

Insufficient or excessive use of water resources can easi-

ly lead to the changes in use types of land resources; the 

land and water resources are internally related, and their 

coupling relation is complex 
[21]

. In the related studies, 

problems often emerge, such as insufficient means of data 

acquisition, large time span of studies and difficulties in 

reasonably determining the study scale. In this paper we 

adopt the acquired remote sensing image to extract culti-

vated land data so as to analyze the profit and loss tendency 

of land and water resources, that is, the balance effect of 

land and water resource under changes of cultivated land, 

by taking the period before and after the agricultural struc-

ture adjustment from dry land to paddy field as time entry 

point and through collecting the long-term sequenced mete-

orological data and basic geographic spatial data around the 

basin and meteorological stations. The following points 

should be discussed and analyzed: 

1) The farmland water requirement is comprehensively 

influenced by many factors, such as soil, hydrology, mete-

orology, crop planting structure and area, water use habit of 

farmers 
[22]

. Considering that the water use habit of farmers 

is hard to be quantitatively determined, we calculated the 

farmland water requirement under ideal condition through 

investigating the supplementary balance between surface 

water and underground water, so there might be deviation 

between the measured result and the actual water require-

ment. As one interpolation method for spatial determination, 

the inverse distance spatial interpolation creates the surface 

with the known sampling points on the basis of certain simi-

larity and smoothness inside the region. Compactness and 

position distribution of sampling point influence the interpo-

lation effect. Due to insufficient quantity of meteorological 

stations distributed in the Basin, the data of meteorological 

stations around the basin are also collected to supplement the 

interpolation simulation. The density of sampling points may 

influence the actual interpolation effect. 

2) The surface actual evapotranspiration has close rela-

tion with meteorology and geographic elements, and the 

formation mechanism is very complex. During long-term 

evolvement process of adapting to the environment, differ-

ent plants and different vegetation types have different 

physiological features and water consumption mechanism 
[23]

, and the moisture source is different. Even for the same 

vegetation type of the same area, the actual evapotranspira-

tion may be different. Considering that the Fubaopu formula 

derived by water balance method is in accordance with the 

actual situation during calculation of long-term actual evap-

otranspiration in the basin 
[24]

, this paper adopts this formula 

and combines the calculated crop reference evapotranspira-

tion to calculate the surface actual evapotranspiration. 

Fubaopu formula embodies that the actual evapotranspira-

tion is controlled and influenced by reference evapotranspi-

ration, precipitation and underlying surface, but if it appears 

that the precipitation is 0, the actual evapotranspiration cal-

culated by this formula is 0, and obviously, it is inconsistent 

with the actual situation. The above hypothesis shows that 

when the factor is in different domain, calculation simula-

tion effect of Fubaopu formula is also different, and the fol-

lowing study is about to improve the formula, to enhance 

the applicability. 

3) As for the analysis of regional moisture profit and loss 

degree, the general practice for scholars is to utilize the dif-

ference value of effective precipitation and same-term crop 

water requirement or potential evapotranspiration to repre-

sent according to the farmland moisture balance theory and 

ignoring the influence of surface runoff and groundwater 

runoff on moisture profit and loss 
[25-28]

, with emphasizing 

on balancing the farmland moisture shortage degree based 

on the amount of external water resources. Based on the 

meshing farmland water requirement and actual yearly 

evapotranspiration in the basin, this paper constructs index 

model of moisture profit and loss degree, and the result fo-

cuses on the farmland potential moisture shortage degree. 

Therefore, the study can provide reference for scholars' re-

lated study. 

5 Conclusions 

With the temporal and spatial change of dry land and 

paddy field, the land and water resources balance effect also 

changes. Based on remote sensing and GIS technology, we 

studied the moisture shortage tendency of cultivated land 

before and after the transformation of dry land into paddy 

field in the Naoli River Basin in Sanjiang Plain by adopting 
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the remote sensing image, DEM data and data of meteoro-

logical stations as basic information sources so as to reveal 

the balance effect of local land and water resources. The 

following conclusions are obtained: 

1) During 1990–2013, the temporal and spatial change of 

paddy field and dry land distribution in the Naoli River Ba-

sin is extremely violent. The area of paddy field increased 

by 340,000 km
2
, and reached 536,500 km

2
; the area of dry 

land slightly decreased to 949,000 km
2
 in 2013; and the area 

ratio of paddy field and dry land increased from 15.85:84.15 

in 1990 to 36.12:63.88 in 2013. Totally 346,600 km
2
 dry 

land is transformed to paddy field, exhibiting a contribution 

rate of 84.60%, followed by the unused land with a contri-

bution rate of 13.76%. Cultivated land mainly changed in-

ternally. During the period, totally 69,500 km
2
 paddy field 

was transformed into dry land. The dry land was mainly 

transformed into paddy field. Totally 362,800 km
2
 dry land 

was transformed into the land with other use types, of which 

paddy field occupied 95.51%. 

2) Farmland water requirement before and after "dry land 

transforming into paddy field" in the basin presents the in-

creasing tendency (from the 541 mm in 1990 to 581.82 mm 

in 2013), and total increase of water requirement is 1.935 

billion m
2
. The space presents extremely fierce change in 

northwest and middle part. Crop reference evapotranspira-

tion of the basin is 372–620 mm, with mean value as 577 

mm. The overall space pattern presents irregular progressive 

increase from the northeast to southwest of the basin. In 

summer, crop reference evapotranspiration is between 

135–218 mm with mean value as 202 mm, and in winter, it 

is between 14–44 mm with mean value as 38 mm (less than 

6.59% of crop reference evapotranspiration in the whole 

year. The many years’ actual evapotranspiration in the basin 

is between 438–587 mm, and the regional distribution dif-

ference is obvious. 

3) In terms of moisture profit and loss, from 1990 to 

2013, due to the sharp changes of spatial and temporal dis-

tribution of cultivated land in the Naoli River Basin, the 

change of moisture profit and loss was obvious, and the 

spatial distribution of the evaluation grade of profit and loss 

index was largely different. In 1990, the cultivated land in 

the basin was mainly in normal or mild moisture shortage, 

and relatively few were in moderate or serious moisture 

shortage. And there is basically no area with most serious 

moisture shortage. The mean value of moisture profit and 

loss index for cultivated land was less than 0.06, within the 

range of normal moisture shortage range (MPLD ≤ 0.15). 

It indicated that the overall moisture shortage tendency of 

the cultivated land in the Basin is under good condition. The 

area of cultivated land with moderate or serious moisture 

shortage in the Basin largely increased in 2013. The mean 

value of MPLD index was much higher than that in 1990, 

reaching 0.13, indicating that the moisture shortage tenden-

cy in the Basin intensified. Before and after the transfor-

mation of dry land into paddy field, except that the area of 

cultivated land with serious moisture shortage slightly in-

creased, cultivated land at other four levels of moisture 

profit and loss index obviously changed. The area of culti-

vated land with normal moisture shortage largely decreased, 

and the area ratio decreased from 83.77% in 1990 to 

61.71% in 2013. The area of cultivated land in the other 3 

evaluation grade largely increased. Therefore, the agricul-

tural structural adjustment of dry land largely transformed 

into paddy field intensified the moisture shortage tendency 

in the Naoli River Basin. 
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Abstract: Cultivated land plays a vital role in ensuring food safety and promoting social and economic develop-

ment. At the same time, ecological environment in Tibet is fragile. Therefore, an in-depth understanding of the 

changing process of cultivated land will provide reference information for agricultural development and ecological 

security in Tibet. In this paper, based on remote sensing images of four periods and other related data, the tem-

poral–spatial characteristics of cultivated land area in Tibet from 1980 to 2010 was analyzed. By using ERDAS 

IMAGE 9.3 software, the remote sensing images were registered and geometrical corrected based on topographic 

maps of 1:100 000 scale. According to the remote sensing image shape, texture and color, combined with land use 

status data, remote sensing interpreting marks were established. The supervised classification of automatic interpre-

tation method was used to gain interpretation result, from which data of cultivated land were extracted. After cor-

recting the interpretation cultivated land results combined with field investigation data and visual interpretation of 

remote sensing images, cultivated land area’s identifiable information of four periods were gotten. In order to pref-

erably understand the temporal and spatial changes of cultivated land, the study period was evenly divided into 

three time periods: the first stage was 1980–1990, the second stage was 1990–2000, and the third stage was 

2000–2010; and the units including administrative region, interval of altitude as well as latitude were divided. By 

using dynamic degree of land use, location index of land use, the temporal-spatial characteristics of cultivated land 

area were analyzed. Analysis of different conversion types showed that the increase of cultivated land was mainly 

from grassland and forest land, while the decreased cultivated land mainly was converted to grassland, forest land 

and construction land. From the climatic conditions, the period of 1990–2010 was beneficial to expand the cultivat-

ed land, and cultivated land in Tibet also showed a faster growth rate. The implementation of the western develop-

ment strategy sped up the development of social economy in Tibet, also brought the building occupancy and 

ecological restoration, and therefore the cultivated land has decreased. Results showed that: 1) Between 1980 and 

2010 cultivated land increased by 451 km2, from 3 252 km2 to 3 703 km2, and its proportion to the total area of the 

Tibet increased from 0.27% to 0.31%, with an annual change rate of 0.46% and an annual variation of 15.37 km2. 2) 

Cultivated land in Tibet was mainly distributed in four regions, i.e., Shigatse, Lhasa, Chamdo and Lhoka, and dis-

tributed in the altitude range of 3 200–4 200 m and the latitude range of 26°–33°N, of which, Lhasa, 3 800–4 000 m 

altitude and zone of 29°–30°N were the regions that cultivated land centered most. 3) Cultivated land expanded to 

higher altitude and lower altitude areas. Chamdo, the altitudes over 4 200 m and lower than 3 200 m and the zone of 

30°–33°N increased most rapidly in area of cultivated land. It was the comprehensive effect of natural conditions 

and human activities, and produced the result of temporal and spatial changes characteristics of cultivated land in 

Tibet in recent 30 years. The special geographical environment and ecological function of Tibet had decided that in 

the conditions of climate warming, the impact of human activities on cultivated land must be fully understood, the 

consciousness of cultivated land protection should be raised; and scientific planning and reasonable use of cultivat-

ed land should be achieved so as to improve the land use efficiency and supply capacity. 

Keywords: remote sensing; land use; dynamics; cultivated land; temporal and spatial variation; Tibet 

CLC number: F301.2 

0 Introduction 

Cultivated land resource is an important land resource 

and the most important agricultural means of production, 

which plays a vital role in ensuring food safety and pro-

moting the stable development of society 
[1]

. In China, due 

to the less cultivated land per person, relatively poor quality 
[2] 

of cultivated land and the unreasonable land use, culti-

vated land faces the problems including decreased area of 
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cultivated land and decreased quality, which attracts exten-

sive attention for cultivated land protection from govern-

ment and scholars. Scholars in China and abroad conducted 

related study in different study areas. For example, Zhang et 

al. 
[3] 

analyzed the spatial–temporal variation of China’s 

cultivated land based on the related data in China’s re-

sources and environmental database, and remote sensing 

data of 10 years (covering three periods: late 1980s, 1995 

and 2000) throughout the country. Zhao et al. 
[4]

 compre-

hensively analyzed the process of cultivated land change 

from 1987 to 2010 with the help of dynamic spatial–

temporal database of long-time sequence and revealed the 

spatial–temporal characteristics of cultivated land change in 

recent 30 years in China. Liu et al. 
[5] 

studied the spatial–

temporal change characteristics of cultivated land from 

1990 to 2010 in typical area converting from cultivated land 

to forestry area in northern Shaanxi Province, and conclud-

ed that cultivated land increased at first ten years and de-

creased at later ten years. Du et al. 
[6] 

analyzed the changing 

characteristics of cultivated land area by using the indicators 

such as total cultivated land area, changes of cultivated land 

per person and increasing and decreasing situation of culti-

vated land based on sequential data of changes investigation 

of land use in Qinghai Province, and dynamic difference 

indices were applied to analyze the regional difference 

characteristics of changes of cultivated land in the province. 

He et al. 
[7] 

analyzed the changing process of cultivated land 

in Bo Hai Coastal Region in recent 20 years based on social 

and economic statistics in rural areas, land survey, land de-

tailed survey analysis and on-site survey study since 1980s. 

Ding et al. 
[8] 

analyzed the spatial–temporal change charac-

teristics of cultivated land in Yanbian autonomous prefec-

ture from 1990 to 2010 based on remote sensing and GIS. 

Wang et al. 
[9] 

analyzed the cultivated land changes and 

driving force in Qingdao city in recent 10 years. Targeted 

the study areas at the levels of nation, province, region and 

city, all these studies deeply analyzed the changes of culti-

vated land by using various indices based on traditional 

social and economic statistics, detailed land survey and re-

mote sensing data, and provided references for understand-

ing the change tendency of cultivated land and protecting 

cultivated land. 

Tibet is located at Tibet Plateau which is the largest and 

the highest plateau in the world, with average altitude of 

above 4 km and extraordinarily fragile ecological environ-

ment. Due to the limited natural conditions, cultivated land 

in Tibet is distributed mostly in the area below 4 200 m with 

good water and heat conditions, and the cultivated land area 

only accounts for 0.3% of the total land area in the region. It 

is the area with the least cultivated land (the smallest pro-

portion) in China 
[10]

, but plays a vital role in ensuring food 

safety and promoting social and economic development of 

the region. With the rapid development of Tibet economy 

and society and continuously increasing population, needs 

for land also continuously increase, and the utilization and 

protection of cultivated land are faced with severe challenge. 

So far, there is few study about the status and changes of 

cultivated land resources in Tibet. Wang et al. 
[11] 

analyzed 

the changing process of cultivated land and regional differ-

ence characteristics in Tibet in recent 20 years by using sta-

tistical method based on statistic data from 1981 to 2001. 

Bai et al. 
[12] 

analyzed the spatial–temporal change trend of 

cultivated land from 1976 to 2011 in the Lhasa River region 

based on remote sensing data from satellite. Zhang et al. 
[13] 

analyzed the suitability of cultivated land in the region of 

the Yarlung Zangbo River and its branches of Lhasa River, 

Nianchu River and Niyang River by using indices such as 

the accumulated temperature, the gradient and the distance 

to water resource based on the climate changes in different 

years, and concluded that land suitable for cultivation in-

creased in both horizontal and vertical direction from 1970 

to 2000 due to climate warming. To comprehensively un-

derstand the status and change trends of cultivated land re-

source in Tibet, this study, based on remote sensing data, 

analyzed the amount, distribution, and spatial–temporal 

variation trend of cultivated land resources in Tibet using 

cultivated land dynamic degree, location index and regional 

difference model, and discussed the driving factors for cul-

tivated land changes so as to provide reference for develop-

ing land utilization plan and agricultural development plan 

in Tibet. 

1 Profile of study area 

Tibet is located in the southwest of Tibet Plateau, and 

geographical position is 26°50′–36°53′N and 

78°25′–99°06′E (Fig. 1). Tibet has a total area of 1.202 23 

million km
2
, accounting for nearly 1/8 of national total area. 

With the average altitude of above 4 000 m, it is named as 

“Roof of the World” 
[14]

. The whole district is surrounded by 

Himalayas, Kunlun Mountains and Tanggula Mountains, 

with complex topography; it consists of four major land-

forms, the Northern Tibetan Plateau, the South Tibet Valley, 

the Mountain Ravine in eastern Tibet and the Himalayan 

Mountains. Tibet features unique, complex and various cli-

mate, cold in northwest and warm and moist in southeast, 

presenting the zonal distribution from southeast to north-

west. The annual average temperature is between −2.8°C to 

11.9°C, with relatively large temperature difference. The 

annual precipitation is 74.8–901.5 mm, and exhibits ex-

tremely uneven distribution, decreasing progressively from 

the southeast to the northwest 
[15]

. 

Due to strong constraint of natural conditions, cultivated 

land area only accounts for about 0.3% of the total land area 

in Tibet, and is mainly distributed in the valley at both 

banks of the middle of “River” District (the Yarlung Zangbo 

River and its branches of Lhasa River, Nianchu River and 

Niyang River) and “Three River Valley” (Jinsha River, 

Lantsang and Nujiang River), which is called valley agri-

culture, as the main crop production areas in Tibet,  

166



   

© 2015 China Academic Journals (CD Edition) Electronic Publishing House Co., Ltd. 

 

Fig. 1  Location of study area 

accounting for above 70% of cultivated land area in the 

whole district 
[16]

. This region features semiarid and 

semi-humid climate, and spring-sown crops such as high-

land barley, wheat, oilseed rape and pea are mainly culti-

vated previously and winter barley and winter wheat are 

cultivated in certain areas. 

2 Data and methods 

2.1 Data source and processing 

The data used in this study come from the List of Ad-

ministrative Divisions of the Tibet Autonomous Region, 

topographic map, four phase remote sensing image (MSS 

image in 1980, TM image in 1990, ETM+ image in 2000 

and the No. 1 environment satellite image in 2010), and 

land utilization data in 2000, and the statistical yearbook in 

Tibet Autonomous Region. MSS, TM and ETM+ image are 

provided by the international scientific data service platform 

of Computer Network Information Center of Chinese 

Academy of Sciences, and No. 1 environment satellite im-

age is provided by Satellite Environment Application Center 

of Ministry of Environmental Protection. The spatial resolu-

tion of MSS data is 79 m, and that of the other images are 

30 m. In this study, remote sensing images of crops at main 

growing seasons of July and August in Tibet were selected. 

In case of lacking data in this period or heavy cloud cover in 

a region, the data in adjacent years were selected as sup-

plement. According to the current classification system of 

land use and the practical situation of remote sensing data, 

land use types include cultivated land, forest land, grass 

land, water area, construction land and unutilized land. 

With ERDAS IMAGE 9.3 software, exact geometry cor-

rection was conducted on remote sensing image by control 

point correction method based on 1:100 000 topographic 

map. The coordinate conversion accuracy was controlled 

within 0.5 pixel. Based on the characteristics of remote 

sensing image such as shape, texture and spectrum, its in-

terpretation mark was developed on the basis of existing 

data about land use type and information about sampling 

point in practical investigation by the Project Team. Ac-

cording to the interpretation of the images by man–machine 

interactive mode and in reference to the ecological investi-

gation and field inspection data (Fig. 2), the pattern block of 

land use type information is determined. In order to validate 

the accuracy of data of cultivated land change, sampling 

validation was conducted for pattern blocks of land change 

in 2000–2010. According to the GIS spatial analytical sta-

tistics, there are 459 pattern blocks of land use changes, 

including cultivated land, grass land, forest land and con-

struction land. Three hundred of them were taken as sam-

ples (accounting for 65.4% of the total number of changing 

pattern block, see Table 1) by following the principles of 

even distribution and obvious characteristics of land type 

and features. The changing pattern block was compared 

with that of Google Earth image in 2011. The accuracy of 

data validation of land type change reached 92.67%, meet-

ing the requirements of study on cultivated land changes. 

2.2 Study method 

To comprehensively reveal the spatial-temporal change 

process of cultivated land in Tibet and the change charac-

teristics with geographic elements such as latitude and alti-

tude, this study analyzed the dynamic degree of land 

utilization, location index and land regional difference 

model in the units of administrative district, altitude interval 

and latitudinal zone. 

2.2.1 Study unit 

1) Time unit 

The study period is 30 years, and in order to better un-

derstand the change situation of cultivated land in different 

periods, the distribution data of cultivated land in four  
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Fig. 2  Typical cultivated land in Tibet 

Table 1  Data accuracy validation in cultivated land change block from 2000 to 2010 

 
phases of 1980, 1990, 2000 and 2010 are adopted. In order 

to preferably understand the temporal and spatial changes of 

cultivated land, the study period was evenly divided into 

three time periods: the first stage was 1980–1990, the sec-

ond stage was 1990–2000, and the third stage was 

2000–2010. The differences of cultivated land changes were 

studied in the whole study duration and during the three 

periods. 

2) Space unit 

Cultivated land distribution shows great differences 

among areas in Tibet, and in order to obtain in-depth under-

standing of the change situations of cultivated land in dif-

ferent areas, cultivated land changes were studied in the unit 

of administrative region. Altitude and latitude are the two 

important geographic elements influencing the distribution 

of cultivated land; therefore, in this study, the change situa-

tion of cultivated land in different latitudes (five zones) and 

altitudes (four zones) was studied at different periods based 

on the frequency of occurrence of cultivated land according 

to the statistical data of latitude and altitude where the geo-

metric center of cultivated land located in 2010 so as to 

provide reference for the protection of cultivated land. 

2.2.2 Study model 

1) Land use dynamic degree 

Land use dynamic degree can describe the change rate of 

land use quantitatively, and reflect quantitative change 

situation of land use type during a period, playing an im-

portant role in forecasting the land use change tendency. It 

is expressed as follow 
[17]

: 

 
where, K is the dynamic degree of land use type; Ua and Ub 

are the area of land use type in the early and end stage of 

study period respectively, km
2
; T is the study duration. 

When K > 0, it indicates that the land use type changes in 

positive direction, increasing on the whole; when K < 0, it 

indicates that the land use type changes in negative direc-

tion, decreasing on the whole. The larger the absolute value 

K is, the quicker the land use type changes. 

2) Location index of land use 

Location index of land use is used to describe the distri-

bution status of land use type, which reflects the aggrega-

tion level of this land use type in a subregion relative to 

those in the whole study area. The formula is 
[18]

: 

 
where, Q is the location index of a land use type in a certain 

area, Ui is the area of this land use type in the i
th

 sub-region, 

km
2
, n is the number of sub-regions, and Si is the total land 

area of the i
th

 sub-region, km
2
. When Q > 1, it indicates that 
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aggregation level of this land use type in subregion is higher 

than that in the whole study area; when Q < 1, it indicates 

that the aggregation level of this land use type in subregion 

is lower than that in the whole study area. 

3) Regional difference model of land 

Regional difference in the changes of land use type can 

be reflected by relative change rate of a certain land use 

type. The formula is 
[17]

: 

 
where, R is the relative change rate of a land use type in a 

certain area; Ca and Cb are the area of this land use type in 

the early and end study period in the whole study area, re-

spectively, km
2
. When R > 1, it indicates that this land use 

type vary in larger degree in this region compared to the 

whole study area; when R < 1, it indicates that this land use 

type vary in smaller degree in this region compared to the 

whole study area. 

3 Results and analysis 

3.1 Changes of cultivated land quantity in the 

study area 

Due to the restriction of heat, humidity and topography, 

cultivated land area only accounts for 0.3% of the total land 

area in Tibet. During the study period, the area of cultivated 

land in Tibet presented the tendency of increasing firstly 

and decreasing later (see Table 2). Between 1980 and 2010 

cultivated land increased 451 km
2
, from 3 252 km

2
 to 3 703 

km
2
, and its proportion to the total area of the Tibet in-

creased from 0.27% to 0.31%, with an annual change rate of 

0.46% and an annual variation of 15.37 km
2
. The cultivated 

land area presented the continuously increasing trend from 

1980 to 2000. During the period of 1990–2000, cultivated 

land area of the Tibet increased relatively more quickly, 

with an annual change rate of 3.69% and an annual varia-

tion of 126 km
2
. During the period of 2000–2010, the area 

of cultivated land in the Tibet decreased by 977 km
2
, with 

an annual change rate of −2.09%. The study results were 

consistent with that of Wang et al. 
[11]

 who found that the 

area of cultivated land in Tibet increased with fluctuation 

from 1980 to 2001, and that of Guo 
[19] 

who found that total 

area of cultivated land in Tibet was annually decreasing 

since 2001 due to the implementation of large amount of 

infrastructure construction projects . 

Table 2  Cultivated land change in Tibet from 1980 to 2010 

 

Based on the interpretation results of four phase remote 

sensing image, and according to the six kinds of land use 

type (cultivated land, forest land, grassland, water area, 

construction land and unutilized land), the analysis for land 

type conversion in different periods was conducted (Table 

3). The results showed that increase of cultivated land 

mainly derived from grassland and forest land, and its de-

crease mainly resulted from the conversion into grassland, 

forest land and construction land. During the period of 

1980–1990, the net increase of cultivated land was 168 km
2
, 

including 122 km
2
 converted from grassland and 43.4 km

2
 

from forest land, which accounted for 72.62% and 25.83% 

of the net increase of cultivated land respectively. During 

the period of 1990–2000, the net increase of cultivated land 

was 1 260 km
2
. Specifically, 752.3 km

2
 grassland and 896.7 

km
2
 forest land were converted into cultivated land, and 341 

km
2
, 121.9 km

2
 and 39.5 km

2
 cultivated land were convert-

ed into grassland, forest land and construction land, respec-

tively. During the period of 2000–2010, the net decrease of 

cultivated land was 977 km
2
. Specifically, 895.3 km

2
, 333.3 

km
2 

and 137.7 km
2
 cultivated land were converted into 

grassland, forest land and construction land, respectively; 

378.6 km
2 

grass land and 47.1 km
2 

forestry land were con-

verted into cultivated land. 

3.2 Spatial and temporal change of cultivated 

land in different regions 

As seen from the administrative region (Fig. 3), cultivat-

ed land in Tibet is mainly distributed in four areas including 

Shigatse, Lhasa, Lhoka, and Chamdo, occupying above 

85% of the total area of cultivated land in Tibet. The area of 

cultivated land in Shigatse region is the largest, occupying 

40% of the total area. The study of location index of culti-

vated land showed that (Fig. 4) during the study, cultivated 

land location index of Lhasa ranked first at any stage, and 

its aggregation level was far higher than the average of Ti-

bet region and those of other areas; location index of culti-

vated land in Shigatse and Lhoka ranked the second and the 

third respectively, with their aggregation level being higher 

than the average of Tibet region, but presenting continuous-

ly decreasing tendency. Location index of cultivated land in 

Chamdo area ranked fourth. During the study, aggregation 

degree of cultivated land showed obviously increasing 

Table 3  Cultivated land transfer in Tibet from 1980 to 2010 km2 
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Fig. 3  Cultivated land distribution in Tibet in 2010 

 

Fig. 4  Location index of cultivated land in different administra-

tion regions from 1980 to 2010 

tendency, and the location index was raised from the level 

lower than the average of Tibet region in 1980 to 1.45 in 

2010. Aggregation degree of cultivated land in other areas 

was lower than the average of Tibet region, with small vari-

ation. 

The area of cultivated land in Lhasa decreased by 4.36 

km
2 

in recent 30 years, and that in Ngari underwent no 

change. The area of cultivated land in other areas all in-

creased to some extent and that in Chamdo increased by 289 

km
2
, which was the most obvious. As regards the relative 

change rate of cultivated land based on administrative re-

gion unit (Table 4), Chamdo ranked the highest (R = 2.17), 

far higher than the average of Tibet region; the relative 

change rates in other areas were less than 1, and their 

change range was smaller than that of the Tibet region. As 

regards the different stages, during the period of 

1980–2000, cultivated land presented an increasing tenden-

cy in most areas of Tibet; during the period of 2000–2010, 

the cultivated land mainly presented an decreasing tendency 

in Tibet. 

3.3 Temporal and spatial changes of cultivated 

land in different altitudes 

As seen from the altitude, cultivated land is mainly dis-

tributed at the altitude above 3 200–4 200 m in Tibet, occu-

pying above 81% of the total area of cultivated land in the 

whole region of Tibet. The study on location index of culti-

vated land in each altitude range showed that, when altitude 

is higher than 3 800–4 000 m, the location index of culti-

vated land was the highest, reaching 23.83 in average. Cen-

tering around that, the location index decreased in the 

direction of high altitude and low altitude, indicating that 

aggregation degree of cultivated land is highest in this alti-

tude range in Tibet, but presented increasingly decreasing 

tendency during the study. The aggregation degree of culti-

vated land in this altitude range was followed by those in 

altitude range higher than 4 000–4 200 and 3 200–3 800 m, 

with location index reaching 9.6 and 6.52 respectively in 

2010. The aggregation degree of cultivated land in altitude 

below 3 200 m and above 4 200 m was lower than the av-

erage level of the Tibet region. 

During the study, the area of cultivated land in all altitude 

ranges increased (Table 5), and the increase in the altitude 

range above 3 200–3 800 m and above 4 200 m was the 

largest, 148 km
2 

and 115 km
2
 respectively. Except for the 

altitude range above 3 800–4 200 m with the relative change 

rate less than 1, the relative change rates in other altitude 

ranges were larger than 1, indicating that the area of culti-

vated land in the region below 3 800 m and above 4 200 m 

changes relatively more quickly. With respect to different 

stages, during 1980–1990, the relative change rate of the 

Table 4  Relative change rate of cultivated land in different administration regions in Tibet 
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Table 5  Relative change rate of cultivated land in different altitude intervals in Tibet 

 

cultivated land in the region below 3 800 m was relatively 

high; during 1 990–2 000, that in the region below 3 200 m 

and above 4 200 m was relatively high; during 2000–2010, 

cultivated land decreased in most areas of Tibet. 

3.4 Temporal and spatial change of cultivated 

land in latitude direction 

Cultivated land in Tibet is distributed between 26°–33°N. 

For the location index of cultivated land, most cultivated 

land are centralized around 29°–30°N, with the average 

location index up to 4.31, followed by the range of 

28°–29°N, the average location index of which was 1.4. The 

two latitude zones correspond with the “River” District in 

Tibet, and the location index of cultivated land in other lati-

tude zones was less than the average level of the whole Ti-

bet. 

During the study, the area of cultivated land in Tibet in 

all latitude ranges was increased (Table 6) to certain extent. 

Within the range of 30°–33°N, the area of cultivated land in 

“Three-river valley” increased to the greatest extent by 275 

km
2
. Except that the relative change rate of cultivated land 

was less than 1 in the range of 29°–30°N, that in other alti-

tude ranges was larger than 1, indicating relatively faster 

changes. In respect to different stages, during the period of 

1980–1990, cultivated land in the range of 30°–33°N in-

creased by 120 km
2
, with relatively larger change rate, and 

that in other latitude zones was relatively low. During the 

period of 1990–2000, cultivated land in the range of 

28°–29°N and 30°–33°N increased by 629 km
2
 and 398 km

2
 

respectively, with relatively larger change rate. During pe-

riod of 2000–2010, cultivated land presented the decreasing 

tendency in all regions, and was maximum, which reduced 

by 529 km
2
 within 28°–29°N, exhibiting the maximum de-

creasing range, followed by 243 km
2
 within 30°–33°N. 

4 Discussions 

Although Tibet has an area of 120.223 km
2
, accounting 

for 1/8 of national area, the land suitable for cultivation is 

relatively little due to the limits of natural conditions, oc-

cupying only 0.3% of total land area. Since 1980s, with 

continuous increase of population and the continuous im-

provement of living standard in Tibet, the needs for food 

and construction land have been raised and the conflict be-

tween supply and demand have been enlarged. Since 1990, 

the scope of climate warming in Tibet have been further 

expanded and the amplitude improved, creating the advan-

tageous conditions of continuous increase of yearly accu-

mulated temperature and the extension of crop growth 

period in high and cold region of Tibet and providing rela-

tively advantageous climate conditions for cultivated land 

reclamation in Tibet. During the period from 1990 to 2000, 

under the drive of economic benefit, the grassland and for-

est land were reclaimed as cultivated land in the areas of 

Chamdo, Shigatse and Nyingtri with altitudes above 3 800 

m within the latitude of 28°–29°N and 30°–33°N, thereby 

enlarging the area of cultivated land. 

In January, 2000, Development Leading Group of West-

ern China of State Council held the development meeting of 

Western China to arrange the important work about the im-

plementation of western development. A series of strategic 

development landmark projects represented by Qinghai-

Tibet Railway was commenced. Meanwhile in the meeting, 

it was proposed to enhance the protection and construction 

of ecological environment and take measures like convert-

ing the cultivated land to grassland and forest land, espe-

cially converting the cultivated land in slopes to grassland 

Table 6  Relative change rate of cultivated land in different latitude zones in Tibet 
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and forest land step by step based on the plan, so as to com-

bine economic benefit and economic benefit. Due to the 

implementation of Western Development Strategy, the area 

of cultivated land was decreased mainly due to the con-

struction occupation and ecologically returned cultivated 

land. During the period of 2000–2010, the cultivated land 

has accumulatively decreased by 977 km
2
 in Tibet, occupy-

ing 26.38% of the current area of cultivated land. The culti-

vated land in all administrative region within all altitude 

ranges and latitude zones has decreased; especially, the cul-

tivated land in the region of Chamdo, Shigatse and Nyingtri, 

with altitudes above 3 800 m within 28°–29°N and 

30°–33°N exhibited the most obvious reduction. 

The study showed that warm and moist climate is benefi-

cial to the development of husbandry in arid area 
[20]

. Since 

1990, according to our study, the climate in most parts of 

Tibet tended to be warm and moist 
[21]

. During 1990–2010, 

the climate conditions were beneficial to the extension of 

cultivated land, and the cultivated land increased rapidly in 

Tibet. However, limited by the arid climate and incomplete 

farmland infrastructure, the newly-increased cultivated land 

featured unstable capability of agricultural production; 

meanwhile, the situations of cultivated land reclamation and 

abandonment coexisted. The development of social econo-

my was accelerated in Tibet due to Western Development 

Strategy. However, the cultivated land was reduced due to 

the construction occupation and ecological returning of 

farmland. As seen from the analysis on changes of cultivat-

ed land in Tibet from 1980 to 2010, spatial–temporal change 

characteristics of cultivated land in recent 30 years in Tibet 

are the comprehensive results of natural geographical con-

dition and human activities. Because of the special geo-

graphical conditions and ecological functions in 

combination with climate warming conditions, we should 

fully recognize the influence of human activity on cultivated 

land and improve the recognition of cultivated land protec-

tion so as to scientifically plan and use cultivated land plau-

sibly and improve the utility efficiency and supply capacity 

of cultivated land. 

5 Conclusions 

1) In recent 30 years, the area of cultivated land present-

ed the tendency of increasing firstly and decreasing later in 

Tibet. The area of cultivated land increased from 3 252 km
2
 

in 1980 to 4 680 km
2
 in 2000, and then decreased to 3 703 

km
2
 in 2010. During the study, it increased by 451 km

2
, and 

the cultivated land ratio of total land area in Tibet went up 

to 0.31% from 0.27%, with an annual change area of 15.37 

km
2
, and an annual change rate of 0.46%. 

2) The cultivated land in Tibet is mainly distributed in 

four districts: Shigatse, Lhasa, Lhoka and Chamdo, with an 

altitude between 3 800–4 000 m and in 29°–30°N. As seen 

from the aggregation level of cultivated land, the location 

index of cultivated land in Lhasa during all periods ranked 

first, and its aggregation level was much higher than the 

average value in the whole region of Tibet and those of oth-

er regions. The location index in the altitude 3 800–4 000 m 

reached 23.83, which was far greater than the average level 

of other altitudes in the whole region of Tibet and those of 

other regions, featuring the altitude with most aggregated 

cultivated land. The location index of cultivated land in 

29°–30°N was the highest, with an average of 4.31, which 

was higher than the average level of the whole region of 

Tibet. 

3) In recent 30 years, Chamdo region, the area with alti-

tude below 3 800 m , the area with altitude above 4 200 m 

and the area within 30°–33°N zone exhibited relatively 

great changes of cultivated land. The relative change rate of 

cultivated land in Chamdo region reached 2.17, which is far 

greater than the average value of whole region of Tibet, but 

that of other regions was lower than the average value of 

whole region of Tibet. According to the division of altitude 

range, the relative change rates of cultivated land in the re-

gions with altitudes below 3 800 m and above 4 200 m were 

both larger than 1, indicating relatively fast changes of cul-

tivated land; the relative change rates of cultivated land in 

the zone of 30°–33°N were larger than 1, indicating rela-

tively fast change of cultivated land as well. 
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Spatio-temporal change analysis of cultivated land in Manas drainage basin  

during 1962–2010 
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Abstract: Cultivated land is an important indicator of landscape changes driven by human activities. Mapping the 

spatio-temporal changes of cultivated lands will help us to understand its corresponding environmental and ecolog-

ical changes in their downstream areas. The Manas drainage basin is the key area of agricultural region in the 

northern slope of the Tianshan Mountains. However, the drastic farmland reclamation in the last 50 years makes ir-

rigation water increasing rapidly, leading to environmental degradation in the downstream of the Manas River. In 

this paper, remote sensing and GIS technologies are used to analyze the spatio-temporal characteristics of farmland 

changes in the Manas drainage basin under the condition of intense soil-water utilization. Firstly, remote sensing 

images in 1962, 1977, 1989, 2000 and 2010 are applied to map land use changes with the cognition classification 

software and manual edition. Then the temporal process and spatial pattern of land cover changes are analyzed by 

geo-statistics and landscape analysis. On the temporal scale, the cultivated land changes and its mutual transition 

relationships with other land types are analyzed with areal ratio and transition matrix methods; on the spatial scale, 

GIS spatial analysis tool and landscape class level index are used to describe the characteristics of farmland expan-

sion or shrinking changes in different regions and different land patches. Finally, hydrological data and irrigation 

construction data are used to explain the impact of climate change and human activities on the farmland landscape. 

The results show that: (1) The overall land use changes of the Manas drainage basin in the last 50 years are as fol-

lows: cultivated land and built-up areas increase continuously, while the unutilized land, wetland and snow/glacier 

have been decreasing steadily; grassland area is increasing in the former 20 years and then decreasing gradually in 

the last 30 years; the intensity of land use changes keeps stable after dramatic changes. (2) The overall cultivated 

land transformations have shifted from outward and inward transformations to single inward transformation; in in-

ward land types, grassland and unutilized land are the main inward land types to farmland, and woodland and wet-

land take larger percentages in the first 20 years, while less percentages in the later 30 years; in outward land types, 

built-up land and grassland are the main outward land types, and grassland and unutilized land have larger percent-

ages in the former 20 years due to cultivated land degradation; the total area of inward land types far exceeds than 

that of the outward land types, and the cultivated land area is steadily increasing in the last 50 years. (3) The focus 

of cultivated land expansion has shifted from the margins of cities to desert regions, and the newly-increased farm-

land gradually from the upstream to the downstream; cultivated land expansion firstly begins at the Changji Hutubi 

and Manas County in the former 20 years, then shifts to Shawan County, the river's surrounding areas and northern 

deserts; the cultivated landscapes are characterized from discrete and messy pieces into continuous land patches, so 

the advantage of cultivated landscape is increasing, while the landscape diversity and heterogeneity are decreasing 

due to land parcel combinations. (4) The increasing precipitation and runoff in the Manas drainage basin provide 

more water resource for cultivated land reclamation, and reservoir and irrigation channel construction have positive 

effects on spatial expansion of the cultivated land; when reservoirs and channels are built up, cultivated land will 

expand correspondingly in a rapid rate in the next decade, and hence the spatio-temporal processes of farmland ex-

pansion have high relations with the irrigation facilities. (5) The increasing water resource induced by climate 

change cannot keep up with the increasing speed of the farmland, and water resource is in the state of over exploita-

tion; measures must be taken to reduce the amount of irrigated water, so as to improve ecological environments in 

the downstream of the Manas River. 

Keywords: land use; remote sensing; climate change; water conservancy facilities; cultivated land; spatio-temporal 

change characteristics; Manas basin 
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0 Introduction 

As an important composition part of agricultural ecology, 

the cultivated land is the important manifestation for the 

transformation of natural landscape by human activities, and 

the change of cultivated land within a certain period time 

can reflect the direction for the change of regional land-

scape [1]. The spatial and temporal variation in the water 

resources caused by large-scale reclamation of arable land, 

especially that in the arid regions, will result in dramatic 

changes in the regional ecological environment [2–6]. The 

vast majority of cultivated land in the inland arid areas need 

to be maintained by irrigation, and its spatial distribution 

and change are mainly subject to the allocation of water 

resources [7–8]. Manas Basin is located between Urumqi and 

Karamay, and is the core region for the agricultural devel-

opment in the north slope of Tianshan Mountains. Along 

with the continuing strengthening of land and water re-

source development in recent 50 years, the area of cultivat-

ed land and the amount of irrigation water are increasing, 

causing enormous change of the landscape pattern in the 

middle and lower reaches [9–10]. The disappearance of Manas 

Lake is an important sign of environmental degradation in 

the lower reach [10–13]. The acquisition of information on the 

temporal and spatial change of cultivated land development 

in recent several decades is of important significance for 

optimizing the size and layout of oasis agriculture, reasona-

bly using water resources, and improving the ecological 

environment in the lower reach. In recent years, many 

scholars have analyzed the driving mechanism for the evo-

lution of oasis landscape under the impact of human activity 

with respect to the spatio-temporal process of artificial oasis 

expansion in Manas Basin. Feng et al. [14] and Liu et al. [15] 

analyzed the impact of land use change on the landscape 

pattern of Manas River area; Zhang et al. [16] discussed the 

relationship between the evolution process of artificial oasis 

and the utilization of water resources and the characteristics 

of oasis expansion; Cheng et al. [17] found that the 

high-intensity human activities are the important factor for 

the oasis growth and ecological environment evolution in 

the basin of Manas River during recent 50 years. 

The aforementioned existing studies mainly analyze the 

general relationship of interactive transformation between 

various land use elements and the driving factors. As for the 

cultivated land– the most important landscape in the oasis 

ecology, there is often only simple description of the tem-

poral variation process, and it is very difficult to provide a 

relatively complete understanding on the nodes of temporal 

variation and spatial distribution of cultivated land [18–19]. In 

addition, as for the closed basin within the drought flow, the 

analysis on the utilization and configuration of water re-

source using the river basis as the unit is more conducive to 

investigate the relationship between the water resource de-

velopment and temporal/spatial variation in cultivated land. 

Therefore, by means of remote sensing and GIS techniques, 

in this paper we used Corona aviation high-resolution image 

in 1962 and the Landsat data of United States in 1977, 1989, 

2000, and 2010 to interpret the information of land 

use/coverage change in Manas Basin during five periods, 

and attempted to analyze the spatio-temporal variation pro-

cess of cultivated land in recent 50 years from the perspec-

tive of the entire basin. In addition, by combining the 

elements of climate change and water resource utilization, 

we attempt to explain the relationship between the tem-

poral/spatial variation of cultivated land in Manas Basin and 

the development of water resource. 

1 Overview of research area 

The range of research area in this paper adopts the Manas 

river area shown in the distribution map of drainage areas in 

Xinjiang [20] (Fig. 1), and its basin division is consistent 

with the global distribution map of drainage areas [21]. Ma-

nas Basin is located in the Junggar Basin on the northern 

slope of Tianshan Mountains in North Xinjiang, and the 

terrain is high in south and low in north; Manas Lake is the 

lowest site in the basin, and the total area of the basin is 

approximately 8.432×104 km2. Manas Basin is the typical 

arid inland basin, and belongs to the typical continental cli-

mate. It is hot in summer and cold in winter, with annual 

average temperature of 6.8 °C, and the annual average rain-

fall in the plain area is about 110–200 mm. There are rich 

river systems in the basin, such as Manas River, Hutubi 

River, Jingou River, and Bayin’gou River and many other 

rivers. At present, one set of modern agricultural irrigation  

 

Fig. 1  Sketch map of Manas basin 
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system has been established in Manas Basin, and the reser-

voirs and networks of irrigated area are densely distributed. 

Currently it has formed many forms of irrigation, such as by 

canals irrigation, underground water irrigation, and water 

saving irrigation, and is the agricultural irrigation area with 

relatively high efficiency of water resource utilization in 

Xinjiang [9]. 

2 Data and method of research 

2.1 Data source and processing 

In this study, we mainly adopt the data from high-altitude 

reconnaissance satellite Corona of the United States and the 

Landsat series data from Earth Resources Satellite as the 

data sources for the extraction of cultivated land infor-

mation in Manas Basin during recent 50 years, and the data 

are downloaded from the website of United States Geologi-

cal Survey (http://earthexplorer.usgs.gov). Corona is a mili-

tary high-altitude reconnaissance satellite of the Unites 

States military, and the onboard high-resolution panoramic 

camera was used to acquire the high-resolution full-color 

image data. It was operated from 1960s to 1970s, and 

mainly covered the areas of former Soviet Union and 

northwest of China. It can compensate the lack of remote 

sensing data in 1960s [22]. Here, the selected acquisition time 

of Corona data in the covered study area is June 28, 1962, 

and the resolution is 2.8 m. According to the information of 

quality, cloud amount, and imaging time for the Landsat 

archived data, we select the Landsat data during a total of 4 

time periods for MSS in 1977, TM in 1989, ETM+ in 2000, 

and TM in 2010. In particular, the whole-area coverage 

needs 7 scenes of Landsat data in each time period, and the 

detailed orbits and time phases are shown in Table 1. From 

June to September, the crops in this area are during the most 

vigorous growth stage, which is conducive to the identifica-

tion of cultivated land. Therefore, the time phases selected 

in this paper for the monitoring of cultivated land are also in 

the corresponding months. In addition, the data used in this 

paper also include the basic geological data for administra-

tive boundaries, watershed boundaries, urban settlement 

sites, lakes, reservoirs, rivers, and irrigation canals, as well 

as the hydrological and meteorological data of rainfall, 

temperature, and flow amount at hydrological stations in the 

basin. 

Because Corona still adopts the panoramic aerial image 

photographed by the traditional aerial video camera, the 

images after the digital scanning are subject to the pano-

ramic distortion and scanning distortion. Therefore, we 

adopt the SPOT-5 image in this region with scale of 

1:25,000 as the base map, and implement the treatments of 

geometric precision correction, noise removal, and image 

mosaics according to the geometric distortion model of Co-

rona [22], in order to make it completely match the existing 

orthorectified product of Landsat. The acquired Landsat  

Table 1  4 sets of Landsat data list in Manas basin 

 
data are already the standard orthorectified product. Here 

we perform the atmospheric rectification of remote sensing 

data in different time periods, and implement the projection 

and mosaic treatment to derive the cloud-free data product 

that covers the entire area. 

2.2 Method of research 

In this paper, we adopt the first grade classification sys-

tem [23] in Land use classification criteria [23], and combine 

the features of farmland and salinization for the wetland of 

arid area to divide the research area into 9 classes: cultivat-

ed land, forest land, grassland, wetland, water area, land for 

construction, saline-alkali land, glacier/snow, and unutilized 

land. We adopt the object-oriented classification software 

eCognition to implement the automatic classification and 

interpretation, and combine the method of manual inspec-

tion [24]. In order to ensure the accuracy and consistency the 

acquisition and interpretation of remote sensing data, we 

use the classification results for 2010 as the benchmark, and 

implement the unified quality inspection and data integra-

tion for the data in each time period, making the overall 

accuracy of interpretation reach above 90%. Fig. 2 shows 

the interpretation map of land use in 5 time periods. 

On the process of temporal variation, by means of 

ArcMap software we perform graphic integration and data 

statistics of the variation results of land use, and calculate 

the areal change rate and transition matrix of different land 

use types with time. Therefore, we can acquire the temporal 

variation process of farmland area and the relationship of 

interactive transformation with other land use types [25–26]. 

On the analysis of spatial pattern, we use each farmland 

patch in the study area as the object, and adopt the tools of 

spatial stacked analysis to analyze the variation in the 

patches of image layers for the farmland at different time 

periods on a statistical basis, in order to describe the varia-

tion characteristics of farmland expansion or shrinking in 

different regions of the study area. Meanwhile, in order to 

reflect the characteristics of variation in cultivated land and 

main land use types of transformation in the spatial pattern, 

in this paper we adopt patch density (PD), largest patch in-

dex (LPI), and aggregation index (AI) among the indexes of 

landscape type level [27] to further analyze the spatial heter-

ogeneity and aggregation degree of different patches in re-

cent several decades. 
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Fig. 2  Land use maps of Manas basin in five periods during 1962–2010 

In the arid area, the amount of water resource and con-

struction of water conservancy facilities are the main factors 

that affect the development of cultivated land [16]. The rain-

fall is small in the central and northern plain areas of Manas 

Basin, and the main water resource comes from the runoff 

of southern mountainous regions [17]. Therefore, according 

to the annual rainfall and annual runoff data of Kensiwate 

hydrological station at the runoff of Manas River from 

mountainous areas (Fig. 1), here we adopt Mann-Kendall 

method of non-parametric iterative correlation test [28] to 

analyze the variation trend of rainfall and runoff, as well as 

the characteristics of mutation. We also plot the UF (curve 

of standard normal distribution according to the time series) 

and UB (curve of standard normal distribution according to 

the reverse time series) curves, and further analyze the 

temporal/spatial relationship between the water resource 

change and cultivated land change in the basin. If UF or 

UB > 0, it indicates that the series exhibits the upward 

trend; otherwise it exhibits the downward trend; when they 

exceed the critical value, it exhibits the significant upward 

or downward trend. The intersection of UF and UB in the 

critical region corresponds to the time of mutation. Mean-

while, in order to analyze the law of farmland expansion in 

space, we discuss the relationship with respect to the varia-

tion of cultivated land from the perspective of spatial dis-

tribution data for water conservancy facilities (such as 

reservoirs and irrigation canals). 

3 Analysis of temporal and spatial variation 

in the farmland area 

3.1 Land use change and transformation process 

From Table 2, we can see that the cultivated land and 

land for construction continuously increase in recent 50 

years, and the unutilized land, wetland, and glacier/snow 

continuously decrease; grassland, woodland, water area, and 

saline-alkali land exhibit the fluctuating variation, which 

exhibit specifically as follows: 

1) In recent 50 years, the area of cultivated land and land 

for construction exhibits the significant upward trend, but 

the magnitude of increasing gradually declines. The area of 

cultivated land expands by 185.82% in the recent 50 years. 

In particular, the maximum magnitude of growth appeared 

in 1962–1977, and the area of cultivated land increased 

many fold on year-on-year basis after 1977, the area of cul-

tivated land increased at an average speed of 13% per 10 

years. The area of land for construction increased signifi-

cantly in 1962–1977 and 1977–1989, and after 1989 it in-

creased at a relatively steady speed of 12%. 

Table 2  Area and changing rates of land use in Manas basin 
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2) The area of wetland, water area, and glacier/snow ex-

hibits the trend of gradually decreasing. The change rate of 

wetland in 1962–1977 was −71.96%, and the area of reduc-

tion is mainly dried Manas Lake. The expansion of culti-

vated land increases the demand of water resource and 

results in the drying of rivers, which is main cause for the 

shrink of Manas Lake and wetland in the vicinity [29]. After 

1977, the area of wetland is only 20% of that in 1962, and 

the disappeared wetland was mainly distributed in the up-

stream of plain reservoirs. Glacier/snow accelerated to 

shrink in 1977–2000, and is relatively stable after 2000, 

which is consistent with the variation trend of glacier in the 

middle segment of Tianshan Mountains [30]. 

3) The area of grassland exhibits the variation trend of 

first increase and then decrease. The grassland area in-

creased by 19.75% in 1962–1977, and the area of enhance-

ment is mainly concentrated in the southern mountainous 

area and the region to the east of Changji. The area of 

grassland gradually decreased during the four time periods 

after 1977, and the areas of reduction are mainly distributed 

in the plain cultivation areas. The woodland significantly 

decreased in the first 30 years, and then increased with 

small magnitude in the following 10 years. The 

large-magnitude variation of saline-alkali land is mainly 

caused by the interactive transformation between water are-

as and saline-alkali land in Manas Lake. The area of unu-

tilized land continued to decline, which is mainly related to 

the large-scale land and water development in the research 

area. 

In order to better describe the relationship of mutual 

transformation between cultivated land and other land types, 

we generate the transfer matrix of land use type for five 

time periods of 1962–2010, and plot the histogram of areal 

percentage for 1962–1977, 1977–1989, 1989–2000, 

2000–2010, and 1962–2010 according to the percentage of 

inward transformation and outward transform of farmland 

for various land use types with respect to the farmland area 

in each time period (Fig. 3). Here, the proportion of areal 

transformation > 0 means that other land use types are 

transformed to cultivated land, and the proportion of areal 

transformation < 0 means that the cultivated land is trans-

ferred to other land use types. 

The characteristics of farmland transformation are as 

follows: 

1) The land use types transformed to cultivated land are 

dominated by unutilized land and grassland; woodland and 

wetland occupied for a certain proportion in the early peri-

od, and the occupied ratio is small in the late period. The 

unutilized land and grassland are the main object of farm-

land reclamation in various time periods. The reclaimed 

proportion of unutilized land was higher than grassland in 

the time period of 1962–1977, while it was opposite in the 

several time periods after 1977. Woodland and wetland oc-

cupied for a relatively large ratio in the time period of  

 

Fig. 3  Constitute proportion of mutual conversion between 

farmland and other types in each stage during 1962–2010 

1962–1977, and the ratio gradually declined after 1977. 

Therefore, the wetland and shrub woodland in desert with 

relatively good natural conditions of water and soil in the 

vicinity of river courses become the first object of farmland 

reclamation, but the areal scale of wetland and woodland is 

relatively small, and the subsequent area and its ratio that 

can be sustainably reclaimed are both very low. 

2) The land use types for the outward transformation of 

farmland is dominated by land for construction, grassland 

and unutilized land. From Table 2, we can see that the scale 

of land for construction is relatively small. Although there is 

expansion over relatively large scale in each time period, 

the proportion is very small. However, from the perspective 

of the entire time period in 1962–2010, the transformed area 

to land for construction accounts for more than half of the 

total transformed area of cultivated land. The proportion of 

grassland and unutilized land is relatively high in two time 

periods of 1962–1977 and 1977–1989, which is related to 

the abandoned farmland in some areas during this time pe-

riod. This is mainly caused by the insufficiency of water 

resource conditions in the early stage of farmland reclama-

tion or the salinization of cultivated land [17]. 

3) During individual time periods in 1962–2010, the area 

of inward transformation of cultivated land was greater than 

the area of outward transformation, and the overall area of 

cultivated land continued to rapidly increase. The area for 

the inward transformation and outward transformation of 

cultivated land gradually declined year by year, and the 

magnitude of variation also decreased at different degrees. 

3.2 Spatial pattern in the variation of cultivated 

land 

3.2.1 Spatial pattern of variation in the cultivated 

land area during different time periods 

Fig. 4 shows the diagram of spatial pattern for the tem-
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poral/spatial variation in the different cultivated land patch-

es in Manas Basin. By combining Fig. 3 and 4, we can see 

that the spatial variation in the cultivated land mainly exhib-

ited as follows: 

1) In 1962–1977, the cultivated land was during the 

two-way transformation period, and the inward transfor-

mation and outward transformation of cultivated land are 

both relatively drastic. The inward transformation of culti-

vated land mainly occurred in the patch areas in the vicinity 

of urban areas of Urumqi, Changji, and Hutubi, and grass-

land, unutilized land, and wetland are the most principal 

types of inward transformation. The outward transformation 

of cultivated lands mainly occurs in the areas of Shihezi, 

Manas, and Shawan, where the cultivated land exhibits the 

obvious negative growth. In these regions, the rapid in-

crease of population caused the land for construction to sig-

nificantly increase, and a large amount of cultivated land 

was occupied and transformed to the land for construction 

(Fig. 4a). 

