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Study review and analysis of high performance intra-row weeding robot 

Chen Ziwen, Zhang Chunlong, Li Nan, Sun Zhe, Li Wei, Zhang Bin 

College of Engineering, China Agricultural University, Beijing 100083, China 

Abstract: To ensure food security and sustainable development of agriculture, it is critically important to develop 

organic agriculture and pollution-free agricultural products. Non-chemical weed control is important for organic ag-

ricultural production. Intra-row weeds are more difficult to be eliminated than inter-row weeds due to their proxim-

ity to the crop or seed line. Therefore, techniques for intra-row weed control remain to be one of the biggest 

challenges today. Efficient weeding robots can differentiate and remove inter-and intra-row weeds simultaneously, 

while identify and provide species information. The researches of intra-row weed control are more common in Eu-

rope because of their political interest and a push from the market. Nowadays, other countries, like the United States, 

Japan, Canada and China had carried out the researches in this area. This review describes the current state of the art 

of efficient weeding robots in detail to demonstrate the potential of the technology in the field. Several key tech-

nologies of weed control systems have been analyzed and compared. Three core technologies were summarized: 

guidance, detection and identification, and intra-row device. Row guidance which can use machine vision for crop 

row detection or GPS is an essential technology for weeding robot. Detection and identification which can identify 

and locate the crops in real time by three main approaches (computer vision, GPS and proximity sensor) is a critical 

technology. Furthermore, fusion of computer vision and GPS is seen today as the most promising strategy because 

advantages and disadvantages of absolute and relative referencing principles compensate each other. Intra-row de-

vice divided into rotation-type and swing type according to movements is a foundation of weed control. China is 

much later than the other developed countries in this area, but it has a booming development and grows rapidly. 

However, several technical problems exist as follows: 1) Recognition algorithm based on machine vision takes 

longer time, which makes the real-time of the system perform poorly; 2) Visual calibration method is cumbersome 

and complex under the non-structural condition; 3) The importance of intra-row weeding device development is ig-

nored, weeding actuators directly affect weeding effect, the number and flow conditions of soil surrounding crops; 4) 

The hydraulic oil source is contaminated easily because tractor hydraulic oil is mainly used for lubrication; 5) Elec-

tric and pneumatic weeding robots are limited by poor battery life, and thus it is not available for field work; 6) The 

integrated performance of weed control system cannot meet the requirement of heavy load and efficient weeding in 

the field, and there still are some gaps between prototype and actual application; 7) There are less study on match-

ing power system with speed of weeding robot that is the key to improve weeding precision and speed. According 

to the review, the further researches on weeding robots focusing on sensor fusion, efficient work, modular, minia-

turization, high stability, and long life time have been proposed. With China gradually losing the advantage of 

cheap labor as well as sustained reduction of agricultural personnel, intra-row weeding robots are going to play an 

important role in agricultural production in China. 

Keywords: mechanical weeding; robots; computer vision; intra-row weed control; precision agriculture; key tech-

nology 

CLC number: TP242.6 

0 Introduction 

Along with the increasing demand of people for food 

safety increases and the requirements for sustainable devel-

opment, the organic agricultural production and farm prod-

ucts receive more and more attention from people. Weeding 

is an important part of agricultural production, and the 

weeding is generally divided into chemical weeding, 

non-chemical weeding, and the combination of two man-

ners, according to whether the chemical agent is used [1]. 

According to whether the weeding actuator is contacted 

with soil, the non-chemical weeding is also divided into two 

manners of soil engaging and non-soil engaging, and the 

manual weeding and mechanical weeding are soil-contact 

manner; thermal weeding, high-temperature weeding, elec-

1
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tric weeding, radiation weeding, and film weeding are 

non-soil contact manner. The mechanical weeding can sat-

isfy the requirement of organic production system and hu-

man being on the food safety and environmental protection. 

In comparison with other non-chemical weeding manners, it 

can increase the exposure of soil and penetration of mois-

ture, generating many positive effects to the soil itself [2]. In 

1999, Laber [3] defined the three classical principles of 

weeding: 1) principle of feasibility: the farming is carried 

out between the rows of crops; 2) physical principle: soil is 

covered by weeds, the weed roots are cut, and the weeds are 

uprooted; 3) principle of physiology: reduce photosynthesis 

and reduce the moisture transfer. In particular, the second 

principle can be used as the criterion to measure the effect 

of mechanical weeding. 

The traditional intertillage weeding machine mainly 

solves the issue of intra-row weeding. In comparison with 

the weeds between rows, the intra-row weeds are closer to 

crops [2], and split the intra-row area into discrete regions. 

Therefore, the mechanical intra-row weeding is more diffi-

cult, and currently it mainly depends on manpower. The 

intelligent high-performance weeding robot can carry out 

hybrid intra-row and intra-line weeding, and has the fea-

tures of being intelligent, high-efficiency, and environmen-

tal friendly. In this paper, we mainly describe the advance of 

studies in China and other countries, and analyze the critical 

technologies. Moreover, we present the prospect for the 

trend of future development in the intra-row intelligent 

weeder, and at last we propose the main technical problems 

on this aspect and the thoughts and suggestions for devel-

opment. This study provides the basis for the development 

of intelligent intra-row weeding technology, and has im-

portant significance for improving the productive efficiency 

of organic agriculture and reducing the labor force and cost 

of operation. 

1 Advance in the research of intelligent in-

tra-row weeding robot 

The study on the intelligent intra-row weeding technolo-

gy is mostly seen in Europe, and the reason is the constraint 

of governments on the utilization of herbicide. Moreover, it 

was planned to achieve the organic cultivation in 5%-10% 

of the land before 2005, and meanwhile the increasing 

market demand also promoted the development of this 

technology [4]. In recent years, the United States, Japan, 

Canada, and China also consecutively conducted studies on 

the intelligent intra-row weeding technology. 

1.1 Research advance in other countries 

In 2002, Aastrand et al. of Halmstad University in Swe-

den developed a mobile weeding machine platform based 

on the machine vision [4], which mainly conducted the study 

of crop and crop line identification algorithm for two com-

plicated situations of relatively high weed density and con-

sistent size between crops and weed. It uses two sets of vi-

sion systems: the gray-scale vision system is mainly used to 

identify the row structure of crops and control the robot 

through the trapezoidal guide actuator to move along the 

row of crops, and the field experiments indicate that its 

navigation error is ±2 cm; the color vision system is used to 

identify the position of single crop in the crop line and con-

trol the weeder to weed. 

In 2003, Home of Cranfield University in Britain devel-

oped a swing intra-row weeding system. This system was 

constructed on the basis of autonomous navigation vehicle 

developed by Hague [5], as shown in Fig. 1. It adopts the 

monochromatic camera vision system to identify and locate 

crops, and the swing weeder actuator can simultaneously 

weed between plants of two crop lines and in the intra-line 

region. The entire machine was powered by hydraulic pow-

er. The field experiments indicate that the weeding effect is 

good when the average planting distance is 300 mm, and the 

forward speed is under 4 km/h, and 17% of the root area of 

crops is invaded by weeder when the forward speed is 8 

km/h [1-2]. Although this machine is still far away from the 

practical application, but it establishs the foundation for the 

intelligent intra-row weeding technology. 

In 2006, Griepentrog et al. of the Royal Veterinary and 

Agricultural University, Denmark designed and improved 

the electro-hydraulic weeder control system based on GPS. 

 

Fig. 1  Autonomous vehicle with intra-row weeding system 

 

1. Hydraulic motor and gearbox 2. Cycloid weeder 3. Parallelogram height 

control 4. GPS antenna 5. Hydraulic side-shift frame 6. Ground wheel 

Fig. 2  Cycloid hoe weeding machine based on geo-referenced 

control 
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The prototype intra-row weeding machine was developed 

jointly by University of Osnabrück and Amazone Werke 

Company in Germany, as shown in Fig. 2. It adopts GPS 

information technology of geo-referenced seed map to iden-

tify and locate crops, and achieves the seedling avoidance 

and weeding by controlling the trajectory switching action 

of eight-claw cycloid; moreover, it collects the lateral devia-

tion of machine relative to the crop line based on the fusion 

technology of GPS and tilt sensor, and controls the lateral 

movement of hydraulic side-shift frame to let the weeder 

move real time along the crop line. The experiments indi-

cate that the combined application of GPS and other sensors 

can improve the stability and accuracy of the system [6–7]. 

Cranfield University and Garford Farm Machinery 

Company in Britain jointly developed the rotary intra-row 

weeding system [2], as shown in Fig. 3. This machine is in-

stalled in front of the tractor, and is driven by hydraulic 

power. The front visual system immediately looks for the 

position of crop seedling, and serves to control the rotation 

of weeder by calculation the relative error between current 

crop seedling and weeder. It adopts the autonomous steering 

side-shift actuator, which includes the side-shift frame and 

guiding wheel actuator. Under the control of vision guid-

ance system, it makes the weeder move real time with the 

crop line by controlling the steering direction of guiding 

wheel [8–9]. The experiment indicated that the weeding rate 

was above 60%. 

In 2011, Pérez et al. of University of Sevilla in Spain de-

veloped an intra-row weeding system based on GPS, which 

is composed of fully autonomous intra-row path control 

 

Fig. 3  Intra-row weed control robot 

 

Fig. 4  Mechanical weeding machine 

system of weeder and real-time kinematic Global Position-

ing System (RTK-GPS). This system adopts the information 

of geo-reference seed map for the crop positioning, and can 

guide the machine to move forward along the crop line 

through the RTK-GPS system, with average positioning 

error 0.8 cm for the navigation [10]. The experiments indicate 

that RTK-GPS can improve the accuracy and stability of 

intra-row weeding systems. 

Cordill et al. from the University of Illinois in the United 

States developed an intra-row weeding robot for the corn 
[11]. It adopts the laser sensor set as the crop detection de-

vice, and avoids the seedling or weeds along the sinusoidal 

trajectory by controlling the symmetric weeder with electric 

motor. It also adopts two sets of laser sensors with certain 

angle to detect the lateral deviation of machine. The ma-

chine is installed behind the tractor, as shown in Fig. 4. The 

experiments indicate that the laser sensor achieves the iden-

tification of corn crops and the detection of machine devia-

tion relative to the crop line, and reduces the machine cost. 

However, the identification system is seriously affected by 

grassy weed. 

Peruzzi et al. of University of Pisa in Italy developed a 

mechanical-thermal intelligent weeding robot in 2012 [12–13]. 

The machine is installed behind the tractor, and the operation 

width is 3 m. It can simultaneously weed on crops on four 

lines, and the weeding actuator is composed of flame burner, 

goose foot type shovel, and L-type shovel; the flame burner is 

deployed on the two sides of crops, and the ejecting flame is 

aimed on the intra-row region. The goose foot type shovel is 

deployed at the central location between lines, and the L type 

shovel is deployed on two sides (as shown in Fig. 5). It 

adopts the machine vision to conduct the crop positioning and 

identification of weed density, and controls the pressure of 

liquefied petroleum gas (LPG) according to the weed density 

in different areas to achieve the precise adjustment of weed-

ing flame. It corrects real time the lateral deviation of weed-

ing machine relative to the crop line through the active 

hydraulic guiding wheel [14]. Due to the feature of thermal 

weeding, this machine does not need to conduct precise posi-

tioning of individual crops, and only needs to detect the den-

sity of weeds. However, the thermal weeding can only be 

applied to relatively limited crops [15–16]. 

In 2014, Pérez et al. of University of Sevilla in Spain de-

signed a cooperative intra-row weeding robot (Co-robot 
[17]). As shown in Fig. 6, it uses the vision system of human 

beings to cooperate with robot to jointly complete the task 

of intra-row weeding, and its goal is to develop an intra-row 

weeding system with higher weeding efficiency than man-

power but with low cost [18]. It uses the pre-programmed 

template information of crop distance along with the re-

al-time mileage data as the input to control the movement of 

weeding shovel, and the machine is under the state of au-

tonomous operation for most of the time. The operator can 

observe the weeding situation, and control the handle to 

correct real time the relative position between crops 
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Fig. 5  Mechanical-thermal weeding machine 

 

Fig. 6  Co-robot for intra-row weed control 

and weeder, size of protection area, and planting distance. 

The experiments of weeding evaluation indicate that 1.2 

km/h is the optimal operation velocity, and the seedling in-

jury rate of 8-h continuous operation is 0.5%. The coopera-

tive weeding robot significantly reduces the expense and 

time on the development of weeding robots. However, be-

cause one person can only observe the weeding situation on 

one line of crops, this machine is targeted on the farmers 

with small planting areas. 

1.2 Research advance in China 

In China, the study on the intelligent intra-row weeding 

machine started relatively late, and at present the studies are 

mainly on some of the critical technologies. 

On the acquisition of seedling grass information, Hu et 

al. from South China Agriculture University proposed a 

method of crop identification and positioning based on ma-

chinery vision, which comprehensively adopts the pixel 

cumulative curve, curve standard deviation, and sinusoidal 

curve to obtain the position information of crops. The ex-

periments indicate that this method can adapt to varying 

weather conditions and different crops. The identification 

rates of cotton and lettuce are 95.8% and 100%, respective-

ly [19]. Zhang et al. from China Agriculture University pro-

posed the method of crop information acquisition with the 

minimum time consumption and maximum inclusion accu-

racy based on the machine vision. The experiments indicate 

that the average detection error of this method is ±5 mm, 

and the average time consumption is less than 20 ms [20]. 

Mao et al. from Chinese Academy of Agricultural Mecha-

nization Sciences adopted the multi-feature-based method 

of field weed identification, which identifies intra- or in-

ter-raw weeds through the features of color, position, and 

texture, and processes the erroneously identified weeds 

through the morphological features. The identification rate 

of this method is 89%–98%, and the time consumption is 

157–252 ms [21]. On the study of navigation and positioning, 

Chen et al. from China Agriculture University adopted the 

traceless Kalman filter to construct the navigation and posi-

tion system of multi-sensor integration based on GPS and 

machine vision, and acquired the standard deviation in the 

x, y direction to be 2.43 mm, and 0.07 mm, respectively, 

improving the accuracy and stability of navigation [22]. 

Based on the ideal of Kalman filtering, Zhou et al. from 

Shanghai Jiao Tong University integrated the observation of 

different sensors and proposed the method of prediction and 

tracking control, which solves the issue of lagged state 

feedback caused by the time consumption of computation 

dominated by the visual system [23–24].As forintra-row 

weeding device and motion control, Hu et al. developed an 

eight-claw intra-row weeding device, which made the 

eight-claw weeder to achieve the seedling avoidance and 

weeding by controlling the track switch. The experiments 

indicate that the seedling injury rate is smaller than 8% [25]. 

Moreover, they proposed the controlling algorithm of 

weeder using trochoidal motion based on PID controller, 

and adopted MATLAB to simulate the control algorithm in 

order to analyze the impact of structural parameters of 

weeder on the coverage rate [26]. Zhang et al. from Jiangsu 

University designed the eight-claw mechanical weeding 

device used for the intra-row operation, which adopted the 

electromagnet to control the switch of movement trajectory 

of claw weeder, and optimized the parameters of device 

through movement simulation to make the seedling injury 

rate less than 10% [27–28]. Huang et al. from China Agricul-

ture University designed a rotary intra-row weeder, which 

obtained the shape parameters of weeder with the maximum 

coverage rate and the minimum invasion rate through the 

track simulation. In the field experiments, the weeding rate 

was 88.6%, and the seedling injury rate was 1.6% [29]. 

2  Key technologies for the intelligent in-

tra-row weeding robot 

According to the development on the study of intelligent 

weeding machines in China and other countries, we sum-

marized and analyzed the critical technologies for the in-

tra-row weeding robot. 

2.1 Steering/lateral control technology 

The steering/lateral control technology, also called the 

row following technology, means that the control machine 

or tractor moves real time along the direction of crops, and 
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the lateral deviation of weeder relative to the crop line 

should be controlled in the range without hurting the crops 
[30–31]. The steering is divided into manual steering and au-

tonomous steering. The manual steering mainly relies on the 

driving skills of tractor drivers. The automatic steering 

technology is divided into the technology of weeder carrier 

navigation and autonomous steering technology of weeding 

machine. The technology of weeder carrier navigation 

mainly relies on GPS or machine vision to implement the 

path planning and navigation of carriers. GPS system adopts 

the "double guiding direction" manner, namely both weed-

ing machine and tractor are equipped with GPS antenna, 

therefore, it can guide the weeder and tractor, respectively. 

Now some companies, such as and 

TrueTrackerTM, successfully developed the GPS dou-

ble-guidance system that can be used on the inter-row 

weeder [32]. The autonomous steering technology of weeding 

machine uses the active side-shift device to implement re-

al-time compensation on the lateral deviation of crop lines, 

and the lateral deviation can be obtained through machine 

vision and GPS. At present, the studies on this aspect are 

mainly focused on the dynamic identification of machinery 

vision on the row of crops. Tillett et al. adopted the Ex-

panded Kalman Filter (EKF) to combine the machinery vi-

sion with other sensor data, and predict and control the 

movement of mobile platform [33]; Marchant applied Hough 

transformation to implement the real-time tracking of crops 
[34–35], and Sogaard et al. adopted the free-segmentation 

method of images to achieve the identification of the row 

structure of crops [36]; Frank Poulsen Engineering Aps 

Company adopted the machine vision to achieve the auto-

matic steering of weeding robot [32]. 

2.2 Acquisition technology of seedling grass in-

formation 

According to the current stage of studies in China and 

other countries, we summarized the technologies of seedling 

grass information acquisition into three classes: machine 

vision technology, geographic information system (GIS) 

technology, and real-time detection technology of proximity 

sensors. The discrimination of weeds and crops is achieved 

mainly depending on the machine vision technology. 

The machine vision technology discriminates crops and 

weeds, and calculates the position information of crops by 

means of real-time collecting, processing, and analyzing 

images. The advantages of machine vision lie in that it can 

conduct the real-time identification and positioning of crops 

and weeds in the large field environment, and the accuracy 

is relatively high with relatively low hardware cost [37]. The 

disadvantage is that the visual information could be affected 

by light, appearance of crops, shadow, missing crops, size 

of crops, density of weeds, mechanical vibration, and other 

factors [8,10,32]. At present, the species of crops are mainly 

identified through three visual specialties: biological mor-

phology, spectral features, and visual texture [38–39]. 

GIS is a comprehensive discipline that combines geog-

raphy with cartography, remote sensing, and computer sci-

ence. It adopts the seeding machine or transplanting 

machine equipped with GPS to record the position infor-

mation of each crop, which is integrated and complied into 

the geo-referenced seed map [2,33]. Fig. 7 [11] shows the 

flowchart of intra-row weeding system based on the 

geo-referenced seed map. The GPS coordinates of crops are 

combined with the mileage information to conduct a re-

al-time tracking of crop position, and controls the corre-

sponding action of intra-row weeder. The crop positioning 

of GIS method is not affected by external factors, and it 

improves the accuracy of positioning [6,10]. However, we 

need to draw the geo-reference seed map before using this 

method. Because the map drawing and the weeding opera-

tion are at different time intervals, the new issues arising on 

the site of weeding operation cannot be acquired on time. 

Moreover, this method increases initial investment costs, 

and raised higher requirements on the joint application of 

machines. The requirement of this system on the mileage 

meter is significantly improved. 

 

Fig. 7  Flow chart of intra-row hoe path control based on seed 

map 

The proximity sensor detection technology mainly iden-

tifies and locates crops by using the proximity sensing, and 

the commonly used proximity sensors include infrared sen-

sor, photo-electricity sensor [40], laser transmit-

ting–receiving sensor [11], color sensor [30], X-ray [41] and so 

on. The advantages of these sensors include relatively low 

cost, convenient operation, and simple system. However, 

this kind of sensors can only detect when the crops are 

close, and therefore they do not have the anticipation capa-
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bility; moreover, it raises higher requirement on the re-

sponse speed of machine; meanwhile, the forwarding veloc-

ity of machine is constrained. Cordil applied the laser sensor 

to detect corns, and the maximum operation velocity of this 

machine was 0.1 m/s due to the limitation on the data pro-

cessing of controlling algorithm [11]. 

We compare the three different methods of seedling grass 

information acquisition by selecting five aspects of impact 

from external factors, anticipation function, scene situation, 

precision, and cost. In particular, the size of crops, density 

of weeds, light, and shadow are viewed as the external fac-

tors that affect the acquisition of seedling grass information. 

The adoption of GPS has the lowest sensitivity, without 

being affected by external factors, and the machine vision is 

considerably affected. The anticipation function means 

whether this method has the function of anticipation and 

tracking when acquiring the position information of seed-

ling grass. In comparison with other two manners, the ma-

chine vision can collect the real-time dynamic images to 

obtain the current position information of seedling grass at 

any moment, and has the anticipation capability. The scene 

situation is to evaluate whether this method can acquire real 

time the new problems arising in the weeding site, such as 

crop missing or displacement. The results of comparison on 

five aspects are shown in Table 1, which provides the basis 

for the study on the selection of acquisition method for 

seedling grass information. 

2.3 Weeding device 

The performance of end weeding actuator directly affects 

the weeding efficiency. Rake and shovel remain the main 

tools for manual weeding. The intertillage weeding im-

proves the weeding efficiency, but it can only clear the in-

ter-row weed. According to whether the intra-row weeding 

device has the power source, it can be divided into passive 

weeding device and active weeding device [42]. The passive 

intra-row weeding devices include finger weeder, torsion 

weeder, and vertical-axis brush-type weeder [43–44]. When 

the crops are more robust than weeds, the adoption of pas-

sive weeding can meet the demand with low cost. The ac-

tive intra-row weeding devices can achieve seedling 

avoidance and weeding action, and according to the form of 

movement it can be divided into swing type, rotating type, 

and the hybrid type of two forms. In particular, the swing 

type is mainly the repeating movement of weeder as driven 

by hydraulic cylinder or pneumatic cylinder, and according 

to the position of swing axis, it can be divided into right-left 

swing and up-down swing; the rotating type can be divided 

into rotation around vertical axis and rotation around hori-

zontal axis according to the position of rotation axis, and the 

manner of the former includes hoe with cut-out and the cy-

cloid tines. Fig. 8 shows several active intra-row weeding 

devices that are commonly seen. Fig. 8a shows the rotating 

disc with cut-out designed by Dedousis [45–46], who proposed 

for the first time the idea of rotary seedling avoidance, 

which can change the size of crop protection area by ad-

justing the size of cut-out. Fig. 8b shows a hybrid intra-row 

and inter-row weeding device designed by Home. This de-

vice cleverly adopts the groove cam mechanism, and con-

verts the continuous rotary motion to the reciprocating 

swing of weeder [1]. Fig. 8c shows the intra-row horizontal 

rotating tine designed by Bontsema et al. [47]; it is driven by 

the hydraulic motor, and the device is composed of a 30 cm 

rotary disc, 2 weeders, and springs. Under the action of cen-

trifugal force and tension of spring, it controls the rotating 

speed of devices to make the weeder 

Table 1  Comparison of different information acquisition methods 

 

 

Fig. 8  Active tools for intra-row weed control 
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open outward or draw back inward toward the rotating disc. 

Fig. 8d shows the economic-type swing blade designed by 

Eversman [48], which adopts the pneumatic cylinder to drive 

the weeding handle to swing. Fig. 8e shows the cycloid 

tines weeder jointly developed by University of Osnabrück 

and Amazone Werke Company in Germany [31]. This weeder 

can be used for the hybrid intra- and inter-row weeding. The 

entire device contains 8 metallic finger-shaped weeders, 

which are divided into independent movement fingers and 

fixed fingers; the independent movement fingers can select 

two different kinds of tracks to possess two position states 

of seedling avoidance and weeding. According to the 

movement features of different weeding advices, we con-

clude their advantages and disadvantages, see Table 2. 

According to the movement features of different weeding 

advices, we conclude their advantages and disadvantages, 

see Table 2. 

Table 2  Classification and comparison of intra-row weeding 
tools 

 

2.4 Driving mode 

There are three main driving modes of weeding actua-

tors, which include hydraulic driving, pneumatic, and elec-

tric driving. Because the hydraulic driving generates large 

torque, and the weight is light for devices with the same 

power, it can achieve the advantages of continuously varia-

ble transmission and hydraulic output that tractors all have, 

it has been widely applied to agricultural machines. The 

electric-driven and pneumatic-driven weeding machines 

have faster response speed, but the energy source is still a 

problem, and the endurance capability of battery cannot 

meet the requirement of operation time and operation envi-

ronment in large field agriculture. 

2.5 Operation velocity 

The operation speed of weeding robots is one of the in-

dexes of machine performance, and it directly reflects the 

weeding efficiency of machines. When the active intra-row 

weeding device works, it will make a movement from in-

ter-rows into intra-rows, and the velocity direction of this 

movement is perpendicular to the direction of forward ve-

locity. When the forward velocity is greater, the movement 

of weeder is also faster. Therefore, it raises even higher re-

quirement on the hardware of machine, which needs to have 

faster response velocity. Meanwhile, when the moving ve-

locity is excessively fast, it will cause the radical displace-

ment of soil, and the soil is lifted or thrown to probably 

cause hazard to the crops. Therefore, the design of intra-row 

weeder needs to select the appropriate operation speed. It 

can not only satisfy the requirement of efficient weeding, 

but also decreases the damage to crops and the situation of 

soil dump; meanwhile, it can reduce the cost of machine. 

However, at present there is no relevant study on the opti-

mum operation speed for intra-row weeding. 

3 Development trend of intelligent intra-row 

weeding robot 

By analyzing the current state and comparing the critical 

technologies in China and other countries on the intelligent 

intra-row weeding robot, and combining the trend for the 

development of precision agriculture, we summarize the 

development trend of intelligent intra-row weeding machine 

as the following several aspects: 

1) Application of multi-sensors fusion technology 

The three primary methods for acquiring the information 

of seedling grass have been relatively developed, but each 

technology has its own advantages and disadvantages. The 

combination of three technologies can complement each 

other, and can significantly improve the accuracy, stability, 

and reliability of crop identification and positioning system. 

The fusion technology of GPS and machine vision is con-

sidered to be the most promising approach [2, 24]. 

2) Development toward the trend of modulariza-

tion 

The modularization can make the development and ap-

plication of machines become more flexible and more ap-

propriate for the non-structural and changeable processes of 

agricultural production. As for different demands, such as 

different crop rows, different crops, and different soils, we 

can correspondingly change the function unit of modular to 

conveniently and promptly adapt to the usage requirement 

of agricultural production. 

3) Development in the direction of micro-robots 

Although the intelligent intra-row robot improves the 

operation efficiency of weeding and saves the labor, it still 

demands the involvement of human, and has some require-

ments on the time of weeding. The micro weeding robot can 
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replace the giant weeder, and can work at any time under 

the state without personnel. This will be the development 

trend of future agricultural production, and now there are 

some organizations that conduct the studies on this aspect. 

4 Questions and suggestions 

4.1 Main technical questions 

In China, the study of intelligent intra-row weeding 

technology is still at the preliminary stage, and it mainly 

studies the theory of seedling grass identification without 

systematically integrating the products of research and de-

velopment with the practical application. Therefore, here we 

propose some major technical problems for the reference of 

subsequent studies: 1) the complicated algorithm of visual 

identification decreases the real-time property of systems. 

As for the image processing under the complicated situation 

of high weed density and small crop size, the algorithm 

takes too long time; 2) the method of visual calibration is 

complicated. By adopting the machinery vision to acquire 

the information of crop position, we need to accurately cal-

ibrate the relationship between the pixel points and the ac-

tual distance, and the non-structural environment in large 

fields increases the difficulty of calibration, reducing the 

accuracy; 3) the research and development of weeding de-

vices is too simple. Currently, the studies in China and other 

countries are mainly focused on the identification of seed-

ling grass and control of weeder motion, neglecting the de-

velopment of weeding actuators. The weeding actuator 

directly affects the weeding effect, number of seedling inju-

ries, and the flowing situation of soil around the crop, and 

have a direct impact on the growth and yields of crops; 4) 

the oil source of hydraulic weeding system easily gets pol-

luted. The hydraulic supply mainly output from the hydrau-

lic oil equipped on tractors. The hydraulic oil is 

double-purpose of transmission and lubrication, which plays 

a lubricating role in the tractor, and therefore the hydraulic 

oil is polluted relatively fast, which has a relatively serious-

ly impact on the weeding system that applies elec-

tro-hydraulic proportional valve to conduct speed control; 

5) the electric-driven and pneumatic weeding systems are 

subject to the limitation of power supply, and weak endur-

ance capability, which is not appropriate for the field weed-

ing operation; 6) the performance of systematic integration 

cannot satisfy the demands of large field load and 

high-speed weeding, and the experimental sample machine 

is relatively far from practical application; 7) there are few 

studies on the velocity matching between power system and 

weeding robots, which is currently one of the key points to 

improve the accuracy and efficiency of weeding. 

4.2 Research ideas and suggestions 

Based on the existing main technical issues, by referring 

to the mileage and trend of development in other countries 

and integrating the situation of study on this aspect in Chi-

na, we propose the following suggestions for research: 1) 

improve the real-time property of system, and study the 

method of fast seedling weed information acquisition to 

reduce the time consumption on crop identification and po-

sitioning; 2) study the method of camera calibration in the 

non-structural environment, and improve the stability and 

accuracy of visual system; 3) design the dedicated weeding 

devices for specific soil property and crops, and take the 

actual weeding effect as the index of measure; 4) study the 

impact of operation speed for intra-row weeding on crops, 

which provides the basis for the operation speed design of 

intra-row weeder; 5) improve the relevant studies on the 

velocity matching between power system and weeding ro-

bots; 6) systematic integration of robots and experiments, 

which are not limited to the study of key technologies, and 

construction of intelligent weeding robot with multiple 

technical points and complete functions; 7) become us-

er-oriented, and develop various categories of intra-row 

weeder with strong practicability to meet the demands of 

agricultural environment and farmers in China; 8) optimize 

the existing technology and focus the study on the opera-

tional efficiency to develop efficient intra-row weeding ro-

bot. 

5 Conclusions 

In this paper, we introduce the current state for the study 

of intelligent intra-row weeding robot in China and other 

countries, and discuss and compare the critical technologies 

that are involved. We summarize the three main technolo-

gies for the intelligent intra-row weeding machines: 1) core: 

technology of seedling grass information acquisition; 2) 

premise: steering technology; 3) basis: weeding device. At 

last, on the basis of the aforementioned analysis and com-

parison, we present prediction and prospect on the trend of 

future development, summarize and analyze the technical 

problems at present, and propose the thoughts and sugges-

tions for the study on this aspect in China. 

In summary, the intrinsic features of intra-row weeding 

increase the difficulty of intra-row weeding. The appearance 

of intelligent high-performance weeding robot significantly 

saves the labor in the production process of organic agri-

culture, improves the weeding efficiency and the accuracy 

of weeding operation, and reduces the long-term depend-

ence on manual labor. As China gradually loses the ad-

vantage of cheap labor, and the problem of continuously 

decreasing personnel engaged in agricultural production 

arises, the intelligent intra-row weeding robot will play an 

important role in the agricultural production of China. 
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Abstract: As one of the largest developing countries in the world, China has entered an accelerating period of ur-

banization with significant growth of economy and population. However, the ecological and environmental issues 

have directly threatened the sustainability of social and economic development in the country. In order to promote 

ecosystem quality in the high-speed urbanization process as well as provide scientific and feasible basis for differ-

entiated and sustainable land use, this paper tried to explore the spatial correlation between urbanization and eco-

system service value (ESV). In the research, a metropolitan region in Central China called Wuhan Urban 

Agglomeration was selected as the study area. Located in the middle reaches of the Yangtze River, it is one of the 

most important regions with abundant agricultural and industrial products. According to the 4 aspects of urbaniza-

tion concept involved population growth, economic development, urban space expanding and life quality improve-

ment, 4 indicators, including proportion of urban permanent residents, proportion of built-up land, output proportion 

of non-agro industries and per capita disposable income of urban resident, were adopted to measure the levels of 

population urbanization, spatial urbanization, economic urbanization and living urbanization respectively. These 

data were collected from Hubei Statistical Yearbook in 2011. The land use data were derived from land use survey 

in 2010 and the outputs of crops in the study area were also calculated based on statistical data. The ESV of each 

land use type in Wuhan Urban Agglomeration was evaluated based on Costanza's evaluation formula and “equiva-

lent value of ecosystem services per unit area in China”. Both the spatial characteristics of urbanization and the 

ESV of all the 39 units were analyzed at the county level. Then the correlation between urbanization and ESV was 

calculated by utilizing bivariate spatial autocorrelation method. The results showed that the levels of urbanization 

and ESV in the study area both varied obviously in different areas. Urbanization was characterized by a structure 

with double centers and decreasing outward from centers, where the western area was basically higher than the 

eastern area. As to the ESV per hectare, the counties in the south hilly region were clustered to be the highest group. 