2) In 1977–1989, the cultivated land was during the tran-

sition period from the two-way transformation to the 

one-way transformation, and the focus of expansion in the 

cultivated land shifted from the surrounding areas of cities 

to desert areas, and shifted from the upper stream areas to 

the downstream areas; The large amount of wetland area 

along the coast of rivers is transformed to cultivated land. 

The manner of cultivated land expansion also turned from 

the increase over large area patches to expansion over small 

areas along the existing boundaries of cultivated land. 

Meanwhile, because of the large-scale expansion of cities 

and towns, the existing reclaimed cultivated land in the vi-

cinity of cities also was also transformed in patches to land 

for construction, which exhibits obviously in south of 

Urumqi, Changji, and Shihezi. We can see from Table 2 that 

the two time periods in 1962–1989 are also the time periods 

when the expansion of land for construction is the most in-

tense. The expanded cultivated land during the previous 

time period in north of study area and Xiazigai village of 

Hebukeser were again abandoned to transform to grassland 

because of the deficiency of water resource (Fig. 4b). 

3) The cultivated land was during the one-way transfor-

mation in two time periods of 1989–2010, and the area of 

outward transformation is far lower than the area of inward 

transformation. The main forms exhibited by the expansion 

of cultivated land are: reclaim the sporadic unutilized land 

or grassland between the existing cultivated land, or expand 

over patches in the lower reach area of basin, and the area 

and velocity for the expansion of cultivated land slowed 

down in comparison with the previous two time periods 

(Fig. 4e). In 1989–2000, patches of unutilized land were 

reclaimed in the northern Xiazigai and Karamay region 

(Fig. 4c), and in 2000–2010 some of the abandoned grass-

land of Regiment 136 in the downstream of Manas River 

was reclaimed to cultivated land (Fig. 4d). 

 

Fig. 4  Spatio-temporal cropland changes of Manas basin in dif-

ferent periods during 1962–2010 

3.2.2 Analysis of variation in the landscape pattern 

of cultivated land 

In order to reflect the characteristics of spatial variation 

in cultivated land patch and main land use types, we calcu-

late respectively patch density index (PD), largest patch 

index (LPI), and aggregation index (AI) for cultivated land, 

unutilized land, grassland, and land for construction, as 

shown in Table 3. PD can considerably well reflect the 

fragmentation of landscape; the more the number of patches 

over the unit area is, the higher the heterogeneity of land-

scape is. LPI and AI can reflect the aggregation degree of 

different kinds of landscape patches in space. We can see 

from Table 3 that, the patch density of different kinds of 

land use all exhibit the upward trend, indicating that in re-

cent 50 years the heterogeneity of landscape patches in the 

basin increases along with the dramatic change of land use, 

and different kinds of landscape types exhibit the fragmen-

tation trend. Because a large amount of unutilized land and 

grassland are occupied by cultivated land and land for con-

struction, they are spatially divided into fragmented patches, 

and the fragmentation of landscape gradually increases. The 

enhancement of patch density for the cultivated land and 

land for construction was the largest in 1977–1989; after 

2000, although the area of cultivated land and land for con-

struction still increases, the patch density decreases, which 

is mainly because the increasing cultivated land and land for 

construction exhibit the trend to connect with each other in 

space, causing declination in the amount of patches. 

From the perspective of LPI, LPI of cultivated land and  
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Table 3  Class level index table of farmland in Manas basin during 1962–2010 

 

land for construction exhibited the upward trend, while the 

unutilized land and grassland exhibited the downward trend. 

This indicates that for the cultivated land and land for con-

struction, not only the amount of patches increased, but also 

the increased patches and existing patches exhibit the trend 

to aggregate in space. However, after the unutilized land 

and grassland experienced the erosion and division of first 

two types, the region of the largest patch area exhibits the 

downward trend. The aggregation index (AI) of cultivated 

land, land for construction, and grassland exhibited the 

downward trend in 1962–1989, while exhibited the slow 

upward trend after 1989; however, LPI of unutilized land 

always exhibited the downward trend. This is mainly be-

cause the number of increased patches for cultivated land in 

the former two time periods is greater than the number of 

aggregated patches, therefore causing increased fragmenta-

tion; during the following time period, however, the in-

creased discrete patches are aggregated with existing 

patches, contiguous farmlands appear and the aggregation 

degree increases. 

Therefore, in recent 50 years, the center of farmland ex-

pansion in Manas Basin shifted from the vicinity of cities to 

the desert area and gradually shifted from the upper reach to 

the lower reach, and grassland, unutilized land, and wetland 

are the main land use types that are transformed to the cul-

tivated land. The areas for outward transformation of culti-

vated land mainly appear in the vicinity of cities and towns, 

resulting in the phenomenon that the large amount of culti-

vated land was occupied by the land for construction, while 

its area and change rate are both far smaller than the scale of 

cultivated land expansion. Before 1990s, the cultivated land 

was successively expanded over large scales in the wetland 

area in the upstream of basin and along both sides of rivers, 

and extended to the northern desert area; after 2000, the 

cultivated land turned to expand into Manas county and 

Shawan county. After the development in the recent 50 

years, the fragmentation of cultivated land and landscape of 

its outward transformed land types gradually increases, 

which reflects that the reclamation of cultivated land is the 

main reason that affects the pattern of landscape variation in 

this region. After 2000, the expansion of cultivated land 

slowed down, and the increase of LPI and aggregation index 

for the cultivated land indicates that the spatially discrete 

small patches of cultivated land gradually turn into contig-

uous cultivated land zone over patches. The variety and 

heterogeneity of cultivated landscape decrease, and the 

dominance of cultivated land in the landscape is further 

strengthened. 

4 Analysis on the impact of climate change 

and construction of water conservancy facili-

ties on the temporal/spatial variation of culti-

vated land 

4.1  Impact of climate change on the tem-

poral/spatial variation in cultivated land 

In order to analyze the climate change in the basin, we 

adopt the Mann-Kendall method of non-parametric iterative 

correlation test to plot the UF and UB curves (Fig. 5), and 

analyze the variation trend and mutation point of rainfall 

and runoff in recent 50 years. We further investigate the 

impact of water resource amount on the change of cultivat-

ed land area under the condition of climate change. We can 

see from Fig. 5 that UF > 0 for the rainfall prior to 1976, 

and UF < 0 in 1977–1996; the UF curve continued to arise 

after 1997, and the year with obvious abrupt change is 1996. 

This indicates that the rainfall in this area exhibited the up-

ward trend before 1976 and downward trend in 1976–1996, 

and after 1996 the rainfall always exhibited the trend to 

gradually increase. The overall trend of annual rainfall in 

recent 50 years is to increase. The variation trend and muta-

tion years of annual runoff at Kensiwate station keep con-

sistent with the annual rainfall, except that the magnitude of 

variation is lower than the annual rainfall. 

From the analysis of Table 2 and Fig. 3, we can see that 

the cultivated land was at the stage of expansion at different 

time periods of 1962–2010, and it occupied a large amount 

of grassland at each stage; however, the grassland still ex-

hibits an upward trend generally, and exhibited some shrink 

only at two time periods of 1977–1989 and 2000–2100. 

This indicates that the enhancement of rainfall and runoff 

provide the necessary water resource condition for the ex-

pansion of cultivated land, and is conducive to the expan-

sion of natural grassland, which improves the regional  
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Fig. 5  Mann-Kendall analysis of annual precipitation and runoff 

at Kensiwatt hydrological stations 

Note: MK means the result of Mann-Kendall test; UF is the standard nor-

mal distribution curve by time sequence; UB is the standard normal distri-
bution curve by time reversal; Critical is the curve of critical value. 

ecological environment to some extent. In the time period of 

1976–1996, under the situation that the total amount of wa-

ter resource decreased, the cultivated land remained to ex-

pand over large scale, which was not consistent with the 

trend of climate change. Manas Lake was always during the 

dry period from 1970s to 2010 (with brief recovery during a 

time period in 1989), and the wetland in the middle and 

lower reaches also exhibits obvious degradation. This indi-

cates that the large amount of ecological water usage in the 

lower reach has been occupied by agricultural irrigation. 

Meanwhile, the existing studies indicate that [17], the under-

ground water was extracted to irrigate farmlands in many 

regions of middle and lower reaches since 1960s, and the 

water-saving irrigation technology was significantly pro-

moted in the areas of Shihezi, Manas, and Shawan after 

1990. The application of agricultural drip pumping over 

large areas reduces the amount of surface water resource 

usage over the unit area. However, the increase of surface 

water resource amount caused by the climate change is still 

far from being able to satisfy the water resource amount 

demanded by the expansion of cultivated land. The ecolog-

ical water usage in the lower reach is further occupied, and 

the water resource in the basin is under a state of 

over-exploitation. 

4.2 Impact of water conservancy facility con-

struction on spatio-temporal variation in cultivated 

land 

The construction of reservoirs and irrigation canals can 

alter the spatial pattern of water resource configuration and 

utilization. Here through the different agricultural irrigation 

divisions formed by the network system of rivers and irriga-

tion canals, we discuss the impact of construction of reser-

voirs and irrigation canals on the expansion of agricultural 

cultivated land in different regions and during different time 

periods. In Fig. 6, using the core area of farmland develop-

ment in the study area as an example, we adopt the spatial 

information of rivers and irrigation canals in the terrain map 

with 1:250,000 scale to analyze the relationship between the 

construction of reservoirs and spatial expansion of cultivat-

ed land during different time periods. From the water re-

source allocation plan for the agricultural irrigation of 

Nongqishi [9], we can see that this region is divided into five 

irrigated areas: Anjihai area, Xiayedi area, Mosuowan area, 

Xinhuchang area, and Dahaizi area. 

 

Fig. 6  Spatial distribution of reservoirs and irrigation areas in 

Manas Basin 

1. Anjihai reservoirⅠ (1957) 2. Anjihai reservoirⅡ (1989) 3. Haiziwan 

reservoirⅠ (1982) 4. Honggou reservoir (1960) 5. Moguhu reservoir 

(1959) 6. Daquangou reservoir (1955) 7. Jiahezi reservoir (1967) 8. Yuejin 
reservoir (1971) 9. Baituken reservoir (1962) 10. Xinhuping reservoir 

(1956) 11. Taxihe reservoir (1958) 12. Dahaizi reservoir (1958) 13. Xiao-

haizi reservoir (1962) Note: The values in the parentheses are the reservoir 
completion years. 

We calculated respectively the areal change rate of culti-

vated land area in different irrigated areas during four time 

periods (Table 4), and we can see that for Anjihai area, after 

the joint use of Anjihai Reservoir I and Anjihai Reservoir II 

in 1989, the cultivated land area rapidly increased by nearly 

50% in 2000–2010. The construction of two reservoirs in 

Mosowan area was completed in 1967 and 1971, respec-

tively, and the time periods for the main expansion of culti-

vated land were also the two time periods in 1977–2000. 

The three reservoirs of Xinhuchang area were all completed 

before 1962, and the time of farmland expansion was during 

two time periods in 1962–1989, while the farmland expan-

sion rate was obviously declined after 1989. The situation of 

Dahaizi area is also completely identical to Xinhuchang 
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area. As for Xiayedi area, the construction of four reservoirs 

was completed respectively in 1955, 1959, 1960, and 1982, 

and the cultivated land was always at a state of rapid growth 

during four time periods in 1962–2010. Consequently, there 

is obvious correlation between the construction of reservoirs 

and the expansion of cultivated land in the corresponding 

irrigated area. The time periods for the expansion of culti-

vated land mainly occur over 1–2 time periods after the 

completion of reservoir, and there is some delayed effect. 

This is mainly because within one time period after the 

completion of reservoir, it still needs to gradually improve 

the construction of water conservancy facilities in the irri-

gated area. After the accomplishment of irrigation canals, 

the cultivated land in this area will accelerate to expand [31]. 

Table 4  Farmland area change rates in different irrigated areas 

 
By combining the analysis of spatial variation in the cul-

tivated land, we can see that there is obvious correlation 

between the expansion velocity and direction of cultivated 

land and the spatial distribution and construction time of 

reservoirs in recent 50 years. In 1950s, Hutubi and Shihezi 

respectively constructed many reservoirs on the rivercourses 

of Hutubi River and Manas River, and the large amount of 

cultivated land was first reclaimed in these regions with 

relatively good water resources; along with the successive 

accomplishment of reservoirs and gradual improvement and 

application of irrigation canals in 1960s, the cultivated land 

gradually expanded in the desert in the middle and lower 

reaches; after 1970s, the construction of reservoirs was 

mainly concentrated in the areas of Shawan and Manas, and 

the cultivated land in these regions also exhibited the 

growth after 2000. Meanwhile, the motor-pumped wells for 

irrigation were constructed over large scale in 1960s, and 

the large amount of underground water was exploited for 

the reclamation of cultivated land, which enables that the 

wasteland between farmlands and the desert area in the 

middle and lower reaches of the basin can both be reclaimed 

to be cultivated land. At present, there are 2417 mo-

tor-pumped wells in the basin, including 2032 dive wells 

and 385 artesian wells, which can provide 2.89 × 108 m3 

water for agriculture [32] annually. The joint effect of reser-

voirs, irrigation canals, and motor-pumped wells ensures the 

continuous irrigation of cultivated land, and the expansion 

of farmlands responds to the construction reservoirs and 

irrigation canals in space. Therefore, there is very high cor-

relation between the spatial expansion of cultivated land in 

different time periods and the water resource configuration 

and development of human beings. 

Based on the aforementioned analysis, we can see that 

the potential for the continued expansion of cultivated land 

has approached saturation in Manas Basin. Although the 

warm and moist climate change objectively increases the 

total amount of water resource in the basin, the enhance-

ment of grassland area in the desert also reflects that the 

ecological environment in the desert is improved to some 

extent. However, Manas Lake located in the lower reach 

remains drought, and the wetland in the vicinity of rivers 

continued to be occupied by cultivated land. The ecological 

environment still develops toward the worsening trend. 

Therefore, the enhancement of water resource amount 

caused by the climate change cannot satisfy the amount of 

irrigation water usage demanded by the expansion of culti-

vated land, resulting in the large amount of ecological water 

usage occupation in the lower reach. However, the climate 

change is not stable, and there will be risk of large-scale 

drought when there is water resource shortage caused by the 

drought years. On the other hand, in recent 20 years, the 

water conservancy facilities have tended to improve in the 

irrigated areas, and the water-saving irrigation technology 

almost completely covers the areas of Shihezi, Shawan, and 

Karamay. The exploitation of underground water also con-

stantly grows, and the newly increased water resource 

brought by using water-saving measures and optimal con-

figuration of water resource has been used to the new rec-

lamation of farmland [15], and it is difficult to sustain the 

continued expansion of cultivated land in the future. 

In recent years, along with the integrated urbanization 

development of Urumqi and Changji and the large-scale 

expansion of cities and towns in the economic zone on the 

northern slope of Tianshan Mountains, the water resources 

become increasingly the factor to constrain the urban ex-

pansion and industrial development [33]. Therefore, we 

should reasonably control the size of cultivated land, and 

return the farmland to grassland in the regions with poor 

conditions of water resources; meanwhile, we need to opti-

mize the agricultural planting structure, and save more ag-

ricultural water usage to develop industry and urbanization, 

in order to improve the intensive effect of water resource 

utilization. This is the important research content for the 

control of farmland scale and intensive development of ag-

riculture in the future. 

5 Conclusions 

Using the remote sensing data in five time periods of 

1962-2010, we plot the variation diagram for the land use in 

Manas Basin. On this basis, we analyze the characteristics 

of spatio-temporal variation in the farmland area in recent 

50 years, and investigate the impact of water resource con-

figuration on the temporal/spatial variation of cultivated 
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land from the perspective of climate change and construc-

tion of irrigated area. The results indicate that: 

1) In recent 50 years, the change of land use in Manas 

Basin mainly exhibits as the continuous increase in the area 

of cultivated land and land for construction land, and the 

continuous decrease in unutilized land, wetland, and glaci-

er/snow. The grassland increased in the first 20 years and 

decreased in the following 30 years, and the transformation 

of cultivated land generally changes from dramatic to gen-

tle. 

2) The process of temporal variation in cultivated land 

exhibits as: the cultivated land gradually transited from the 

two-way transformation in the former 20 years to the 

one-way transformation period in the following 20 years. 

The transformation to cultivated land is dominated by unu-

tilized land and grassland, and woodland and wetland ac-

count for a relatively large ratio in the early period, and a 

small proportion in the late period. The outward transfor-

mation of cultivated land is dominated by land for construc-

tion and grassland, and is mainly related to expansion of 

urbanization and abandon of cultivated land. The area of 

inward transformation for cultivated land is greater than the 

area of outward transformation, and the area of inward 

transformation and outward transformation for cultivated 

land gradually declines. The overall area of farmland con-

tinues to rapidly increase. 

3) The characteristics of spatial variation in cultivated 

land is: the center of expansion gradually shifted from the 

peripheral of cities to the desert area, and shifted from the 

middle and upper reaches of basin to the lower reach; it 

successively expanded in Changji, Hutubi, Shawan county, 

and two coasts of main rivers, as well as in northern desert 

areas, and extended to the hinterland of northern desert. 

After the reclamation in the recent 50 years, the landscape 

of cultivated land in the basin has been gradually trans-

formed from sporadic broken patches to continuous culti-

vated zones over patches, and the dominance of farmland 

landscape is further strengthened. 

4) The rainfall and runoff out of mountain in Manas Ba-

sin exhibit the trend to increase, and the enhancement of 

total water resource amount in the basin objectively pro-

vides the condition for the areal expansion of cultivated 

land. However, the construction of reservoirs and irrigation 

canals in the basin considerably well explains the spatial 

characteristics of expansion in cultivated land. In the fol-

lowing time period after the construction of reservoirs and 

irrigation canals is completed, the cultivated land is often 

accompanied by a round of rapid expansion. Therefore, 

there is very high correlation between the spatial expansion 

of cultivated land in different time periods and the water 

resource configuration and development of human beings. 

References 

[1]Tilman D, Fargione J, Wolff B, et al.Forecasting agriculturally driven 
global environmental change[J].Science2001, 292(5515):281-294. 

[2]Wang Yugang, Xiao Duning, Li Yan.Dynamic characteristics of land 

degradation development in agricultural oasis of desert-oasis eco-
tone[J].Transactions of the Chinese Society of Agricultural Engineer-

ing(Transactions of the CSAE), 2007, 23(6):83-90.(in Chinese with 

English abstract) 
[3]Zhang Ming.A study on the landscape pattern and differentiation of 

fragile environment in Yulin Prefecture[J].Geographical Research, 2000, 

19(1):30-36.(in Chinese with English abstract) 
[4]Yan Zhenglong, Huang Qiang, Chang Jianxia, et al.Analysis and dy-

namic monitoring of land use in the main stream of Tarim river valley 

using remote sensing[J].Transactions of the Chinese Society of Agricul-
tural Engineering(Transactions of the CSAE), 2008, 24(3):119-123.(in 

Chinese with English abstract) 

[5]Hu Yufu, Deng Liangji, Zhang Shirong, et al.Changes of land use and 
landscape pattern in Xichang city based on RSand GIS[J].Transactions 

of the Chinese Society of Agricultural Engineering(Transactions of the 

CSAE), 2011, 27(10):322-327.(in Chinese with English abstract) 
[6]Li Xiaoyu, Xiao Duning.Dynamics of water resources and land use in 

oases in middle and lower reaches of Shiyang River watershed, North-

west China[J].Advances in Water Science, 2005, 16(5):643-648.(in 

Chinese with English abstract) 

[7]Wang Genxu, Chen Guodong.Water resource development and its in-

fluence on the environment in arid areas of China:The case of the Hei 
River basin[J].Journal of Arid Environments.1999, 43(2):121-131. 

[8]Wang Genxu, Cheng Guodong.The spatial pattern and influence caused 

by water resources in arid desert oases[J].Acta Ecologica Sinica, 2000, 
20(3):363-368.(in Chinese with English abstract) 

[9]Bao Anming,Liu Hailong,Chen Xi, et al.Study of the impact of climate 

change and human activities on the hydrological ecological processes of 
Xinjiang Manas Basin [M].Beijing:China Meteorological Press, 2013: 

64-80.(in Chinese) 

[10]Liu Hailong, Bao Anming, He Xinling, et al.Influence of land use on 
water resource use in the Manasi river basin[J].Journal of Shihezi Uni-

versity:Natural Science, 2010, 28(1):96-100.(in Chinese with English 

abstract) 
[11]Liu Zhanjing, Liu Ligang.Analysis on existing problem of water re-

source of the Manas river valley and protective measure[J].Research of 

Soil and Water Conservation, 2005, 12(4):137-138.(in Chinese with 
English abstract) 

[12]Cheng Weiming, Zhou Chenghu, Li Jianxin.Evolition of Manas lake 

landscape in Xinjiang and its eco-environmental effect[J].Quaternary 
Sciences, 2001, 21(6):560-565.(in Chinese with English abstract) 

[13]Shi Xingming, Li Youli, Yang Jingchun.Climatic and tectonic analysis 

of Manas lake changes[J].Scientia Geographica Sinica, 2008, 28(2): 
266-271.(in Chinese with English abstract) 

[14]Feng Yixin, Luo Geping, Zhou Decheng, et al.Effects of land use 

change on landscape pattern of a typical arid watershed in the recent 50 
years:A case study on Manas River Watershed in Xinjiang[J].Acta Eco-

logica Sinica, 2010, 30(16):4295-4305.(in Chinese with English ab-

stract) 
[15]Liu Jinwei, Jin Tiantian, Liu Guohua, et al.Analysis of land use/cover 

change from 2000 to 2010 and its driving forces in Manas river basin, 
Xinjiang[J].Acta Ecologica Sinica, 2014, 34(12):3211-3223.(in Chinese 

with English abstract) 

[16]Zhang Qingqing, Xu Hailiang, Li Yan, et al.Oasis evolution and water 
resource utilization of a typical area in the inland river basin of an arid 

area:A case study of the Manas River valley[J].Environmental Earth 

Sciences, 2011, 66(2):683-692 

[17]Cheng Weiming, Zhou Chenghu, Liu Haijiang, et al.Oasis expansion 

and ecological environment evolution research in Manas River Basin in 

50 years[J].Science in China:Series D2005, 35(11):1074-1086.(in Chi-
nese with English abstract) 

[18]Wang Xiulan, Bao Yuhai.Study on the methods of land use dynamic 

change research[J].Progress in Geography, 1999, 18(1):81-86.(in Chi-
nese with English abstract) 

[19]Xue Jian, Yun Wenju, Du Guoming, et al.Difference analysis of land 

use patterns in modern and traditional agricultural region based on re-
mote sensing[J].Transactions of the Chinese Society of Agricultural En-

gineering(Transactions of the CSAE), 2012, 28(24):245-251.(in Chinese 

with English abstract) 
[20]Wang Shijiang, Zhang Shuming.The rivers and lakes in xinjiang, Chi-

na[M].Beijing:China Water & Power Press, 2010:125-147.(in Chinese) 

[21]Lehner B, Verdin K, Li Jarvis A.Hydro SHEDS Technical Documenta-

183



   

© 2015 China Academic Journals (CD Edition) Electronic Publishing House Co., Ltd. 

tion[M].Version1.0, Environmental Earth Scien Washington, DC:World 

Wildlife Fund US, 2006:1-26 
[22]Sohn H G, Kim G H.and Yom J H.Mathematical modelling of histori-

cal reconnaissance Corona KH-4B imagery[J].The Photogrammetry 

Record, 2004, 19(105):51-66. 
[23]GB/T 21010-2007, Land use classification criteria[S].(in Chinese) 

[24]Hu Luanyun, Chen Y L, Xu Yue, et al.A 30 meter land cover mapping 

of China with an efficient clustering algorithm CBEST[J].Science in 
China:Series D, 2014, 44(8):1621-1633.(in Chinese with English ab-

stract) 

[25]Yi Ling, Zhang Zengxiang, Wang Xiao, et al.Spatial-temporal change 
of major reserve resources of cultivated land in China in recent 30 

years[J].Transactions of the Chinese Society of Agricultural Engineer-

ing(Transactions of the CSAE), 2013, 29(6):1-12.(in Chinese with Eng-
lish abstract) 

[26]Song Kaishan, Liu Dianwei, Wang Zongming, et al.Analysis of culti-

vated land dynamics in the past 50 years in Sanjiang plain and its driv-
ing forces[J].Journal of Soil and Water Conservation, 2008, 22(4): 

75-81.(in Chinese with English abstract) 

[27]Luque S, Saura S, Fortin M-J, et al.Landscape connectivity analysis for 

conservation:Insights from combining new methods with ecological and 

genetic data[J].Landscape Ecology, 2012, 27(2):153-157. 

[28]Wei Fengying.Modern Climatic Statistical Diagnosis and Prediction 

Technology [M].Beijing:China Meteorological Press, 2007:56-60.(in 

Chinese) 
[29]Zhang Hongfeng, Ouyang Zixun, Zheng Hua, et al.Landscape pattern 

change and its ecological effect in Manas River Basin of Xinjiang, Chi-

na[J].Chinese Journal of Applied Ecology, 2009, 20(6):1408-1414.(in 
Chinese with English abstract) 

[30]Wang Shengjie, Zhang Mingjun, Li Zhongqin, et al.Response of glaci-

er area variation to climate change in Chinese Tianshan mountains in the 
past 50 years[J].Acta Geographica Sinica, 2011, 66(1):38-46.(in Chinese 

with English abstract) 

[31]Li Yufeng, Liu Hongyu, Wang Cuixiao.Study on the influence of agri-
cultural drainage channels on landscape pattern in bielahong water-

shed[J].Journal of Natural Resourcrs, 2009, 24(9):1573-1581.(in 

Chinese with English abstract) 
[32]Dong Xinguang.The study on systematic optimization allocation of 

typical water resources in Junggar basin, Xinjiang [M].Urumqi: Xin-

jiang Science, Technology and Public Health Press,1997:80-110.(in 
Chinese) 

[33]Yang Yu, Liu Yi, Jin Fengjun, et al.Spatio-temporal variation of land 

and water resources benefit of north slope of Tianshan Mountains under 

the background of urbanization[J].Geographical Research, 2012, 

31(7):1185-1198.(in Chinese with English abstract) 

 

184



Transactions of the Chinese Society of Agricultural Engineering  

 
© 2015 China Academic Journals (CD Edition) Electronic Publishing House Co., Ltd. 

______________________________________ 

Received: 2014-09-18 

Supported by: Research Funds for Public Welfare Industry by Ministry of Land and Resources (201211001) 

First author: Shi Xia, male, born in Nanyang, Henan Province, Ph.D. candidate, mainly engaged in the research of land policy and admin-

istration. Email: siassx@163.com 

Corresponding author: Zhu Daolin, male, born in Jinzhai, Anhui Province, professor, Ph. D. supervisor, mainly engaged in the research of 

land economic and policy. Email: dlzhu@cau.edu.cn 

DOI: 10.3969/j.issn.1002-6819.2015.03.041  

Characteristics and influence factors of farmers' hierarchy of needs in land  

consolidation 

Shi Xia, Zhu Daolin, Zhang Junlian, Han Dejun 

 College of Resources and Environmental Sciences, China Agricultural University, Beijing 100193, China 

Abstract: Realizing the objective of land consolidation depends on whether the farmers' needs have been satisfied. 

Based on the micro-survey data in the rural areas of Henan Province, the binary logistic regression models by IBM 

SPSS were used to research the characteristics and the influence factors of farmers' hierarchy of needs in land con-

solidation. Considering the impact of village location and different stages of land consolidation project on local 

economy development level and farmers' needs, this paper selected several villages which were located at the 

mountain, suburban and exurban areas between the areas land consolidation had been completed and the upcoming 

areas. The questionnaire surveys were designed from the angle of farmers' needs, and a face-to-face investigation 

was conducted with farmers by random sampling. The result showed that farmers' needs had hierarchical and dif-

ferentiated features in land consolidation. The proportions of choices in improving farming and living conditions 

(Need hierarchy Ⅰ), transferring their farmland (Need hierarchy Ⅱ), and participating land consolidation (Need 

hierarchy Ⅲ), were 89.09%, 36.8% and 62.7%, respectively. Some farmers had needs not only on one hierarchy, 

but also on two hierarchies above, and the difference in selecting hierarchy of needs existed among the farmers in 

different locations and different stages of their land consolidation project. In the villages which had completed land 

consolidation, the proportions of choices in Need hierarchy Ⅰ, as well as simultaneously in Need hierarchy Ⅰ 

and Ⅲ, were higher than the villages which had not. Meanwhile, in the suburban areas, the proportion of choices in 

Need hierarchy Ⅱ was higher than the exurban areas and mountain areas. And, the mountain areas had the highest 

proportion of choices in Need hierarchy Ⅰ. There were significant differences in farmers' hierarchy of needs in 

land consolidation. The factors which had effect on selecting hierarchy of needs for farmers contained personal 

characteristics, household characteristics, village characteristics and cognition characteristics. Family characteristics 

had significant impact on all the three models, farmers' cognition had significant impact on model Ⅰ and Ⅲ, and 

personal and community characteristics also had significant impacts on model Ⅱ and Ⅲ. More specifically, the 

lower the proportion of nonfarm income, the more cultivated plot, the larger family size and the higher cognition 

degree, the stronger needs the farmers had in Need hierarchy Ⅰ. Similarly, the farmers with the higher proportion 

of nonfarm income and the larger cultivated area, the younger, and the farmers who were village cadres and in vil-

lages which established rural social organizations had stronger needs in Need hierarchyⅡ. And, the farmers who 

lived in the areas which completed land consolidation and in the villages which established rural social organiza-

tions, the farmers with the higher cognition degree and the larger cultivated area, male and village cadres, had 

stronger needs in Need hierarchy Ⅲ. What's more, the needs of farmers in land consolidation have turned the hier-

archy of need Ⅰ into hierarchy of need Ⅱ, Ⅲ and multi-hierarchy need for realizing self-worth through their 

participation. These results can provide relevant reference for exploring the behavior logic of farmers in participat-

ing land consolidation, and building public participation mechanism for land consolidation in the foreseeable future.  

Keywords: land use; differentiation; models; land consolidation; hierarchy of needs; public participation mecha-

nism; Henan province 

CLC number:F301.22 

0 Introduction 

As the systems engineering of improving production and 

living conditions for regional farmers and increasing farm-

ers' income, products offered by land consolidation have 

obvious characteristics of public goods. The supply mecha-

nism of public goods in the current land consolidation is 

mostly “from top to bottom” government-led model, which 

has obvious advantages for the deploy of land consolidation 

on a larger spatial scale. However, it easily overlooks the 
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actual needs of farmers for the land consolidation projects 

on a smaller scale 
[1–2]

, whose limitations become increas-

ingly prominent with the differences of hierarchy of needs 

of farmers. It is mainly manifested as uneven distribution of 

public goods resources, public goods provided by land con-

solidation projects difficult to meet farmer's needs, the lack 

of effective public participation in land consolidation, etc., 

which suppresses the exerting of the benefit of land consol-

idation and is not conducive to achieving quite a lot goals of 

land consolidation. Therefore, the research of the character-

istics of hierarchy of needs for farmers and its influencing 

factors in land consolidation is extremely essential to estab-

lish public participation mechanisms of land consolidation 
[2]

 and optimize the supply mechanism of public goods in 

land consolidation 
[3–4]

. 

Scholars prefer to study farmer's needs from the perspec-

tive of public goods supply in rural areas 
[5–6]

, and empha-

size the importance of improving the system of public 

goods supply based on farmer's needs from the following 

aspects, including needs preferences, needs intensity, and 

needs evolution 
[7–10]

, making scientific advice focusing on 

the following three aspects 
[11–12]

. Firstly, construct the 

structural arrangement of the system of public goods supply 

guided by farmer's needs; secondly, construct the polycen-

tric rural public goods pattern supply and the expression 

system of rural public goods needs; thirdly, enhance the 

presentation skill of public goods needs for villagers. The 

research above provides a solid foundation and inspiration 

for this paper: First, the current “from top to bottom” gov-

ernment-led model of land consolidation results in the lack 

of presentation channels of farmer's needs and public goods 

provided by land consolidation difficult to effectively meet 

actual farmer's needs. There is yet no empirical study on the 

hierarchy of needs of farmers in land remediation in China; 

the second is the farmer's needs for land remediation which 

is not reflected in product supply quantity simply but it is 

characterized by levelization and differentiation. An 

in-depth understanding of the characteristics of hierarchy of 

needs for farmers and its influencing factors in land consol-

idation and an effective meeting of the farmer's needs for 

public goods provided by land remediation is the key to 

achieve the goal of land consolidation, which is rarely re-

flected in the existing research. 

In view of this, on the basis of field research in the rural 

areas of Henan province, the characteristics of hierarchy of 

needs for farmers was analyzed according to microeconom-

ic data and its influencing factors were analyzed using the 

Logistic regression model, providing a further reference for 

studying the behavioral logic of participation in land con-

solidation for farmers and building public participation 

mechanisms of land consolidation. 

1 Theoretical framework 

1.1 Characteristics of public goods in land con-

solidation 

Samuelson defined the public good as the one whose 

consumption by others will not be reduced due to any indi-

vidual consumer in “Pure theory of public expenditure”, 

which is characterized by non-excludability and 

non-competitiveness 
[13]

. Land consolidation focuses on 

farmland rearrangement. Through technical means, like land 

leveling project, water conservancy and irrigation, etc., the 

systems engineering of the comprehensive management of 

farmlands, water, roads, forests and villages aims at im-

proving production and living conditions in rural areas and 

ecological environment in the project area, providing more 

perfect land use and agricultural infrastructures, rural pro-

duction and living conditions and supporting facilities for 

the farmers in the project area 
[14]

. It can be seen that land 

consolidation aims at increasing the overall welfare, the use 

and consumption of the public goods provided are limited in 

the project area of land consolidation whose benefit scope is 

limited with the typical characteristics of quasi-public 

goods. 

1.2 hierarchy of needs theory and farmer's needs 

in land consolidation 

Maslow, an American psychologist, put forward the hier-

archy of needs theory in his book “Human Intentions Theo-

ry” in 1943, and summed human needs up as five levels, 

which are physiological needs, security needs, social needs, 

esteem needs and self-actualization needs in an order from 

low to high. The basic ideas of hierarchy of needs are re-

flected mainly in three aspects: First, human needs are hier-

archical classification which rises progressively 

step-by-step; secondly, needs are the foundation to prompt 

people to produce an act; thirdly, when certain needs are 

met, it loses arousal effects for behaviors. Maslow’s hierar-

chy of needs theory reflects the common law of human be-

havior and mental activity to some extent, but it emphasizes 

more on genetic factors, ignoring the reality of people’ s 

subjective initiative and many needs existing side by side. 

In the 1970s, Adefor from America conducted a study closer 

to the actual experience on the basis of Maslow, and he 

summed human needs up as three levels, namely Existence 

needs, Relatedness needs and Growth needs which is the 

ERG theory. The similar point between the ERG Theory and 

Maslow’s hierarchy of needs theory is that people are eager 

for higher level needs when lower level needs are met, and 

the difference is that a variety of needs can be motivators 

simultaneously in the “ERG” theory and people return to 

lower level needs when higher level needs are not met, 

highlighting individual differences 
[15]

. 

Based on the hierarchy of needs theory and practice of 

land consolidation, farmer needs for land consolidation is 
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not merely reflected in the passive acceptance of public 

goods provided by land consolidation, but also includes 

other effectiveness brought by land consolidation with ac-

tive participation. Farmer's need based on land consolida-

tion is characterized by levelization and differentiation. 

Levelization is the inevitable result of differentiation, and 

differentiation is a concrete manifestation of levelization. 

According to the practice of land consolidation 
[16]

, the hi-

erarchy of needs of farmers is mainly reflected in three as-

pects. Firstly, it is the construction or improvement of 

farmland water conservancy works, the improvement of 

farming conditions and rural living environment through 

land remediation, namely the needs for the improvement of 

production and living conditions, which is the most funda-

mental and immediate needs farmers obtain from land con-

solidation; secondly, it is land transfer by land 

consolidation, namely the needs for land transfer 
[17]

; third-

ly, it is the needs for participation in land consolidation in 

order to achieve the matching between actual needs and 

public goods of land consolidation, reflecting the need for 

achieving self-worth of farmers. Based on the differences of 

characteristics of individual, family, etc., farmers very likely 

have needs on multiple hierarchy of needs. For the conven-

ience of statistical analysis, these three hierarchy of needs of 

farmers are respectively called Need hierarchy I, Need hier-

archy II and Need hierarchy III. 

2 Data sources, variable settings and model 

building 

2.1 Data sources and the profile of the project 

area 

Survey data for this study are from the field research in 

the project area of land consolidation in Sheqi and Fang-

cheng Counties, Nanyang City, Henna province in 2014. 

Henan province is the major grain-producing area in China, 

while Sheqi and Fangcheng Counties are two important 

grain-producing counties. The selection of the project area 

of land consolidation in the two counties as the research 

place to study farmer's needs of the supply of public goods 

in land consolidation has its typical significance. To make 

the sample more representative, the research group has fil-

tered villages with various location characteristics in the 

project area of land consolidation completed or upcoming in 

consideration of factors, like the effect of location, with or 

without land consolidation, etc. on local economic devel-

opment and farmer's needs, making research results more 

scientific. According to research needs, the questionnaire 

survey in the paper was mainly designed from the perspec-

tive of farmer's needs for land consolidation, with direct 

interviews in household by random sampling with farmers 

in the project area and “face to face” communication and 

exchanges. A total of 240 questionnaires (of which 20 ques-

tionnaires each village for four villages of Sheqi County and 

eight villages of Fangcheng County) were issued, and 220 

questionnaires were recovered with an effective recovery of 

91.7%. 

In the surveyed project area of land consolidation, the 

project area of land consolidation in Sheqi County and 

Zhaohe Township and Silidian Township of Fangcheng 

County belongs to completed project area, and the project 

area of Bowang Town and Dushu Town of Fangcheng 

County belongs to upcoming project area of land consolida-

tion. In the completed project area, the total size of the pro-

ject area of land consolidation in Sheqi County is 1 586.27 

hm
2
, involving four administrative villages of Taihe Town-

ship and Xinlong Town. The construction emphasis is 

farming plot leveling, the construction of pumped well 

matching, irrigation and drainage systems and power sup-

porting facility. It was found in the research that pumps and 

other irrigation facilities in the project area were stole and 

damaged a lot due to the poor final management and 

maintenance, and farmers were still eager for improving 

production and living conditions; the size of the project area 

of land consolidation in Zhaohe Township of Fangcheng 

County is 1 393.72 hm
2
, involving eleven administrative 

villages. The construction emphasis is farming plot leveling, 

the improvement of country roads and irrigation systems. 

As a modern comprehensive experimental zone of high 

yield and high efficiency agriculture, the land transfer scale 

of Zhaohe Township is larger, but part farmers whose con-

tracted land is difficult to circulate due to solidification ex-

pect to promote land transfer by land consolidation; the land 

consolidation projects of Silidian Village focus on 

slope-to-terrace, the construction of country roads and irri-

gation canals and land development and consolidation. The 

contracted land in the project area is broken due to its loca-

tion in a mountainous area. The number of farmers’ con-

tracted land is up to 26. Farmers have a higher degree of 

recognition of land consolidation projects and a strong sense 

of participation; the project area of Bowang Town and Du-

shu Town of Fangcheng County belongs to upcoming pro-

ject area of land consolidation which is mainly high 

standard basic farmland improvement, involving 24 admin-

istrative villages with a total area of 5 290.07 hm
2
. The pro-

ject construction period was from September 2014 to 

September 2015. Farmers in the project area expect to im-

prove irrigation conditions and promote land transfer by 

land consolidation with high participation willingness. 

2.2 Variable setting 

Factors affecting the hierarchy of needs of farmers in-

clude internal factors, such as individual differences, and 

external factors, such as family and community differences 
[18–21]

. According to the research purpose of this paper, the 

following four kinds of independent variables are designed 

in this paper (see Table 1) combined with existing research 

results 
[22–26]

. 
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Table 1  Specific meaning and descriptive statistics of variables 

 
Note: Need hierarchy Ⅰ is need of improving farming and living condi-

tions, need hierarchy Ⅱ is need of land transfer, need hierarchy Ⅲ is 

need of participating land consolidation. Same as below. 

1) Individual characteristics. Four variables of gender, 

age, education level, village cadres (or not) were chosen. 

2) Family characteristics. It includes contracted land ar-

ea, arable land number, family size and the proportion of 

non-agricultural income. Among them, the family size is 

family population. A larger family indicates a smaller farm-

land area per person and more needs for food. Farmer's 

needs based on land consolidation is more focused on the 

concentrated continuous contracted land and higher food 

output. 

3) Farmers’ perception of land consolidation. It includes 

the cognition degree of land consolidation and the degree of 

recognition of land consolidation project by farmers. As for 

the cognition degree of land consolidation for farmers, the 

question “Do you understand the project and policy of land 

consolidation?” was designed in the questionnaire with op-

tions for their choice of “Completely unknown”, “Don’t 

know much”, “General understanding”, “Better under-

standing” and “Fully understanding”. Likert’s Five Scaling 

Method was used to assign values for the options. It was 

sequentially assigned 1 to 5 points. As for the degree of 

recognition for the farmers to the project of land consolida-

tion, the question “Do you think land consolidation is good 

for you and your family?” was designed in the questionnaire 

with values 1-3 points assigned respectively representing 

the three options of “No good, not essential”, “Some value, 

not indispensable” and “Very good, necessary”. 

4) Community features. It includes the location charac-

teristics of village (outer suburb village, suburban village, 

mountain village), if land consolidation is carried out, if 

related rural social organizations (including agricultural 

cooperatives, related organizations of land consolidation, 

etc.) are established and if the publicity of land consolida-

tion is carried out. Among them, the location characteristics 

can reflect the impact of location differences on the eco-

nomic and living conditions in rural areas, and reflect the 

difference of channels and convenience for farmers obtain-

ing related knowledge of land consolidation, from the out-

side world as well, thus affecting the choice of farmers of 

hierarchy of needs in land consolidation. 

2.3 Model building 

The Logistic regression model is a probabilistic model. 

The variation range of its dependent variable Y is limited [0, 

1]. The needs of farmers (Y) under various hierarchy of 

needs is divided into “yes” and “no” which are assigned 

respectively. 0 indicates “no” and 1 indicates “yes”. When 

the dependent variable is a discontinuous binary variable, 

the Binary Logistic regression model is used to analyze the 

influence factors of the hierarchy of needs of farmers, and 

the regression parameters are estimated with the maximum 

likelihood estimation method 
[27]

. 

The hierarchy of needs of farmers for land consolidation 

is affected by a variety of subjective and objective factors. 

Thus, the general form of the model is: the hierarchy of 

needs of farmers for land consolidation f = (individual 

characteristics, family characteristics, cognition of land 

consolidation, community characteristics) + μ (random dis-

turbance term). Assuming that the probability of the hierar-

chy of needs of farmers being need is P, then 1 − P is the 

probability of no hierarchy of needs of farmers being need, 

then: 
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So, the odds ratio of the hierarchy of needs of farmers 

being need is: 

 
Convert the formula above into a linear equation form, 

the obtained Logistic function equation is as follows: 

 

Where is the nature logarithmic of the ratio of 

the hierarchy of needs of farmers being need; x (x1, x2, ..., 

xn) are explanatory variables; β0 is the regression intercept; 

β1, β2, ..., βi are corresponding regression coefficients of 

independent variables; μ is a random disturbance term. 

3 Statistical analysis of the survey sample of 

farmer's needs of land consolidation 

3.1 Sample characteristics 

The basic characteristics of the sample can be understood 

by sorting out valid questionnaires. In the obtained effective 

samples, the proportion of males is 86.3%, which is far 

higher than that of females. The vast majority of women 

would ask their men to answer the questionnaire, or de-

clined the author’s research requirements for “Don’t know 

much”, indicating a more conservative consciousness of 

women in the project area and a significantly weaker sense 

of participation in research than men; the proportion of the 

sample aged 35 to 65 years old is 85.7%, and the proportion 

of young people under the age of 35 is less, indicating peo-

ple staying in the village engaged in agricultural production 

are mainly 35 to 65-year-old middle-aged farmers, who also 

more concerned about the land consolidation; farmers with 

junior high school or higher education level accounted for 

69.6%, and farmers with high school education only ac-

counted for 16%, reflecting a relatively low education level 

of the farmers in the project area; for farmers surveyed, the 

non-agricultural income of about 30.3% of them accounts 

for more than 40%, indicating that agricultural work is still 

the main source of income for most farmers. 

3.2 General situation of the hierarchy of needs of 

farmers and differentiated features 

By the preliminary statistical analysis of the sample, it 

can be seen that the choice of the hierarchy of needs of 

farmers is not single, and there are multiple hierarchy of 

needs for most farmers. As can be seen from Table 2, the 

selective probability of Need hierarchy I is the highest 

reaching 89.1%, indicating that the improvement of produc-

tion and living conditions is still the primary needs for 

farmers through land consolidation. The selective probabil-

ity of Need hierarchy II is lower than that of Need hierarchy 

III, which are 36.8% and 62.7% respectively. The data fit 

the diversification of current agricultural business entities 

and the encouragement of moderate management scale for 

the land transfer behavior of part farmers, reflecting the 

current institutional needs for establishing public participa-

tion mechanism in land consolidation as well. As a rational 

economic man, some farmers anticipate to achieve 

self-worth through their own participation and land transfer 

promoted by land consolidation for the pursuit of interest. In 

the survey, it was found that part farmers with needs in 

Need hierarchy III anticipated to achieve their needs in 

Need hierarchy I and II better through the participation be-

havior. Thus, hierarchy of needs I remains the most basic 

needs of farmers based on land consolidation. Farmer's 

needs for land consolidation presents hierarchical charac-

teristics, and they have multiple hierarchy of needs at the 

same time. 

Table 2  Choice of need hierarchy of farmers 

 
After a lateral comparative analysis of the survey data, it 

is found that the selection of the hierarchy of needs of 

farmers varies significantly between villages with complet-

ed land consolidation and with upcoming land consolidation 

in the project area, as shown in Table 3. 

Table 3  Difference in choosing hierarchy of needs % 

 
In the project area with completed land consolidation, the 

proportion of Need hierarchy III of farmers is 71.1%, which 

is significantly higher than that of the area where land con-

solidation has not been carried out in the project area 

(52.5%); farmers with Need hierarchy I and II are also sig-
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nificantly more than those in the project area where land 

consolidation has not been carried out. Similarly, the loca-

tion differences result in differential characteristics of the 

choice of Need hierarchy of farmers. The proportion of 

Need hierarchy II of farmers is 48.9% in suburban villages, 

which is significantly higher than 25.0% of outskirts of the 

village and 13.8% of mountain villages, which is due to the 

fact that the communication channel between farmers in 

suburban villages and the outside world is relatively easy 

and smooth and there are more farmers with a higher pro-

portion of non-farm income. Their needs for land transfer is 

relatively more strongly than those in outskirts of the village 

and mountain villages. In addition, the proportion of Need 

hierarchy I is the highest for farmers (96.1%) in mountain 

villages, indicating that the worse the resource endowment 

is, the greater the needs for improving production and living 

conditions is. 

3.3 Analysis of influencing factors on the choice 

of Need hierarchy of farmers 

3.3.1 Multicollinearity test 

Collinearity diagnostics is a method to diagnose if mul-

ticollinearity problems exist between independent variables. 

14 independent variables selected for this study are likely to 

generate multicollinearity, so a multicollinearity test was 

conducted before model estimation. Using IBM SPSS sta-

tistical software, the 14 independent variables were con-

ducted a collinearity diagnostics with Tolerance and 

variance inflation factor (VIF) as the judgment based on. 

First gender was set as the dependent variable and other 

variables as independent variables, and the regression anal-

ysis was conducted using the Enter method. Then the run-

ning processes were repeated with other 13 selected 

independent variables successively, and the collinearity di-

agnostics results of every explanatory variable were ob-

tained. Tolerance is larger than 0.1 and VIF is less than 10, 

indicating that there is no multicollinearity between the ex-

planatory variables. Table 4 shows the test results of multi-

collinearity taking gender as the dependent variable, and the 

other 13 test process and results will not be repeated due to 

the space limitations. 

3.3.2 Binary Logistic regression analysis 

Using IBM SPSS statistical software, the binary logistic 

regression results of influencing factors on three Need hier-

archies for farmers were obtained with the backward step-

ping regression method, as shown in Table 5. From the 

results of the model tests, the significance level of probabil-

ity P (0.118) > 0.05 in the Hosmer-Lemeshow test of Model 

I does not reject the null hypothesis, indicating that data 

were fit with model estimates based on the acceptable level 

and there was no significant difference; R
2 
of Cox and Snell 

and R of Nagelkerke are respectively 0.428 and 0.631. The 

probability of the chi-square value of the Omnibus test is  

Table 4  Multi-collinearity test results 

 
Note: Tolerance and VIF are index of identifying multi-collinearity, which 

are inverse of each other. Bounds of Tolerance is [0, 1], and [1, ∞) for VIF; 

generally, Multicollinearity between independent variables when Tolerance 
< 0.1 and VIF > 10. 

less than 0.05, namely that the model is significant. Simi-

larly, obtained Model II and III fit better, and they are sig-

nificant 
[24]

. 

The regression results show that the significant factors 

influencing the choice of Need hierarchy of farmers in land 

consolidation show differentiated features. In practical 

terms: 

1) In Model I, family characteristic variables and cogni-

tive variables of farmers influence the dependent variable 

more significantly. Wherein the probability value (Sig) of 

the number of arable land in family characteristics varia-

bles, the proportion of non-agricultural income, family size 

and the cognition degree of land consolidation in the cogni-

tive variables of farmers is less than 0.1 which passed the 

significance test of the model, indicating that the four varia-

bles are the key factors affecting Need hierarchy Ⅰ of 

farmers; based on the absolute value of the partial regres-

sion coefficient, the sequence of key factors affecting the 

choice of Need hierarchy of farmers according to contribu-

tion degree can be obtained, which is the proportion of 

non-agricultural income, family size, the number of arable 

land and the cognition degree of land consolidation from 

large to small in sequence. 

Specifically, the number of arable land and the propor-

tion of non-agricultural income are significant in the regres-

sion model at 1% confidence level. The number of arable 

land (B = 1.149) has a positive effect on the dependent var-

iable. The more the number of arable land is, the worse the 

farming conditions of farmers and the more intense they 

demand for improving production conditions; the proportion 

of non-agricultural income (B = –2.737) has a negative effect 

on the dependent variable, indicating that the higher the pro-

portion of non-agricultural income is, the smaller proportion
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Table 5  Binary Logistic regression analysis results 

 
Note: Model Ⅰ, Ⅱ and Ⅲ shows Binary Logistic regression of need hierarchy Ⅰ, Ⅱ and Ⅲ respectively; Sig is probability value for identifying 

significance, ***, ** and * indicates independent variables are significant in confidence level of 1%, 5%, 10%. B is partial regression coefficent, and 

plus-minus sign shows direction of independent variables effect on dependent variable; S. E is standard deviation of regression coefficient; Wald is 
chi-square value. 

of the probability the farmers choose Need hierarchy I in 

land consolidation, indicating that farmer's needs are still 

based on real needs and decision-making is made for max-

imizing benefits. This result also agrees with the actual situ-

ation of research. The proportion of non-agricultural income 

for part farmers accounted for more than half of the total 

annual income, and their needs in land consolidation gradu-

ally transformed from Need hierarchy I to other higher 

Need hierarchies. What they concerned was how to liberate 

the family human capital from agricultural production 

maximally on the basis of improving the production value 

of the existing contracted land, and instead invested it in 

nonfarm industries with relatively higher income. Family 

size (Sig. = 0.011) and the cognition degree of land consol-

idation (Sig. = 0.021) are significant at the 5% confidence 

level. They both have a positive impact on the dependent 

variable. A larger family size means a smaller area of per 

capita arable land and more food needs, thus the higher the 

probability of the existence of Need hierarchy I in land 

consolidation is; the higher the cognition degree of land 

consolidation, which means the clearer understanding of the 

main content and objectives of land consolidation for farm-

ers and the more intensive needs based on improving pro-

duction and living conditions. 

2) In model Ⅱ, the key variables that influence the de-

pendent variable are primarily personal characteristic varia-

bles, family characteristic variables and village 

characteristic variables. Five independent variables: age, 

whether are village cadres, the area of arable land, the pro-

portion of non-agricultural income and whether relevant 

rural social organizations are set up passed the significant 

test of the model, while variables, such as location charac-

teristics did not pass the significant test. In the descriptive 

analysis stage of the data, location characteristics resulted in 

a significant difference of the choice of Need hierarchy II 

for farmers in suburban villages, but it did not pass the sig-

nificant test. The possible reason may be that only Banjing 

Village in Fangcheng County belongs to suburban villages 

in the study area, and a relatively small proportion of the 

number of samples resulted in a less significant influence on 

the dependent variable in Model Ⅱ. 

Among them, the proportion of non-agricultural income 

is significant at the 1% confidence level, and it has a posi-

tive effect on the dependent variable, indicating that the 

higher the proportion of non-farm income is, the higher the 

probability of the existence of Need hierarchy Ⅱ  for 

farmers is. This finding was confirmed in the course of 

conversation with the farmers. The majority of rural land 

has not been adjusted for a long term caused by the policy 

of “permanent land contract relationship”, resulting in 

some farmers’ contracted land is not contiguous in the space 

and difficult to promote land transfer. Farmers with a high 

proportion of non-agricultural income still hope to promote 

land transfer by land consolidation, thus freeing up labor 

into non-agricultural industries. The area of arable land is 

significant at the 5% confidence level, and it has a positive 

impact on the dependent variable, indicating that the larger 

the area of arable land, the greater the needs for inflowing 

or outflowing land and the greater the possibility the selec-

tion of Need hierarchy II is. Three variables: age, whether 

are village cadres and whether relevant rural social organi-

zations are set up are significant at the 10% confidence lev-

el, of which age has a negative effect on the dependent 

variable, indicating that the young relatively hope to pro-
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mote land transfer by land consolidation. For the collective 

members of village cadres and relevant rural social organi-

zations set up, the needs for Need hierarchy Ⅱ is more 

intensive. 

3) In the regression results of Model Ⅲ, there are corre-

sponding independent variables in personal characteristic 

variables, family characteristic variables, village character-

istic variables and the cognitive variables of farmers having 

a impact on the dependent variable. Among them, six varia-

bles—gender, whether are village cadres, the area of arable 

land, whether land consolidation is carried out, whether 

relevant rural social organizations are set up and the cogni-

tion degree of land consolidation passed the significant test. 

Specifically, whether land consolidation is carried out 

and the cognition degree of land consolidation is significant 

at the 1% confidence level, and they have a positive effect. 

Whether land consolidation is carried out (B = 6.470) has 

the most significant influence on the dependent variable, 

indicating that the needs for Need hierarchy Ⅲ of farmers 

in villages with land consolidation carried out is more in-

tensive. It was found in the research in Zhaogang Village in 

Sheqi County that although the majority of farmers were 

satisfied with construction projects in carried out land con-

solidation, they were worried about final management and 

maintenance of projects. The missing of final management 

and maintenance body resulted in built serious loss of doors 

and pumps in land consolidation in Zhaogang Village and 

many problems in irrigation. Therefore, the majority of 

farmers in Zhaogang Village accepting research hoped to 

participate in land consolidation, and make the best use of 

infrastructure in land consolidation. This result was also 

confirmed in Yuzhuang Village in Silidian Township in 

Fangcheng County. Yuzhuang Village is a mountainous vil-

lage with extremely fine arable land. The terrain results in 

extremely rough farming roads and agricultural equipment 

is difficult to play a role. Land consolidation projects car-

ried out in 2011 have brought great convenience to the ag-

ricultural production of the mountain village. The farmers 

have benefited from the land consolidation and are more 

willing to actively participate in land consolidation. The 

cognition degree of land consolidation reflects the depth of 

understanding of farmers for land consolidation, indicating 

that the higher the cognition degree is, the more willing the 

farmers participate in land consolidation. The regression 

results of the variable in Model I are also significant, indi-

cating that the needs of farmers for participating in land 

consolidation is also to better meet their needs for Need 

hierarchy I to a great extent. Gender is significant at the 5% 

confidence level, indicating that males are more willing to 

participate in land consolidation than females. Whether are 

village cadres, the area of arable land and whether relevant 

rural social organizations are set up are significant at the 

10% confidence level, and they have a positive influence on 

the dependent variable, suggesting that the collective mem-

bers of village cadres, the management subject with a larger 

area of arable land and relevant rural social organizations 

set up have more needs and enthusiasm in participation in 

land consolidation process. 

4 Conclusions and recommendations 

4.1 Conclusions 

1) The farmer's needs were characterized by levelization 

and differentiation based on land consolidation. The 

farmer's needs were from their own interest needs, which 

includes the needs of improving production and living con-

ditions (Need hierarchy Ⅰ), land transfer (Need hierarchy 

Ⅱ) and participation in land consolidation (Need hierarchy 

Ⅲ) based on land consolidation. The choice of the Need hi-

erarchy of farmers was not single, and there were multiple 

Need hierarchies for most farmers. The proportion of the ex-

istence of Need hierarchy I and Need hierarchy Ⅰ and Ⅲ 

for farmers in the project area with completed land consolida-

tion is higher than that for farmers in the project area without 

completed land consolidation. The proportion of the choice of 

Need hierarchy Ⅱ for farmers in suburban villages is higher 

than that in outskirts of the village and mountain villages, 

while proportion of the choice of Need hierarchy Ⅰ for 

farmers in mountain villages is the highest. 

2) Factors that affect the choice of Need hierarchy for 

farmers include individual characteristics, family character-

istics, village characteristics and cognitive characteristics of 

farmers. There are similarities and differences in key factors 

influencing the choice of Need hierarchy of farmers under 

different Need hierarchies. The common point is that family 

characteristic is the most influential variable in choice of 

Need hierarchy of farmers. The differences are: ① In Need 

hierarchy Ⅰ, the lower the proportion of non-agricultural 

income is, the more the number of arable land is, the larger 

the family size, the higher the cognition degree of land 

consolidation, the higher the needs of farmers; ② in Need 

hierarchy Ⅱ , farmers with higher proportion of 

non-agricultural income and large area of arable land have 

higher needs; relatively young farmers, village cadres and 

villagers with related rural community organizations set up 

have higher needs; ③ in Need hierarchy Ⅲ, farmers in the 

project area with completed land consolidation, farmers, 

males, village cadres and collective members with a larger 

area of arable land and related rural social organizations set 

up have higher needs. 

4.2 Recommendations 

1) Land consolidation should change trends combined 

with farmer's needs and agricultural management modes, 

encourage farmers to transfer land, and promote large-scale 
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land operation. Under the principle of long-term land con-

tract relationship, people should make large stability and 

small adjustment to concrete land contract relationship and 

fine adjustment to contracted land of farmers in the space 

reasonably in order to facilitate the lace and scale of arable 

land of land transfer and realize the needs of farmers for 

land transfer. 

2) From the perspective of social governance, the public 

participation mechanism of land consolidation should be 

established and improved, smooth channels for expressing 

the needs of farmers should be developed. Actively cultivate 

rural social capital 
[25]

, stimulate the vitality of grass-roots 

community organizations in villages and establish the par-

ticipation of farmers; integrate the dispersed interests of 

farmers, and encourage social organizations to participate in 

land consolidation with consultations. On the arrangement 

of land consolidation projects at county level, implement 

the project application system, namely the agriculture man-

aging body or village collective with the needs for land 

consolidation can file an application to the county-level land 

consolidation center meeting the conditions and the consol-

idation center arrange land consolidation projects after the 

audit, which is conducive to mobilizing the enthusiasm of 

farmers to participate and achieve the rational allocation and 

effective use of resources. 

3) From the perspective of farmer's needs, the supply 

mechanism of public goods in land consolidation should be 

optimized. The supply mechanism of public goods in land 

consolidation should be gradually transformed from the 

“from top to bottom” government-led model to the “from 

bottom to top” pluralistic supply model based on farmer 

needs. Encourage and support modern agricultural enter-

prises, family farmers, etc. pluralistic agriculture managing 

body to participate in the supply of public goods in land 

consolidation, and provide appropriate financial and tech-

nical support. For the needs of different agricultural busi-

ness entities, deploy the content and way of land 

consolidation projects more accurately, and truly realize the 

effective connection between public goods in land consoli-

dation and the actual needs of farmers. 
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Numerical simulation and experiment of soil moisture movement in  

saturated–unsaturated soil under surge irrigation 

Fu Yuliang, Fei Liangjun, Nie Weibo, Wang Bo 

Institute of Water Resources Research, Xi'an University of Technology, Xi'an 710048, China 

Abstract: Studies have shown that the high water-saving rate and optimal irrigation can be realized by using the 

surge flow irrigation. However, the investigation is not sufficient in the rule of water movement under intermittent 

infiltration in saturated–unsaturated soil condition. In order to explore the effect rule of surge irrigation on the water 

distribution in the aeration zone under the condition of shallow groundwater, we studied the water distribution and 

the effect law of infiltration through the combinations of intermittent infiltration and indoor water infiltration with 

model simulation. The laboratory test aimed to observe and analyze the data about soil moisture, cumulative infil-

tration and wetting front by irrigation with shallow groundwater during surge flow irrigation (step 1). The part of 

numerical simulation mainly included the determination of the design parameters of soil water movement (step 2) 

and the establishment of the mathematical modeling for intermittent infiltration (step 3). Finally, a case was used to 

test the rationality and validity of the numerical simulation results (step 4). The laboratory test included three cy-

cling rate levels of treatment (1/2, 1/3 and 1/4, respectively) and each level of treatment included 3 repeats. Based 

on the theory of soil water dynamics and the technology of surge flow irrigation method, the one-dimensional water 

movement model in the intermittent infiltration under the saturated–unsaturated soil condition was established. With 

the application of the measured data for three treatment levels in the Hydrus-1D software based on finite element 

modeling for the analysis of water flow and solute transport in variably saturated porous media, the water move-

ment parameters (the parameters of Van-Genuchten model) were calculated with the Hydrus-1D software. Further-

more, according to determined optimal parameters, we established a saturated hydraulic conductivity estimation 

model under different circulation rates and different intermittent cycles in the process of the intermittent infiltration. 

At last, by comparing the data of simulation and the data measured in the experiment, the validity of the proposed 

model was tested by the analysis of the relationship among the soil moisture content, cumulative infiltration and 

wetting front respectively. The results showed that after the simulation, the estimation model could reflect the cor-

relativity among the three parameters (circulation rate, cycle number and cycle time), and the saturated hydraulic 

conductivity coefficient was calculated with these parameters. To verify the estimation model, the result of calcu-

lated values was compared with the simulated ones, and the relative deviation of saturated hydraulic conductivity 

was as small as −7.7%–8.9%, showing good consistency between the calculated and simulated data. From the com-

parison between the spot observation and the simulation data of soil moisture, cumulative infiltration and wetting 

front, we drew the conclusion that the calculated and simulated data had a similar change tendency by using two 

commonly-used criteria: root mean square error and coefficient of determination. The coefficient of determination 

of soil moisture was upon 0.952 and the one of cumulative infiltration was up to 0.953. The coefficient of determi-

nation of wetting front was 0.93 at least; root mean square error above was all less than 0.5, reaching an extremely 

remarkable level. The result of simulation could describe the characteristics of the saturated–unsaturated soil water 

movement in intermittent infiltration well under the condition of shallow groundwater level. The study of the paper 

laid a scientific basis for the further development of the surge irrigation.  

Keywords: irrigation; numerical method; soils; surge irrigation; intermittent infiltration; water movement; Hy-

drus-1D 

CLC number: S275.8 

0 Introduction 

Soil moisture infiltration under surge flow irrigation con-

dition belongs to intermittent infiltration, which features 

water saving, fertilizer conservation, high irrigation quality, 

favorable low norm irrigation and other advantages com-

pared with traditional surface irrigation and is suitable for 

dry crop farmland surface irrigation. At present, studies 
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have been conducted in the respect of infiltration features 
[1–2]

 and water saving mechanism 
[3–5]

 through lots of indoor 

and outdoor experiments by researchers both in China and 

abroad. However, there are less studies about infiltration 

mechanism and model simulation and is lack of a systemat-

ic intermittent water supply infiltration model. After con-

ducting intermittent infiltration experiment for unsaturated 

soil medium, based on the determination of infiltration pa-

rameters of three infiltration models and simulation test, 

Benha et al. 
[6]

 reached a conclusion that forecast accuracy 

based on Kostiakov–Lewis infiltration model is relatively 

high, but it is difficult to obtain the infiltration parameters 

for the whole infiltration process and it requires large quan-

tity of measured data to determine it, thus the application is 

limited. Ismail et al. 
[7]

 conducted intermittent infiltration 

simulation with SIRMOD-Ⅲ model based on water bal-

ance method, wherein determining the infiltration parame-

ters according to water flow advance distance and time of 

more than two groups. The calculation process for infiltra-

tion parameters is simplified and high simulation accuracy 

is obtained. In China, an initial study 
[8–11]

 on relevant issues 

was conducted by Shen, Sun and Wang et al., without con-

sidering water supply from groundwater depth to upper lay-

er of soil 
[12]

, thus the application is limited. In summary, 

studies from China and abroad about intermittent infiltration 

model of surge flow irrigation are conducted for unsaturated 

and uniform soil medium only. There are few studies about 

saturated–unsaturated soil infiltration model in surge flow 

irrigation under the effect from groundwater, and the effects 

of shallow groundwater on moisture distribution and infil-

tration features during intermittent infiltration are not con-

sidered. In view of this, we conduct the study for 

saturated–unsaturated soil infiltration model during surge 

flow irrigation under the effect of groundwater so as to en-

rich and develop the theory and technology of surge flow 

irrigation and improve water use efficiency, which is of 

great theoretical and practical production significance. 

1 Experiment and numerical simulation 

1.1 Indoor experiment 

1.1.1 Experimental materials and apparatus 

The irrigation experiment is conducted by using the in-

termittent infiltration equipment developed by Fei et al. 
[13]

 

at Key Laboratory of Northwest Water Resource and Envi-

ronment Ecology of Xi’an University of Technology, Min-

istry of Education. The experiment includes observation of 

infiltration amount of intermittent water supply and dynam-

ic observation of profile moisture under groundwater depth. 

The experimental apparatus consists of earth pillar, 

groundwater control system and infiltration water system, as 

shown in Fig. 1. 

 

Fig. 1  Schematic diagram of experimental apparatus 

Earth pillar is a kind of organic glass (210.0 cm high and 

inner diameter of 21.4 cm), with an underground saturated 

water-bearing layer (60.0 cm deep) consisting of sand grav-

el (3.0–7.0 mm) at the bottom, and an unsaturated soil layer 

(150.0 cm deep) established through simulation with uni-

form soil (below 2.0 mm) at the upper part. A filter paper is 

set at the middle of the earth pillar so as to prevent upper 

soil from entering into water-bearing layer at the bottom. 

The soil intakes in plum blossom shape with a diameter of 

2.0 cm are arranged vertically along the earth pillar at 5.0 

cm interval. Water dipper is set on the top of the pillar to 

prevent water flow damaging the compact layer of surface 

soil during water supply and to timely drain accumulated 

water on surface of the pillar during intermittent stopping 

water supply. Groundwater supply is controlled by 1# Mal-

pighian tubule control system, infiltration water supply is 

formed by connecting 2# Malpighian tubule and water inlet 

on the top of soil pillar, and water head supply is adjusted 

and controlled through setting the height of air inlet of the 

tubule. 

Silt soil in Xi’an is adopted as experimental soil. Master-

sizer-2000 laser particle analyzer (Malvern Instruments 

Ltd., UK) is used for analysis of soil particle, and particle 

composition is shown in Table 1. 

Table 1  Grain composition of experimental soil 

 
The basic physical–chemical properties of soil sample 

are as follows: soil bulk density ρ is 1.30 g/cm
3
, saturated 
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hydraulic conductivity Ks is 0.0229 cm/min, initial moisture 

content θ0 and saturated moisture content θs are 0.014 

cm
3
/cm

3
 and 0.4542 cm

3
/cm

3
, respectively, and pH is 7.50. 

Soil sample required for loading is taken after air drying, 

grinding, screening and water distribution, and is filled at an 

interval of 5.0 cm with bulk density of 1.30 g/cm
3
. Distilled 

water is adopted during the experiment and moisture con-

tent mentioned in this paper refers to volume moisture con-

tent of soil. 

1.1.2 Experimental plan 

According to studies about surge flow irrigation con-

ducted by Fan et al. 
[14]

, this experiment includes three cir-

culation rate levels of treatment (1/2, 1/3 and 1/4, 

respectively) and each level of treatment includes 3 repeats, 

with water supply time of intermittent infiltration periodic 

water supply for 30 min and intermittent stop for water sup-

ply for 30 min, 60 min and 90 min; average value of obser-

vation index is taken. The intermittent irrigation includes 

three cycles. The saturated hydraulic conductivity is deter-

mined with constant water head method based on specified 

soil bulk density after NAN-55 permeameter is set; infiltra-

tion amount is read from Malpighian tubule; infiltration rate 

is calculated from infiltration amount in measured unit time; 

wetting front is measured with a steel ruler; soil moisture 

content is determined with drying method. The groundwater 

is supplied by 1# Malpighian tubule, and the intermittent 

infiltration experiment is conducted after the stable distribu-

tion of anastatic water. 

1.2 Numerical simulation 

1.2.1 Basic equation of water movement 

It is assumed that soil is uniform and isotropous porous 

medium, without considering the effects of temperature and 

gas phase in soil on soil moisture, and water absorption of 

root and source sink term. Considering study on saturated–

unsaturated flow issues, the negative pressure head h is 

taken as a dependent variable for the basic equation in rec-

tangular coordination for mathematic water movement 

model of vertical water infiltration and the Richards equa-

tion is as follows: 

 
where, C(h) is specific water capacity of soil in cm

−1
; h is 

negative pressure head in cm; z is vertical coordinate in cm, 

with upward part taken as positive; t is time in min; K(h) is 

unsaturated hydraulic conductivity in min/cm. 

1.2.2 Initial and boundary condition equation 

Because of the intermittent stage, the changes of soil 

bulk density affect hydraulic conductive degree directly, 

while hydraulic conductivity is a critical index for measur-

ing infiltration of soil moisture. Therefore, hydraulic con-

ductivity may change in case of even slight compact layer 

existing in soil and the infiltration rate may reduce rapidly. 

Intermittent infiltration is just as the way. During stopping 

water supply, surface soil compacts, thus delaying the next 

cycle and reducing infiltration rate. After several cycles, 

infiltration rate reduces and tends to be stable with relative-

ly stable status of compact layer during the limited duration 

of stop for water supply. On the other hand, due to changes 

in soil bulk density of the surface, bulk density change has a 

great impact on the distribution law of volume moisture 

content of surface compact layer, and a slight impact on 

earth body under the compact layer in each stage during the 

intermittent process. Therefore in this simulation, the profile 

changes of soil moisture content (volume) is generalized as 

the dry bulk density of soil (ρ = 1.3 g/cm
3
) under initial 

conditions. 

The initial and boundary equations are as follows: 

Earth surface is taken as zero base level, with coordinate 

axis z consistent with the direction of main filtration, and 

upward direction taken as positive. The water flow model of 

simulated profile is generalized as atmosphere evaporation 

and rainfall infiltration rate to be zero. The studies of Sun 
[15]

 and Wang 
[16]

 et al. showed that pressure head between 0 

cm and 10 cm had little effect on cumulative infiltration. On 

the other hand, in order to drain surface water of earth pillar 

timely in short time to avoid affecting dehydration in inter-

mittent process due to long drainage time, water is supplied 

by fixed pressure head at upper boundary, hg = 2.5 cm; flux 

boundary of upper boundary q = 0 in case of intermittent 

failure; known water head boundary of lower boundary hb = 

0. In simulation area, Z0 ≤ z ≤ 0, groundwater depth Z0 = 

−150 cm; water supply time in simulation ton = 30 min; cy-

cle length tc varies with circulation rate and are tc(1/2) = 60 

min, tc(1/3) = 90 min and tc(1/4) = 120 min respectively. 

The water supply stage of Cycle 1: 

Initial condition: 

 
Upper boundary condition: 

 
Lower boundary condition: 

 
The intermittent stage of Cycle 1 

Initial condition: 

 
Upper boundary condition:  

 
Lower boundary condition: 

 
The water supply stage of cycle i (Cycle 2, and later cy-

cles, i = 2, 3, …, n) 

Initial condition:  
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Upper boundary condition:  

 
Lower boundary condition: 

 
The intermittent stage of Cycle i (Cycle 2, and later cy-

cles, i = 2, 3, …, n): 

Upper boundary condition:  

 
Lower boundary condition: 

 
where, hG1(z) (cm) refers to initial soil water negative pres-

sure of the profile; hJ1(z) (cm) refers to soil water negative 

pressure of the profile at the end of water supply stage in 

Cycle 1; hGi(z) (cm) refers to soil water negative pressure of 

the profile at the end of intermittent stage in cycle i − 1; 

hJi(z) (cm) refers to soil water negative pressure of the pro-

file at the end of water supply stage in cycle i; q refers to 

surface moisture flux in cm/min; hb refers to groundwater 

head pressure in cm; hb(t) refers to pressure head of lower 

boundary in cm; tJ1 and tG1 (min) refer to stop duration of 

water supply in the intermittent stage and water supply du-

ration in the water supply stage in Cycle 1. 

1.2.3 Soil hydraulic parameters equation 

Van-Genuchten (V-G) 
[17]

 model is adopted to simulate 

soil hydraulic characteristic parameters, with the expres-

sions as follows: 

 

 

 
where, θs refers to saturated soil moisture content in 

cm
3
/cm

3
; θr refers to retention soil moisture content in 

cm
3
/cm

3
; Ks refers to saturated soil hydraulic conductivity 

in cm/min; α refers to parameters of air-entry suction in 

cm
−1

; n and m refer to shape factors, and n determines the 

slope of soil moisture characteristic curve; Se refers to ef-

fective moisture content in cm
3
/cm

3
; l refers to empirical 

fitting parameter. In Hydrus-1D model, the above three 

equations can be solved with finite element method. 

1.2.4 Simulation method 

1) Hydrus model 

Hydrus-1D model 
[7, 18–19]

 is used for water flow and so-

lute transfer in variable saturated porous medium, and for 

simulating finite element calculation of water, heat, gas and 

various solutes coupling transfer in one-dimensional varia-

ble saturated porous medium. It is used for reverse estima-

tion of water pressure and solute transfer parameters of 

various soils through parameter optimization method to 

form an interactive graphical interface and simulate the 

transfer and conversion process of water, agricultural–

chemical substance and organic pollutant. 

2) Model simulation 

Model simulation adopts soil in depth range of 0–150 cm 

under groundwater depth of 1.5 m. Simulation duration is 

set based on infiltration time at different circulation rate. 

Variable time step method is adopted and initial time is set 

as 0 to further adjust simulated time step. The minimum 

time step is 0.001 min, and maximum time step is 0.005 

min; allowable deviation values of pressure head and soil 

moisture content are 0.1 cm and 0.001 respectively. 

1.2.5 Model parameter assignment 

For soil hydraulic parameter, characteristic curve (V-G 

model) 
[17]

 parameters for soil water movement are calcu-

lated by using Rosetta module built in Hydrus-1D based on 

mechanical composition and initial bulk density of soil. The 

soil hydraulic parameters α and n are determined by itera-

tion reverse method with measured volume moisture con-

tent of the profile taken as input item though Hydrus-1D. 

The residual error is minimized by using least square meth-

od, i.e., the optimal solution of parameter. 

2 Results and analysis 

2.1 Derivation of saturated hydraulic conductivi-

ty estimation model 

Finally, α and n are computed as α = 0.006795 cm
−1

 and 

n = 2.424 respectively by reverse and parameters adjusting 

of the software. The retention moisture θr is represented by 

the moisture content of dried soil and θr = 0.014 cm
3
/cm

3
. 

The soil moisture content determined under indoor saturated 

condition is expressed as θs = 0.4542 cm
3
/cm

3
 and l is gen-

erally taken as 0.5 
[18]

. 

Studies 
[20]

 have shown that infiltration coefficient is the 

most sensitive among all parameters in V-G model and is 

the most critical item in equation. Therefore, in this experi-

ment, saturated hydraulic conductivity Ks is taken as a var-

iable index affecting infiltration characteristic parameter 

and other parameters remain unchanged. According to 

measured data of soil moisture content of the profile at the 

end of infiltration and intermittence of each cycle, Ks for 

each cycle is finally obtained by reverse method based on 
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nonlinear least square principle 
[21]

, and the variation trend 

is shown in Table 2. 

Table 2  Saturated hydraulic conductivity from V-G model for 
each circulation rate 

 
Except that parameters about cycle 1 of intermittent in-

filtration and continuous infiltration are same due to inter-

mittent stage, saturated conductivity Ks tends to decrease 

with the increase of cycles i based on parameter estimation 

model in Green-Ampt model 
[22]

. Soil hydraulic conductivi-

ty and drainage cycle in saturation region may establish 

relation in logarithmic form, as shown in Eq. (9): 

 
where, a and b refer to fitting parameters and i refers to the 

number of cycles. 

The relationship between Ks and the cycles (i) under dif-

ferent circulation rate levels can be obtained in combination 

with Table 2 and Eq. (9). 

When circulation rate r
*
 = 1/2, 

 
When circulation rate r

*
 = 1/3, 

 
When circulation rate r

*
 = 1/4, 

 
All the R

2
 are greater than 0.99, indicating that the above 

estimation relation equation may well describe the correla-

tion law of hydraulic conductivity and cycles in saturation 

region of surge flow irrigation intermittent infiltration. 

When cycle i is taken to be 1, the above equation represents 

soil saturated hydraulic conductivity under continuous water 

supply condition. 

As seen from Eqs. (10–12), fitting parameter b and cir-

culation rate r
*
 show exponential relationship, as shown in 

Eq. (13): 

 

where, c and d refer to fitting parameters. 

The correlation between circulation rate r
*
 and fitting pa-

rameter b can be obtained through the fitted Eq. (13): 

 
In summary, the mathematical model representing the 

correlation between hydraulic conductivity and circulation 

rate as well as cycles in saturation region is obtained based 

on Eqs. (11–14), which is shown as follows: 

 
According to the analysis, Eq. (15) is not applicable to 

variable water supply duration of the cycle under fixed total 

water supply duration of intermittent infiltration and circu-

lation rate. For example, when r
*
 = 1/2, total water supply 

duration of intermittent infiltration is 60 min, irrigation du-

ration of the cycle is 15 min and 20 min respectively, and 

corresponding cycles are 4 and 3 respectively. When intro-

ducing irrigation technical parameters such as circulation 

rate r
*
 and cycles and i into Eq. (15), whatever irrigation 

duration of the cycle is, Ks of the first three cycles are same, 

which apparently is inconsistent with actual condition. To 

avoid inconsistency, circulation rate r
*
 is replaced with in-

termittent duration of the cycle Toff, which has a good power 

exponential relation with b in Eq. (9). The relationship be-

tween intermittent duration of the cycle Toff and the param-

eter b is fitted in Eq. (16): 

 
where, Toff is intermittent duration of the cycle in min. 

According to parameter nature of surge flow irrigation 

technology, and Eq. (16) can be 

improved as follows: 

 
where, Tc is cycle duration in min. 

Combining and perfecting Eqs. (15–17), estimation 

equation of Ks is obtained as follows: 

 

2.2 Comparison of measured and calculated sat-

urated hydraulic conductivity 

When other conditions remain unchanged, comparison of 

relative error of measured and calculated values for circula-

tion rate of 1/2 in intermittent infiltration is shown in Table 3.

Table 3  Comparison of speculation and calculated Ks value from model 

 

198



   

© 2015 China Academic Journals (CD Edition) Electronic Publishing House Co., Ltd. 

According to the above comparison, overall error range 

is −7.7%–8.9%. In case measured values are less than cal-

culated values in Cycle 2, it is positive error. Compact 

tightly layer is formed on earth surface in intermittent stage, 

thus separating gas exchange between earth surface and 

underground and generating air resistance effect. Therefore, 

infiltration is affected and hydraulic conductivity reduces at 

the water supply stage of the next cycle. It leads to the cal-

culated value greater than the measured one, but compari-

son results are ideal on the whole. Compared with saturated 

hydraulic conductivity parameter model of intermittent in-

filtration established by Wang 
[22]

, this one features great 

correlation coefficient (above 0.99), and small overall rela-

tive error within 10%, indicating that it is an effective model 

for estimation of saturated hydraulic conductivity under 

different circulation rate levels. 

2.3 Comparison of measured and calculated val-

ues under soil water movement 

In order to further verify effectiveness and rationality of 

the established model, measured values are compared with 

the calculated values of cumulative infiltration, soil mois-

ture and wetting body transport distance under different 

circulation rate levels in simulation process. The larger the 

correlation coefficient (r) is, the smaller the error (RMSE) is 

and the better simulation effect of the model shows. The 

comparison results are shown in Table 4. 

Table 4  Comparison of measured and calculated values under 
water movement 

 
Note: ** indicates significant correlation at 0.01 level. 

The analysis shows, under the condition of stable 

groundwater and at different circulation rate, the difference 

between simulated and measured value of cumulative infil-

tration and soil moisture content is small, correlation coeffi-

cients are all above 0.96; the correlation coefficients 

cumulative filtration r are higher than the critical coefficient 

0.623; the correlation coefficients of soil moisture content r 

are higher than the critical coefficient 0.708; the correlation 

coefficients wetting body distance r are higher than the crit-

ical coefficient 0.834. The mean square errors of the above 

three items are within 0.5. In specific, the mean square error 

of cumulative infiltration is 35% lower than that from in-

termittent infiltration model established by Fan 
[14]

 et al., 

and the mean square error of wetting body distance is 16% 

lower than that from the model established by Wu 
[23]

, while 

the mean square error of soil moisture content is within 

0.01. According to overall simulation effect, the mean 

square errors of these items are arranged from great to small 

as follows: cumulative infiltration, soil moisture content and 

wetting body distance. While identifying model parameter, r 

of the cumulative infiltration is great and taken as objective 

function, and that of wetting front is relatively small. Meas-

ured saturated moisture content is smaller than the saturated 

moisture content used by the model of which the saturated 

moisture is gained based on soil bulk density and particle 

density; soil has retention air when it is saturated in real 

condition and the error of measured and calculated wetting 

body distance is relatively great, however, simulation effect 

is good on the whole. 

According to comparison of simulated and measured the 

distribution of soil moisture content, cumulative infiltration 

and wetting front transfer distance at different circulation 

rate and groundwater depth in each cycle of intermittent 

infiltration, correlation coefficients are all greater than 0.96 

and mean square errors are within 0.5, indicating that the 

above soil moisture movement mode of surge flow irriga-

tion intermittent infiltration and its solve method are relia-

ble. Therefore, the model mentioned in the paper can be 

applied for simulating soil moisture infiltration process of 

surge flow irrigation intermittent infiltration under ground-

water depth condition. 

3 Conclusions and discussion 

This paper is prepared on the basis of unsaturated soil 

moisture movement principle, and the established model 

indicates that it is applicable for one-dimensional saturated–

unsaturated soil moisture movement in surge flow irrigation 

intermittent infiltration. After verifying based on experiment 

and data, the two are basically identical. Simulation accu-

racy is good, with correlation coefficients above 0.96 and 

mean square errors within 0.5. 

On basis of filtration reduction features of intermittent 

infiltration, we solve the infiltration parameter from the 

model by Hydrus-1D, introduce estimation model equation 

for saturated hydraulic conductivity parameter and verify its 

accuracy, and describe the variation law of saturated hy-

draulic conductivity with cycles, circulation rate and cycle 

duration, thus providing theoretical and actual production 

significance for saturated–unsaturated soil in surge flow 

irrigation intermittent infiltration. The study is conducted 

for uniform soil and the law for indoor intermittent infiltra-

tion is concluded under ideal condition; however, the model 

needs to be applied and verified further in farmland condi-

tion which features much complicated soil texture. In addi-

tion, in this paper, the infiltration study is conducted for 

moisture only, without considering absorptive and 

non-inertial elements (such as Cl
−
 and nitrogen). If we con-

duct deep study considering nitrogen fertilizer added during 

agricultural irrigation, and improve and supplement inter-

mittent infiltration study theory, we may introduce a new 

way and possibility to reduce groundwater pollution 
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through intermittent fertilizer solution infiltration under the 

premise of ensuring crop fertility. 
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Abstract: It is valuable for soil and water loss control and its benefits evaluation to understand the relationship be-

tween rainfall and soil erosion process. In order to make clear what rainfall type accelerates soil erosion on slopes of 

red soil in south part of China, and to ascertain the response of soil erosion intensity to rainfall characteristics under 

various rainfall types, data of meteorology and hydrology of 134 individual rainfalls in experimental plots on bare 

slopes of red soil in north part of Jiangxi Province were collected and analyzed. The amount, duration and intensity 

of rainfall were selected as the characteristic indices for erosive rainfall. Two methods including quick clustering 

and discriminant clustering were introduced to classify the rainfall types resulting in soil erosion. Pearson correla-

tion analysis was then used to find the main indices that contributed the most to the slope soil erosion. Further, 

Mann-Kendall test and the other statistics method were used to determine the relationship between soil erosion in-

tensity and the rainfall characteristic indices under different rainfall types. The results showed that the erosive rain-

fall in north part of Jiangxi Province could be classified into three types: Type A (high frequency, short duration, 

minor amount of rainfall, and strong rainfall intensity), Type B (medium frequency, medium duration, medium 

amount of rainfall, and medium rainfall intensity) and Type C (low frequency, long duration, great amount of rain-

fall, and low rainfall intensity). Soil erosion on bare slopes of red soil in south part of China was mainly caused by 

Type A. During the process of individual rainfall, soil erosion on bare slopes of red soil was mainly affected by the 

joint influences of rainfall intensity and amount; the former resulted in erosion change directly through the closest 

index—maximum 30 min rainfall intensity, and the latter had indirectly effects by changing the former. With the 

increase of maximum 30 min rainfall intensity, soil erosion exhibited remarkably different properties at rainfall in-

tensity of 15 mm/h. The soil erosion increased relatively slowly before that critical point but increased rapidly after 

the point. Generally, soil erosion intensity increased with the amount of rainfall, whereas the erosion ability of dif-

ferent rainfall types varied, which followed the pattern: Type A > Type B > Type C. Excluding the influence of 

rainfall happened in earlier time, the erosion intensity on bare slopes of red soil had a significant power function re-

lationship with both the maximum 30 min rainfall intensity and the rainfall amount; however, the exponents and 

coefficients were different when different rainfall types occurred. It has been proven that this model is not only best 

for intensive rainfall with short duration, but also runs very well while applying to erosion prediction for all three 

rainfall types—the values of determination coefficient and the Nash-Suttclife efficiency coefficient were both above 

0.9, and the average relative error was less than 25%. In conclusion, this study is very helpful both in exploring fur-

ther red soil erosion laws and in process-based prediction model establishment.  

Keywords: soils; erosion; precipitation; red soil region; slope land; individual rainfall; rainfall event type 

CLC number: S157.1 

0 Introduction 

Soil erosion is the direct cause of land deterioration, es-

pecially water erosion, which not only causes loss of water 

and soil resources and decline of land productivity, but also 

causes sedimentation of rivers, lakes, ponds and reservoirs 

and occurring of flooding, drought and other disasters, thus 

restricting human sustainable development. At present, 

global water erosion area is nearly 11 million km
2
, account-

ing for nearly 70% of total erosion area, and it is a world 

issue featuring the biggest harm and the widest influences 
[1]

. Red soil is one of the main soil types in China, which is 

widely distributed in more than 10 provinces in tropical and 
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subtropical zones, and it covers an area of 2.18 million km
2
, 

accounting for 23% of the total territory 
[2]

. Red soil distri-

bution area has rich water and heat resources and is national 

important production area of food and economic crops. 

However, severe loss of water and soil resources occurs on 

slope land of red soil due to large rainfall, frequent disturb-

ance and topographic relief, and the annual average soil 

erosion intensity on bare slope land of red soil is mainly 

more than 5 000 t/km
2[3-5]

, reaching strong level 
[6]

, which 

causes a huge threat to regional social and economic devel-

opment. Therefore, it is necessary to study the regularity of 

soil erosion on slope land of red soil to provide support for 

effectively protecting the red soil land resources. 

Rainfall is one of the most important factors causing soil 

erosion, and water erosion power is mainly from rainfall 

splash and the resulting surface runoff scour. Revealing the 

relationship between rainfall and soil erosion is not only the 

important task when studying regularity of soil erosion, but 

also the prerequisite of setting prevention measures and 

establishing prediction model. Some research showed that 

soil erosion is comprehensively influenced by rainfall char-

acteristics indices like the amount 
[7]

, intensity 
[8] 

and dura-

tion 
[9] 

of rainfall on slope scale; and soil erosion is also 

closely related to rainfall center distribution 
[10] 

and rainfall 

uniformity 
[11]

 on catchment scale. Meanwhile, due to dif-

ferences in intensity, duration and distribution of different 

rainfall types, the relationship between different rainfall 

types and soil erosion is different 
[12-14]

. In conclusion, anal-

ysis of the relationship between different rainfall types and 

soil erosion is an effective method for fully disclosing the 

impacts of rainfall on soil erosion based on classification of 

rainfall types. 

Because of different climatic background, rainfall in dif-

ferent regions has various characteristics and different rela-

tionships with soil erosion, and it also applies to different 

classifications. At present, classification of individual rain-

fall type when studying regularity of soil erosion in China 

mainly applies to loess plateau in the northwest of China, 

which is mainly used to determine the relationship between 

runoff sediment in slope and watershed scale and rainfall. 

The rainstorm on loess plateau was divided into 3 types by 

Wang et al. 
[15]

 as per rainfall causes and characteristics; the 

individual rainfall in western and eastern region of loess 

plateau was respectively divided into three types by Wei et 

al. 
[12]

 and Fang et al. 
[16]

 by using K-mean clustering meth-

od. On the whole, rainfall in loess plateau was mainly di-

vided into three types, i.e., rainfall with short duration and 

high intensity; rainfall with medium duration and medium 

intensity; rainfall with long duration and low intensity. 

Thereinto, soil erosion in the region was mainly caused by 

the rainfall with short duration and high intensity. In addi-

tion, the rainfall in southwestern karst area was divided into 

5 types by Peng et al. 
[13]

 and main causes (great amount of 

rainfall, medium duration and strong rainfall intensity) for 

soil erosion on slope land of the region were determined. 

Multi-year average precipitation in red soil region of south 

China was 1 200–2 000 mm, and rainfall erosivity was the 

greatest in the whole country, but there are few reports 

about the related researches. The erosive individual rainfall 

in the region was divided into five types as per equivalent 

interval of 10 mm rainfall by Zhang et al. 
[17]

, and they also 

compared the soil erosion intensity difference under differ-

ent rainfall levels. Huang et al.
[18]

 divided the erosive indi-

vidual rainfall in the region into four types by using quick 

clustering method and eventually selected three types to 

compare changes of the runoff and sediment yield under 

different vegetation restoration patterns. On the whole, it is 

still not clear how to classify erosive rainfall in red soil re-

gion of south China (the region with the greatest rainfall 

erosivity in China) and which rainfall mainly causes soil 

erosion. Meanwhile, the research on relationship between 

different rainfall types and soil erosion was rarely reported 

based on rainfall classification.  

In view of the above, the following issues were mainly 

studied and solved based on long time series rainfall and 

erosion observation data in runoff plot of wild bare slopes in 

typical red soil region: 1) classification of erosive individual 

rainfall types suitable for the southern red soil region should 

be proposed, and main rainfall types leading to erosion in 

bare slope land in the region should be ascertained; 2) the 

main rainfall characteristic indices and their mutual rela-

tions affecting erosion in bare slope land under different 

rainfall types should be revealed. The above research was 

conducted to fully reveal regularity of individual rainfall 

soil erosion in slope land of red soil, thus providing theoret-

ical basis for soil conservation in slope land of southern red 

soil region.  

1 Materials and methods  

1.1 Overview of study area 

The study area is located in national water and soil con-

servation technology park (115°23’–115°53’ E, 

29°10’–29°35’ N) in De’an County, Jiangxi Province; and 

the park is located in Yangou small watershed in De’an 

County, north part of Jiangxi Province and west bank of 

Boyang River of Poyang Lake river system, and it is the 

heartland of red soil distribution in Southern China (Fig. 1). 

The soil in the area is mainly red soil developed from the 

quaternary red clay, predominantly featuring medium loam, 

heavy loam and light clay. Its thickness is 50–150 cm and it 

presents acidity to subacidity; multi-year average precipita-

tion is 1 351 mm; annual average temperature is 16.7 °C; 

annual sunshine duration is 1 650–2 100 h; frost-free period 

is 249 d; and annual evaporation is 1 400–1 800 mm. It is in 

subtropical humid monsoon climate zone; the landform 

features shallow and low hills and wide slope land with 

gradient of 5°–25° and altitude of 30–100 m; the present  
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Fig. 1  Location of study area 

vegetation is mainly natural secondary forest and man-made 

forest, and constructive species include arbors like Cun-

ninghamia lanceolata, Pinus elliottii Engelmann, Rhodo-

dendron simsii Planch and Loropetalum chinensis, and 

herbaceous plants like Miscanthus sinensis Anderss and 

Setaria viridis (L.) Beauv. 

1.2 Data sources 

The hydrological and sediment data for the research were 

from the observed data of meteorology and hydrology of 

individual rainfall (during 2001–2009) in bare plots of water 

and soil conservation technology park in De’an County, 

Jiangxi Province. The runoff plot featured width of 5 m, 

length of 20 m (horizontal projection) and gradient of 12°. 

Concrete bricks were used to build bunds around plots with 

30 cm above the surface and burial depth of 45 cm; rectan-

gular catch basin was set in lower part of slope to catch plot 

runoff and sediment yield and discharge them into observa-

tion pool by poly vinyl chloride plastic tube. According to 

the maximum runoff corresponding to 24-h rainstorm with 

50-year recurrence interval in study area, the observation 

pool was divided into three types (1#, 2#, 3#) and each pool 

was constructed as per rectangular column with bottom 

edge of 1.0 m and depth of 1.2 m. The 60° V-type triangular 

diversion weirs with five divisions were installed at the side 

walls of 1# and 2# pools; runoff in four channels was dis-

charged from 1# pool and that in one channel flowed into 2# 

pool; runoff in four channels was discharged from 2# pool 

and that in one channel flowed into 3# pool. All observation 

pools were calibrated and enamel water gauge was installed 

on pool walls to directly read runoff yield. Siphon-type 

self-recording rain gauge was set near the plot to measure 

rainfall process and rainfall amount. Data were collected in 

runoff plots according to single rainfall runoff and sediment 

yield process. After each rainfall, total amounts of water and 

sand in observation pool were measured. The mass should 

be weighted after even stirring, sampling and drying to de-

termine sediment content, and sediment yield can be calcu-

lated by multiplying sediment content and volume of water 

and sand. Soil erosion modulus was the ratio of measured 

sediment yield to projected area in the plot (100 m
2
) after 

each rainfall and the unit was converted into t/km
2
.  

1.3 Research method 

1.3.1 Classification of rainfall types and analysis 

According to erosive rainfall standard in study area de-

termined by Qin et al. 
[5]

 and amount of single rainfall more 

than 10 mm, erosive rainfalls were selected from measured 

rainfall data during 2001–2009. The erosive individual 

rainfall was chosen as statistical sample, and amount (Pr), 

duration (T) and average intensity (I) of rainfall were se-

lected as characteristic variables to divide rainfall types by 

using quick clustering and discriminant clustering. For dif-

ferent types of rainfall, individual rainfall amount (Pr), rain-

fall duration (T), average rainfall intensity (I) and the 

maximum rainfall intensity in period were respectively rec-

orded, and values corresponding to quantiles of 25% and 

75% were selected to perform proper rounding adjustment 

and acted as main change scope of characteristic indices 

corresponding to rainfall types, thus analyzing characteris-

tics of different rainfall types. In view of data availability of 

different rainfall types, the maximum 10 min rainfall inten-

sity (I10), the maximum 20 min rainfall intensity (I20) and 

the maximum 30 min rainfall intensity (I30) were selected as 

the maximum rainfall intensity in the period. 

The initial soil moisture content was an important factor 

affecting soil erosion and it was influenced by previous 

rainfall. In order to separately reveal the relationship be-

tween individual rainfall and soil erosion, the areas which 

had not been affected by rainfall for a few days were se-

lected as the sample area when screening erosive rainfall, in 

order to eliminate disturbance of the early rainfall (soil 

moisture content) and ascertain influence of different rain-

fall characteristic indices (Pr, T, I, I10, I20, I30) on soil erosion 

modulus (MS) by using Pearson correlation analysis. 

1.3.2 Establishment and inspection of statistical re-

lationship 

Based on Pearson correlation analysis, rainfall character-

istic index closely related to soil erosion modulus (MS) was 

selected to establish statistical relationship through regres-

sion analysis and the cross check was conducted to deter-

mine application precision of statistical relationship. Mean 

relative error (MRE), determination coefficient (R
2
) and 

Nash-Suttclife efficiency coefficient (Ens) were selected as 

precision evaluation indices 
[19]

:  
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where Yi is calculated value; Oi is measured value;
 

 is 

the mean of measured values;  is the mean of calculat-

ed values; n is data number. 

Clustering analysis, correlation analysis and regression 

analysis were completed in SPSS16.0. 

2 Results and analysis 

2.1 Classification of individual rainfall types 

A total of 134 erosive rainfalls were selected. Single ero-

sive rainfall was selected as statistical sample and Pr, T and 

I were used as characteristic variables to divide 134 single 

rainfalls into three types (Fig. 2) by using quick clustering 

and discriminant clustering; probability of significance test 

of Type A clustering function (P) was less than 0.05, while 

those of Type B and Type C clustering functions were less 

than 0.01 with good clustering effect. Seen from Fig. 2, 

scatters of clustering functions of three rainfall types were 

gathered respectively in three relatively concentrated areas; 

scatters of Type A were relatively decentralized, and scatters 

of Type B and C were more concentrated; among different 

rainfall types, the boundary of the Type A and Type B was 

staggered slightly, while Type C was far away from Type B 

with clear boundary, which revealed that individual rainfall 

characteristics of Type A had the greatest changes and were 

similar to those of Type B in a certain extent, while indi-

vidual rainfall characteristics of Type B and Type C were 

more stable, and in particular, there were significant differ-

ences in characteristics between Type C and two other 

types. 

Statistics of rainfall characteristics of different types was 

conducted as per clustering results; proper rounding ad-

justment was performed on rainfall characteristics of dif-

ferent types according to the values corresponding to 

quantiles of 25% and 75% for each characteristic index (Ta-

ble 1) to be as common variation range of characteristic 

indices of corresponding rainfall types; accordingly, char-

acteristics of different rainfall types were summarized as 

 

Fig. 2  Scatter diagram of erosive individual rainfalls in red soil 

slope after discriminated classification 

follows: Type A featured short duration, strong rainfall in-

tensity and minor amount of rainfall (rainfall duration: 

115–465 min, amount: 9–30 mm, rainfall intensity: 2.0–9.5 

mm/h, single erosion intensity: 1–235 t/km
2
), which was the 

main factor causing soil erosion; Type B featured medium 

duration, medium rainfall intensity and minor amount of 

rainfall (rainfall duration: 760–1220 min, amount: 13–40 

mm, rainfall intensity: 0.9–2.0 mm/h, single erosion inten-

sity: 0.9–25 t/km
2
), which was the second major factor 

causing soil erosion; Type C featured long duration, low 

rainfall intensity and great amount of rainfall (rainfall dura-

tion: 1 585–2 035 min, amount: 24–65 mm, rainfall intensi-

ty: 0.7–1.8 mm/h and single erosion intensity: 0.8–18 

t/km
2
), which had less contribution to soil erosion.  

Compared with achievements from classifications of ero-

sive individual rainfall in southern red soil land, rainfall was 

divided into five types by Zhang et al. 
[17]

 as per equivalent 

interval of 10 mm rainfall amount; however, the classifica-

tion was essentially average subsection for rainfall amount 

and it did not reflect impacts of characteristics like rainfall 

intensity on classification. Huang et al. 
[18]

 divided rainfall 

into four types by using quick clustering method, but seen 

from the results, one kind of rainfall only had one rainfall 

sample; average amount of rainfall, duration and maximum 

30 min rainfall intensity of three other types featured type 

Ⅲ > type Ⅱ > type Ⅰ; that is, for rainfall type with the 

greater amount of rainfall, its rainfall intensity was stronger 

and duration was longer, so the classification did not reflect 

common inconsistency of different rainfall characteristic 

indices (especially amount and intensity of rainfall) in indi-

vidual rainfall. This study adopted quick clustering and dis-

criminant clustering to ascertain erosive rainfall types 

designated by general change range of rainfall characteris-

tics in combination with four quantiles, which was more 

suitable for actual situations in southern red soil area in 

terms of methods and results by comparison.
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Table 1  Statistics of characteristic index for different rainstorm patterns 

 
Note: V25 and V75 represent value of 25% quantile and value 75% quantile, respectively. Pr, T, I, I10, I20, I30 and MS represent precipitation, rainfall duration, 

average rainfall intensity, maximum 10 min rainfall intensity, maximum 20 min rainfall intensity, maximum 30 min rainfall intensity and soil erosion modu-
lus, respectively. Same as below. 

The statistic results of different rainfall types (Table 1) 

showed that numbers of Type A, Type B and Type C were 

81, 37 and 16 respectively, accounting for 60%, 28% and 

12% of sample number respectively, which reflected that 

Type A had the largest frequency in study area, followed by 

Type B and Type C. Meanwhile, cumulative amount of 

rainfall of three types respectively accounted for 48%, 30% 

and 22% of total rainfall of sample area, cumulative erosion 

amount respectively accounted for 84%, 13% and 3% of 

total erosion amount, the average soil erosion modulus of 

single rainfall was 265.2, 91.4 and 53.6 t/km
2
 respectively, 

and erosion capacity of single rainfall of three types pre-

sented Type A > Type B > Type C. The number and erosion 

intensity of different rainfall types reflected that rainfall 

intensity had closer relationship with soil erosion in a cer-

tain degree compared with amount of rainfall, and soil ero-

sion in bare slope land of red soil was mainly caused by 

Type A (high frequency, short duration and strong rainfall 

intensity) and key prevention measures should be taken. In 

loess area, soil erosion was also mainly caused by rainstorm 

with short duration; amount of Type A rainstorm with short 

duration causing more than 60% of soil erosion was mainly 

10–30 mm, and its duration was mainly 30–120 min 
[11]

. It 

showed that soil erosion in the two regions was mainly 

caused by rainstorm with short duration and the amounts of 

single rainfall were roughly equal, but Type A in loess area 

featured shorter duration and stronger rainfall intensity. 

2.2 Relationships between rainfall characteristic 

indices and soil erosion 

Research showed that influential intensity of natural 

rainfall for soil moisture in southern slope land of red soil 

continuously decreased from surface layer to deep layer; 

effective time for influence of rainfall on the moisture con-

tent of soil more than 30 cm in depth did not exceed 7 d at 

most and the specific time was determined by amount of 

rainfall and rainfall intensity 
[20]

. According to the data of 

134 erosive rainfalls, the first 5 days without rainfall were 

selected as the basis to confirm 50 rainfalls that meet the 

requirements to eliminate influences of the early rainfall and 

ensure certain sample number, including 20 rainfalls of 

Type A, 15 rainfalls of Type B and 15 rainfalls of Type C. In 

single rainfall process, rainfall of different characteristics 

had different contributions to soil erosion; Pearson correla-

tion analysis for characteristic indices of 50 rainfalls (Pr, T, 

I, I10, I20, I30) as well as combined variables of different in-

dices (PrI10, PrI20, PrI30), and soil erosion modulus of corre-

sponding rainfall (MS) were conducted in order to ascertain 

main rainfall characteristic indices influencing soil erosion. 

Results (Table 2) showed that, for all the rainfalls, 

amount of rainfall (Pr), different rainfall intensity indices (I, 

I10, I20, I30) as well as their combined variables (PrI10, PrI20, 

PrI30) and presented significant correlation with MS at P < 

0.01; but T and MS presented non-significant relations; in 

different rainfall intensity characteristic indices, I30 and MS 

had the maximum correlation coefficient, while in different 

combined variables, PrI30 and MS had the maximum correla-

tion coefficient. Relationships between characteristic indi-

ces of three rainfall types and soil erosion modulus were 

consistent; the amount and intensity of rainfall were both 

significant factors influencing soil; but among different 

rainfall types, correlation of rainfall amount and soil erosion 

increased constantly as per the sequence of Type A, Type B 

and Type C. 

In general, both single factors of rainfall characteristics 

Pr and I30 and combined variable PrI30 had close relations 

with soil erosion amount, which was similar to the results of 

statistical analysis on the relationship between rainfall 

characteristic factor and soil erosion amount conducted by 

Foster et al. 
[21]

, Wang et al. 
[22]

 and Zuo et al. 
[23]

.
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Table 2  Pearson correlation analysis between soil erosion modulus and rainfall indices under different rainfall event types 

 
Note: ** represents significant level at P < 0.01. 

2.2.1 Impacts of rainfall amount on soil erosion 

modulus 

Correlation analysis showed that there was significant 

positive correlation between MS and Pr, however, sample 

scatter was rather dispersed, and different rainfall types 

were distributed as per regularity of linear increase (Fig. 3). 

In accordance with linear regression results, the slopes of 

MS of Type A, Type B and Type C with the increase of Pr 

were 17, 8 and 4 t/km
2
, respectively, which revealed that 

there were significant differences for erosion capacity of 

unit rainfall amount of different rainfall types, presenting 

Type A > Type B > Type C. 

 

Fig. 3  Relationships between precipitation and soil erosion modulus 

2.2.2 Impacts of maximum 30 min rainfall intensity 

on soil erosion modulus 

Correlation analysis showed that I30 was a rainfall inten-

sity index having extremely significant relationship with 

MS; specifically MS increased with I30 (Fig. 4a). In change 

process, they had transition relations; that is, when I30 is less 

than 15 mm/h, MS increased slowly with I30, and the relation 

line between them almost paralleled to the abscissa; when 

I30 is larger than 15 mm/h, MS increased quickly with I30, 

and the slope of relation line increased obviously. 

Mann-Kendall test method was adopted to further determine 

critical value of I30. Test results (Fig. 4b) revealed that posi-

tive and negative sequence curves of I30 had intersection at 

15.4 mm/h, and crossed reliability line (1.96) under signifi-

cance level of 0.05; therefore, the sudden change and transi-

tion passed significant test (P < 0.05). Critical 

characteristics of rainfall intensity and soil erosion relation-

ship in individual rainfall period were also reflected in cor-

relation study on loess plateau. For example, Wang 
[24]

 

analyzed the relationship between maximum 15 min rainfall 

intensity and soil erosion according to observed data for 

rainfall soil erosion of No. 3 runoff event in Tuanshangou of 

Chabagou watershed, Zizhou County in north of Shaanxi. 

Although research showed that there was good linear rela-

tionship between the two, that is, soil erosion intensity in-

creased with the increase of rainfall intensity over a period of 

time, seen from the scatter diagram given, the relationship 

between the two also had transition when maximum 15 min 

rainfall intensity was 6 mm; soil erosion intensity increased 

slowly with the increase of rainfall intensity in the period 

before transition, while it increased significantly with the 

increase of rainfall intensity after transition, and maximum 30 

min rainfall intensity corresponding to transition point was 

about 12 mm after conversion. Therefore, critical character-

istics between maximum rainfall intensity in a period and 

soil erosion might exist widely, but the specific rainfall in-

tensity corresponding to critical point may change as per 

rainfall process and soil characteristics in different areas. 

 

Fig. 4  Relationships between maximum 30 min rainfall intensity 

and soil erosion modulus and testing on it 

Note: uk and uk
* represent the values of MK test corresponding to direct 

and retrograde time series respectively, u0.05 represents the confidence limit 

(±1.96) corresponding to significant level at 0.05. b. The critical value of 

maximum 30 min rainfall intensity was tested by Mann-Kendall method. 
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2.2.3 Impacts of product of rainfall amount and 

maximum 30 min rainfall intensity on soil erosion 

modulus 

Correlation analysis showed that PrI30 was combined 

variable of rainfall amount and rainfall intensity having the 

most significant relationship with MS, and specifically, MS 

increased with PrI30 (Fig. 5a). Similar to I30, the increasing 

process of MS with PrI30 also could be divided into two 

phases: when PrI30 was less than 300 mm
2
/h, MS increased 

slowly with PrI30 and then increased quickly. After being 

tested by Mann-Kendall method (Fig. 5b), when PrI30 was 

291.8 mm
2
/h, positive and negative sequences of statistical 

samples had intersection with sudden change and transition, 

however, the intersection was within reliability line (±1.96) 

corresponding to significance level of 0.05 and significant 

test was not passed. 