However, the lowest group was the counties clustered in the west and northwest region in Jianghan Plain, not the 

big cities such as Wuhan or Huangshi, probably because this area was located in a main crop production region with 

much lower forest coverage. According to the bivariate spatial autocorrelation analysis, population urbanization was 

discovered to have the strongest negative correlation with ESV, followed by spatial urbanization and then living 

urbanization. Specifically, spatial urbanization and living urbanization had the most significant negative correlations 

with raw materials value, and the negative impacts of population urbanization, spatial urbanization and living ur-

banization on gas regulation value and soil conservation value were also very obvious. What's more, the bivariate 

LISA figures between different urbanization indicators with ESV had similar spatial characters. The high-low clus-

ters were located in the central part of Wuhan Urban Agglomeration, whose economy was more developed. The 

low-high groups mainly gathered in the southern mountainous areas and in the northern Dabie Mountain areas. The 

research can provide important decision-making basis for regional new-type urbanization and ecological protection 

in future. 

Keywords: land use; ecology; correlation theory; ecosystem service value (ESV); urbanization; bivariate spatial 

autocorrelation; Wuhan Urban Agglomeration 

CLC number: F291.1; S181; F301.24 

0 Introduction 

China stays in an accelerating period of urbanization. In 

order to cope with the increasingly serious ecological and 

environmental issues, the great strategy to take the road of 

“novel urbanization” is proposed, and it is emphasized to 
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“lay cities in the nature” and to regard “protecting green 

hills and clear waters” as an important goal of new-style 

urbanization construction. Under this background, it be-

comes a common view in the academic circles to promote 

researches on the correlation of urbanization with ecological 

environment and its coordination and sustainability [1]. At 

present, related researches are very rich. On the macro level, 

domestic and overseas scholars have proposed the environ-

mental Kuznets curve (EKC) assumption [2] of urban econ-

omy level vs. environmental quality index (EQI) in 

succession, constructed city social-ecological system mul-

ti-scale driving-variation and response framework [3], and 

discussed the resource, ecological effect [4] and impact on 

the ecosystem service function [5] of urbanization. On the 

micro level, extensive researches are carried out on the ur-

banization affecting eco-landscape pattern, biodiversity and 

biogeochemical cycle[6–9], and some scholars also discuss 

the ecosystem service value (ESV) change tendency [10], 

coupling relation between urbanization and ecological en-

vironment [11–13] and ecological effect of land use planning 
[14] in rapidly-urbanized areas. 

As one of the important measuring indexes for regional 

ecology and environmental quality, ESV has been the focus 

of the society currently. Although the quantitative methods 

for ESV have not been agreed [15–16], they can provide ref-

erence for the region ecological and environmental protec-

tion and land resource sustainable utilization. Studying the 

spatial correlation between urbanization and ESV can not 

only further enrich researches on the correlation of urbani-

zation with ecosystem but provide scientific basis for re-

gional land-use structural and functional optimization, 

ecosystem conservation and ecological security mainte-

nance. However, related researches are still rare now. 

In this research, Wuhan Urban Agglomeration is selected 

as the study area. Spatial econometric method is adopted to 

analyze the spatial differentiation characteristics of urbani-

zation and ESV in this area and discuss the bivariate spatial 

correlation between them. This research aims at revealing 

the impact of urbanization on ESV in Wuhan Urban Ag-

glomeration to provide decision-making reference for re-

gional construction of novel urbanization and ecological 

environment management and protection. 

1 Overview of study area 

Wuhan Urban Agglomeration is located in mid-eastern 

Hubei (112°30′–116°07′E, 29°05′–31°51′N), middle reaches 

of Yangtze River, including Wuhan (provincial capital of 

Hubei) and 8 peripheral cities within 100 km, that is, 

Huangshi, Ezhou, Xiaogan, Huanggang, Xianning, Xiantao, 

Tianmen and Qianjiang. In this area, the total land area is 

5.79 × 104 km2, and the landscape varies. There are plains 

(including mounds), hills, and mountains (medium and low 

mountains) which take up about 50%, 30% and 20% of total 

land area, respectively. The terrain gradually gets lower 

from northern, northeastern and southern area to middle and 

western area. The northern area belongs to transition zone, 

Tongbai Mountains, from Qinling Mountains to Dabie 

Mountain; in northeastern area is Dabie Mountain; in 

southern area is Mufu Mountain; in western and middle area 

are open Jianghan Plain and eastern Hubei Plain along the 

Yangtze River. With rich water and heat resources and pre-

dominant location, this area is one of the important produc-

tion areas for agricultural products in China and the most 

economically-developed regions in central China. It is also 

one of the key relay points to coordinate eastern, central and 

western China with Yangtze River economic zone as the 

axis. In 2010, the region had a permanent population of 

30.24 million and GDP of CNY 963.576 billion, taking up 

respectively 52.83% and 60.35% of Hubei province. At that 

time, the aggregation degrees of population, industry, city 

and town were relatively high. 

2 Date sources and research methods 

2.1 Data sources and processing 

The land-use data in this research come from the 

land-use updated survey data of study area of 2010; the ur-

banization-related data are from Hubei Statistical Yearbook 

of 2011; the grain yield data are from Hubei Rural Statisti-

cal Yearbook and National Agricultural Product 

Cost-Efficiency Data Collection of 2011. For convenience 

of study, county-level unit is regarded as the basic analysis 

scale, and the main urban zones of Wuhan and Huangshi are 

respectively incorporated and then divided into 39 regional 

units. Combining with the natural conditions and land-use 

characteristics of study area, the lands of Wuhan Urban Ag-

glomeration are divided into 7 types: cultivated land, garden 

land, forests, grassland, water bodies, built-up land and un-

used land. The land-use structural data of various regional 

units are summarized, and then the urbanization-related data 

are summarized; on this basis, a data bank is built on 

ArcGIS10 platform. 

2.2 Research methods 

2.2.1 Determination of urbanization level charac-

teristic index 

It is generally considered [17] that urbanization mainly 

contains 4 levels of meaning: population growth, economic 

development, spatial expansion and living level improve-

ment, among which population growth and spatial expan-

sion are the appearance, economic development is the basis, 

and urban living level improvement is the ultimate goal of 

urbanization. As a new stage of urbanization development, 

novel urbanization is still manifested in aspects of popula-

tion aggregation, non-agro growth, urban spatial expansion, 

urban consciousness shift, etc., but it appeals to residents for 
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more attention to sustainable development and harmony 

between human and nature at the same time of living level 

improvement [18–19]. In order to reflect the urbanization de-

velopment level of Wuhan Urban Agglomeration from all 

aspects, the proportions of permanent urban resident, 

built-up land and non-agro industry, as well as disposable 

income of urban residents are used to measure the urbaniza-

tion levels of population, space, economy and living respec-

tively. 

2.2.2 Estimation of ecosystem service value 

In this study, cultivated land, water bodies and unused 

land are made homologous with the ESV coefficients of 

farm, cropland, river/lake and wasteland with reference to 

“China ecosystem service value equivalence per unit area” 
[20]. The mean value coefficient of forest and grassland is 

regarded as the value coefficient of garden land, and the 

value coefficient of built-up land is assumed to be 0 ac-

cording to the former researches [20–21]. Based on the agri-

cultural production input-output situation of Hubei province 
[22], coefficient correction is conducted on ESV equivalence 

per unit area of Wuhan Urban Agglomeration according to 

the grain yield per hectare [23]. The value of individual eco-

logical equivalence is determined to be CNY 516.78/hm2. 

The ESV per hectare in Wuhan Urban Agglomeration is 

shown in Table 1. 

The method given by Costanza et al. [21] is used to calcu-

late the ecosystem service value of Wuhan Urban Agglom-

eration by the following formula: 

 
In this formula, ESV is the ecosystem service value, CNY; 

Ak is the area of the kth land-use type, hm2; and VCk is the 

coefficient of ecosystem service value, CNY/hm2. 

2.2.3 Bivariate spatial auto-correlation analysis 

The spatial auto-correlation analysis covers overall spa-

tial auto-correlation and local spatial auto-correlation. 

Overall spatial auto-correlation is to describe the mean rel-

evance, spatial distribution pattern and significance between 

all objects in the whole study area; the statistical variable of 

local spatial auto-correlation can recognize the possible 

pattern of spatial relevance at different spatial locations so as 

to find the local non-stationarity of space and more accu-

rately grasp the aggregation and differential characteristics 

of local spatial elements, providing basis for classification 

and decision-making [24–25]. Generally, overall and local 

spatial auto-correlations are described using Moran’s I and 

Local Moran’s I indexes. Moran’s I index is calculated as 

follows: 

 
For individual spatial unit i, its Local Moran’s I index is: 

 

Where ; Yi and Yj are 

respectively the attribute values of units i and j; n is the 

number spatial units (there are 39 evaluation units in this 

research); and Wij is the weight matrix built on the basis of 

spatial adjacency, as shown in the following formula. 

In order to describe the spatial correlation between mul-

tiple variables, some scholars [26–27] further expanded bivari-

ate auto-correlation, whether overall or local, based on 

Moran’s I index, providing a feasible method for revealing 

the spatial distribution correlation between various ele-

ments[28]. It is expressed as 

 

In this formula,  

 is the value of attribute l of 

spatial unit p; Xm
q is the value of attribute m of spatial unit 

q; are respectively the mean value of attribute l and 

attribute m; σl and σm are respectively the variances of l and m.

Table 1  Ecosystem service values per hectare in Wuhan Urban Agglomeration CNY·hm−2 
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3 Results and analysis 

3.1 Urbanization spatial differential characteris-

tics 

In order to describe the spatial characteristic pattern of 

urbanization level in the study area, natural discontinuity 

point classification (Jenks) is used to divide the various unit 

value (Fig. 1). It can be seen that Wuhan Urban Agglomera-

tion has obviously spatial differential characteristics of ur-

banization. In general, the urbanization level of Wuhan 

Urban Agglomeration shows “double-center” spatial differ-

ential characteristics which diminish outward with Wuhan 

as the center and Huangshi as the sub-center. And the ur-

banization level in western area is higher than in eastern 

area. However, the population urbanization, spatial urbani-

zation, economic urbanization and living urbanization show 

different spatial distribution patterns. Among these 4 as-

pects, the population urbanization reaches 95.50% and 

82.48% in Wuhan and Huangshi, respectively; but is lower 

than 25% in Tuanfeng, Luotian, Yingshan and Qichun in the 

area of Dabie Mountain, which indicates that the population 

aggregation level is relatively low in that area. In terms of 

spatial urbanization, in Jianghan Plain hinderland and east-

ern Hubei Plain along Yangtze River except Liangzihu Dis-

trict there is a concentrated and contiguous high-level 

spatial urbanization pattern, with Wuhan reaching the high-

est 48.07%; in northern, northeastern and southern moun-

tain areas there is a relatively concentrated low-level spatial 

urbanization pattern. In terms of economic urbanization, the 

central Wuhan, Huangshi and the peripheral suburban areas, 

as well as Huanggang, Ezhou and Xianning form a 

high-level economic urbanization cluster, inside which the 

proportion of non-agro GDP is over 85%; as the center ex-

pands outwards, the proportion of non-agro GDP in each 

area gradually drops, and the economic urbanization level 

decreases significantly. In terms of living urbanization, 

there is a west-high and east-low, north-strong and 

south-weak spatial differential pattern. Chongyang, 

Tongshan and Yangxin in the southern Mufu Mountain area 

have low level of living urbanization. The per capita dis-

posable income of resident is CNY 10,902, 10,687 and 

11,028, respectively, different by about 50% compared with 

Wuhan urban area with the highest living urbanization level.

 

Fig. 1  Spatial distribution of urbanization in Wuhan Urban Agglomeration 

14



   

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

3.2 Spatial differential characteristics of ecosys-

tem service value 

ESV in various regions is calculated by Formula (1). It 

can be known that the total value of Wuhan Urban Agglom-

eration ecosystem services is CNY 57.725 billion in 2010. 

Due to different land use structures and geographic areas, 

ESV varies greatly in different regions. Among them, the 

highest value of ecosystem services, CNY 3.715 billion, is 

observed in Macheng, and the lowest value is 0.202 billion 

in Huangshi, lower than the highest value by nearly 20 

times. Based on natural discontinuity point classification 

results (Fig. 2a), the highest value appears in 3 mountain 

counties (cities): northeastern Macheng City, southeast 

Yangxin County and Tongshan County; a relatively high 

level appears in 7 mountain counties (cities and districts) 

including Jiangxia District in eastern, southern, western, 

northern and central areas; Hanchuan and other 10 counties 

(cities and districts) have the middle level, which is distrib-

uted most widely; besides, in 10 areas including Wuhan 

urban area and 8 areas including Ezhou, ESV remains rela-

tively low and low respectively. 

 

Fig. 2  Spatial distribution of ecosystem service value in Wuhan 

Urban Agglomeration 

In order to eliminate the area dependence of ESV [29], the 

spatial characteristics of ecosystem services per unit area is 

further investigated in this paper (Fig. 2b) and it turns out 

that ESV in Wuhan Urban Agglomeration shows 

high-in-south and low-in-northwest spatial distribution. In 

south Mufu Mountain area and northeast Dabie Mountain 

area, high-value clusters of Jiayu, Xian’an, Chibi, 

Tongshan, Chongyang and of Luotian and Yingshan are 

formed. However, in west Jianghan Plain hinterland and its 

radiation district, a low-value group is formed. In terms of 

the land use characteristics of various locations in Wuhan 

Urban Agglomeration, the northeast and south hilly areas 

have large-scale forests, more than 50% of the land area in 

relative areas. Among them, Tongshan County has forests 

occupying over 70% of the county area. The high forest 

coverage and good ecological resources cause high ESV in 

that region. However, western Jianghan Plain has low and 

smooth terrain, suitable for agriculture. Jianghan Plain is an 

important grain-producing area in central China, but its for-

est coverage is relatively low. Also, it has no obvious water 

coverage dominance compared with east Hubei plain along 

Yangtze River. Therefore, regional ESV is decreased objec-

tively. 

3.3 Bivariate overall spatial auto-correlation 

Geo Da spatial analysis tool is used to build the spatial 

weight matrix and calculate the overall spatial au-

to-correlation index Moran’s I between urbanization level 

and ESV (Table 2). Table 2 shows that the bivariate spatial 

correlation of 4 urbanization indexes with ESV are less than 

0. And the bivariate spatial correlation of population urban-

ization, spatial urbanization and living urbanization with 

ESV is tested for significance. It states that these 3 types of 

urbanization development have significantly negative cor-

relation with ESV. Among them, the negative correlation of 

population urbanization with ESV is relatively strong and 

its Moran’s I is −0.2065, which indicates that non-agro pop-

ulation gradually gathering to the urban areas is the domi-

nant factor to the value loss of regional ecosystem services. 

Urban population aggregation is the root cause for increas-

ing demands for urban living, traffic and public service fa-

cilities. It must drive intense changes of the regional land 

use, causing high-ESV lands such as cultivated lands, for-

ests, grasslands and water bodies transforming into built-up 

lands with lower-ESV. The population urbanization drives 

spatial urbanization to some extent, while construction of 

various urban service facilities further improves the living 

level of urban residents and then promotes the living urban-

ization. Meanwhile, the bivariate spatial correlation of eco-

nomic urbanization with ESV does not pass the assumption 

test. This suggests there is no significant spatial correlation 

between economic urbanization and ESV, which is due to a 

combining effect of economic urbanization on non-agro 

industries. Although aggregation of industry, population and 

land use have some effects, they have no direct correlation 

15



   

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

with ESV, because the main factors that determine the re-

gional economic development are industry structure, capital 

input, production efficiency and technical advance. 

In terms of the bivariate spatial auto-correlation between 

urbanization and various types of ESV, urbanization level 

has no obviously correlation with water regulation or 

waste treatment value, and has generally stronger negative 

correlation with values of raw material production, gas 

regulation and soil conservation than with function values 

of food production, climate regulation, biodiversity 

maintenance and leisure. Among them, food production 

value only shows weak-spatially negative correlation with 

population urbanization. Leisure values only show certain 

negative correlation with population urbanization and spa-

tial urbanization. Specifically, spatial urbanization and 

living urbanization have stronger correlation with raw 

material production value, and Moran’s I reaches −0.283 4 

and −0.300 1, respectively; in the region with large-scale 

urban built-up land and high living standard, the ecosys-

tem’s capacity to transform solar energy into biomass en-

ergy decreases significantly, and production of biological 

raw materials decreases greatly. Negative correlation of 

population, spatial, and living urbanization with ecosystem 

gas regulation or soil conservation is over 0.27, obviously 

higher than the relative level of economic urbanization. It 

indicates that atmosphere and soil value are more sensitive 

to population aggregation and urban expansion. The more 

concentrated the regional population are, the stronger the 

urban expansion is. Correspondingly, the land value and 

production capacity decrease more significantly, and the 

gas exchange and purification effect of ecosystem are rela-

tively lower. 

3.4 Bivariate local spatial auto-correlation 

The LISA cluster map related to bivariate local spatial 

auto-correlation (Fig. 3) is drawn based on z test (P = 0.05), 

and it is to present the relationship between regional urban-

ization level and adjacent ESV: high-high / low-low spatial 

positive correlation, or low-high / high-low spatial negative 

correlation, or no significant spatial correlation (i.e., spatial 

random mode). Fig. 3 shows that the population urbaniza-

tion and ESV are high-high correlated in Xian’an District; 

low-low correlated in Huarong District and Yunmeng 

County; the regions where population urbanization and ESV 

are low-high correlated are the most, including Hong’an 

County, Yingshan County, Wuxue City and Tongshan 

County; and the regions where population urbanization and 

ESV are high-low correlated are Jiangxia District and 

Echeng District. In the LISA cluster map of spatial urbani-

zation with ESV, only the low-high and high-low clusters 

achieve the confidence level of 95%. The regions showing 

high-low correlation are Jiangxia District and Echeng Dis-

trict, same as the map of population urbanization with ESV. 

This further verifies that urbanization and ESV in that re-

gion have relatively strong spatial heterogeneity. Hong’an 

County, Yingshan County, Wuxue City, Xian’an District and 

Tongshan County show low-high correlation and they are 

regions with low spatial urbanization level that are sur-

rounded by counties (cities and districts) with high ESV. 

Although the overall auto-correlation of economic urbani-

zation with ESV does not undergo the assumption test, its 

LISA cluster map shows that there are 4 kinds of local spa-

tial heterogeneous characteristics: Xian’an District and 

Tongshan County show high-high cluster; Anlu City show 

low-low cluster; Hong’an County and Wuxue City show 

low-high correlation; Jiangxia, Huarong and Echeng dis-

tricts around Liangzi Lake Basin form a high-low cluster. 

As for living urbanization, its correlation with ESV shows 

high-high in Xian’an District, low-high in Hong’an, 

Yingshan and Tongshan Counties. The low-low cluster and 

high-low clusters are the same as the economic urbaniza-

tion.

Table 2  Results of bivariate spatial correlation between urbanization and ecosystem service value 

 
Note: ** and * means that the correlation is significant when confidence interval is at 99% and 95%, respectively. The mathematical expectation of Moran’s I 
is −0.0263. 
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Although different urbanization levels have different lo-

cal spatial correlation with ESV, in general, there is certain 

spatial similarity. High-low clusters basically gather in the 

central region of Wuhan Urban Agglomeration, and most of 

them are subarea or adjacent area of Wuhan City. Their 

economies are relatively advanced in Wuhan Urban Ag-

glomeration, and the surrounding economic development 

has convergence; due to high population density, developed 

urban system and serious occupation and destroying of 

ecological resources, regional ESV is lost to a large extent. 

Low-high clusters are mainly distributed in the Mufu 

Mountain and Dabie Mountain areas. These regions have 

rich forests and prominent ecological advantages. The inac-

cessible communications greatly limits large-scale popula-

tion and industry aggregation, as well as further expansion 

of built-up land in such regions, objectively affecting rapid 

development of regional economy. Therefore, a significant 

cluster of low urbanization-high ESV is shown. 

 

Fig. 3  Bivariate LISA cluster map of urbanization with ESV 

3.5 Discussion 

In this paper, the regional population urbanization, spatial 

urbanization, economic urbanization and living urbanization 

are reflected by proportion of urban permanent residents, 

proportion of built-up land, output proportion of non-agro 

industries and per capital disposable income of urban resi-

dents. However, as urbanization includes more, especially 

as the development idea of “novel urbanization” gets better 

known by the public, it is hard to accurately describe the 

overall urbanization with a single indicator. Therefore, it is 

necessary to study the comprehensive measurement index 
[30] of urbanization so as to reflect the regional urbanization 

more comprehensively. 

As the ecosystem has heterogeneous, complex, and dy-

namic characteristics, its service function shows a signifi-

cant difference at the spatial scale [31]. With different scales, 

the same ecosystem service function will be assigned dif-

ferent values. Therefore, the estimation method proposed by 

Costanza and Xie et al. [20–21] has certain limitation [32–33] 

although it provides feasible reference for large-scale ESV 

estimation. The coefficient correction was done on “unit 

area ESV equivalence of China ecosystem” in this paper, 

providing a feasible approach for discussion of the correla-

tion between ESV and urbanization in Wuhan Urban Ag-

glomeration, yet specific ESV estimation still requires more 

scientific and accurate methods. In particular, in terms of 

the spatial exchange and scale effect of ESV, more system-

atic and thorough studies are in urgent need. 

The bi-variate spatial auto-correlation analysis reveals 

the spatially negative correlation of urbanization with ESV, 

providing scientific basis for land-use decision-making, 

urbanization construction and ecosystem management and 

protection of Wuhan Urban Agglomeration. Due to irre-

versible population non-agro trend, on the premise that the 

urban resident living standard is not affected, strictly con-

trolling the scale of built-up land and improving intensive 

and economical land utilization become the most feasible 

approach to improving the ecological and environmental 

quality and the regional ecosystem service function in Wu-

han Urban Agglomeration. However, during propelling 

novel urbanization of Wuhan Urban Agglomeration, more 

attention should be paid to the decrease of raw material 

production and degradation of quality caused by rapid ag-

gregation of population, as well as destruction of native 

ecosystem following expansion of built-up land and promo-

tion of modern urban function. Besides, in view of the spa-

tial local heterogeneity of various levels of urbanization 

with ESV, it is required to strictly control the expansion 

speed and scale of urbanization, try harder to control the 

ecology, promote the urbanization quality, and realize coor-

dinated development between urbanization and ecosystem 

in mid-east plain regions. In south and north hilly areas, it is 

required to steadily promote urbanization and minimize the 

disturbance and damage caused by urbanization to ecosys-

tem on the basis of protecting existing ecological domi-

nance. The spatial heterogeneity is an important basis for 

regional differential urbanization and ecological manage-

ment and protection, and it can provide reference for na-

tional land spatial function division. However, it is difficult 

to systematically discuss the management and control of 

regional function dividing and planning due to limited 

space. It will be further studied in the future. 

4 Conclusions 

In this paper, based on the concept of urbanization, the 
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urbanization construction pattern of Wuhan Urban Agglom-

eration is revealed from 4 aspects: population, space, 

economy and living. And bivariate spatial auto-correlation 

method is adopted to analyze the spatial correlation of ur-

banization with ESV. The main conclusions are as follows: 

1) The urbanization level of Wuhan Urban Agglomera-

tion presents a decrease outwards from the center Wuhan 

and sub-center Huangshi. The urbanization level in western 

areas is generally higher than in eastern areas; the regional 

urbanization and ESV are obviously negatively correlated. 

The urbanization level in mid-west plain areas is relatively 

high but ESV there is obviously low; in south and north 

hilly areas the ecological dominance is prominent and the 

unit-area ESV is relatively high, but the urbanization falls 

behind. 

2) The spatial heterogeneity of urbanization in different 

aspects with ESV is not the same. Population urbanization 

has the strongest negative correlation with ESV, followed by 

spatial urbanization and living urbanization. Economic ur-

banization has no obvious correlation with ESV. 

3) Urbanization in various aspects has no spatial correla-

tion with water regulation or waste treatment, but has 

stronger negative correlation with raw material production, 

gas regulation and soil conservation than with food produc-

tion, climate regulation, biodiversity maintenance and lei-

sure; spatial urbanization and living urbanization show the 

strongest negative correlation with raw material production; 

and obvious negative correlation is observed between pop-

ulation urbanization, spatial urbanization, living urbaniza-

tion and gas regulation and soil conservation. 

4) Bivariate LISA maps of various urbanization levels 

with ESV are different, but have certain spatial similarity in 

general. High-low clusters are mostly distributed in the cen-

tral Wuhan Urban Agglomeration with relatively developed 

economy, and they are all suburban and adjacent areas of 

Wuhan City; however, low-high clusters are mainly distrib-

uted in south Mufu mountain area and north Dabie Moun-

tain area, where vegetation is of various kinds and the 

ecological dominance is prominent. 
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Abstract: Analyzing implementing characteristics and spatial pattern of land consolidation scientifically is of great 

theoretical and practical value for improving land consolidation scientific decision-making. In order to make sure 

the implementation status of farmland consolidation in China and its gap with planning objectives, based on the data 

acquired from the dataset of consolidation project management from 2006 to 2012, this paper analyzes the imple-

mentation status of farmland consolidation at county level by three indices i.e., the intensity, the potential and the 

difficulty of engineering. Then the Ward hierarchical clustering method is used to produce a comprehensive region-

alization of farmland consolidation implementation in China. Finally combined with the established national plan-

ning objectives, a quantitative analysis is made macroscopically on the farmland consolidation implementation 

status in China from 2006 to 2012. The conclusions can be summarized as the following: 1) In terms of the imple-

mentation status based on itemized index, the North China Plain, the Sanjiang Plain, the Yellow River Delta, the 

Yangtze River Delta and other traditional agricultural regions are the main consolidation areas with high intensity 

during the study period; the consolidation areas with high potential are mainly in semi-humid and semi-arid region, 

including Inner Mongolia and pastoral areas along the Great Wall, Qinggan agricultural and pastoral areas, the Lo-

ess Plateau, etc.; the consolidation areas with high difficulty are mainly located in the Loess Plateau, Qilian Moun-

tain region, Qinba Mountains, Yunnan-Guizhou Plateau and other more complex terrain regions. 2) The 

implementation status of farmland consolidation in China during the study period can be divided into five types 

consisted of “medium high-low-medium” (Class Ⅰ), “medium-medium low-medium” (Class Ⅱ), “medium 

high-medium high-medium high” (Class Ⅲ), “low-medium-high” (Class Ⅳ) and “high-medium low-medium” 

(Class Ⅴ). The Class Ⅲ is the most concentrated type, mainly distributed in Shanxi, Gansu and China's other 

western provinces, and characterized by higher implementation levels of the intensity, the potential and the diffi-

culty of engineering; then ClassⅠ and Ⅱ follow, and they are mainly distributed in some areas where natural re-

sources and agricultural production conditions are appropriate, such as the Northeast Plain, the North China Plain, 

the Middle-lower Yangtze Plain, the Sichuan Basin. This class shows relatively high intensity, low potential and 

medium difficulty of implementation characteristics. While Class Ⅳ and Ⅴ are small numbers and scattered, 

Class Ⅳ is mainly distributed in Shanghai, Guangdong and other coastal developed areas and western plateau 

mountainous, and its characteristics on the performance are lower intensity, medium potential and higher difficulty; 

Class Ⅴ is mainly distributed in the hilly area of southwestern Zhejiang, Chengdu Plains, agricultural and pastoral 

areas of northern Inner Mongolia, and its intensity, potential and difficulty of engineering are all at medium and 

lower levels. 3) In terms of the coordination between implementation status and consolidation planning, there is a 

certain deviation in the specific implementation of major tasks containing key areas of farmland consolidation, 

demonstration counties of well-facilitated capital farmland and major consolidation projects of capital farmland. As 

far as the comparison of consolidation implementation in the different areas be concerned, which is characterized as 

the economic development, grain production and land consolidation activities, the regional difference is not very 

significant, and key points of farmland consolidation are still not highlighted. The findings suggest that the guiding 

role of national land consolidation planning should be strengthened to standardize the provincial farmland consoli-

dation projects; especially in the key areas, the project arrangement and investment of farmland consolidation 

should be optimized at spatial pattern and implementation structure. 

Keywords: land use; consolidation; planning; farmland; implementation status; coordination; Ward hierarchical 

clustering 
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0 Introduction 

Since the implementation of large scale and organized 

land consolidation in China from 1997, land consolidation 

has been continuously expanded in connotation and denota-

tion, and has turned from natural project into integrated so-

cial project and a strategic deploying at country level. It is 

the basis and platform for improving social development, 

adhering to warning limit of land, promoting transformation 

and benefiting people's livelihood [1–2]. At this stage, farm-

land consolidation characterized by well-facilitated capital 

farmland construction is the main item of land consolidation 

in China, and it is of significant meaning for improving lim-

ited conditions of land utilization and farmland quality and 

stabilizing grain production pattern [3–5]. From 2006 to 2012, 

China's land consolidation and management system has 

been adjusted, perfected and developed rapidly. According 

to statistics of the "Rural Land Consolidation and Monitor-

ing System", from 2006 to 2012, more than 26500 farmland 

consolidation projects have been accepted, with total farm-

land construction area of 5.8244 million hm2, new cultivat-

ed land of 838500 hm2, and total investment of RMB 100 

billion. According to "National Overall Plan of Land Utili-

zation (2006–2020)" and "National Land Consolidation 

Plan (2011–2015)", it proposed to promote farmland con-

solidation characterized by well-facilitated farmland, and 

during the "12th Five-Year Plan" period, 26.67 million hm2 

of well-facilitated capital farmland will be constructed. 

Based on the large scale land construction task, it is neces-

sary to conduct analysis for characteristics and spatial pat-

tern during implementation of farmland consolidation at 

early stage and understand gap between implementation 

status and the object, which is of important theoretic and 

practical meaning for judgment of development trend of 

farmland consolidation in China, guidance of farmland 

consolidation arrangement and reasonable distribution of 

land consolidation tasks. 

At present, lots of academic researches about analysis for 

implementation status of land consolidation concentrate on 

medium and small scale such as city, county and project 

areas [6–7], and research contents mainly include research 

and evaluation on consolidation potential [8–10], landscape 

pattern analysis [11–13], consolidation pattern and regionali-

zation [14–16] and overall benefit analysis [17–20]. Limited 

macro-researches mainly include analysis on a certain item. 

For example, at provincial level, Yang et al. [21], Wei et al. 
[22] and Wei et al. [23] conducted analysis for spatial differen-

tiation of land consolidation project in Chongqing and Hu-

bei from the perspectives of construction scale, investment 

scale and new cultivated land. At national level, Hu et al. 
[24], Gu et al. [25] and Jin et al. [26] conducted evaluation on 

investment benefits of land consolidation based on region 

direction and investment optimization mechanism. In terms 

of evaluation factors, Yang et al. [27–28], Guan et al. [29] and 

Zhou et al. [30] conducted analysis for arrangement charac-

teristics of national land consolidation project. However, 

there is no research about implementation status of farmland 

consolidation throughout the country at specified stage from 

macro perspective based on national objective of land con-

solidation and planning and integrated analysis for main 

land consolidation tasks including construction scale, culti-

vated land quality and investment intensity. In view of this, 

based on management information of land consolidation 

project and related data of land utilization status, cultivated 

land quality status and land consolidation planning, we 

conducted overall regionalization for implementation status 

of China farmland consolidation in 2006–2012 by using 

Ward hierarchical clustering based on three indices of con-

solidation intensity, consolidation potential and consolida-

tion difficulty, and conducted quantitative evaluation for 

implementation status of China farmland consolidation 

combined with proposed planning objective so as to provide 

reference for macro decision-making and performance 

evaluation for land consolidation. 

1 Research method and data 

1.1 Research thoughts and methods 

In this research, county scale is taken as research unit, 

and three indices of consolidation intensity, potential and 

difficulty are taken as indices for evaluating implementation 

status of farmland consolidation as well as regionalization 

factors, and we conducted overall regionalization for im-

plementation status of China farmland consolidation during 

study period by using Ward hierarchic clustering. Moreover, 

we made a comparison between the current implementation 

status of farmland consolidation and planning task based on 

regionalization and planning objective at the macro level. 

1.1.1 Regionalization index 

Farmland consolidation is a practical activity which 

makes transformation for structure, method and intensity of 

land utilization through taking engineering technology 

measure, and it shows great spatial differentiation during 

implementation [29, 31]. For example, project site, construc-

tion scale and capital investment vary significantly due to 

natural conditions in the region, economic and social condi-

tions and policy system, and meanwhile, consolidation ef-

fects vary. In order to conduct overall analysis for 

implementation status of farmland consolidation, we con-

ducted overall regionalization through using three indices of 

consolidation intensity, potential and difficulty (refer to Ta-

ble 1 for index interpretation). 

1.1.2 Regionalization methods 

Hierarchical clustering analysis is a multivariate statisti-

cal method used to study sample and index classification.  
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Table 1  Regionalization index and its implication of farmland consolidation in China 

 

For regional sample, classification results obtained from 

hierarchical clustering represent different types of regions in 

space, which can be taken as basis for regionalization [32]. 