 

Fig. 5  Relationships between soil erosion modulus and product 

of precipitation (Pr) and maximum 30 min rainfall intensity (I30) 

and its test 

2.3 Statistical relation for individual rainfall soil 

erosion 

2.3.1 Establishment of statistical relation 

Five rainfalls in each rainfall type were respectively and 

randomly selected for cross check in 50 single erosive rain-

falls without impacts of early rainfall, and the rest events 

were used for regression. According to correlation analysis 

results of soil erosion modulus of individual rainfall and 

rainfall characteristics indices, Pr, I30 and PrI30 having ex-

tremely significant relationship with Ms were selected as 

parameters to choose power function consistent with tradi-

tional research with the best correlation by comparing dif-

ferent regression relationships, thus establishing statistic 

relation for individual rainfall soil erosion under different 

rainfall types (Table 3). 

Comparisons of statistical relations of different parame-

ters (Table 3) showed that, for Type A and Type B, adopting 

independent regression statistical relation (Ⅳ) of two pa-

rameters (Pr and I30) was the best, followed by regression 

statistical relations (Ⅱ and Ⅲ) of single parameter (I30) 

and combined parameters (PrI30), while adopting regression 

statistical relation (Ⅰ) of single parameter (Pr) showed the 

least correlation; for Type C, adopting regression statistical 

relation (Ⅲ) of combined parameter (PrI30) was the best, 

followed by independent regression statistical relation (Ⅳ) 

of two parameters (Pr and I30), while adopting regression 

statistical relation (Ⅰ, Ⅱ) of single parameter (Pr or I30) 

showed the least correlation. On the whole, for three rainfall 

types, statistical relation including two parameters (Pr and 

I30) was generally better than that only including single pa-

rameter (Pr or I30), especially than that only including single 

parameter (Pr); meanwhile, in statistical relation of single 

parameter, soil erosion modulus of Type A and Type B had 

closer relationship with I30 than Pr, but there were little dif-

ferences for two correlations with soil erosion modulus of 

Type C. Therefore, individual rainfall soil erosion in bare 

slope land of red soil was jointly influenced by amount and 

intensity of rainfall, but there was greater influence from 

rainfall intensity like I30. Combined statistical relation (Ⅳ) 

including two parameters (Pr and I30) was selected for path 

analysis (Table 4), in order to further reveal specific contri-

butions of amount and intensity of rainfall to soil erosion 

under different rainfall types. 

Results (Table 4) showed that residual path coefficients 

for statistical relations of Type A, Type B and Type C were 

0.24, 0.10 and 0.32 respectively, indicating that Pr and I30 

were main factors influencing soil erosion in bare slope land 

of red soil, and they contributed to 68%–90% of soil erosion 

changes under different rainfall types. Meanwhile, direct 

effect coefficients of I30 for Ms were all above 0.75 for 3 

rainfall types, but indirect effect coefficients of Pr through 

I30 were all basically above 0.65 and there was significant 

correlation between Pr and I30. Therefore, soil erosion 

changes in bare slope land of red soil were mainly influ-

enced by I30 directly, but certain indirect influences were 

caused by Pr through changing rainfall intensity. Research 

on loess slope also indicated that there were significant rela-

tionships between power function of rainfall amount and 

maximum 30 min rainfall intensity and soil erosion intensi-

ty, and the contribution of maximum 30 min rainfall inten-

sity to soil erosion intensity was predominant 
[25]

. It showed
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Table 3  Event-based rainfall–erosion statistical relation for bare slope land of red soil 

 

Table 4  Path analysis among precipitation, maximum 30 min rainfall intensity and soil erosion modulus under different rainfall event 
types 

 

that, no matter in the northern loess area featured by runoff 

yield under excess infiltration or in the southern red soil 

land featured by runoff yield under saturated storage, rain-

fall intensity in a period represented by maximum 30 min 

rainfall intensity was the main influential factor in individu-

al rainfall soil erosion process, and its contribution to soil 

erosion intensity was usually larger than that of rainfall 

amount. 

Soil erosion in bare slope land of red soil was jointly in-

fluenced by Pr and I30 with different contributions, and in 

established four statistical relations, determination coeffi-

cient in Equation Ⅳ was the highest, so it was optimal to 

adopt structural form of Equation Ⅳ while carrying out the 

prediction for individual rainfall soil erosion in slope land 

of red soil.  

2.3.2 Test of statistical relation 

Data of randomly chosen five rainfalls under three types 

were selected to calculate soil erosion modulus by using 

relation Ⅳ and compared with measured value. Seen from 

rainfall characteristics used for test (Table 5), except for 

four rainfalls (Type A on June 22, 2006 and August 23, 

2006, Type B on October 21, 2008, as well as Type C on 

May 13, 2002), characteristic indices of other randomly 

chosen individual rainfalls all met or were closed to rainfall 

characteristic indices ranges corresponding to rainfall types 

determined as per quantile. Based on rainfall characteristic 

indices, rainfall on June 22, 2006 was rainstorm featuring 

extra-short duration, so its rainfall duration was less than 

duration range of Type A, and rainfall intensity was corre-

spondingly higher than rainfall intensity range of Type A; 

amount of rainfall on August 23, 2006 exceeded rainfall 

amount range of Type A, and it still was heavy rainfall fea-

turing short duration; amount of rainfall and rainfall inten-

sity on October 21, 2008 exceeded corresponding indices 

ranges of Type B, but it still was heavy rain featuring long 

duration; amount of rainfall on May 13, 2002 exceeded 

rainfall amount range of Type C, but its duration also ex-

ceeded duration range of Type C, so it still was heavy rain 

featuring super-long duration. In general, randomly chosen 

individual rainfalls all met basic characteristics of corre-

sponding rainfall types and were of typicality for test.
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Table 5  Rainfall characteristics of different rainstorm pattern for testing and test accuracy of event-based erosion statistical relation for 
bare slope land of red soil 

 
Note: The time of rainfall was used to express rainfall events, e.g., 2004-07-31 represents the rainfall happened on July 31, 2004, and so on. Same as below. 

Table 5 shows that Nash-Suttclife efficiency coefficient 

of Type C was 0.94, while determination coefficients and 

Nash-Suttclife efficiency coefficients of other types all 

reached 0.99, which indicated that the statistical relation 

was of good simulation application precision. Meanwhile, 

relative error ranges for statistical relations calculation of 

Type A, Type B and Type C were −17%–22%, −23%–19% 

and −40%–29%, respectively, and average relative errors 

were 12%, 15% and 24%, respectively. As soil erosion pro-

cess was affected by many factors, erosion intensity predic-

tion was current academic difficulty. Especially, there was 

larger uncertainty for time scale forecast of individual rain-

fall, relative errors of existing related research were difficult 

to be controlled within 10% no matter using statistical mod-

el or physical model, and errors were often between 20% 

and 30%. For example, the relative error for prediction of 

individual rainfall erosion intensity in bare slope land of 

purple soil in east Sichuan by using WEPP model was 24% 
[26]

, while the average relative error for bare slope land of 

black soil area in northeast China even exceeded 100% 
[27]

. 

For another example, in the report for small watershed 

scale, the average relative errors of forecast results were 

about 15% by adopting statistical model which takes runoff 

erosion power and runoff depth as independent variables 

and individual rainfall erosion sediment yield as dependent 

variable 
[28]

, and adopting statistical model based on vector 

regression 
[29]

, while the average relative error was 24% by 

adopting distributed water erosion physical model for 

prediction 
[30]

. The higher determination coefficient and 

Nash-Suttclife efficiency coefficient as well as relative error 

less than 30% in the study showed that established statisti-

cal relation had good application precision, and it was more 

suitable for short-duration rainstorm which was not affected 

by early rainfall. 

3 Conclusions and discussion 

1) Erosive rainfall in red soil hilly region of south China 

can be classified into three types. Type A which presents 

short duration, strong rainfall intensity, minor amount of 

rainfall and high frequency is the major type leading to 

slope erosion in this region; Type B which presents medium 

duration, medium rainfall intensity, minor amount of rain-

fall and medium frequency is also an important type leading 

to slope erosion in this region; Type C which presents long 

duration, low rainfall intensity, great amount of rainfall and 

low frequency has small effect on slope erosion in this re-

gion. Therefore, it is needed to focus on prevention of soil 

erosion caused by rainstorm with short duration as to slope 

land of red soil in south China. 

2) Individual rainfall soil erosion in bare slope land of 

red soil is mainly affected by rainfall amount and intensity. 

Among rainfall intensity indices, the maximum 30 min 

rainfall intensity is most closely related to soil erosion mod-

ulus and directly leads to soil erosion changes, while rainfall 
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amount indirectly influences it through changing rainfall 

intensity. Erosion intensity increases with amount of rainfall 

on the whole, whereas the erosion capacity of unit amount 

of rainfall from different rainfall types varies, which follows 

the pattern: Type A > Type B > Type C. When increasing 

with the increase of maximum 30 min rainfall intensity, 

erosion intensity presents obvious transition at 15 mm/h; 

erosion intensity presents slow increase when the maximum 

30 min rainfall intensity is less than the value and rapid in-

crease when the maximum 30 min rainfall intensity exceeds 

the value. 

3) Excluding the influence of previous rainfall, statistical 

power function relationship is established between the soil 

erosion intensity of individual rainfall in slope land of red 

soil in south China and rainfall amount and the maximum 

30 min rainfall intensity. It has been proven that, the values 

of determination coefficient and the Nash-Suttclife effi-

ciency coefficient are both above 0.9, and the average rela-

tive error is not more than 25% (with better overall 

accuracy) under all three rainfall types, and the statistical 

relationship is more applicable to short-duration rainstorm. 

This paper reveals the regularity of individual rainfall 

soil erosion in bare slope land of red soil, which provides 

basis for studying the influence of land use changes and 

human activities on soil erosion in slope land of red soil. 

Because of limited erosive individual rainfall events without 

influence by previous rainfalls, there are fewer samples for 

establishing and inspecting statistical relationship of indi-

vidual rainfall soil erosion in the study. Data needs to be 

enriched and completed in the future. Meanwhile, as to es-

tablishment of prediction model for individual rainfall soil 

erosion in slope land of red soil, this study only considers 

influences of rainfall on soil erosion. In the future, it is ex-

pected to expand the study on relationship between other 

factors (such as landform, soil moisture, vegetation cover-

age and human activities) and soil erosion in slope land of 

red soil to provide more complete theoretical basis for mod-

eling.  
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Analysis of effect mechanism and risk of biochar on soil fertility and  

environmental quality 

Wang Xin, Yin Daixia, Zhang Feng, Tan Changyin, Peng Bo 

College of Resources and Environmental Science, Hunan Normal University, Changsha 410081, China 

Abstract: Biochar is a solid material that is produced from biomass pyrolysis in oxygen-limited atmosphere at rela-

tively low temperatures. Therefore, the conversion of biosolids (e.g., agricultural waste, invasive species, municipal 

sewage sludge, etc.) into biochar could provide a useful way to achieve resource reuse and environmental manage-

ment. In China, decreased land resources and soil fertility is of increasing concern presently, which may threat na-

tional food security. Therefore, a range of biochars have been tested for their potential in improving farming soil 

quality considering the high fertility sustained by biochar in Amazonian Dark Earths locally known as Terra Preta 

de Indio. Some studies have proved that biochar can play a positive role in improving the fertility of agricultural 

soils and thus increasing crops yield. Moreover, biochar has also been shown to be effective in control and remedia-

tion of a range of soil contamination and hence improve soil environmental quality, leading to increased food output 

and quality. In the present review, the most recent advances in the effect of biochar on agricultural soil fertility and 

soil environment quality with the underlying mechniasms are reviewed and discussed here in detail. Firstly, most 

biochars, particularly those produced from wetland plant residues tend to improve water retention capacity of agri-

cultural soil, especially for those with sandy texture. This phenomenon could be caused by the porous structure of 

biochar, which can increase the water-holding porosity of soils. Secondly, substantial evidence has shown that the 

bioavailability of key mineral nutrients increase remarkably in response to biochar application, which could be at-

tributed to the sufficient mineral ash in biochar and relatively high caiton exchange capacity (CEC) originated from 

the rich surface functional groups of biochar. Thirdly, the alkalinity of biochar, which is most likely resulted from 

the high mineral content, has exhibited potential in mitigation of soil acidity. As a result, the leaching of essential 

minerals and associated water eutrophication could be controlled to different degrees. However, the long-lasting 

buffering performance of biochar in the areas of acid rain is still unknown, which needs long-term monitoring with 

locating tests. Fourthly, with high CEC and mineral content, biochar could be used as fixing agent to sequester 

heavy metals in agriculture soils through complexation and precipitation, resulting in decreased transfer and accu-

mulation of heavy metals in food chain. On the other hand, a series of negative impacts of biochar on farmland are 

also highlighted in this review. First of all, biochar may reduce the aggregation of soil particles, and bring ammonia 

gas gathered in soils which is detrimental to the soil organisms. Simultaneously, the application of biochar into soil 

could induce the enrichment of polycyclic aromatic hydrocarbon and heavy metals in uncontaminated farmland as 

well as decreased nitrogen uptake by crops, all of these potential risks cannot be ignored. Full realization and sys-

tematic investigation on these hazardous effects of biochar is essential to ensure the safe and efficient application of 

biochar for the improvement of soil fertility and environmental quality. At last, a range of research gaps and future 

challenges have been characterized and discussed in detail. To achieve better understanding of the effect of biochar 

on sustainable agriculture with associated mechanisms, long-term experiments in field scales are needed to investi-

gate the persistent output and biogeochemical behaviors of different kinds of biochar. Besides, more field experi-

ments should be carried out to explore the applicability of biochars in differing regions with specific soil types, 

which could provide more realistic information to improve the local soils. In parallel, ecological and toxicological 

effects of biochar should be addressed to identify the potential risks. Finally, more efforts should be paid to estab-

lish the regulation framework and reference criterion to ensure biochar quality and evaluate its effect on soil fertility 

and environmental quality. 
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0 Introduction 

The application of biochar in agricultural field was de-

rived from the finding of Amazonian Dark Earth in South 

America during 19th century [1]. However, the systemic re-

search and large-scale development of biochar started with 

the background of increasingly obvious global environmen-

tal, agricultural, and energy crisis [2–5]. Among them, agri-

culture is the widest and quite mature field for the 

application of biochar. As China has the largest output of 

agricultural wastes in the world, with annual discharge of 

more than 4 billion t [6], rationally utilizing various kinds of 

agricultural wastes to produce biochar is beneficial to con-

trol agricultural environmental pollution, realize the re-

source utilization of agricultural wastes, and overcome 

environmental problems due to disposal, incineration, and 

random emission of abandoned biomass. Moreover, biochar 

produced with various agricultural wastes as feedstocks 

shows an important potential in remediating heavy metal 

and organic matter pollution of agricultural soil [7–9]. Many 

theoretical studies and practical applications have shown 

that biochar can help improving soil fertility, facilitating the 

growth of crops, and enhancing crop yields [10–13]. In addi-

tion, by-products such as tar, pyrolysis gas, and pyroligne-

ous during biochar production process [14], which can help 

realizing cyclic utilization of energy during agricultural 

biochar production and increasing attached values of bio-

char. Therefore, the development and utilization of agricul-

tural biochar is of great significance in increasing produc-

tivity of agricultural soils, resource utilization of agricultur-

al wastes, and providing renewable bioenergy. 

1 Concept and properties of biochar 

Biochar is a solid material that is produced from biomass 

pyrolysis in oxygen-limited and sealed atmosphere at rela-

tively low temperatures (< 700 °C), with rich carbon (C% ≥ 

60%), stable property, and different aromatization degrees 
[15]. Compared to traditional charcoal, “biochar” emphasizes 

its function and application in agricultural production and 

ecological environment fields [15–17]. 

As it has macromolecular structure with aromatic rings, 

biochar has high inertia and anti-degradation in soils [18–22]. 

According to the estimates of 14C-labled experiment, the 

mean retention time of biochar in soils reaches up to 2 000 

a, with half-life period of about 1400 a [18]. Moreover, bio-

char generally has well-developed porous structure and rich 

surface functional groups (Table 1, Fig. 1), which make 

biochar can effectively enhance cation exchange capacity 

(CEC) and water binding capacity of soils, reduce the loss 

of mineral elements, and increase the utilization efficiency 

of mineral elements, and thus play an important role in con-

trolling water eutrophication caused by nitrogen (N) and 

phosphorous (P) losses from farmlands [3, 23–28]. In addition, 

because it has a large amount of mineral ash (mainly K, Ca,  

Table 1  Basic properties of biochar 

 

 

Fig. 1  SEM images of different biochars 

Note: a was cited from [32]; b was cited from [33]; c and d were cited from [34]; “—” unavailable data. 
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Na, and Mg) [29] and rich delocalized π electrons [30], biochar 

is mostly alkaline (pH > 7), and its alkalinity increases with 

the increase of pyrolysis temperature. Generally, compared 

to wood-based biochar, animal-manure-based biochar has 

higher total quantity and water dissolved content of inor-

ganic ash (N, P, K, S, Ca, Mg, Al, Na, Cu, etc.) (Table 1), 

with leaf-based biochar in between [31]. 

2 Effect of biochar on soil fertility quality 

and environmental quality and its generation 

mechanism 

Biochar is produced from agricultural abandoned bio-

mass through pyrolysis carbonization technique and applied 

to farmlands as soil amendment, playing an important role 

in improving cultivated soil physiochemical and biological 

properties, enhancing soil fertility, remediating soil pollu-

tion, and increasing crop yield and quality. 

2.1 Effect of biochar on soil moisture and its 

mechanism 

After being applied into farmland, biochar can increase 

the total porosity, capillary porosity, and aeration porosity of 

soil in different degrees, and thus enhance field wa-

ter-holding capacity and available water content of soil 
[39–41] (Fig. 2), which has great significance to enhance the 

utilization efficiency of soil moisture and dissolved mineral 

nutrients by crop roots. After applying peanut shell charcoal 

with amount of 10–60 g per kilogram of sand soil, Gou et 

al. [42] found that soil capillary moisture capacity increased 

to 1.2–1.7 times compared to the control. This indicates that 

biochar with a certain range of application amount can en-

hance the available water content in soils by increasing soil 

capillary moisture capacity. Tian et al. [43] conducted the 

horizontal soil column method by applying 

crop-residue-derived carbon and peanut shell charcoal into 

sand and silt loam soils in proportions of 5%, 10%, and 

15%, respectively. Results showed that two biochar treat-

ments decreased soil water diffusivity by 52%–89% and 

83%–96%, respectively, and thus significantly enhanced the 

water capacity of two kinds of soils and effectively inhibited 

water infiltration. The main mechanism leading to the result 

is that soil porosity increases with the application of biochar 

and thus decreases the water diffusivity. Above results pre-

liminarily show that biochar has unneglectable application 

potential in enhancing water utilization efficiency of crops 

in arid and semi-arid areas of China. 

2.2 Effect of biochar on soil mineral nutrient bi-

oavailability and its mechanism 

The application of biochar in agricultural soil can en-

hance the soil nutrient bioavailability in different degrees 

due to its high-concentration mineral elements, rich surface 

functional group and high CEC (Table 1). Firstly,  

 

Fig. 2  Biochar application for soil improvement and potential 

environmental risks 

water-soluble mineral elements in biochar ash can directly 

enhance total nutrient element amount and amount that can 

be utilized by crops [44]. For instance, through field mi-

cro-plot experiment, the application of crop-residue-derived 

carbon and bamboo charcoal in paddy soil is found to in-

crease available P by 33.5% and 29.3%, and available K by 

98.5% and 54.8%, respectively [45]. Secondly, biochar can 

adsorb and withhold mineral cations through its surface acid 

functional group and hydroxylated surface of metal oxides, 

and thus increase CEC in cultivated soil and reduce leach-

ing loss of nutrient elements [46–49]. For example, in the soil 

column simulating rainfall experiment, N leaching amount 

in the treatment with mixed application of biochar (adding 

proportion of 2%) and N/P was only 57.9% of that in the N 

application treatment [50]. Similarly, Li et al. [51] applied 

Fe(III)-modified biochar into soil with proportions of 

2.5%–10%, and found that compared to the control, leach-

ing amounts of nitrate N and available P significantly de-

creased by 20%–59% and 45%–75%, respectively. This 

preliminarily indicates that biochar can effectively decrease 

the leaching amounts of soil N and P (Fig. 2). Thirdly, the 

continuous and slow oxidation reaction of biochar in soil 

can enhance soil CEC through the continuous generation of 

oxygen-containing functional group on biochar surface. For 

instance, after biochar produced from bark of Robinia 

pseudoacacia was mixed with silica sand at 30 °C and in-

cubated for 120 d, its CEC increased from the initial 140 

mmole(+)/kg to 214 mmole(+)/kg [52]. Laird et al. [53] found 

that after wood-based biochar was applied to Mesic Typic 

Hapludolls with proportions of 5-20 g/kg and incubated for 

500 d, soil effective CEC (ECEC) increased by 4%–30% 

compared to the control. Nguyen et al. [54] systemically 

studied the reaction kinetic characteristics of soil in the time 

scale of 100 years, and found that in the first 30 years after 

biochar was applied to the soil, the molecular structure of its 

surface carbon changed the fastest with O/C ratio and sur-
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face carboxyl group content increasing by 192%. Above 

studies indicate that oxidation reaction is an important pro-

cess in controlling the generation of acid functional group 

on biochar surface and is also the important mechanism for 

biochar to improve nutrient retention capacity of soil.  

2.3 Improvement effect of biochar on acidified 

soil 

The mean decreasing amplitude of pH in 6 kinds of ag-

ricultural soils in China reached up to 0.13–0.80 from 1980s 

to 2008 due to the massive application of Ammoni-

um-nitrogen fertilizer and acid rain precipitation [55]. This is 

the important indicator for the fast degradation of agricul-

tural soil fertility quality in China. Meanwhile, abundant H+ 

ions concentrate in soil, which aggravates the rise of water 

solution, migration, and crop availability of heavy metals. 

However, lots of inorganic ash produced in the pyrolysis 

process of biomass makes biochar has great significance to 

acidified soil improvement. For instance, Zhang et al. [56] 

found through laboratory pot experiment that mixed appli-

cation of peanut shell charcoal (1%–2%) and base fertilizer 

(modified Hoagland and Arnon fertilizer formula) can re-

lieve or eliminate the acidizing effect of single applying 

chemical fertilizer on acid red soil. After the soil with single 

application of base fertilizer was incubated for 9 months, 

the pH decreased by 0.87 compared to the control, while the 

pH only decreased by 0.21 in the soil with mixed applica-

tion of base fertilizer +1% biochar, and the pH value in-

creased by 0.65 in the soil with mixed application of base 

fertilizer +2% biochar. Similarly, Yuan et al. [57] applied bi-

ochar produced from different raw materials into soil in the 

proportion of 10 g/kg, and incubated at 25 °C for 60 d. They 

found that soil pH increased by 0.18–0.66 in the biochar 

treatment with straw of non-legume crops (e.g., oilseed 

rape, rice, corn, etc.) as feedstocks, while soil pH value in-

creased by 0.59–1.05 in the biochar treatment with stem and 

leaves of legume crops (e.g., mung bean, peanut, soybean, 

etc.); meanwhile, mung bean-stem-leaf-based biochar re-

duced the exchangeable acidity of soil from 5.95 (the con-

trol) to 2.62 cmol/kg, but increased base saturation 

percentage by 30.62% compared to the control. Based on 

the above research results, it can be preliminarily deter-

mined that biochar (especially legume-crop-based biochar) 

will help relieve agricultural soil acidification in short term 

and inhibit the loss of base ions. However, continuous reg-

ulating effect of biochar on soil pH in acid rain precipitation 

areas with different kinds of farming in China needs to be 

further monitored and systemically analyzed based on 

long-term experiment. 

2.4 Effect of biochar on soil microbiota and pos-

sible mechanism 

Biochar has well-developed pore structure, withholding 

effect on water and fertilizer, and buffer effect on soil acidi-

ty, which will directly influence soil micro-ecological envi-

ronment, and thus show regulating effect on soil microbial 

community structure, population quantity, and activity 
[58–61]. For example, Sun et al. [62] applied corn-straw-based 

biochar (containing 5% of loam) into the soil with the pro-

portion of 10%, and carried out the in-house pot experiment 

planting soybean. Soil samples were collected after 1, 2, and 

4 months. They found that more fungi were cultivated after 

the application of biochar into the soil, and the growth of 

surrounding bacteria was stimulated. However, the flora 

quantity was not always increasing: the quantity of fungi in 

the soil with biochar application continuously increased in 

the first two months, but decreased since the fourth month. 

The mechanism of biochar affecting mycorrhizal abundance 

and activity [63] may mainly involve: ① biochar indirectly 

affects mycorrhizal growth through affecting soil physio-

chemical properties and other soil microorganisms; ② 

biochar application may change the signal transmission be-

tween plant and mycorrhizal fungi; ③  biochar mi-

cro-interface helps facilitate detoxication of allelochemicals 

and provides good habitat for breeding of mycorrhizal fun-

gi. It needs to be highly noted that long-term application of 

biochar in the soil might reduce the quantity and activity of 

soil microorganisms in the soil. For instance, Zhang et al. 
[64] applied wheat straw (the control) and the 

wheat-straw-based biochar into the paddy soil with propor-

tions of 1%–2% and incubated in greenhouse for two years. 

Samples were collected in 2, 6, 12, and 24 months, respec-

tively. Results showed that compared to the control, in the 

early stage of incubation (2 months), soil microbial carbon 

in all treatments with biochar application increased, and 

basic respiration intensity showed the same trend. This may 

be because that labile organic carbon and available mineral 

nutrients in biochar have priming effect to microorganisms, 

resulting in the increase of microbial carbon and microbial 

activity. However, in the late stage of the experiment (2–24 

months), soil microbial carbon in the soil with biochar ap-

plication decreased by 48–80 mg/kg compared to the con-

trol, and soil basic respiration intensity in all soils with 

biochar application was significantly lower than that in the 

control treatment. Meanwhile, soil easily oxidized organic 

carbon decreased by 15%–25%, and water-soluble organic 

carbon decreased by 4–20 mg/kg. Therefore, this study in-

dicates that long-term and high-amount biochar application 

might reduce activities of soil organic matter and microor-

ganisms. Moreover, biochar application will affect commu-

nity structure of soil microorganisms. For example, Chen et 

al. [65] applied wheat-straw-based biochar into the paddy soil 

with proportions of 20 and 40 t/hm2, and soil samples were 

collected after planting two seasons of rice. They found that 

bacterial 16S rRNA gene copy number increased by 28% 

and 64%, respectively compared to the control, while bacte-

rial 18S rRNA gene copy number decreased by 35% and 

46%, respectively compared to the control. In addition, in 

the paddy soil with biochar application of 40 t/hm2, abun-

dance of Methylophilaceae and Hydrogenophilaceae de-
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creased by 70% compared to the control, while Anaero-

lineae increased by 45% compared to the control. Based on 

the above studies, biochar application in farmland may 

change the quantity, activity, and community components of 

various microorganisms in the soil, and thus affect the cir-

culation and form transformation of mineral elements (e.g., 

C, N, P, etc.) driven by microorganisms. Finally, fertility 

quality and function of cultivated soilwill change. There-

fore, the effect of biochar on soil microflora and its mecha-

nism is an important branch that needs to be deeply 

investigated before biochar is applied into farmland (Fig. 2). 

2.5 Effect of biochar on crop yield and quality 

Biochar can change soil physiochemical and biological 

properties, and thus finally affect crop yield and quality 

(Fig. 2). Previous studies have shown that the application of 

biochar in the soil could help increasing yields of many 

kinds of crops, such as green vegetable, rice, wheat, broom 

corn millet, corn, tomato, and pepper (Table 2). For in-

stance, Steiner et al. [66] carried out the field experiment in 

Amazon River basin by applying wood charcoal (11 t/hm2) 

and fertilizer together into soil, and found that this treatment 

could increase the yield of rice and sorghum two times of 

that in single application of fertilizer; meanwhile, loss rate 

of soil carbon in this treatment was only 8%, far lower than 

that in the control (25%). In addition, through pot experi-

ment, Zhang et al. [67] applied corn-straw-based biochar into 

sandy soils with proportions of 1%, 2%, and 4% to plant 

rice. After incubation for three months, the rice yield in all 

biochar treatments increased by 25.3% in average, and 

among them, the rice yield in the treatment with 2% biochar 

was the highest, increasing by 33.2% compared to the con-

trol. At the same time, biochar co-cultivation significantly 

increased the volume, fresh mass, total absorption area, and 

active absorption area of rice roots. However, it needs to be 

noted that although the above studies show that biochar has 

significant facilitation effect on rice growth, whether this 

effect is applicable to field environment and other kinds of 

paddy soils cannot be determined yet and needs more field 

experiments for verification. Furtherly, part studies have 

shown that biochar-based nitrogen fertilizer produced 

through reaction between biochar and NH4NO3 aqueous 

solution has a better improvement effect on crop growth 

than single application of biochar [68]. For example, bam-

boo-charcoal-based and wood-charcoal-based nitrogen fer-

tilizer increased prosomillet yield by 185.5% and 108.5% 

compared to the control, respectively, while single applica-

tion of bamboo and wood charcoal only increased by 44.9% 

and 4.0%, respectively compared to the control. Therefore, 

it is necessary to systemically compare and optimize its 

application methods before using biochar as the soil condi-

tioner. 

2.6 Controlling effect of biochar on heavy metal 

pollution in soil and mechanism 

While improving soil fertility quality, biochar also shows 

important potential in reducing heavy metal bioavailability 

in cultivated soil, limits the accumulation of heavy metals in 

edible parts of crops [69–71]. Biochar can bring down ex-

changeable H+ and Al3+ content in soil through its rich min-

eral components, such as base cations, phosphate and 

carbonate anions, metal hydroxide/oxide, and calcium car-

bonate, enhance soil pH value to different degrees [72–73], 

and facilitate heavy metal pollutants to combined state of 

carbonate, phosphate, hydroxide, and iron and manganese 

oxides and thus reduce the biotoxicity of heavy metals. For 

instance, Xu et al. [72] applied charcoal (addition proportion 

of 1%–5%) to paddy soil from mine wastewater irrigation 

Table 2  Improvement of biochar on crop growth 
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region and incubated in waterflooding condition for 60 d, 

and found that exchangeable Cd, Cu, Pb, and Zn decreased 

by 4.6%–16.1%, 3.1%–43.8%, 5.5%–20.5%, and 

0.2%–15.4% compared to the control, respectively; moreo-

ver, exchangeable heavy metal content significantly de-

creased with the increase of biochar application. Similarly, 

after biochar produced from chicken manure and green fer-

tilizer was applied into soil with Cd pollution for 35 d, Cd 

concentration in soil pore water decreased from the initial 

100–400 mg/L to detection limit, and at the same time, Cd 

content in above-ground part of indicative plant Brassica 

juncea decreased from 111 mg/kg to 13–28 mg/kg [74]. 

Above studies preliminarily show that biochar application 

with appropriate proportion helps reduce crop availability of 

heavy metal cations and inhibit heavy metal accumulation 

along food chain, which is of great significance to cultivated 

soils (20% of cultivated soil in China) with heavy metal 

pollution. However, it is necessary to be noted that for many 

provinces in China, especially acid rain serious pollution 

area of south China, it is still lack of accurate experimental 

data to support the continuous effect of biochar in reducing 

heavy metal content available for crops in soil, and it needs 

to further carry out field experiment with different types of 

cultivated soils and climates in a longer time scale. 

3 Potential risk of biochar application in ag-

ricultural soil 

Although biochar has many advantages compared to tra-

ditional soil conditioners (Table 3), meanwhile many studies 

also show that biochar might has negative effects on struc-

ture stability of cultivated soil, nitrogen and phosphorus 

availability of root, diversity of soil microorganisms and 

fauna, and crop growth, and may even become the potential 

threat to the sustainable development of agriculture. 

3.1 Potential hazard of biochar to soil physical, 

chemical, and biological properties 

By applying straw-based biochar with soil in proportion 

of 1% and incubating with constant temperature and mois-

ture for 55 d, Ye et al. [81] found that biochar did not signifi-

cantly enhance soil respiratory rate and microbial activity 

but showed a negative effect on aggregation of soil parti-

cles, making soil aggregates decrease by 12%–36% com-

pared to the control. As a result, soil crush resistance and 

water stability decreased. This may because that the particle 

diameter of biochar applied is bigger, so their mineralization 

and decomposition rate is slow and there is no glue material 

generated during this process (Fig. 2). Through soil column 

simulation experiment, Li et al. [82] found that biochar 

showed different effects on the migration and leaching of 

mineral elements in soils with different texture. Although 

biochar facilitated more retention of nitrate nitrogen in the 

soil with coarse texture, it would aggravate the leaching loss 

of nitrate nitrogen in the soil with fine texture (Fig. 2). In 

addition, as biochar treatment largely increases soil pH val-

ue and ammonia gas amount, which may have disadvanta-

geous effect on soil creatures. For instance, Liesch et al. [83] 

found that when applying poultry dung -based biochar to 

soil, the mean survival rate of earthworms decreased from 

30% (the control) to 13.5%. In particular, when the biochar 

application amount increased to 67.5 t/hm2, the survival rate 

of earthworms decreased to zero. 

3.2 Potential hazard of biochar to crop growth 

When investigating the effect of biochar on nitrogen fixa-

tion rate of legume crops, Rondon et al. [84] found that the 

biomass and nitrogen absorption amount of kidney bean sig-

nificantly decreased with the increase of biochar content in 

soil. The most possible reason is the high C/N ratio of bio-

char, especially when the aliphatic carbon that is easily de-

graded in biochar is high, biochar can make soil 

microorganism has much stronger biological fixation to nitro-

gen element by providing sufficient metabolism energy, and 

thus decrease the root availability of nitrogen. As a result, crop 

yield is inhibited in different degrees. Correspondingly, Deenik 

et al. [85] found that biochar with high content of volatilizable 

components had severe trapping effect on the growth of lettuce 

and corn seedlings, which can be preliminarily attributed 

Table 3  Comparison between biochar and traditional soil conditioners 
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to the priming effect of massive easy-degradable organic 

carbon in the biochar. This priming effect can make soil 

microorganism fix massive nitrogen and thus reduce the 

crop availability of nitrogen element. Similarly, through the 

field experiment on early-season rice yield in north of Laos, 

Asai et al. [86] found that when the application amount of 

biochar was 4 t/hm2, Apo-breed rice yield decreased by 

23.3% and 10.5% compared to the control in two experi-

mental sites, respectively. The main reason is that biochar 

reduces the nitrogen absorption of rice roots. Therefore, it is 

highly necessary to systemically investigate the effect of 

biochar type and application amount on the growth of crops 

especially food crops for guaranteeing national food safety 

and facilitating the sustainable development of agriculture. 

3.3 Potential pollutants brought by biochar into 

soil 

During the process using biomass raw materials to pro-

duce biochar through pyrolysis, many toxic and hazardous 

substance, such as polycyclic aromatic hydrocarbon 

(PAHs), As, Cd, and Pb, will be concentrated, and thus 

threaten soil environmental health and crop safety [87] (Fig. 

2). For instance, Shinogi et al. [88] compared heavy metal 

content in biochar using rice hull, sugarcane stalk, cow 

dung, and sludge as raw materials respectively and found 

that Cd content in cow-dung- and sludge-based biochar was 

0.28 and 1.30 mg/kg, respectively, with Zn content of 

17–500 mg/kg, so the application of these kinds of biochar 

into soil might induce or aggravate soil heavy metal pollu-

tion. Kloss et al. [26] found that there were different concen-

trations of PAHs in the biochar produced through pyrolysis 

at 400–525 °C for 5–10 h using straw, poplar, and spruce as 

raw materials. Among them, PAHs content in biochar pro-

duced from straw at 525 °C was the highest, reaching up to 

33.7 mg/kg, much higher than the safety limit (6 mg/kg) 

that Environmental Protection Agency used for land treat-

ment using bio-solid wastes [89]. In the biochar toxicology 

experiment, Rogovska et al. [90] investigated the effect of 

water-extracted solution from 6 kinds of biochar (different 

materials, different temperature, different pyrolysis proce-

dures) on corn germination and early growth of seedlings, 

and found that corn bud length in the extracted solution 

from biochar produced in higher temperature (732–850 °C) 

decreased by 16% in average compared to the control. This 

is mainly because the biochar produced in high temperature 

has a higher level of PAHs which has deleterious effect on 

the growth of seedlings. Therefore, to ensure the safety ap-

plication of agricultural biochar, feedstocks and pyrolysis 

products should be strictly detected and screened to effec-

tively reduce the soil pollution risk caused by the applica-

tion of biochar to farmland. 

4 Conclusions and outlook 

Special physiochemical properties of biochar make it not 

only stabilize carbon sequestration, but also effectively en-

hance soil water and fertility retention capacity, which helps 

enhance soil nutrient utilization efficiency, and thus reduces 

NP external source input and runoff loss and controls the 

bioavailability of heavy metals. Therefore, biochar has great 

value in enhancing productivity of cultivated soil, improv-

ing agriculture ecological environment, and reducing water 

eutrophication due to agricultural non-point pollution. 

However, in respective of extensive agricultural problems in 

China, there are still many critical bottlenecks to be expli-

cated and overcome to realize the effective improvement 

and remediation of cultivated soil by biochar and mean-

while avoid a series of disadvantages, which are mainly as 

follows: 

4.1 using long-term experiment to explicit bioge-

ochemical behaviors of biochar in agriculture eco-

logical system and their long-term effect 

After biochar is applied to soil as soil conditioner or re-

pairing agent, it will persist in soil for a long term and par-

ticipate in various biogeochemical cycles in soil. It usually 

takes several years or longer to trace the long-term effect of 

biochar on agriculture ecological system due to its slow 

reaction process. However, current studies in this field are 

mainly laboratory mechanism analyses dominated by soil 

column simulation or greenhouse-scale potting. Although 

there are a few short-term field experiments ranged from 

several months to 1–2 a, it is not enough to determine the 

long-term effect of biochar on soil fertility quality and en-

vironmental quality. Therefore, it is necessary to establish 

long-term experiments applying biochar to different kinds 

of agricultural soils, carry out tracing research on long-term 

biogeochemical behaviors and effects of biochar, and thus 

reveal the possible long-term effect of biochar on agricul-

tural soil ecological system. 

4.2 Defining the applicability of biochar to dif-

ferent kinds of agricultural soils in different areas 

Currently, the applicability test of biochar in agricultural 

soils is mainly in tropical areas and the Southern Hemi-

sphere [91], and research conclusions are mostly limited to 

specific soil, and specific climate and cultivation conditions 

in experimental site. The research in other areas is not 

enough. Meanwhile, studies on effects of biochar on crop 

yield currently mainly focus on cultivated land and garden 

land, with little attention on other kinds of land [92]. As its 

own oxidation reaction and environmental behaviors vary a 

lot in different regional environments and different kinds of 

soils, the effect of biochar on soil fertility quality and envi-

ronmental quality is limited. Therefore, the applicability 

characteristics of biochar in different areas and different 

kinds of agricultural soil should be investigated in future 

studies in order to ensure agricultural safety and ecological 

safety. 
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4.3 Strengthening the study on ecotoxicology of 

biochar and comprehensively identifying potential 

risk when biochar is applied to various kinds of 

ecological systems 

Biomass raw materials themselves may have different 

levels of pollutants, and toxic and harmful substance, such 

as PAHs and heavy metals, will be further concentrated 

during the pyrolysis process. Therefore, the application of 

biochar in farmland improvement and pollution remediation 

may bring about a series of potential ecological and health 

risks. Carrying out the study on biochar toxicology is the 

basis of performing its ecological risk evaluation, can pro-

vide scientific basis for controlling hazardous substance in 

biochar into various ecological systems and key information 

to ensure that the application of biochar in fields of agricul-

ture and environment is safe and highly efficient. However, 

nowadays most studies on biochar focus on its positive ef-

fect on agriculture and environment. Although a few re-

searchers have started to pay attention on the potential 

ecological risk of biochar, it is still lack of systemic study 

on biochar toxicology. For instance, variation of fauna 

community structure in the soil is an important indicator of 

biochar environmental risk, but currently this kind of stud-

ies is only limited to the effect of biochar on survival rate 

and vital signs of earthworms [93], while studies on effect of 

biochar on other microfauna and animal species richness in 

soils should be strengthened. Therefore, future studies 

should make the best of toxicology experimental method, 

especially new molecular toxicology techniques in recent 

years to analyze the ecological toxicology of biochar, and 

based on this, establish biochar toxicology indicator evalua-

tion system, standard analysis method system, and standard 

system on toxic and hazardous substance limitation for bio-

char application in different fields. 

4.4 Exploring and establishing soil fertility im-

provement evaluation system of biochar 

Soil fertility quality is directly related to national food 

safety and sustainable development of agriculture. Although 

most research data have shown that biochar can improve 

soil fertility and enhance soil productivity, till now a full 

system to scientifically evaluate the improvement effect of 

biochar on soil fertility quality has not been developed yet. 

In order to comprehensively evaluate the improvement ef-

fect of biochar on soil fertility quality, firstly, appropriate 

evaluation indicators should be determined, which will di-

rectly influence the realness, rationality, and scientificity of 

evaluation results. Appropriate evaluation indicator system 

should fully reflect the effect of biochar on soil physio-

chemical and biological properties and the yield and quality 

of crop planted. During this process, it is recommended to 

follow the advanced modes of precise agriculture, make the 

best of 3S (GIS, GPS, RS) technique, obtain the key infor-

mation of soil and crop (e.g., mineral element level, water 

content, yield, etc.) with biochar application, and based on 

these timely adjust the improvement scheme to get the best 

improvement effect. Secondly, scientific evaluation method 

of soil fertility quality should be established and compre-

hensive evaluation model of soil fertility quality should be 

explored and established by fully utilizing related mathe-

matical analyses (e.g., dynamic clustering analysis, factor 

analysis, principal component analysis, blind number theo-

ry, etc.) and statistical methods (e.g., parameter test, regres-

sion analysis, etc.). 

4.5 Exploring and establishing evaluation system 

on pollution remediation effect of biochar 

Although using agricultural and forestry wastes to pro-

duce biochar can realize the cyclic utilization of biomass 

resources, industrialization scale biochar-producing tech-

nique is still not mature enough till now, and still needs to 

consume a mass of electricity, coal, and other energies [94]. 

At the same time, there are lots of by-products (e.g., re-

ductant pyrolysis gas, wood vinegar, etc.) generated during 

pyrolysis process, which are not fully cyclically utilized [95]. 

Therefore, it still needs to explore new techniques and ap-

paratus to produce biochar to enhance production efficiency 

and reduce producing cost. 

4.6 Exploring low-energy pyrolysis technique and 

realizing cyclic utilization of by-products 

Although using agricultural and forestry wastes to pro-

duce biochar can realize the cyclic utilization of biomass 

resources, industrialization scale biochar-producing tech-

nique is still not mature enough till now, and still needs to 

consume a mass of electricity, coal, and other energies [94]. 

At the same time, there are lots of by-products (e.g., re-

ductant pyrolysis gas, wood vinegar, etc.) generated during 

pyrolysis process, which are not fully cyclically utilized [95]. 

Therefore, it still needs to explore new techniques and ap-

paratus to produce biochar to enhance production efficiency 

and reduce producing cost. 

Overall, the application value of biochar in fields of en-

vironment and agriculture is increasingly obvious, but at the 

same time, it may also bring about more problems. There-

fore, global research network and data sharing platform 

should be established, and meanwhile acceptability of bio-

char by public and market should be enlarged and reasona-

ble application of biochar should be facilitated globally. 
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Abstract: The livestock and poultry breeding industry in Pinggu district of Beijing developed rapidly. Compared 

with 1992, the slaughter of pigs and chickens increased by 18.95% and 22.29%, and the breeding stock of cattle, 

sheep, laying hens increased by 35.51%, 40.28% and 10.29%, especially the pig slaughter and egg production, 

which occupied 11.81% and 20.21% of Beijing respectively. Gradually, the environmental pressure appears caused 

by the rapid growth of livestock and poultry manure quantity. And Pinggu district, the ecological conservation dis-

trict, ecological barrier and water source protection of Beijing, is of a great importance to keep the environment of 

Beijing sustainable and healthy. As a result, it is important to connect farming and breeding industry, construct the 

circulation of agriculture economy chain, and determine the scale of breeding according to local conditions. Based 

on the characteristic that orchard land took a large part of agricultural land, this paper set the cultivated land and 

orchard nitrogen limited standard, through calculation of the environmental capacity of farmland nitrogen, the poul-

try and animal feces pollution risk index and potential of livestock and poultry, then assessed the livestock carrying 

potential and potential contamination and analyzed the farmland and orchards' livestock carrying potential of 

Pinggu and its town. The results indicated that: 1) During 2012, the total manure of Pinggu was 591 100 tons, con-

taining nitrogen and phosphorus respectively 4 721 t and 998 t, which meant a huge organic resource, made it 

available to reduce the fertilizer use, and can effectively improve soil quality and the quality of the crops; 2) For 

ecological conservation development area, as the orchards occupied a large proportion of agricultural land, the ag-

ricultural land of livestock and poultry manure loading status achieved by taking the cultivated land and orchard as 

disposal site, may be more practical. The average manure load of agricultural land was 16.7 t/hm2, lower than the 

national standard of 30 t/hm2, and the orchard manure load accounted for 66.42%; If only taking the cultivated land 

as the consumptive manure carrier, the amount of agricultural land manure load was 49.74 t/hm2, far higher than the 

national standard; 3) The potential of livestock and poultry in Pinggu district were 62.5 and 94.8 thousands pigs' 

equivalent for nitrogen and phosphorus respectively. Totally speaking, the district was available for bearing live-

stock and poultry, but the difference was significant among each town's agricultural land: Xinggu, Yukou and Dax-

ingzhuang were carrying excess, however, Dahuashan, Zhenluoying and Xiongerzhai still had great potential 

consumptions of livestock and poultry manure. Among them, Xingu region has greatly exceeded the carrying ca-

pacity of agricultural land, so it is urgent to control the overall amount and take measures to make resources of ani-

mal manure harmless and ecological. According to that, taking the town as the basic research unit can effectively 

reflect the strong spatial differences of the regional livestock carrying capacity, and also can be helpful to formulate 

the livestock differentiated control strategies and measures for the development of livestock excreta disposal. How-

ever, the consumption of livestock and poultry excrement of farmland is not only influenced by agricultural land use 

types, but also by other factors such as soil physical and chemical properties, topography, the using way (bare and 

protected area), planting patterns and fertilization habits and so on. Obviously, the spatial differentiation does exist. 

As a result, more detailed data is in urgent need to achieve more scientific and accurate results and so as to provide 

support in selecting a proper site and layout for livestock and poultry breeding industry. 

Keywords: livestock manure; contamination risk; nitrogen; phosphorus; ecological conservation area; livestock and 

poultry breeding; carrying capacity potential 

CLC number: X713 

0 Introduction 

Livestock and poultry breeding is developing rapidly in 

the Pinggu district of Beijing, China. Compared with 1992, 

the slaughter of pigs and chickens increased by 18.95% and 

22.29%, and the breeding stock of cattle, sheep and laying 

hens increased by 35.51%, 40.28% and 10.29% respective-

ly, especially the pig slaughter and egg production, which 
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occupied by 11.81% and 20.21% of Beijing respectively. As 

a result, the environmental pressure appears caused by the 

rapid growth of livestock and poultry manure quantity. And 

Pinggu district, the ecological conservation district, ecolog-

ical barrier and water source protection of Beijing, plays a 

key role in the sustainable and healthy development of eco-

logical environment in Beijing. Thus, it is crucial to connect 

crop farming and livestock and poultry breeding, construct 

the circulation of agriculture economy chain, and determine 

the scale of breeding industry according to local conditions. 

Scientifically calculate the carrying capacity and accord-

ingly arrange the industrial layout of livestock and poultry 

breeding, then the industry can be developed with efficient 

resource utilization, reduced manure output, little hazard, 

and ecology-friendliness. Such topics have been intensively 

studied. Geng et al. [1], Zhu et al. [2], and Tian [3] calculated the 

total manure production nationwide, the carrying capacity of 

nitrogen and phosporus on farmland of different provinces, 

and the potential of using livestock manure as fertilizer. Ma et 

al. [4], Li et al. [5], Zhu [6], Wu et al. [7], and Wang et al. [8] cal-

culated the livestock manure amount and carrying capacity of 

nitrogen and phosporus on cultivated land in northeast China, 

Beijing, Henan, Hunan, and Zhejiang, including statistics in 

each county. Existing researches mainly focus on the carrying 

capacity potential of cultivated land instead of orchards or 

woods. Besides, studies are usually conducted at national or 

provincial levels, but seldom on the county or town level. As 

a result, spatial difference of carrying capacity on micro level 

is not reflected. 

An ecological conservation area usually contains a large 

area of orchards and woods. In the Pinggu district, the area of 

orchard is double that of cultivated land. Organic fertilizer 

could improve the soil quality and produce better fruits. And 

orchards can carry a large amount of livestock and poultry 

manure, being an important carrier to consume livestock and 

poultry manure and organic fertilizer. If only cultivated land 

is covered in the calculation, there would be much smaller 

carrying capacity than the actual amount. In fact, many or-

chards in Pinggu are applied with organic fertilizer bought 

from Inner Mongolia and other regions. Topography and lo-

cations lead to spatial differences in amount and structure of 

farmland resources, and accordingly strong spatial difference 

in carrying capacity to livestock and poultry manure. Thus, 

we have to study the carrying capacity at levels of towns, 

villages and other small units, so as to provide reliable statis-

tics to support the industrial distribution decisions. This paper 

refers to the European standards and available literature to 

determine the limit amount standards of nitrogen and phos-

phorus applying to the cultivated land and orchards. Carrying 

capacity and contamination risks are calculated at town and 

village level, so as to support decision-making of industry 

layout, pollution control, and use of livestock and poultry 

manure as resource. This paper also aims at providing ref-

erence to other ecological reservation areas. 

1 Research methods and data source  

This paper calculates the amount of manure from nine 

types of livestock and poultry species in Pinggu, and con-

verts the species into pigs according to the nitro-

gen/phosphorus generated. Based on the calculation, 

carrying capacity of cultivated land and orchards in the re-

gion is evaluated, and contamination risks are analyzed. 

1.1 Total nitrogen (phosphorus) generated 

The total nitrogen (phosphorus) is calculated by 

 
where: Q is total nitrogen (phosphorus) generated, t; Ni is 

the amount of livestock and poultry raised; Ti is the duration 

of breeding, d; Pi is the manure production coefficient, g/d; i 

indicates the type of livestock and poultry, i = 1, 2, 3,..., n. 

The amount of livestock and poultry raised is quoted 

from the "Statistical Yearbook of Pinggu for 2013", and data 

is collected up to the end of 2012. The amount is defined 

according to the duration of breeding: pigs, broilers, ducks, 

and rabbits are raised for 199, 55, 210 and 90 d respective-

ly; and the amount of slaughter is taken as the number being 

raised, which is 361 445, 0.764 million, 0.537 million and 

25 781, respectively; cattle, sheep, horses, donkeys/mules 

and layers are usually kept for over one year, and the 

amount on hand at year-end is taken as the number being 

raised. There were 8 963 cattle, 78 714 sheep, 3 horses, 221 

donkeys/mules, and 4 238 000 layers. 

Manure production coefficient differs due to locations 

and breeding duration. To acquire accurate amount of live-

stock manure, this paper refers to the "Manual of Pollutants 

Producing and Discharging Coefficients of Livestock and 

Poultry Breeding Industry in Chinat" [9] to define the coeffi-

cients for pig, cattle, layer and broilder. The manure produc-

tion coefficient of pigs = 1/3 coefficient during raising 

period + 2/3 coefficient during fattening period; the coeffi-

cient of layers is the value during the laying period; the co-

efficient of broilder is adopted for all meat poultry; 

coefficients of sheep, horse, donkey/mule, duck and rabbit 

are quoted from literature and the average of all the values 

is used as the coefficient in this paper [4, 10–14]. 

Table 1  Manure production coefficient of livestock and poultry 

in the Pinggu district 
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1.2 Carrying capacity of nitrogen (phosphorus) 

on agricultural land 

Proper application of manure can significantly increase 

the content of microelements and secondary elements, and 

balance the amount of elements in soil. To improve the 

quality of fruits, farmers are paying more attention on the 

application of organic fertilizer. Thus, based on the actual 

situation in Pinggu, both the cultivated lands and orchards 

are studied as manure carrier. According to the statistics for 

2012, there are 11 885.06 hm2 of cultivated land and 23 

515.46 hm2 of orchard in this region. 

Formula to calculate the carrying capacity of total nitro-

gen (phosphorus) is as follows: 

 
where TN/P is the carrying potential of total nitrogen (phos-

phorus) for the studied unit, t; Aa and Ao are respectively the 

area of cultivated land and orchard, hm2; it demonstrate the 

annual limit of carrying nitrogen (phosphorus) in cultivated 

land and orchard respectively, kg/hm2.  

It is proposed in the "Contamination risks of scale breed-

ing of livestock and poultry nationwide and counter 

measures" that each hectare of cultivated land can carry 30 t 

of manure [15], and the European limit standard is 35 t/hm2. 

Annual manure nitrogen needed is related to soil texture, soil 

fertility, climate, and other natural conditions. Considering all 

the factors, Europe set the standard of applying manure ni-

trogen as 170 kg/hm2 per year, and application above this 

standard would lead to nitrate leaching and pollution [16]. Wu 

et al. [17] define the maximum application of nitrogen and 

phosphorus as 150 kg/hm2  and 30 kg/hm2 respectively; 

Shen et al. [18] provide that 219 kg/hm2 of nitrogen and 63 

kg/hm2 of phosphorus are needed annually on average by 

food crops. As the farming system and methods in China are 

very different from Europe and the cropping index in Beijing 

is high, crops absorb more nitrogen (phosphorus). Thus, re-

ferring to European standards and Chinese literature, the limit 

amount of applying nitrogen and phosphorus in Pinggu is 

defined as 200 kg/hm2 and 40 kg/hm2, respectively. 

Generally, orchards have a greater potential of carrying 

livestock manure than cultivated land. According to the re-

search of Liu et al. and Lu et al. [19–20], it is proper to apply 

250 kg/hm2 of nitrogen to orchards in central and southern 

Hebei; Lu et al. [21] recommend 100–150 kg/hm2 of phos-

phorus fertilizer (P2O5) for orchards, which converts to 

43–65 kg/hm2 of pure phosphorus. Based on the literature, 

limit amounts of nitrogen and phosphorus applied to or-

chards are 250 kg/hm2 and 55 kg/hm2 per year. 

1.3 Contamination risks of applying manure to 

agricultural land 

The contamination index represents the saturation of 

manure application to agricultural land comparing to the 

carrying capacity, as Equation (3): 

 
where PI is the contamination risk index. PI > 2.0 indicates 

high contamination risk; 1.0 < PI < 2.0 indicates compara-

tively high risk; 0.5 < PI < 1.0 indicates middle risk; 0.25 < 

PI < 0.50 indicates low risk; and PI < 0.25 indicates no risk. 

1.4 Livestock carrying potential of agricultural 

land 

When analyzing the manure carrying potential of culti-

vated land and orchard, impact of fertilizer application shall 

be taken into consideration. This paper assumes that 50% of 

the nitrogen (phosphorus) is from manure. To gain high 

yield, 50% is proper. The total amount of livestock and 

poultry to be raised and the industry layout can be arranged 

accordingly. 

 
In the equation: PN is the carrying capacity of livestock 

and poultry, 10 000 pigs equivalent; r is the annual amount 

of nitrogen (phosphorus) in manure of one pig, t; I is the 

carrying potential of agricultural land; and B is the actual 

livestock and poultry raised, 10 000 pigs equivalent. 

2 Results and analysis 

2.1 Total manure produced and load on agricul-

tural land 

2.1.1 Total manure produced and the distribution 

Distribution of manure production among livestock and 

poultry species and towns in 2012 is calculated according to 

the breeding amount, the breeding stage and manure pro-

duction coefficients (Table 2). The total manure produced in 

Pinggu is 591 100 t, among which, pig manure is the most, 

which is 244 600 t or 41.38%; layer manure comes the sec-

ond, which is 185 600 t or 31.39%; cattle manure is the 

third, which is 114 500 t or 19.37%. Manure of pigs, layers 

and cattle acounts for 92.58% of the total, while manure 

from any other species acounts for less than 5%. 

The amount of manure produced in southwest Pinggu is 

obviously higher than that in the northeast. The Yukou re-

gion produced 126 000 t, or 21.32% of the total. Among the 

production, layer manure is the most, and then manure of 

pig, cattle, and sheep, as the Yukou Poultry of the Beijing 

Capital Agribusiness Group (CAG) and the "Three Million 

Layer" project of the Chia Tai Group are both located in the 

Yukou town. Yukou is the biggest town of layers breeding in 

China in terms of scale and modernization, and 83 900 t of 

layer manure is produced each year, which acounts for
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Table 2  Total amount of livestock manure and distribution among towns in the Pinggu district 

 

45.21% of the total in Pinggu. It is followed by Dax-

ingzhuang and Mafang for 51 800 t and 50 700 t, respec-

tively. Daxinzhuang mainly produces pig manure while 

Mafang produces cattle manure. Dahuashan, Zhenluoying, 

and Xiongerzhai are the last three with less than 10 000 t of 

production each, as there is little large-scale livestock and 

poultry breeding business in the three towns due to topo-

graphic limits. 

2.1.2 Livestock and poultry manure load of agri-

cultural land 

Table 3 shows the livestock and poultry manure load of 

each town in the Pinggu district. 

Table 3  Load of livestock and poultry manure in the Pinggu 
district 

 

As indicated in Table 3, the average manure load of agri-

cultural land in Pinggu is 16.7 t/hm2, lower than the national 

standard of 30 t/hm2. Load taken by orchards accounts for 

66.42% of the total, which is twice the load of cultivated 

land. If cultivated land is taken as the only carrier, the load 

would be 49.74 t/hm2, which is far higher than the national 

standard and inconsistent with the actual situation. The data 

in Xiongerzhai stands out. The load of cultivated land at this 

area is as high as 3 742.76 t/hm2, which is 125 times the na-

tional standard. If orchards are also considered as carrier, the 

manure load is only 1.11 t/hm2. This area is mountainous, 

thus there is much more orchard land than cultivated land and 

unit area of orchard carries more load than cultivated land. As 

stated above, it is appropriate to include both the cultivated 

land and orchards as carrier of livestock and poultry manure. 

2.2 Contamination potential analysis 

By increasing the application of manure and other or-

ganic fertilizer, we can use less chemical fertilizer, improve 

soil fertility, and improve the quality of crops. Limited by 

transportation, feces disposal technology and other factors, 

nitrogen (phosphorus) in livestock manure cannot be well 

used if there is not enough agricultural land closely, which 

may lead to environmental pollution. In 2012, the livestock 

and poultry industry produced 4 721 t of nitrogen and 998 t 

of phosphorus. In the same year, the total chemical fertilizer 

used is equivalent to 3 873 t of nitrogen fertilizer, 400 t of 

phosphorus fertilizer, and 3 930 t of compound fertilizer. 

This indicates that there is a huge amount of livestock and 

poultry manure produced in this area, which can signifi-

cantly reduce the amount of chemical fertilizer needed. 

Contamination risks are calculated based on Equation 

(3). As shown in Fig. 1, the towns bear very different con-

tamination risks from livestock and poultry manure. In 

Xinggu, Yukou and Daxingzhuang, the manure produced is 

beyond the carrying capacity potential of environment (as-

226



   

© 2015 China Academic Journals (CD Edition) Electronic Publishing House Co., Ltd. 

sumed that the livestock and poultry manure are only used 

locally, but not transported to other towns), and there are 

intensive risks of agricultural land contamination. Xinggu 

stands out with PI of 8.28 for nitrogen and 7.49 for phos-

phorus, which indicates that the amount of livestock and 

poultry manure is about eight times the environmental car-

rying capacity. Soil and water would be contaminated with 

nitrogen and phosphorus, and health of residents would be 

harmed, if the manure is not properly treated. It is an urgent 

requirement to downsize the breeding business, or transport 

the manure produced to nearby towns as fertilizer resources. 

Proper arrangement could prevent contamination and well 

improve the utilization efficiency of the livestock and poul-

try manure. The PI of 14 towns is below 1.00, indicating 

low contamination risks. Machangying, Mafang, Dongga-

ocun, Yuyang and Xiagezhuang are carrying a load close to 

the environmental carrying capacity, and measures shall be 

taken to control the scale of livestock and poultry breeding, 

and lead the industry to develop in an intensified, harmless 

and environment-friendly manner.

 

Fig. 1  Nitrogen or phosphorus pollution index and carrying capacity potential of livestock and poultry manure in the Pinggu district 

227



   

© 2015 China Academic Journals (CD Edition) Electronic Publishing House Co., Ltd. 

2.3 Carrying capacity potential of agricultural 

land in each town 

Livestock and poultry are converted into pigs according 

to the nitrogen (phosphorus) content generated. Based on 

the amount of livestock and poultry, area of cultivated land 

and orchard in Pinggu and nitrogen (phosphorus) produc-

tion coefficients, the carrying capacity of livestock and 

poultry in each town in 2012 is obtained. Due to use of 

chemical fertilizer and transportation of manure, the calcu-

lated carrying capacity might be inconsistent with the actu-

als. Carrying capacity of livestock and poultry in each town 

is calculated with Equation (4), and results are presented in 

Table 4. The difference value between the calculated carry-

ing capacity and the actual amount raised is defined as the 

carrying potential, which is used for contamination risks 

estimation for each town (Fig. 1). 

Judging from Table 3 and Fig. 3, the carrying capacity 

of livestock in this area is 715 400 by nitrogen or 850 400 

by phosphorus, while the actual amount raised is 652 900 

by nitrogen or 755 600 by phosphorus. The actual amount 

accounts for 91.26% or 88.85% of the carrying capacity 

respectively, both close to saturation. There is a big dif-

ference among towns. Based on the nitrogen and phos-

phorus content, Xinggu, Yuyang, Yukou, Mafang, 

Donggaocun, Machangying, and Daxingzhuang are raising 

more livestock and poultry than the carrying capacity, and 

the contamination risks shall not be underestimated. In 

Xinggu, Yukou, Mafang, Machangying and Daxingzhuang, 

the amount raised exceeds the carrying capacity by a value 

equivalent to over 10 000 pigs in each town. Among the 

towns, Yukou exceeds by 67 600 pigs equivalent for ni-

trogen or 86 000 pigs equivalent for phosphorus, showing 

the highest contamination risk. In Jinhaihu, Nandulehe, 

Dahuashan, Zhenluoying, Xiongerzhai and Liujiadian, the 

carrying capacity of each town is over 20 000 pigs equiv-

alent for both nitrogen and phosphorus, which indicates 

large potential of raising livestock and poultry. Although 

the towns are part of the ecological conservation area, 

more livestock and poultry can be raised if properly ar-

ranged. Yukou and Daxingzhuang belong to a level I pro-

tection area of emergency water sources, thus the industry 

scale has to be controlled compulsorily, livestock and 

poultry manure shall be well utilized, and the excess ma-

nure resources shall be transported to other towns. A large 

number of layers are raised in this region. Layer manure is 

rich in nutrients, has no odour after drying, and the volume 

weight reduces by 80% after drying. Thus, the layer ma-

nure is easily transported. Layer manure can be processed 

through vacuum drying at high temperature and pressure, 

mixing, or drum drying, and then transported to Da-

huashan, Zhenluoying, and other towns. As a result, we 

can mitigate contamination risks and apply more organic 

fertilizer in orchards to improve the soil fertility and qual-

ity of fruits.

Table 4  Carrying capacity of livestock and poultry in the Pinggu district 
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3 Discussion 

1) Nitrogen and phosphorus content in livestock and 

poultry mature is dynamic, and it is impacted by size of 

animal, fodder, and environment. Thus detailed analysis 

shall be done to determine the manure production coeffi-

cients, and accurately calculate the nitrogen and phosphorus 

content. 

2) The utilization of manure resources shall not be lim-

ited within administrative boundaries of towns. Calculating 

the carrying capacity potential with towns as evaluated unit 

can reflect its spatial differences to a certain degree. How-

ever, we have to consider the distance and feasibility of 

transportation in order to control costs. As manure of dif-

ferent livestock and poultry species bears different nutrient 

amounts and nutrient storage periods, we shall further de-

fine the transport routes and destinations, so as to accurately 

reflect carrying capacity of agricultural land close to live-

stock farms. 

3) The carrying capacity is affected by the land use types, 

soil physiochemical properties, geography, use patterns 

(bare or covered), cropping patterns, fertilizing habits and 

other factors, hence there is spatial difference. More sophis-

ticated statistics shall be acquired to support accurate calcu-

lation and facilitate the decision-making of industrial layout 

and livestock farm site selection. 

4 Conclusions 

1) In 2012, 591 100 t of livestock and poultry manure 

was produced in the Pinggu district, including 4 721 t of 

nitrogen and 998 t of phosphorus. This is a rich source of 

organic fertilizer. Utilizing such resource can significantly 

reduce the use of chemical fertilizer, improve soil fertility, 

and increase the crop quality. 

2) As orchard occupies a large proportion of the agricul-

tural land in the ecological conservation area, we shall con-

sider both cultivated land and orchard land as carrier of 

manure load, so as to better understand the status. In 

Pinggu, the average load of livestock and poultry manure is 

16.7 t/hm2, lower than the national standard of 30 t/hm2. 

Orchard takes 66.42% of the load, and it is the main carrier 

in the region. If only cultivated land is considered as the 

carrier, the manure load of agricultural land would be 49.74 

t/hm2, which is far higher than the national standard. 

3) The carrying capacity potential in Pinggu is equivalent 

to 62 500 pigs equivalent for nitrogen and 94 800 pigs 

equivalent for phosphorus. There is capacity potential in the 

district, but a big gap exists among towns. Xinggu, Yukou, 

and Daxingzhuang are overloaded, while Dahuashan, 

Zhenluoying and Xiongerzhai still have a big potential. Ag-

ricultural land in Xinggu is heavily overloaded, and urgent 

measures shall be taken to control the total manure amount 

and treat the manure to be harmless and ecological. To re-

search at the township level, we can better understand the 

spatial differences of carrying capacity, and better facilitate 

industrial layout and manure management. 

References 

[1]Geng Wei,Hu Lin,Cui Jianyu,et al.Biogas energy potential for livestock 

manure and gross control of animal feeding in region level of Chi-
na[J].Transactions of the Chinese Society of Agricultural Engineer-

ing(Transactions of the CSAE),2013,29(1):171-179.(in Chinese with 

English abstract) 
[2]Zhu Jianchun,Zhang Zengqiang,Fan Zhimin,et al.Biogas poten-

tial,cropland load and total amount control of animal manure in Chi-

na[J].Journal of Agro-Environment Science,2014,33(3):435-445.(in 
Chinese with English abstract) 

[3]Tian Yishui.Potential assessment on biogas production by using live-

stock manure of large-scale farm in China[J]Transactions of the Chinese 

Society of Agricultural Engineering(Transactions of the CSAE),2012, 

28(8): 230-234.(in Chinese with English abstract) 

[4]Ma Lin,Wang Fanghao,Ma Wenqi,et al.Assessments of the production 
of animal manure and its contribution to eutrophication in Northeast 

China for middle and long period[J].Transactions of the Chinese Society 

of Agricultural Engineering(Transactions of the CSAE),2006, 22(8): 
170-174. (in Chinese with English abstract) 

[5]Li Wei,Li Yanxia,Yang Ming,et al.Spatial distribution of livestock and 

poultry production and land application accessibility of animal manure 
in Beijing[J].Journal of Natural Resources,2010,25(5):746-755.(in Chi-

nese with English abstract) 

[6]Niu Junling,Qin Li,Zheng Binguo,et al.Waste load of farmland and risk 
assessment for the development of scale breeding in Henan prov-

ince[J].Journal of Agro-Environment Science,2008,27(5):2105-2108.(in 

Chinese with English abstract) 
[7]Wu Shenshu,Tan Meiying,Huang Huang,et al.Loading capacity estima-

tion and risk assessment of livestock manure in cultivated lands around 

Dongting lake[J].Chinese Journal of Eco-agriculture,2009,17(6): 
1245-1251. (in Chinese with English abstract) 

[8]Wang Kaiying,Liu Jian,Chen Xiaoxia.Pollutant production and dis-

charge from livestock and poultry industries and land carrying capacity 
in Zhejiang Province[J].Chinese Journal of Applied Ecology,2009, 

20(12): 3043-3048.(in Chinese with English abstract) 

[9]Institute of Environment and Sustainable Development in Agriculture, 
CAAS,Nanjing Institute of Environmental Sciences, MEP.The first na-

tional pollution census–Pollutants producing and discharging coeffi-

cients of livestock and poultry breeding industry in China[Z].2009(in 
Chinese). 

[10]Peng Li,Wang Dingyong.Estimation of annual quantity of total excre-

tion from livestock and poultry in Chongqing Municipality[J]. Transac-
tions of the Chinese Society of Agricultural Engineering (Transactions 

of the CSAE),2004,20(1):288-292.(in Chinese with English abstract) 

[11]Dong Hongmin,Zhu Zhiping,Huang Hongkun,et al.Pollutant genera-
tion coefficient and discharge coefficient in animal production[J]. 

Transactions of the Chinese Society of Agricultural Engineering (Trans-
actions of the CSAE),2011,27(1):303-308.(in Chinese with English ab-

stract) 

[12]Yan Bojie,Zhao Chunjiang,Pan Yuchun,et al.Estimation of the amount 

of livestock manure and its environmental influence of large-scaled cul-

ture based on spatial information[J].China Environmental Science,2009, 

29(7): 733-737.(in Chinese with English abstract) 
[13]Wang Lin,Cai Yu,Yan Wenhui,et al.The determination of excretion 

coefficient of dairy cattle dung[J].Northern Environment,2010, 22(6): 

94-96.(in Chinese with English abstract) 
[14]Bai Minggang,Ma Changhai.Analysis on present conditions and strate-

gies of livestock excrement and urine pollution in Hebei prov-

ince[J].Guangdong Agricultural Sciences,2010(2):161-164.(in Chinese 
with English abstract) 

[15]Department of Nature and Ecology Conservation, State Environmental 

Protection Administration. Pollution investigation and prevention in 
scaled livestock and poultry breeding industry[M].Beijing:China Envi-

ronmental Science Press,2002:77-78(in Chinese). 

[16]Wang Fanghao,Ma Wenqi,Dou Zhengxia,et al.The estimation of the 

229



   

© 2015 China Academic Journals (CD Edition) Electronic Publishing House Co., Ltd. 

production amount of animal manure and its environmental effect in 

China[J].China Environmental Science,2006,26(5):614-617.(in Chinese 
with English abstract) 

[17]Wu Lanfang,Ouyang Zhu.Regional livestock density under environ-

mental capacity based on nitrogen and phosphorus budget of farm-
land:Case study of Yucheng County in Shandong Province[J].Journal of 

Agro-Environment Science,2009,28(11):2277-2285.(in Chinese with 

English abstract) 
[18]Shen Genxiang,Qian Xiaoyong,Liang Dantao,et al.Research on suita-

ble area for cropland application of animal manure based on nutrients 

management of nitrogen and phosphorus[J].Transactions of the Chinese 
Society of Agricultural Engineering (Transactions of the CSAE). 2006 

(S2): 268-271. (in Chinese with English abstract) 

[19]Liu Jianling,Liao Wenhua,hang Zhihua,et al.The change of soil nutri-

tion and the status of distribution in the apple orchard in the south and 
central part of Hebei Province[J].Acta Horticulturae Sinica,2006,33(4): 

705-708. (in Chinese with English abstract) 

[20]Lu Shuchang,Chen Qing,Hang Fusuo,et al.Analysis of nitrogen input 
and soil nitrogen load in orchards of Hebei province[J].Plant Nutrition 

and Fertilizer Science,2008,14(5):858-865.(in Chinese with English ab-

stract) 
[21]Lu Shuchang,Chen Qing,Hang Fusuo,et al.Characteristics of soil 

phosphorus input and phosphorus load risk in major orchards region of 

Hebei[J].Scientia Agricultural Sinica,2008,41(10):3149-3157.(in Chi-
nese with English abstract) 

 

 

230



Transactions of the Chinese Society of Agricultural Engineering  

 
© 2015 China Academic Journals (CD Edition) Electronic Publishing House Co., Ltd. 

______________________________________ 

Received: 2014-09-19 

Supported by: Special Scientific Research Fund of Agricultural Public Welfare Profession of China (201003063-10) 

First author: Jie Dengfei, male, a native of Yuncheng, Shanxi Province, lecturer, mainly engaged in studies on agricultural equipment 

automation and control technology. College of Engineering & Technology, Huazhong Agricultural University, Wuhan, 430070. E-mail:  

jiedengfei@163.com 

Corresponding author: Ying Yibin, male, a native of Ninghai, Zhejiang Province, professor, Ph.D. supervisor, mainly engaged in the re-

search on quality & safety, rapid detection technology and intelligent equipment of agricultural products. College of Biosystems Engineer-

ing and Food Science, Zhejiang University, Hangzhou, 310058. E-mail: yingyb@zju.edu.cn 

DOI: 10.3969/j.issn.1002-6819.2015.01.032  

Advances in methods and instruments for determining concentration of gaseous air 

pollutants in large-scaled livestock farms 

Jie Dengfei
1,2

, Pan Jinming
1
, Ying Yibin

1
 

1. College of Biosystems Engineering and Food Science, Zhejiang University, Hangzhou 310058, China; 

2. College of Engineering & Technology, Huazhong Agricultural University, Wuhan 430070, China 

Abstract: With the development of Chinese large-scale and intensive livestock production, the animal stocking 

density increases, resulting in a lot of pollutant gas emissions. They are not only the important sources of green-

house gas (GHG) emissions such as carbon dioxide (CO2), methane (CH4), nitrous oxide (N2O), but also the sources 

of nitrogen or sulfur organic odors such as hydrogen sulfide (H2S), ammonia (NH3), mercaptan, phenol, paracresol, 

indole, skatole, which are produced by manure fermentation and decomposition. These gases contain large amounts 

of toxic and hazardous ingredients. If the concentration of pollution gas is small, the gas can be diluted by diffusion 

after emitting into the air. If the gas fails to be cleaned up or improperly handled, the odors will keep increasing and 

gather together. These gases will affect the growth of livestock and poultry, and they will cause environmental pol-

lution, seriously affecting the air quality in urban and rural areas when these contaminated gases largely diffuse into 

the atmosphere. The environment could be deteriorating; the health of the feeders and residents also could be influ-

enced. This paper reviewed the characteristics of several typical pollutant gases mainly including NH3, H2S, volatile 

organic compounds (VOCs) and other toxic and harmful gases. We also reviewed the research status of the pollu-

tion detection methods and analytical instruments at home and abroad for determining pollutant gas discharged 

from large-scale livestock and poultry breeding. Along with the development of computer technology, spectral 

analysis technology, sensor technology and wireless communication technology, there are more researchers apply-

ing the novel techniques on pollutant gas emissions from livestock farms in the domestic and foreign. This review 

synthesized the development of the methods and analyzers for the component and concentration detection of the 

gases emitted from livestock farms. According to the principal of the detection methods, the detection methods can 

be classified into optical methods and chemical methods. Optical methods can be divided into two types. One is the 

conventional optical method that determines the concentration of the pollution gas through measuring the light in-

tensity change; the other is the spectral method that obtains the spectral information on the pollution gas using the 

spectrum analyzer. Chemical methods mainly include electrochemical method, chemiluminescence method, chro-

matography and mass spectrometry. In accordance with the measurement methods we summarized the type and 

origin of the instruments, the corresponding usage in the researches and the research findings using these instru-

ments. In the end we compared the technical characteristics and application between internal and external situation. 

The goal of this review is for providing the basis to quick and accurate detection methods of the pollutant gases, 

which include the gases composition and concentration determination, and gives a reference for the development of 

pollution gas detection technology in livestock farming. To develop detection technology and integration system in 

situ, which can simultaneously detect all varieties of pollution gases emitted from livestock husbandry, will be the 

direction for the instrument and equipment development of livestock farm's gas emission detection in future. 

Keywords: pollution; gases; testing; methods; instruments; livestock farm 

CLC number: S181; X831 

0 Introduction 

After entering the late 1990s, livestock industry in China 

showed a favorable development momentum with breeding 

scale expanded gradually and intensification degree en-

hanced, which realized rapid development for several years 

continuously and presented an overall rising trend of live-

stock farming quantity, with total output of meat and eggs 

ranking first in the world for many consecutive years 
[1–2]

. 

However, due to lack of reasonable emission standard, en-

vironment management measures as well as control and 

handling facilities, the environment has been seriously pol-

luted by large-scale livestock farms. The air pollution 
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caused by odors generated from manure, waste and waste 

water emitted by intensive livestock farm has increasingly 

drawn the attention from researchers of relevant fields and 

the public 
[3]

. 

At the end of 1980s, European countries launched a large 

number of researches and emission reduction plans on the 

air pollutants generated by livestock industry. The United 

States Federal Government also established and executed 

laws to restrict pollutant emission of livestock industry. At 

the beginning of 1990s, US Department of Agriculture and 

Environmental Protection Agency as well as relevant de-

partments of each state launched various research projects 

concerning the air quality of livestock farms, and carried out 

many researches to determine the air quality and emission 

of livestock production. In 2006, US Environmental Protec-

tion Agency launched the large-scale research "project na-

tional air emissions monitoring study (NAEMS)" for 

livestock, to carry out researches on monitoring methods 

and technologies as well as emission factor and total emis-

sion prediction of air pollutants in large-scale livestock 

farms 
[4–7]

. In recent years, Chinese government at all levels 

also attached high importance to environmental pollution 

problem of livestock industry and successively issued a se-

ries of standards and regulations on pollution prevention 

and supervision management of livestock industry 
[8–10]

. 

Intelligent livestock pollution gas detection and control 

technology is demanded by modern livestock industry de-

velopment. Foreign research scholars have taken a lead in 

researches on pollution gas detection of livestock farms and 

some European countries have achieved great development, 

but such researches are still in starting stage in China. Rel-

evant research on emission factor, characteristics and emis-

sion load of pollution gas in livestock farms is an urgent 

task, and intelligent detection of pollution gas in livestock 

farms is the basis of air environment evaluation and emis-

sion reduction technology research for livestock farms. In 

this paper, the features of several typical pollution gases are 

stated and the current researches on pollution gas detection 

methods and instruments for livestock farms both in China 

and abroad are summarized, thus providing certain refer-

ence and basis for development of pollution gas detection 

technology of livestock raising in China. 

1 Features of pollution gas in livestock rais-

ing 

Small amount of pollution gas emitted by livestock farms 

can be diffused into the air after air dilution without atten-

tion from the public. If manure is not cleared timely or han-

dled properly, the odors will multiply and gather in the 

environment, sending out bad smell. Large accumulation of 

these pollution gases in poultry barn will be harmful to live-

stock’s health, reduce their immunity and lead to the occur-

rence and spreading of animal diseases; meanwhile, 

pollution gas emitted by livestock farms also imposes great 

influence on both physical and psychological health of 

feeder and surrounding residents. Table 1 shows the daily 

average ambient pollution gas quality standard of Chinese 

livestock farm at present. 

Pollution gas caused by intensive livestock farms mainly 

includes such hazardous gases as ammonia (NH3), hydrogen 

sulfide (H2S) and volatile organic compounds (VOCs) as 

well as greenhouse gases like carbon dioxide (CO2) and 

methane (CH4) 
[11]

. Livestock manure can produce various 

nitrogenous or sulfur-containing organic odorous substances 

such as NH3, H2S, mercaptan, phenol, paracresol, indole and 

skatole after fermentation and decomposition. NH3 and H2S 

are inorganic constituent of odorous substance, which im-

pose the greatest pollution on ambient air quality 
[12–13]

. 

Decomposed by nitrogenous organic compound, NH3 is an 

important constituent causing eutrophication, and reaction 

product of NH3 is also the main component of PM2.5. 

About 75% NH3 in Europe is emitted by livestock produc-

tion and 55% NH3 emission in the USA is sourced from 

livestock farms, causing serious environment pollution 
[14–15]

. 

Incompletely digested sulfur-containing amino acid in live-

stock body and sulfate in manure reduced by microorganism 

can produce H2S gas; and H2S concentration, pH and aero-

bic or anaerobic bacteria fermentation in livestock manure 

as well as in-house temperature and ventilation will affect 

the emission amount of H2S 
[11, 16]

. Organics in fodder ate by 

ruminant produce H2 and CO2 under the action of some mi-

croorganisms in rumen, and anaerobe-methane bacteria in 

rumen synthesizes CH4 by taking them as the matrix 
[17]

. 

CH4 is the energy metabolism product of ruminant and also 

one of the main gases causing greenhouse effect 
[18]

. CO2 

concentration is always regarded as an important index of 

air pollution degree, and its content indicates the ventilation 

condition and air pollution degree of poultry barn. With 

increasing the CO2 content, the content of other harmful 

gases may rise as well 
[19]

. 

Table 1  Daily average ambient pollution gas quality standard 
of Chinese livestock farm 

 
Note: Source is agriculture industry standard “NY/T388-1999 livestock 
and poultry field environment quality standard” issued by Ministry of Ag-

riculture of the People’s Republic of China. 

2 Detection methods and instruments 

Field pollution gas detection methods of livestock farm 

can be classified into optical methods and chemical meth-

ods. Optical methods can be divided into two types. One is 
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the conventional optical method that determines the con-

centration of the pollution gas through measuring the light 

intensity change; the other is the spectral method that ob-

tains the spectral information on the pollution gas using the 

spectrum analyzer. Chemical methods mainly include elec-

trochemical method, chemiluminescence method, chroma-

tography and mass spectrometry. In order to quickly and 

accurately detect the composition and concentration of pol-

lution gas, scholars both in China and abroad carried out 

researches on detection of various pollution gases in live-

stock farm using these detection methods and instruments. 

2.1 Optical method 

Typical optical methods include nondispersive infrared 

spectroscopy (NDIR), photoacoustic spectroscopy (PAS), 

Fourier transform infrared spectroscopy (FTIR), differential 

optical absorption spectroscopy (DOAS) and tunable diode 

laser absorption spectroscopy (TDLAS). In recent years, 

spectrum technology has been widely applied in analysis 

and detection of air pollutants composition and concentra-

tion in livestock farms. 

2.1.1 Nondispersive infrared spectroscopy 

NDIR is widely applied in monitoring of gaseous pollu-

tants such as CO2, CH4, SO2 and NH3 and characterized by 

simple and quick measurement, no destroy of detected ma-

terials and continuous automatic monitoring. It is a method 

based on gas absorption theory. When infrared energy pass-

es through gaseous molecule to be detected, it will absorb 

the infrared light of respective characteristic wavelength, 

cause transition of molecular vibrational level and rotational 

level, and generate infrared absorption spectrum. The rela-

tion between peak value of absorption spectrum and con-

centration of gaseous substance conforms to Lambert-Beer's 

Law, so the concentration of the detected gas can be inferred 

by inversion after the variation of spectrum intensity is cal-

culated 
[20]

. 

Analyzers based on this principle for commercial pro-

duction include Binos4b NDIR gas analyzer of Rosemount 

Inc., USA, TES-1370 nondispersive CO2 testing meter of 

TES from Taiwan and GASBOARD infrared gas analyzer 

of Wuhan Cubic Optoelectronics Co., Ltd., China. The 

method of adding optical filter in front of detector is mainly 

adopted for GASBOARD to detect NH3 and CO2 respec-

tively and detect CH4 and CO2 on line. The detection accu-

racy of NH3, CH4 and CO2 is ±1, ±50 and ±40 ppm 

respectively. 

Dekock et al. 
[21]

 adopted Binos4b NDIR gas analyzer to 

monitor the NH3 concentration of swine barn in various 

growth periods, to get the result that the maximum error of 

NH3 emission model established by short periodic monitor-

ing is smaller than 10%. Xu et al. 
[22]

 adopted TES-1370 

nondispersive CO2 testing meter to measure CO2 concentra-

tion and HL-200 portable gas detector to measure NH3 and 

H2S concentration when researching the air purification 

effect of AOS-80 air cleaner on laying hen coop in winter, 

with favorable results achieved. Ding et al. 
[23]

 applied non-

dispersive infrared detection technology, electromodulation 

infrared source detector and single-beam dual-wavelength 

technologies to perform real-time long-term automatic 

monitoring on CH4 and CO2 pollution gas emission of ru-

minant. Huang et al. 
[24]

 developed a set of pollution gas 

detection & control system for poultry barn by using infra-

red CO2 sensor OEM6004 as the detecting element, with 

system measurement accuracy of ±40 ppm and measure-

ment error of ±3%. Shi et al. 
[25]

 established airtight respira-

tory box system for measuring CH4 and CO2 concentration 

of ruminant, similar to metabolism cage device. The air in 

respiratory box is pumped to nondispersive infrared analyz-

er via rubber hose, which is connected to computer for syn-

chronous real-time monitoring of CH4 and CO2. 

Analyzer based on this principle for commercial produc-

tion also mainly includes 7000FM series gas analyzer of 

British company SIGNAL. Compared with other instru-

ments mentioned above, apart from spike filter adopted, 

nondispersive spectrum analysis technology of gas filtration 

correlation method is also added for this analyzer. Filtration 

correlation method can measure low range gas and effec-

tively avoid cross interference and eliminate cross interfer-

ence of weak absorbing gas such as CO, and high absorbing 

gas like CO2. Detectable composition includes CO, CO2, 

CH4, NO and SO2, with accuracy superior to ±1% or ±0.2 

ppm of the range. Xentra 4100 gas analyzer of Servomex 

UK can detect CO2, N2O and CH4. In order to prevent CO2 

interference in the air, the light source is set in sealed space 

with CO2 absorbent installed to absorb CO2 gas in light 

source sealed chamber. 

2.1.2 Ultraviolet fluorescence 

Ultraviolet fluorescence is mainly used to measure SO2 

in the atmosphere, with such advantages as good selectivity 

and application in continuous automatic monitoring. As 

emission fluorescence intensity is in direct proportion to 

SO2 concentration, photomultiplier and electronic meas-

urement system can be used to measure the fluorescence 

intensity, so as to obtain the SO2 concentration in detected 

pollution gas 
[26]

. 

450i type H2S/SO2 analyzer of Thermo Fisher Scientific, 

USA provides high UV-light energy by pulse UV-light 

source to lower the minimum detection limit. Reflective 

bandpass filters can reduce photochemistry degradation and 

enhance optical selectivity, with detection range of 0–10 ppm, 

minimum detection limit of 2.0 ppb (60 s average time) and 

detection accuracy of ±1% reading or ±1 ppb. First H2S is 

converted into SO2 in revolving furnace at 400 °C, then the 

SO2 concentration is measured by SO2 analyzer to acquire 

the H2S concentration. Jin et al. 
[27]

 adopted such analyzer to 

detect H2S and SO2 gas concentration in cattle farm, with 

good results achieved. Wang et al. 
[28]

 carried out researches 

on dynamic detection of emission laws of pollution gases 
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including CH4, NH3 and H2S in biogas liquid storage of 

swine farm. They adopted on-line automatic continuous 

detection system to dynamically monitor the CH4, H2S, 

temperature and pH value emitted from biogas liquid stor-

age tank, and used atmosphere sampling instrument and 

spectrophotometer for interval sampling and analysis of 

NH3. Such on-line automatic continuous detection system 

includes 55i methane analyzer, 450i hydrogen sulfide ana-

lyzer and multipoint gas sampling unit of Thermo Fisher. Ni 

et al. 
[29]

 also adopted UV fluorescence 45 type SO2 analyz-

er and 340 type H2S analyzer of Thermo Fisher for H2S and 

SO2 pollution gas concentration monitoring of livestock 

farm. 

Detection and analysis instruments based on this princi-

ple for commercial production also include 101E H2S/SO2 

analyzer of Teledyne-API, which is configured with built-in 

low-temperature reforming furnace to convert sulfurous gas 

into SO2 at 315 °C and then measure by fluorescence 

method. Optical shutter is used to compensate the drifting of 

Photomultiplier tube (PMT), reference detector is adopted 

to calibrate light intensity change of UV lamp, and hydro-

carbon cutter and advanced optical design are applied to 

eliminate interference to ensure minimum detection limit 

smaller than 0.4 ppb. 942-TGX H2S/SO2 multicomponent 

UV on-line analyzer of Galvanic Inc., Canada adopts holo-

graphic filter technology and CCD area-array photosensitive 

detector technology in combination with long-life UV light 

source of wide frequency spectrum to solve cross interfer-

ence of carbon disulfide (CS2), sulfur steam and other 

components, with detection accuracy of analyzer improved. 

2.1.3 Infrared acoustic spectrum 

Infrared acoustic spectrum technology refers to energy 

conversion based on infrared absorption. Samples generate 

thermal conversion after absorbing infrared incident light 

and send thermal energy to inert gas around samples; then 

inert gas expands and generates pressure wave after ab-

sorbing heat and such pressure fluctuation can be detected 

by sensitive microphone and then converted into spectrum; 

each kind of gas has strong absorption of light with specific 

wavelength in its spectrum, so the gas concentration can be 

determined by detecting the influence of gas on light wave-

length and intensity 
[30]

. 

INNOVA infrared acoustic spectrum gas monitor of 

Danish firm Luma Sense can selectively measure the fol-

lowing five gases: NH3, N2O, CH4, CO2 and C2H5OH, with 

detection range determined by tested gas and accuracy 

reaching parts per billion (ppb). Capable of compensating 

the interference of temperature, steam and other gases, it 

refers to a kind of quantitive field gas monitor of high ac-

curacy, reliability and stability. Ngwabie et al. 
[31]

 adopted 

INNOVA1312 photoacoustic diversified gas analyzer to 

detect greenhouse gases like NH3, CH4, CO2 and N2O in 

dairy cattle barn with natural ventilation, and the research 

results showed that intestinal fermentation of dairy cattle is 

the main source of CH4 and NH3 emission mainly comes 

from manure; as animal activities increase, CH4 emission 

increases obviously and NH3 emission is in direct propor-

tion to barn temperature and inverse proportion to CH4. Ye 

et al. 
[32]

 adopted INNOVA1312 to perform CH4 emission 

test on swine barn and liquid swine manure in Denmark, 

and compared the manure height (0.15, 0.40 and 0.65 m) in 

three kinds of manure pit, four kinds of ventilation quantity 

(211, 650, 1 852 and 3 088 m
3
/h), and CH4 emission flux 

during manure storage of swine barn in winter with or 

without dam board in manure pit. 

Pan et al. 
[33]

 adopted INNOVA1412 infrared acoustic 

spectrum gas monitor to monitor and research the NH3 

emission concentration of in-situ unpowered biological fil-

ter in chicken barn, with NH3 detection accuracy of 0.2 ppm. 

Research results showed that in-situ unpowered biological 

filter with Chinese medicine residue compost as the matrix 

can achieve good NH3 treatment effect and be applied in 

pollution gas control of chick raising barn. 

Ni et al. 
[34]

 adopted MSA3600 infrared photoacoustic 

detector of Coal Mine Safety Equipment Inc., USA to detect 

and research the CO2 emission in manure of different dilu-

tion ratios in 8 swine manure reactors. CO2 detection range 

of the detector is 0–10 000 ppm with an accuracy of 1% 

reading or ±100 ppm. With double-frequency infrared ab-

sorption spectrum adopted, this instrument can calibrate the 

interference of water vapor. It is discovered by research that 

dry matter content of swine manure is the major factor in-

fluencing CO2 emission. 

Due to change of site test environment, measurement by 

photoacoustic spectrometry is easily influenced by other 

interference gases, so overlap and interference of spectral 

lines with different gas compositions are to be further stud-

ied. 

2.1.4  Fourier transform infrared spectroscopy 

(FTIR) 

Detection of pollution gas by FTIR depends on the char-

acteristic that different gases can selectively absorb the in-

frared ray of different wavelengths, and measurement of 

absorption spectrum position and intensity can distinguish 

the type of gas and concentration of detected gas respec-

tively. The light sent out by infrared source is divided into 

two beams by beam splitter after entering interferometer 

and forms interference light by reflection via index mirror 

and fixed mirror; then the interference light passes through 

gas sample and reaches the detector after being selectively 

absorbed by sample; and last the signal is processed by 

Fourier transform to acquire the infrared absorption spec-

trogram containing detected gas information. With such 

advantages as high sensitivity, quick response, wide meas-

urement range and favorable stability and reliability, this 

method can achieve fast and continuous monitoring 
[35]

. 

MIRAN SapphIRe portable infrared spectrum gas ana-

lyzer of Thermo Inc., USA adopts single beam infrared 
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spectrophotometer and special infrared beam splitter to pre-

cisely detect various gases in single unit, and wavelength 

generator of analyzer can quickly and accurately select 

wavelength according to the detected gas. Detectable com-

position includes NH3, CO2, CO, methanal and organic vol-

atile substance. Zhang et al. 
[36]

 adopted MIRAN SapphIRe 

infrared gas analyzer to perform quick on-line detection on 

harmful gases such as NH3, acetone, butanone, ethyl ace-

tate, chloroform, benzene, toluene, methyl alcohol, ethyl 

alcohol and isopropyl alcohol, which is inapplicable to most 

inorganic gases. 

Gas monitor developed based on this principle is capable 

of monitoring the air quality in large area and applicable to 

greenhouse gas monitoring of pasture. Bjorneberg et al. 
[37]

 

adopted open-circuit Fourier infrared detector to detect 

NH3, CH4 and N2O gas content in the air of cattle farm, 

manure pit and compost in Idaho, USA. The research results 

indicate there is little influence that N2O concentration 

changes along with the position and season, and NH3 con-

centration of cattle pen in each monitoring period is 2–3 

times that of manure pit, while CH4 concentration and 

emission rate of cattle pen are sometimes lower than that of 

manure pit. 

Detection and analysis instruments based on this princi-

ple for commercial production also include ULTRAMAT 23 

dual-light path micro-flow infrared gas analyzer of Siemens. 

The receiving air chamber of series connection structure can 

eliminate the influence of interfering component on meas-

urement result. Besides the component to be detected is 

filled in receiving air chamber, interfering component of 

certain proportion is also filled according to the composition 

of detected gas. Absorption of infrared radiation by inter-

fering component in layer 1 and layer 2 air chambers pro-

duces pressure actions in opposite directions, which can 

offset each other. Detectable composition includes CO2, 

NO, SO2 and CH4. Telaire-7001 series CO2 gas measuring 

instrument of TELAIRE Inc., USA, which adopts dou-

ble-beam dual-wavelength infrared detector and possesses 

such functions as fresh air volume, temperature and humid-

ity detection, can achieve convenient instrument calibration 

with standard gas interface set. Its detection accuracy is ±50 

ppm and detection range is 0–10 000 ppm. 

2.1.5 Differential optical absorption spectroscopy 

(DOAS) 

Based on optical and spectrum detection technology, 

DOAS uses the characteristic absorption of gas molecule 

toward UV light and visible radiation to make it change in 

terms of intensity and spectrum structure, and analyzes the 

content of detected gas qualitatively and quantitively by 

analyzing absorption spectrum 
[38–39]

. However, difference 

UV absorption spectra (DUVAS) is a kind of material ab-

sorption spectrum method derived from DOAS. It works in 

a narrow UV light spectral range and defines absorption 

spectrum in 220–270 nm near UV light area, in which various 

sulfides and nitrides in pollution gas have obvious absorp-

tion peak. The volume fraction of detected material can be 

inferred by measuring UV absorption spectrum of transmis-

sion light via inversion 
[40–41]

. As DOAS is a kind of weak 

spectrum detection technology, the spectrum needs to be 

decomposed according to the change rate of absorption 

spectrum, which is only applicable to gas with narrow-band 

absorption structure. The system has relatively high re-

quirements on external environment, so different optical 

length and receiving device should be installed for different 

gas detection, hence complicated operation. 

Based on DUVAS detection method, Opsis in Sweden 

also developed System 300UV-DOAS-AR500 automatic air 

quality monitoring system, including an analyzer, emitter 

and receiver (comprising measuring optical path), and opti-

cal fiber connecting receiver to analyzer. With open-circuit 

DUVAS adopted, AR500 monitoring system can detect 

NH3, SO2, NO2 and O3 and is capable of continuous mul-

tipoint monitoring with no need of multipoint dilution 

measurement. The whole set of analysis system is charac-

terized by simple structure, a few moving parts, no me-

chanical sampling parts such as pump, filter and valves and 

no need of sampling system. Secrest 
[42]

 adopted a kind of 

UV-DOAS-AR500 with Czemy-Turner spectrometer and 

“ER-110” telescope to measure NH3 concentration around 

swine farms in Missouri and Maryland, compared the ef-

fects of UV-DOAS and FTIR detection methods and ob-

tained the result that wind direction and atmospheric 

stability will influence NH3 emission after research. Georg 

et al. 
[43]

 adopted UV-DOAS method to measure NH3 con-

centration in cattle farm, with detection limit of 1 ppb. Re-

search results indicate that NH3 concentration of manure pit 

and livestock pen is usually 1 ppmv and 10 ppmv respec-

tively in summer. The emission load, emission model and 

emission reduction measures of pollution gas in different 

cattle farms are to be further studied. 

Detection and analysis instruments based on this princi-

ple for commercial production also include AIM9060 

open-circuit gas analyzer of AIM Inc., USA, which adopts 

open-circuit UV DOAS measuring technique to detect such 

gases as NH3, SO2, NOx, etc. The range is from ppb to per-

centage (%), and accuracy is ±2% of full range, with re-

sponse time smaller than 10 ms. 

2.1.6 Tunable diode laser absorption spectroscopy 

(TDLAS) 

By using tunability and narrow linewidth characteristics 

of semiconductor diode laser, TDLAS can eliminate the 

interference of other gases by selecting a certain absorption 

line of the gas to be detected and quickly measure the con-

centration of the gas to be detected on line, which features 

high sensitivity, high selectivity and quick response 
[44]

. Due 

to high monochromaticity of diode laser, an isolated absorp-

tion spectrum of gas molecule can be used to measure the 

absorption spectrum of gas, so as to avoid the interference 
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of other spectra, however, with the type of detectable gas 

restricted by tuning range 
[45]

. 

Boreal Laser Inc., Canada adopted TDLAS technology to 

produce GasFinder open-circuit gas detector capable of de-

tecting pollution gases such as NH3, CO2 and H2S. NH3 

detection accuracy is the highest, reaching 20 ppb. Kyoung 

et al. 
[46]

 adopted open-circuit TDLAS (OP-TDLAS) system 

to measure the CH4 and NH3 emission of intensive poultry 

field. The monitoring unit is composed of the OP-TDLS 

system installed by GasFinder 2.0 on automatic positioning 

device Model-20 Servo, five reflectors, wind speed & direc-

tion sensor installed on mast weather station as well as 

computer. The sensor and computer are connected by 

RF401 spread spectrum modem, and automatic positioning 

system is controlled by an integrated software to adjust the 

direction of laser beams shot on reflector. 

Hensen et al. 
[47]

 adopted TDLAS detector of Aerodyne 

Res Inc., USA to study the emission laws of pollution gases 

like CH4 and N2O from unit area to the whole farm. The 

infrared absorption spectrum wavelength of the detector is 1 

270 and 1 271 cm
−1

 respectively, with CH4 resolution of 10 

ppb and N2O resolution of 20 ppb. Flesch et al. 
[48]

 adopted 

TDLAS method to measure CH4 concentration in experi-

ment model. Worely et al. 
[49]

 applied open-circuit tunable 

laser spectrum gas detector to measure NH3 gas concentra-

tion outside broiler house in Georgia. Open-circuit laser 

adopts monochromatic light and infrared spectrum radiation 

absorbs fixed wavelength. This absorption spectrum line has 

good selectivity toward NH3 and can avoid mutual absorp-

tion interference of CO2, CH4 and water vapor. Sharpe et al. 
[50]

 

applied tunable laser spectrum technology to study CH4 

emission in oxidation pond of swine farm, transported the 

equipment to the test position by yacht, then measured the 

air temperature and wind speed at different heights from 

0.315 m to 1.26 m over the pond. TGA100 analyzer of 

Kemper is adopted and infrared spectrum of laser ranges 

from 3 000 to 3 025 cm
−1

, with instrument accuracy of 10 

ppb. This method calculates gas flux in combination with 

the air velocity and temperature at different heights, to en-

sure large testing range without destroying natural state of 

feces surface. 

With the lighting principle different from that of tradi-

tional diode laser, quantum cascade laser refers to a new 

kind of laser based on transition of sub-bands. Lasing 

wavelength can cover most intermediate infrared and some 

far infrared spectrum area. Quantum cascade laser spec-

trometer Model QCL-TILDAS-76 of Aerodyne Research 

Inc., USA is capable of detecting CH4, N2O, NO, NO2, CO, 

CO2, NH3, methanal and ethylene, with an accuracy of ppt 

(1 s average time). Schrier-Uijl et al. 
[51]

 adopted a 

three-dimensional ultrasound anemometer (model R3, Gill 

Instruments, Lymington, UK) and quantum cascade laser 

(QCL) spectrograph (Model QCL-TILDAS-76, Aerodyne 

Research Inc., Billerica MA, USA) to systematically meas-

ure the concentration of CH4 and N2O, adopted Kemper 

Csat C3 ultrasound anemometer to measure the wind direc-

tion and Licor 7500 open-circuit infrared gas analyzer 

(LI-COR Lincoln, NE, USA) to measure CO2 concentration. 

Kroon et al. 
[52]

 applied quantum multistage laser spectrom-

eter (Model QCL-TILDAS-76) to measure CH4 concentra-

tion in confined space and site environment by combining 

three-dimensional sound wave speedometer (Model R3). 

2.2 Chemical analysis method 

Chemical analysis method measures the composition and 

concentration of gas based on color change or acous-

tic-optical signal sent out during chemical reaction process. 

Chemical methods for pollution gas monitoring mainly in-

clude electrochemistry, chemiluminescence, chromato-

graphic analysis and mass spectrometry. 

2.2.1 Electrochemical method 

The principle of gas detection by electrochemical method 

is to measure the gas concentration by using electrochemi-

cal property of materials, and measure the gas composition 

and concentration according to ionic weight change or cur-

rent change caused by chemical reaction. In order to im-

prove the selectivity, membrane structure is adopted to 

prevent contaminating the measured electrode surface and 

maintain electrolyte performance, which is only used to 

monitor high-concentration gas and plays a bad role in 

measurement of low-concentration gas 
[53]

. This method can 

be further classified into thermocatalysis method and elec-

tronic nose method. 

Thermocatalysis method makes the gas oxidize and pro-

duce heat on catalytic components, which causes the re-

sistance of catalytic components to change and Wheaston 

Bridge composed of catalytic components and resistor to 

lose balance and output the electric signal in direct propor-

tion to gas concentration; then such electric signal is meas-

ured to achieve the purpose of gas concentration detection 
[54]

. Bicudo et al. 
[55]

 adopted Jerome 631-X portable H2S 

analyzer of Arizona Instrument Inc., USA for detection and 

research of H2S pollution gas in swine farm. The air is 

pumped into the instrument with a built-in air pump, and all 

H2S in the air will adsorb on the built-in gold foil sensor, 

where the resistance of sensor changes by direct proportion, 

then H2S concentration in sample can be acquired by calcu-

lation. With short life of detecting elements, such analyzer 

is unable to detect harmful gases like high-concentration 

H2S; and due to single detecting parameters, it is hard to 

adapt to the requirements of multiple gas compositions and 

various environment parameters. 

Aiming at the structural features of totally-enclosed lay-

ing hen coop and the problem of indoor environment factors 

different from external environment, Jin et al. 
[56]

 designed 

and developed the environment regulation system for total-

ly-enclosed laying hen coop. TGS4160 CO2 concentration 

sensor based on electrochemical detection principle, 

MIC-NH3 intelligent sensor, M-100 H2S sensor and other 
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harmful gas concentration monitoring sensors produced by 

FIGARO Inc., USA are adopted in this system for intelli-

gent monitoring and control of the concentration and other 

environmental factors of harmful gas. 

X-am 7000 portable five-in-one detector of German 

company Dräger can be configured with electrochemical 

sensor or two contact reaction sensors or infrared sensor or 

photoion sensor, with detectable composition and range as 

follows: CH4, VOCs, H2S (0–100 ppm) and CO (0–2 000 

ppm). Therein, Dräger Pac IIIs (Dräger XS7) electrochemi-

cal sensor is also capable of detecting NH3 at an accuracy of 

1 ppm and detecting range of 0–200 ppm. Wheeler et al. 
[57]

 

adopted portable monitoring units (PMUs) to detect the 

concentration of pollution gas NH3 in commercial broiler 

farms of Kentucky and Pennsylvania. PUMs monitoring 

unit includes two same PAC III electrochemical sensors to 

detect NH3 concentration, with detecting range of 0–200 ppm. 

NH3 concentration is recorded every 60 s and the sensor is 

flushed by fresh air to reduce the saturation of sensor under 

continuous exposure in NH3 environment. 

Electronic nose technology is used to analyze, identify or 

detect simple or complex gas composition and concentra-

tion via simulated biological olfaction by combining gas 

sensor array with proper mode recognition algorithm 
[58–60]

. 

Sohn et al. 
[61]

 in Australia established a set of electronic 

nose system comprising 24 metallic oxide sensors and one 

temperature and humidity sensor, and adopted partial least 

square (PLS) as the algorithm of gas concentration calcula-

tion. The system can accurately and effectively detect the 

gas emission concentration of livestock farm and achieve 

all-weather continuous monitoring. Pan et al. 
[62]

 studied and 

developed electronic nose network system of analyzing re-

leased gas in livestock farm. They arranged electronic nose 

capable of continuously monitoring gas information inside 

and around farms, acquired real-time information of each 

node via wireless transmission, then calculated and predict-

ed the real-time propagation state of downwind odor, thus 

providing effective reference basis for gas management. 

Yu 
[63]

 adopted CPR-G3 NH3 sensor and CPR-G7 H2S sen-

sor of Beijing Science and Technology Development Co., 

Ltd. Kang to detect NH3 and H2S concentration respective-

ly, then established quantitative detection model for NH3 

and H2S mixed harmful gas of swine barn based on BP 

neural network. 

Based on electrochemical detection principle, many 

companies also manufactured relevant gas detectors: IST 

Inc., USA developed IQ-1000 Mega-Gas universal gas de-

tector equipped with solid state sensor, electrochemical 

sensor and catalytic sensor. Its detectable composition and 

detecting range is NH3 (0–500 ppm), CO2 (0–1 000 ppm), 

CH4 (0–1 000 ppm), H2S (0–50 ppm) and SO2 (0–50 ppm). 

AT-NH3 barn NH3 detector of Beijing Jihua Antai Technol-

ogy Co., Ltd. can achieve an accuracy of ±10% with de-

tecting range of 0–100 ppm. Z-800XP pumping NH3 

detector of ESC Inc., USA uses sensor detector to achieve 

resolution of 0.1 ppm, accuracy of ±5% and detecting range 

of 0.1–200 ppm. iTX six-in-one gas detector of Industrial 

Scientific Corporation, US is capable of detecting various 

gases by adopting catalytic combustion detection principle. 

2.2.2 Chemiluminescence method 

Chemiluminescence method refers to the radiation phe-

nomenon that in chemical reaction process, molecule of 

material absorbs chemical energy to generate light; mole-

cule of some compounds changes into excited state after 

absorbing chemical energy, and then release energy in form 

of light quantum when returning to ground state; the com-

position and concentration of material can be analyzed and 

determined by measuring chemiluminescence intensity 
[64]

. 

This method has high sensitivity and can reach ppb level or 

even lower, with good selectivity. For atmosphere with sev-

eral pollutants coexisting, it can measure effectively without 

separation through chemiluminescence reaction and light 

wavelength selection 
[65]

. Howard et al. 
[66]

 applied 

ML9841A chemiluminescence NH3 analyzer of Tele-

dyne-API, USA to detect the NH3 concentration of mobile 

smog chamber acquired in dairy cattle farm, with detecting 

range of 0–20 ppm and minimum detection concentration of 

0.5 ppb. 

TEI-17i NO-N2O-NOx gas analyzer of Thermo Fisher 

Inc., USA is capable of detecting the concentration of NO, 

NO2, NOx and NH3 by taking O3 as the reactant, with de-

tecting range of 0–20 ppm, accuracy of ppb level (0.5% 

range) and minimum detection concentration of 1.0 ppb (60 s 

average time). Heber et al. 
[67]

 adopted four Model 17C 

photochemical NH3 analyzers of Thermo Fisher to perform 

field and real-time detection of NH3 emission around swine 

farms in Indiana and Illinois. Liu et al. 
[68]

 adopted Model 

17C photochemical NH3 analyzers of Thermo Fisher to re-

search the influence of padding on NH3 emission in dynam-

ic flow-through closed system of broiler and the influence 

of padding water content on NH3 emission under laboratory 

control conditions, so as to detect NH3 concentration. 

S-5012 NO-NO2-NOx gas analyzer of SIR Inc., Spain can 

detect NO, NO2, NOx and NH3 with an accuracy of ±0.5% 

range and detecting range of 0.4–20 ppm. Pereira et al. 
[69]

 

applied S-5012 NOx chemiluminescent analyzer to detect 

the NH3 and NO concentration in cattle farm, with good 

results achieved. When such instrument is used to analyze 

NH3, thermal oxidizer (ECOTECH, model HTO-1000) 

connected to the analyzer should be heated to 680 ± 5 °C. 