Ward hierarchical clustering, also known as sum of squares 

method, is a mature hierarchical clustering method and ap-

plicable for classification and characteristic identification of 

multiple factors and indices [33]. By adopting this method, 

overall classification may be conducted according to multi-

ple characteristics of the research object, and based on 

method analysis, homogeneity of the region and differentia-

tion can be highlighted to reflect overall difference among 

research objects. Besides, the classification based on this 

method is of objectivity and interpretation compared with 

KFCM [34] and can facilitate decision-making for geological 

regionalization. For Ward hierarchical clustering, based on 

variance analysis thought and Euclidean distance as stand-

ard, it groups all samples, and during classification merging 

and calculation of interclass variance, it merges two groups 

with the least increment of sum of squares of deviations and 

then merges other classes hierarchically in sequence [32]. 

The calculation method is detailed as follows: 

n regional samples were divided into k groups: G1, 

G2, …, Gk; Xj
(t) refers to sample j in Gt (where Xj

(t) is P di-

mensional vector, i.e., there is p hierarchical cluster indi-

ces); nt refers to number of samples in Gt; is the 

gravity center of Gt (mean value of this group of samples), 

and the sum of squares of deviations St of samples in Gt can 

be obtained from: 

 
The sum of squares of deviations S of k groups is: 

 

1.2 Data source and treatment 

In the research, there are 1860 research units, including 

county level administrative units under 2012 administrative 

division in China, excluding regions where there is no 

farmland consolidation and acceptance project. Basic data 

adopted include data about cultivated land resource, land 

consolidation and planning and implementation of land 

consolidation. 

1) Data of cultivated land resource. Spatial distribution 

data are 2005 current status data of national land utilization 

(1:250000) provided by earth system science data sharing 

platform. Administrative division base map is overlayed 

spatially with current status map of land utilization through 

Intersect tool of ArcGIS, and the area of each pattern spot is 

calculated by Calculate Geometry tool, and cultivated land 

area of each research unit is obtained after statistics. Data of 

cultivated land quality level are from farmland grading of 

Ministry of Land and Resources (1:500000), and average 

cultivated land grading of each research unit is obtained 

with area weighting method. For overall agricultural re-

gionalization, China Overall Agricultural Regionalization 

Map (including 9 L1 agricultural regions and 38 L2 agri-

cultural regions) prepared by National Agricultural Region-

alization Committee is adopted [35]. 

2) Land consolidation and planning data. The research 

period includes two planning periods of national land con-

solidation. Based on "National Land Consolidation Plan 

(2011–2015)", this paper considers related requirements of 

"National Land Development, Consolidation and Planning 

(2001–2010)". 

3) Data of implementation of land consolidation. Related 

data of 2006–2012 farmland consolidation and acceptance 

project (excluding Hong Kong, Macao and Taiwan) of 

"Monitoring and Supervision System for Consolidation of 

Rural Land" are adopted. In order to facilitate operation, 

data of land consolidation project of Xinjiang Production 

and Construction Corps and Heilongjiang Bureau of Agri-

cultural Reclamation are distributed into the research unit 

where their supervision department locates. 

2 Results and analysis 

2.1 Regionalization of implementation of farm-

land consolidation in China 

2.1.1 Itemized implementation results 

Status map of implementation of farmland consolidation 

in China during research period is obtained through taking 
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three regionalization indices of X1, X2 and X3 as case field 

in ArcGIS. 

1) Consolidation intensity. During research period, na-

tional average consolidation intensity was 1.48 (as shown in 

Fig. 1a). Consolidation areas with high intensity (X1 > 

1.019) were mainly distributed in the North China Plain, 

Sanjiang Plain, Yellow River Delta, Yangtze River Delta, 

Sichuan Basin and mid-west area of Inner Mongolia Au-

tonomous Region, including 744 counties (districts) located 

in Shandong Peninsula, Northern Jiangsu coast, Hangjiahu 

Plain, Southwest Fujian Hills, Dongting Lake Plain and 

Chengdu Plain. Partial traditional agricultural production 

areas feature low consolidation intensity, such as the Guan-

zhong Plain and Huaibei Plain. A total of 369 counties (dis-

tricts) feature low level of consolidation intensity (X1 ≤ 

0.183) nationwide, and they were mainly distributed in the 

northern Anhui, northwest of Shanxi, northern Shaanxi, 

southeast of Guizhou, west of Guangxi and Sichuan. 

2) Consolidation potential. During research period, na-

tional average potential index of consolidation is 0.54 (as 

shown in Fig. 1b). Consolidation areas with high potential 

(X2 > 0.609) were mainly distributed in semi-humid and 

semi-arid region, including Inner Mongolia and pastoral 

areas along the Great Wall, Qinggan agricultural and pasto-

ral areas, the Loess Plateau, etc., including 745 counties 

(districts) distributed in northeastern Inner Mongolia Plat-

eau, loess gulley area of Middle Gansu, Weibei loess plat-

form area, mountain plateau area of the south-central part of 

Guizhou and middle-low mountain area of the southern 

Yunan. New agricultural production area in Gansu and ag-

ricultural production area in Northeast, Huanghuaihai and 

middle and lower Yangtze River feature small potential for 

farmland consolidation. A total of 361 counties (districts) 

feature the smallest consolidation potential (X2 ≤ 0.319), 

and they were mainly distributed in Songnen Plain (Jilin), 

western Shandong Plain, Huanghuaihai Plain (northern He-

nan), Jianghan Plain (Hubei) and coastal plain areas in 

Jiangsu. For potential of farmland consolidation throughout 

the country, it showed the pattern of "high in the west and 

low in the east, and high in the north and low in the south" 

during the research period on the whole. 

3) Consolidation difficulty. During research period, na-

tional average difficulty index of consolidation was 2.24 (as 

shown in Fig. 1c). The consolidation areas with high diffi-

culty (X3 > 18020 yuan/hm2) were mainly distributed in the 

more complex areas in the second stair region, including the 

Loess Plateau, Qilian Mountain region, Qinba Mountains, 

Yunnan-Guizhou Plateau, specifically, including mountain 

regions in the southern Gansu, gulley region of Loess Plat-

eau (northern Shaanxi), mountain regions in western Hubei 

and Hunan, mountain regions in the northwestern Sichuan 

and plateau regions in southeastern Yunan as well as south-

east of Liaoning, Beijing, Tianjin and Shanghai, coastal 

Zhejiang and Fujian, the middle and southern part of 

Guangdong and other eastern well-developed regions,  

 

Fig. 1  Implementation status of farmland consolidation in China 

based on itemized index 

including a total of 745 counties (districts). The consolida-

tion areas with relatively high difficulty (X3 ≤ 18020 yu-

an/hm2) were mainly distributed in the North China Plain, 

middle and lower Yangtze River Plain and Southeastern 

Hills Region, and the Northeast Plain, Inner Mongolia Plat-

eau and Junggar Basin (Xinjiang). A total of 369 counties 

(districts) feature low difficulty (X3 ≤ 9780 yuan/hm2), and 

they were mainly distributed in Middle-West Plain in Jilin, 

Hilly Region of eastern Shandong, South Jiangsu Plain, 
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Hilly Region of southeast Guangxi, North Xinjiang Basin, 

etc. 

2.1.2 Overall regionalization results 

We took (X1, X2, X3) as regionalization factors, conduct-

ed Z-Score standardization for each factor, and chose Ward 

hierarchical clustering method according to Hierarchical 

Cluster function of SPSS software, and based on Euclidean 

distance standard, conducted cluster regionalization. Vari-

ance analysis was conducted for classification results [33] 

(Sig value of each regionalization index is zero, and classi-

fication results are effective) with Means process. Classifi-

cation results were introduced into ArcGIS for mapping and 

the following overall regionalization map was obtained 

(Fig. 2). 

As shown in Fig. 2, the implementation status of farm-

land consolidation in China during the study period can be 

divided into five types. 

1) "Medium high-low-medium" (Class Ⅰ ). For this 

class, average index of regionalization was (1.21, 0.21, 

1.59), and it showed medium to high consolidation intensi-

ty, low consolidation potential and medium consolidation 

difficulty. A total of 384 research units fell into this class, 

accounting for 20.65% of total research units. Class Ⅰ 

region was mainly distributed in the Northeast Plain, North 

China Plain and middle and lower Yangtze River Plain, 

covering multiple major grain production areas of Jilin, 

Liaoning, Hebei, Jiangsu, Hunan, Hubei, etc., including 

most of counties (districts) distributed in Songliao Plain, 

middle and south plains in Hebei, Northwestern Shandong 

Plain, Huanghuaihai Plain in the northern Henan, Jianghuai 

Plain, Jianghan Plain and Dongting Lake Plain. The con-

struction scale and investment of Class Ⅰ accounted for 

respectively 22.50% and 18.35% of the total construction 

scale and investment. 

 

Fig. 2  Regionalization of farmland consolidation implementation 

in China 

2) "Medium-medium low-medium" (Class Ⅱ). For this 

class, average index of regionalization was (0.93, 0.48, 

1.46), and it showed medium consolidation intensity, me-

dium to low consolidation potential and medium consolida-

tion difficulty. A total of 553 research units fell into this 

class, accounting for 29.73% of total research units. During 

research period, construction scale and investment of Class 

Ⅰ region, i.e., Northeast Plain, North China Plain and 

middle and lower Yangtze River Plain. Most of counties 

(districts) were mainly distributed in the Songnen Plain, 

Sanjiang Plain, Liaodong Peninsula, east Henan Plain, Po-

yang Lake Plain, etc., while partial counties (districts) were 

distributed sporadically in the regions characterized by 

abundant natural resources and good agricultural production 

conditions, such as northeast edge of Sichuan Basin, valley 

bottom of Weinan, Yinchuan Plain, Oasis Region at hill foot 

of southern and northern regions of Xinjiang and hilly re-

gions of middle and east of Yunnan and southeast of 

Guangxi. 

3) "Medium high-medium high-medium high” (Class 

Ⅲ). For this class, average index of regionalization was 

(1.25, 0.76, 2.02), and it showed medium to high level con-

solidation intensity, potential and difficulty. Class Ⅲ re-

gion was mainly distributed in the western regions, covering 

26 provinces, such as Inner Mongolia Autonomous Region, 

Xinjiang Uygur Autonomous Region, Shaanxi, Gansu, 

Ningxia Hui Autonomous Region, Sichuan, Chongqing, 

Yunnan, Guizhou, Hubei, Hunan, Zhejiang, Fujian, Shan-

dong, Anhui, etc. Main representative counties (districts) 

were distributed in the northern Qinghai, southeast of Gan-

su, northern Shaanxi and Sichuan, middle and southern 

Chongqing and northwest of Guizhou. 

4) "Low-medium-high" (Class Ⅳ). For this class, aver-

age index of regionalization was (0.16, 0.57, 12.27), and it 

showed low consolidation intensity, medium consolidation 

potential and high consolidation difficulty. During research 

period, construction scale of Class Ⅳ only accounted for 

0.66% of the total construction scale, while investment ac-

counted for 5.87% of the total investment. Class Ⅳ region 

includes 89 research units, such as Chongming County 

(Shanghai) and Yanqing County (Beijing), accounted for 

4.78% of total research units. Class Ⅳ was distributed 

sporadically without obvious spatial clustering and distribu-

tion characteristics. In addition to costal developed regions 

like Shanghai and Guangdong, it was also distributed in 

hilly regions and gulley regions of Shanxi, Shaanxi, Gansu, 

Sichuan, Guizhou, etc. 

5) "High-medium low-medium" (Class Ⅴ ). For this 

class, average index of regionalization was (13.91, 0.46, 

1.54), and it showed very high consolidation intensity and 

medium to low level for both consolidation potential and 

difficulty. Class Ⅴ only includes 57 research units, ac-

counted for 3.06% of total research units, but the construc-
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tion scale and investment accounted for 12.80% and 14.30% 

respectively of the total construction scale and investment. 

Farmland consolidation in China for Class Ⅴ was concen-

trated here. Class Ⅴ, in terms of spatial pattern, was mainly 

distributed in hilly regions of the western and southern 

Zhejiang, Chengdu Plain Region of the middle Sichuan and 

partial pastoral regions of the northern Inner Mongolia and 

eastern Xinjiang. 

2.2 Coordination between implementation status 

of farmland consolidation and planning objective 

In order to guide implementation of land consolidation at 

the macro level, the National Land Development, "Consol-

idation and Planning (2001–2010)" and "National Land 

Consolidation Plan (2011–2015)" were issued respectively 

in 2003 and 2012 so as to specify corresponding objectives 

and tasks, consolidation direction and key regions. In spatial 

pattern, the following is confirmed: "supporting improve-

ment of 116 basic farmland demonstration regions, 

strengthening establishment of 500 demonstration counties 

of well-facilitated capital farmland, prompting development 

of 10 key regions of farmland consolidation and actively 

implementing key projects of basic farmland consolidation", 

as shown in Fig. 3. 

After conducting comparison between regionalization of 

implementation of farmland consolidation and land plan-

ning objective, we found that there is certain deviation be-

tween them. 

2.2.1 Key regions of farmland consolidation 

The measure of key regions of farmland consolidation is 

an important strategic step of land consolidation in the 

country. As for land consolidation in the country, 10 key 

regions of farmland consolidation were identified, including 

the North China Plain Region, Middle and Lower Yangtze 

River Plain Region, Northeast China Plain, South China 

 

Fig. 3  Key regions of farmland consolidation planning in China 

Hilly and Plain Region, Zhejiang-Fujian Hilly and Plain 

Region, Yunnan-Guizhou Plateau Region, Loess Plateau 

Region, Sichuan Basin and Qinba Mountains Region, Inner 

Mongolia Plateau and Oasis Region at Foot of Tianshan 

Mountain, covering 1618 counties (districts). As key re-

gions of farmland consolidation, the above regions shall be 

key region of implementation of farmland consolidation and 

of relatively high consolidation intensity. Meanwhile, over-

all planning of land utilization and land consolidation plan-

ning in the country proposed that, cultivated land shall be 

improved and balanced throughout the country and concen-

trated regions with relatively high consolidation potential 

shall be identified as key regions [36]. Therefore, for farm-

land consolidation, we shall meet the planning requirements 

of "overall consideration, focusing on key points and prior-

ity to the easy". At current stage, we shall focus on regions 

with high consolidation potential and medium consolidation 

difficulty, in other words, the targeted implementation status 

for key regions of farmland consolidation shall be 

"High-medium (medium-high) –medium (medium-low)". 

According to analysis, during research period, the above 

key regions of farmland consolidation accounted for 

20.69%, 28.12%, 33.16%, 2.98% and 1.99% of the total 

implementation regionalization of Classes Ⅰ–Ⅴ, the cor-

responding construction scale accounted for 20.09%, 

23.23%, 29.29%, 0.61% and 5.92% of that in the country, 

and investment accounted for 15.83%, 18.85%, 30.02%, 

5.53% and 5.78% of that in the country.It is obvious that 

dominant implementation type of farmland consolidation 

conducted in the key regions of farmland consolidation was 

Classes Ⅰ, Ⅱ and Ⅲ. In the aspect of consolidation in-

tensity, average consolidation intensity of three implemen-

tation types was only 1.20, lower than that of the country, 

without high consolidation intensity in key regions. In terms 

of consolidation potential and consolidation difficulty, at the 

current stage, there is gap between implementation status of 

farmland consolidation and planning objective. Specifically, 

Classes Ⅰ and Ⅱ were of low consolidation potential, 

and their average consolidation potential was 0.34, lower 

than average level of the country, while Class Ⅲ was of 

high consolidation potential, but its consolidation difficulty 

was high, thus failing to achieve effective matching as for 

comprehensive consolidation characteristics. In terms of 

spatial distribution, as key region of farmland consolidation 

and primary production base of tropic and subtropic distinc-

tive agricultural product in China, Pearl River Delta Region 

was of low consolidation intensity (Class Ⅳ). Meanwhile, 

for other non-key regions, although its construction scale 

and investment accounted for 20.86% and 23.99% of the 

total construction scale and investment in the country, the 

implementation status of farmland was mostly Classes Ⅲ 

and Ⅴ in the Huangshui Basin in western Qinghai, west-

ern Mountain Regions in middle of Hubei-Hunan, north-

western Inner Mongolia Plateau, southeastern Wuyi 
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Mountain Region and Nanling Mountain Region, with high 

consolidation intensity and consolidation potential, and the 

implementation status was different from the planning ob-

jective. 

2.2.2 Demonstration counties of well-facilitated cap-

ital farmland 

Well-facilitated capital farmland construction is a key 

step of land consolidation at present. As for land consolida-

tion planning in the country, 500 demonstration counties of 

well-facilitated capital farmland were identified. In terms of 

spatial distribution, they were mainly distributed in key re-

gions of farmland consolidation and in the Northeast Plain, 

North China Plain, middle and lower Yangtze River Plain, 

Sichuan Basin and Qinba Mountains. Demonstration coun-

ties of well-facilitated capital farmland, as key regions for 

farmland consolidation and with good natural conditions 

and concentrated production, shall be of high consolidation 

intensity, medium consolidation potential and medium (me-

dium-low) consolidation difficulty, i.e., its targeted imple-

mentation status is "high- medium (medium high)-medium 

(medium low)". According to analysis, during research pe-

riod, demonstration counties of well-facilitated capital 

farmland were characterized by the construction scale and 

investment of 32.04% and 28.12% of the total construction 

scale and investment in the country, mainly of ClassesⅡ, 

Ⅲ and Ⅰ in terms of implementation type, accounted for 

33.33%, 29.92% and 24.50% respectively of the total num-

ber of demonstration counties, and 18 counties (districts) 

belonged to Classes Ⅳ and Ⅴ. As for current implemen-

tation status, the average value of consolidation intensity, 

consolidation potential and consolidation difficulty of three 

implementation types was respectively 1.19, 0.47 and 1.51, 

and the consolidation intensity and consolidation potential 

were at medium and medium-low level, lower than average 

value of the country. Only the investment of the three im-

plementation types was consistent with the planning objec-

tive. Other non-demonstration counties (districts) of 

farmland consolidation were characterized by average re-

gionalization indices of 1.54, 0.56 and 2.39, while the con-

solidation intensity and consolidation potential were higher 

than that of demonstration counties (districts) and tend to be 

Class Ⅲ . Moreover, farmland consolidation projects in 

several demonstration counties (districts) did not pass ac-

ceptance. It can be seen that well-facilitated capital farm-

land construction based on demonstration has not achieved 

planning objective, and improvement shall be made in as-

pects of arrangement, guiding fund and consolidation 

method. 

2.2.3 Key projects of basic farmland consolidation 

Key project of basic farmland consolidation is a measure 

carried out intensively so as to form aggregation and scale 

benefit and complete target tasks of key regions of land 

consolidation. As for national land consolidation and plan-

ning, projects of well-facilitated capital farmland in main 

crop production area and farmland consolidation projects of 

ecological restoration in west China were identified, 

wherein the former was mainly distributed in 875 counties 

in 16 provinces (districts) including 13 main provinces of 

crop production as well as Shanxi, Shaanxi and Hainan, and 

in the Northeast Plain, North China Plain and middle and 

lower Yangtze River Plain; the latter was mainly distributed 

in 235 counties in 9 provinces including Guangxi, Guizhou, 

Ningxia, etc., and in the southeastern Guangxi, hilly regions 

in the middle-southern Chongqing, low mountains of west-

ern Yunnan, Yinchuan Plain (Ningxia), Fenwei Plain, etc. In 

the national land consolidation planning and related docu-

ments for management policy, the requirements of "high-

lighting key points, giving priority to the easy and 

conducting different consolidation" have been emphasized, 

and cultivated land addition, land saving, layout optimiza-

tion, element aggregation and overall promotion shall be 

focused during implementation of key projects of basic 

farmland consolidation, therefore, at this stage, the targeted 

implementation status of key project of basic farmland 

consolidation shall be "high-medium (medi-

um-high)-medium (medium-low)". According to analysis, 

during research period, the construction scale and invest-

ment of research units for which key project shall be con-

ducted were 3.2443 million hm2 and RMB 44.709 billion, 

accounted for 56.35% and 49.04% respectively of total con-

struction scale and investment in the country. Although cer-

tain achievements have been gained on the whole, as for 

implementation benefit, there is gap from planning objec-

tive. For projects of well-facilitated capital farmland in 

main crop production area, Classes Ⅰ, Ⅱ and Ⅲ re-

search units accounted for 28.13%, 32.34% and 27.88% 

respectively of five implementation types, and average re-

gionalization indices of three types were 1.16, 0.47 and 

1.52, with their consolidation intensity and consolidation 

potential lower than mean value in the country and at me-

dium-high and medium-low level. There was gap from im-

plementation objective. Besides, Classes Ⅳ  (low 

consolidation intensity) and Ⅴ (high consolidation inten-

sity) included 23 and 7 research units respectively. In west-

ern ecological regions, farmland consolidation projects 

mainly belonged to ClassesⅡ and Ⅲ, which accounted for 

38.53% and 31.65% of the five implementation units, and 

the average regionalization indices of the two implementa-

tion types were 0.84, 0.62 and 1.69. The consolidation in-

tensity, consolidation potential and consolidation difficulty 

were at medium level, and it was inconsistent with the tar-

geted implementation status of "high-medium (medi-

um-high)-medium (medium-low)". 

2.2.4 Consideration for other planning objectives 

In order to conduct analysis for consistency among im-
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plementation status of farmland consolidation in China, 

national macro planning and strategic requirements as well 

as consideration for both "performance and fairness" for 

implementation of farmland consolidation, in this paper, 

based on three regionalization types of Three Economic 

Regions (Eastern China, Middle China and Western China), 

major crop production area and non-major crop production 

area, demonstration counties of well-facilitated capital 

farmland and non-demonstration counties, we conducted 

comparison and analysis for consolidation intensity, con-

solidation potential and consolidation difficulty, and the 

results are shown in Table 2. 

According to requirements for development planning and 

policy of national economy and society, at this stage, during 

farmland consolidation, we should adhere to the principle of 

"efficiency comes first and fairness considered", underline 

"highlighting of key points and different consolidation", 

support major crop production areas at the Middle and 

Western China, demonstration county of well-facilitated 

capital farmland and farmland consolidation in areas fea-

turing "long history, ethnic minority, remoteness and pov-

erty". According to comparison of regionalization indices 

among regions which represent economic development, 

crop production and land consolidation, it showed no obvi-

ous regional difference as for the intensity, potential and 

difficulty of consolidation, and consolidation focus is not 

highlighted. In national economic regionalization, Western 

Economic Zone featured the greatest intensity, potential and 

difficulty of consolidation, and it reflected in a certain ex-

tent that the government provided more guidance and fund 

to farmland consolidation project in the region according to 

the great western development strategy. Middle Economic 

Zone featured a consolidation potential lower than that of 

Western Economic Zone and the lowest consolidation diffi-

culty. With the support of central region rising strategy, the 

Middle Economic Zone was supposed to be featured by a  

Table 2  Implementation status of farmland consolidation in dif-
ferent regions 

 
Note: The main crop production area includes thirteen provinces such as 

Jilin, Heilongjiang, Jiangsu, Shandong, Hubei, Sichuan, Inner Mongolia, 
Henan, Hebei, Hunan, Anhui, Jiangxi, Liaoning; and the rest of provinces 

is non-main crop production area. 

consolidation intensity higher than that of the East Eco-

nomic Zone, but the implementation status was to the con-

trary of this. As for land utilization regionalization, major 

crop production area featured much higher consolidation 

difficulty than that of non-major crop production area, but 

its consolidation intensity and consolidation potential were 

lower than that of non-major crop production area. Besides, 

demonstration counties (districts) of well-facilitated capital 

farmland in key regions of land consolidation featured the 

consolidation intensity and consolidation potential lower 

than that of non-demonstration areas, and there are great 

gaps between overall implementation status and planning 

objective. 

2.3 Policy suggestions 

Over decades of development, outstanding achievements 

have been gained for land consolidation in China in new 

era, but seeing from overall analysis for implementation 

status, in a certain extent, there are some issues such as op-

timization of layout and arrangement, unclear quality pro-

motion focus and urgent need for improvement of 

investment benefit at this stage. It is suggested that in later 

stage, we should follow the principle of "efficiency comes 

first and fairness considered", highlight consolidation focus, 

guide investment and promote improvement of economic 

benefit. In terms of strategy, it is suggested that we should 

deepen and implement basic requirements for land consoli-

dation in China, promote construction through consolidation 

and promote protection through construction, so as to 

strongly promote farmland consolidation, expand effective 

area of cultivated land, improve quality of cultivated land, 

construct large area of well-facilitated capital farmland 

which ensures yield despite of drought or flood, promote 

layout optimization of cultivated land, improve agricultural 

production condition and lay a solid foundation for devel-

oping modern agriculture under the premise of protecting 

ecological environment. At country level, it is suggested 

that we should enhance consolidation degree of farmland in 

Middle and Western China and improve consolidation ratio 

of medium and low level cultivated land so as to promote 

realization of quality objective of cultivated land throughout 

the country. At provincial level, based on resource charac-

teristics and requirements for regional development, it is 

required to enhance overall planning of land consolidation 

at city and county level, integrate fund concerning agricul-

ture, optimize projects arrangement, highlight investment 

focus and guide project and investment concentrating in key 

regions of farmland consolidation and major crop produc-

tion areas. 

3 Conclusions 

In this paper, by taking country as the research unit and 

using Ward hierarchical clustering method, analyses for 
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implementation of farmland consolidation in China from 

2006 to 2012 are conducted in terms of three indices: con-

solidation intensity, consolidation potential and consolida-

tion difficulty. Through combining with specified planning 

objectives, we conducted quantitative judgment for imple-

mentation status and drawn the following conclusions: 

1) In terms of the implementation status based on item-

ized index, the North China Plain, the Sanjiang Plain, the 

Yangtze River Delta and other traditional agricultural re-

gions are the main consolidation areas with high intensity 

during the study period; the consolidation areas with high 

potential are mainly in semi-humid and semi-arid region, 

including Qinggan agricultural and pastoral areas, the Loess 

Plateau, etc; the consolidation areas with high difficulty are 

mainly located in the Qinba Mountains, Yunnan-Guizhou 

Plateau and other more complex terrain regions. 

2) In terms of overall results of regionalization, the im-

plementation status of farmland consolidation in China dur-

ing the study period can be divided into five types consisted 

of "medium high-low-medium" (Class Ⅰ ), "medi-

um-medium low-medium" (Class Ⅱ ), "medium 

high-medium high-medium high" (Class Ⅲ ), 

"low-medium-high" (Class Ⅳ ) and “high–medium 

low–medium" (Class Ⅴ). The Class Ⅲ is the most con-

centrated type, mainly distributed in Inner Mongolia, Xin-

jiang, Shaanxi, Gansu and China's other western provinces; 

then ClassesⅠ and Ⅱ follow, and they are mainly distrib-

uted in some areas where natural resources and agricultural 

production conditions are appropriate, such as the Northeast 

Plain, the North China Plain. While ClassesⅣ and Ⅴ are 

small numbers and scattered, and they are mainly distribut-

ed in Shanghai, Guangdong and other coastal developed 

areas and western plateau mountainous areas. 

3) In terms of the coordination between implementation 

status and consolidation planning, there is a certain devia-

tion in the specific implementation of major tasks contain-

ing key areas of farmland consolidation, demonstration 

counties of well-facilitated capital farmland and major con-

solidation projects of capital farmland. As far as the com-

parison of consolidation implementation in the different 

areas is concerned, which is characterized as the economic 

development, grain production and land consolidation activ-

ities, the regional difference is not very significant, and key 

points of farmland consolidation are still not highlighted. 
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Design and experiment on auto leveling control system of agricultural implements 
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Abstract: To ensure agricultural implement level can improve the quality of work in agricultural machinery opera-

tion process. In order to maintain the level of agricultural implements in the field working, an agricultural imple-

ment auto leveling control system was developed. Real-time roll angle of tractor was obtained from tractor roll 

angle sensing system. The core algorithm of tractor roll angle sensing system was the Kalman filtering algorithm of 

tractor roll angle, which fused an accelerometer and gyroscope data to obtain the real-time roll angle of tractor. The 

leveling hydraulic cylinder elongation was measured using a straight-line displacement sensor. And the relative roll 

angle conversion function between agricultural implements and tractor was established. Then by controlling the 

electromagnetic directional valve, the agricultural implement was kept leveling. This article introduced the principle 

and structure of agricultural implement auto leveling control system, and the Kalman filtering algorithm of tractor 

roll angle and the relative roll angle conversion function were analyzed in detail. The tractor roll angle’s Kalman 

fusion algorithm was tested in SGT320E three-axis turntable platform, and the experiment of agricultural imple-

ment auto leveling control system was carried out in the paddy field based on a matching 1PJ-3.0 laser leveler for 

paddy field. The leveler featured a specially designed leveling plow connected to an ISEKI PG6 transplanter by 

means of a hydraulically driven three-point linkage. The auto leveling controller used the Proportional-Derivative 

(PD) control algorithm to calculate pulse width, modulating for driving two ordinary hydraulic solenoid valves as 

actuators to regulate the plow’s leveling. In order to evaluate the precision of tractor roll angle sensing system and 

auto leveling control system, 2 inertial reference systems (MTi-300) were installed in the transplanter and plow, re-

spectively. Results showed that, the tractor roll angle sensing system could accurately measure the real-time tractor 

roll angle; the mean absolute error, the root mean square error and the maximum error were less than or equal to 

0.15°, 0.18° and 0.33° respectively in SGT320E three-axis turntable platform; and during the working process in a 

paddy field, the mean absolute error, the root mean square error and the maximum error were less than or equal to 

0.40°, 0.46° and 1.27°, respectively. The agricultural implement auto leveling control system could better realize the 

scraper’s leveling control of laser leveler. The mean absolute error, the mean square error and the maximum error of 

the scraper’s tilt angle were 0.52°, 0.24° and 1.15°, respectively, and in more than 80% of the time, the scraper’s tilt 

angle of laser leveler was less than 0.5°, which was improved by 0.5° compared with the control precision of origi-

nal leveling control system of laser-controlled land leveler for paddy field. The study provides a method for auto 

leveling controlling of agricultural implement, which can improve the work quality of agricultural machinery.  

Keywords: agricultural machinery; control systems; design; agricultural implements; auto leveling; tilt measure-

ment; leveling control 

CLC number: F323.3; S222.5 

0 Introduction 

At present, most agricultural machinery in the market 

still refer to traditional profile modeling form, and some can 

achieve control of agricultural implements in height direc-

tion 
[1–5]

 but fails to realize horizontal balance control. In 

actual working, field unevenness, inclination and other fac-

tors will easily make the left and right wheels not on the 

same horizontal position and lifting profile modeling device 

can only control the height of agricultural implements rather 

than control the balance of the whole machine in horizontal 

direction, hence the expected requirement cannot be 

achieved 
[6]

. If the paddy field is precise and level, under the 

influence of plow pan unevenness, laser control system can 

only control the height adjustment rather than guarantee 

horizontal control of scraper during level working of paddy 

field, which results in the fact that field levelness is hard to 
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satisfy the planting requirements 
[7–9]

. 

In order to ensure consistent planting depth of seedling, 

literature [10] reported an automatic balancing device for 

transplanter to achieve horizontal control of handheld trans-

planter; universal gravitation and lever balance principle are 

applied for auto balancing of sensor hammer so as to control 

hydraulic system to drive relevant components for horizon-

tal leveling of transplanter. During working of dry field la-

ser leveler, scraper cannot keep level and is easy to make 

inclined surface under large local surface relief, which is to 

the disadvantage of precise land leveling, so roll angle sen-

sor is used to acquire roll angle signal of scraper and control 

cylinder to keep the scraper level, so as to improve land 

levelness 
[11]

. For application to paddy field soil leveling in 

south region, Li et al. 
[7]

 designed paddy field laser leveler 

based on roll angle sensor of gravity pendulum and damp-

ing oil structure, and Zhao et al. 
[8]

 designed horizontal con-

trol system of paddy field laser leveler based on MEMS 

inertial sensor fusion, with measuring error of fusion algo-

rithm not exceeding 1° generally, which can control scraper 

within ±1° in horizontal position 
[8, 12–15]

. Such horizontal 

control system is applied in 1 PJ series paddy field laser 

leveler with good benefits obtained. But there are still some 

deficiencies. Fusion algorithm is not so accurate toward 

switching algorithm of accelerometer and gyroscope 
[8]

 and 

is inclined to the influence of leveling hydraulic cylinder 

regulation and elevation control system 
[15]

. The installation 

is difficult as sensor system must be installed on scraper. 

So, in order to improve the work quality and realize auto 

leveling control of agricultural implements, sensor technol-

ogy and control technology are adopted in this paper to de-

sign an auto leveling control system applicable to 

agricultural implements, and three-axis turntable platform 

test and field test are used to analyze the system. 