2.2.3 Gas chromatography 

Characterized by high separation efficiency, high sensi-

tivity, strong selectivity and wide application range, gas 

chromatography can be used for qualitative and quantitive 

analysis of isomer and multicomponent organic mixture, 

which refers to a method with the highest efficiency and 

widest application among all separation technologies 
[70]

. 

TEI Model55i gas chromatograph of Thermo Fisher Inc., 
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USA is configured with flame ionization detector (FID) to 

detect CH4 and non-methane hydrocarbon with selectable 

range. The minimum detection limit is 0.050 ppm for CH4 

and 0.050 ppm for non-methane total hydrocarbon (taking 

propane as the standard, 300 s average time), with an accu-

racy of 2.0% reading or 50 ppb (the greater prevails) 
[71]

. 

Agilent GC7890 gas chromatograph of Agilent Technolo-

gies, USA is configured with FID to detect the concentra-

tion of sulfide, with minimum detection limit of smaller 

than 5 pg carbon/sec. SHIMADZU GC-2014 gas chromato-

graph of Shimadzu, Japan is also configured with FID to 

detect conventional organic gas pollutants such as benzene, 

toluene, xylene and TVOC, with sensitivity of 3 × 10
−12

 g/s. 

Dong et al. 
[72]

 adopted HP6890 gas chromatograph to 

detect CH4 emission concentration and flux of fattening 

house in different seasons. Gao et al. 
[73]

 adopted HP6890 

gas chromatograph to continuously monitor CH4 emission 

of a representative swine farm in north suburb of Beijing, to 

acquire the change rules of CH4 emission in manure pit 

during spring and summer alteration. Xie et al. 
[74]

 studied 

the emission and impact factors of pig manure greenhouse 

gas of various compost treatment, and set closed measure-

ment box on pig manure pile to sample the pollution gas. 

HP GC-5890ii gas chromatograph was used in the experi-

ment to detect CH4 and N2O, and domestic GC-SP30A gas 

chromatograph was used to detect CO2. In order to investi-

gate the influences of different coarse fodder types, daily 

concentrated and coarse fodder ratio and energy intake on 

CH4 emission of beef cattle, Fan et al. 
[75]

 adopted 

SHIMADZU GC-14B gas chromatograph to test and study 

the factors affecting CH4 emission of beef cattle. 

2.2.4 GC-MS technology 

Although gas chromatography can well separate sample 

constituents and detect the constituents by sensitive detec-

tor, it is difficult to perform qualitative diagnosis directly. 

Gas Chromatography-Mass Spectrometer (GC-MS) is an 

analysis method developed by using efficient separating 

ability of gas chromatography toward mixture and accurate 

identification ability of mass spectrometry toward pure 

compound. Compared with GC, GC-MS is also able to 

detect the chromatographic peak not separated and meas-

ure the type and concentration of all constituents in 

TVOC, with high sensitivity and accurate and reliable 

analysis results. In recent years, adoption of GC-MS and 

GC-IR technologies perfectly combines the high separat-

ing ability of gas chromatography and strong qualitative 

ability of MS and IR. 

GC-MS is used to analyze the concentration of hydro-

carbon, alcohol, acid, aromatic compound and other VOCs. 

Clarus600 GC-MS of PerkinElmer, USA adopts total-

ly-closed long-life photomultiplier as the detector. 

TD-MDGC-MS-O detection system of Microanalytics Inc., 

USA adopts Agilent gas chromatograph (Agilent 6890N 

GC/5973 MS, Wilmington, DE, USA) and combines 3200 

automatic thermal desorber sampling system model. The 

system combines gas chromatography-olfactometry and 

traditional GC-MS technology as the basis platform, with an 

olfaction port and FID added. 

Wang et al. 
[76]

 adopted HAPSITE-ER portable GC-MS 

of Inficon Inc., USA and 7890A/5975C GC-MS of Agili-

ent, USA to perform field and laboratory determination of 

VOCs in manure compost of livestocks. Tempera-

ture-controllable probe is adopted in HAPSITE-ER porta-

ble GC-MS for sampling. Schifman et al. 
[77]

 adopted 

GC-MS to analyze the odor in swine farms of North Caro-

lina to discover more than 331 kinds of VOCs and fixed 

gases. Compounds causing the odor mainly include NH3, 

H2S, VOCs, cresol, indole, skatole and diacetyl; NH3 and 

its derivatives take a great proportion in the constituents of 

odor. Thermal adsorption multi-dimensional GC-MS ol-

factometer combines gas chromatography-olfactometry 

and traditional GC-MS as the basis platform and matches 

gas chromatograph with automatic thermal desorber sam-

pling system model, with an olfaction port and FID added. 

Zhang et al. 
[78]

 adopted thermal adsorption mul-

ti-dimensional GC-MS olfactometer (TD-MDGC-MS-O) 

to carry out qualitative and quantitive analysis and re-

search on odor mixture of dairy cattle farm. 

2.3 Other methods 

Ultrasonic technology calculates the gas concentration by 

measuring the propagation velocity of ultrasonic wave in 

the gas and the gas temperature. It is characterized by wide 

measuring range, high accuracy, no throttling and strong 

adaptability, but the measurement process is easily affected 

by ambient pressure, temperature and humidity 
[79]

. There-

fore, compensation measures must be adopted to minimize 

the error when this technology is used for pollution gas 

measurement, thus ensuring instrument accuracy 
[80]

. 

Biosensor is a scientific analysis instrument that connects 

or integrates biological or bionic signal sensing parts in the 

sensing system, mainly including sensitive elements and 

signal conversion elements (energy converter) 
[81]

. Piezoe-

lectric biosensor refers to a kind of high-tech biological 

analysis and detection technology, which combines the sen-

sitivity of piezoelectric sensor and specificity of biological 

reaction. With high sensitivity toward mass change, piezoe-

lectric sensor is a kind of important mass-sensitive detector 

owning such advantages as specificity, sensitivity, speedi-

ness, portability and simple operation. Piezoelectric bio-

sensor is well developed in atmosphere and waste gas 

monitoring field 
[82]

. It can directly measure the gas mass 

and concentration with no need of sample pretreatment, but 

its detection process involves strong cross interference and 

problems such as humidity sensitivity and sensor stability; 

therefore, the possible influences of various gases on sensor 

signal in low concentration range must be considered, and 

the measurement environment should have relatively low 

and constant humidity 
[83]

. 
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3 Conclusions 

Along with the development of technologies such as 

computer, spectral analysis, sensor and wireless communi-

cation, great progresses have been made in researches of air 

quality detection technology in domestic and foreign live-

stock farms. Foreign scholars have developed some air pol-

lutant detection systems for large-scale livestock farms, 

which can achieve real-time field detection of the composi-

tion and concentration of air pollutants emitted by livestock 

farms. At present, there are only a few instrument and 

equipment for air quality detection of livestock farm in 

China, which can only analyze single pollution gas; most 

instruments are imported while independently developed 

field detection equipment is even less. Developing pollution 

gas detection technology and integration system for live-

stock farm and detection instrument system capable of sim-

ultaneously detecting various air pollutants is a trend of air 

pollutants detection instrument and equipment research of 

livestock farm in future. 

Due to the odor and various harmful gases in livestock 

farm, air environment in barn is complex and various 

harmful gases may cause mutual interference during detec-

tion, which tends to influence the detection accuracy. This is 

a difficulty to be solved in current research. Therefore, it is 

necessary to seek a detection instrument and method capa-

ble of quickly and accurately detecting the composition and 

concentration of mixed pollution gas in livestock farm on 

site. The main direction of future researches on air pollu-

tants detection of livestock farm is to overcome the mutual 

interference of various pollution gases during detection, 

further improve the detection sensitivity and accuracy, real-

ize multipoint automatic sampling system of field detection, 

develop low-cost, rapid, automatic, real-time and all-round 

field detection and develop digital intelligent detecting in-

strument system capable of data transmission and software 

& hardware processing. 
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Abstract: According to the characteristics of sewage dispersion with small flow and high concentration, fluctuation 

and rainfall impact, the process combining multi-level drop aeration-type ditch and ecological pond was designed to 

dispose the distributed wastewater of the rural areas in China. The combination process contains five parts: water 

inlet tank, constant flow pump, multi-level drop aeration-type ditch, ecological pond and water storage tank. Among 

them, multi-level drop aeration-type ditch includes five sections: advection Ⅰ, drop Ⅰ, advection Ⅱ, drop Ⅱ 

and advection Ⅲ. Each section consists of water inlet area (A), sewage disposal area with gravel and vermiculite 

laid at the bottom (B) and water outlet area (C). Ditch based on drop aeration is conducive to the growth and me-

tabolism of biofilm in vermiculite. Most of the pollutants can be removed into easily biodegradable organism or 

small molecular substances, achieving the purpose of purifying water quality. The 50 mm soil rich in microorgan-

isms was laid in the bottom of the ecological pond, and the biozone, which was 50 mm wide and 400 mm long, was 

fixed on the surface of the pond with the iron shelf for 4 lines and each line has 5 colomns. And they were im-

mersed in the sewage water. One hand, the treatment effect of ecological pond could strengthen the ditch system, 

and solve the problem of poor treatment of nitrogen and phosphorus; on the other hand, it would take in nitrogen 

and phosphorus of surface runoff in rainy days, increase the residential time of the rain and strengthen the treatment 

effect. Meanwhile, the hanging biozone would improve the ecological pond load and purify pollutants efficiently. 

At last, the hydraulic load, operation mode, water fluctuation, rainfall impact factors and parameters were studied. 

The results showed that: 1) The average removal rate of pollutant decreased when the hydraulic loading was in-

creasing from 35 to 55 cm/d. The removal rates of chemical oxygen demand (COD), NH4
+-N, total nitrogen (TN) 

and total phosphorous (TP) of the combined process were 62.18%–98.84%, 69.49%–92.46%, 63.37%–88.29% and 

63.93%–91.58%, respectively. 2) The treatment effect of intermittent operation was better than the continuous op-

eration. When the combination process was operated intermittently, the average removal rate of COD and NH4
+-N 

was 95.02% and 77.04%, respectively, which was better than constantly running. The average removal rate of TN 

was 49.10% with a slight decrease, and the average removal rate of TP was 82.61% which remained unchanged. 3) 

The removal rate of pollutants varied with water fluctuation. The maximum removal rate of COD and NH4
+-N was 

decreased nearly by 20%, and TN was the largest, about 25%, while TP was the least, about 15%. 4) When rainfall 

was in large-scale, the removal rate of each pollutant in the combined process was declined from 53.95%, 52.44%, 

49.92% and 71.64% to 40.94%, 43.75%, 34.93% and 53.84%, respectively. 5) Adopting intercepting measure and 

controlling first flush pollution was the key of controlling pollution in the combined process. The relationship be-

tween removal rate and interception ratio was linear. Taking the interception ratio of 5 in torrential rain, the water 

quality still reached Class I according to the standard of Discharge Standards of Pollutants for Municipal 

Wastewater Treatment Plants (GB 18918–2002). It is of great significance to remove rural wastewater during the 

rainfall. 

Keywords: wastewater treatment; rural areas; optimization; multi-level drop aeration; ecological pond; influence 

factors 

CLC number: X52 

0 Introduction 

With the level of rural economy constantly improving, 

rural domestic sewage emission is growing as well [1–2]. 

Research also suggests that [3–4]: many countries face the 

grim problem of rural domestic sewage treatment. The sur-
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vey report of Present Situation and Problems of Village 

Living Environment from Ministry of Housing and Ur-

ban-Rural Development shows that 96% of towns and vil-

lages in the country do not have drainage channels and 

sewage treatment systems [5], sewage rich in car-

bon-containing compound, nitrogen and phosphorus is di-

rectly discharged to the ditches and pits [6–8], resulting in 

serious environmental pollution and ecological destruction 
[9], which restricted the sustainable development of modern 

village [10]. 

The characteristics of domestic urban sewage are high 

concentration in organic substance, fluctuation of discharge, 

large discharge coefficient of daily variation, intermittent 

discharge and difficulty of controlling etc. [11], which di-

rectly determines that rural sewage treatment should adopt 

an environmental engineering and ecological technology 

with smaller scale, low cost, and distributed characteristics 

in order to reduce and eliminate main pollutants content 

(such as N, P), make its emission standards compatible with 

local environmental self-purification ability, and maintain 

stability and harmony of the rural ecological environment 
[12]. However, as the composition of rural domestic sewage 

becomes increasingly complex, water outlet processed by 

single dispersion method is difficult to meet the environ-

mental requirements of receiving water. Research also sug-

gests that ecological ditches and ecological pond 

purification technology is an effective technology for sew-

age treatment [13–15]. Based on this, currently designing of a 

new easily-spread combined technology is one of the tech-

nical difficulties to be solved. 

In order to develop a combined domestic sewage treat-

ment technology with high treatment efficiency, low energy 

consumption, low investment, easy maintenance, and good 

stability, discarded ponds and channels in rural areas are 

adopted in this research as main structure, which has been 

transformed and combined to study the impact factors such 

as hydraulic load, operation mode, fluctuant water flow, 

rainfall shock etc., and removal effect of main pollutants 

(chemical oxygen demand (COD), ammonia nitrogen 

(NH4
+-N), total nitrogen (TN) and total phosphorus (TP)) 

after optimization with intercepting measures, so as to pro-

vide technical support for water network of central towns 

and villages. 

1 Materials and methods 

1.1 Laboratory test apparatus and process intro-

duction 

The schematic diagram of experimental set-up for mul-

ti-level drop aeration ditch and ecological pond combined 

process system used in the test (hereinafter referred to as 

integrated process) is as shown in Fig. 1. The sizes of the 

experimental set-up are based on empirical value of actual 

ecological ditches and ecological ponds for improved de-

sign, scaling and calibration of water flow condition by us-

ing Fr value is recommended in practical engineering. 

The combination process consists of five parts: water in-

let tank, constant-flow pump, multi-level drop aeration 

ditch, ecological pond, and water storage bottle. Among 

them, the multi-level drop aeration ditch can be divided into 

five series parts from left to right: advection Ⅰ, drop Ⅰ, 

advection Ⅱ, drop Ⅱ, advection Ⅲ, each series section is 

composed of open cuboid made of transparent plexiglass 

with 1000 mm length, 80 mm width and 100 mm height. 

Cuboid includes A, B, C sections, A is the water inlet sec-

tion, C is the water outlet section, sections of AC and sec-

tion B are partitioned with partition board, with board 

height of 80 mm, the water inlet section and outlet section 

are cubes with length, width and height of 50, 80, 100 mm 

respectively; B is the wastewater treatment section, 10–20 

mm gravel filler with high strength, strong interception ca-

pacity, and particle size of 20–30 mm is laid at the bottom, 

and 50 mm vermiculite filler with particle size of 2–4 mm is 

above the gravel, geotextile with good permeability is used 

to partition gravel and vermiculite, so as to prevent the 

mixing of each other.

 

Fig. 1  Schematic diagram of experimental set-up 

1. Water inlet tank 2. Constant-flow pump 3. Multilevel waterfall type ditch 4. Ecological pond 5. Water storage bottle A. The water inlet section B. The 

wastewater treatment section C. The water outlet section 
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Ecological pond is composed of open cube with side 

length of 600 mm, which is made of polyvinyl chloride 

(PVC) material. The 50 mm soil rich in microorganisms 

was laid in the bottom of the ecological pond, and the bi-

ozone, which was 50 mm wide and 400 mm long, was fixed 

on the surface of the pond with the iron shelf for 4 lines and 

each line has 5 columns. And they were immersed in the 

sewage water. 

Through multi-level drop aeration of ditch, it is benefi-

cial to accelerate the metabolism of bio-film on the vermic-

ulite, greatly promote the transformation of pollutants such 

as N, P, COD into easily degradable organic substance or 

small molecular substances, enhance the removal effect of 

set-up and capacity to purify water. After initial treatment of 

sewage by multi-level drop aeration ditch, water quality 

condition is provided for the ecological pond to process 

with nitrogen and phosphorus deeply, at the same time, pu-

rification ability is strengthened for the combination pro-

cess. The ecological pond, on one hand, can strengthen the 

purification effect of ditch system and solve the problem of 

poor treatment of nitrogen and phosphorus; on the other 

hand, it would take in nitrogen and phosphorus of surface 

runoff in rainy days, increase the residential time of the rain 

and strengthen the treatment effect. At the same time, bio-

logical belt which was hung in the ecological pond, can 

improve the load of the ecological pond and purification 

ability of pollutants. 

1.2 Water quality of test  

Test water is simulative rural sewage prepared according 

to domestic sewage pollutants concentration of rural areas, 

and advantages of using the prepared sewage water are sta-

ble quality and easy to control. In the test, COD is provided 

by glucose, NH4
+-N by ammonium chloride, organic nitro-

gen by urea, and TP by potassium dihydrogen phosphate, 

specific parameters are as follows: COD mass concentration 

is 280–320 mg/L; NH4
+-N mass concentration is 25–35 

mg/L; TN mass concentration is 40–60 mg/L; TP mass 

concentration is 3–7 mg/L. 

1.3 Hydraulic load test 

Set water inlet hydraulic load to 35, 40, 45, 50, 55 cm/d, 

under this condition, take samples from the inlet and outlet 

sections of combined process, determine COD, NH4
+-N, TN 

and TP concentrations repeatedly, and calculate removal 

rate. 

1.4 Test of operation mode 

Combined process run with ways of continuous water 

inlet and intermittent water inlet respectively, the hydraulic 

load is 35 cm/d, continuous operation mode for 24 h con-

tinuous water inlet and take samples at 2, 7, and 12 h after 

the beginning of water inlet; intermittent operation mode for 

intermittent water inlet, i.e., water inlet is divided into 3 

sections with a total of 6 h, with 2 h for each section, and 

interval is 3 h between 2 sections. Three times of parallel 

determination of the water quality of combined process for 

inlet and outlet sections according to the time are carried 

out, and its removal rate is calculated. 

1.5 Test of water fluctuation 

To simulate the uneven discharge characteristics for rural 

sewage, the combined process is run by fluctuant water inlet 

mode, maximum hydraulic loading is set at three time 

points of 08:00, 12:00, 18:00, water inlet time will be ex-

tended to continuous 12 h, hydraulic load fluctuates within a 

certain scope, and is left dry for the rest of the time, water 

inlet loading set at different times are as shown in Fig. 2. 

During 08:00–19:00, three parallel determinations of water 

quality for inlet and outlet sections are conducted respec-

tively, and removal rate is concluded. 

 

Fig. 2  Hydraulic load in different periods 

1.6 Test of rainfall impact  

In actual operation, the influence of the rainfall will in-

crease the hydraulic load, thus a certain scour impact will be 

generated on combined technology, excessive rainfall could 

cause falling off of biofilm, fluctuation of filling materials 

and decrease of system stability, and reduce the removal 

efficiency of combination process on pollutant. 

Due to characteristics of instantaneity, unpredictability of 

rainfall, to ensure the smooth progress of the test, simulative 

self-compound rain is used for the water inlet, the rain is 

compounded based on the actual rainfall configuration of 

Huangpi district, Wuhan city as follows: the mass concen-

tration of COD is 180–220 mg/L; NH4
+-N mass concentra-

tion is 18–22 mg/L; TN mass concentration is 25–35 mg/L; 

TP mass concentration is 2–4 mg/L. 

Original sewage hydraulic load set by the test is 35 cm/d, 

self-compound water quantity (Qm) is taken 6, 12, 18 times 

to that of original sewage quantity (Qd) in order to simulate 

moderate rain, heavy rain, and torrential rain. Water inlet 

time is 2 h. Proposed respectively in the advection Ⅰ area 

(monitoring section 1), drop Ⅰ  area (monitoring cross 

section 2), advection Ⅱ area (monitoring section 3), drop 

Ⅱ area (monitoring section 4), advection Ⅲ area (moni-

toring section 5), the ecological pond (monitoring section 6) 
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in and out of the water sample analysis, to study the effect 

of rainfall impact treatment effect of the system. 

1.7 Optimization of test on rainfall impact 

To optimize the influence of rainfall impact on the com-

bined process, this study intends to import surface runoff 

into ditches at the early stage of rain as much as possible, at 

the end of the rain, surface runoff can directly flow into the 

ecological pond for processing to reduce the load of ditches. 

River closure measures are taken for surface runoff during 

the rain, intercepting ratio (refers to the ratio of surface run-

off intercepted during rainfall to the amount of dry flow 

sewage for the combined process) value n0 = 1, 2, 3, 4, 5, 

parallel determination is conducted for water quality from 

inlet and outlet section. 

1.8 Sampling and testing methods 

Model apparatus adopt intermittent operation method for 

membrane hanging on March 21, 2014, hydraulic load in-

creases gradually, which are 35 cm/d (run for 3 d), 40 cm/d 

run(run for 3 d), 45 cm/d (run for 4 d), 50 cm/d (run for 4 d) 

and 55 cm/d (run for 4 d) in turn, water inlet cycle is 24 h, 

wet dry ratio is 1:1, i.e., 12 h for water inlet and 12 h for 

water outlet. After hanging membrane successfully and run-

ning stablely, the experimental study on the influence fac-

tors began on April 19, 2014. 

National standard analysis methods are adopted for the 

determination of water quality indexes [16], where COD is 

determined by using the standard potassium dichromate 

method; NH4
+-N is determined by Nessler's reagent spec-

trophotometry method, GB7479-1987; TN is determined by 

Alkaline potassium persulfate digestion UV spectrophotom-

etry, GB11894-1989; TP is determined by Ammonium mo-

lybdate spectrophotometric method, GB11893-1989. 

2 Results and analysis 

2.1 Research of the influence of hydraulic load on 

combined process 

The influence of hydraulic load on combined process is 

as shown in Fig. 3, under loading of 35 –55 cm/d, with the 

increasement of hydraulic load for water inlet, the removal 

rate decreases gradually for four types of pollutants, i.e., 

COD, NH4
+-N, TN and TP, among them, the removal rate of 

ditch for each pollutant fluctuates between 51.36%–82.68%, 

49.13%–65.77%, 48.92%–66.88% and 49.48%–70.17%, the 

removal rate of ecological pond for the four types of pollu-

tant fluctuates between 10.82%–16.16%, 20.36%–26.69%, 

14.45%–21.41% and 12.17%–21.21%. Fig. 3 illustrates that 

the trend of removal rate for ditch decreasing with the 

change of hydraulic load is relatively obvious, this is be-

cause the effects of ditch on pollutant removal are mainly 

mechanical entrapment and adsorption, where biological 

floc accumulated between biofilm on vermiculite enhances 

adsorption and contact flocculation ability of the ditch. 

However, with the increase of hydraulic loading, residence 

time of sewage in the ditch decrease, and the shearing effect 

of the flow will accelerate the fall off of biofilm, which 

leads to decrease of removal rate of pollutants. The 

achievement of basic stability for removal rate of ecological 

pond proves that the ecological pond has a strong ability to 

resist impact loading, and can act a comprehensive part as 

flood storage pool, sedimentation tank, etc.

 

Fig. 3  Removal influence of influent load change in COD, NH4
+-N, TN and TP 
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2.2  Research of operation mode influence on 

combined process  

The influence of operation mode on combined process is 

as shown in Table 1, when the combined process is operated 

intermittently, average removal rates of COD and NH4
+-N 

increase, and are 95.02% and 77.04%, respectively; average 

removal rate for TN is 49.10%, which slightly decreases; 

average removal rate for TP is 82.61%, which remains un-

changed; At the same time, along with the increase of sam-

pling time, under intermittent operation mode, the removal 

rates for the four pollutants basically show an ascending 

trend, while under continuous operation, removal rate for 

the four pollutants basically show an descending trend. This 

is because under continuous operation, vermiculite in ditch-

es submerge, oxygen needed for the growth and reproduc-

tion of microorganism attached to the surface and the 

degradation of organic pollutants basically can only come 

from oxygen dissolved in the sewage, and drop reaeration 

effect of ditch is weakened. The air diffusion reaeration ef-

fect in the ecological pond also drops, the combination of 

both leads to lower efficiency of combined process under 

continuous operation. Under intermittent operation mode, 

negative pressure produced when ditch is drying can pro-

mote the spread of air inside the vermiculite, and maintain 

aerobic environment better, at the same time, ecological 

pond after air reaeration can meet the requirement of mi-

croorganism for oxygen, so the treatment effect of intermit-

tent operation mode is better than that of continuous 

operation (P < 0.05). 

2.3 Research of water fluctuation influence on the 

combined process 

Influence of water fluctuation on combined process is as 

shown in Fig. 4, due to uneven sewage disposal in rural 

areas, there are considerable water fluctuations, resulting in 

the variation of removal rate of pollutants. Among them, the 

largest decline of COD and NH4
+-N removal rates approach 

nearly 20%; the largest decline is for TN removal rate, which 

is about 25%; the smallest decline is for TP removal rate, at 

around 15%. Overall, with the water quantity increases, the 

removal rate of pollutants shows a sharply descending trend,

then gradually return to previous level. The reason for this 

phenomenon is mainly the change of domestic sewage 

quantity changes the pollutant load to a certain extent, but 

microorganism needs a certain period of time to adapt to 

this change, the process is similar to microorganism domes-

tication process. In addition, with the increase of water inlet 

duration, local anaerobic or short circuit of flow may occur 

in vermiculite at the bottom of ditch, the activity of micro-

organism in the ecological pond decreases at the same time, 

the combination of both deteriorates treatment effect for 

pollutants. 

 

Fig. 4  Removal influence of water fluctuation in various pollu-

tants 

2.4 Research of rainfall impact on combined pro-

cess 

Rainfall impact on combined process is as shown in Fig. 

5, when rainfall scale increases from moderate rain to ter-

rential rain, a trend of gradual decline presents for the com-

bined process on COD, NH4
+-N, TN and TP removal rate, 

which decrease from 53.95%,52.44%, 49.92%, 71.64% to 

40.94%, 43.75%, 34.93%, 53.84%, respectively. The eco-

logical pond slows rainfall impact on COD and NH4
+-N of 

combination technology to a certain extent, which proves 

that part of microorganism with removal ability for COD 

and NH4
+-N has stronger resistance for rainfall impact, can 

be purified in ecological pond in a relatively short time, and 

biomembrane inherent in biozone can also play a biological 

enhancement effect.

Table 1  Removal influence of operation mode in various pollutants 

 
 

Note: Hydraulic load is 30 cm·d-1. Continuous operation is continuously pumped wastewater for 24 h. Intermittent operation is pumped wastewater for total 

6 h at 3 times. Each period is 2 h and interval is 3 h. 

246



   

© 2015 China Academic Journals (CD Edition) Electronic Publishing House Co., Ltd. 

 

Fig. 5 Removal influence of rainfall in COD, NH4
+-N, TN and TP 

2.5 Research on the influence of surface runoff 

from damming 

Influence of optimization of rainfall impact on combined 

process is as shown in Fig. 6, it can be seen that after sur-

face runoff damming measure is adopted, removal effects of 

combined process on COD, NH4
+-N, TN and TP are im-

proved, and the relationship between the increase of remov-

al rate and the increase of interception ratio is 

approximately linear. When the rainfall is moderate rain, the 

effect of intercepting measure is more noticeable, and re-

moval rate increases significantly. When the rainfall is 

heavy rain, a small amount of pondings appears on the ap-

paratus surface, the effect of intercepting measures slows to 

a certain extent, but can still meet the requirements for wa-

ter quality. When the rainfall is torrential rain, ponding is 

serious on the apparatus surface, and the increasement of 

removal rate for pollutants declines sharply. Taking the in-

terception ratio of 5, COD, NH4
+-N, TN and TP concentra-

tion for water outlet is 57.67, 6.614, 1.292, 0.6789 mg/L, 

respectively, the water quality can still reach Class I ac-

cording to the standard of Discharge Standards of Pollutants 

for Municipal Wastewater Treatment Plants (GB 

18918–2002). 

 

Fig. 6 Removal influence of surface runoff from damming in COD, 

NH4
+-N, TN and TP 

3 Conclusions and discussion 

1) Under loading of 35–55 cm/d, with the increasement 
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of hydraulic load for water inlet, the removal rate decreases 

gradually for four types of pollutants, i.e., chemical oxygen 

demand (COD), NH4
+-N, total nitrogen (TN) and total 

phosphorus (TP), among them, the removal rates of ditch 

for the four types of pollutants fluctuate between 

51.36%–82.68%, 49.13%–65.77%, 48.92%–66.88% and 

49.48%–70.17%, the removal rates of ecological pond for 

the four types of pollutant fluctuate between 

10.82%–16.16%, 20.36%–26.69%, 14.45%–21.41% and 

12.17%–21.21%. 

2) Compared with 24 h continuous operation, when the 

combined process is operated intermittently, the average 

removal rates of COD and NH4+-N increase, which are 

95.02% and 77.04%, respectively; the average removal rate 

of TN is 49.10% with a slight decrease, and the average 

removal rate of TP is 82.61% which remains unchanged. 

3) Due to uneven sewage disposal in rural areas, there are 

considerable water fluctuations, resulting in the variation of 

removal rate of pollutants. Among them, the largest decline 

of COD and NH4
+-N removal rates approach nearly 20%; 

the largest decline is for TN removal rate, which is about 

25%; and the smallest decline is for TP removal rate, at 

around 15%. 

4) When rainfall scale increases from moderate rain to 

torrential rain, a trend of gradual decline presents for the 

combined process on COD, NH4
+-N, TN and TP removal 

rate, which decrease from 53.95%, 52.44%, 49.92%, 

71.64% to 40.94%, 43.75%, 34.93%, 53.84%, respectively. 

5) After surface runoff damming measure is adopted, 

removal effects of combined process on COD, NH4
+-N, TN 

and TP are improved, and the relationship between the in-

crease of removal rate and the increase of interception ratio 

is approximately linear. When the rainfall is torrential rain, 

taking the interception ratio of 5, the water quality can still 

reach Class I according to the standard of Discharge Stand-

ards of Pollutants for Municipal Wastewater Treatment 

Plants (GB 18918–2002). 

Model apparatus of sewage treatment based on mul-

ti-level drop aeration ditch and ecological pond was designed 

according to the rural landscape, with appropriate modifica-

tion, abandoned ditches, ponds can be used in rural sewage 

treatment. During apparatus treatment process, energy con-

sumption depends on local topography, with no need for ad-

ditional power. It is a kind of combined domestic sewage 

treatment process with low energy consumption, low invest-

ment, easy maintenance, and good stability. However, due to 

limitations of model apparatus, researches on pilot scale 

experiment, composite factors, and the application of prac-

tical engineering have important guiding role for building 

highly efficient removal process of rural sewage. 

References 

[1]Liu Jing,Lu Zhibo,Zhang Jie,et al.Phylogenetic characterization of mi-

crobial communities in a full-scale vermifilter treating rural domestic 

sewage[J].Ecological Engineering,2013,61:100-109. 
[2]Pan Luting,Wang Wenlei,Yu Bo.Characteristics of rural domestic sew-

age processed with contact oxidation-enhanced coagulation in Chong-

ming island[J].Transactions of the Chinese Society of Agricultural 
Engineering(Transactions of the CSAE),2011,27(9):242-247.(in Chinese 

with English a bstract) 

[3]Wu Yifeng,Zhu Wenbo,Lu Xiwu.Identifying key parameters in a novel 
multistep bio-ecological wastewater treatment process for rural are-

as[J].Ecological Engineering,2013,61:166-173. 

[4]Shen Dongsheng,Liu Xinwen,Long Yan.Process and technology for 
treating domestic and industrial composite waste water in small tow n 

for meeting the discharging standard[J].Transactions of the Chinese So-

ciety of Agricultural Engineering(Transactions of the 
CSAE),2006,22(5):135-139.(in Chinese with English abstract) 

[5]Zou J,Guo X,Han Y,et al.Study of a novel flow constructed wetland 

system with drop aeration for rural wastewater treatment[J].Water Air 
Soil Pollut,2012,223,889-900. 

[6]Guo Xuesong,Liu Zehang,Chen Meixue,et al.Decentralized wastewater 

treatment technologies and management in Chinese villages[J].Frontiers 
of Environmental Science&Engineering,2014,8(6):929-936. 

[7]Yan Cheng,Zhang Li,Luo Xingzhang,et al.Effects of various LED light 

wavelengths and intensities on the performance of purifying synthetic 
domestic sewage by microalgae at different influent C/N rati-

os[J].Ecological Engineering,2013,51:24-32. 

[8]Duan Zengqiang,Duan Jingjing,Geng Chenguang,et al.Garden slow 
percolation system for processing rural distributed 

wastewater[J].Transactions of the Chinese Society of Agricultural Engi-

neering(Transactions of the CSAE),2012,28(23):192-199.(in Chinese 
with English abstract) 

[9]Shao Yuanyuan,Pei Haiyan,Hu Wenrong.Nitrogen removal by bioaug-

mentation in constructed wetlands for rural domestic wastewater in au-
tumn[J].Desalination and Water Treatment,2013,51:6624-6631. 

[10]Zhang Wenyi,Yao Lirong,Wang Liyan,et al.Effects of rural domestic 

sewage treatment in Taihu Lake Valley by wetland of plant floating is-

land[J].Transactions of the Chinese Society of Agricultural Engineer-

ing(Transactions of the CSAE),2010,26(8):279-284.(in Chinese with 

English abstract) 
[11]Liu Xiaolu,Niu Hongbin,Yan Hai,et al.Research and application of 

high-efficiency eco-engineering rural sewage treatment sys-

tem[J].Transactions of the Chinese Society of Agricultural Engineer-
ing(Transactions of the CSAE),2013,29(9):184-191.(in Chinese with 

English abstract) 
[12]Niu Mingfen,Wei Jian,Ma Jian,et al.A study on the start-up period of 

underground infiltration system treating rural domestic sew-

age[J].Advanced Materials Research,2013,774:552-555. 
[13]Tao Ling,Li Gu,Li Xiaoli,et al.Construction of an ecological ditch 

based on periphyton reactor[J].Transactions of the Chinese Society of 

Agricultural Engineering(Transactions of the 
CSAE),2011,27(1):297-302.(in Chinese with English abstract) 

[14]Wu Shubiao,Dong Renjie,Zhai Xu,et al.Northern rural domestic sew-

age treatment by integrated household constructed wet-
lands[J].Transactions of the Chinese Society of Agricultural 

Engineering(Transactions of the CSAE),2009,25(11):282-287.(in Chi-

nese with English abstract) 
[15]Zhang Yajie,Shao Qingjun,Li Haicai,et al.Non-point source pollution 

control experiment and ecological response of ecological landscape type 

irrigation and drainage system[J].Transactions of the Chinese Society of 
Agricultural Engineering(Transactions ofthe 

CSAE),2015,31(1):133-138.(in Chinese with English abstract) 

[16]The state environmental protection administration. Water and 
wastewater monitoring analysis method [M]. Beijing: China environ-

mental science press,2002.(in Chinese) 

 

248



Transactions of the Chinese Society of Agricultural Engineering No. 02 

 
© 2015 China Academic Journals (CD Edition) Electronic Publishing House Co., Ltd. 

______________________________________ 

Received: 2014-09-28 

Supported by: Education Department Program of Zhejiang Province (KZ1210056P01); New Talent Plan Program of Zhejiang Province 

(2013R424032); Preliminary Research Project of "973 Program" (2012CB426510); Public Technology Research for Social Development 

Projects of Science and Technology Department of Zhejiang Province (2012C23023) 

First author: Wang Chuanhua, female, from Linyi, Shandong Province, lecturer, Ph. D., mainly engaged in the research on the influence of 

heavy metals in sediments on environmental pollution. 

Corresponding author: Cui Lingzhou, male, from Xi'an, Shannxi Province, associate professor, mainly engaged in the research of water 

and soil environment model and ecological remediation of environmental pollution. Email: clingzhou@126.com 

DOI: 10.3969/j.issn.1002-6819.2015.02.029  

Distribution and pollution assessment of heavy metals in surface sediments of  

aquaculture area in Yueqing Bay 

Wang Chuanhua, Cui Lingzhou, Wang Dong 

 College of Life and Environmental Sciences, Wenzhou University, Wenzhou 325035, China 

Abstract: Yueqing Bay is one of the key sea farming areas in Zhejiang Province. Because of the rapid development 

of coastal economy, large quantities of industrial and agricultural wastewater and domestic sewage have been dis-

charged into Yueqing Bay. The environmental reports by the local government state that water quality of Yueqing 

Bay has degraded since 1980s, which has caused a serious threat to the sustainable development of mariculture and 

coastal ecology. Sediments are sinks of various pollutants and inversely affect water quality. But there are lacks in 

understanding on heavy metals and other pollutants in sediments. In order to understand the current situation of en-

vironment pollution and carry out heavy metal pollution assessment to providing reference for pollution remediation, 

we studied the pollution of heavy metals including copper (Cu), cadmium (Cd), chromium (Cr), lead (Pb), zinc (Zn), 

mercury (Hg) and arsenic (As) in surface sediment of mariculture area in Yueqing Bay. Based on field investigation, 

10 samples of surface sediment were collected in typical aquaculture area. By using atomic fluorescence spectrom-

eter (AFS-930) and atomic absorption spectrometer (AA240Fs), heavy metal contents of the surface sediment sam-

ples were determined. According to standard value of the first class in China Marine Sediment Quality Standard 

(GB18668-2002), single factor index method, Nemerow comprehensive pollution index method and sediment qual-

ity guideline method were used to evaluate pollution degree of individual heavy metal, integrated pollution effects 

of several heavy metals and potential biological toxicity risk of heavy metal. The results showed that contents of Cu, 

Cr, Pb and Zn in sampling point S1 were the highest, which were 69. 0, 74. 0, 36. 7 and 190. 0 mg/kg respectively. 

The highest content values of Cd, As and Hg were 0. 30, 26. 6 and 0. 82 mg/kg from sampling points S9 and S5 re-

spectively. Variation coefficient of Hg content was 0. 77, which was the highest and showed most significant dif-

ference of spatial distribution. Pollution indexes of Cd, Cr and Pb of all the sampling points were less than 1, and 

the mean values were 0. 40, 0. 64 and 0. 50 respectively, indicating that surface sediment of aquaculture area in 

Yueqing Bay was not polluted and contents of Cd, Cr and Pb met the quality requirements of surface sediment. 

Pollution index of Cu in each sampling point was more than 1, and the average value was 1. 32, which showed that 

surface sediment of aquaculture area in Yueqing Bay was widely polluted by Cu. Pollution index of Hg reached 4. 

08, which demonstrated that surface sediment of some aquaculture areas in Yueqing Bay was seriously polluted by 

Hg. Among 10 sampling points, Nemerow comprehensive pollution index of heavy metal only in sampling point S8 

was less than 1, being in safety level. Nemerow comprehensive pollution indexes in S1 and other 7 sampling points 

were all above 1, whose pollution levels reached mild. Nemerow comprehensive pollution index in sampling point 

S9 was more than 3, and the pollution level reached severe. The evaluation results of Nemerow comprehensive pol-

lution index method showed that most of the surface sediment of aquaculture area in Yueqing Bay was slightly pol-

luted by heavy metals. The harmful biological toxic effects of Cu and As may occasionally occur in all of 

aquaculture areas in Yueqing Bay, and harmful biological toxic effects of Hg may frequently happen in some aqua-

culture areas. It is urgent to carry out heavy metal pollution remediation of Cu and Hg in surface sediment of aqua-

culture area in Yueqing Bay.  

Keywords: heavy metals; pollution; aquaculture; Yueqing Bay; culture area; surface sediment 

CLC number: X171 

0 Introduction 

Yueqing Bay is a semi-enclosed bay located in the north 

side of Oujiang River estuary in southern Zhejiang. It fea-

tures superior natural conditions and rich aquatic resources, 

which is one of the key mariculture areas in Zhejiang Prov-

ince. In recent years, with the rapid development of coastal 
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economy, large quantities of industrial and agricultural 

wastewater and domestic sewage have been discharged, and 

water resources exchange environment is deteriorated in 

bay caused by Reclamation Project in Xuanmen Bay, so the 

quality of aquacultural environment in Yueqing Bay is de-

graded year by year [1]. According to Wenzhou Marine En-

vironment Quality Bulletin in 2013 issued by Wenzhou 

Bureau of Ocean and Fishery, the water quality of Yueqing 

Bay is considered as Class Ⅳ and inferior class with ex-

ceed standard of copper in surface sediments. The deteriora-

tion of the marine environment in Yueqing Bay has caused a 

serious threat to the sustainable development of marine aq-

uaculture and aquatic product quality and safety.  

Surface sediments are not only important habitats for 

various creatures in culture area, but also main destination 

of different pollutants. In particular, refractory pollutants 

like heavy metals accumulate in them easily. These pollu-

tants can be released when environment is changed, which 

causes secondary pollution to the water body [2]. They can 

also be transported into living body through food chain, 

which can endanger the normal physiological metabolism of 

creatures in culture area, and finally affect human health. At 

present, the pollution study on aquacultural environment in 

Yueqing Bay mainly focuses on water pollution and eu-

trophication [3–5]. The study on distribution and pollution 

assessment of heavy metals in surface sediments as well as 

their impacts on mariculture is less. 

Pollution assessment on heavy metals in surface sedi-

ments is one of the hot issues in the research of heavy met-

als pollution in sediment at present, and most studies adopt 

potential ecological hazard index method [6–9], 

geo-accumulation index method [10–12], single factor pollu-

tion index method [13–14], Nemerow comprehensive pollution 

index method [14–16], and sediment quality guideline method 
[17–18] to evaluate pollution level, potential ecological risk 

and biological toxicity effects of heavy metals in sediments. 

These studies provide scientific basis for understanding the 

pollution of heavy metal in sediments of the related areas, 

but there are still many problems. For example, the assess-

ment standard is not unified. At present, the widely adopted 

assessment standards include background value for heavy 

metal content in sediments before the global industrializa-

tion proposed by Hakanson [6–7, 16, 18], standard value of the 

first class in China Marine Sediment Quality Standard 
[8,12,19], and background values of heavy metal content in 

study regional soil/sediments [9–10, 13, 15]. These different as-

sessment standards lead to the lack of comparability for the 

evaluation results. In particular, the results of assessment 

based on background value for heavy metal content in sed-

iments as assessment standard can only reflect the severity 

of assessed heavy metal pollution of sediments relative to 

the background value, and cannot illustrate satisfaction de-

gree and influence of heavy metal pollution in sediments on 

environment quality required by current utilization ways. 

So, its guiding function is not obvious. Secondly, classifica-

tion for evaluation results still needs improving. At present, 

division of pollution coefficient and ecological risk index by 

using widely applied potential ecological hazard index as-

sessment method for heavy metals in sediments is based on 

eight kinds of pollutants (PCB, Hg, Cd, As, Pb, Cu, Cr and 

Zn) [20]. Currently studied pollutants in sediments are less 

than eight kinds. Although appropriate adjustments were 

conducted for classification of evaluation results by some 

researchers [15, 20–21], scientific basis for adjusting classifica-

tion was not given. Some researchers directly applied the 

original classification [16, 19], which caused obviously low 

evaluation results. What's more, there are large differences 

in classification of evaluation results for heavy metal pollu-

tion of sediments among different researchers by using sin-

gle factor pollution index method and comprehensive 

pollution index method [15–16]. In consequence, further nor-

malizing evaluation standard and classification of evalua-

tion results on heavy metal pollution of sediments as well as 

enhancing scientific guidance of remedying heavy metal 

pollution from evaluation results have become key issues in 

evaluation research of heavy metal pollution of sediments 

currently. 

Therefore, according to requirements of Specification 

for Offshore Environmental Monitoring (HJ442-2008), on 

the basis of collecting content of seven kinds of heavy 

metals (Hg, Cd, As, Pb, Cu, Cr and Zn) in surface sedi-

ment samples and laboratory test samples, this paper stud-

ies heavy metals in surface sediments of aquaculture area 

in Yueqing Bay and takes the maximum limit value of 

heavy metal content (GB18668-2002) specified by Class I 

marine sediment quality for mariculture as assessment 

standard, so as to evaluate heavy metal pollution in surface 

sediments of aquaculture area in Yueqing Bay from three 

aspects (i.e., pollution degree of individual heavy metal, 

integrated pollution effects of several heavy metals and 

potential biological toxicity risk) by using single factor 

index method, Nemerow comprehensive pollution index 

method and sediment quality guideline. Thus, pollution 

status of heavy metals in surface sediments of aquaculture 

area in Yueqing Bay can be fully understood, which can 

provide important scientific basis for remediation of aq-

uaculture environment pollution in this region and quality 

safety guarantee of aquatic products, and further promote 

the standardized development of evaluation research for 

heavy metal pollution of sediments. 

1 Materials and methods 

1.1 Sampling 

Aquaculture area on west coast of Yueqing Bay is taken 

as main research area. According to spatial distribution 

characteristics in the research aquaculture area and field 
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research in June of 2014, ten sampling points for surface 

sediments in aquaculture area were set successively from 

south to north, including S1, S2, S3, S4, S5, S6, S7, S8, S9 

and S10. Their spatial distribution is shown in Fig. 1. At 

each sampling point, representative mariculture ponds were 

chosen, self-made long-handle plastic spatula (50 cm) was 

used to collect 0–10 cm undisturbed mixed sediments in 

surface of aquaculture pond. They were put into sealed plas-

tic bag, labelled and taken back to laboratory. Then, they 

were placed in a refrigerator for use in follow-up sample 

preparation and heavy metal content test. 

 

Fig. 1  Distribution map of sampling points 
Note: S1–S10 is sampling point number. 

1.2 Sample processing and analysis 

After bringing sediment samples back to the laboratory, 

they were placed in ventilated cool place for natural air 

drying. After drying, plant roots, stones and other debris 

were removed, and they were screened through 100-mesh 

nylon sieve after grinding processing with agate mortar. 

Then they were stored in sealed plastic bag for future use. 

Heavy metals are measured according to the methods speci-

fied in Part 5 of Specification for Marine Monitoring 

(GB17378.5-2007), where Hg and As were measured 

through atomic fluorescence spectrometer (AFS-930, Bei-

jing Titan Instruments Co., Ltd.), while Cd, Pb, Cu, Cr and 

Zn were measured through atomic absorption spectrometer 

(AA240Fs, American Varian Co. Ltd.). 

1.3 Quality control 

Two repetitive processes were set for each sample. The 

measured and analyzed relative standard deviation was con-

trolled within 10% by using national standard hydraulic 

control working curve. Reagents used for test were all 

guaranteed reagents and test water is ultra-pure. 

1.4 Evaluation methods 

1.4.1 Single factor index method 

Single factor index method is mainly used for evaluation 

on pollution level of single heavy metal in surface sedi-

ments of aquaculture area in Yueqing Bay. Small index 

means mild pollution of heavy metal and big index means 

serious pollution. The calculation formula for single factor 

index method is as follows: 

 
where, Pi is pollution index of heavy metal i; Ci is actually 

measured content of heavy metal i; Si is evaluated standard 

value of heavy metal i; i is the evaluated heavy metal ele-

ment. In accordance with the requirements for sediment 

quality in mariculture, this paper chose standard value of the 

first class in China Marine Sediment Quality Standard 

(GB18668-2002) as the standard value of Si in Eq. (1), in 

order to calculate and evaluate pollution index and over 

standard rate (the proportion of over-standard sampling 

points) for single heavy metal in surface sediments of aq-

uaculture area in Yueqing Bay.  

1.4.2  Nemerow comprehensive pollution index 

method 

In Nemerow comprehensive pollution index method, 

comprehensive pollution index is used to evaluate combined 

effects of pollution from various heavy metals in sampling 

points on the basis of single pollution index of heavy met-

als. The calculation formula for Nemerow comprehensive 

pollution index is as follows: 

 
where, Pn is comprehensive pollution index of heavy metals 

in sampling point n; Pn, ave is mean value of single pollution 

indexes of all heavy metals in sampling point n; Pn, max is 

maximum value of single pollution indexes of all heavy 

metals in sampling point n; n is sampling point number. 

According to classification of Nemerow comprehensive 

pollution index in Technical Specification for Soil Envi-

ronmental Monitoring (HJ/T166-2004), classification crite-

ria of Nemerow comprehensive pollution index for heavy 

metals in surface sediments of aquaculture area in Yueqing 

Bay are as follows: Pn ≤ 1 means safety, 1 < Pn ≤ 2 means 

mild pollution, 2 < Pn ≤ 3 means moderate pollution, and 

Pn > 3 means severe pollution [22]. 

1.4.3 Evaluation on potential biological toxicity risk 

of heavy metals 

Sediment quality guideline (SQG) based on biological 

effect database is a widely applied risk assessment method 

for potential biological toxicity of heavy metals in sedi-

ments currently. By sorting out and analyzing heavy metal 

content of a plenty of water body sediments and their bio-

logical effects data, this method can determine concentra-
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tion threshold and quality standard value of heavy metals 

causing biological toxicity and other negative biological ef-

fects in sediments and compare differences between heavy 

metal content in sediments and sediment quality standard 

value, in order to quickly identify heavy metal elements with 

potential biological toxicity risk and contaminated areas. 

Threshold effect level (TEL) and probable effect level 

(PEL) are two important indexes for risk assessment of po-

tential biological toxicity of heavy metals in sediments by 

using sediment quality guideline based on biological effect 

database. If concentration of a certain heavy metal is less 

than TEL, adverse biological toxicity effect almost does not 

happen. If concentration of the heavy metal is more than 

PEL, adverse biological toxicity effect will occur frequently. 

If heavy metal concentration is between the two levels, ad-

verse biological toxicity effect will occur occasionally. TEL 

and PEL standard values adopted for risk assessment of 

potential biological toxicity of heavy metals in this paper 

are shown in Table 1 [23]. 

2 Results and analysis 

2.1 Content and distribution of heavy metal in 

surface sediments of aquaculture area in Yueqing 

Bay 

Table 2 shows heavy metal content of all sampling points 

of surface sediment in aquaculture area in Yueqing Bay. It 

indicates that the maximum values of Cu, Cr, Pb and Zn con-

tent all appear in S1 sampling point at the southernmost end 

of Yueqing Bay and they are respectively 69.0, 74.0, 36.7 and 

190.0 mg/kg. The minimum content appears in S5 sampling 

point in middle part of Yueqing Bay and S8 sampling 

Table 1  Marine sediment quality standard value of heavy metals 

mg·kg−1 

 
point at the south bank of Qingjiang River, and it is respec-

tively 39.0, 38.0, 24.6 and 99.8 mg/kg. The maximum val-

ues of Cd, As and Hg content appear in S9 sampling point at 

the north bank of Qingjiang River and S5 sampling point in 

middle part of Yueqing Bay, reaching 0.30, 26.6 and 0.82 

mg/kg. The minimum content appears in S8 sampling point 

at the south bank of Qingjiang River and S2 sampling point 

at the south side of Yueqing Bay, only to be 0.12, 13.6 and 

0.08 mg/kg. Obviously, content of Cr, Cu, Pb and Zn is 

higher in surface sediments at south aquiculture area of 

Yueqing Bay, while content of Cd, As and Hg is higher in 

middle part of Yueqing Bay and north aquiculture area of 

Qingjiang River. 

Seen from mean values, standard deviations and varia-

tion coefficients for heavy metal content in all sampling 

points, mean value and standard deviation of Zn mass frac-

tion are maximum, respectively reaching 127.88 and 28.70 

mg/kg, followed by Cr, Cu, Pb, As, Hg and Cd (standard 

deviation of As content is slightly higher than that of Pb 

content). The variation coefficient of Hg content in all sam-

pling points is the largest (0.77), which indicates spatial 

distribution difference of Hg content is the largest. The var-

iation coefficient of Pb content is the minimum (only 0.11), 

which indicates its spatial distribution is relatively uniform.

Table 2  Heavy metal content of each sampling point of surface sediment in aquaculture zone in Yueqing Bay             mg·kg−1 
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2.2 Evaluation on heavy metal pollution in sur-

face sediments of aquaculture area in Yueqing Bay 

In order to comprehensively and scientifically understand 

pollution status of heavy metals in surface sediments of 

aquaculture area in Yueqing Bay and its impact on aquacul-

ture, evaluations on pollution degree of individual heavy 

metal, integrated pollution effects of several heavy metals 

and potential biological toxicity risk are carried out respec-

tively by using single factor index method, Nemerow com-

prehensive pollution index method and sediment quality 

guideline. 

2.2.1 Evaluation on pollution degree of individual 

heavy metal 

Table 3 shows pollution evaluation results of seven heavy 

metals at ten sampling points in Yueqing Bay by single fac-

tor index method. Seen from Table 3, pollution indexes for 

three heavy metals (Cd, Cr and Pb) at all sampling points 

are less than 1, and mean values are respectively 0.40, 0.64 

and 0.50 without over-standard sampling point, which indi-

cates that the surface sediments of aquaculture area in 

Yueqing Bay are not polluted by the three heavy metals and 

heavy metal content meets the requirements for sediment 

quality in aquaculture area. Mean values of pollution in-

dexes of Zn and As are also less than 1 (respectively 0.85 

and 0.91). But pollution indexes in two sampling points are 

more than 1. Zn pollution indexes in sampling points S1 and 

S7 are more than 1, and Aspollution indexes in sampling 

points S4 and S5 are more than 1 with over standard rate of 

20%, which indicates that partial surface sediments of aq-

uaculture area in Yueqing Bay have been polluted by Zn and 

As. The mean value of Hg pollution index is 1.42 with over 

standard rate of 60%. There are large differences for Hg 

pollution indexes in all sampling points; the maximum val-

ue reaches 4.08 (in S9 sampling point), and the minimum 

value is only 0.42 (in S8 sampling point), which indicates 

that surface sediments of individual aquaculture areas in 

Yueqing Bay have been seriously polluted by Hg. Cu pollu-

tion index is also more than 1 and the mean value is 1.32 

with maximum of 1.97 (in S1 sampling point). The over 

standard rate of Cu is 100%. Namely, Cu content in each 

sampling point exceeds standard value of the first class of 

marine sediments (as per Eq. (1)), which indicates that sur-

face sediments of aquaculture area in Yueqing Bay have 

been widely polluted by Cu. 

2.2.2 Evaluation on integrated pollution effects of 

heavy metals 

Table 4 shows evaluation results of integrated pollution 

effects of 7 heavy metals at ten sampling points in Yueqing 

Bay by Nemerow comprehensive pollution index method 

based on standard value of the first class in China Marine 

Sediment Quality Standard (GB18668-2002). It is observed 

that for ten sampling points, only Nemerow comprehensive 

pollution index of heavy metals in S8 sampling point is less 

than 1 (safety level). For the remaining nine sampling 

points, Nemerow comprehensive pollution index of heavy 

metals in eight sampling points including S1 is more than 1 

(mild pollution). The Nemerow comprehensive pollution 

index in S9 sampling point is more than 3 (severe pollu-

tion). Obviously, heavy metal pollution in surface sediments 

of most aquaculture areas in Yueqing Bay is of mild level, 

and that in individual aquaculture areas is of severe level. 

Table 4  Evaluation results of heavy metal pollution of aquacul-
ture area in Yueqing Bay by Nemerow composite index 

Table 3  Evaluation results of heavy metal pollution of aquaculture area in Yueqing Bay by single factor index method 

 
Note: Over standard rate refers to the proportion of sampling points whose pollution index value is more than 1. 

253



   

© 2015 China Academic Journals (CD Edition) Electronic Publishing House Co., Ltd. 

2.2.3 Evaluation on potential biological toxicity risk 

of heavy metals 

Table 5 shows evaluation results for potential biological 

toxicity risk of heavy metals in surface sediments of aqua-

culture area in Yueqing Bay. From Table 5, Cd content in all 

sampling points is less than TEL, which indicates that Cd in 

surface sediments of aquaculture area in Yueqing Bay 

would rarely cause adverse biological toxicity effect. Cu 

and As content in all sampling points is between TEL and 

PEL, which indicates that adverse biological toxicity effect 

caused by Cu and As occasionally is fairly common in aq-

uaculture area of Yueqing Bay. The proportions of sampling 

points with Cr, Pb and Zn content less than TEL are respec-

tively 70%, 50% and 60%, and the content of the three ele-

ments in the remaining sampling points is between TEL and 

PEL, which shows that at least about 50% of aquaculture 

areas in Yueqing Bay would rarely suffer from adverse bio-

logical toxicity effect caused by Cr, Pb and Zn, but a few 

aquaculture areas would also occasionally suffer from ad-

verse biological toxicity effect caused by the three heavy 

metals. There are three sampling points with Hg content less 

than TEL (proportion: 30%). There are six sampling points 

with Hg content between TEL and PEL (proportion: 60%). 

There is one sampling point with Hg content more than 

PEL. It indicates that most aquaculture areas in Yueqing 

Bay would suffer from adverse biological toxicity effect 

occasionally caused by Hg, and individual aquaculture areas 

would suffer from frequent adverse biological toxicity effect 

caused by Hg. 

2.3 Analysis of sources for heavy metals in sur-

face sediments of aquaculture areas in Yueqing Bay 

In order to further analyze sources of heavy metals of 

aquaculture areas in Yueqing Bay, principal component 

analysis (see Table 6) is carried out by adopting heavy met-

als content of surface sediments in all sampling points as 

variables and using SPSS software after varimax orthogonal 

rotation. In Table 6, characteristic values of the three prin-

cipal components are more than 1, cumulative variance 

contribution rate reaches 90.688%, and analysis for the 

three principal components could reflect most information 

about seven heavy metals in surface sediments of aquacul-

ture areas in Yueqing Bay. 

Table 6  Results of principal component analysis 

 
Variance contribution rate of the first principal compo-

nent is 52.008% and it is characterized in that factor varia-

bles have high positive load in the concentration of Cr, Cu, 

Pb and Zn. As per investigation of pollution source in 

Yueqing Bay, the four heavy metals are mainly from pro-

duction sewage of electroplating enterprises, which enters 

Yueqing Bay through mixed sewage outlet. The first princi-

pal component reflects that pollution to surface sediments in 

aquaculture areas is from industrial sewage, mainly from 

electroplating enterprises. Contribution rate of the second 

principal component is 22.563% with high loads of Cd and 

Hg (respectively 0.827 and 0.911). Large coal power plant 

like Zhejiang Yueqing Power Plant was established along 

Yueqing Bay and Hg (as evaporable metal) enters into sur-

face sediments in aquaculture areas through gaseous form

Table 5  Evaluation results of heavy metals potential biological toxicity risk of aquaculture area in Yueqing Bay              mg·kg−1 

 
Note: Threshold effect level and probable effect level of heavy metals were shown in table1. 
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mainly by burning coal. It is observed through contribution 

of Hg to the second principal component that the second 

principal component reflects pollution to sediments in aq-

uaculture areas from coal-fired power plant. Contribution 

rate of the third principal component is 16.118% with high 

load of As (reaching 0.986). Element As is rare in the natu-

ral environment and it is an important component of chem-

ical fertilizers and pesticides. Offshore plain in Yueqing Bay 

is characterized by developed planting and cultivation in-

dustry. Serious agricultural non-point source pollution, and 

pesticides and fertilizers residues entering into Yueqing Bay 

through river channel have become one of main sources for 

heavy metals pollution in aquaculture areas. Therefore, the 

third principal component mainly represents the impacts of 

pesticides and fertilizers residues on heavy metals pollution 

in surface sediments of aquaculture areas in Yueqing Bay. 

3 Discussion 

1) Standard value of the first class in China Marine 

Sediment Quality Standard (GB18668-2002) is the mini-

mum requirement for aquaculture environment quality and 

is also important basis for identifying whether surface sed-

iments in offshore aquaculture areas suffer from heavy met-

al pollution. Evaluation by adopting the standard value 

could show clearly pollution degree in the current utilization 

mode of aquaculture area and provide scientific guidance 

for remediation of environmental pollution in aquaculture 

area. For widely applied potential ecological harm index 

method of heavy metal, as it adopts content background of 

heavy metal in sediments prior to global industrialization as 

evaluation standard, it cannot exactly reflect direct impacts 

of heavy metal pollution of sediments on present utilization 

mode, without obvious guiding function. 

2) Evaluation is conducted in three aspects (pollution de-

gree of individual heavy metal, integrated pollution effects 

of several heavy metals and biological toxicity effect of 

heavy metal pollution) by using single factor index method, 

Nemerow comprehensive pollution index method and po-

tential biological toxicity risk evaluation method of heavy 

metal. More comprehensive and scientific understanding for 

pollution status of heavy metals of surface sediments in 

studied regions can be obtained, thus compensating the de-

ficiency of the single evaluation method. 

3) During evaluation on potential biological toxicity risk 

of heavy metals, as there is no quality standard suitable for 

offshore marine sediments in China, marine sediment qual-

ity standard value in Canada is adopted. In the standard 

value, threshold effect levels (TEL) of heavy metals (except 

for Cd) are lower than standard value of the first class in 

China Marine Sediment Quality Standard (GB18668-2002) 

(see Table 1), which causes that partial evaluation results of 

potential biological toxicity risk of heavy metals in sedi-

ments of aquaculture areas in Yueqing Bay are inconsistent 

with the over standard conditions of individual heavy metals 

obtained by single factor index method to a certain degree. 

4 Conclusions 

1) The spatial distribution differences of various heavy 

metals in surface sediments of aquaculture areas in Yueqing 

Bay are obvious. The surface sediments in aquaculture areas 

are usually polluted by Cu and partial sediments are severe-

ly polluted by Hg. 

2) Surface sediments of most aquaculture areas in 

Yueqing Bay have suffered from mild pollution of heavy 

metals, and surface sediments of a few aquaculture areas 

have suffered from severe pollution. 

3) Aquaculture areas in Yueqing Bay all might be subject 

to adverse biological toxicity effect occasionally caused by 

Cu and As, and individual aquaculture areas could be sub-

ject to frequent adverse biological toxicity effect caused by 

Hg. Heavy metals in surface sediments of aquaculture areas 

in Yueqing Bay are mainly from wastewater discharged 

from electroplating enterprises along the bank as well as 

non-point source pollution caused by pesticides and fertiliz-

ers. It is urgent to strengthen pollution remediation of heavy 

metals (mainly including Cu and Hg) in surface sediments 

for ensuring safety of aquaculture environment in Yueqing 

Bay. 
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Abstract: Southwest China is an important region for maize production, accounting for about 15% of the total 
maize area and output in China. There were abundant rainfall and humid climate in Southwest China. But in recent 
years, severe drought events often occurred there, which caused huge damage to local social economy and attracted 
widespread interest. Agro-drought risk analysis is helpful for improving the ability of regional disaster management 
and reducing potential drought risk. In this paper, the daily meteorological observations from 60 stations and the 
data related to maize agricultural production in Southwest China during the period of 1961-–2012 were used. Based 
on natural disaster risk theory, maize drought risk assessment model was established from four factors: hazard, ex-
posure, vulnerability, drought prevention and mitigation, and maize drought risk was zoned and analyzed in South-
west China. It showed that maize spring drought mainly occurred in most of District Ⅰ, District Ⅱ and District 

Ⅲ, maize summer drought appeared in north of District Ⅰ, most of District Ⅲ and District Ⅳ, District Ⅴ and 

District Ⅵ. High and sub high drought hazard zones of maize in whole growth period were mainly located in Dis-

trict Ⅲ, parts of District Ⅰ and District Ⅱ. High and sub high exposure zones were mainly located in District Ⅱ 

and District Ⅲ; high and sub high vulnerable zones mainly were distributed in east of District Ⅱ, parts of District 

Ⅳ and District Ⅴ; low and sub low drought prevention and mitigation zones were located in parts of District Ⅱ 

and District Ⅳ. The results showed that maize drought high risk and sub high zones in Southwest China were 

mainly located in District Ⅲ, small parts of District Ⅰ, District Ⅱ, District Ⅳ and District Ⅴ, in the majority of 
which maize drought hazards in whole growth period were high or sub high, maize area ratios were higher than 
maize average area ratio in Southwest, and maize yield per unit was higher than maize average yield per unit in 
Southwest. Moderate risk zones were mainly located in District Ⅴ and District Ⅵ, in the majority of which maize 
drought hazards in whole growth period were moderate, maize area ratios, yield fluctuations and yield levels were 
comparable to maize average productivity level in Southwest. Low and sub low risk zones were mainly distributed 
in central of District Ⅰ, southwest of District Ⅱ, south and east of District Ⅳ, where maize drought hazards in 
whole growth period were low, and maize productivity levels were different. The study provides a theoretical basis 
for the maize production risk management and sustainable development in Southwest China. 

Keywords: crops; drought; risks; southwest China; maize; ArcGIS 
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0 Introduction 

China is a country with frequent droughts, and drought is 

the meteorological hazard that causes the most serious ag-

ricultural economic loss [1]. Moreover, along with the 

change in global climate, it exhibits the trend that the 

drought area continuously expands and the drought loss 

gradually increases [2–3]. Southwest China is originally a 

region with ample rainfall and moist climate, while in recent 

years, serious drought hazards frequently occurred in this 

area, causing incalculable loss, which attracts the attention 

of many scholars [4–7]. 

Southwest China is one of the three principal bases of 

maize production in China, and corn is one of the main food 

crops in this area. The planting area and yield account for 

about 15% of the total maize planting area and total yield in 

China. Meanwhile, this area is also the largest forage pro-

duction region in China, and is also the largest maize trans-

ferred-in region [8]. The annual amount of rainfall is ample 

in Southwest China, but the temporal and spatial distribu-

tion is not uniform, with large inter-annual variability [9]. 

Also because the hilly mountains in this region cause diffi-

culties in water storage and diversion, the seasonal drought 
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of maize often occurs [10–11]. The evaluation of agricultural 

drought risk is helpful to improve the risk management and 

decision making level for regional hazards, and alleviate the 

loss caused by drought disaster [12]. 

Since 1980s, China and other countries have achieved 

some accomplishments on the study of implementing natu-

ral disaster risk evaluation. Maskrey [13] proposed that the 

natural disaster risk can be evaluated through the sum of 

vulnerability and hazard. Smith [14] proposed that the risk 

degree is the product of probability and loss. Okada et al. [15] 

proposed that the natural disaster risk is formed by the in-

teraction of three factors of hazard as disaster-making fac-

tor, exposure of disaster carrier, and vulnerability of disaster 

carrier. In China, Shi et al. [16] suggested that the natural 

hazard is the consequence of the comprehensive effect of 

disaster-producing environment, disaster-making factor, and 

disaster carrier. Chen et al. [17] took into account the factor 

of disaster prevention capability on this basis. Zhang [18] 

used the mutual product of four factors, i.e., hazard, expo-

sure, vulnerability, and disaster prevention and mitigation, 

as the indicator to evaluate the natural disaster risk, and this 

evaluation method has been widely applied in the evaluation 

of natural hazard risk in China [19–21]. At present, the studies 

on agricultural drought risk in China are mostly concentrat-

ed in north of China [22–24], and the studies regarding the 

drought risk analysis of crops in Southwest China are rather 

limited [25]. In this paper, based on the natural disaster risk 

theory [18], from the perspective of four factors of hazard, 

exposure, vulnerability, and disaster prevention and mitiga-

tion, we established the risk evaluation model of drought 

hazard for maize in Southwest China, and analyzed and 

divided the risk for maize in Southwest China, in order to 

provide some theoretical basis for the risk management and 

sustainable development of maize production in Southwest 

China. 

1 Data and method 

1.1 Data and source 

Southwest China as the research area of this paper in-

cludes four provinces and municipal cities, i.e., Sichuan 

(Ganzi District and Aba District in Western Sichuan Plateau 

are excluded), Chongqing, Yunnan, and Guizhou. In this 

study, we select the data of daily average temperature, 

highest temperature, lowest temperature, rainfall, sunshine 

hours, average wind speed, and relative humidity, at 60 

weather stations in Southwest China during 1961-–2012, 

and the data are from National Meteorological Information 

Center of Chinese Meteorological Administration. Maize 

yields, planting acreage, total yield, and crop planting area 

in four provinces and municipal cities) and 60 counties in 

1961–2012 are selected as production data, and the data 

source is Chinese Farming Information Network 

(http://202.127.42.157/moazzys/nongqingxm.aspx). 

By referring to the zoning results of maize planting in 

Southwest China in the existing studies [10], we divided the 

maize planting area in the research area into 6 sub-regions. 

The distribution of sub-regions and meteorological stations 

are shown in Fig. 1, and the seeding-mature periods and 

sub-regions are shown Table 1. 

1.2 Method of study 

In this paper, based on the mechanism of natural disaster 

risk formation [18], we propose that the risk of natural haz-

ards = hazard × exposure × vulnerability × disaster preven-

tion and mitigation 

 

Fig. 1  Distributions of maize planting sub-regions and meteoro-

logical stations in Southwest 

Table 1  Divisions of maize planting zones in Southwest and 
growth period 

 

1.2.1 Hazard 

1) Moisture loss index of crops 

Moisture loss index of crop (L) represents the breakeven 

level between water requirement of crop (W) and rainfall 

(R), and it is a drought evaluation index based on the water 

budget principle of farmland. The water requirement of crop 
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(W) is the product between the reference evapotranspiration 

of crop (ET0) and coefficient of crop (Kc). The reference 

evapotranspiration of crop is calculated by adopting Pen-

man-Monteith [26] recommended by FAO, and the Kc value 

for maize in different sub-regions refers to the research re-

sults of Zhang [27], Li [28], Bai [29], Xiao [30], etc. (Table 2). In 

this paper, we respectively calculated the moisture loss in-

dex for maize in March-–May (spring), June-–August 

(summer), and the whole growth period at 60 weather sta-

tions in 1961-–2012. 

 
Where Rn is the surface net radiation (MJ/(m2·d)); G is the 

thermal flux of soil (MJ/(m2·d)); Tmean is the daily average 

temperature (°C); u2 is the wind speed at the height of 2 m 

(m/s); es is the saturated water vapor pressure (kPa); ea is the 

actual water vapor pressure (kPa); Δ is the slope of saturated 

vapor pressure curve, kPa/°C; γ is the psychrometric con-

stant (kPa/°C). 

Table 2  Crop coefficient (Kc) of maize in each month during 
growth season in each sub-region 

 
2) Probability for the occurrence of various moisture loss 

index 

We apply the skewness and kurtosis detection method to 

perform a normality test on the series of moisture loss index 

in spring, summer, and whole growth period of 1961-–2012 

for 60 counties, and the results indicate that 91% passes the 

normality test. For those not passing the normality test, we 

adopted the skewed distribution for a normalization treat-

ment [31]. According to the method of probability calculation 

for normal distribution [23, 31], we respectively calculate the 

probability (P) for the occurrence of various moisture loss 

index in spring, summer, and whole growth period of 

1961–2012. 

3) Drought hazard index 

The drought hazard index of crops in certain develop-

ment stage is the function of varying moisture loss index (L) 

and occurrence probability (P) of crops, and it is expressed 

as: 

 

where D is the drought hazard index of maize, Li is various 

moisture loss index of maize, whose values are −0.3, −0.2, 

and −0.1, Pi is the probability for the occurrence of varying 

moisture loss index, and m is the total number for the oc-

currence of various moisture loss index for maize at certain 

developmental stage. If the D value is smaller, the absolute 

value is larger, which indicates that the drought hazard of 

maize at this developmental stage is higher. 

1.2.2 Exposure 

As for the arable area in certain region, the planted area 

of maize is larger, which means that this region has more 

maize exposed the meteorological hazard, may suffer great-

er latent loss, and higher risk of meteorological hazard. 

Therefore, using the relative exposure index (E) of maize 

planting area, the exposure of maize between different dis-

tricts can be compared to some extent, and greater value 

means higher exposure. 

 
where ai is the maize planting area in the ith year for a coun-

ty, zi is the crop planting area in the ith year for this county, 

Ai is the maize planting area for the ith year in Southwest 

China, Zi is the crop planting area for the ith year in South-

west China, and n is the total number of years. 

1.2.3 Vulnerability 

The vulnerability represents the capability for the disaster 

carrier to withhold the disaster. The magnitude of fluctua-

tion in the yield of one region can reflect the adaptability of 

the crop to external disturbance, and therefore the difference 

of yield fluctuation can be viewed as the manifestation of 

crop vulnerability. The crops in the region with large yield 

fluctuation are relatively vulnerable, and the crops in the 

region with small yield fluctuation have relatively strong 

adaptability. The difference in the yield fluctuation can be 

expressed with the coefficient of variance. The difference in 

the vulnerability of maize production between varying re-

gions can be expressed with the relative coefficient of vari-

ance to some extent: 

 
where F is the vulnerability index of certain county, x is the 
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coefficient of variation in the maize yield of a county, and X 

is the coefficient of variation in maize yield of Southwest 

China. The coefficient of variation in the maize yield in the 

county and Southwest China is calculated respectively with 

equations (7) and (8). In particular, yi is the maize yield in 

the county in the ith year, y is the multi-year average maize 

yield of the county, Yiis the maize yield during the ith year in 

Southwest China, Y is the multi-year average maize yield in 

Southwest China, and n is the total number of years. 

1.2.4 Disaster prevention and mitigation capability 

The disaster prevention and mitigation capability refers 

to the magnitude of capability for crops to recover the pro-

duction capability from the drought hazard, and is the con-

sequence of the combined action of resistance of crops and 

personnel-involved disaster mitigation. It is expressed with 

the index of disaster prevention and mitigation capability. 

The yield in one region is a manifestation of crop adaptabil-

ity and local production level. Therefore, we take the ratio 

between multi-year average maize yield in individual coun-

ties and the multi-year average maize yield in Southwest 

China as the disaster mitigation index: 

 
where T is the index of disaster prevention and mitigation 

capability for a county, y is the multi-year average of maize 

yield in the county, and Y is the multi-year average of maize 

yield in Southwest China. 

1.2.5 Drought hazard 

For the four factors that constitute the hazard risk, the ac-

tion directions of hazard of disaster, vulnerability, exposure, 

and generation of hazard risk are the same, while the action 

directions of disaster prevention and mitigation and the 

generation of disaster risk are opposite. That is, when the 

disaster prevention and mitigation capability is stronger in 

one region, the effect of disaster hazard, vulnerability, and 

exposure on the generation of hazard will be somewhat in-

hibited, therefore reducing the risk of hazard. In the practi-

cal application, due to the opposite action of disaster 

prevention and mitigation, we adopted the method of natu-

ral disaster risk index in this study to define the evaluation 

model of disaster risk as [32]: 

 
where R is the index value of hazard, D, E, F, and T are re-

spectively hazard, exposure, vulnerability, and disaster pre-

vention and mitigation index, WD, WE, WF, and WT are 

respectively the corresponding weights of hazard, exposure, 

vulnerability, and hazard prevention and mitigation, which 

mean the relative significance of individual factors for the 

risk-forming hazard. Because the hazard index is negative 

value, here we take the absolute value. In this paper, the 

method of gray correlation analysis is adopted in the deter-

mination of weights to calculate the degree of gray correla-

tion between the hazard, exposure, vulnerability, and disas-

ter prevention and mitigation index and the multi-year av-

erage of reduction rate at 60 stations in whole growth 

period, in order to determine the weight of individual im-

pacting factors. 

2 Results and analysis 

2.1  Analysis of drought hazard for maize in 

Southwest China 

In this paper, we calculated the hazard index of drought 

in spring, summer, and whole growth period during 

1961–2012 for maize at 60 stations in Southwest China. By 

referring to Zhang et al. [27] who adopted the moisture loss 

index to divide the drought level for maize in Sichuan 

Province. By using Craig difference of ArcGIS, according 

to the threshold value for the evaluation of drought hazard 

at different development stages in Table 3, we divide the 

levels and draw the map for the drought during spring 

drought, summer drought, and whole growth period for 

maize in Southwest China. 

Table 3  Threshold value of maize drought hazard in Southwest 
China 

 

2.1.1 Analysis of spring drought hazard for maize in 

Southwest China 

The spatial distribution of spring drought for maize in 

Southwest China exhibits the trend that hazard gradually 

increases from east to west, and then gradually decreases in 

southwest direction when the mid-west of Yunnan reaches 

the high hazard of spring drought (Fig. 2a). The above mod-

erate hazard zones are mainly located in most of District I, as 

well as District II and District III. In particular, the high haz-

ard zone and sub-high hazard zone are mainly located in Dis-

trict II and most of District III, and other regions belong to 

the sub-low hazard zone and low hazard zone, mainly located 

in District IV, District V, and District VI. This distribution 

result is generally consistent with the frequency distribution 

of drought from the seedling period to the shooting period 

for maize in Southwest China based on the agricultural ref-

erence index for drought (ARID) by Liu [10]. 

2.1.2 Analysis of summer drought hazard for maize 

in Southwest China 

The above moderate summer drought hazard zones for 
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maize in Southwest China are mainly distributed in north of 

District I, most of District III and District IV, District V, and 

District VI (Fig. 2b). In particular, the high hazard zone and 

the sub-high hazard zone are mainly located in north of 

District I, part of District IV, District V, and District VI, and 

the low hazard zone and sub-low hazard zone are mainly 

located in mid-south of District I, District II, District III, 

and part of District IV. This distribution result is slightly 

different from the results of Liu [10] for the frequency distri-

bution of drought for maize in Southwest China from the 

shooting period to the tasseling period, from the tasseling 

period to the grouting period, and from the grouting period 

to the mature period. This is mainly related to the chosen 

drought index. The hazard index in this paper is mainly es-

tablished from the moisture loss index of crops and the 

probability for the occurrence of various moisture loss in-

dexes. In the future operational application, we need to 

compare and validate the adaptability of two kinds of 

drought indexes. 

2.1.3 Analysis of drought hazard in whole growth 

period for maize in Southwest China 

According to Fig. 3a, the above moderate droughts for 

maize in whole growth period in Southwest China are 

mainly distributed in District I, most of District II, District 

III, District IV, and part of District V, and other regions be-

long to sub-low hazard zone and low hazard zone. In partic-

ular, the high hazard zone and sub-high hazard zone are 

mainly located in District I, part of District II, and District 

III. This region belongs to the area inside Yunnan Province, 

and the spring drought is particularly serious in southwest 

of Sichuan; the summer drought also reaches the moderate 

and above level, and the drought in whole growth period 

belongs to the most serious in Southwest China. The sum-

mer drought is relatively serious in Penxi and east of Bijie 

area in Guizhou, and the spring drought is close to moder-

ate; in whole growth period, this area is the sub-serious area 

of drought in Southwest China. This distribution result is 

generally consistent with the result of Liu [10] for the 

drought frequency in whole growth period during the past 

50 years for maize in Southwest China, but there is some 

different at local positions. 

2.2 Analysis of exposure for maize in Southwest 

China 

The exposure reflects the proportion of maize planting 

area in the local crop planting area. The higher ratio means 

the highest risk is exposed to the drought hazard. Using 

Craig difference in ArcGIS, we evaluate exposure of maize 

in Southwest China and draw the map (Fig. 3b). In 

1961–2012, the high exposure zone and sub-high exposure 

zone in Southwest China are mainly concentrated in Dis-

tricts II and III; in this region, the proportion of maize 

planting area in the crop planting area is higher than the 

average level of maize planting area in Southwest China, 

which means that the risk for this region exposed in drought 

hazard is also relatively high. The moderate exposure zone 

is mainly distributed in District I, part of District IV and 

District V, and District VI; the proportion of maize planting 

area in this region is equal to the average level of maize 

planting area in Southwest China, and the risk for maize to 

expose to drought hazard is also intermediate. Other regions 

belong to sub-low exposure zone and low exposure zone, 

and in this region the proportion of maize planting area is 

lower than the average level for the proportion of maize 

planting area in Southwest China, namely the risk to be ex-

posed to drought hazard is relatively low. 

2.3 Vulnerability of maize in Southwest China 

The vulnerability of maize in Southwest China is re-

flected by the magnitude of fluctuation in the crop yield. In 

 

Fig. 2  Spatial distributions of maize spring and summer drought hazard 

Note: Grey area in figure is maize non-planting area; same as below. 
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Table 4  Threshold value of maize exposure in Southwest China 

 
the regions with large fluctuation of yield, the maize pro-

duction is relatively vulnerable, and in the regions with 

small fluctuation, the maize production is relatively stable. 

According to the threshold value of vulnerability evaluation 

in Table 5, based on the mapping of Craig difference map-

ping of ARCGIS (Fig. 3c), we can know that in 1961–2012 

the high vulnerability zone and sub-high vulnerability zone 

are mainly located in east of District II, District IV, and part 

of District V. In this region, the magnitude of fluctuation in 

the maize production is higher than the average fluctuation 

level of maize yield in Southwest China, and the maize 

production is relatively unstable. The sub-low vulnerability 

zone and the low vulnerability zone are mainly located Dis-

trict I and part of District III; in this region, the magnitude 

of fluctuation in the maize yield is lower than the average 

fluctuation level of maize yield in Southwest China, and the 

maize production is relatively stable, with relatively low 

vulnerability. Other regions belong to the moderate vulner-

ability zone, and the magnitude of fluctuation in the maize 

yield in this region is close to the average fluctuation level 

of maize yield in Southwest China. 

Table 5  Threshold value of maize vulnerability in Southwest 
China 

 

2.4 Disaster mitigation capability for maize in 

Southwest China 

The capability of disaster mitigation for maize in South-

west China is reflected through the level of local maize 

yield, and the level of yield reflects the adaptability of local 

maize species and the level of local maize production. By 

using Craig difference of ARCGIS (Table 6), from Fig. 3d, 

we can know that in 1961–2012, the sub-low disaster miti-

gation zone and low disaster mitigation zone are mainly 

located in District II and part of District IV; the maize yield 

is relatively low in this region, which indicates that the 

overall maize production of this region is low. The high 

disaster mitigation zone and sub-high disaster mitigation 

zone are mainly located in District III, District I, and part of 

District IV; in this region, the maize yield is higher than the 

average level of maize yield in Southwest China, which 

means that the adaptability of local maize species is strong, 

and the overall maize production is relatively high; other 

regions belong to the moderate disaster mitigation zone, 

where the level of maize production is intermediate. 

 

Fig. 3  Spatial distributions of maize drought hazard, exposure, vulnerability and prevention and mitigation in Southwest China 
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Table 6  Threshold value of maize drought prevention and miti-
gation in Southwest China 

 

2.5 Analysis of maize drought risk in Southwest 

China 

In this paper, the corresponding weights of drought haz-

ard, exposure, vulnerability, and disaster prevention and 

mitigation, for maize in whole growth period as determined 

by adopting the method of gray correlation degree are 

0.3489, 0.1574, 0.2209, and 0.2728, respectively. In partic-

ular, the weight of hazard is the highest, the weight of dis-

aster prevention and mitigation is relatively high, followed 

by the weight of vulnerability, and the weight of exposure is 

the lowest. In order to evaluate the degree of maize drought 

risk in Southwest China, we divide the maize drought risk 

in Southwest China into 5 grades (Table 7), and use Craig 

difference of ARCGIS to divide the regions (Fig. 4). 

Table 7  Threshold value of maize drought risk in Southwest 

China 

 
From Fig. 4, we can know that the high hazard zone and 

sub-high hazard zone for maize in Southwest China are 

mainly located in District III, southwest of District I and 

Guangyuan, north of District II, Langzhong, Suining, and 

Qianxi of District IV, and Wanyuan and Tongzi of District 

V. In this region, the drought hazard of maize in whole 

growth period is relatively high, and most of this region is 

located in the sub-high hazard zone and high hazard zone; 

moreover, the proportion of maize planting area is high in 

most area; moreover, this region belongs to the high-yield 

area of maize production in Southwest China, and drought 

becomes one of the main factors that constrain the steady 

maize production in this region. 

The sub-low hazard zone and low hazard zone are mainly 

located in central of region I, southwest of region II, and 

south and east of region IV. The rainfall is ample in this 

area, and the probability for maize production suffering 

drought hazards is relatively low. Although the level of 

maize production is different for different areas of this re-

gion, this region is indeed the low drought hazard zone for 

maize production in Southwest China. 

Other regions belong to the moderate risk area, which is 

mainly distributed in Districts V and VI. Other divisions 

have the different ranges of distribution. In this area, maize 

in whole growth period is mostly in the moderate drought  

 

Fig. 4  Spatial distributions of maize drought risk 

hazard, and part of area is in the sub-low drought hazard. 

The ratio of maize planting area, magnitude of yield fluctu-

ation, and the level of yield are mostly higher than or equal 

to the average level in Southwest China. 

3 Conclusions 

In this paper, based on the mechanism for the formation 

of agricultural meteorological hazard risk, from the per-

spective of four impacting factors (i.e., hazard, exposure, 

vulnerability, and disaster prevention and mitigation) for the 

formation of drought risk, we construct the evaluation mod-

el of maize drought risk in Southwest China. We divide the 

degree of maize drought risk in Southwest China into 5 

grades to conduct the evaluation, and derive the following 

conclusions: 

1) The spring drought of maize in Southwest China 

mainly occurs in most area of District I, District II, and Dis-

trict III, the summer drought mainly occurs in north of Dis-

trict I, most area of Districts III and IV, District V, and 

District VI, and the droughts in whole growth period are 

mainly distributed in most of Districts I and II, District III, 

District IV, and part of District V. In particular, the high 

hazard zone and the sub-high hazard zone are mainly locat-

ed in District I, part of District II and District III. 

2) From the perspective of analysis on three main factors 

of exposure, vulnerability, and disaster prevention and mit-

igation, the high exposure zone and sub-high exposure zone 

of maize in Southwest China are mainly concentrated in 

Districts II and III; the high vulnerability zone and sub-high 

vulnerability zone are mainly located in east of District II, 

District IV, and part of District V; the sub-low disaster pre-
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vention and mitigation zone and low disaster prevention and 

mitigation zone are mainly located in District II and part of 

District IV. 

3) The high risk zone and sub-high risk zone of maize in 

Southwest China are mainly located in District III, south-

west part of District I and Guangyuan, north of District II, 

Langzhong, Suining, and Qianxi of District IV, Wanyuan 

and Tongzi of District V; the sub-low risk zone and low risk 

zone are mainly located in central of District I, southwest of 

District II, and south and east of District IV; other districts 

belong to moderate risk zone, and are mainly concentrated 

in District V and VI. 

4 Discussion 

Based on the analysis of spatial distribution in four im-

pacting factors, i.e., hazard, exposure, vulnerability, and 

disaster prevention and mitigation formed by the drought 

risk of maize in Southwest China, as well as the eventual 

analysis of drought risk for maize in Southwest China, we 

can see that the spatial distribution of drought hazard in 

whole growth period (Fig. 4) is generally consistent with the 

distribution map (Fig. 8) of drought risk for maize in 

Southwest China. That is, among the four impacting factors, 

hazard directly affects the size and spatial distribution of 

drought risk, and the hazard evaluation is the principal part 

of the agricultural drought risk assessment. The results of 

hazard evaluation in this paper are generally consistent with 

the results of analysis by Liu [10] regarding the temporal and 

spatial variation of drought for maize in Southwest China 

based on the agricultural reference index for drought 

(ARID), but there is difference in local places. This is con-

siderably related to the selected index and used methods, 

and it is necessary to compare and validate the adaptability 

of two drought indexes in the future operational application. 

Exposure, vulnerability, and disaster prevention and mitiga-

tion indirectly affect the formation of drought risk. For ex-

ample, from the perspective of drought hazard for maize in 

whole growth period, the central and north of Guizhou and 

the southeast of Yunnan are mostly located in the sub-low 

hazard zone, and exposure and disaster prevention and mit-

igation are equivalent to the average level in Southwest 

China. However, the fluctuation of yield in this region is 

high, and the production is relatively vulnerable. Most area 

is the sub-high vulnerability zone, and eventually it is clas-

sified as moderate drought risk area. The basic data for the 

construction of evaluation model for exposure, vulnerabil-

ity, and disaster prevention and mitigation in this paper are 

the agricultural statistical data of maize in Southwest China. 

The agricultural statistical data most directly and most ob-

jectively reflect the situation of maize production in differ-

ent Districts in Southwest China, but are relatively simple. 

On the next step we will take into account the social and 

economic factors. The formation of drought risk is a very 

complicated process, and every impacting factor affects the 

formation of drought risk from different perspectives and 

different degrees. It is still of certain difficulty to compre-

hensively and accurately analyze and evaluate the risk of 

drought hazard with current limited evaluation data and 

technical means. In the future, we can validate results 

through operations, and constantly optimize the models and 

corresponding factors and indicators, in order to make the 

evaluation results more relevant and instructive. 
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Abstract: With the rapid industrialization and urbanization, the food security in China is not only just about main-

taining a growth of total grain production, but also about keeping the increase of grain yield at a sustainable and 

steady pace. For the purpose of food security and social development, it is meaningful to study the yield increasing 

potential of grain and its spatial differentiation in Huang-Huai-Hai Plain, one of the main grain production areas of 

China. According to the land use data, this study selected 309 counties in this area as research units and used the 

method of exploratory spatial data analysis (ESDA) to investigate the spatial distribution pattern of balanced yield 

increasing potential. On the basis of the balanced thoughts, this study established a theoretical framework of pro-

moting further grain productivity growth in study area. The balanced growth of grain yield consists of 3 progressive 

types (spatial, temporal and functional balanced growth of grain yield). Spatial balanced growth of grain yield, 

which is easy to achieve, is to make the small spatial cell (such as county) with different productivities of food 

reach a balanced and quite higher output. Increasing gain yield evenly in space can be achieved by adopting a series 

of measures on land consolidation. Using advanced science and technology to achieve multiple cropping is called 

temporal balanced growth of grain yield. The balanced yield increasing is not only to increase the biological output 

(grain production) but also to synergistically improve the other functions of cultivated land, which is functional 

equilibrium. The process to achieve the balanced growth of grain yield is gradual. This paper revealed the spatial 

balanced yield increasing potential of grain and its spatial differentiation in the main grain production areas in Chi-

na. The methods included an analysis of the approaches to improve grain yield in Huang-Huai-Hai Plain based on 

balanced thoughts, calculation of the balanced yield increasing potential by using land use data in 2012, and de-

scription of its spatial differentiation of the study area. Then, the spatial distribution pattern of balanced yield in-

creasing potential was analyzed by using the method of spatial autocorrelation analysis and GIS technology. 

Additionally, according to the distribution result and yield increasing potential of the 309 counties, the land consol-

idation types of Huang-Huai-Hai Plain were classified. The result showed that the balanced yield increasing poten-

tial of grain was 3.30457 × 107 t approximately, the spatial quality potential was 2.41374 × 107 t and the spatial 

quantity potential was 8.9083 × 106 t in Huang-Huai-Hai Plain. By comparing the potential of grain production cal-

culated using different methods, it was easy to conclude that the main mode to increase output was to improve the 

quality of cropland by upgrading medium- and low-yield farmland. In addition, the potential of the southern part of 

Huang-Huai-Hai Plain was higher than that of the northwestern part. The spatial balanced yield increasing potential 

of grain, the yield increasing potential in different ways and the strength index of yield increasing potential all 

showed the remarkable characteristic of spatial distribution. Meanwhile, there was a positive autocorrelation in spa-

tial distribution of yield increasing potential. Spatial agglomeration types were High–High and Low–Low type. 

According to the distribution pattern of spatial agglomeration and the yield increasing potential, the land consolida-

tion of Huang-Huai-Hai Plain was divided into 4 types, which were the same as the potential sources of grain yield 

increasing. This study provides valuable information for setting up directions and developing ways of equilibrium 

increasing output based on local conditions of Huang-Huai-Hai Plain. 

Keywords: agriculture; grain; land use; balanced yield increasing potential; spatial differentiation; spatial autocor-

relation; Huang-Huai-Hai Plain 

CLC number: F301.2 

0 Introduction 

Since the establishment of the People’s Republic of Chi-

na, China’s food production develops progressively with the 

track of “increasing-fluctuating-increasing” 
[1]

, and the total 

grain production in 2013 has reached 6 × 10
8 
t which is 5.3 

times of the total grain output in early years of new China; 
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from 2004 to 2013, China’s food production still keeps 

“ten-year continuously increasing”. However, as a develop-

ing country with large population, little land and water and 

an increasing economy, China’s food security still faces 

many challenges in a certain time. It forecasts in the White 

Paper on Food Security issued by the State Council that by 

2030, China’s population will peak at 1.6 billion, and ac-

cording to the calculation of grain consumption 400 kg per 

capita, the aggregate demand shall reach to about 6.4 × 10
8
 

t. With the industrialization and urbanization development, 

China’s food demand still continuously increases. However, 

in the aspect of food supply security, industrialization and 

urbanization shall lead to the continuous decrease of culti-

vated land area and outflow of rural labor forces, and 

farmer’s production enthusiasm is frustrated 
[2–3]

. Under the 

pressure of population, industrialization and urbanization 

and under the new situation of biomass energy development 
[4]

, the food security in China is no longer about maintaining 

a balance of total grain production, but also about keeping 

the increase of grain production at a sustainable and steady 

pace. 

At present, many studies concern about the temporal and 

spatial variation 
[5]

, pattern 
[6–7]

 and influence factors 
[8–9]

 of 

large-scale grain production in the country, its regions and 

provinces. The study about the yield increasing potential of 

grain mainly centers on the aspects of potential estimation 
[10–11]

, yield increasing potential analysis under control of 

single factor 
[12–13]

, and analysis on influence factors of yield 

increasing potential 
[14–15]

, while studies about spatial dif-

ferentiation of yield increasing potential of grain are rela-

tively less. However, the land use 
[16]

, grain production 
[6–7]

 

and quantity source of the newly-increased cultivated land 

during land consolidation 
[17]

 have obvious spatial charac-

teristics; it is necessary from the aspect of regional linkages 

to know the regional difference and spatial distribution 

characteristics of yield increasing potential of grain in the 

interior region and identify the source of yield increasing 

potential in each region, so as to provide support for pre-

paring of balanced yield increasing measures and direction 

of these regions. 

Huang-Huai-Hai Plain is China’s main food production 

area, and in 2005, grain production in Huang-Huai-Hai 

Plain occupied 24.5% of national total grain production and 

exceeded that in Yangtze Plain, as the first of national nine 

major pastoral areas. The food production stability in 

Huang-Huai-Hai Plain directly relates to the national food 

security. Thus, under the two-way pressure of area devel-

opment and food stability maintenance, study about bal-

anced yield increasing potential of grain, regional difference 

and spatial distribution in Huang-Huai-Hai Plain has very 

important significance. Balanced increasing is the process 

from spatial balance to time balance, then to the function 

balance progressively, and meanwhile, it embodies the in-

creasing “sublimation” of land resource use process. Under 

the spatial balance, this paper studies the yield increasing 

potential of grain and its spatial differentiation in 

Huang-Huai-Hai Plain. 

1 Overview and data resource of study area 

1.1 Overview of study area 

Huang-Huai-Hai Plain is also named as North China 

Plain, which is mainly alleviated by Yellow River, Huai 

River, and Hai River, and seeing from the administrative 

division, it mainly involves five provinces and two cities 

(Shandong, Hebei, Henan, Anhui and Jiangsu Province; 

Beijing, Tianjin). In this study, based on the regional geo-

morphic characteristics of Huang-Huai-Hai Plain and the 

administrative division at the end of 2012, the range of 

study area is got on the premise of administrative region 

integrity of county level and after the combination of some 

cities within the urban area. It totally contains 309 counties 

(Fig. 1), and covers a domain area of 368 300 km
2 

which 

occupies 3.87% of national total area 
[18]

. 

The light and heat conditions are superior in this area, the 

land resources suitable for agriculture here are abundant, 

and it is the important agricultural production base of China. 

In 2012, grain production reached to 1.487813 × 10
8
 t in 

Huang-Huai-Hai Plain, approximately occupying 25.24% of 

national grain production, and the grain production per cap-

ita reached to 592.75 kg, which exceeded the average level 

of 435.42 kg of the national grain production per capita in 

 

Fig. 1  Sketch map of location and districts of Huang-Huai-Hai 

Plain 
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the same period. From 2003 to 2012, the national grain 

production had increased to 158.88 million t, and grain 

production had increased to 6.3708 × 10
7
 t in 

Huang-Huai-Hai Plain; the contribution rate of 

Huang-Huai-Hai Plain to national grain yield increasing has 

reached to 40.10%, which played an important role in the 

national food security. 

1.2 Data resource 

In this study, the required administrative division vector 

data and land use data all come from result database of na-

tional land change survey data in 2012; data of grain pro-

duction and population comes from Anhui Statistical 

Yearbook 2013, Shandong Statistical Yearbook 2013, Hebei 

Statistical Yearbook 2013, Henan Statistical Yearbook 2013, 

Jiangsu Statistical Yearbook 2013, Beijing Area Statistical 

Yearbook 2013, Tianjin Statistical Yearbook 2013, China 

Social and Economic Statistical Yearbook 2013 of Counties 

(cities), China Statistical Yearbook for Regional Economic 

2013 and the statistical yearbooks of some regions and cit-

ies. District and county data which cannot be directly ob-

tained by the statistical yearbooks can be obtained by direct 

or constant proportional subtraction of inner data of the re-

gion. 

2 Concept and approach analysis of spatial 

balanced yield increasing 

2.1 Concept of balanced yield increasing 

Spatial differentiation of natural conditions about agri-

cultural production, and the disequilibrium of the regional 

labors, capital, technological input and economic develop-

ment make the food production have obvious regional dif-

ference. In the same ecoregion, the non-balanced 

development of grain unit-yield level can influence the 

overall function of food production potential 
[19]

. Under the 

disequilibrium condition of food output level and productiv-

ity, yield increasing potential of grain in the area with supe-

rior resource condition and high input & high productivity 

is extremely limited. Through the balanced increase of re-

gional food productivity, grain yield increasing is the effec-

tive way guaranteeing the food security. The balanced yield 

increasing within regional scale includes spatial balance, 

time balance and functional balance. If the stable quantity of 

cultivated land is the basis of ensuring the food security and 

is the basis of improving the cultivated land quality, from 

the regional or national level, stable “quantity” of cultivated 

land also stands for the “quality”. Spatial balance is about 

making quantity potential and quality potential of the re-

gional cultivated land reach to the balanced state within the 

geographical space with basically same geological features 

influencing of agricultural production and same weather 

conditions. Thus, the connotation of spatial balanced yield 

increasing includes the quantity balance and quality bal-

ance. On one hand, through the comprehensive land con-

solidation, increase the cultivated land area to guarantee the 

dynamic balance and the increase of cultivated land quanti-

ty; on the other hand, through upgrading medium- and 

low-yield farmland, realize uniform improvement of culti-

vated land quality, increase of unit-yield level, and finally 

the spatial balanced yield increasing. Time balance is about 

fully utilizing the limited light and heat resources to conduct 

multiple cropping, and then the balanced yield increasing 

under the modern production technology is realized. Func-

tional balance is about realizing the coordinated operation 

of cultivated land production, ecology and landscape, and 

the yield increasing under functional balance is not only the 

biological output of cultivated land (grain production), but 

also the nonbiological output (such as the function of pre-

serving soil and water and adjusting climates) which cannot 

be balanced by value. 

2.2 Approach analysis of spatial balanced yield 

increasing 

Spatial balanced yield increasing includes quantity bal-

ance and quality balance. Presently, increasing the seeding 

area and the grain unit-yield is still the main method of 

grain yield increasing in China 
[15, 20]

. Thus, grain seeding 

area is increased through agricultural land consolidation, 

rural residential consolidation and exploitation of unused 

land, to make the potential resources of regional cultivated 

land fully used, which means realizing the quantity balance 

in the spatial balanced yield increasing; through upgrading 

medium- and low-yield farmland, the unit-yield capacity of 

regional grain improves towards the relatively higher level, 

that is, realizing the spatial quality balance of regional grain 

unit-yield. 

2.3 Key data processing and description 

2.3.1 Upgrading of medium- and low-yield farmland 

Through division of medium- and low-yield farmland, 

the yield increasing capacity of cultivated land is macro-

scopicly measured, and the commonly used method in-

cludes output method, limiting factor method and land 

fertility grade method 
[21–22]

. The range of Huang-Huai-Hai 

Plain is relatively large, and the obstacle types, grades and 

land fertility data of regional farmland soil cannot be ob-

tained easily. Thus average unit-yield level of grain during 

2008–2012 in 39 prefecture -level  c i t ies wi thin 

Huang-Huai-Hai Plain is selected as the measuring basis, 

the range of the high, medium and low-yield farmlands is 

determined with deviation of 15% 
[22–24]

. Through meas-

urement, the upper limit of low-yield farmland in 

Huang-Huai-Hai Plain is 5 250 kg/hm
2
and the lower limit 

of high-yield farmland is 7 100 kg/hm
2
. Base on the stand-

ard, the Huang-Huai-Hai Plain can be divided as high, me-

dium and low food production areas, and the number of  
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Table 1  Type areas of grain production in Huang-Huai-Hai Plain 

 
included counties and average grain yield of various types 

of regions are shown in Table 1. The upgraded medium- and 

low-yield farmland can be averagely improved one grade, 

thus reaching to 7 610 and 6 250 kg/hm
2
, the average level 

of high-yield farmland and medium-yield farmland of this 

area respectively. 

2.3.2 Agricultural land consolidation 

Non-effective coefficient of cultivated land varies greatly 

in different areas, and the average value is 13.85% in Bei-

jing, 19.55% in Tianjin, 6.51% in Hebei, 14.14% in Jiangsu, 

9.30% in Anhui, 10.90% in Shandong and 5.54% in Henan. 

In the existing research result, based on the land exploita-

tion and consolidation standard, farmland design standard, 

rural road construction standard, farmland water conserv-

ancy construction standards, and farmland shelterbelt con-

struction standards, the non-effective coefficient of standard 

farmland in the plain area is generally within 3%–6%, and 

the intensive degree is relatively high. Meanwhile, as the 

land consolidation standard and technological level are 

closely related to the economic condition of consolidation 

area, as for large study area such as Huang-Huai-Hai Plain, 

in principle, the standard non-effective coefficient of culti-

vated land should be determined regionally, but the study in 

this paper is based on the “Balanced” ideology, yield in-

creasing potential and spatial differentiation of macro re-

search area, thus, the average non-effective coefficient of 

cultivated land in Huang-Huai-Hai Plain, 8.51%, is taken as 

the standard non-effective coefficient of cultivated land r in 

this study. The consolidation standard is relatively low and 

the feasibility of the whole area is relatively large. After the 

agricultural land consolidation, the productivity of increased 

effective cultivated land can reach to the level of upgraded 

medium- and low-yield farmland in this area. In the 

low-yield farmland, productivity of the newly-increased 

cultivated land can reach to the average level of the medi-

um-yield farmland, 6 250 kg/hm
2
; In the medium-yield 

farmland, the productivity of newly-increased cultivated 

land can reach to the average level of the high-yield farm-

land, 7 610 kg/hm
2
; productivity of newly-increased culti-

vated land in high-yield farmland can keep the actual 

unit-yield level of grain. 

2.3.3 Rural residential consolidation 

Based on Standard for Planning of Town and Village 

(GB50188-1993), Standard for Planning of Town 

(GB50188-2007), and the related standards and guidelines 

about village planning formulated by various provinces, the 

maximum residential land per capita in Huang-Huai-Hai 

Plain shall not exceed 150 m
2
. However, as for the cities, 

such as Shijiazhuang, Beijing and Tianjin, during the land 

investigation, though many urban villages are classified as 

rural residential area, actually the rural residential area of 

this part has lost the meaning of original rural residential 

areas, and cannot be consolidated as agricultural land due to 

mixing with the city land. And for the number of rural resi-

dential area, it is hard to get rid of it from the statistical da-

ta, and the consolidation potential in these areas is very 

high, but the possibility of consolidating as agricultural land 

is very low. In this study, the content of this part in the con-

solidation potential of rural residential is not considered. 

Meanwhile, due to the regional particularity of Beijing city, 

the potential of consolidating the rural residential area as 

agricultural land cannot be totally equal to that in the other 

areas in Huang-Huai-Hai Plain; through the obtained con-

solidation research of rural residential areas in Beijing 
[25]

, it 

can be found that the theoretical consolidation potential of 

rural residential area in other counties of Beijing 

(non-central regions) is relatively high, but the proportion of 

rural residential area which is suitable for land reclamation 

to rural residential areas in urban area is relatively low. 

Thus, the feasible potential of actually consolidating as cul-

tivated land is relatively low. 1/3 of consolidation potential 

of rural residential areas is suitable to be considered as the 

area of increased cultivated land 
[26]

. In other areas of 

Huang-Huai-Hai Plain, 1/2 of consolidation potential of 

rural residential areas is taken as the area of the increased 

cultivated land, and the consolidation potential coefficient μ 

of rural residential areas in various counties can be deter-

mined. After the consolidation of rural residential areas in 

Huang-Huai-Hai Plain, productivity of the cultivated land 

can reach to the average productivity of medium-yield 

farmland, 6 250 kg/hm
2
. 

2.3.4 Land exploitation 

The area of Huang-Huai-Hai Plain suitably cultivated as 

unused land mainly include wild grassland, saline-alkali 

land, wetland and inland tidal flats; as the land use and in-

vestigation vector data results in the study area cannot be 

obtained, it is unable to locate the pattern spot position and 

area of various land use types; thus, by referring to the ob-

tained suitability evaluation research of natural quality of 

reserve resource about cultivated land 
[27]

, Grade I reserve 

resources (basically no limitation or the relatively small 

limitation of soil chemical condition) and Grade II reserve 

resources (no limitation or soil condition limitation in some 

certain) are selected, and their proportion to reserve re-

sources of cultivated land of all grades is taken as the land 

exploitation coefficient of this study. In Huang-Huai-Hai 

Plain, the suitable development coefficient λ of reserve re-

sources for the cultivated land of two cities and five prov-
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inces is respectively: 18.03% in Beijing, 62.93% in Tianjin, 

21.27% in Hebei, 26.86% in Henan, 46.26% in Shandong, 

31.74% in Anhui, and 72.04% in Jiangsu. The productivity 

of cultivated land developed can reach to the average 

productivity of medium-filed farmland, 6 250 kg/hm
2
. 

3 Research method 

3.1 Balanced yield increasing potential of grain 

3.1.1 Yield increasing potential by upgrading me-

dium- and low-yield farmland 

 
where Ali is yield increasing potential by upgrading medi-

um- and low-yield farmland in the i
th

 administrative unit, 

ten thousand ton; pi is the actual unit-yield of grain in the i
th

 

administrative unit, kg/hm
2
; n is the number of administra-

tive units (district, county), n = 309; i ∈ [1, n]. 

3.1.2 Yield increasing potential by agricultural land 

consolidation 

 

 

 
where A2i is the yield increasing potential by agricultural 

land consolidation in the i
th

 administrative unit, ten thou-

sand ton; Ri is the actual non-effective coefficient of culti-

vated land in i
th

 administrative unit; r is the standard 

non-effective coefficient of cultivated land of 

Huang-Huai-Hai Plain, 8.51%; Si is the area of cultivated 

land to be consolidated in i
th

 administrative unit, hm
2
; Sil, Sig 

and Sit are respectively the area of road, canal and ridge in 

the i
th

 administrative unit, hm
2
. 

3.1.3 Yield increasing potential by rural residential 

consolidation 

 

 

 

where A3i is the yield increasing potential by rural residen-

tial consolidation in the i
th

 administrative unit, ten thousand 

ton; Sic is the actual area of rural residential areas in the i
th

 

administrative unit, hm
2
; μ is potential coefficient of rural 

residential consolidation; ΔSic is area of the renovated rural 

residential areas in the i
th

 administrative unit, hm
2
; Api is the 

rural population of the i
th

 administrative unit. 

3.1.4 Yield increasing potential by land exploitation 

 
where A4i is the yield increasing potential by land exploita-

tion in the i
th

 administrative unit, ten thousand ton; Sih, Siy, 

Siz and Sib are respectively the area of wild grassland, sa-

line-alkali land, wetland, and inland tidal flats of the i
th

 ad-

ministrative unit, hm
2
; λ is the suitable exploitation 

coefficient of reserve resource for cultivated land. 

3.1.5 Total yield increasing potential 

 

 

 
where Ai is the total yield increasing potential of the i

th
 ad-

ministrative, ten thousand ton; Aki is the grain yield in-

creasing potential under the k
th

 yield increasing approach in 

the i
th

 administrative unit, ten thousand ton; Ak is the grain 

yield increasing potential of Huang-Huai-Hai Plain under 

the k
th

 yield increasing approach, ten thousand ton; A is the 

total yield increasing potential of Huang-Huai-Hai Plain, ten 

thousand ton; m is the number of yield increasing approach, 

m = 4. 

3.2 Intensity index of balanced yield increasing 

potential of grain 

Intensity index of balanced yield increasing potential of 

grain refers to the specific value of grain yield increasing 

potential and actual grain production, which reflects the 

strength and weakness of regional grain yield increasing 

capacity. The calculation formula is as follows: 

 
where Fi is the intensity index for balanced yield increasing 

potential of grain in the i
th

 administrative unit; Gi is the ac-

tual grain production of the i
th

 administrative unit, ten thou-

sand ton. 

3.3 Spatial autocorrelation analysis 

Tobler geography “First Law” reveals that anything has 

correlations, and the relation with a closer thing is higher 

than that with a further thing 
[28]

. In the space, whether the 
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observed value of element in one certain position has rele-

vance with the observed value of element in the adjacent 

space position, it can be inspected through spatial autocor-

relation analysis 
[29]

. There are many indexes and methods 

for spatial autocorrelation analysis, and this paper adopts 

the commonly-used global Moran’s I and local Moran’s I. 