1 Auto leveling control principle 

The principle of auto leveling control system for agri-

cultural implements is shown in Fig. 1. Rotating mecha-

nism for agricultural implements on tractor is connected to 

agricultural implements which can be driven by hydraulic 

cylinder to regulate the relative angle with tractor by roll-

ing around the rotating mechanism. Except rotation direc-

tion of agricultural implements, connection of agricultural 

implements rotating mechanism and tractor is regarded as 

rigid connection. Roll angle sensing system of tractor is 

installed on tractor to measure its roll angle in real time. 

During field working of tractor, agricultural implements 

inclines with the tractor, and auto leveling control system 

will make control decision based on roll angle and drive 

leveling hydraulic cylinder to regulate the relative angle 

between implements and tractor, so as to keep expected 

working angle of agricultural implements in real time. 

Displacement sensor on auto leveling hydraulic cylinder 

measures the expansion amount of hydraulic cylinder and 

acquire relative angle by combining the relationship of 

agricultural implements and tractor to achieve auto leveling 

closed-loop control. 

 

Fig. 1  Principle of agricultural implements auto leveling 

1. Tractor 2. Displacement sensor 3. Hydraulic cylinder 4. Steel wire 5. 

Agricultural implement 6. Rotating mechanism 7. Roll angle sensing sys-
tem 8. Auto leveling controller 

2 Kalman fusion algorithm of tractor roll 

angle 

Tractor roll angle sensing system is used to measure the 

roll angle of tractor body. Kalman filtering algorithm 
[16–19]

 

is adopted and the data of accelerometer sensor and gyro-

scope sensor 
[20]

 are combined to acquire precise roll angle. 

Accelerometer sensor is used to measure the roll angle of 

tractor and gyroscope sensor is used to measure roll angle 

velocity of tractor. In roll angle sensing system, regard the 

real roll angle φ as a state vector and estimate the deviation 

b of gyroscope constant by accelerometer, so as to obtain 

the corresponding state equation and observation equation. 

 

where:  is the derivative of φ, viz. angular rate 
[20]

; φ is 

the real roll angle (°); ω is the output angular rate of gyro-

scope containing fixed deviation, °/s; wg is the noise meas-

ured by gyroscope, °/s; wa is the noise measured by 

accelerometer, (°); is the derivative of b; b refers to the 

deviation of gyroscope constant, °/s; φa is the angle acquired 

by accelerometer after treatment, (°); wg and wa are mutual-

ly independent, which are supposed to be white noise satis-

fying normal distribution. 

State equation and measurement equation of discrete 

system can be obtained by regarding Ts as the acquisition 

cycle. 

 
where: xk is the state vector at k moment; xk−1 is the state 
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vector at (k − 1) moment; Ts is system acquisition cycle, s; 

ωk−1 is the output angular rate of gyroscope containing fixed 

deviation at (k − 1) moment, °/s; wg,k is the noise measured 

by gyroscope at k moment, °/s; zk is observation vector at k 

moment. 

The current state of Kalman equation is: 

 
where: 

is the 

predicted result by using the data of k moment; x
+

k-1 is the 

optimal result at (k − 1) moment. 

Then the covariance of xk
−
 is: 

 
where: P

+
k−1 is the corresponding covariance of x

−
k; A

T
 is 

transposed matrix of A;  is the covari-

ance of system process; qa and qg are the covariance meas-

ured by accelerometer and gyroscope, respectively. 

The optimal estimated roll angle xk
+ 

 at k moment is: 

 

where: ; Kk refers to Kalman gain: 

 
zk refers to the measurement of accelerometer sensor: 

 
where: ag,k is the acceleration of corresponding measuring 

axis of accelerometer sensor; g is the acceleration of gravi-

ty; R = [ra] refers to covariance matrix of measurement er-

ror. Then, Kalman filter is calibrated. 

The covariance Pk
+
 at (k + 1) moment is updated: 

 

Where  is unit matrix and Pk
−
refers to the co-

variance at k moment. 

3 Control angle calculation of agricultural 

implements 

3.1 Relative tractor angle of agricultural imple-

ments 

Movement of agricultural implements is divided into 

traction of tractor and rotation relative to tractor. Without 

regard to traction movement of tractor in forward direction, 

it can be considered that rotation of agricultural implements 

relative to tractor is plane rotation. Relative movement of 

agricultural implements and tractor can be simplified, as 

shown in Fig. 2. In xtotytzt coordinate system of tractor, xt 

forward direction is the forward velocity direction of tractor, 

tractor part is simplified into roll angle sensing plane and 

rotating mechanism of tractor, tractor roll angle sensing 

plane is parallel to tractor four-wheel plane and roll angle 

sensing system is installed on the plane parallel to roll angle 

sensing plane, as shown in Fig. 2. The roll angle measured 

is positive when the tractor inclines right and that measured 

is negative when tractor inclines left. In xeoeyeze coordinate 

system of agricultural implements, xe forward direction is 

the forward velocity direction of tractor; agricultural im-

plements and relevant mechanisms can be simplified into 

implements and rotation hinged joint and cylinder connec-

tion point. 

Agricultural implement rotates around hinged joint rela-

tive to tractor and rotating mechanism under the drive of 

hydraulic cylinder, to form the roll angle θ of agricultural 

implements relative to tractor, as shown in Fig. 2. The angle 

of agricultural implements rotating relative to clockwise 

direction of tractor is positive, while that relative to coun-

terclockwise is negative. Relationship between displace-

ment elongation l of cylinder and the change of agricultural 

implements relative to roll angle θ of tractor is shown in 

Formula (9). 

 
where: θ is the roll angle of tractor, (°); α is included angle 

oeohct, (°); β is included angle otohcb, (°); la is the length of 

ohct, mm; lb is the length of ohcb, mm; l0 is the minimum 

length of cylinder; l is displacement elongation of cylinder, 

mm. 

 

Fig. 2  Structure diagram of agricultural implements auto leveling 

control system 

Note: oe is center of agricultural implement coordinate system; ze is z-axis 

of agricultural implement coordinate system; ye is y-axis of agricultural 
implement coordinate system; ot is center of tractor coordinate system; zt is 

z-axis of tractor coordinate system; yt is y-axis of agricultural implement 

coordinate system; ot is hinged joint of rotating mechanism and agricultural 
implement; ct is hinged joint of cylinder top and agricultural implement, (°); 

cb is hinged joint of cylinder bottom and rotating mechanism, (°); θ is roll 

angle of agricultural implement, (°); α is angle of oeohct, (°); β is angle of 
otohcb, (°); la is length of ohct, mm; lb is length of ohcb, mm; l0 is the 

shortest length of cylinder, mm; l is displacement of cylinder, mm. 
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3.2 Relative tractor roll angle regulating quantity 

of agricultural implements 

Supposing the target angle of agricultural implements 

during working is φT and tractor roll angle is φ, the sum of 

agricultural implements roll angle θL relative to tractor at 

the previous moment and regulating quantity Δθ of agricul-

tural implements roll angle relative to tractor shall be the 

target angle φT maintained during working, and regulating 

quantity Δθ of agricultural implements roll angle relative to 

tractor at present moment shall be: 

 
The target angle θT to be controlled for agricultural im-

plements at present moment is: 

 
where: Δθ is regulating quantity of agricultural implements 

roll angle relative to tractor at present moment, (°); θL is 

agricultural implements roll angle relative to tractor at pre-

vious moment, (°); φ is tractor roll angle, (°); φT is the target 

angle of agricultural implements during working, (°); θT is 

the target angle to be controlled for agricultural implements 

at present moment, (°). 

4 Test and analysis 

4.1 Materials and methods 

1) Tractor roll angle sensing system 

ADIS16300 accelerometer and ADXRS453 gyroscope of 

Analog Devices are adopted for tractor roll angle sensing 

system. ADIS16300 refers to 4-DOF inertial sensor 
[21]

, and 

y-axis acceleration information of ADIS16300 is used in 

roll angle sensing system. ADXRS453 is a 

high-performance gyroscope with digital output form 
[22]

. 

Processor of roll angle sensing system refers to 

TMS320F28069 of Texas Instruments, which is an efficient 

32-digit DSP processor with frequency of 90 MHz and pos-

sesses local single-precision floating-point calculation unit 

and 32-digit floating-point algorithm accelerator 
[23]

. Date of 

accelerometer ADIS16300 and gyroscope ADXRS453 are 

operated by serial bus SPI of TMS320F28069 
[24]

, and the 

read sensor data are sent to Kalman fusion algorithm of 

tractor roll angle to get the real-time tractor roll angle. Sen-

sor data reading frequency is 40 Hz. 

2) Three-axis turntable platform test 

SGT320E three-axis turntable platform comprises me-

chanical table, electronic control system and connecting 

cable 
[25]

. Mechanical table refers to U-O-O structure with 

three axes rotating continuously and infinitely, and rate 

mode is adopted to test the measurement accuracy of roll 

angle sensing system. Rate resolution of such turntable 

platform is 0.0001°/s. 

Three-axis turntable platform test is shown in Fig. 3, and 

the data of SGT320E three-axis turntable platform can be 

output under the control of external sync signal. In order to 

guarantee data synchronization of roll angle sensing system 

and turntable platform, sync signal (voltage of 3.3–5 V and 

frequency of 40 Hz) is output from IO port of roll angle 

sensing system, and turntable platform is only used to out-

put roll angle data. The data of turntable platform and roll 

angle sensing system are output via RS232 serial commu-

nication port, and multi-serial acquisition software installed 

on computer 
[26]

 can read the input data on its serial device 

synchronously and save it in file form on computer. 

3) Field test of paddy field laser leveler 

1PJ-3.0 paddy field laser leveler matched with trans-

planter is adopted for field test platform of agricultural im-

plements auto leveling control system 
[27]

. Scraper of the 

leveler is designed for paddy field in south region 
[12, 28]

, 

which regards the rotary laser plane formed by laser trans-

mitter as the datum plane, detects laser signal by elevation 

control system 
[29]

 and controls the hydraulic system 
[12, 30]

 to 

keep the scraper always at the set plant. Agricultural im-

plements auto leveling control system is installed on 

1PJ-3.0 paddy field laser leveler matched with transplanter, 

so as to measure the roll angle of transplanter body via 

tractor roll angle sensing system and the relative roll angle 

between scraper and tractor via straight-line displacement 

sensor. The controller adopts PD control algorithm to cal-

culate PWM drive signal duty ratio of solenoid valve 
[8, 31]

 

and keeps the scraper level by controlling hydraulic system, 

so as to reduce the influence on leveling precision due to 

unevenness of paddy field hardcore 
[8, 13]

. 

 

Fig. 3  Structure diagram of turntable platform and field tests 

Field test system is shown in Fig. 3. Two inertial refer-

ence systems MTi-300 are respectively installed on leveler 

body and scraper. Reference system on leveler body is used 

to test the precision of roll angle measured by roll angle 

sensing system, while that on scraper is used to test the con-

trol precision of scraper. MTi-300 is a high-precision atti-

tude reference system based on Kalman fusion algorithm, 

with roll angle sensing precision of 0.3° 
[32]

. In order to 

guarantee data synchronization of roll angle sensing system 

and two sets of MTi, sync signal (voltage of 3.3–5 V and 
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frequency of 40 Hz) is output from IO port of roll angle 

sensing system and meanwhile sync pin of two sets of MTi 

is input. Data of both MTi and roll angle sensing system are 

output via RS232 serial communication port and saved on 

computer in file form. Field testing photo is shown in Fig. 4. 

 

Fig. 4  Field testing photos 

4.2 Test data and analysis 

1) Three-axis turntable platform test 

The tractor roll angle sensing system is installed on 

three-axis turntable platform and the turntable platform is 

set as sinusoidal motion with the other two axes locked 

without motion. According to the motion conditions of 

tractor in field, the frequency of sinusoidal motion is se-

lected as 0.5, 0.75, 1.0, 1.5 and 2 Hz and the amplitude is 

2°, 4°, 6°, 8° and 10° to combine 25 tests in total. However, 

restricted by turntable platform, the amplitude can only 

reach 4° when the frequency is 1.5 Hz and reach 2° at fre-

quency of 2 Hz, so actually only 18 test combinations are 

carried out. Fig. 5 shows one set of the test data. Three in-

stallation positions are set for roll angle sensing system: 

centerline of roll angle sensing system coincides with that 

of turntable platform and centerline of roll angle sensing 

system deviates from that of turntable platform by 10 cm 

and 20 cm respectively. 

 

Fig. 5  Test data of turntable platform 

It can be seen from sinusoidal motion tracking test data 

of turntable platform that the minimum mean absolute 

measurement error of tractor roll angle sensing system is 

0.05° and the maximum is 0.15°; the minimum root mean 

square error is 0.08° and the maximum is 0.18°; the maxi-

mum error is 0.33°. When the sinusoidal motion frequency 

of turntable platform rises from 0.5 to 0.75 Hz, error change 

is not obvious, but from 1–2 Hz, the error increases as the 

frequency increases or sinusoidal motion amplitude in-

creases. 

Relative to the angle data of sinusoidal motion of turnta-

ble platform, tractor roll angle sensing system has certain 

delay, viz. 0.057 s, mainly because of smooth filtering on 

original data of acceleration sensor and gyroscope. 

Centerline of tractor roll angle sensing system is relevant 

to relative position of turntable platform centerline. The 

farther the rotation axis is from sensor centerline, the greater 

the error will be. During frequency of 2 Hz and amplitude 

of 2°, root meansquare error is 0.16° when centerline of roll 

angle sensing system coincides with that of turntable plat-

form; root mean square error is 0.17° upon deviation of 10 

cm and 0.20° upon deviation of 20 cm. Therefore, roll angle 

sensing system shall be installed close to rotating axis of 

measuring object. 

As pitch angle error exists in the installation of tractor 

roll angle sensing system, pitch angle of turntable platform 

is set as 0, 2° and 4°, and test is carried out under sinusoidal 

motion of 2 Hz and 10° and centerline coinciding condition. 

The test result indicates that the initial pitch angle of sensor 

installation has no influence on measurement accuracy of 

tractor roll angle sensing system. 

2) Field test 

Continuous 4 h test is carried out according to field test 

method to analyze the test result. Fig. 6 shows the data of a 

single test: forward speed is 0.6 m/s and data sampling fre-

quency is 40 Hz. It can be seen from Fig. 6 that by referring 

to the roll angle data measured by tractor MTi-300 attitude 

sensor, the tractor roll angle data output by fusion algorithm 

of tractor roll angle sensing system can accurately measure 

the roll angle of tractor in real time. The mean absolute er-

ror is 0.40°, root mean square error is 0.46° and maximum 

error is 1.27°, indicating that fusion algorithm of tractor roll 

angle sensing system effectively improves the precision of 

roll angle; mean absolute error of scraper’s tilt angle (relative 

 

Fig. 6  Test data of paddy field 

Note: Forward speed is 0.6 m/s, data sampling frequency is 40 Hz. 
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to horizontal position, viz. 0) measured by MTi-300 attitude 

sensor on scraper is 0.52°, root mean square error is 0.24° 

and maximum error is 1.15°. Scraper’s tilt angle in above 

80% circumstances is within 0.5°, which indicates that ag-

ricultural implements auto leveling control system can real-

ize auto leveling of scraper, possesses high control precision 

and improves the control precision by 0.5° compared with 

scraper level control system of original paddy field laser 

leveler 
[8,15]

. 

5 Conclusions and discussions 

1) A kind of agricultural implements auto leveling con-

trol system was designed to measure the real-time tractor 

roll angle by using Kalman filtering algorithm and combin-

ing the data of accelerometer and gyroscope, measure the 

elongation of leveling hydraulic cylinder by straight-line 

displacement sensor, and realize level control of agricultural 

implements by controlling electromagnetic directional 

valve. 

2) Tractor roll angle sensing system was tested on 

three-axis turntable platform, with mean absolute error ≤ 

0.15°, root mean square error ≤ 0.18° and maximum error of 

0.33°. 

3) Field test was conducted on the performance of auto 

leveling control system by taking 1PJ-3.0 paddy field laser 

leveler matched with transplanter as the platform. Mean 

absolute error of tractor roll angle sensing system measure-

ment was 0.40°, root mean square error was 0.46° and 

maximum error was 1.27°; mean absolute error of scraper 

relative to control target angle (horizontal position, viz. 0) 

was 0.52°, root mean square error was 0.24° and maximum 

error was 1.15°, indicating that the control accuracy was 

improved by 0.5° compared with scraper level control sys-

tem of original paddy field laser leveler. 

As for agricultural implements auto leveling control sys-

tem designed in this paper, the control precision of scraper 

decreases at high speed turning due to external acceleration, 

so external acceleration estimation algorithm is to be further 

studied to improve the measurement and control precision. 
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Design and experiment of pneumatic-typed precision centralized  

metering device for rapeseed 

Li Zhaodong, Lei Xiaolong, Cao Xiuying, Liao Yitao, Liao Qingxi, Li Shanshan 

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

Abstract: To improve mechanical direct seeding level, a kind of precision centralized metering device for rapeseed 

with a reliable performance was designed, applying for high speed and broad width. The wheel type metering de-

vice with holes had a simple structure, low rape seeds of uniform granularity, and good spherical degree which 

could be better utilized, thus, easily realizing a centralized seeding operation; otherwise, it had a high damage rate, 

and therefore thus would affect seeding performance. To solve the problem of the wheel type metering device with 

holes because of the difficulty of precisely controlling the seeding rate on rape seeding, the seeding type holes were 

punched in a pyramidal shape. The device used a combination of air clearing seed and air pressure protecting seed, 

so the device was a kind of pneumatic-typed precision centralized metering device for rapeseed. This subject intro-

duced the working principle of a pneumatic-typed centralized metering device. It determined the main parameters of 

the centralized metering device, and established the mechanical model of clearing an area and protecting an area. 

The tests on the influences of clearing pressure and protecting pressure and seeding metering rotating speed were 

carried out. For seeding performance, the evaluation indexes were stability variability coefficient of the full seeding 

quantity, the apiece row consistency, variability coefficient of seeding quantity, and damage rate of the rapeseed. 

Results showed that under the condition that the seeding cylinder diameter was 100 mm, the hole shape was 

punched in a pyramid shape, the number of holes were 27, while the clearing pressure was 250 Pa, the protecting 

pressure was 150 Pa, the seed layer thickness was 49.4 mm, the clearing seed angle was 53°, and the protecting seed 

angle was 90°, the rotating speed varied from 20 to 70 r/min. The whole index and damage rate increased with the 

rise of the rotating speed of the cylinder. When the speed was not more than 40 r/min, the index changed into good 

range and had not much variation. When it was from 40 to 50 r/min, the damage rate of the rapeseed rarely changed, 

while the stability of the full seeding quantity and the apiece row consistency of seeding quantity obviously had a 

rising trend. If was no less than 50 r/min, the seeding performance was obviously getting worse. Thus, a seeding 

cylinder speed of 20–40 r/min was much better. For the stability variability coefficient of the full seeding, quantity 

was less than 2%. The apiece row consistency variability coefficient of seeding quantity was not more than 2%, and 

the damage rate was less than 0.3%. The field experiment showed that in conditions of clearing pressure 100 Pa, 

protecting pressure 300 Pa and seeding roller speed 26 r/min, the rape seed field seeding uniformity coefficient var-

iation of the collecting seeding system was 38.76%, and the average emergence distance was 75 mm which satisfied 

agronomy planting requirements. This seeding method is suitable for small seed metering, and provides a basis for 

research on the design of this type metering device. 

Keywords: agricultural machinery; design; seed; direct seeding; centralized metering device; pneumatic-typed; 

protecting seed; clearing seed; rapeseed 

CLC number: S223.2~+3 

0 Introduction 

As an important oil crop in China, the current mechanical 

seeding level of rapeseed is relatively low, only reaching 1/3 

of the average level of main crops [1]. To improve mechani-

cal direct seeding level, it is a development trend to research 

a kind of precision centralized metering device for rapeseed 

with a reliable performance and applicable to high speed 

and broad width seeding [2–3]. 

Wheel type metering device with holes is a kind of dib-

ble (hole) seed metering device [4–6] with wide application, 

which has a simple structure, low rapeseeds of uniform 

granularity and good spherical degree which could be better 

utilized [7], thus easily realizing a centralized seeding opera-

tion, but it has a high damage rate and would affect seeding 

performance. Therefore, scholars both in China and abroad 

have done various researches to improve its seeding per-

37



   

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

formance from different angles. Ryu et al. [8] improved outer 

slot wheel-type drill seed metering device to design a kind 

of indented wheel-type precision seeding device with type 

holes for rice, which clear the seed by brush to improve the 

quality of precision hole seeding of rice. Tang et al. [9] set 

concave round-head regulating tongue in variable-capacity 

wheel type metering device with holes to reduce the damage 

rate of rapeseed. Luo et al. [10–11] set dismountable elastic 

follow-up protecting seed device to effectively lower the 

damage rate of direct hole seeding rice. Wang et al. [12] pro-

posed and designed a kind of synchronous flexible belt pro-

tecting seed device, which has obvious effect in lowering 

the damage rate of direct seeding corn, rice and other crops. 

Liao et al.[13] combined brush feed wheel and flexible belt in 

wheel type metering device with slotted holes, and carried 

out experiment to prove that damage rate and efficiency of 

rapeseed are still to be improved. Jia et al. [14] utilized in-

clined ring brush for clearing seed in the designed dou-

ble-concave rocker metering device, with good results 

achieved. Zhu et al. [15] added auto reseeding device in 

bucket wheel type metering device, and proposed a kind of 

auto reseeding method based on overrun clutch, which is 

proved to be good for improving seeding rate of large parti-

cle seeds through experiment. Liu et al. [16] developed a kind 

of mechanical pneumatic precision metering device for corn 

and carried out experimental study on seeding performance 

of bench. Qi et al. [17] designed a kind of radial clearing seed 

device that can effectively reduce the reseeding rate of 

pneumatic precision centralized metering device for corn 

under slow operation. Zhang et al. [18] designed a kind of 

pneumatic drum-type precision metering device for rice 

integrating multiple holes and seeds, air clearing seed and 

protecting seed, and tested the seeding performance of 

bench. The above researches indicate that in structural de-

sign of wheel-type metering device with holes, adding such 

devices as mechanical clearing seed, protecting seed and 

auto reseeding can improve the seeding performance, but 

there are few reports on applying mechanical-pneumatic 

technology in precision multirow seeding of small particle 

rapeseed. 

In this paper, air clearing seed and air pressure protecting 

seed are combined to research a kind of pneumatic-typed 

precision centralized metering device for rapeseed, which 

can effectively reduce the seed damage caused by tradition-

al clearing seed and protecting seed, and realize multirow 

seeding, thus solving the practical problems of complex 

structure of seeding machine and fluctuant seeding stability 

of each row caused by “one row” metering device in early 

stage. 

1 Overall structure and working principle of 

pneumatic-typed centralized metering device 

Pneumatic-typed centralized metering device is mainly 

composed of seed bin, filling seed room, seeding cylinder, 

seeding shaft, protecting cushion, protecting chamber plate, 

clearing seed air cock, protecting seed air cock, guiding 

seed tube, transmitting seed tube and driving chain wheel, 

as shown in Fig. 1. Seeding cylinder is the key working 

part. 

During working of centralized metering device, positive 

pressure air generated by air pump enters into clearing seed 

air cock and protecting seed air cock through pneumatic 

pipe. Seeds in seed bin flow into filling seed room through 

inlet seed branch pipe under the action of gravity, type hole 

enters into filling place when γ is 35°, and the seeds in fill-

ing seed room are filled into type hole under the joint action 

of lateral pressure of population and friction force of seed-

ing cylinder to finish seed filling. When the type hole car-

rying seeds rotates to clearing zone, the air from clearing 

 

1. Seed bin 2. Inlet seed branch pipe 3. Connection plate 4. Filling seed 
room 5. Unloading seed stopper 6. Guiding seed tube 7. Guiding seed tube 

8. Seeding shaft 9. Seeding cylinder 10. Protecting seed air cock 11. Pro-

tecting cushion 12. Protecting chamber plate 13. Clearing seed air cock 

Fig. 1  Structure of pneumatic-typed precision centralized meter-

ing device for rapeseed 

 

1. Clearing seed air cock 2. Inlet seed branch pipe 3. Filling seed room 4. 
Rapeseed 5. Seeding cylinder 

Note: H is seed layer thickness, mm; γ is unloading seed angle, (°); ζ is 

filling seed angle, (°); α is clearing seed angle, (°); τ is protecting seed 
angle, (°); ψ is releasing seed angle, (°); ω is angular velocity of seeding 

cylinder, rad·s−1. 

Fig. 2  Working principle diagram of centralized metering 
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seed air cock forms stable and continuous air under the ac-

tion of protecting cushion to press the seed in type hole, 

with a 90° angle of protecting zone. When type hole carry-

ing seeds moves to throwing zone, the air is cut off and the 

seeds in type hole enter into the guiding seed tube under the 

action of gravity and centrifugal force, then fall into the 

opened seed furrow via transmitting seed tube to finish 

seeding. 

2 Key part design and parameter analysis of 

centralized metering device 

2.1 Structural design of seeding cylinder 

Seeding cylinder is the key part of achieving precision 

seeding of rapeseed, and its diameter decides such parame-

ters including the overall size of centralized metering de-

vice, number of type holes, linear velocity of seeding 

cylinder and inertial centrifugal force on seeds [19–21]. The 

following equation is used to check the influence of seeding 

cylinder diameter on filling seed time of type hole: 

 
where: t is filling seed time of type hole, s; lp is arc length of 

filling place, mm; vp is the linear velocity of seeding cylin-

der, m/s; dp is the diameter of seeding cylinder, mm; h is the 

depth of type hole, mm; np is rotating speed of seeding cyl-

inder, r/min; θ is the radian of type hole in filling place, rad. 

It can be got from Eq. (1) that: 

 
Eq. (2) shows that filling seed time of type hole (t) is on-

ly related to radian of filling place (θ) and rotating speed of 

seeding cylinder (np) and irrelevant to diameter of seeding 

cylinder. Diameter of the current hole wheel is generally 

80–200 mm [21] and rapeseed is small particle seed. By con-

sidering the overall structural design of centralized metering 

device, the diameter dp of cylinder designed in this paper is 

100 mm. Wall thickness of seeding cylinder is 4 mm and 

acrylonitrile-butadine-styrene (ABS plastic) is adopted to 

make it by 3D printer. 

2.2 Structural parameter design of type hole 

2.2.1 Number of radial type holes and rows of type 

holes 

In combination with the production efficiency, seeding 

quantity and seeding performance of general seeding ma-

chine, the working speed of designed seeding machine is vm 

≤ 5 km/h and cylinder rotating speed is np ≤ 50 r/min. 

Field operation of metering device is powered by land 

wheel, then there is np in direct proportion to vp and vm, 

namely: 

 
where: Z is the number of type hole, Qm is metering fre-

quency, 1/s; vm is the advancing velocity of machine, m/s; T 

is hole spacing, mm; s is plant spacing, and reasonable 

spacing for rapeseed is 0.06–0.08 mm; dmax is the maximum 

particle size of seed, and particle size range of rapeseed is 

d=1.5–2.5 mm [22–23]. 

It can be obtained from Eq. (3) that: 21 ≤ Z ≤ 27. 

Due to certain slip rate of land wheel in field operation, 

to improve the filling performance and guarantee the spac-

ing of type hole, the number of test type holes Z is deter-

mined as 27 in this paper, corresponding central angle of 

neighboring type hole is 13.33°, spacing of axial type hole 

is 40 mm, 6 lines are seeded at one time, and 6 rows of type 

hole are selected. 

2.2.2 Shape and size design of type hole 

Rapeseed is characterized by small particle, high spheri-

cal degree and easy hole blocking, so the shape of type hole 

directly influences the throwing performance of metering 

device, thus affecting the metering quality. In combination 

with the existing researches [24–25], “inverted pyramid” shape 

hole is designed in this paper, as shown in Fig. 3. Cross sec-

tion of type hole and rapeseed is square and quasi-circular 

respectively and they contact by point, which is beneficial 

for improving the rollability of rapeseed, hence reducing or 

eliminating hole blocking. 

1) Upper side length of type hole 

To ensure type hole not blocked by seeds and from the 

aspect of beneficial for filling and throwing [21–26], there is: 

 
where: L1 is the side length of outside hole, mm. dmin of 

rapeseed is generally 1.5 mm, so, L1 can be determined as 4 

mm. 

2) Bottom side length of type hole 

To prevent the minimum rapeseed falling into the cylin-

der, there is: 

 
where: L2 is bottom side length of hole, mm, and dmin is the 

minimum grain size of rapeseed, mm. dmin of rapeseed is 

generally 1.5 mm, so L2 can be determined as 1.2 mm. 

3) Depth of type hole 
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Note: L1 is upper side length of the type hole, mm; L2 is bottom side 
length of the type hole, mm; h is depth of the type hole, mm. 

Fig. 3  Structural diagram of type hole 

To ensure the maximum seed is completely in the hole 

and not removed [21, 27] and ensure the seed above it could be 

blown away, there is: 

 
where: h refers to depth of type hole, mm. 

Then the depth of type hole is determined as h = 2.7 mm. 

2.3 Differential pressure of clearing seeds 

After type hole carrying seeds entering the clearing zone, 

the positive pressure air has capture, pushing and stabilizing 

action on the seeds filled into type hole and can stabilize 

and press the seeds at hole bottom, and the entraining air 

formed by positive pressure air at the type hole imposes 

pushing action on the seeds at the top of type hole [28–29]. By 

taking seed 1 as the research object, the stress analysis of 

clearing zone is shown in Fig. 4. For easy analysis, the seed 

shape is simplified into round rigid body, with its geometric 

center as the mass center of seed. Supposing the seed at the 

hole bottom is stably pressed with no relative slip between it 

and the hole, auxiliary coordinate system is established 

along the tangent and normal direction of hole movement 

and the critical state of seed 1 at top of hole being pushed 

under the action of positive pressure air is regarded as the 

condition, to establish the stress equation under no acting 

force between seed 1 and seed 2: 

 
where: Fq is positive pressure, N; N is supporting force of 

the side wall, N; Ff is friction force of seed 1 and hole side 

wall, N; Fl is the inertial centrifugal force, N; β is angle be-

tween the y axis and horizontal plane, (°); δ is angle be-

tween Ff and y axis, (°); μ is friction coefficient between 

seeding cylinder and seed, μ = 0.3–0.5, set as 0.4; m is the 

mass of unit rapeseed, kg; r is distance between mass center 

of seed and fixed axis center, mm; w is angular velocity of 

cylinder, rad/s; g is acceleration of gravity, m/s2. 

 
Note: O is rotation center of the seeding cylinder; G is gravity force of 
seed1, N; N is supporting force of the side wall, N; Ff is friction force of 

seed 1and hole side wall, N; Fl is the inertial centrifugal force, N; Fq is 

positive pressure of aerodynamic forces on seed 1, N; β is angle between 
the y axis and horizontal plane, (°); ε is cone angle of the hole, (°); δ is 

angle between Ff and Fl, (°); Δ is the angle of mass of attachment between 

seed 1 and seed2, (°); r is distance between mass center of the seed 1 and 
the seeding cylinder rotation center, mm; seed 1 is object pushed by the air; 

seed 2 is attached object. 

Fig. 4  Force simplified model of seed at clearing seed zone 

The following equation can be obtained from Fig. 4 and 

dimension parameter of type hole: 

 
where: △ is the angle between the line connecting O to 

mass center of seed 1 and the line connecting O to mass 

center of seed 2, (°); △max is the maximum angle between 

the line connecting O to mass center of seed 1 and the line 

connecting O to mass center of seed 2, (°); ε is the taper 

angle of type hole, (°). It can be known from calculating 

structure parameter of type hole above that ε is 55°. 

According to Eq. (5), there is: 

 
The following relationship can be obtained from Fig. 2 

and Fig. 4: 

 

40



   

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

By combining Eqs. (4), (6) and (7), the critical condition 

of pushing seed is: 

where: ζ is filling seed angle. According to experiment in 

early stage, seed layer thickness H for experiment in this 

paper is determined as 49.4 mm, filling seed angle ζ is cal-

culated as 55° and γ is unloading seed angle. It can be ob-

tained by experiment that natural repose angle of seed is not 

larger than 30°, unloading seed angle γ selected for experi-

ment in this paper is 35° and α is the angle between clearing 

seed air cock axis and horizontal plane, (°). According to 

experiment in early stage and previous researches [30–31], 

clearing seed angle α is set as 53° for experiment in this 

paper, and φ refers to the angle between clearing direction 

of air cock and x axis, (°). 

In practical work, the pushed seed exists in clearing seed 

airflow field, and according to the principle of action and 

reaction relationship, the pushing force of airflow acting on 

seed refers to the circle resistance on seed[32]. According to 

fluid mechanics principle, the circle resistance can be com-

puted by: 

 
where: K is dimensionless coefficient, related to seed form, 

shape and Reynolds number; A is the projection area of the 

seed vertical to clearing seed air direction, mm2; ρ is air 

density, ρ = 1.21 kg/m3 under normal state; VΩ is mean flow 

rate, m/s. 

According to the above, the seed is supposed to be a 

round rigid body, then there is: 

 
Air volume at outlet of clearing seed air cock and the 

mean value are: 

 
where: Q is the air volume at clearing seed air cock, m3/s, 

and D is cross section diameter of clearing seed air cock, 

mm. 

It can be obtained by combining Eqs. (8)–(11) that: 

It can be learnt from Eq. (12) that whether the seed can 

be removed is related to material characteristics of seed (m, 

k, μ), structure of type hole, ε, clearing seed angle of air 

cock, α, filling seed angle ζ, cylinder rotating speed np, 

cross section diameter of clearing seed air cock, D, fluid 

parameters (ρ, Q), etc. To analyze the influence of differ-

ential pressure in clearing seed zone on performance of me-

tering device, differential pressure △pq of clearing seed 

zone is set as 0–450 Pa in combination with experiments of 

early stage. 

When two small rapeseeds are filled into the type hole 

simultaneously, taking two minimum rapeseeds as the ex-

ample, seeding of single rapeseed cannot be effectively 

guaranteed as the depth of type hole is designed as 2.7 mm, 

but there is certain reseeding to ensure the agricultural re-

quirement of rapeseed planting. 

2.4 Differential pressure of protecting seeds 

When type hole carrying seeds moves to the protecting 

seed zone, without considering environmental factors like 

vibration and due to circling motion of type hole around the 

axis, the pressure of airflow acting on type hole is called 

high pressure area and inner pressure of seeding cylinder is 

called low pressure area, then the gradient force direct is x 

axis and the differential pressure force on seed points at x 

axis. Supposing the seed is at the edge of type hole under 

equal differential pressure and there is critical state of con-

tacting with side wall of type hole, mechanical analysis of 

seed is conducted on this moment, as shown in Fig. 5. Then 

the stress equation can be established. 

 

Note: FΔP is differential pressure force, N; Ø is the angle between the x axis 
and vertical plane, (°). 

Fig. 5  Force diagram of seed at protecting seed zones 

 
where: FΔp is differential pressure force, N; Δph is differen-

tial pressure of protecting seeds, Pa; angle between x axis 

and vertical plane, (°). 

It can be obtained from Eq. (13) that the critical condi-

tion of seed being pressed on type hole is: 

It can be seen from Eq. (14) that differential pressure of 

protecting seeds Δph is related to material characteristics (m, 

μ), protecting seed angle Φ, cylinder rotating speed np, 

structure of type hole, ε, and the projection area of the seed  
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vertical to clearing seed air direction, A. By taking Huay-

ouza 62 as an example, under the conditions of m = 4.45 × 

10−6 kg and θmax = 90°, the lower limit pressure of protect-

ing seeds Δph is 35.39 Pa, but in practical work, vibration, 

pneumatic pipe leakage and other factors will affect the 

pressure of protecting seeds, so actual pressure of protecting 

seeds required should be larger than calculated value of Δph. 

According to experiment of early stage, pressure of protect-

ing area is selected as 50–300 Pa in this paper. 

3  Seeding performance test of pneumat-

ic-typed precision centralized metering device 

3.1 Bench test 

3.1.1 Test materials and equipment 

Huayouza 62 rapeseed (carefully selected with damaged 

ones picked out before test) with thousand-seed mass of 

4.45 g. The test is carried out on self-designed centralized 

metering system platform, as shown in Fig. 6. 

3.1.2 Experiment design 

Single factor experiment on pressure of clearing seeds, 

pressure of protecting seeds and cylinder rotating speed is 

carried out based on GB/T9748-2005 “Testing Methods of 

Sowing in Lines” and “Technical Specification of Quality 

Evaluation for Rape Direct Seeding Machine” [33]. In the 

experiment, stability variability coefficient of the full seed-

ing quantity, apiece row consistency variability coefficient 

of seeding quantity and damage rate are regarded as the 

evaluation index of seeding performance to seek the influ-

ence laws of various factors on performance of centralized 

metering device. 

 

1. Air pump 2. Shunting tube 3. U type manometer 4. Protecting seed tube 

5. Cleaning seed tube 6. Control valve of wind pressure 7. Pneumatic-typed 
precision centralized metering device 8. Systematic bench 9. Guiding seed 

tube 10. Frequency converter 

Fig. 6  Platform of pneumatic-typed precision centralized meter-

ing device 

Six levels are taken from cylinder rotating speed of 

20–70 r/min (20, 30, 40, 50, 60 and 70 r/min), differential 

pressure of clearing seeds 0–450 Pa (0, 50, 100, 150, 200, 

250, 300, 350, 400, 450 and 500 Pa) and pressure of protec-

tion seeds 50–300 Pa (50, 100, 150, 200, 250 and 300 Pa) 

for six groups of repeated experiments. During single factor 

experiment, other factors are fixed at: cylinder rotating 

speed of 40 r/min, differential pressure of clearing seed 250 

Pa, differential pressure of protecting seeds 150 Pa, seed 

layer thickness of 49.4 mm, filling seed angle of 55° and 

clearing seed angle of 53°. 

3.1.3 Test method 

1) Determination of apiece row consistency variability 

coefficient of seeding quantity 

The seeds are collected from each seed outlet by meas-

uring cup at an interval of 1 min, and their net mass is 

weighed to calculate the mean seeding quantity of each row, 

standard deviation of seeding quantity among rows and the 

variability coefficient. 

2) Determination of stability variability coefficient of the 

full seeding quantity 

The seeds are collected from six seed outlets at an inter-

val of 1 min and their net mass is weighed to calculate the 

mean seeding quantity, standard deviation and variability 

coefficient of repeated six experiments. 

3) Determination of damage rate 

The seeds are collected from six seed outlets at an inter-

val of 1 min and their net mass is weighed, then the dam-

aged seeds are picked out and weighted, so as to calculate 

the proportion of damaged seeds mass in sample mass, viz. 

the damage rate. 

3.1.4 Experiment results and analysis 

1) Analysis on influence of differential pressure of clear-

ing seeds on seeding performance 

As shown in Fig. 7, when rotating speed is 40 r/min and 

differential pressure of protecting seeds is 150 Pa, the single 

factor experiment result of influence on seeding perfor-

mance by differential pressure of clearing seeds is: stability 

variability coefficient of the full seeding quantity shows a 

trend of rising first, declining later and tending to be stable 

finally along with increasing pressure of clearing seeds, and 

reaches the lowest, namely not greater than 2% when the 

pressure of clearing seeds is 300 Pa. Apiece row consistency 

variability coefficient of seeding quantity shows a trend of 

rising first, declining later and rising finally, and reaches the 

lowest, namely lower than 2% when the pressure of clearing 

seeds is 250 Pa. Both the damage rate and seeding quantity 

appear an obvious decline trend as the pressure of clearing 

seeds increases. When the pressure of clearing seeds is ≥ 

250 Pa, damage rate is < 0.5%, and if greater than 250 Pa, 

the seeding quantity hardly changes. 

2) Analysis on influence of pressure of protecting seeds 

on seeding performance 
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Note: In experiment rotational speed of seeding cylinder is 40 r·min−1, 

pressure of protecting seeds is 150 Pa, seed layer thickness is 49.4 mm, 
filling seed angle is 55°, clearing seed angle is 53°. 

Fig. 7  Influence of cleaning seed pressure on seeding perfor-

mance 

Under rotating speed of 40 r/min and differential pressure 

of clearing seeds 250 Pa, the single factor experiment result 

of influence on seeding performance by differential pressure 

of protecting seeds is shown in Fig. 8: as the pressure of 

protecting seeds increases, stability variability coefficient of 

the full seeding quantity shows a fluctuation trend of de-

clining first and rising later, while apiece row consistency 

variability coefficient of seeding quantity shows a generally 

stable trend of declining first and rising later. When the 

pressure of protecting seed is 150 Pa, both stability variabil-

ity coefficient of the full seeding quantity and apiece row 

consistency variability coefficient of seeding quantity reach 

the lowest, namely 1.329% and 1.748%, respectively. The 

damage rate shows a general declining trend as the differen-

tial pressure of protecting seeds increases, and is smaller 

than 0.1% when the pressure is ≥ 150 Pa. 

3) Analysis on influence of rotating speed on seeding 

performance 

When the differential pressures of clearing seeds and 

protecting seeds are respectively 250 Pa and 150 Pa, the 

experiment result of rotating speed on seeding performance 

is shown in Fig. 9: all evaluation indexes of seeding per-

formance and seeding quantity show a general rising trend 

with increase of rotating speed. When rotating speed is 

20–40 r/min, seeding quantity shows good consistency with 

low damage rate, and all evaluation indexes fluctuate in 

good range without large difference. When rotating speed is  

 

Note: In experiment rotational speed of seeding cylinder is 40 r·min−1, 

pressure of clearing seeds is 250 Pa, seed layer thickness is 49.4 mm, fill-
ing seed angle is 55°, clearing seed angle is 53°. 

Fig. 8  Influence of protecting seed pressure on seeding perfor-

mance 

40–50 r/min, damage rate variation is not significant, while 

both stability variability coefficient of the full seeding quan-

tity and apiece row consistency variability coefficient of 

seeding quantity rise obviously. When it is ≥ 50 r/min, the 

seeding performance deteriorates. When it is 30 r/min, sta-

bility variability coefficient of the full seeding quantity 

reaches the lowest, namely < 1%. When it is 40 r/min, 

apiece row consistency variability coefficient of seeding 

quantity reaches the lowest, namely ≤ 2%. When it is ≤ 

50 r/min, the damage rate is < 0.3%. 

3.2 Field experiment 

To test the work performance of pneumatic-typed preci-

sion centralized metering device for rapeseed, 2BFQ-6 pre-

cision joint direct seeding machine for rapeseed is taken as 

the platform and Oriental Red LX-954 with power take-off 

shaft speed of 720 r/min is adopted as the traction power to 

carry out field seeding experiment in Modern Agricultural 

Science and Technology Experiment Base of Huazhong 

Agricultural University on October 7, 2014. According to 

the above bench test result and in consideration of field ex-

periment result (see Table 1) analysis in early stage, there is 

certain error between field experiment and bench test, that 

is, uneven surface for field operation of unit and engine 

operating leading to certain vibration. During practical field 

operation, the following conditions are set to carry out field 

seeding experiment: unit advancing speed of 2.3 km/h, dif-

ferential pressure of clearing seeds 200 Pa, pressure of pro-

tecting seeds 300 Pa, and cylinder rotating speed of 26  

43



   

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

 

Note: In experiment pressure of clearing seeds is 250 Pa, pressure of pro-

tecting seeds is 150 Pa, seed layer thickness is 49.4 mm, filling seed angle 
is 55°, clearing seed angle is 53°. 

Fig. 9  Influence of rotating speed on seeding performance 

r/min. Variability coefficient of field seeding uniformity of 

such direct centralized metering device for rapeseed is 

38.76%, and average plant spacing of emergence is 75 mm, 

which meets JB/T6274.1-2001 “Specifications for Grain 

Drill” and the agricultural requirements of rape planting. 

Field experiment and seedling growth conditions are shown 

in Fig. 10. 

4 Conclusions 

1) A kind of six-row pneumatic-typed precision central-

ized metering device for rapeseed is designed by taking the 

self-designed seeding cylinder with “inverted pyramid” type 

holes as the object and combining air clearing seed and air 

pressure protecting seed technologies. 

2) When the differential pressure of clearing seeds is 250 

Pa, differential pressure of protecting seeds is 150 Pa and  

Table 1  Result of field test 

 
Note: Forward speed of the tractor is 2.3 km·h−1, rotational speed of seed-

ing cylinder is 25–28 r·min−1, pressure of protecting seeds is 300 Pa, seed 

layer thickness is 49.4 mm, filling seed angle is 55°, clearing seed angle is 
53°. 

 

Fig. 10  Field experiment and growing tendency of rape 

rotating speed is 20–40 r/min, stability variability coeffi-

cient of the full seeding quantity is smaller than 2%, apiece 

row consistency variability coefficient of seeding quantity is 

not greater than 2% and the damage rate is lower than 0.3%. 

Both the stability variability coefficient of the full seeding 

quantity and apiece row consistency variability coefficient 

of seeding quantity of this centralized metering device meet 

the technical requirements of direct rapeseed seeding, so 

such device can effectively lower the damage rate of wheel 

type metering device with holes. 

3) Field experiment shows that when the differential 

pressure of clearing seeds is 200 Pa, differential pressure of 

protecting seeds is 300 Pa and rotating speed is 26 r/min, 

variability coefficient of field seeding uniformity of such 

direct centralized metering device for rapeseed is 38.76%, 

and average plant spacing of emergence is 75 mm, meeting 

the agricultural requirements of rape planting. 

Various factors are affecting the seeding performance of 

pneumatic-typed precision centralized metering device, in-

cluding structure parameter of protecting seed device, di-

ameter of clearing seed air cock, relative position of 

clearing seed air cock and type hole, shape of type hole, etc. 

Different combined parameters may be required for differ-

ent varieties and conditions (e.g., high speed, vibration, in-

clination, etc.), so in-depth research is required for 

optimization of various factors combination. 
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Crop line recognition algorithm and realization in precision pesticide system  

based on machine vision 

Diao Zhihua1,2, Zhao Mingzhen1,2, Song Yinmao1,2, Wu Beibei1,2, Wu Yuanyuan1,2, Qian Xiaoliang1,2, Wei Yuquan1,2 

1. Electric Information & Engineering Department, Zhengzhou University of Light Industry, Zhengzhou 450002, China; 

2. Henan Key Lab of Information Based Electrical Appliances, Zhengzhou 450002, China 

Abstract: The identifying of a center line in a crop and the realization of an automatic alignment of a spraying noz-

zle is the key technology in a precision pesticide. Machine vision has great advantage in path automatic identifica-

tion, and has been widely used in the study of modern precision agriculture. To overcome the low adaptability in a 

navigation line extraction algorithm, we used middle growing corn as the goal of the research and got an algorithm 

with a higher adaptability. In this paper, the image background segmentation was the first part. In this part, the 

comparison of a traditional gray transformation and an improved one was realized, and showed the effect of the tra-

ditional method and an improved method, the results showed that the improved algorithm had certain advantages in 

the processing of such images, so we used the improved gray-scale transformation as the first step of segmentation. 

Then the improved middle filter algorithm was used to filter the noise in an image which has been changed in the 

method of obtaining the middle value to reduce the processing time. Then the image was binarized by an OTSU al-

gorithm instead of the threshold method, which processed automatically with little interference and made the crop 

row black, and the background white, so to achieve the image background segmentation. Crop line extraction was 

the second part. The purpose was to use the line to indicate the crop rows, so we used the following method to ex-

tract a line in a binary image as far as possible to represent the crop rows and the central position of the image. We 

used a morphological algorithm to remove the noise, and the 3 × 3 template of erosion and dilation to operate on the 

two value image, and determined the number of erosion and dilation by experiment, and then the thinning algorithm 

and scanning filtration was adopted to keep the middle of the crop rows only, in order to represent navigation in-

formation and reduce the computation in line recognition. The third part was deviation calculation. We fit out the 

navigation line, and got the navigation information by a randomized Hough transform that determined a point in the 

parameter space by any two points in an image space and transformed the dispersed mapping of one to many to 

merge the mapping of many to one, which reduced the amount of computation effectively and improved the veloci-

ty of calculation. According to the transformation between the world coordinate system and the image coordinate 

system and the deviation distance between bottom center of crop rows, the pixel center of the image and the spray 

nozzle position relative to the information of camera, we could get the actual deviation in this image. Finally, we 

realized the hardware structures and composition of this system. And the experimental results suggested that this 

algorithm had better generality, and it had a certain advantage in background segmentation, crop line, and navigate 

information extraction. We have proved that the algorithm can effectively avoid the effects of weeds by the experi-

ment of different images and process, and it can adapt to the line extraction of different crops. 

Keywords: image segmentation; crops; algorithms; machine vision; precision pesticide; row recognition 

CLC number: TP242.6~+2 

0 Introduction 

In research of precision agriculture, automatic path 

recognition of agricultural machinery occupies an important 

position, and crop line recognition is the basis of precision 

pesticide, irrigation and fertilization of agricultural machin-

ery. Automatic recognition system of agricultural machinery 

based on machine vision is to extract the center of crop line 

by processing and analyzing image under the premise of 

automatically acquiring farmland environment image, and 

obtain navigation parameters of system by calculation, so as 

to control automatic alignment or walking of agricultural 

machinery. 
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Based on previous researches, automatic recognition path 

of agricultural machinery generally refers to the center line 

of crop line or crop ditch. As early as in the 20th century, 

Marchant and Brivot [1] of Silsoe Research Center and Swe-

den experts Bjom Astrand et al. [2] conducted corresponding 

researches on navigation algorithm based on machine vision 

respectively, with certain results achieved. In recent years, 

there are also many researches in this aspect. Zhang et al. [3] 

obtained multi-ridge recognition unified model according to 

the spatial relationship of ridge, line and point by combining 

Hough transform and Fisher criteria, recognized crop row 

and overcame the deficiency of extracting multiple crop 

rows by traditional Hough transform; Zhao et al.[4] detected 

the center line of a crop by using the improved Hough 

transform based on vertical histogram projection, and com-

bined projection method with direct Hough transform; Ma 

et al. [5] found the navigation positioning point using vertical 

projection method and set region of interest (ROI), then 

fitted the positioning point by Hough transform to obtain 

the navigation datum line. All these algorithms have certain 

reference value for crop line extraction of farmland based 

on machine vision, but they have poor adaptability and 

complicated algorithm, hence unable to meet the demands 

of precision pesticide machine fundamentally. This paper 

used the improved excess green method and median filter-

ing algorithm to segment the crop line, reduce processing 

time and remove the noise; only reserved the middle crop 

line containing crop line information in extraction, reduced 

the amount of computation, detected the center line in a 

crop by randomized Hough transform and acquired the de-

viation according to transformation between the world co-

ordinate system and the image coordinate system and the 

relative distance; erected image processing frame based on 

MFC to test different images. About 290 ms is required to 

process an image in laboratory environment, and the pro-

cessing result shows that the algorithm owns good adapta-

bility and high accuracy, hence basically meeting the 

demands of practical application. 

1 Image acquisition 

MV-VD030SC industrial camera and AFT-0814MP lens 

manufactured by Microvision are adopted as the image ac-

quisition system to output RGB color image in BMP format. 

Computer for image processing refers to Intel (R) Pentium 

(R) Dual CPU E2200 with main frequency of 2.20 GHz and 

internal memory of 1 G; software development tool refers to 

Microsoft Visual C++ 6.0. Images (640 × 480 pixels) mid-

dle growing corn field is acquired by image acquisition sys-

tem as the research object of algorithm. Middle growing 

corn owns the following characteristics: plant of 40–50 cm 

high, 4–7 leaves on each plant, leaf in long strip shape, se-

rious cross covering, great background noise of weed and 

soil, unobvious and relatively narrow center of crop line, 

hence great difficulty compared with wheat and other crops. 

2 Crop line recognition 

The following treatments are required to obtain accurate 

crop line information in color bitmap: first, background 

segmentation is carried out on farmland crops to remove the 

background interference of image; then the obtained crops 

is regularized to acquire the center line representing direc-

tion of crop line, and finally the relative deviation between 

center line in a crop and spray nozzle is determined, so as to 

control the automatic alignment of agricultural machinery 
[6–10]. 

2.1 Background segmentation 

2.1.1 Traditional gray-scale treatment 

Accurately segmenting the crop from soil background is 

the primary task of crop line extraction algorithm based on 

machine vision, which is usually called background seg-

mentation. In this paper, crop line in images shot in farm-

land has obvious green features (as shown in Fig. 1a), 

indicating G value is relatively high, and both R and B val-

ue are high due to wheat stubble in soil background. In or-

der to better distinguish crop line and background, 

gray-scale treatment can be performed on images by in-

creasing G value, reducing R value and B value, that is, 

adopting the common excess green algorithm Gray = 2G − 

R − B in image processing for graying of image [11], with the 

treatment effect shown in Fig. 1b. 

2.1.2 Improved gray-scale treatment 

Gray-scale treatment of image is improved in this paper. 

As G component of plant is generally greater than R and B 

but the background is uncertain, to reserve crop line infor-

mation to the maximum extent and remove background in-

terference, the following gray-scale algorithm is adopted in 

this paper: 

 
The obtained gray-scale image is shown in Fig. 1c. 

2.1.3 Median filtering of image 

As great image noise interferes the treatment of target 

line, image filtering is necessary, and filtering processing 

effect will directly affect the reliability of image processing 

result [12–13]. In this paper, the image effect is the best after 

four times of filtering, and the total running time of algo-

rithm is reduced by shortening the time of each filtering. 

Then detailed analysis is performed on median filtering al-

gorithm and its improvement. 

Original median filtering algorithm: the 3 × 3 array win-

dow (9 elements) is ranked and the gray value of matrix 

center point is substituted with the median value obtained.
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Fig. 1  Effect image of background segmentation and crop line extraction 

However, in order to acquire the median value of 9 pixel 

points, the data shall be compared for 36 times, which is 

time-consuming and to the disadvantage of real-time image 

processing. Therefore, the method of acquiring median val-

ue in median filtering is improved in this paper by taking 3 

× 3 pixel array as an example. 

 
First, each row vector of the matrix is ranked by de-

scending order and a > b > c, d > e > f, g > h > I and e > b > 

h are supposed. Then the maximum value among a, d and g 

refers to the maximum value of matrix T, which is supposed 

as d > a > g; the minimum value among c, f and i is the 

minimum value of T, which is supposed as i < f < c; then: 

 

The median value of nine elements must be greater than 4 

elements and smaller than the other 4 elements, so d, i, a, f, e 

and h could not be the median value. After excluding the 

above 6 pixels, we only need to compare the minimum value 

g out of the maximum values, median value b out of median 

values and maximum value c out of minimum values in win-

dow matrix, and take the median value of the three. Then the 

median value will be the median value of the 9 pixels. As for 

the improved sorting algorithm, the median value can be ac-

quired after 21 times of sorting, which improves the algo-

rithm rate. Filtering result is shown in Fig. 1d. 

2.1.4 Binarization processing 

After median filtering, crop line is basically clear, and in 

order to further extract target area, binarization processing is 

conducted on images in this paper. Binarization mainly in-

cludes thresholding method and OTSU algorithm. Thresh-

old of thresholding method is determined by test and 

experience, but such method is not applied smoothly due to 

various images or large brightness difference of the same 

image. Therefore, the classic image segmentation algo-

rithm—OTSU algorithm is adopted in this paper for thresh-

old segmentation, which is simple and not interfered by 

image brightness or other information and owns favorable 

processing effect. The result of binarization processing is 

shown in Fig. 1e. 
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2.2 Crop line extraction 

Because there are many small noises in and on crop lines 

and these noises are small in area compared with crop line, 

morphology algorithm can be adopted to filter the noise 
[14–15]. Corrosion and expansion algorithms are mainly 

adopted in this paper. Corrosion algorithm can make crop 

line shrink toward its barycenter and remove the objects 

smaller than structural element, while expansion algorithm 

plays an inverse action, namely, filling the holes and in-

creasing the width of crop line. In order to maintain the 

useful information of crop line, the template used in mor-

phological processing must be appropriate. According to the 

test, 3 × 3 structural element is used in this paper to process 

the binary image, and get the outline drawing of crop line 

after 4 times of expansion and 11 times of erosion, as shown 

in Fig. 1f. In order to extract the skeleton information of 

crop line, the image is thinned and the skeleton in the mid-

dle of image is extracted, with shape characteristics of im-

age highlighted and redundant information reduced. The 

thinning result is shown in Fig. 1g. 

The space between crop lines is identical, so all lines can 

be aligned only by aligning two lines. Meanwhile, to reduce 

the amount of computation for crop line fitting and guaran-

tee the accuracy of straight line fitting, under the premise of 

considering information amount and accuracy, the main row 

of two crop lines closest to image center in thinned images 

is extracted as the reference through scan filtering from im-

age center to both sides of crop line, unnecessary lines in 

image are removed and only these two main rows are re-

served to represent the center line in a crop. The extraction 

result is shown in Fig. 1h. 

2.3 Deviation calculation 

2.3.1 Fitting crop line into straight line by random-

ized Hough transform 

In order to better embody the trend of crop line, random-

ized Hough transform algorithm is adopted in this paper to 

fit the crop line into straight line [16–19]. Traditional Hough 

transform is to map the data points in image space onto pa-

rameter space, which belongs to one to many dispersed 

mapping, but randomized Hough transform is adopted in 

this paper. Its basic principle is to uniquely determine one 

point in parameter space by any two points in image space 

and convert one to many dispersed mapping to many to one 

combined mapping, hence effectively reducing the amount 

of computation and improving the calculation speed. The 

steps are: 

Supposing the parameter equation of straight line is: 

 
where: (a, b) is the coordinates of image space; (ρ, θ) is the 

coordinates of parameter space; ρ is the distance from origin 

of coordinates to straight-line segment; θ is the angle be-

tween straight line and x axis. 

Two points (ai, bi) and (ai + 1, bi + 1) are randomly se-

lected in each step of randomized Hough transform to ac-

quire one point (ρi, θi) of parameter space; then accumulator 

of corresponding unit is set in parameter space and set as 

zero. If there is (ρi, θi) in parameter space, corresponding 

accumulator shall be added by 1; if not, it shall be inserted 

into parameter space. When a certain accumulator unit in 

parameter space reaches a certain threshold, the corre-

sponding (ρi, θi) will be regarded as the detected 

straight-line parameter. The straight-line detection result is 

shown in Fig. 1i. 

2.3.2 Deviation transformation relation 

According to the transformation between the world coor-

dinate system and image coordinate system, the transfor-

mation relation between actual shooting width and image 

pixel points can be obtained. Supposing the image resolu-

tion is M × N and shooting area is L × H, the transformation 

relation between actual shooting width of field and image 

pixel is w = M / L. In this paper, the image resolution is 640 

× 480 pixel and shooting area is 165 cm × 137 cm, so w = 

640 / 165. As a result, the actual geographical deviation 

corresponding to image pixel deviation can be acquired ac-

cording to pixel deviation distance between crop line bot-

tom center and image center in images and the position 

information of spray nozzle relative to camera. 

2.4 Extraction results of other images 

Algorithm proposed in this paper is characterized by 

good adaptability. Apart from extracting corn image, it can 

also ensure good effect in wheat image, as shown in Fig. 2. 

It can be seen from Fig. 2 that the trend of wheat line can be 

clearly fitted, providing basis for navigation deviation cal-

culation of precision pesticide system. 

 

Fig. 2  Original wheat image and processing result 
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3 Hardware of corn precision pesticide system 

Hardware composition of precision pesticide system in 

this paper is shown in Fig. 3. First, the crop images of corn 

field are acquired by industrial camera and transmitted to 

crop line recognition system in PC, then the deviation in-

formation is sent through background segmentation, crop 

line extraction and deviation calculation of images to preci-

sion pesticide controller which sends corresponding control 

command to spray nozzle to realize automatic alignment. 

 

Fig. 3  Hardware composition diagram of corn precision pesticide 

system 

4 System realization and application 

Based on the test platform VC++ 6.0, the application 

framework based on MFC is developed for line recognition 

algorithm. The main program includes image preprocessing, 

background segmentation, filtering, crop line extraction, 

deviation calculation, etc. The test shows the processing 

time of one image is about 290 ms. The deviation infor-

mation of image center (camera) and crop line bottom cen-

ter can be obtained through processing of Fig. 1a and Fig. 

2a, as shown in Fig. 4. 

After the deviation data are sent to precision pesticide 

machine controller and supposing the center distance (cam-

era deviation) between camera and crop line as x, when 

crop line center is at the right of camera, there is x > 0; and 

inversely, x < 0. The distance between two nozzles (line 

width) is z and the distance between nozzle and camera is y, 

then nozzle moving distance s shall be: 

 
According to the deviation information sent by line 

recognition system and deviation calculation of precision 

pesticide system controller, the correction information can 

be fed back in real time and offset of precision pesticide 

nozzle can be controlled, thus realizing automatic alignment 

of precision pesticide system nozzle. 

During the test, nozzle moving distance will be the devi-

ation distance between camera and crop line if y = z / 2 is 

 

Fig. 4  Deviation data of Fig. 1a and Fig. 2a 

supposed. The nozzle moves rightward when x > 0, moves 

leftward when x < 0 and remains unmoved when x = 0. 

Theoretical and actual geographical deviations and their 

error information are given in Table 1. 

Table 1  Deviation of experiment 

 

5 Conclusions 

Through analyzing the green characteristics of farmland 

and features of crop line in early and middle growing stages, 

improved gray-scale algorithm was used to make background 

segmentation effect better; median extraction method of im-

proved median filtering algorithm was used to effectively 

shorten the running time and reduce the noise of farmland 

background and crop line; crop line skeleton was extracted as 

the center line in a crop via scanning and filtering to reduce 

the amount of computation and running time of straight-line 

fitting through randomized Hough transform. 
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Hardware realization process of precision pesticide sys-

tem and actual deviation calculation method of spray nozzle 

were designed to obtain corresponding deviation infor-

mation through experiment and processing of MFC applica-

tion program. 

Processing of images of wheat field and corn field as 

well as images of crop field in various stages proved that 

this method can greatly enhance the accuracy and adaptabil-

ity of crop line extraction, with good results achieved. The 

time of processing one image is about 290 ms, basically 

meeting the actual demand. However, such algorithm fea-

tures multiple steps and is to be improved in running time, 

thus providing certain reference value for future research. 
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Abstract: To further study and reveal material movement rule and penetrating screening mechanism on multidi-

mensional vibrating screen as well as to design a hybrid vibrating screen of three degrees of freedom (3-DOF), the 

paper, based on topological structure theory in mechanism, has constructed a complete decoupling 3-DOF hybrid 

organization of 2PRRR-P(2R) as the main body of vibration mechanism in the 3-DOF hybrid vibrating screen and 

has designed an experiment prototype of the 3-DOF hybrid vibrating screen. The simulation test of screen move-

ment on the screen surface was carried out and analyzed. Cotton seed particles of ellipsoid were taken as the typical 

materials. Movement rule of material particle group on the screen surface of the 3-DOF hybrid vibrating screen was 

analyzed. D-H transformation matrix was used to deduce motion trace equation on the screen surface. The kinemat-

ics simulation was carried out with ADAMS software, and the feasibility of the mechanism design has been verified. 

Based on the discrete element method, the paper used optimal selection of difficult ellipsoid cotton seed particles of 

ellipsoid that is difficult in screening in agricultural materials as the screening objects, and carried out simulation 

analysis on screening process of cotton seed particle group on the screen surface of the 3-DOF hybrid vibrating 

screen. In the simulation test, optimal screen size is 280 mm × 160 mm and contact model between cotton seeds and 

screen surface belongs to the Hertz model. Set in the rectangle form of 140 mm × 80 mm, particle factory produced 

10000 cotton seed particles and particle generation rate was 5000 per second. The simulation time was 8 s. In the 

experiment, reciprocating motions in Z, XZ and XYZ directions were respectively added on the screen surface. 

Based on truncation technique, the average values of three-coordinate in borderless particles collision were respec-

tively extracted and the particle group displacement time curve on the screen surface was drawn. Simulation test 

results showed that when the screen surface vibrated in XYZ direction, three-direction displacement curve of cotton 

seeds displayed periodicity and the X and Y directions showed the larger throwing displacement. After 3.6 s, parti-

cles penetrating screening completed. When the screen surface vibrated in Z direction only, there was a small 

amount of displacement fluctuation in cotton seed particles in the X and Y directions. After 6.4 s of particles' pene-

trating screening, the average penetrating screening time increased by 77% compared with vibrating particles group 

on the screen surface in XYZ direction. When the screen surface vibrated in XZ direction, cotton seeds particles in 

X direction had the relatively great throwing displacement. After 5.1 s, particles' penetrating screening completed. 

The average penetrating screening time was shortened to 38% compared with particles group on screen surface in Z 

direction only. Average penetrating screening time increased by 43% compared with particles group vibration in 

XYZ direction on the screen surface. Simulation test results showed that the increase of freedom movement on the 

screen surface in X and Y directions could increase the particles group's throwing displacement in X and Y direc-

tions correspondingly, which was conducive to dispersing particles group on the screen surface, reducing average 

particles' penetrating screening time and improving the screening efficiency. The dispersion and efficiency of cot-

tonseed particles on three translations of 3-DOF vibration screen surface was verified by testing in the mul-

ti-dimensional vibration screening test stand, and the test results were in agreement with the simulation. Research 

showed that 3-DOF hybrid vibrating screen could realize three-dimensional independent vibration along the X, Y 

and Z directions. The vibration parameters such as degrees of freedom of vibration, amplitude, frequency could be 

adjusted conveniently; 3-DOF vibration on the screen surface was conducive to dispersing particles materials on the 

screen surface and could significantly improve the screening efficiency. The paper provides the reference for further 

study on the multidimensional vibration principle and for prototype development of 3-DOF hybrid vibrating screen. 