Value range of global Moran’s I is [−1, 1]; when it is 

more than zero, it shows that there exits positive spatial 

correlation, and negative spatial correlation conversely; 

when it is zero, it shows that there is no spatial correlation 
[30]

. The calculation formula is as shows: 

 
where xi and xj are respectively the properties of the i

th
 and 

j
th

 administrative unit; the mainly involved administrative 

unit properties in this paper include: yield increasing poten-

tial by upgrading medium- and low-yield farmland, agri-

cultural land consolidation, rural residential consolidation, 

land exploitation, and total yield increasing potential of 

grain in Huang-Huai-Hai Plain, ten thousand ton; D
2
 is the 

property variance, is the average 

value of the whole administrative unit property (as the 

above), ; Wij is the space weight of the i and j 

space unit, constructed based on the Rook adjacency under 

adjacent standard. If there exists common boundary in the 

space of two administrative units i and j, Wij = 1, and Wij = 

0 conversely. The standardized statistical magnitude Z is 

commonly used to check whether there is spatial autocorre-

lation in n areas. 

The calculation formula of local Moran’s I index is as 

follows: 

 
This paper firstly utilizes GeoDa (software for explora-

tory spatial data analysis) to calculate space weight array, 

and then recalculates I and Ii of different yield increasing 

potential, and finally conducts significance test. 

4 Results and analysis 

4.1 Spatial balanced yield increasing potential in 

Huang-Huai-Hai Plain 

Through the grain yield increasing approach analysis and 

potential estimation, the grain yield increasing potential in 

Huang-Huai-Hai Plain reaches to 3.30457 × 10
7
 t; the grain 

production increased by spatial quality balance is 24.1374 

million t, and the grain production increased by spatial 

quantity balance is 8.9083 × 10
6
 t, which respectively oc-

cupy 73.04% and 26.96% of the total yield increasing po-

tential (Table 2). The extensional grain yield increasing 

mode mainly based on the area increase is difficult to get 

obvious effect in Huang-Huai-Hai region. So improving the 

unit-yield level of food crop based on the stabilization of 

grain seeding area through upgrading medium- and 

low-yield farmland shall be the important measures of im-

proving the grain productivity of this area. Under the quan-

tity-balanced yield increasing potential, the contribution gap 

of agricultural land consolidation, rural residential consoli-

dation and land exploitation to the grain yield increasing of 

this area is not large. 

4.2 Spatial distribution of balanced yield increas-

ing potential of grain in Huang-Huai-Hai Plain 

In ArcGis, the natural breaking points is used to divide 

the total yield increasing potential in Huang-Huai-Hai Plain 

and the yield increasing potential under different yield in-

creasing approaches into 3 grades potential areas according 

to yield increasing capability: the yield increasing capacity 

of first-grade potential areas is maximum, and the yield in-

creasing capacity of third-grade potential areas is minimum 

(Fig. 2). The balanced yield increasing potential of grain in 

Huang-Huai-Hai Plain has obvious spatial differentiation, 

high in south plain area and low in northwest plain area. 

Under different yield increasing approaches (Figs. 2b–e), 

the yield increasing potential of this area shows different 

spatial distribution. The areas with large yield increasing 

potential by medium- and low-yield farmland consolidation 

are mainly distributed in plain area of Anhui, south of He-

nan plain area and west of Shandong plain area; the areas 

with large yield increasing potential by agricultural land 

consolidation are mainly distributed in Circum-Bohai-Sea 

region at northeast of Huang-Huai-Hai Plain and plain area 

of Jiangsu; the areas with large yield increasing potential by 

rural residential consolidation are mainly distributed in the 

Table 2  Balanced yield increasing potential of grain in space in 
Huang-Huai-Hai Plain 
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Fig. 2  Spatial distribution of balanced yield increasing potential 

under different approaches in Huang-Huai-Hai Plain 

north and south of Huang-Huai-Hai Plain. The northern 

areas with large yield increasing potential mainly center in 

the boundary of Beijing, Tianjin and Hebei, and the south-

ern areas with large yield increasing potential mainly center 

in the northwest of plain area of Jiangsu; the areas with 

large yield increasing potential by land exploitation are also 

mainly distributed in Circum-Bohai-Sea region at northeast 

of Huang-Huai-Hai Plain. It can be seen from the Fig. 2e 

that surplus of cultivated land reserve sources in most areas 

of Huang-Huai-Hai Plain is relatively small, and the ex-

ploitable area of eastern coastal shoreline and saline-alkali 

land is relatively large. Under different yield increasing ap-

proaches, the yield increasing potential in Huang-Huai-Hai 

Plain is compared with total yield increasing potential, and 

it can be found that in the Circum-Bohai-Sea region at 

northeast of plain area and the plain area of Jiangsu, the 

grain yield increasing potential is mainly influenced by the 

quantity-balanced yield increasing approach, and in the oth-

er areas, the quality-balanced yield increasing approach is 

the main yield increasing potential source. 

The balanced yield increasing potential of grain is about 

calculating the absolute value of regional grain yield in-

creasing capability, and the intensity index of balanced yield 

increasing potential reflects the strength and weakness of 

regional grain yield increasing capacity. The intensity index 

is more suitable to conduct the spatial yield increasing ca-

pability comparison for regions than absolute value of the 

grain yield increasing potential which is largely influenced 

by the administrative division. Based on the below 1/2 of 

yield increasing capacity and above one time, the intensity 

index of balanced yield increasing potential in 

Huang-Huai-Hai Plain is divided into three sections (Fig. 3). 

There are 273 counties with the yield increasing potential 

intensity index F < 50%, which occupies 88.35% of the total 

number; there are 14 counties with the yield increasing po-

tential intensity index F ≥ 100%, which occupies 4.53% 

of the total number; there are 22 counties with the yield 

increasing potential intensity index F ∈ [50%, 100%), 

which occupies 7.12% of the total number. As for the culti-

vated land exploitation and utilization in Huang-Huai-Hai 

Plain, the overall yield increasing capacity of various coun-

ties is relatively weak, and the counties with relatively 

strong yield increasing capacity mainly center in the Cir-

cum-Bohai-Sea region of northeast part and is distributed 

sporadically in the center plain area and the plain are before 

Taihang Mountain in the west. 

 

Fig. 3  Intensity index classification of yield increasing potential 

evenly in Huang-Huai-Hai Plain 
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4.3 Spatial distribution mode analysis for yield 

increasing potential 

4.3.1 Global space autocorrelation analysis 

GeoDa is utilized to conduct global autocorrelation cal-

culation. The Moran’s I index under different grain yield 

increasing approaches in Huang-Huai-Hai Plain is shown in 

Table 3; under the prominence condition of 0.05, the results 

of Z test all conform to requirements. It shows that the spa-

tial distribution of grain yield increasing potential in 

Huang-Huai-Hai Plain presents positive spatial autocorrela-

tion, and the spatial pattern presents the agglomeration of 

similar properties. And the Moran’s I index of yield in-

creasing potential by agricultural land consolidation is 0.611 

4 (maximum), and the spatial agglomeration distribution is 

the most obvious; the Moran’s I index of yield increasing 

potential by land exploitation is 0.288 8 (minimum), and the 

spatial agglomeration distribution is not significant. 

4.3.2 Local autocorrelation analysis 

The global Moran’s I index has shown that under differ-

ent yield increasing approaches, the grain yield increasing 

potential in Huang-Huai-Hai Plain presents obvious spatial 

autocorrelation; to further explore the spatial agglomeration 

characteristics of grain yield increasing potential in 

Huang-Huai-Hai Plain, GeoDa is combined with ArcGIS 

software to draw the local indicators of spatial association 

(LISA) cluster map for balanced yield increasing potential 

of grain (Fig. 4). 

Seen from the Fig. 4, the spatial aggregate type of grain 

yield increasing potential in Huang-Huai-Hai Plain mainly 

includes High-High type and Low-Low type. And the 

High-High agglomeration area of total yield increasing po-

tential in Huang-Huai-Hai Plain is mainly distributed in the 

plain area of Anhui, the south of Henan plain area and the  

Table 3  Analysis of global space autocorrelations on yield in-

creasing potential under different approaches 

 
Note: Z(I) > 1.96 shows that there is a positive spatial autocorrelation; Z(I) 
< −1.96 shows that there is a negative spatial autocorrelation; |Z(I)| < 1.96 

shows that there is no spatial autocorrelation at 0.05 confidence level. 

 

Fig. 4  Local indicators of spatial association (LISA) cluster map 

for balanced growth potential of grain yield in Huang-Huai-Hai 

Plain. 

southwest of Shandong plain area, and basically located in 

the first-grade and second-grade areas of total yield in-

creasing potential; the Low-Low agglomeration area of total 

yield increasing potential is mainly distributed in the 

southwest of Hebei plain area and the northwest of Shan-

dong plain area. High-High agglomeration area of yield 

increasing potential by upgrading medium- and low-yield 

farmland is distributed basically the same as High-High 
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agglomeration area of total yield increasing potential in 

Huang-Huai-Hai Plain; the range is slightly expanded, and 

the agglomeration area is mainly distributed in the plain 

area of Anhui and the partial areas of adjacent part in 

Jiangsu, Shandong and Henan; Low-Low agglomeration 

area is mainly distributed in the southwest of Hebei plain 

area and the northwest of Shandong plain area. The 

High-High agglomeration area of yield increasing potential 

by agricultural land consolidation is mainly distributed in 

the Circum-Bohai-Sea region of Hebei, Tianjin and Shan-

dong within plain area as well as the plain area of Jiangsu; 

Low-Low agglomeration area is mainly distributed in the 

middle part of Huang-Huai-Hai Plain, stretching in strips 

from north to south. High-High agglomeration area of yield 

increasing potential by rural residential consolidation is 

mainly distributed in the northern boundary of plain areas in 

Anhui and Jiangsu and the north-central region of Tianjin; 

Low-Low agglomeration area is mainly distributed in south 

of Hebei plain area and middle of Henan plain area. 

High-High agglomeration area of yield increasing potential 

by land exploitation is mainly distributed in Cir-

cum-Bohai-Sea region at north of Shandong plain area; 

Low-Low agglomeration area is mainly distributed in the 

boundary of plain areas in Henan, Anhui and Shandong, and 

the center and south of Hebei plain area. 

4.4 Type division of land consolidation 

According to the spatial distribution status in High-High 

agglomeration area of grain yield increasing potential under 

different yield increasing approaches, and by combining 

with balanced yield increasing potential of grain in 

Huang-Huai-Hai Plain, key area division for different con-

solidation types in this area is conducted (Fig. 5). And there 

are 258 counties mainly conducting the upgrading of me-

dium- and low-yield farmland, which are mainly distributed 

in the plain areas of Hebei, Henan, Shandong and Anhui 

province; there are 24 counties mainly conducting agricul-

tural land consolidation, which are mainly distributed in the 

northeast of Jiangsu plain area, and Circum-Bohai-Sea re-

gion of Hebei and Tianjin; there are 20 counties mainly 

conducting the rural residential consolidation, which are 

mainly distributed in the north-central section of Beijing 

and Tianjin, and the northwest of Jiangsu plain area; there 

are 7 counties mainly conducting the land exploitation, 

which are mainly distributed in Circum-Bohai-Sea region at 

north of Shandong plain area. The various land consolida-

tion types divided in this paper mainly show the major con-

solidation types of each area, and it is not limited to conduct 

the land consolidation activity of single type within each 

consolidation types. Thus, full consideration and compre-

hensive consolidation of land consolidation in each county 

should be conducted, to improve the land use ratio and out-

put ratio. In Huang-Huai-Hai Plain, through mainly con-

ducting the upgrading of medium- and low-yield farmland, 

the counties of realizing the grain yield increasing has ex-

ceeded 80%; the improvement of regional cultivated land 

quality in this part is mainly to eliminate the limitation or 

obstacle factor. Meanwhile, during the upgrading of medi-

um- and low-yield farmland, combine the agricultural land 

consolidation and rural residential consolidation should be 

combined to conduct the comprehensive planning and gov-

ernance of farmland, trench, canal, road, forest and village. 

The land exploitation objects of various counties in the land 

exploitation area of Huang-Huai-Hai Plain are not the same, 

thus, for the land exploitation of various counties, fully con-

sider and evaluate the regional ecological environment 

change before and after exploitation should be fully consid-

ered and evaluated based on actual situation, and suitable 

measures are adopted to conduct land exploitation. The wild 

grass land exploitation is mainly conducted in Binzhou; the 

saline-alkali land exploitation of Dongying, Haixing, Kenli 

and Lijin is mainly conducted; the coastal shoreline exploi-

tation is mainly conducted in Zhanhua and Wudi. 

 

Fig. 5  Regionalization of land consolidation pattern in 

Huang-Huai-Hai Plain 

5 Conclusions and discussions 

The grain yield increasing after spatial balance is the es-

timation for the regional grain production potential after 

consolidation. Though it is not very accurate, it has certain 

scientificity and strong feasibility for the macro-study of 

large-scale production potential of Huang-Huai-Hai Plain. 
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Meanwhile, through study about spatial balanced yield in-

creasing potential, the regional difference and spatial distri-

bution feature of regional internal grain yield increasing 

potential can be understood, to know the source of various 

regional yield increasing potential, which can provide sup-

port for the formulation of regional balanced yield increas-

ing measures and direction. It can get the following 

conclusions based on this study on the spatial balanced 

yield increasing potential of grain in Huang-Huai-Hai Plain: 

1) Under the ideology of balanced yield increasing, the 

spatial balanced yield increasing potential in 

Huang-Huai-Hai Plain is 3.30457 × 10
7
 t, the yield increas-

ing potential by spatial quality balance is 24.1374 million t, 

and the yield increasing potential by spatial quantity balance 

is 8.9083 × 10
6
 t. The yield increasing potential by exten-

sional grain yield increasing mode mainly based on the area 

increase in Huang-Huai-Hai Plain is really limited; through 

upgrading medium- and low-yield farmland, the connotative 

yield increasing approach of improving the cultivated land 

quality is the main mode. 

2) In Huang-Huai-Hai Plain, the total spatial balanced 

yield increasing potential, the yield increasing potential un-

der different yield increasing approaches and the balanced 

yield increasing potential intensity present obvious spatial 

distribution characteristics. And the area with large spatial 

balanced yield increasing potential in Huang-Huai-Hai Plain 

is mainly distributed in the northern part of Anhui plain ar-

ea, southwest of Shandong plain area and south of Henan 

plain area. Except for Circum-Bohai-Sea region and plain 

area of Jiangsu, the quantity-balanced yield increasing ap-

proach has relatively large influence on the grain yield in-

creasing potential, and in other plain area, it mainly takes 

the quality-balanced yield increasing approach as the main 

yield increasing potential source. 

3) Through utilizing the exploratory spatial data analysis 

method, the study about spatial distribution mode of the 

yield increasing potential in Huang-Huai-Hai Plain is con-

ducted. The results show that spatial distribution of grain 

yield increasing potential in Huang-Huai-Hai Plain presents 

positive spatial autocorrelation, the spatial pattern presents 

the agglomeration of similar properties, and the spatial ag-

glomeration type mainly includes the High-High aggregate 

type and Low-Low aggregate type. According to the spatial 

distribution status of High-High aggregate type of grain 

yield increasing potential and the balanced yield increasing 

potential of grain under different yield increasing approach-

es, the major consolidation area of Huang-Huai-Hai Plain is 

divided into: upgrade the area of medium- and low-yield 

farmland, agricultural land consolidation area, rural residen-

tial consolidation area and land exploitation area. 

Under the balance concept, the study about grain yield 

increasing potential and spatial differentiation in 

Huang-Huai-Hai Plain is conducted. Improving the grain 

production in main producing area through spatial balance 

has important meaning for protecting the national food se-

curity, and provides powerful support for formulation of 

regional balanced yield increasing measures and direction. 

However, as the range of study area is relatively large, the 

consideration of regional difference characteristics is not 

comprehensive based on study method for grain yield in-

creasing potential under different yield increasing ap-

proaches, and the obtained yield increasing potential in 

Huang-Huai-Hai Plain is only limited to the theoretical po-

tential. Thus, it is necessary to comprehensively consider 

the land nature and land use characteristics of each area, 

economic development status and related policy, and con-

tinuously study the Huang-Huai-Hai Plain to realize the 

grain yield increasing potential and spatial differentiation 

law. Besides, how to realize time balance and functional 

balance of the food production in Huang-Huai-Hai Plain 

based on balance concept is also the key point of further 

study. 
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 Fresh-keeping effect of different coating materials on clean egg 
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Abstract:Nano-α-Fe2O3 and beeswax modified polyvinyl alcohol based composite material which had been re-
searched by our lab team before had good antibacterial properties and water-resisting performance. On the basis, 
this paper will study whether the nano-α-Fe2O3 and beeswax modified polyvinyl alcohol based composite material 
could extend shelf life of clean eggs or not. Uncoated clean eggs were chosen as control group. Secondary soaking 
coating method were adopted to coat eggs and the coating process was putting clean eggs into coating liquid for one 
minute, and being taken out and then being blowing dried, and did the above-mentioned process again. All eggs 
were preserved in same preserved condition whose temperature and the relative humidity changed as time went on 
for 42 days. During storage the physical and chemical indicators include the yolk index, Haugh unit, albumen pH, 
and the egg weight loss were detected every week to determine the egg freshness. The other materials, polyvinyli-
dene chloride and nano-Fe3+/TiO2 and lac modified polyvinyl alcohol based material, were used as two control 
groups compared with nano α-Fe2O3 and beeswax modified polyvinyl alcohol based composite material. Their 
characteristics, e.g., antibacterial properties and water-resisting performance had been studied before. After storage 
for 42 days eggs were coated by nano-Fe3+/TiO2 and lac modified polyvinyl alcohol based material (C group) 
whose egg grade was B, yolk index was 0.29, Haugh unit was 56.95, and albumen pH value was 9.32, and fresh 
eggs rate was 100% and the weight loss rate was 3.33%. The clean eggs coated by nano α-Fe2O3 and beeswax mod-
ified polyvinyl alcohol based composite material (B group) had 100% of fresh eggs rate, 3.05% of the weight loss 
rate, had A egg grade, 0.32 of Yolk index, 60.788 of Haugh unit, and 9.2 of albumen pH value, 1.9 × 103 CFU/mL 
of total plate count, and were superior to control group and other treatment groups. However, the yolk of A group 
(eggs coated by Poly vinylidene chloride) spreaded out at 35 days and control group (CK group) was at 28 days. 
The initial values of A group such as the egg weight loss rate and yolk index and albumen pH were better than other 
groups, and after 21 days storage they were worse than the other coating groups. The results showed that the quality 
of coating eggs were better than the eggs of control group under the same storage conditions, and the eggs coated by 
nano-a-Fe2O3 and beeswax modified polyvinyl alcohol based composite material had the best quality. The change 
of temperature and humidity would influence material barrier performance e.g., the preservation effect of polyvi-
nylidene chloride reduced as humidity changed. In addition, the cost of nano-α-Fe2O3 and beeswax modified poly-
vinyl alcohol based composite material was lower and its operation process was simple, so that it would have the 
prospect of industrial application.  

Keywords:storage; composite materials; quality control; polyvinyl alcohol; nano-α-Fe2; O3; clean egg; coating 

CLC number:TS206.4 

0 Introduction 

Since avian influenza prevails currently, clean egg has 
become a main circulation product for fresh egg. Therefore, 
the coating fresh-keeping package forclean egg will be a 
key technology in production process to control the egg 
quality and extend the shelf life of eggs [1–3]. With easy op-
eration, low production cost, good fresh-keeping effect, 

easy to realize automatic production, labor-saving and other 
advantages, the method of coating fresh-keeping package 
for eggs is widely concerned and researched by scholars in 
China and abroad, and certain research achievements [4–6] 
have been obtained. Currently, liquid paraffin is a kind of 
widely used egg coating material because of its low cost, 
easy operation, ability to improve the commercial value of 
eggs and other characters. However, the eggs coated with 
liquid paraffin have short refreshing time, which cannot 
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satisfy the demand of cross-region circulation. In addition, 
liquid paraffin shows low toxicity [7], which can transfer 
into the egg through the stoma on eggshell surface, and 
cause potential threat to human health. Therefore, urgent 
problem to be solved is to develop a natural, effective and 
green nontoxic method for fresh-keeping. Generally, the 
green coating materials are composed of two categories, 
namely, edible material and inedible material. The edible 
kind includes polysaccharides [8–10], proteins [11–13] and 
grease-like materials [14], while the inedible kind includes 
calcium preparations [15], polyvinyl alcohol [16–18], polyvi-
nylidene chloride [19–21], etc. Such green coating materials 
can be applied for egg coating fresh-keeping independently, 
or in the form of composite material prepared by mixing 
with various materials [22–23]. 

Polyvinyl alcohol (PVA) is a kind of water-soluble high 
polymer that is non-toxic and degradable. It has currently 
been widely used in food packaging, spinning and other 
fields because of high mechanical strength, oxygen barrier 
property and other characters. However, the application and 
promotion in fresh-keeping package of egg products are 
seriously impeded by the low moisture barrier property of 
PVA. Therefore, research in China and abroad focuses on the 
modification of PVA to improve its moisture barrier property. 
Currently, main results have been achieved from modifying 
the functions of PVA through adding nano materials[24–25]. 
This is because comparing with cross-linking agent and other 
substances, nano materials are not only harmless to the envi-
ronment, but alsowith good sterilizing effect. So they are 
widely used for PVA modification and preparation of new 
coating fresh-keeping packaging materials. 

As a new kind of nano material, α-Fe2O3 has smaller en-
ergy band gap (generally 2.2 eV) and maximum absorption 
wavelength of 560 nm. Catalyzed by visible light, it will 
form ·OH free radical, and create strong oxidizing ability. 
α-Fe2O3 can react with a majority of organic matters, de-
grade them and generate CO2 and H2O. So it shows good 
antibacterial effect [26–27]. In the research group, nano 
α-Fe2O3 was used to modify PVA, and prepare 
nano-α-Fe2O3 and beeswax modified polyvinyl alcohol 
based composite material; new nano-Fe3+/TiO2 material was 
prepared through soaking and burning technology, PVA was 
modified by nano-Fe3+/TiO2, and nano-Fe3+/TiO2 and lac 
modified polyvinyl alcohol based composite material was 
prepared as a result; it has recently be confirmed that com-
pared with PVA monofilm, the barrier property and antibac-
terial activity of nano-α-Fe2O3 and other functional 
modified polyvinyl alcohol based composite materials have 
been improved significantly [28–29]. 

On the basis of preliminary work, the weight loss rate, 
internal physical and chemical indicators of eggs were used 
to study the variation of egg freshness grade during storage, 
and investigate the egg fresh-keeping effect of 
nano-α-Fe2O3 and beeswax modified polyvinyl alcohol 
based composite material, as well as the fresh-keeping ef-

fect of different coating materials on clean eggs under the 
same condition and evaluation index, so as to screen out the 
nano coating fresh-keeping materials with better 
fresh-keeping effect, and to provide theoretical basis for 
extensive use in production practice. 

1 Materials and methods 

1.1 Materials and reagents 

Polyvinyl alcohol, polymerization degree of 2499 
(SINOPEC Sichuan Vinylon Works); beeswax, chemically 
pure (Sinopharm Chemical Reagent Co., Ltd.); lac (Yunnan 
Zelin Forestry Science and Technology Co., Ltd.); vinyli-
dene chloride (Nantong Repair Engineering Co., Ltd.); lau-
ryl sodium sulfate, sodium dodecyl benzene sulfonate, OP 
series emulgator, methyl acrylate, Fe(NO3)3·9H2O, analyti-
cally pure (Sinopharm Chemical Reagent Co., Ltd.); mono-
glyceride (Guangzhou Jialishi Food Co., Ltd.); polyglycerol 
ester (Zhejiang Jinhua Jiajia Food Additives Co., Ltd.); suc-
cinylated monoglycerides (Zhengzhou Dahe Food Science 
and Technology Co., Ltd.); various chemical reagent, ana-
lytically pure. 

Nano-α-Fe2O3, 99.5% purity (Shanghai Jingchun Rea-
gent Co., Ltd.); standard nano-TiO2 powder (P-25), which is 
composed of 87% anatase and 13% rutile phase at crystal-
line phase, average grain size of 20–30 nm, specific surface 
area of (50 ± 15) m2/g (Degussa AG, Germany). 

1.2 Instruments and equipments 

Constant temperature magnetic heated stirrer, 85-2 Type 
(Changzhou Guohua Electric Appliance Co., Ltd.); elec-
tronic scales, AUY120 Type (Shimadzu Corporation); 
ORKA multi-function egg quality tester, EA-01 (Beijing 
Tenovo International Co., Ltd.); ultrasonic apparatus, 
KQ-400KDB (Shanghai Ruisheng Instrument & Meter Co., 
Ltd.); pH indicating meter, E-201 Type (Shanghai Lida In-
strument Factory, China); clean bench (single-sided), 
SW-CJ-1FD Type (Suzhou Purification Equipment, Co., 
Ltd.); PHILIPS HP8183 electric hair drier, magnetic cou-
pling polymerizer, COF10/4-W Type (Weihai Huixin 
Chemical Mechanic Co., Ltd.); plunger metering pump , 
JW-1 Type; 120 L constant temperature heat sink au-
to-control; rotary-vane vacuum pump, 2XZ-4 Type; digital 
vernier calliper, hygrothermograph, and egg candling lamp. 

1.3 Test method 

1.3.1 Preparation of coating fresh-keeping agents 

1) Preparation of polyvinylidene chloride coating solu-
tion 

The development results of Zhang & Liao [30] with re-
spect to polyvinylidene chloride (PVDC) emulsion for food 
packaging shall be referred to conduct the preparation. Spe-
cific operation is as follows: deionized water (100 g), 
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emulgator (1.0 g sodium dodecyl benzene sulfonate, 0.5 g 
OP-10 emulgator), reducing agent (0.002 g hy-
droxymethanesulfinic acid sodium salt dihydrate, 0.2 g 
copper sulfate) and monomer (90 g vinylidene chloride, 9.4 
g methyl acrylate, 0.6 g crylic acid) shall be added into 
magnetic coupling polymerizer successively, purged with 
nitrogen to test pressure, and vacuumized for deoxidation 
(with vacuum degree of 85.3 kPa); it shall be stirred under 
cooling condition for 20 min at stirring speed of 180 r/min, 
and heated up to the predetermined polymerization temper-
ature 50–60 °C in 10–20 min. When polymerization begins, 
oxidizing agent (0.25 g tert-butyl hydroperoxide) dilute so-
lution shall be added in batches, the terminating agent shall 
be added when the polymerization pressure decreases to 0.2 
MPa, and decompression and discharging shall be conduct-
ed after 10 min. PVDC emulsion and distilled water shall be 
diluted in proportion of 1:1 volume ratio, ultrasonic emulsi-
fication shall be conducted by ultrasound equipment with 65 
W/L power density for 15 min, and PVDC coating solution 
for test shall be prepared as a result. 

2) Preparation of nano-α-Fe2O3 and beeswax modified 
polyvinyl alcohol based composite coating solution 

The optimization results of Li el al. [28] for nano-α-Fe2O3 
and beeswax modified polyvinyl alcohol based composite 
coating shall be referred for preparation. The specific opera-
tion procedures are as follows: 5 g PVA shall be dissolved in 
100 mL water, then 0.04 g nano-α-Fe2O3 dispersed in 10 mL 
absolute ethyl alcohol shall be added, 0.014 8 g polyglycer-
ol ester shall be added, and it shall be subjected to ultra-
sound in ultrasound equipment with 65 W/L power density 
for 15 min. As a result, nano-α-Fe2O3 shall be well dis-
persed in PVA, and the mixed liquor shall be stirred under 
85 °C constant temperature until polyvinyl alcohol is com-
pletely soluted. Then 0.428 6 g glycerol monostearate shall 
be added into solution of 0.739 g beeswax. The total addi-
tive amount of polyglycerol ester and glycerol monostearate 
accounts for 60% of beeswax mass; PVA mixed liquor shall 
be poured into beeswax slowly by 3 portions, and it shall be 
stirred while pouring to realize emulsion reaction. After 90 
min of stirring, the coating shall be stirred again to cool 
down to 60 °C. 

3) Preparation of nano-Fe3+/TiO2 and lac modified poly-
vinyl alcohol based composite coating solution 

The optimization results of Long el al. [29] for 
nano-Fe3+/TiO2 and lac modified polyvinyl alcohol based 
composite coating shall be referred for preparation. The 
operation procedures are as follows: 5 g PVA shall be added 
into 100 mL water, then 0.0918 g nano-Fe3+/TiO2 dispersed 
in 10 mL absolute ethyl alcohol shall be added, and it shall 
be subjected to ultrasound in ultrasound equipment with 65 
W/L power density for 15 min. As a result, nano-Fe3+/TiO2 
shall be well dispersed in PVA, and the mixed liquor shall 
be stirred at 85 °C constant temperature until PVA is com-
pletely soluble. Then 1.33 g lac and 0.92 g succinic acid 
monoglyceride dispersed in 10 mL absolute ethyl alcohol 

shall be added, and then the coating solution shall be stirred 
to cool down to 60 °C after 90 min of stirring. 

1.3.2 Coating handling method 

A few hundred of fresh eggs shall be selected, cleaned up 
with clear water, and dried naturally. Crack eggs, eggs with 
blood stains and other unqualified eggs shall be removed 
through egg candling lamp detection. Then the eggs shall be 
exposed to 185 nm ultraviolet light for 30 min. Ten eggs 
shall be sampled randomly for detection of egg yolk index, 
haugh unit and egg white pH value. The rest 380 eggs shall be 
divided into 4 groups (95 eggs in each group), soaked in 3 
kinds of coating solution for 1 min respectively, taken out and 
dried by cold air. Then coating shall be completed after 2 
times of repetition. Fifteen eggs at the same size shall be 
picked out from each group randomly, and exclusively used in 
detection of weight loss rate. The eggs shall be stored in cool 
and dry room (17–28.9 °C, 45%–88% relative humidity). 

Ten eggs shall be selected from each group at random 
every 7 d for detection of other various indexes. The group-
ing is shown in Table 1. 

Table 1  Egg grouping and application of coating agent 

 
Note: CK as control group, no coating process. 

1.3.3 Measurement index and method 

1) Weight loss rate 
The specified 15 eggs in each group shall be measured 

by electronic scales with 0.001 accuracy every 7 d, and their 
mass variation shall be recorded. The computational formu-
la for weight loss rate is as follows: 

 
where: P refers to weight loss rate (%); m1 refers to the mass 
before storage (g); and m2 refers to the mass after storage 
(g). 

2) Haugh unit (HU) 
Haugh unit (HU) is calculated based on the egg mass and 

the height of dense albumen in the egg. It is the index to 
objectively measure the quality and freshness of eggs, and 
also an important index and a common method for egg 
quality evaluation in the world at present. The eggs with HU 
of 60–100 shall be defined as fresh eggs; 56–60 shall be 
defined as edible eggs; when HU is lower than 40, they 
shall be considered to be metamorphic. Table 1 is the grad-
ing standard for eggs on the basis of HU. 
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Table 2  Fresh eggs quality grading 

 
 3) Egg yolk index 
The egg shall be broken transversely, and poured on hor-

izontal glass plate, and the height and width of egg yolk 
shall be measured with digital vernier caliper. It shall be 
calculated according to the following formula.  

 
4) Albumen pH value 
The egg yolk and egg white shall be separated. The egg 

white shall be blended thoroughly, and measured with pH 
indicating meter. 

5) Aerobic bacterial count 
It shall be measured according to national standard GB 

4789.2-2010 [31]. The specific operation procedures are as 
follows: the hull of sample egg shall be fully sterilized with 
alcohol wipes on aseptic bench, then the egg hull shall be 
broken, and matter in egg shall be poured into sterilized 
small beaker. Finally, the matter shall be thoroughly stirred 
with sterilized glass rod to mix egg white and egg yolk 
evenly. One mL matter in egg shall be sampled, and added 
into test tube with 9 mL sterilization diluent, and made into 
1:10 uniform diluent through fully shaking; 1 mL 1:10 dil-
uent shall be sucked up, added into test tube with 9 mL ster-
ilization diluent, and made into 1:100 diluent through fully 
shaking; then 1:1 000 diluent and 1:10 000 diluent shall be 
prepared successively according to the method. Aerobic 
bacterial count shall be determined through plate count 
method: 1 mL each diluent shall be accurately sucked up 
and transferred into sterilization tablet, about 1 mL nutrient 
agar medium shall be added, and the petri dish shall be ro-
tated rapidly to realize uniform mixing. After agar solidifi-
cation, it shall be placed into incubator under (36 ± 1) °C 
constant temperature for (48 ± 2) h. Three dilution degrees 
shall be made for each sample, twice of repetition shall be 
made for each dilution degree, and blank control for diluent 
shall be made at the same time [32]. 

1.4 Data processing 

Statistical treatment shall be made for all data by Mi-
crosoft Excel software; variance analysis (ANOVA) shall be 
conducted by SAS 8.2 software; difference significance 
analysis (P < 0.05) shall be conducted among different av-
erages through Ducan multiple comparative test; the draw-
ing shall be made by Origin 8.0 software. 

2 Results and analysis 

2.1 Variation of weight loss rate during storage 

According to the research on weight loss rate changes of 
eggs during storage, it is indicated that the lower the weight 

loss rate of egg is, the fresher the egg is[33]. The measure-
ment results for weight loss rate of eggs in each test group 
are indicated in Fig. 1. As the extension of storage time, the 
weight loss rate of eggs in each test group is on the rise. 
Therein, the weight loss rate in control group increases the 
fastest, and the acceleration of weight loss rate in each 
treatment group is smaller than that in the control group 
with significant difference (P < 0.05). The main reason is 
the moisture in egg will diffuse outward through the 7 
000–17 000 stomas on egg hull after the eggs in control 
groups are washed, and the egg mass will decrease rapidly 
during storage [34]. As a result, the weight loss rate of eggs 
in control group increases quickly as the extension of stor-
age time. In the test groups, the stomas on egg hull surface 
shall be blocked by coating materials, and the moisture ex-
change of egg with the outside shall be impeded, so the ac-
celeration of weight loss rate of eggs in test groups is 
smaller than that of the control group. 

As for the variation trend of various test groups during 
storage, the treatment group of nano-α-Fe2O3 and beeswax 
modified polyvinyl alcohol based composite material 
(Group B) shows the slowest variation in weight loss rate, 
which is followed by the treatment group of nano-Fe3+/TiO2 
and lac modified polyvinyl alcohol based composite materi-
al (Group C), and Group A (eggs coated by PVDC) ranks 
the last. Therein, the weight loss rate of Group A is smaller 
than those of Group B and Group C in the former 21 d, and 
is larger than those of Group B and Group C later. The main 
reason is that PVDC shows lower air permeability and wa-
ter vapor permeability and good barrier property in high 
humidity environment [35]. However, it shows lower relative 
humidity and great fluctuation during storage, the tempera-
ture begins to rise after 21 d of storage, and cracks appear 
on the surface of PVDC coating, so the barrier property get 
worse. As a result, the weight loss rate of Group A is slight-
ly smaller than those of Group B and Group C in the former 
21 d, and is larger than those of Group B and Group C after 
21 d. 

 

Fig. 1  Effect of different coatings on egg weight loss rate 

Note: CK is the control group; A is the polyvinylidene chloride coating 
group; B is the nano-α-Fe2O3 and beeswax modified polyvinyl alcohol 
based composite material group; C is nano-Fe3+/TiO2 and lac modified 
polyvinyl alcohol based material group. The same as below. 
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The weight loss rate in various groups varies significant-
ly after 42 d of storage (P < 0.05). The weight loss rate is 
3.05% in Group B, 3.33% in Group C, 3.89% in Group A, 
and up to 6.14% in the control group. According to the pro-
visions of the UN Food and Agriculture Organization, it is 
acceptable for 2%–3% weight loss rate in the process of 
sales [36], so Group B meets the requirements. 

2.2 Variation of egg yolk index during storage 

Egg yolk index is an important indicator to measure the 
egg freshness. The egg yolk index of fresh egg is above 0.3, 
and the egg yolk index of qualified egg is above 0.2 [37]. The 
higher the value of egg yolk index is, the fresher the egg is. 
It can be seen from Fig. 2 that the initial yolk index of fresh 
egg is 0.45, the egg yolk index in each treatment group is in 
decline as the extension of storage time, and the egg yolk 
index after 42 d is about 0.30. During storage, the control 
group and each test group show significant difference (P < 
0.05). Scattered yellow phenomenonappears in the control 
group after 28 d of storage. In Group A, it appears after 
storage for 35 d. The eggs in Group B and Group C remain 
in fresh egg level after 42 d. Compared with the initial in-
dex, the egg yolk index is reduce by 28.1% (Group CK), 
20% (Group A), 16.1% Group B) and 16.8% (Group C) 
after 28 d. The variation trend of egg yolk index is basically 
consistent with that of weight loss rate. Namely, the lower 
the weight loss rate is, the greater the egg yolk index and 
the better the egg quality will be. This is because with the 
extension of storage time, the moisture in egg white will 
diffuse into egg yolk as the perm-selectivity of yolk enve-
lope decreases. As a result, the egg yolk will be diluted as a 
result [38], and the egg yolk index will become smaller. The 
coating materials will reduce the CO2 and moisture loss in 
egg through blocking the stomas, and the metabolism rate of 
eggs shall be decreased, so as to inhibit the egg white dilu-
tion and water absorption of egg yolk and maintain the 
quality of egg yolk. So, the egg yolk index in Group B is the 
highest. 

 

Fig. 2  Effect of different coatings on yolk index 

The egg yolk index in Group A in the former 21 d is sig-
nificantly smaller (P < 0.05) than those in Group B and 
Group C, which is inconsistent with the variation of weight 

loss rate. The possible reason is that PVDC shows stronger 
water and gas barrier property, and CO2 is accumulated in 
the egg, which will increase the pressure in egg. On the 
contrary, the egg white dilution is accelerated, the moisture 
in egg white will be permeated into egg yolk, and the inner 
quality of egg will be affected as a result. There exists sig-
nificant difference in the egg yolk index for Group A, Group 
B and Group C after 42 d (P < 0.05), which is ranked by egg 
yolk index of Group B > Group C > Group A. 

2.3 Variation of HU during storage 

The freshness of eggs in each test groups shall be graded 
according to SB/T10638-2011 [39], and the results and val-
ues of HU are indicated in Table 3. It can be seen from Ta-
ble 3 that the value of egg HU decreases during storage, and 
there exists significant difference between coating group 
and non-coating group (P < 0.05). The reason is that the 
value of egg HU and the height of thick egg white are posi-
tively associated, the thinning of thick egg white during 
storage is associated with its metabolism, and the metabo-
lism rate of egg is reduced because of the blockage of water 
and gas exchange caused by coating materials. As a result, 
the rate of thick egg white dilution will be reduced, and the 
fresh-keeping time will be extended. 

There exists significant difference among Group A, 
Group B and Group C after 14 d (P < 0.05). Besides the 
effect of its metabolism, the thinning of thick egg white 
during storage is also associated with the storage tempera-
ture and invasion of outside microorganism. In Group A, the 
egg white dilution is accelerated by CO2 accumulation in 
earlier period, cracks appear on the materials in later period, 
and the materials do not have antimicrobial characters, so 
the barrier property against outside microorganism becomes 
weaker. However, the visible light can be absorbed by 
nano-α-Fe2O3 and nano-Fe3+/TiO2, and reactive oxygen 
species (ROS) can be generated to kill bacteria through the 
cell membrane. Especially, the effect is better for Gram 
negative bacteria, such as Escherichia coli. 

There exists significant difference between Group B and 
Group C after 21 d (P < 0.05). This is because the defense 
system (such as lysozyme) and other capacities of eggs will 
decline in later storage period, and the bactericidal effect 
and bacteriostasis of coating materials are obvious. 
Fe3+/TiO2 refers to the recombined nano particles prepared 
through soaking and burning nano-Fe3+ and nano-TiO2 un-
der high temperature. Nano-TiO2 can absorb ultraviolet light 
below 387 nm, nano-Fe3+ can absorb visible light below 563 
nm, and nano-α-Fe2O3 can absorb visible light below 560 
nm. In recombined nano particles, the molar ratio between 
nano-Fe3+ and nano-TiO2 is 0.1%–1% [29], and the absorp-
tion range of visible light may be within the light wave ab-
sorption ranges of nano-TiO2 and nano-Fe3+, which is 
smaller than the visible light absorption range of 
nano-α-Fe2O3. The bacteriostasis is inferior to that of 
nano-α-Fe2O3.
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Table 3  Effect of different coatings on egg Haugh Unit 

 
Note: In the same row different superscript letters show that mean value exists significant differences (P < 0.05). The grade of egg freshness: HU ≥ 72, AA 
Level; HU ≥ 60, A Level; HU ≥ 55, B Level. CK is the control group; A is polyvinylidene chloride coating group; B is nano-α-Fe2O3 and beeswax modi-
fied polyvinyl alcohol based composite material group, C is nano-Fe3+/TiO2 and lac modified polyvinyl alcohol-based material group. 

 Scattered yellow phenomenon appears in the control 
group after 28 d of storage. In Group A, it appears after stor-
age for 35 d. The eggs in Group B and Group C remain in 
fresh egg level after 42 d, namely, Level A and Level C re-
spectively. The results show that: the variation intensity level 
of HU shall be controlled into Group B > Group C > Group 
A > Group CK. During storage, the freshness of clean eggs 
can be maintained by beeswax and nano-α-Fe2O3 and bees-
wax modified polyvinyl alcohol based composite coating. 

2.4 Albumen pH variation during storage 

The impact of different coating materials treatment on 
albumen pH value is indicated in Fig. 3. The results show 
that the albumen pH value in all groups shows the trend of 
falling after rising and then rising again. This is because 
albumen pH value depends on the balance among CO2, 
HCO3

−, CO3
2− and protein [40]; H2CO3 in albumen will be 

broken down and release CO2, which will break the bicar-
bonate buffer system; CO2 will be released through the sto-
mas, and pH value will increase rapidly as a result [41]. The 
albumen pH value in new laid fresh egg is 7.5–8.5. Because 
of CO2 releasing in the egg, albumen pH value will increase 
to above 9 in a short period of time; the protein shall be bro-
ken down into fat, peptone and other substances by enzyme 
and bacteria in the egg in the middle and later periods, and 
CO2 effusion also decreases, so the albumen will change from 
alkaline to acidic property; if the proteolysis continues, the 
ammonia content will increase gradually, and pH value will 
rise as a result, so the protein will show alkaline. 

 

Fig. 3  Effect of different coatings on albumen pH value 

Through coating treatment, the transition speed and fluc-
tuation range for albumen pH value can be stabilized in dif-
ferent degrees. Compared with the control group, there 
exists significant difference among various test groups (P < 
0.05). Therefore, the decline trend of pH value will be de-
layed, and it shows low amplitude of rising and falling. This 
is because CO2 releasing in egg and invasion of outside mi-
croorganism are impeded through blocking the stomas on 
egg hull by coating treatment. 

In three coating groups, since the barrier property of 
PVDC is strong, and CO2 releasing is weak, pH value is 
small in the former 21 d, and becomes larger rapidly later. 
The possible reason is that the buffer system is broken by 
CO2 accumulation, the materials show no bacteriostasis, and 
worse barrier property is caused by temperature and humid-
ity changes in later period. As a result, the protein will be 
broken down rapidly in the end, and pH value will increase. 
Nano-α-Fe2O3 and nano-Fe3+/TiO2 modified polyvinyl al-
cohol can improve the moisture barrier property of PVA 
monofilm, and restrain the growth and reproduction of mi-
crobe under the catalyst of visible light. Therefore, the pH 
value in earlier period increases slowly, and the protein is 
broken down slowly in later period, which can maintain the 
stability of albumen pH value. According to the index varia-
tion of albumen pH value, the effect in the former 21 d 
shows: Group A > Group B > Group C > Group CK, and the 
preferential order after 21 d shows: Group B > Group C > 
Group A > Group CK. 

2.5 Variation of aerobic bacterial count during 
storage 

 According to the aerobic bacterial count mensuration of 
GB4789.2-2010 food microbiology detection, the aerobic 
bacterial count in the matter shall be measured every 7 d 
during storage, and the results are as shown in Fig. 4. In the 
former 14 d, no microorganism is detected in all treatment 
groups. This is mainly because the lysozyme in thick pro-
tein of egg white can dissolve the bacteria, which has the 
effect of sterilization and bacteriostasis. In the earlier period 
of storage, there is high content of thick protein and lyso-
zyme in the egg, which shows strong activity, and can re-
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strain the microbial growth in the egg [42]. After a period of 
storage, the egg white is diluted, the content of thick protein 
in egg white decreases gradually, and the activity of lyso-
zyme decreases slowly. As a result, the bacteria will grow 
and multiply in the egg. In Group CK and Group A, micro-
organism begins to be detected on the21st day, and the bac-
terial colony multiplies rapidly. The major reason is: the 
eggs in Group CK is washed but not coated, and the original 
protective layer of egg surface film is broken by the wash-
ing process, so the inner quality of eggs is damaged by the 
outside microorganism through stomas easily; PVDC coat-
ing solution on the eggs in Group A has no bacteriostasis, 
and cracks appear on the coating on the 21st day, so micro-
organism is detected on the 21st day, and will grow with 
straight line afterward. 

In Group C and Group B, microorganism is detected on 
the 35th day and on the 42nd day respectively. On the 42nd 
day, the microorganism amount in Group C is obviously 
higher than that in Group B (P < 0.05). Since the eggs in 
Group B and Group C are coated with composite materials, 
the acceleration of aerobic bacterial count in the two groups 
is much lower than that in Group A and Group CK. Espe-
cially, the acceleration of the group coated with 
nano-α-Fe2O3 and beeswax modified polyvinyl alcohol 
based composite material is the lowest. Thus, the conclusion 
that coating can restrain the growth of microorganism to 
some extent, and nano-α-Fe2O3 and beeswax modified PVA 
based composite coating materials have better bacteriostasis 
is verified. This is because through bacteriostatic test, it has 
been discovered that nano-α-Fe2O3 and beeswax modified 
PVA based composite coating materials have certain inhib-
iting effect on Escherichia coli and Staphylococcus aureus, 
and the coating materials can block the stomas. Therefore, 
the total amount of egg yolk in eggs with composite 
fresh-keeping coating is always lower than that of other 
groups [28]. 

 

Fig. 4  Effect of different coatings on total plate count 

2.6 Cost analysis 

The price of components of composite film materials is 
indicated in Table 4 below. 

Table 4  Price of components of composite film materials 

 
The cost of composite coating solution per liter shall be 

calculated according to Section 1.3.1 and yield calculation 
of nano-TiO2-Fe3+ soaking and burning. With 4.0 mL for 
each egg consumption and omitting the electricity expenses, 
the unit price of composite coating solution for Group A, 
Group B and Group C are obtained by calculation, which 
are 6.251 CNY/L, 3.115 CNY/L and 5.750 CNY/L respec-
tively. The coating cost of eggs in Group A, Group B and 
Group C are 0.025 CNY/piece, 0.012 CNY/piece and 0.023 
CNY/piece respectively. 

The egg coating cost is ranked by Group B < Group C < 
Group A. The prices of composite materials in the three 
groups are all lower than the vacuum storage bags in the 
market at present (0.05 CNY/piece). In combination with 
the egg fresh-keeping effect of the three kinds of composite 
coating: nano-α-Fe2O3 and beeswax modified polyvinyl 
alcohol based composite material > nano-Fe3+/TiO2 and lac 
modified polyvinyl alcohol based composite material > 
PVDC. Therefore, it is the most economical and effective to 
apply nano-α-Fe2O3 and beeswax modified polyvinyl alco-
hol based composite material in egg fresh-keeping. In addi-
tion, dense coating is formed by clean egg coating treatment 
with nano-α-Fe2O3 and beeswax modified polyvinyl alcohol 
based composite material, which shows good sensory effect 
of eggshell, simple process and low cost. Nano-α-Fe2O3 
particles carry out antibiosis through photocatalysis, and 
have durable antibacterial properties. Its antibacterial effect 
will not decrease as the consumption of antibacterial agent 
like other antibacterial agents, so it will have vast applica-
tion prospect. 

3 Discussions 

3.1  Effect of storage condition on the 
fresh-keeping effect of coating materials 

The fresh-keeping effect on clean eggs of the 3 kinds of 
coating materials shall be considered according to the 
changes of indoor temperature and humidity under storage 
conditions. Based on the changes of corresponding indexes 
in Group A, Group B and Group C before and after 21 d in 
various diagrams, it can be concluded that: the 
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fresh-keeping effect on clean eggs of PVDC materials will 
be reduced by fluctuation of temperature and humidity, and 
the eggs treated by nano-α-Fe2O3 modified polyvinyl alco-
hol based composite coating are more suitable for storage 
under natural conditions. The reason is that PVDC material 
is a kind of material with highly symmetrical structure. The 
material will change between the state of heat expansion 
and cold contraction because of fluctuation of temperature 
and humidity. Cracks and other phenomena will appear on 
the material over time, which may have impact on effect of 
moisture and gas barrier. Taking advantage of the hydroxy 
in PVA, nano modifiedPVA based composite material will 
form stronger hydrogen bonding force with the large 
amount of unsaturated coordination bond on the surface of 
nano particles. Since the nano particles have small volume, 
it can be mingled in the spacing of PVA molecular chain, 
change the arrangement of PVA molecule, and form dense 
mesh structure. Therefore, heat expansion and cold contrac-
tion have smaller degree of destruction on both. 

In the entire storage period, the weight loss rate and other 
variation trends of test comparison group is consistent with 
the variation trend of blank control group in the research of 
Xie [43] and Yuceer [44]. With different storage conditions, 
after 4 weeks of storage under the condition of 30 °C and 
90% relative humidity in the test of Xie, the weight loss rate 
of blank control group is about 7.0%, the egg yolk index 
decreases to about 0.17, and the value of HU is 35. After 28 
d storage under the condition of 25 °C and 70%–75% rela-
tive humidity in the test of Yuceer, the egg yolk index of 
blank control group decreases to 0.33, and HU is 69.42. 
After 28 d of storage under the condition of 17–28 °C in-
door temperature condition and 45%–88% relative humidity 
in this test, the weight loss rate of eggs in the control group 
is 3.69%, egg yolk index is 0.32, and value of HU is 58.164. 
The effect is superior to the control group of Xie, and infe-
rior to the control group of Yuceer, which proves that tem-
perature and humidity have certain impact on variation of 
egg quality. 

Under the indoor temperature within a certain range 
(17–28 °C), nano-α-Fe2O3 modified polyvinyl alcohol based 
composite coating shows better fresh-keeping effect on the 
eggs. Under the relatively constant storage condition of 
25 °C and 75% relative humidity, further explorations shall 
be made for the fresh-keeping effect of eggs, so as to deter-
mine the optimal storage temperature and humidity. 

3.2 Reason of superior egg fresh-keeping effect of 
nano-α-Fe2O3 and beeswax modified polyvinyl al-
cohol based composite coating 

From various test results, nano-α-Fe2O3 and beeswax 
modified polyvinyl alcohol based composite material can 
reduce the weight loss rate of eggs and the variation rate of 
physical and chemical indicators effectively, slow down the 
egg quality degradation, and show superior fresh-keeping 
effect among the 3 kinds of coating materials. This is not 

only caused by the little influence on its structure from 
temperature and humidity, but also related to its composi-
tion. 

On the one hand, the nano particles dispersed into poly-
mer matrices will form winding structure with the system, 
and extend the access for hydrone entering the film [45]; on 
the other hand, the researches of Li [46] and Long [29] indicate 
that hydrogen bond is formed by the interaction between 
PVA molecular chain and nano particles, which reduces the 
molecular groups for polymer and hydrone effect. Mean-
while, beeswax or lac functional groups have entered 
among the polyvinyl alcohol molecules, which increases the 
molecular weight, lengthens the space net structure, 
strengthens the degree of film formation density, and im-
proves the moisture barrier property of composite coating. 
According to the variation trend for weight loss rate of clean 
eggs in Fig. 1, it is further verified that nano modifiedpoly-
vinyl polyvinyl alcohol based composite material has better 
moisture barrier property, and is subjected to smaller impact 
by the variation of indoor temperature and humidity. There-
fore, the variation of weight loss rates for eggs in Group B 
and Group C is smaller than that in Group A. With the same 
eggs treated by nano modified polyvinyl alcohol based 
composite material, the weight loss rate within 42 d in 
Group C is obviously bigger than that in Group B. This is 
because it is indicated in XRD Atlas [29, 44] that comparing 
beeswax & nano-α-Fe2O3 and lac & nano-Fe3+/TiO2, the 
former can reduce PVA crystalline diffraction peak, and 
micrify polyvinyl alcohol crystallinity, which has more 
smooth surface and lower moisture permeability. So the 
smallest weight loss rate is observed in Group B. Such vari-
ation results of egg weight loss rate are consistent with the 
variation of moisture permeability for polyvinyl alcohol 
based composite material in the researches of Long [29] and 
Li et al. [28]. 

Secondly, it is associated with bacteriostasis property. 
The lower the weight loss rate is, the higher the value of HU 
and albumen pH value is, and the fresher the eggs are. The 
three physical and chemical indicators (egg yolk index, 
value of HU and albumen pH value) are affected by micro-
organism. The bacteriostasis of nano-α-Fe2O3 under visible 
light is stronger than that of Fe3+/TiO2. PVDC shows not 
bacteriostasis. Therefore, as for the eggs with nano-α-Fe2O3 
and beeswax modified polyvinyl alcohol based composite 
coating (Group B), the egg yolk index and value of HU are 
higher, albumen pH value is lower, and the effect of 
fresh-keeping is better. 

4 Conclusions 

1) As for clean eggs processed by secondary soaking and 
coating and stored indoor under natural conditions, the 
fresh-keeping effect of the three kinds of coating materials 
are ranked by: nano-α-Fe2O3 and beeswax modified poly-
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vinyl alcohol based composite material > nano-Fe3+/TiO2 
and lac modified polyvinyl alcohol based composite materi-
al > polyvinylidene chloride. 

2) As for the eggs coated by nano-α-Fe2O3 and beeswax 
modified polyvinyl alcohol based composite material, the 
storage period is 42 d; fresh egg percentage is 100%; weight 
loss rate is 3.05%; egg yolk index is 0.32; value of HU is 
60.788; pH value is 9.2; and aerobic bacterial count is 1.9 × 
103 CFU/mL. Compared with other coating materials, it can 
extend the egg refreshing time for at least 21 d. 

In this experiment, the clean eggs coated by nano com-
posite materials shall generally be subjected to long term 
wind drying under normal temperature, which may have 
serious impact on the efficiency of industrial production. To 
better apply the material into practical production, and to 
meet the industrial demand of egg product industry, it is 
expected to be improved through related researches in the 
following two aspects in the future: the optimum drying 
temperature and time for clean egg coating treatment; the 
correlation between the film-forming thickness on eggshell 
surface and fresh-keeping effect of coating solution. 
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