Keywords: agriculture machinery; vibrations; mechanisms; vibrating screen; 3-DOF; three dimensional discrete 

element method; cottonseed particle group 

CLC number: TH112 
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0 Introduction 

Parallel mechanism is characterized by high structural 

stiffness, strong bearing capacity, small inertia and high 

positioning and kinematic accuracy, and is capable of 

achieving motion trace of complex space curve [1–4]. On 

such basis, Shen et al. [5–7] and Wang et al. [8] proposed mul-

ti-degree of freedom (MDOF) parallel vibrating screen and 

researched its motion law and screening efficiency. Liu et al. 
[9] carried out kinematics analysis on two-translation 

two-rotation parallel mechanism of vibrating screen by using 

transformation matrix. Li et al. [10–14] carried out simulation 

and test researches on screening effect of multi-dimensional 

vibrating screen by using discrete element software EDEM. 

Ma et al. [15–18] researched the motion process of non-collision 

particles in screen surface, and CLEARY et al. [19–20] simu-

lated the screening process of particles on vibrating screen 

surface using discrete element method. The researches indi-

cate that parallel mechanism can be used in vibrating screen 

to realize MDOF motion of screen surface, to improve the 

screening efficiency of vibrating screen. However, there is 

few report concerning material movement law on MDOF 

vibrating screen surface at present. 

This paper designed a 3-DOF hybrid vibrating screen [21] 

based on complete decoupling hybrid organization of 

2PRRR-P(2R), analyzed the principle of 3-DOF hybrid vi-

brating screen, and applied ADAMS and EDEM to analyze 

the motion characteristics of screen surface and motion law 

of particle group in screen surface, so as to provide basis for 

vibration parameter design of 3-DOF hybrid vibrating 

screen and research of vibrating screen prototype. 

1 Principle analysis of 3-DOF hybrid vibrat-

ing screen 

1.1 Excitation device structure of vibrating screen 

A kind of practical parallel mechanism 

2-SOC{-Pi//Ri1//Ri2//Ri3-} (i = 1−2, // means parallel) is 

preferred as the excitation device [22] of vibrating screen 

based on topological structure theory in parallel mechanism, 

as shown in Fig. 1, where the static platform is P1⊥P2 and 

the dynamic platform is R13⊥R23. 

 

Fig. 1  Structural diagram of 3-DOF hybrid vibration screen ex-

citation device 

Note: Static platform P1⊥P2; Dynamic platform R13⊥R23; R is revolution 

joint. P is prismatic joint. 

Then, the orientative feature POC set of branch is 

 
The POC set of parallel mechanism is: 

 
where: t3 refers to the movement along three directions in 

space; r1(⊥Pi) refers to revolution vertical to Pi; r0 means 

non-independent revolution; and P represents prismatic joint 

in kinematic chain. 

It can be learnt from Eq. (2) that parallel mechanism has 

DOF of 3 and refers to three independent movements. 

Therefore, P1 and P2 can be regarded as active joint, input 

straight line reciprocates to drive the dynamic platform to 

vibrate in the X and Y directions, and excitation in Z direc-

tion can realize vertical reciprocating excitation [21] through 

synchronous reverse motion synthesis of two eccentric vi-

brating motors. 

1.2  Mechanical structure design of vibrating 

screen 

3-DOF hybrid vibrating screen is mainly composed of 

screen frame, screen surface frame, X direction excitation 

device, Y direction excitation device and Z direction exci-

tation device, as shown in Fig. 2. Screen surface frame is 

hung on the screen frame by 4 pieces of extension spring, 

and X direction excitation device and Y direction excita-

tion device comprise the parallel part 2-PRRR in main 

body of vibration mechanism in vibrating screen. In order 

to ensure stable motion and uniform stress of screen sur-

face frame, two same kinematic chains PRRR are arranged 

symmetrically in X and Y directions, slider-crank mecha-

nisms at both ends are driven by common rotary motor via 

double-output shaft speed reducer as the drive, and straight 

slide unit is adopted as slide block. According to 

self-synchronizing vibration principle of double-shaft in-

ertia exciting drive [23], Z direction excitation device is 

installed on screen surface frame parallelly by two vibrating 

motors to control the synchronous reverse rotation of two 

vibrating motors and generate excitation stress in Z direc-

tion after motion synthesis. 

1.3 Motion trace analysis of screen surface 

Excitation device of vibrating screen is complete 

three-translation mechanism. Motion trace of each point on 

screen surface (dynamic platform) is the same and each 

branched chain owns the same structure, so one of these 

branched chains can be selected to analyze the motion trace 

of dynamic platform by using D-H matrix. First, establish 

fixed coordinate system O1–X1Y1Z1 and moving coordinate 

systems O2–X2Y2Z2, O3–X3Y3Z3, O4–X4Y4Z4, O5–X5Y5Z5 

and O6–X6Y6Z6, as shown in Fig. 3. 
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Fig. 2  Mechanic structural diagram of 3-DOF hybrid vibration 

screen. 1. Screen frame 2. Screen surface frame 3. X direction 

excitation device 4. Y direction excitation device 5. Z direction 

excitation device Note: Fx is excitation stress in X direction; N. Fy 

is excitation stress in Y direction; N. Fz is excitation stress in Z 

direction; N. k is elasticity coefficient of spring. Note: Fx is excita-

tion stress in X direction; N. Fy is excitation stress in Y direction; 

N. Fz is excitation stress in Z direction; N. k is elasticity coefficient 

of spring. 

 

Fig. 3  Diagram of hybrid mechanism coordinate 

Note: O1 is located in center of static platform. O2 is located in center of 

prismatic joint. Axis Z1 and Z2 are vertical to static platform. O3, O4, O5 are 

located in center of R1, R2, R3. O6 is located in center of dynamic platform. 
Axis Z3, Z4, Z5 and Z6 are vertical to dynamic platform. Axis Y is parallel 

to center line of each revolution joint. l1 is distance of O1 to axis of pris-

matic joint，mm. l2, l3 and l4 are lengths of linkage 1, linkage 2 and linkage 

3, mm. l5 is the distance of O6 to axis of revolution joint, mm. d is dis-

placement of prismatic joint movement, mm. θ1 and θ2 is angle of linkage 1 
and linkage 2 rotation, rad. 

If the original coordinate of moving coordinate system 

O6–X6Y6Z6 is set as (0, 0, 0), homogeneous transformation 

matrixes among O5–X5Y5Z5, O4–X4Y4Z4, O3–X3Y3Z3, 

O2–X2Y2Z2 and O1–X1Y1Z1 are as follows: 

 

 

 

 

 
where: I1 is the distance from O1 to prismatic joint axis, 

mm; I2, I3 and I4 are the length of linkage 1, linkage 2 and 

linkage 3, mm; I5 is the distance from O6 to revolution joint 

axis; d is displacement of prismatic joint movement, mm; θ1 

and θ2 are angles of linkage 1 and linkage 2 rotation, rad. 

Then, the D–H transformation matrix from O6–X6Y6Z6 to 

O1–X1Y1Z1 is: 

 
Substituting the original coordinate (0, 0, 0) of moving 

coordinate system O6–X6Y6Z6 into Eq. (8), the transform of 

static coordinate can be obtained as follows: 

 
However, Y direction motion is driven by crank block, so 

d is a variable and its expression refers to motion expression 

of slide block [24]. 

 
where: R is crank radius, mm; λ is the ratio of crank radius 

and linkage length; ω is angular velocity of crank, rad/s; and 

t is time, s. 

The motion trace expression of screen surface center is: 
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2 Kinematics simulation of vibrating screen 

ADAMS software is used to perform kinematics simula-

tion on 3-DOF hybrid vibrating screen [25–27]. 

Three-dimensional simplified model of 3-DOF hybrid vi-

brating screen is established in Pro/E according to mechan-

ical structure size and imported to ADAMS software. The 

constraint relationship is added according to actual motion 

of each component, as shown in Fig. 4. Three groups of 

drive of different parameters are added for vibrating motor 

and straight slide unit respectively according to Table 1. The 

simulated displacement curves in three directions of the 

screen surface are shown in Fig. 5 and ADAMS simulation 

data are listed in Table 2. 

 

Fig. 4  Model of 3-DOF hybrid vibration screen in ADAMS 

Table 1  Input parameter in ADAMS 

 
Note: T is time, s. 

Table 2  Results of ADAMS simulation data 

 
It can be known from Table 1, Table 2 and Fig. 5a, Fig. 

5b that the input amplitude and frequency of X direction 

and Y direction revolution joints of screen surface frame are 

equal to the output amplitude and frequency, indicating that 

X direction and Y direction vibration parameters are neither 

mutually interfered nor influenced by vibration parameter of 

other directions, namely the amplitude and frequency of 

screen surface frame in both X and Y directions can be ad-

justed independently. Therefore, in X direction and Y direc-

tion excitation device, the amplitude and frequency can be  

 

Fig. 5  Displacement curve of screen surface in different direc-

tions 

adjusted by changing the eccentric distance of crank and 

motor speed respectively. 

It can be seen from Table 1 and Fig. 5c that Z direction 

vibration frequency of screen surface frame is consistent 

with rotation frequency of vibrating motor, and amplitude of 

screen surface frame is in inverse proportion to rotation 

frequency of vibrating motor, which conforms to amplitude 

Eq. (12) of vibrating motor, indicating that Z direction mo-

tion is not influenced by X direction and Y direction motion. 

Therefore, in Z direction excitation device, Z direction vi-

bration frequency and amplitude of screen surface frame 

can be adjusted by changing the frequency of vibration mo-

tor and excitation stress respectively. 

 
where: Ym is double-amplitude, mm; n is vibration frequen-

cy, time/min; Fm is excitation stress, N; ΣG is mass of vibra-

tion, kg. 

The above analysis shows that no mutual interference 

exists among X, Y and Z direction motions, which further 

verifies that hybrid mechanism 2PRRR-P(2R) is a complete 
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decoupling three-translation mechanism, and the amplitude 

and frequency in three directions of screen surface frame 

can be adjusted independently. 

3 Motion law analysis of screen surface par-

ticle group 

EDEM is a universal CAE software for particle system 

simulation and analysis used to research the motion law of 

particle group in screen surface [28–30]. By taking ellipsoid 

cottonseed hard to screen in agriculture as the research ob-

ject without considering residue, the simplified 

three-dimensional model of screen surface is imported into 

EDEM, as shown in Fig. 6. 

 

Fig. 6  Cottonseed particles and screen surface model in EDEM 

The screen surface is 280 mm × 160 mm, the sieve di-

ameter is 6 mm and the aperture ratio is 35%. The physical 

parameter of cottonseed and screen surface is set, as given 

in Table 3. The cottonseed is a ellipsoid of 9 mm long and 

4.2 mm wide, and the contact model of cottonseed and 

screen surface is Hertz model. Particle is set as 140 mm × 

80 mm rectangle in factory and totally 10000 cottonseeds 

are produced in particle factory, with the speed of 5000/s 

and simulation time of 8 s. Only Z direction reciprocating 

motion, XZ direction reciprocating motion and XYZ direc-

tion reciprocating motion are added for screen surface, 

while motion parameters of screen surface in EDEM simu-

lation is given in Table 4. In order to enhance the reliability 

of simulation result, average values of X, Y and Z coordi-

nates of particles with borderless collision in the center are 

extracted based on truncation technique, to draw the dis-

placement curve of particle group motion in screen surface, 

as shown in Fig. 7 to Fig. 9. 

Table 3  Cottonseed and screen surface physical parameters 

 

Table 4  Motion parameters of screen surface in EDEM simulation 

 

 

Fig. 7  Displacement curve of particles in screen surface with Z 

direction vibration 

 

Fig. 8  Displacement curve of particles in screen surface with X 

and Z direction vibration 
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Fig. 9  Displacement curve of particles in screen surface with X, 

Y and Z direction vibration 

Fig. 9 shows the screening process of cottonseed parti-

cles in screen surface with XYZ direction vibration. After 

free falling, cottonseed particle shocks the screen surface at 

certain speed and contact with the screen surface for a short 

time to acquire energy. Due to three-way periodic vibration 

of screen surface, cottonseed particles in screen surface are 

thrown continuously by bounce and three-way displacement 

curve of particles shows periodicity. Motion displacement 

curve of cottonseed particle is not completely consistent 

with the motion law of screen surface owing to mutual col-

lision and friction of particles. After about 3.6 s, X direction 

and Y direction displacement curve of particle suddenly 

changes while Z direction height reduces continuously, 

which indicates that the particles are fully screened and fall 

into blanking box. Fig. 7 shows the screening process of 

cottonseed particles in screen surface with only Z direction 

vibration. Due to irregular shape of cottonseed particle, 

there is a little displacement fluctuation in X and Y direction 

under the bounce, and after about 6.4 s screening, the aver-

age screening time of particles increases by 77% than that 

of particle group in screen surface with XYZ direction vi-

bration. Fig. 8 shows the screening process of cottonseed 

particles in screen surface with XZ direction vibration. X 

direction owns large throwing displacement compared with 

Fig. 7. After about 5.1 s screening, the average screening 

time of particles shortens by 38% than that of particle group 

in screen surface with only Z direction vibration, and in-

creases by 43% than that of particle group in screen surface 

with XYZ direction vibration. 

Analysis of simulation test result indicates that the 

throwing displacement of particle group in X and Y direc-

tion can be increased accordingly when motion freedom of 

screen surface in X and Y direction is increased, which is 

beneficial for dispersion of particles in screen surface, 

shortens average screening time of particle and improves 

the screening efficiency. 

4 Test verification 

In order to verify the correctness of EDEM simulation, 

the dispersity and screening efficiency of cottonseed particle 

on three-translation 3-DOF vibrating screen surface are ver-

ified through test on self-developed multidimensional vi-

brating screen test bench. 

In order to verify the dispersity, the screen mesh of test 

bench is replaced by 1 mm thick stainless steel plate and the 

outlet of screen surface frame is plugged. 200 g cottonseed 

is selected, 50 of which is dyed red as the marked sample. 

The test is carried out for 8 s according to vibration param-

eters in Table 4. After particle motion stops, the coordinates 

of marked samples are measured (the cottonseeds at screen 

surface boundary are ignored). Finally, the dispersity of 

cottonseed particle in three vibration conditions is calculat-

ed, as shown in Table 5. 

In order to verify the screening efficiency, the screen 

mesh of prototype is replaced by 1 mm thick stainless steel 

sieve plate with hole diameter of 6 mm and aperture of 

35%. A total of 1000 g cottonseed particles is selected and 

the test is carried out according to vibration parameters in 

Table 4. Then, the efficiency of vibrating screen is meas-

ured, as shown in Table 5. 

Table 5  Dispersive and efficiency of cottonseed in three vibra-
tion conditions 

 
Test result indicates that after X direction vibration is 

added, the dispersity and efficiency increase by about 54% 

and 46% respectively. After X and Y direction vibration is 

added, the dispersity and efficiency increase by about 152% 

and 68% than only Z direction vibration, and increase by 

about 62% and 15% than screen surface with added DOF in 

X direction. The test result is consistent with that of EDEM 

simulation. 

5 Conclusions 

1) A 3-DOF hybrid vibrating screen is designed in this 
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paper to acquire the motion trace expression of screen sur-

face and verify the complete decoupling of main-body ex-

citation device. ADAMS software is used to perform 

kinematics simulation on vibrating screen, so as to verify 

the design feasibility of excitation device of vibrating screen 

and acquire the amplitude and frequency adjustment method 

in excitation device. 

2) EDEM software is applied to perform simulation test 

on screening process of cottonseed particle in the 3-DOF 

hybrid vibrating screen. The result shows that: three-

dimensional motion of screen surface can increase the 

throwing displacement of particle group in X and Y direc-

tion, which is beneficial for particle dispersion, reduces av-

erage screening time by 77% than Z direction vibration and 

by 43% than XZ direction vibration, hence obviously im-

proving the efficiency. 

3) Test result shows that after X direction vibration is 

added, the dispersity and efficiency increase by about 54% 

and 46% respectively. After X and Y direction vibration is 

added, the dispersity and efficiency increase by about 152% 

and 68%, and increase by about 62% and 15% than vibra-

tion added only in X direction. The test result is consistent 

with that of EDEM simulation. 

The above research results provide references for further 

study on multi-dimensional vibration principle, design of 

multi-dimensional excitation device and prototype devel-

opment of multi-dimensional vibrating screen. 
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Abstract:Years of small power machincal shallow rotary tillage often causes issues such as shallow top soil layer 
and thick plough pan in the root layer. Subsoiling is an effective mean to solve the those issues. In this study, effect 
of subsoiling on root morphological and physiological characteristics of spring maize was investigated in order to 
understand the mechanism behind the high-yield cultivation of spring maize. In a two-year field experiment (2012 
and 2013), two maize varieties of Zhengdan958 and Xianyu335 were planted in soils tilled with different practices 
including rotary tillage and subsoiling plus rotary tillage. The results showed that subsoiling could significantly (P < 
0.05) or extremely significantly (P < 0.01) increase the maize yield. In the milking and maturity stages, subsoiling 
also significantly (Xianyu335, P < 0.05) or extremely significantly (Zhengdan958, P < 0.01) increased the dry root 
weight of spring maize, especially in soils under 40cm depth. The root range of inter plant and inter row of two 
spring maize varieties at the 30 cm soil layer was significantly (P < 0.05) higher in the subsoiling plus rotary tillage 
treatment than in the rotary tillage treatment. In addition, subsoiling increased the root number of per plant and the 
specific root length. The root activity of spring maize in milking stage in the soil layers below 60 cm was signifi-
cantly higher in the subsoiling treatment than the rotary tillage treatment, and the difference between both treat-
ments was increased along the depth of the soil. The activities of superoxide dismutase (SOD) and peroxidase (POD) 
in the treatment of subsoiling + rotary tillage treatment were higher than that of rotary tillage in silking stage under 
the soil layers below 40 cm. But the malondialdehyde (MDA) content was lower in the former than the latter treat-
ment. Therefore, subsoiling promoted root development, especially increased root dry weight at the deep soil layer 
and root distribution along the soil profile, and kept high physiological activity, thus resulting in high yield of spring 
maize. 

Keywords:morphology; physiology; enzyme; subsoiling; spring maize; root 

CLC number:S341.1 

0 Introduction 

Root is the basis of maize growth and plays an important 
role in the process of maize production formation and 
transformation. Tillage practices can affect the maize yield 
through improving soil physical characteristic and promot-
ing the root's growth, distribution and function. Under the 
tradional shallow cultivation method, the tillage layer of the 
farmland soil becomes shallow, the plough pan becomes 
thick and soil bulk density increases, leading to difficult 
rooting for maize root and severe impact on growth and 
spatialtemporal distribution of the root system, which can 
cause lower and unstable maize yield. Especially under the 
condition of intensified planting, the phenomenon of lodg-
ing and early senescence is very serious [1–2]. 

It has been shown that subsoiling can loose the soil, 
break the plough pan, improve the permeability of the soil, 

promote root's growth and increase water and fertilizer use 
efficiency and yield [3–4]. Previous studies on subsoiling 
mainly focuses on the effects of subsoiling on soil fertilizer, 
water use and yield. There are very limited reports on the 
effects of subsoiling on root, particularly for the combina-
tion of the form and function. Therefore, it is necessary to 
study the influence of subsoiling on root's morphological 
characteristic and physiology property, which is of great 
significance to reveal the effect of subsoiling and to estab-
lish the high-efficiency and high-yield cultivation regulation 
for maize. 

1 Material and methods 

1.1 Experimental region information 

During 2012–2013, we conducted the experiments in 
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the modern agricultural scientific and technological area in 
Tongliao City of Inner Mongolia (43°37′N, 122°19′
E, elevation 182 m). The soil in the experimental area was 
grey meadow soil. In 2012 and 2013, the organic matter of 
the 0–20 cm topsoil was 21.60 g/kg and 19.30 g/kg, respec-
tively; the total nitrogen of the 0-20 cm topsoil was 0.78 
g/kg and 0.66 g/kg; the available nitrogen was 51.9 mg/kg 
and 48.71 mg/kg; the available phosphorus content was 6.27 
mg/kg and 5.81 mg/kg; and the available potassium content 
was 96.78 mg/kg and 79.18 mg/kg, respectively. 

1.2 Experimental design 

Experimental treatments applied in a split plot design in-
cluded a major area of tillage practice which set two treat-
ments: rotary tillage (R) and subsoiling + rotary tillage (S + 
R). For the R treatment, the tillage depth of soil was 18 cm; 
for the S + R treatment, the tillage depth of soil was 35 cm. 
The sub-area was variety including Zhengdan958 and 
Xianyu335, repeating for three times here. The area of the 
experimental zone was 75 m2, and the planting density was 
75 000 corns/hm2. The sowing dateswere May 1, 2012 and 
May 3, 2013; and the harvesting dateswere September 28, 
2012 and October 2, 2013. The basis fertilizer in the ex-
perimental plot was 15 kg/hm2 N, 45 kg/hm2 K2O and 105 
kg/hm2 P2O5. When it was small bell mouth period, more N 
fertilizer was given as 356 kg/hm2. The N fertilizer was 
urea; the phosphate fertilizer was calcium superphosphate; 
the potassium fertilizer was potassium sulfate. During the 
growth period, there were three irrigations at jointing stage, 
silking stage and the early stage of the grouting. Each time, 
the water of irrigation was 750 m3/hm2. The precipitation 
during growth period was 158 mm in 2012 and 216 mm in 
2013, respectively. 

1.3 Measuring items and methods 

1) Biomass and root length measurement In the huge bell 
bottom period, silking stage, milking stage and full ripening 
stage, we chose three successive corns in the same line. We 
made the rectangular sampling plot as follows, its length 
was the distance of the 1/2 row spacing of the first corn to 
the 1/2 row spacing of the third corn, and its width was the 
1/2 rowledge. We collected the roots through layering, 20 
cm for each layer. In the huge bell bottom period, the soil 
depth for collecting root was 60 cm; at other stages, the soil 
depth for collecting root was 100 cm. The root samples 
were washed clearly, and the impurity and dead roots were 
removed. Then they were dried at 105 °C firstly for 30 min 
and later at 80 °C until constant weight, which was meas-
ured for the dry mass. In the silking stage, the root samples 
were washed clearly and their lengths were measured by 
CI-400 root image analysis system (CID Corp. USA). Ac-
cording to the dry mass and the length, the root length ratio 
was calculated.  

2) Root activity and enzymatic activity measurements In 
the silking stage and milking stage, we selected continiously 
three corns in the same line (the method is the same with the 

above). Enough fresh roots were washed cleanly and 
brought back to the laboratory and reserved in ice-box and 
then stored in freezer at –80 °C. Root activity was measured 
through reduction method of triphenyltetrazolium chloride 
(TTC) [5]. The activity of Superoxide Dismutase (SOD) was 
measured through photochemical reduction method of ni-
troblue tetrazolium (NBT) [6]. The activity of Peroxidase 
(POD) was measured by guaiacol method [7]. The content of 
Malondialdehyde (MDA) was measured by thiobarbituric 
acid [8].  

3) Root strain number and root distribution area meas-
urement In the silking stage, we collected three corns in 
each plot. After digging out the root, they were put on a 
panel with coordinate paper. Taking the point of aligning the 
ground as the starting point, we observed the root strain 
numbers at 10 cm, 20 cm and 30 cm; meanwhile, we meas-
ured the maximum diameter of the root distribution area.  

4) Yield and its components During the harvesting time, 
we harvested 24 m2 of maize in each plot and investigated 
the effective spike number, yield of kernels, and water con-
tent of kernels. In addition, we converted the yield of corn 
at 14% water content. Meanwhile, in each plot, we selected 
10 spikes, counted the numbers of spike grains and meas-
ured the weight of 1000 grains.  

1.4 Data process 

We used Microsoft Excel to process data. DPS V10.0 
was used to detect the significance of difference (LSD 
method) of the treatment. Because the changing trends of 
every index of roots were almost the same in 2012 and 
2013, this paper mainly showed the analysis of experi-
mental data in 2013. 

2 Results and analysis 

2.1 Effect of subsoiling on spring maize yield and 

its component factors  

As seen from Table 1, the results of yield for the two 
kinds of spring maize had the same trend in the two years, 
which both showed that the yield of S + R practice was 
higher than that of R practice. For the Zhengdan958, there 
was significant difference of the yield between treatments 
during the two years (P < 0.01). For the Xianyu335, there 
was extremely significant difference of the yield between 
treatments in 2012 (P < 0.01) and significant difference in 
2013 (P < 0.05). For the two varieties, the difference of the 
effective spike number and grain number per spike was not 
significant between R + S and R treatments. With respect to 
the 1000-grain weight, Zhengdan958 after R + S treatment 
was significantly higher than that after R treatment during 
the two years (P < 0.05). The 1000-grain weight of Xian-
yu335 showed the pattern that it was higher after R + S 
treatment than R treatment; but the difference was only sig-
nificant in 2013 (P < 0.05) and not significant in 2012. 
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Table 1  Effect of yield and component factors on subsoiling of spring maize 

 
Note: For the same variety, different capital letters and small letters respectively show significant difference at the 0.05 and 0.01 probability levels. They are 
the same below. 

2.2 Effect of subsoiling on root morphological 

characteristics of spring maize 

2.2.1 Root dry weight and its vertical distribution 

The healthy and strong root is the base for a high yield of 
maize. To some extent, the root dry weight can reflect the 
condition of root growth. As shown in the Table 2, the sin-
gle-strain root dry weight for the two varieties was the 
highest during silking stage. For Zhengdan958, the sin-
gle-strain root dry weight after R + S treatment was lower 
than that after R treatment, but the difference was not sig-
nificant; for Xianyu335, the single-strain root dry weight 
after R + S treatment was higher than that after R treatment, 
and the difference was significant (P < 0.05). During milk-
ing stage and full-ripe stage, the total root dry weight for the 
two varieties of maizes was higher after R + S treatment 
than R treatment. For Zhengdan958, the total root dry 
weight was 18.90% (milk stage) and 28.23% (full-ripe 
stage) higher after R + S treatment than R treatment and the 
difference was extremely significant (P < 0.01). For Xian-
yu335, the total root dry weight was 6.79% (milk stage) and 
18.95% (full-ripe stage) higher after R + S treatment than R 
treatment and the difference was significant (P < 0.05). This 
suggested that the effect of subsoiling on root was mainly 
observed after the silking stage, and with the growth of 
maize, the difference would enlarge. The possible reason 
could be that subsoiling improves the ecological condition 
for root growth which is helpful for root growth and keep-
ing high activity. As a result, after the silking stage, the sin-
gle-strain root dry weight was obviously higher after R + S 
treatment than R treatment. For the two varieties of maizes, 
there was difference of root dry weight between different 
soil layers. Results suggested that under R + S treatment, 
the ratio of root dry weight and total root weight in 0–20 cm 

soil layers was lower than that under R treatment; below 40 
cm, the ratio of root dry weight and total root weight was 
higher under R + S treatment than R treatment, in which the 
difference was the most obvious in full-ripe stage. This 
suggested that subsoiling was helpful for root to grow deep 
into soil and the center of gravity of the spring maize to 
move downward. 

2.2.2 Root range 

As shown in Fig. 1, the general characteristics of the root 
ranges for the two kinds of maize were that the root range 
gradually decreased with the increasing depth downward, 
and at the same depth, it was larger between lines than be-
tween plants. At 10 and 20 cm depth, there was no signifi-
cant difference of root range for both kinds of maize 
between lines and plants. For the same variety, there was no 
significant difference of root range between R + S treatment 
and R treatment. At 30 cm depth, for the two varieties of 
maize, the root ranges between lines and plants were small-
er after S + R treatment than after R treatment; except that 
there was no significant difference of root range between 
plants for Zhendan958, significant differences were all ob-
served for other treatments (P < 0.05). This difference of 
root range at 30 cm soil depth was related to the existence 
of plowpan. Under R practice condition, the existence of 
plowpan resulted in that it was difficult for the root to verti-
cally grow down but to laterally extend around; as a result, 
the root range after R treatment was larger than that after S 
+ R treatment. 

2.2.3 Root number 

As shown from Fig. 2, during the silking stage, for the 
two varieties of spring maize, the root number per plant 
decreased with increasing soil depth downward. Under  
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Table 2  Effect of vertical distribution about root dry weight on subsoiling of spring maize 

 

 

Fig. 1  Effect of subsoiling on root range on of spring maize (silking stage) 

Note: Different small letters show significant difference at the 0.05 probability levels; Same as below. 

S + R treatment, the root number per plant of both spring 
maizes was larger than that under R treatment. At 30 cm depth, 
there was significant difference of root number for the same 
variety between treatments. This suggested that under S + R 
treatment, the spring maize could have more secondary roots 
and very obvious deep roots, which was helpful for the plant 
to absorb more water and nutrients. As a result, it is of great 
importance to improve the yield of maize. 

 

Fig. 2  Effect of subsoiling on root number per plant of spring-
maize (silking stage) 

2.2.4 Specific root length 

As summarized in Table 3, under each treatment, the 

specific root length of spring maize increased with the in-
creasing soil depth downward. For both varieties of spring 
maize, the total specific root length after S + R treatment 
was larger than that after R treatment, and the difference 
was significant. At 0–20 cm soil layer, there was no signifi-
cant difference of the specific root length for each treat-
ment. At > 20–40 cm soil layer, the specific root length of 
Zhendan958 and Xianyu335 increased 98.06 cm/g and 
82.41 cm/g after S + R treatment compared to that after R 
treatment; at > 40–60 cm soil depth, the specific root length 
of Zhendan958 and Xianyu335 increased 108.49 cm/g and 
110.77 cm/g after S + R treatment compared to that after R 
treatment, respectively. This suggested that to break the 
plough and reduce soil compactness was helpful for the root 
to extend and grow, which could increase the root length of 
the spring maize. 

2.3 Physiological characteristics comparison 

2.3.1 Root activity 

As shown by Fig. 3, for both varieties of spring maize, 
the root activity in silking stage increased firstly and then  
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Table 3  Effect of specific root length on subsoiling of spring maize at silking stage 

                      (cm·g−1) 

 
decreased with the increasing soil depth downward, and the 
peaking value was observed at 40–60 cm soil layer. For the 
same variety, the root activity after S + R treatment was 
greater than that after R treatment and such difference at 
20–40 cm soil layer was the most significant. Below 40 cm 
depth, the difference weakened gradually with the depth. 
During the milking stage, for the two varieties of spring 
maize, the root activity increased firstly and then decreased 
with the increasing soil depth downward. After S + R treat-
ment, the peaking value was observed at 60–80 cm soil sec-

tion; after R treatment, the peaking value was observed at 
40–60 cm soil section. With respective to the soil layers 
above 40 cm, there was no significant difference of root 
activities after each treatment. Below 60 cm soil depth, the 
difference between S + R and R treatments increased with 
the depth; the difference between the varieties was the most 
obvious for Zhendan958. This suggested that S + R practice 
was helpful to keep the root activity in the late growth stage, 
which was the most significant for the deep roots. 

 

Fig. 3  Effect of root activity on subsoiling of spring maize 

2.3.2 Enzyme activity of root 

SOD and POD were the protecting enzyme of the plant 
cell and their contents suggested the anti-aging ability of the 
plant to some extent. As shown by Table 4, the contents of 
SOD and POD in each soil layer were higher during the 
milking stage than those during the silking stage. For the 
same variety, their contents after S + R treatment were 
higher than that after R treatment and such difference in-
creased with depth. During the silking stage and at > 
80–100 cm soil layer, the POD content of Zhendan958 was 
53.46% higher after S + R treatment than that after R treat-
ment and the difference was significant (P < 0.05). This 
suggested that the S + R treatment was helpful to improve 
the anti-aging ability of the spring maize and this was the 
most significant for the deep roots. MDA is an indicator for 
the plant cell menbrane to refelct its lipid peroxidation level, 
aging and stress conditions. For each soil layer, the MDA 
content after S + R treatment was lower than that after R 
treatment. During the silking stage and at > 80–100 cm soil 

layer, the MDA content of Zhendan958 was 12.50% lower 
after S + R treatment compared to that after R treatment and 
such difference was significant (P < 0.05). The low content 
of MDA after S + R practice suggested that the plant cell 
membrane had a higher lipid peroxidation level and an-
ti-aging ability.  

3 Discussion 

3.1 Root morphological characteristics of spring 

maize under subsoiling practice 

The dry mass of root in difference depth of soil was im-
portant parameter to show the temporal and spatial distribu-
tion of maize roots [9-12]. Wang et al. [13] found that under the 
high-density treatment (75 000 plant/hm2), the striped deep 
loosening could reduce 9.99% dry mass of maize root at 0–10 
cm, but at > 10–50 cm soil, the dry mass of root increased by 
18.10%, 8.47%, 13.97% and 40.94%, respectively. This  
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Table 4  Effect of subsoiling on enzyme activity of spring maize root 

 
study showed that during the silking stage and at 0–20 cm 
soil, the dry mass of two varieties of spring maize decreased 
to some extent after S + R treatment compared to R treat-
ment. The difference for Xianyu335 reached the extremely 
significant level (P < 0.01). At > 20–100 cm soil layers, 
except that the dry mass of root of Zhendan958 was a litter 
lower after S + R treatment than R treatment at > 20–40 cm 
layer, the dry mass of root of both kinds was higher after S 
+ R treatment than R treatment, in which Zhendan958 was 
79.41% higher (P < 0.05) at > 40–60 cm, and Xianyu335 
was 52.00% higher (P < 0.05) at > 60–80 cm soil layer. We 
also found that under S + R treatment and at 0–20 cm soil 
layer, the root dry mass distribution ratio was lower than 
that under R treatment during each growth stage. The possi-
ble reason was that the existence of the plough pan under R 
treatment made the root difficult to grow downward which 
led to the growth of secondary roots at this layer. So the 
distribution ratio of root at above 20 cm soil was high. This 
was consistent with the previous conclusion [14–17] that there 
was compensating effect of roots between different soil lay-
ers and the roots' growth at above soil layer would be stim-
ulated due to the compaction of soil below. 

Wang et al. [10] pointed out that the soil compaction stress 

tended to restrict the growth of maize roots seriously, and 
thus the root number and density would decrease greatly. 
This study showed that compared to R treatment, S + R 
treatment resulted in increase of root number for both varie-
ties of maize at 0–30 cm depth, and such difference was sig-
nificant (P < 0.05). The specific root length was also higher 
after S + R treatment than that after R treatment (Zhen-
dan958, P < 0.01; Xianyu335, P < 0.05). At 30 cm depth, the 
root range after S + R treatment was smaller than that after 
R treatment. Except that the difference was not significant 
for Zhendan958, all others were significant (P < 0.05). 

3.2 Root physiological characteristics of spring 

maize under subsoiling practice 

Root activity and enzyme activity were important param-
eters to assess the absorption function of root; the larger the 
root activity, the greater the enzyme activity, and the 
stronger of the root's absorption function and the root would 
become aging slowly [16–18]. Li et al. [16] reported that at 
0–60 cm soil, the root activity of maize increased with 
depth and at the same soil layer decreased with increasing 
bulk density. This study found that during the silking and 
milking stages, the variation of root activities of both varie-
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ties of maizes was unimodal with increasing soil depth 
downward. During the silking stage, for each treatment, the 
root activity was the highest at > 40–60 cm soil layer; dur-
ing the milking stage, the root activity of Zhendan958 was 
the highest at > 60–80 cm soil layer. For Xianyu335, the 
root activity was the highest at > 60–80 cm after S + R 
treatment and at > 40–60 cm after R treatment. For the same 
soil layer, the root activities of both kinds of maize were 
higher after S + R treatment than R treatment, and such dif-
ference was the most significant at > 20–40 cm during the 
silking stage. Due to the existence of plough pan after R 
treatment, the root growth was inhibited, which was proba-
bly the major reason of low root activity. This was con-
sistent with the previous conclusions [19–21] that the soil bulk 
density controlled the root's absorption function ability of 
maize. During the milking stage, the difference would en-
large with the increasing depth of soil, and it was the largest 
at > 80–100 cm depth. This was mainly due to that the sub-
soiling was useful to keep the root activity, especially at the 
later growth stages. With respect to the content variaiton of 
SOD, POD and MDA, the MDA content of both varieties of 
maize was lower after S + R treatment than R treatment 
during all stages; during silking stage, the changing pattern 
of the SOD and POD contents was not obvious at 0–40 cm 
depth soil, but below 40 cm, S + R treatment was higher 
than R treatment. During milking stage, the difference of 
SOD activity between treatments was not significant at 
0–20 cm soil; below 20 cm, the S + R treatment was higher 
than the R treatment. As for POD, except that Xianyu335 
after S + R treatment was lower than after R treatment at > 
80–100 cm soil depth, at other soil layers, the S + R treat-
ment was higher than the R treatment.  

4 Conclusions 

Subsoiling reduced the compactness of soil and promoted 
the growth of roots, which was indicated by the increase of 
dry mass, distribution ratio, specific root length and root 
number as well as the decrease of root range. Subsoiling 
improved the vertical distribution of roots, leading to that 
the center of gravity of maize moves downward. Subsoiling 
improved the root activity of spring maize, especially for 
the deep roots at the late growth stage. Subsoiling increased 
the activities of SOD and POD enzymes and decreased the 
MDA content, which would delay the decline of the root 
system and would be helpful to form grouting and yield 
processes. However, this study just reported the effect of 
subsoiling on root morphological and physiological charac-
teristics of spring maize; and it is necessary to further study 
the response of root cap to dense planting and deep loosen-
ing and their relations. 
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Abstract: Soil tillage is closely related to creating favorable conditions for crop growth and ensuring crop yield. 

One of the main goals of soil tillage is influencing the physical, chemical and biological properties of soil. One of 

the basic soil properties affected by tillage is the soil compaction. The objective of this work was to evaluate the ef-

fects of no tillage (NT), plow tillage (PT), spacing tillage (ST) and conventional tillage (CT) on the soil compaction 

from annual and seasonal changes, soil profile characteristics and seasonal freezing-thawing for a productive soil. 

The field experiment was initiated in Gongzhuling County, Jilin Province in 1983, which was to determine the ef-

fects of various rotation and tillage combinations on crop yield and soil physical and chemical properties. The soil 

of the experimental site was silt loam, which was well-drained soil developed mainly from glacial tillage. The ex-

periment design was a completely random block design with 3 replications. The plot was 150 m long and 8 m wide 

(1 200 m2). We measured the soil compaction change in different years and seasons with SC-900 soil compaction 

meter. The results showed that no tillage increased the soil compaction in 0–25 cm depth significantly (P < 0.05) 

compared with other tillage methods, and decreased the soil compaction in 25–45 cm depth significantly (P < 0.05) 

while conventional tillage increased the soil compaction in the depth of 25–45 cm. The soil compaction by spacing 

tillage and plow tillage were lower than no tillage and conventional tillage significantly (P < 0.05). The soil com-

paction of different tillage methods changed with different seasonal periods, the change trends of 0–25 and 25–45 

cm were the same, and the soil compaction on August 10 was higher than other dates. The soil compaction of dif-

ferent tillage methods increased with the increase of soil depth, which meant the soil compaction of upper layer was 

less than lower layer significantly (P < 0.05). The profiles with different tillage methods changed with time. The 

change of soil compaction showed a linear increase with the depth under 20 cm in the early stage of crop growth, 

and the change was like reverse “S” shape in the mid-to-late stage of crop growth. The freezing-thawing decreased 

the soil compaction of different tillage methods significantly (P < 0.05). The decline of soil compaction was 

148.97%, 41.96%, 58.44% and 3.38% under spacing tillage, no tillage, plow tillage and conventional tillage, indi-

vidually. So, spacing tillage was an effective tillage method for decreasing the soil compaction. The adoption of 

spacing tillage in the semi-humid zone of Jilin Province could be beneficial to soil conservation by decreasing soil 

compaction, controlling erosion and improving soil structure, et al. Our study can be helpful to the promotion of the 

new tillage technology in northeast China for developing the sustainable agriculture. 

Keywords: soils; compaction; freezing; thawing; spacing tillage; tillage method 

CLC number: S152.9 

0 Introduction 

Farmland soils are the material basis of agricultural de-

velopment and their quality directly affects the yield and 

quality of farm produce 
[1]

. One of the necessary conditions 

for obtaining high yields is proper cultivation of soil. However, 

cultivation changes the physical and chemical properties of 

soils 
[2]

. Intensive ploughing can degrade soil structure 
[3]

; 

conventional tillage (CT), for example, results in the for-

mation of a hard pan over time 
[4]

 whereas no tillage (NT) 

can improve soil structure, control soil erosion, and make 

soil resistant to erosion 
[5]

. Over time, however, even NT 

can harden the soil and adversely affect crop growth and 
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development 
[6]

. Studies on the compaction of soil as a re-

sult of cultivation have shown mixed results. Soane et al. 
[7]

 

suggested that cultivation helps in making soils less com-

pact but also has some negative effects. Chen et al. 
[6]

 pro-

posed that NT makes soil more compact, particularly in the 

2.5–17.5 cm layer; NT increases the compaction of soil 
[8]

 

and mainly exists in the soil layer of 0–7.5 cm 
[9]

, which is 

disadvantageous to crop growth and impairs the yield 
[10]

. 

However, some studies maintain that returning the straw to 

the soil, a practice that forms part of conservation tillage, is 

beneficial to the soil: the straw provides abundant food ma-

terial for soil fauna the members of which, including earth-

worms, a few years later, help in reducing compaction by 

frequent digging 
[11]

. 

Soil compaction is part of the overall deterioration of 

land and one of the three biggest threats to agricultural pro-

duction, the other two being soil erosion and depletion of 

soil organic matter 
[12]

. Soil compaction also has a negative 

effect on soil quality and crop growth 
[13]

. Long-term inten-

sive cultivation leads to soil compaction, gradually leading 

to the formation of a shallow plough horizon, which re-

stricts the growth of crops 
[14]

. Many studies show that soil 

compaction makes soil denser and heavier 
[15]

 and lowers 

soil porosity 
[16]

, thereby obstructing the flow of water, air, 

and heat and from that compacted layer and, in turn, de-

stroying soil structure and adversely affecting crop growth 

and yield 
[17–19]

. 

Northeastern China is the country’s major 

grain-producing region and enjoys a higher level of agri-

cultural mechanization than other regions. The increasing 

use of large and heavy machinery will inevitably lead to soil 

compaction; however, few studies so far have examined the 

effects of different methods of tillage on soil compaction in 

the farmlands of northeastern China, especially with refer-

ence to the profile characteristics of compacted soil, sea-

sonal variation, differences between tilling the land before 

freezing and thawing and afterwards, and the long-term 

changes brought about by different methods of tillage. 

Therefore, the present study focused on soils that had been 

tilled by different methods as part of many long-term ex-

periments (since 1983) conducted by the Jilin Academy of 

Agricultural Sciences. The effects of four tillage methods, 

namely NT, CT, plough tillage (PT), and spacing tillage 

(ST), were compared to provide theoretical foundations to 

encourage reasonable and less intrusive or less destructive 

farming techniques in northeastern China. 

1 Research area and methods 

1.1 Location of research area 

The research area is part of a testing site of the Jilin 

Academy of Agricultural Sciences in Gongzhuling, in Jinlin 

Province (43°45′N, 125°01′E) and enjoys a mid-temperate 

continental monsoon climate. The values of some meteoro-

logical parameters are as follows: annual average tempera-

ture of 4.5 °C; annual effective solar radiation of 4 800 

MJ/m
2
; annual sunshine hours, 2 800 h; effective accumu-

lated temperature (≥ 10 °C), 2 860 °C·d; average frost-free 

period of 140 d; and annual precipitation of 567 mm (con-

centrated in June–August). The total rainfall figures for 

April–September were as follows: 2011, 366.2 mm; 2012, 

595.5 mm; and 2013, 642.9 mm, concentrated in June, July, 

and August (Figure 1) in all the years. The soils are typical-

ly loamy clay with a middle layer of black soil. The mass 

fractions of total nitrogen, phosphorus, and potassium are 

0.15%, 0.05%, and 2.26%, respectively, and those of alkali-

hydrolysable nitrogen, rapidly-available phosphorus, and 

available potassium are 146.36 mg/kg, 13.50 mg/kg, and 

152.32 mg/kg, respectively. The pH of the top soil (0–20 

cm) is 6.5. 

1.2 Experimental design 

The experiment began in 1983 and involved four meth-

ods of tillage, namely NT, PT, ST, and CT, with NT serving 

as a control, laid out in randomized block design with three 

replications (plots), each measuring 1 200 m
2
 (150 m × 8 

m). The total area of the testing sites was 15 000 m
2
. Only 

maize (Zea mays ‘Zhengdan 958’) was sowed from year to 

year at a cropping density of 60 000 plants/hm
2
 with a line 

spacing of 65 cm and a row spacing of 25 cm. The fertilizer 

dose comprised 243 kg/hm
2
 N, 92 kg/hm

2
 P2O5, and 80 

kg/hm
2
 K2O. The seeds were always sowed on around 1

st
 

May and the crop harvested on around 1
st
 October. Field 

operations and the relevant details of each method of tillage 

are shown in Table 1. 

1.3 The measurement of soil compaction 

The degree of soil compaction (kg/cm
2
) was measured 

with a soil compaction meter (FieldScout SC-900, Spectrum 

Technologies, Aurora, Illinois, USA) in the top layer (0–45 

cm) of the soil at different stages of the crop from sowing to 

harvest as follows: a) a few days after harvesting (22 Oct. 

2009, 18 Oct. 2010 and 21 Oct. 2011), b) at maturity (13 

Sept. 2012, 4 Sept. 2013), c) before sowing (3 May 2013), 

d) when the plants had 6, 8, and 14 fully expanded leaves (4 

June 2013, 14 June 2013, 6 July 2013), e) flowering (21  

 

Figure 1  Precipitation at the testing site in April–September of 

2011, 2012, and 2013 
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Table 1  Field operations and other details of four methods of 
tillage 

 
July 2013), tasseling (23 July 2013), early filling (10 August 

2013), mid-filling (20 Aug. 2013), f) harvest (9 Oct. 2013), 

and g) before sowing (21 Apr. 2014). The device takes the 

readings automatically at depth intervals of 2.5 cm. For 

each spot, we repeated the measurement for five times, with 

the device moving by 10 cm horizontally each time. 

1.4 Data analysis 

We used Excel 2003 for data analysis and SPSS 13.0 for 

testing the least significant difference (LSD), analysis of 

variance (ANOVA), and multiple comparisons (α = 0.05) 

and SigmaPlot 11.0 for plotting the data. 

2 Results and analysis 

2.1 Variation in soil compaction under different 

methods of tillage 

Soil compaction is one of the indices that present the 

quality of earth. Appropriate tillage management is an ef-

fective mean to regulate soil compaction 
[20]

. The degree of 

compaction varied considerably with the method of tillage 

(Figure 2), especially up to a depth of 25 cm in different 

years (Figure 2a). The range for each method across the 5 

years was as follows: NT, 1.00–2.21 MPa; PT, 0.65–1.70 

MPa; ST, 0.44–1.45 MPa; and CT, 0.75–1.74 MPa. In 2009, 

the differences between PT/ST/CT and NT were significant 

(P < 0.05) with soil compaction decreasing by 38.6%, 

131.6% and 39.6% respectively. In 2010, similar differences 

were observed between ST/ CT and NT (P < 0.05), except 

PT (P > 0.05), with soil compaction declining by 146.8% 

and 54.6% respectively. In 2011 and 2012, significant dif-

ferences occurred between PT/ST/CT and NT (P < 0.05), 

with soil compaction decreasing by 30.0%, 52.41%, 27.01% 

and 11.1%, 55.8%, 16.5% respectively. In 2013 and 2014, 

significant differences were only displayed between PT/ST 

and NT (P < 0.05) except CT (P > 0.05), with soil compac-

tion dropping by 25.8%, 62.0% and 53.8%, 127.2% respec-

tively. 

According to Figure 2b, the effect of tillage methods on 

the soil compaction at a depth of 25–45 cm was less obvi-

ous than that at a depth of 0–25 cm. The soil compaction 

were respectively within the ranges of 1.04–3.27, 

1.17–2.42, 1.04–2.64 and 1.19–2.96 MPa after NT, PT, ST 

and CT treatments. Overall, there were no significant dif-

ferences between the treatments, especially in PT and ST, 

except slight decrease and increase in NT and CT respec-

tively. The comparison of the soil compaction in different 

years indicated that there were no significant differences 

between the treatments in 2009 and 2013 (P > 0.05), 

whereas significant difference was observed between ST 

and NT (P < 0.05) with a 13.46% decline; no significant 

differences were observed as to PT and CT (P > 0.05). In 

2011, the comparative difference between CT and NT was 

significant (P < 0.05), with a 27.03% increase, no signifi-

cant differences were observed as to PT and ST (P > 0.05). 

In 2012, the difference between ST and NT was significant 

(P < 0.05), with a 25.68% decline, no significant differences 

were observed as to PT and CT (P > 0.05). In 2014, signifi-

cant difference was observed between CT and NT, with a 

34.61% increase, no significant differences were observed 

as to PT and ST (P > 0.05). The above analyses indicate that 

ST and PT decreased soil compaction in the 0–45 cm layer 

because of the deep tillage using a cultivator in the case of 

ST and a plough in the case of PT. The rotary cultivator in 

the case of ST broke the plough pan and loosened the soil. 

Although PT temporarily lowered the soil compaction in 

spring, turning over the soil with machinery can destroy the 

structure of macro aggregates and lower the stability of soil 

structure; besides, the compaction easily returns to its 

pre-PT status in the fall. In the case of NT, soil compaction 

increased in the top layer (0–25 cm), mainly because the 

soil was not cultivated and also because the topsoil was 

compacted by rainfall and freezing and thawing. The de-

crease in soil compaction in the deeper layer (25–45 cm) 

can be attributed mainly to the absence of a hard plough pan 

since the soil had not been tilled for a long time. Moreover, 

the number of soil fauna, such as earthworms, was in-

creased, and NT also increased the number of soil macro 

pores, thereby alleviating soil compaction to some extent. In 

CT, soil was less compact in the top layer (0–25 cm) and 

more compact in the lower (25–45 cm) layer, primarily be-

cause the long-term compacting due to mechanized tillage 

was limited to the 10–15 cm layer and led to the formation 

of a hard layer beyond 15 cm. 

2.2 Seasonal variation in soil compaction 

Seasonal variation in soil compaction is greatly influ-

enced by rainfall: the greater the precipitation, the greater 

the decrease in soil compaction and vice versa 
[21]

. The 

broad pattern of seasonal variation in soil compaction in the  
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Figure 2  Soil compaction under different methods of tillage in 

different years (n = 5) 

Note: Error bar represents mean ± standard error; the same lowercase means 
no significant difference at 0.05 levels. NT is no tillage; PT is plow tillage; 

ST is spacing tillage; CT is conventional tillage; The same as below. 

top layer (0–25 cm) was more or less consistent for all the 

four treatments (Figure 3a). Soil compaction increased be-

tween May and June but decreased in July, only to increase 

steadily from August to October. However, the treatments 

differed among themselves from 6 July to 10 August: in ST 

and CT, the degree of compaction increased at first and then 

decreased whereas in PT, the trend was the exact opposite—

a marginal initial decrease followed by an increase; NT, on 

the other hand, recorded only a slight increase, suggesting 

that NT produced essentially similar results to those pro-

duced by PT. The treatments showed no significant differ-

ence in soil compaction as measured on 4 June, 14 June, 

and 10 August but the measurements on all the other dates 

showed significant (P < 0.05) differences between treat-

ments. The average value of soil compaction over the entire 

period was the highest (1.12 MPa) in NT, followed, in that 

order by CT (1.09 MPa), PT (1.01 MPa), and ST (0.91 

MPa). Seasonal changes in soil compaction in the deeper 

layer (25–45 cm) were basically consistent with those in the 

top layer (0–25 cm) across all the treatments (Figure 3b): 

apart from the greater compaction recorded on 21 July in 

ST, the higher values were all recorded on 10 August in the 

other three treatments. Whereas the values recorded on 4 

and 14 June, 10 August, and 9 October showed no signifi-

cant differences between treatments, those recorded on all 

the other dates did differ significantly (P < 0.05). The aver-

age compaction over the entire growth period was the high-

est (1.38 MPa) in CT, followed in that order by PT and ST 

(1.34 MPa each) and NT (11.28 MPa). Thus, the compac-

tion decreased slightly with depth in NT and but increased 

dramatically with it in CT. The results indicate that the sim-

ilarity in the level of compaction—at both depths and across 

all the treatments—was mainly due to the rainfall: soil 

compaction decreased as the rainfall increased, and vice 

versa. This variation was more marked in the lower layer 

(25–45 cm) than in the upper layer (0–25 cm), suggesting 

that soil compaction in the upper layer was affected much 

more by the method of tillage than by rainfall whereas that 

in the lower layer was affected much more by rainfall than 

by the method of tillage. These results are in good agree-

ment with those obtained by Lopez 
[22]

. Moreover, rainfall 

was scant in the 15-day period before 10 August, which is 

probably an important reason that soil compaction was 

markedly greater on 10 August than on the other dates. 

2.3 Variation in soil compaction with depth 

Different methods of tillage use different field machin-

ery. Moreover, differences in structural mass, power, and 

operating depth result in distinctly different but regular pat-

terns in the degree of soil compaction at different depths 

(Figure 4). Soil compaction in the top layer (0–15 cm) un-

der all the methods of tillage decreased with depth before 

sowing (3 May); after sowing, the methods differed with 

respect to the degree of compaction in the deeper layer 

(15–45 cm). The increase in compaction was not marked, 

but the average values at different depths in the 2.5–45 cm  

 

Figure 3  Seasonal variation in soil compaction under different 

methods of tillage (n = 5) 
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layer differed significantly (P < 0.05) among the different 

treatments (Figure 4a). Soil compaction in the top layer 

(0–22.5 cm) under different treatments increased with depth 

at the seedling stage (4 June). Under NT, the compaction at 

0–7.5 cm was significantly less than that under the other 

treatments, markedly higher at 7.5–17.5 cm, but comparable 

to that under the other treatments at 20–45 cm. However, 

the mean values across the 2.5–45 cm layer did not differ 

significantly (P > 0.05) among the treatments (Figure 4b). 

At the tasseling (flowering) and silking stage (21 July), soil 

was more compact in the 2.5–17.5 cm layer under NT and 

PT than under ST and CT. The level of compaction de-

creased with depth, with a marked decline under NT, sig-

nificantly lower than that under other treatments, in the 

25–35 cm layer. However, the mean values across the 

2.5–45 cm layer did not differ significantly (P > 0.05) 

among the treatments (Figure 4c). In the filling stage (10 

August), soil compaction increased with depth, dramatically 

so in the 2.5–5 cm layer under NT and PT and not signifi-

cantly in the 5–45 cm layer. In contrast, the compaction in 

the 2.5–20 cm layer under ST and CT followed a reverse-

S-shaped curve, although the changes in the degree of 

compaction in the 20–45 cm layer were consistent with 

those under NT and PT. Again, the mean differences across 

the 2.5–45 cm layer for all the treatments were not signifi-

cant (P > 0.05) (Figure 4d). At maturity (4 September), soil 

compaction in the 2.5–10 cm layer increased with depth 

under all the treatments but the differences among the 

treatments were not significant. However, compaction in the 

deeper layers (10–45 cm) under PT and CT was markedly 

higher than that under NT and ST; the greatest increase was 

recorded under CT, and the differences between treatments 

were significant (P < 0.05) (Figure 4e). After harvest (9 Oc-

tober), soil compaction increased with depth under all the 

treatments, the increase following a reverse-S-shaped curve 

in the 2.5–25 cm layer. Beyond that (in the 25–45 cm layer), 

the level of compaction under NT was comparable to that 

under ST and PT but markedly greater under CT in the 

15–32.5 cm layer, higher than that under any other treat-

ment at those depths. Moreover, unlike the results for all the 

earlier stages, mean differences among the treatments across 

the 2.5–45 cm layer were significantly different (P < 0.05) 

(Figure 4f). These results suggest that the degree of com-

paction changes because of tillage–soils in all the plots were 

more or less equally compact at the time of sowing – given 

the differences in field machinery, operating frequency, and 

depth 
[21]

 whereas the differences before sowing are small 

and mainly due to alternate freezing and thawing. 

2.4 Variation in soil compaction before and after 

freezing and thawing 

Alternate freezing and thawing can strongly affect the 

physical and chemical properties of soil, change soil struc-

ture and composition, and also influence the degree of soil 

compaction. Freezing and thawing compacted the soil in 

different degrees depending on the method of tillage (Figure 

2) although, overall, the soil was more compact before 

freezing and thawing and was somewhat loosened because 

of it, the actual values under NT being 1.21–2.15 MPa 

(mean 1.59 MPa) before freezing and thawing and  

 

Figure 4  Changes in soil compaction under different methods of tillage at different stages of crop growth (n = 5) 

71



   

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

Table 2  Changes in soil compaction (MPa) under different methods of tillage before and after freezing and thawing (n = 5) 

 
0.48–1.38 MPa (mean 1.12 MPa) afterwards, an average 

decline of 41.9%. The corresponding values for the other 

three treatments are given below. PT: 0.83–1.54 MPa (mean 

1.22 MPa), 0.07–1.20 MPa (mean 0.77 MPa), and 54.8%; 

ST: 0.44–1.82 MPa (mean 1.22 MPa), 0.04–1.10 MPa 

(mean 0.49 MPa), and 148.9%; CT: 0.74–2.05 (1.22 MPa), 

0.23–1.47 MPa (mean 1.18 MPa), 3.38%. Freezing and 

thawing can change soil bulk density and porosity, lower 

soil density, and loosen the soil 
[23]

. In accordance with pre-

vious researches, the tillage factor was not considered in 

this study. In the present study, freezing and thawing signif-

icantly decreased the degree of soil compaction. The great-

est decline occurred in ST, followed in that order by NT, PT, 

and CT. Chen et al. 
[24]

 proposed that freezing and thawing 

can lower the degree of soil compaction in the top (0–15 cm) 

layer and make the soil more porous, thus ensuring that the 

soil absorbs more water when irrigated in the winter. Thus, 

the greatest decrease in compaction under ST after freezing 

and thawing can be attributed primarily to the higher content 

of soil moisture and decreased evaporation 
[25]

. 

3 Discussion 

3.1 The effects of different methods of tillage on 

soil compaction 

Long-term monoculture makes the soil compact, although 

the degree of compaction is influenced by many factors and 

displays substantial spatial and temporal variation 
[13]

. Gen-

erally speaking, rotary tillage loosens the topsoil and in-

creases its diffusivity but can also lead to the formation of a 

hard pan. Furthermore, the subsoil becomes severely com-

pacted over time, particularly in the layer 30–60 cm below 

the surface 
[20]

. Our study indicated that NT over a long term 

made the topsoil (0–25 cm) more compact but loosened the 

deeper (25–45 cm) layers; CT, on the other hand, made the 

soil more compact below the depth of 25 cm (the plough 

layer). Both ST and PT significantly lowered the degree of 

compaction compared to NT and CT, probably because the 

surface layer remains undisturbed under NT. Moreover, NT 

can increase the number of earthworms, and their greater 

activity loosens the subsoil 
[11]

. The shallow rotary tillage 

with a rotary cultivator in the case of CT can loosen the 

topsoil but forms a hard pan below. Both ST and PT can 

reduce soil compaction, an observation consistent with the 

findings of Kooistra et al. 
[21]

. Moreover, the 45 cm high 

stubble left in situ under ST, accounting for nearly a third of 

the total above-ground biomass, ensures that over three 

years, almost all that was taken from the soil is returned to 

it. Wuren et al. 
[26]

 found that such recycling increased the 

soil organic matter by 3.37 g/kg. The stubble decays over 

time when in contact with the soil as a result of microbial 

activity, which leads to increase in the content of organic 

matter in the soil, makes it more fertile, helps to form macro 

aggregates, makes the soil structure more stable, and en-

hances the buffering capacity of the soil besides making the 

soil less compact 
[27]

. However, further study is needed for 

exploring the underlying causes. 
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3.2 Seasonal variation in soil compaction 

Liu et al. suggested that soil becomes more compact as a 

crop continues to grow. However, subsoil tillage made the 

soil less compact at later stages of crop growth compared to 

the soil that had not been subjected to subsoil tillage 
[28]

. 

Our study showed that the degree of compaction at different 

depths (0–25 cm and 25–45 cm) under different methods of 

tillage kept changing as the crop grew. Moreover, changes 

in compaction were more marked in the top layer (0–25 cm) 

than in the lower layer (25–45 cm). In the top layer, three 

peaks of soil compaction were recorded under NT and PT 

on 4 June, 10 August, and 9 October, respectively. Under ST 

and CT, however, the first peak was recorded on 21 July; 

the other two peaks were recorded on the same dates as 

those under NT and PT. In the lower layer (25–45 cm), the 

three peaks under NT, PT, and CT were observed on 4 June, 

10 August, and 9 October, respectively and the second peak 

under ST occurred on 21 July. The differences are probably 

the effect of different stages of crop growth under different 

methods of tillage, especially the degree of cultivation at the 

early stages 
[29]

. However, rainfall may exert a greater effect 

on soil compaction along with the stage of development 
[22]

. 

Increased rainfall can increase soil moisture content and 

decrease compaction, and vice versa. The soil under ST 

treatments was less compact during the middle and late 

growth stages, largely because of the residual effect of sub-

soil tillage and the higher soil moisture content. Thus, soil 

compaction can be alleviated to some extent 
[30]

. 

3.3 Variation in soil compaction with depth 

Soil compaction increased significantly with depth in the 

top layer (0–20 cm) and the differences among the treat-

ments were also greater in that layer. On the other hand, one 

study reported that the degree of compaction in the deeper 

layer (21–45 cm) changed little with depth and showed no 

significant differences among the treatments 
[31]

. Wang et al. 
[32]

 proposed three layers, each marked by characteristic 

changes owing to the operation of heavy machinery. The 

three layers are as follows: the layer of cultivation (0–40 

cm), the layer of cumulative compaction (41–60 cm), and 

the unaffected layer (below 60 cm). Our study indicated that 

soil compaction increased with depth during different 

growth stages of the crop but either increased or decreased 

with depth. For example, in the early growth stage, soil 

compaction in the top layer (0–20 cm) increased signifi-

cantly with depth but remained stable below 20 cm without 

any pronounced increase. In the middle and later growth 

stages, soil compaction displayed a reverse-S-shaped curve 

with depth, which is consistent with the findings of Liu et 

al. 
[28]

. Soil compaction gradually increased with depth and 

was therefore much greater in the 15–30 cm layer than that 

in the topsoil. Soil compaction that was influenced mainly 

by the method of tillage increased with depth in the early 

stage of crop growth and tended to stabilize, displaying a 

regular pattern, at a certain depth. However, soil compaction 

that was influenced by other factors in the middle and late 

growth stages, especially the movement and distribution of 

soil moisture, showed no consistent pattern, decreasing or 

increasing at different depths 
[33]

. 

3.4 Variation in soil compaction before and after 

freezing and thawing 

Freezing and thawing affects soil compaction and there-

by influences the arability of soil 
[34]

. Moreover, compaction 

is the soil property most sensitive to alternate freezing and 

thawing. Even if the bulk density remains unchanged, the 

degree of compaction decreases as a result of alternate 

freezing and thawing, the decrease being more pronounced 

in clayey soils than in loamy soils 
[35]

. Freezing and thawing 

can alter soil bulk density and porosity, lower soil density, 

and alleviate soil compaction 
[23]

. Wang et al. 
[21]

 proposed 

that seasonal freezing and thawing can decrease soil com-

paction, the average soil compaction declining by 15.45% 

as a result of freezing and thawing over the entire zone of 

tillage. Our study also indicated that alternate freezing and 

thawing reduced soil compaction significantly. The greatest 

decline (148.9%) was observed under ST, followed in that 

order by NT (41.96%), PT (58.44%), and CT (3.38%). 

Therefore, alternate freezing and thawing can positively 

improve the soil environment and regulate soil compactness 
[36]

. Moreover, the pronounced reduction in soil compaction 

under ST can be attributed to the increased soil moisture 

content after subsoil tillage 
[25]

. The soil aggregates are dis-

persed and the soil structure changed after freezing and 

thawing, loosening the soil. However, further studies are 

needed to find out whether alternate freezing and thawing 

can destroy macro aggregates and increase soil erosion. 

4 Conclusion 

The degree of soil compaction increased in the top layer 

(0–25 cm) and decreased significantly in the deeper layer 

(25–45 cm) under NT but increased slightly at all depths 

under CT. The degree of compaction under PT and ST was 

markedly lower than that under NT and CT but fluctuated 

with time irrespective of the method of tillage, the changes 

in both the layers being essentially consistent and the degree 

of compaction increasing with increased depth. Therefore 

the compaction in the upper layer was significantly higher 

than that in the lower layer. The degree of compaction also 

varied with the growth stage of maize. At early stages, the 

changes were confined to the top layer (0–20 cm) but, at the 

later stages, displayed a reverse-S-shaped curve with depth. 

Freezing and thawing loosened the soil, the effect being the 

most pronounced under ST and the least pronounced under 

CT. Therefore, ST can make the soil less compact and thus 

make it more arable and can be recommended as an effec-

tive method to address the problem of soil compactness. 
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moisture contents 

Si Haiqing1,2, Yao Yanmin1,2, Wang Deying1,2, Liu Ying1,2 

1. Key Laboratory of Agri-informatics, Ministry of Agriculture, Beijing 100081, China; 

2. Institute of Agricultural Resources and Regional Planning, Chinese Academy of Agricultural Sciences, Beijing 100081, China 

Abstract: Soil moisture content has great influence on the prediction accuracy of soil organic matter (SOM) content 

using hyperspectral data. The purpose of this study was to find the threshold of soil moisture content suitable for 

using hyperspectral data to predict SOM content. A total of 63 soil samples including black soil, chernozem and 

meadow soil were collected from crop fields in Lishu and Gongzhuling County, Jilin Province and in Binxian 

County, Heilongjiang province. The soil samples were air-dried and sieved through a 2-mm sieve. SOM contents 

were measured in the laboratory. The soil samples were divided into two groups including 42 samples for calibra-

tion and 21 for validation. Reflectance of soil samples with over-dried, air-dried and 5% to 40% soil moisture con-

tents (the interval of 5%) were measured using ASD Fieldspec Pro High Spectrometer in a dark room. Soil spectral 

reflectance(R) was mathematically transformed into first derivatives of reflectance (R') and the logarithm of the in-

verse of the reflectance (Log(1/R)). SOM content spectral prediction models were set up respectively by using par-

tial least squares regression (PLSR) method. The method of variable importance in projection (VIP) was used to 

analyze which spectral ranges were important to explain SOM content under different soil moisture contents by us-

ing PLSR. The results showed that soil spectral reflectance had a larger decline with soil moisture content increas-

ing from 5% to 25%, but the decline trend slowed down when soil moisture content increased from 25% to 40%. 

That means the soil moisture content with less than 25% had more obvious effect on soil spectral reflectance change 

than soil moisture content with higher than 25%. With the increase of soil moisture content, moisture absorption 

valley appeared a large tendency on bands of 1450 and 1900 nm. It indicated that effects of soil moisture content on 

soil spectral reflectance happened mainly in the near infrared wavelength range. SOM content spectral prediction 

model for air-dried soil samples had better accuracy. When the soil moisture content was less than 25%, the accu-

racy of SOM content estimation model was affected by soil moisture content largely, and the highest prediction ac-

curacy was Log(l/R) spectral data transformation model. When the soil moisture content was or more than 25%, it 

was not suitable to be used for hyperspectral SOM content estimation, because SOM spectral characteristics was 

covered by soil moisture spectral characteristics. The VIP values of reflectance bands from 1870 to 2400 nm with 

higher than 25% soil moisture content was less than 1. That means those wavelength had weak explanation ability 

of SOM content. This study can provide valuable information for SOM content spectral estimation in the crop field 

that has different soil moisture conditions. 

Keywords: soils; soil moisture content; regression analysis; organic matter; hyperspectral; partial least squares 

CLC number: S153.6+21 

0 Introduction 

Soil organic matter (SOM) is an important index of soil 

fertility. SOM cannot only provide nutrients for crops, but 

also improve soil physical properties, and at the same time, 

it can preserve moisture and fertility [1]. Rapidly and accu-

rately predicting SOM content can provide important deci-

sion-making basis for farmland quality evaluation, soil 

fertility build-up, and crop yield increasing. The develop-

ment of remote sensing technique brings new methods to 

study soil. Many researchers have studied the relationship 

between soil properties and spectral reflectance, and suc-

cessfully predicted soil components by using reflection 

spectrum technique [26]. Since the 1980s, researchers in 

China and other countries have started to use soil spectral 

information to predict SOM content, such as the spectral 
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features of SOM [712], SOM prediction with different soil 

sample types [1318], and hyperspectral image estimation [1922]. 

These studies usually use air-dried or oven-dried soil sam-

ples as samples to measure spectral reflectance, and then 

establish inversion model between SOM and soil spectral 

reflectance / its mathematical transformation. Soil spectral 

properties is the comprehensive reflection of SOM content, 

soil moisture content, iron oxide content, soil texture, etc. 
[2328]. When using these models to predict hyperspectral 

SOM content of crop fields, and using hyperspectral remote 

sensing images to intrieve SOM content, the prediction ac-

curacy of SOM content using hyperspectral data is affected 

due to the ignorance of issues such as there are different 

moisture content in crop fields. The increase of SOM con-

tent can reduce soil spectral reflectance [2930]. However, with 

certain ranges of soil moisture content, soil spectral reflec-

tance will also decrease with the increase of soil moisture 

contents [9]. Therefore, the effect of soil moisture content on 

the prediction accuracy of SOM content using hyperspectral 

data is the current research hotspot. Yucel et al. and Chang 

et al. [3132] believed that hyperspectral model had better pre-

diction accuracy on SOM for oven-dried soil samples, while 

Brown et al. [33] believed that prediction model established 

on oven-dried soil samples could not enhance the prediction 

accuracy of SOM using hyperspectral data. In addition, 

Fystro et al. [3435] believed that the prediction accuracy for 

wet-soil samples was better. Overall, using spectral data to 

predict SOM content with different soil moisture contents 

and its influencing mechanism has not reached the con-

sistent conclusion. 

In this study, spectral data was measured for soil samples 

with different moisture contents, partial least squares re-

gression (PLSR) was used to establish SOM content hyper-

spectral inversion model with different moisture contents, 

and the effect of soil moisture content on the prediction accu-

racy of SOM content using hyperspectral data was investi-

gated, in order to obtain the appropriate threshold of moisture 

content to predict SOM content using spectral data. 

1 Materials and methods 

1.1 Study area and soil sample collection 

The study area of this study was located in Gongzhuling 

City and Lishu County, Jilin Province, and BinxianCounty, 

Heilongjiang Province. Gongzhuling City is in the mid-west 

of Jilin Province (124°02′125°18′E, 43°11′44°09′N), with 

mountainous land in the south and plain in the north. Lishu 

County is in the southwest of Jilin Province 

(123°45′124°53′E, 43°02′43°46′N), adjacent with 

Gongzhuling City in the east. Lishu County has flat terrain 

and fertile soil. BinxianCounty (126°55′128°19′E, 

45°30′46°01′N) is located in the south of Heilongjiang 

Province, the intersection between Zhangguangcai Range 

and Songhua River Plain. Mountainous land dominates in 

the county, counting for 50% of the total area of the county; 

farmland accounts for 45%, while the rest was water area. 

The crops are mainly corn and rice in these three coun-

ties/cities, and the main soil types are dark brow forest soil, 

paddy soil, Albic soil, meadow soil, black soil and cherno-

zem, etc. 

Soil samples were collected from Gongzhuling City and 

Lishu County on April 1821, 2012, and from Gongzhuling 

City and BinxianCounty on April 28May 4, 2014, before 

planting corn. Samples were evenly collected with the con-

sideration of different soil types, with the sampling depth of 

020 cm. About 2 kg soil was collected and put into soilbags. 

A total of 63 soil samples were collected, with mainly three 

soil types, black soil, chernozem and meadow soil. 

1.2 Soil sample treatment and experimental de-

sign 

Soil samples were air-dried, grinded, and screened with 

2-mm sieve. SOM content of soil samples was measured 

with ASI (agro services international inc, American interna-

tional agrochemical service center) method (systemic ap-

proach of soil nutrient status study) [3637]. Statistics of SOM 

content for soil samples are shown in Table 1. 

Table 1  Statistics of soil organic matter content for soil samples 

 
To investigate the effect of different moisture contents on 

soil SOM spectral prediction, 8 levels of soil mass moisture 

content (5%, 10%, 15%, 20%, 25%, 30%, 35%, and 40%) 

were designed, with oven-dried soil (moisture content was 

0) and air-dried soil (moisture content was 3.24) as the con-

trol. As the manipulation of soil moisture content in the ex-

periment is done based on time nodes, it is hard to make the 

actual soil moisture content exactly equal the designed lev-

el. Therefore, there is no choice but to choose soil samples 

with moisture content close to the designed level as the 

testing samples for further spectral analysis. Actual moisture 

content of collected samples is shown in Table 2. 

1.3 Spectral analysis and data preprocessing 

Hyperspectral measurement of soil samples was con-

ducted in the dark room by using ASD Fieldspec Pro 

FR-type hyperspectrometer (Analytical Spectral Devices, 

America; spectral range of 3502500 nm). The light source 

was two 50 W halogen lamps which was put in parallel at 
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Table 2  Statistics of measured moisture content in soils designed 
with different moisture % 

 
two sides of soil samples. The incident angle was 45°.The 

distance from the light source to soil samples was 60 cm. 

The field angle of the probe was 25° and the distance from 

the probe to soil samples was 10 cm. Three spectral curves 

would be automatically collected during each measurement, 

and the arithmetic mean was used as the spectral curve for 

this soil sample. Standard white plate was used for calibra-

tion before each measurement. 

Soil sample was placed in the transparent glass culture 

dish with a diameter of 9 cm and a depth of 1.5 cm. There 

were three replicates for each soil sample. The spectra of 

air-dried soil was measured first before oven-drying of soil 

samples. Then soil samples were oven-dried at 105 °C for 8 

h, weighted, and measured for the spectrum, that is, the 

spectra of oven-dried soil were obtained. After that, water 

was added into soil samples till saturation. Then after the 

soil sample was dried in the oven at 40 °C, spectrum was 

measured, and the soil sample was weighted every other 

hour, thus, soil moisture content was calculated. During this 

process, soil samples might be cracked. However, as the soil 

layer was thin, so moisture content of soil samples was re-

garded to be even during this process, whose effect on spec-

tral measurement was negligible. 

Since the signal to noise ratio is low at the wavebands of 

350400 and 24002500 nm due to the effect of low light sen-

sitivity of ASD hyperspectrometer and low soil spectral 

reflectance [35], these wavebands were excluded in this 

study. Only soil reflectance spectra at wavelengths of 

4012400 nm was used for analysis. ViewSpecPro software 

was used to correct spectral data in breakpoints, then Sa-

vitzky-Golay smoothing method was used to smooth spec-

tral data [38], and then the smoothed spectral reflectance data 

(R) was mathematically transformed into first derivatives 

(R’) and the logarithm of the inverse (lg(1/R)). 

1.4 Calibration and validation 

Sixty-three soil samples were sequenced according to 

SOM contents in decreasing order. From the third samples, 

one sample was chosen every three samples, and a total of 

21 soil samples were chosen as the validation samples, with 

other 42 samples as calibration samples. To compare the 

effects of different moisture contents on retrieving soil 

SOM contents, spectral data of soil samples with different 

moisture contents were used to build the model, with the 

calibration method of PLSR. Soil spectral data R, R’, and lg 

(1/R) were used as calibration data, respectively. When 

building the model, the method of leave one out was used as 

cross-validation method [38]. 

Indicators used to evaluate the model prediction accuracy 

included determination coefficient of calibration set (R2
cal), 

root mean square error of calibration (RMSEC) of calibra-

tion set, and determination coefficient of validation set 

(R2
val), root mean square error of prediction (RMSEP) of 

validation set, and residual prediction deviation (RPD). 

Among them, RMSEC and RMSEP should be as small as 

possible, and that the two indicators are more approaching 

indicates that the model is more stable and the prediction 

ability is stronger; the higher the R2
caland R2

val are, the 

higher the model accuracy is. Relative percent deviation 

(RPD) was calculated as follows: 

 
where SD is the standard deviation of validation samples. 

RPD ≥ 2.0 indicates that the model is suitable to use hyper-

spectral data to predict SOM content; RPD ≤ 1.4 indicates 

that the model is not reliable; while 1.4 < RPD < 2.0 indi-

cates that the model is relative reliable but can be improved 

through other calibration methods[39]. 

2 Results and analysis 

2.1 Analysis of soil spectral features with differ-

ent moisture contents 

Fig. 1 shows the mean spectral reflectance curves of soil 

samples with different moisture contents. Results showed 

that soil spectral reflectance decreased with the increase of 

soil moisture content in visible light region. In near infrared 

region, soil spectral reflectance also decreased with the in-

crease of moisture content except for oven-dried soils. 

However, spectral reflectance of oven-dried soil was not the 

highest. When soil moisture content increased from 5% to 

25%, the decreasing amplitude of soil spectral reflectance 

was the biggest, which was consistent with the results of 

Mouazen et al. [40]. When soil moisture content increased 

from 25% to 40%, the decreasing amplitude of soil spectral 

reflectance slowed down. This indicates that when soil 

moisture content < 25%, moisture shows the most obvious 

effect on the variance of soil spectral reflectance; when soil 

moisture content ≥ 25%, the effect of moisture on the vari-

ance of soil spectral reflectance is not obvious. The result of 

Liu et al. [28] indicated that soil spectral reflectance de-

creased with the increase of soil moisture content when soil 

moisture content was lower than the field capacity, but in-

creased with the increase of soil moisture content when soil 

moisture content was higher than the field capacity. 
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Fig. 1  Reflectance of soil samples with different soil moisture 

content 

Also as shown in Fig. 1, when soil moisture content in-

creased, moisture absorption valley also showed the increasing 

trend surrounding the waveband range near 14501900 nm, 

indicating that soil moisture content mainly showed an effect 

on soil spectral reflectance in near infrared region [41]. 

2.2 Accuracy analysis of SOM content hyper-

spectral PLSR prediction model 

Forty-two soil samples were selected as calibration sam-

ples, while the other 21 were validation samples. PLSR was 

used to build models and predict SOM content using three 

transformations R, R’ and lg(1/R). Indicators used to evalu-

ate the prediction accuracy of model were R2
cal, RMSEC, 

R2
val, RMSEP, and RPD. 

As shown in Fig. 2, regarding the models for samples 

with moisture contents of 5%40%, the accuracies of models 

using spectral data of R, R’, and lg(1/R) showed little dif-

ference and the basically same trend with the variance of soil 

moisture content for the same soil sample. It was found by 

combining all evaluation indicators that spectral data of 

lg(1/R) had better calibration accuracy. Regarding calibration 

results with different moisture content, spectral data of R, R’, 

and lg(1/R) showed an obvious difference in calibration re-

sult. As reflected by R2
cal (Fig. 2a) and RMSEC (Fig. 2b) of 

calibration set, model accuracy fluctuated when moisture 

content < 25%, and showed an obvious increasing trend when 

moisture content ≥ 25%. Take the spectral form of R as an 

example, R2
cal increased from 0.75 (moisture content was 

25%) to 0.77 (moisture content was 40%) (Fig. 2a); RMSEC 

decreased from 5.54 (moisture content was 25%) to 4.67 

(moisture content was 40%) (Fig. 2b). The reason may be that 

when moisture content < 25%, the spectral feature of SOM is 

affected by soil moisture, but is not covered up by the spectral 

feature of soil moisture, resulting in the fluctuation of SOM 

prediction results with different moisture contents. When 

moisture content ≥ 25%, the spectral feature of soil moisture 

covers up that of SOM, making the model results are 

“falsely high”. Fig. 2c–2e show the validation results of the 

model. R2
val (Fig. 2c) and RMSEP (Fig. 2d) of the validation 

set showed that validation results confirmed the conclusion 

of calibration results, i.e., the model accuracy showed fluc-

tuation when moisture content < 25%, and showed an ob-

vious increasing trend when moisture content ≥ 25%. As 

shown by RPD of the model (Fig. 2e), RDP fluctuated from 

1.5 when moisture content < 25%; while it was higher than 

1.5 stably when moisture content ≥ 25%, and showed an 

increasing trend with the increase of soil moisture. This is 

also confirmed the above results. 

 

Fig. 2  Evaluating indicator values of PLSR 
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As the prediction result is “falsely high” when moisture 

content ≥ 25%, and the model built is not reliable in this 

condition. The model accuracy was good for air-dried soils 

in calibration results with different moisture contents. R2
cal, 

RMSEC, R2
val, RMSEP, and RPD for the transformed spec-

tral data of R were 0.73, 4.95, 0.83, 5.18, and 2.18, respec-

tively, while they were 0.79, 3.50, 0.81, 4.95, and 2.28, 

respectively for the transformed spectral data of R’, and 

were 0.82, 3.32, 0.86, 4.42, and 2.55, respectively for the 

transformed spectral data of spectral data of lg(1/R). 

The distribution of soil moisture content is not even in 

the field environment. To simulate this situation, the spec-

tral data of soil samples with different moisture contents 

(5%40%) were mixed, and based on these data, the SOM 

prediction model was built. As shown in above analysis, 

when moisture content ≥ 25%, calibration accuracy is largely 

affected by moisture content. By taking the moisture content 

of 25% as the demarcation point, spectral data were divided 

into three groups, one with moisture content < 25%, one with 

moisture content ≥ 25%, and all moisture content, to perform 

the calibration analysis (Table 3). The calibration result of the 

model was good when moisture content was in the range of 

25%40%, with R2
cal and RMSEC for three spectral data 

transformations of R, R’, and lg(1/R) reaching up to 0.72 & 

5.63, 0.81 & 4.09, and 0.70 & 5.87, respectively. However, 

the validation result showed that the calibration result of the 

model was good when moisture content was in the range of 

5%20%, with R2
val and RMSEP for three spectral data trans-

formations of R, R’, and lg(1/R) reaching up to 0.80 & 5.64, 

0.77 & 5.89, and 0.65 & 7.61, respectively, with RPD of 1.95, 

1.88, and 1.46, respectively. This phenomenon can explain to 

certain degree that SOM spectral feature is covered up by that 

of soil moisture when moisture content ≥ 25%, making the 

model accuracy “falsely high”. 

Table 3  Accuracy assessment for hyperspectral SOM content 

estimation model by PLSR of mixed moisture content 

 

2.3 Effect of soil moisture content on hyperspec-

tral SOM content prediction 

To further analyze the effect of soil moisture content on 

the accuracy of hyperspectral SOM content prediction, cor-

relation analysis between soil moisture content, SOM con-

tent, and three transformations of soil spectral reflectance 

was conducted (Fig. 3). As the correlation of three trans-

formations of soil spectral data, R, R’, and lg(1/R) with soil 

moisture content and SOM content showed the same varia-

tion trend, the correlation between moisture content (mois-

ture content is 0, which is not discussed and not shown in 

Fig. 3b), SOM content, and R was analyzed as an example. 

As shown in Fig. 3a, SOM and R showed an obvious 

negative correlation at wavelengths of 550950 nm from 

visible light region to near infrared region, but a positive 

correlation at wavelengths larger than 1350 nm. With the 

increase of moisture content, the difference in the general 

variation trend of correlation between SOM and R was 

small. When soil moisture content increased from zero (ov-

en-dried soil) to 25%, the variation of moisture content 

could induce obvious change of the correlation between 

SOM and R; when moisture content was in the range of 

25%40%, the variation of moisture content showed an in-

conspicuous effect on the change of correlation between 

SOM and R (Fig. 3b). This indirectly indicates that when 

moisture content ≥ 25%, the spectral feature of SOM is 

covered up by that of soil moisture. However, the correla-

tion between moisture content and R showed an obvious 

variation. In particular, when moisture content was 40%, the 

correlation trend between moisture content and R was simi-

lar to that between SOM and R, which may lead to the 

“falsely high” model accuracy when moisture content was 

40%. When moisture content was in the range of 25%40%, 

model accuracy increased with the increase of moisture 

content, reaching the maximum when moisture content was 

40%. It is regarded that when moisture content is in the 

range of 25%40%, the effect of soil moisture on soil spec-

tral reflectance is far bigger than that of SOM on soil spec-

tral reflectance, which will cover up the spectral feature of 

SOM, and thus lead to the increase of accuracy of hyper-

spectral SOM prediction model. Regarding this phenome-

non, variable importance in projection (VIP) was used for 

further analysis. 

VIP can be used to measure the importance of independ-

ent variable X for explaining the dependent variable Y in 

PLSR model [42]. VIP value follows the rule of "larger than 

1", i.e., when the VIP value of variable xi is close to or larg-

er than 1, it is regarded that the variable xi has a strong ca-

pacity to explain the dependent variable Y in PLSR model 
[43]. Fig. 4 shows the VIP values of SOM content in PLSR 

model based on R (spectral reflectance). The waveband 

range of 5501110 nm showed a strong capacity to explain 

SOM content for different moisture contents. When mois-

ture content was in the range of 25%40%, the VIP values of 

SOM had a little variation. Regarding oven-dried soil, the 

waveband range of 14001440 nm showed a strong capacity 

to explain SOM content. However, the feature band of 
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Fig. 3  Correlation between SOM content, soil moisture content 

and reflectance 

moisture fell in this band range, and therefore, the explana-

tion capacity of this band range on SOM content decreased 

with the increase of moisture content (VIP value < 1). In the 

band range of 18702400 nm, VIP values of SOM changed 

largely, especially in the range of 18702110 nm, the VIP 

values of SOM decreased obviously with the increase of 

moisture content as this band included the feature wave-

lengths of moisture. When moisture content increased to 

25%, this band range is not obviously affected by the in-

crease of soil moisture. This further indicates that when soil 

moisture content ≥ 25%, the spectral feature of SOM is 

covered up by that of soil moisture, so it is not suitable us-

ing hyperspectra to predict SOM content. 

 

Fig. 4  VIP value of SOM in PLSR model 

3 Discussion 

The research on the effect of soil moisture content on the 

prediction accuracy of SOM using hyperspectral data and 

how to remove this effect has just started. Currently, there is 

no method that is proved to be effective and widely applica-

ble. Budiman et al. [38] applied external parameter orthogo-

nalisation (EPO) to remove the effect of soil moisture 

content, and enhanced the prediction accuracy of SOM 

content. Nocita et al. [35] used the normalized soil moisture 

index (NSMI) to group soil moisture content and predict 

SOM content, and they believed that NSMI could be the 

indicator to measure soil moisture content. Chen et al. [44] 

combined singular value decomposition (SVD) with corre-

lation analysis to screen the feature spectra of soil moisture, 

to build the modified coefficient with removing the factor of 

moisture, and obtained the corrected spectra of wet soil and 

then performed the calibration analysis. The prediction ac-

curacy was improved. 

In this study, SOM prediction models using hyperspectral 

data were built with different moisture contents. Results 

showed that the prediction model accuracy based on 

air-dried soil spectral data was better than that based on 

spectral data with other moisture content, which was con-

sistent with the result of Chang et al. [32]. When moisture 

content < 25%, it cannot be determined which level of 

moisture content of spectral data were the most suitable to 

predict SOM content. However, the accuracy of prediction 

model based on the transformation of spectral data lg(1/R) 

was better than those based on transformations of R and R’. 

When moisture content ≥ 25%, the effect of soil moisture on 

soil spectral reflectance increased, which could cover up the 

effect of SOM on soil spectral reflectance. As a result, the 

accuracy of SOM spectral prediction model increased when 

moisture content was in the range of 25%40%, which would 

mislead us on the application of SOM hyperspectral predic-

tion model under this moisture content. When moisture 

content ≥ 25%, it is not suitable using spectral data to pre-

dict SOM content. Stenberg et al. [45] believed that wet soil 

is more suitable for SOM content prediction using hyper-

spectral data, and pointed out that spectral wavelengths near 

1700, 2000 nm, and in the range of 23002350 nm showed 

important significance to SOM content prediction. At the 

same time, Stenberg et al. believed that it was hard to ex-

plain the effect of moisture content on SOM content predic-

tion using hyperspectral data from the perspective of 

mechanism. How moisture content affects the accuracy of 

SOM spectral prediction model needs to be further studied. 

4 Conclusions 

In this study, by manipulating soil moisture contents in-

doors, spectral data of oven-dried soil, soil with moisture 
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content of 5%40%, and air-dried soil were obtained. Three 

transformations of soil spectral data, R, R’, and lg(1/R), 

were used to build the PLSR model for SOM content pre-

diction. Conclusions are as follows: 

1) Spectral data of soil samples and mixed soil samples 

with different moisture contents were used to build the 

model. It was found that SOM prediction model based on 

spectral data of air-dried soil had better accuracy. 

2) Among three transformations, R, R′, and lg(1/R), 

lg(1/R) had a better calibration result. 

3) When soil moisture ≥ 25%, it was not suitable to use 

spectral data to predict SOM content. 

This study still not explain how moisture content affects 

SOM hyperspectral prediction accuracy from the perspec-

tive of mechanism, especially when moisture content ≥ 

25%. As soil spectral features affected by many factors, 

such as soil color, soil texture, and roughness. These factors 

were not considered much in this study. In future studies, 

how to remove the effect of moisture content, in order to 

enhance the accuracy of SOM hyperspectral prediction and 

provide the basis for using hyperspectral image to predict 

SOM can be considered in the future. At the same time, it 

should also be considered the effect of other soil spectral 

features factors besides moisture content on the calibration 

results, and new data processing techniques such as spectral 

prediction parameter can be appropriately introduced to 

enhance the accuracy of SOM prediction using hyperspec-

tral data. 
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Abstract: Unmanned aerial vehicles (UAVs) are an exciting new remote sensing tool capable of acquiring high 

resolution spatial data. In a data acquisition task, hundreds of images are acquired in a sortie due to the very small 

footprint of each image. The gray-scale value of homonymous points in adjacent-image pairs which is gathered by 

unmanned aerial vehicle in a sortie should be consistent on an-idealized condition. Actually, the gray-scale value of 

homonymous points always yields different results due to changes in illuminance, different shooting angle etc. In 

this study, we described a methodology for radiation uniformity correction among different images. The first step of 

the methodology was matching the images by scale invariant feature transform (SIFT) feature detector to extract 

homonymous points from which its gray-scale value in different images could be used to establish correlative func-

tion in the next step. The uncorrected image then was corrected by the correlative function. We also proposed a ra-

diation uniformity correction workflow of adjacent-image pairs and image sequences. In the area of 

photogrammetry, the color consistency in visual form was more emphasized and many dodging method was pro-

posed. But those methods cannot be utilized in remote sensing application which emphasizes the radiation uni-

formity. In this paper, the color consistency adjusting based on histogram matching, the radiation uniformity 

correction in the original color space and the luminance consistency correction in the hue-saturation-value (HSV) 

color space in allusion to three-channel images was performed and the results was compared among those methods. 

The experimental results indicated that the color consistency correction based on histogram matching method can 

obtain a very good effect visually, but can also lead to severe grayscale gap. The radiation uniformity correction in 

the original color space was capable of achieving radiation consistency,but had little chromatic aberration in some 

case. The luminance consistency adjusting in the HSV color space was able to obtain a great result both visually and 

in radiation consistency, but the method was limited in utilization of three-channel images. The noise was enhanced 

after correction in some case. The bilateral filter was used to remove the noise, concurrently to retain radiation con-

sistency between corrected image and reference image. The last part of this paper described the limitation of our 

method and indicated the needs for further studies. Also the processing chain of image sequences was proposed. 

Propagation of errors may cause more aberration at the image which far from reference image. So, the block ad-

justment may be considered into next step studies. In addition to this, SIFT algorithm was a time consuming method 

for this single target. So, we can integrate radiation uniformity correction into aero triangulation, both of which need 

feature extraction. Finally, the effect of sensor calibration on radiation uniformity correction should be studied in 

the future. 

Keywords: unmanned aerial vehicles; remote sensing; radiation; multispectral imagery; radiation uniformity cor-

rection; automatic 

CLC number: P237.3; TP751 

1 Introduction 

Unmanned aerial vehicle remote sensing is a research 

hotspot in the field of the remote sensing application at pre-

sent. With simple structure, low costs, flexibility and ma-

neuverability, and high resolution spatial images, the 

unmanned aerial vehicle remote sensing system is gradually 

becoming the effective supplementary mean for satellite 

remote sensing, manned aerial vehicle and ground remote 

sensing 
[1]

. Unmanned aerial vehicles can be divided into 

micro-sized, small-sized, middle-sized and large-sized un-

manned aerial vehicles. For the micro-sized unmanned aeri-

al vehicle, the maximum takeoff mass, the maximum flight 
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height, duration of flight and communication radius are less 

than 5 kg, 250 m, 1 h and 10 km, respectively 
[2]

. The 

micro-sized unmanned aerial vehicle flies below the cloud 

layer. The remote sensing image obtained by the micro-

sized unmanned aerial vehicle in cloudy weather is not 

sheltered from the cloud layer, but visual luminance vari-

ance of images in the same sortie can be caused by acute 

changes in illuminance. Even in cloudless weather, illumi-

nance is still changing. Such changes may not lead to dif-

ference of images in visual sense, but for the sensor with 

high sensitivity, such difference still can be reflected in var-

iation of the gray-scale value. In addition, due to improve-

ment of duration of flight for the unmanned aerial vehicle, 

the effect of illuminance variation has to be considered for 

the remote image acquired in long time span. 

Photogrammetry focuses on the extraction of geometrical 

information of geographic space 
[3]

. Therefore, in the field 

of aerial photogrammetry, the visual effect of images is 

considered in processing the color consistency of images. 

The traditional solution of the color consistency mainly de-

pends on manual work and image processing software. Such 

method needs heavy workload and it is difficult to control 

the overall effect. At present, the methods used in the color 

consistency between images mainly include histogram 

matching method 
[4]

, linear transformation method 
[5]

, Wallis 

transformation method 
[6]

, etc. The uniform light and color 

processing in the histogram matching method and Wallis 

transformation method lays emphasis on the elimination of 

non-uniform illumination of images and cannot improve the 

trueness of the color 
[7]

. For the linear transformation meth-

od, the sample shall be selected from the overlapping region 

between images and then statistics are conducted. Such 

method is not beneficial to automatic processing and the 

selection of different samples has a great effect on the cor-

rection result 
[8]

. 

The remote sensing focuses on the extraction of radiation 

information of geographic space 
[3]

, and the true reflectivity 

of various bands of the ground object is crucial for the sub-

sequent remote sensing quantitative study. Therefore, the 

uniform light and color method in photogrammetry cannot 

be used due to non-uniform illumination in multispectral 

imagery of the unmanned aerial vehicle. The trueness of 

image radiation information shall be ensured and the quan-

titative evaluation shall be conducted for the correction re-

sults. 

For the micro-sized unmanned aerial vehicle, the flight 

height is very low and the effect of atmosphere between 

earth surface and the sensor on radiance at the entrance pu-

pil of the sensor is weak (< 1 × 10
−9

 W/(cm
2
·sr·nm), thus 

the atmospheric correction can be ignored 
[9]

. Therefore, the 

radiation correction of the multispectral imagery generally 

adopts the alternative calibration method 
[10]

 which is also 

called the radiation correction method of the pseudo stand-

ard ground object 
[11]

. That is, the spectral reflectivity curve 

of reference substance is measured by the ground object 

spectrograph, then the linear correlation between the reflec-

tivity of the ground object and the digital number (DN) of 

the image is established, and finally the reflectivity of each 

band of the whole image is obtained. The micro-sized un-

manned aerial vehicle can acquire hundreds or even thou-

sands of images in a sortie, but there are only several 

images of the reference substance with the known reflectiv-

ity. It is obviously not reasonable that the radiation correc-

tion coefficients obtained by several reference substances 

are applied to all images because illuminance and different 

shooting angles change continuously during the flight pro-

cess of the unmanned aerial vehicle. Therefore, before radi-

ation correction is performed, the radiation uniformity 

correction shall be conducted for other images based on the 

image of the reference substance with the known reflectivi-

ty. In addition, the automation of the radiation uniformity 

correction shall be achieved due to lots of images. 

For such purpose, the automatic processing method for 

radiation uniformity of the multispectral imagery based on 

the scale invariant feature transform (SIFT) feature detector 

was verified in the paper. This method utilized the 

gray-scale value of homonymous points in adjacent-image 

pairs to establish and apply the correction model to the 

whole warp image. The corrected image would be regarded 

as the base image to correct its adjacent image and succes-

sively to correct all images, which makes the radiation in-

formation of the same ground object for all images tend to 

uniformity. Through experimental verification, the correc-

tion results were evaluated and compared with the color 

consistency correction method based on the histogram 

matching method. In the paper, the noise after image correc-

tion was processed by using the bilateral filtering method 

and then the radiation uniformity was evaluated. 

2 Research method 

The image acquired by the unmanned aerial vehicle in a 

sortie has a certain overlapping ratio. In an ideal state, the 

homonymous points in the overlapping region of adja-

cent-image pairs shall have the same gray-scale value. 

However, the gray-scale value of the homonymous points in 

the overlapping region is different due to the inhomogene-

ous response of the camera sensor, the vignetting effect of 

the camera lens, shooting angle, illuminance variation, etc. 

The inhomogeneous response and vignetting effect can be 

corrected through relative radiometric calibration of the 

camera. The change of the gray-scale value of the image 

due to the shooting angle and illuminance variation is 

weakened through radiation uniformity processing of the 

image. The basic thinking of the paper is to count the dif-

ference laws of the gray-scale value of homonymous points 

in the overlapping region of adjacent-image pairs, establish 

the correction model, and compensate the gray-scale value 

of the warp images. Therefore, the method mentioned in the 
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paper includes the following steps: 

1) Acquisition of data of images and radiometric calibra-

tion. The unmanned aerial vehicle acquired image date and 

concurrently utilized the ground object spectrograph to 

measure the spectral reflectivity of several ground objects 

which shall be distributed uniformly in the image acquisi-

tion area as far as possible. 

2) Input of the original base image and the air route in-

formation. The image of the ground object with the known 

reflectance is selected as the original base image. The air 

route information is input as the judgment for automatic 

selection of adjacent-image pairs. 

3) The radiation correction is performed for the adjacent 

image of the base image. The steps are as follows and the 

processing chain is shown in Fig. 1. 

Firstly, the features of the overlapping region in the ad-

jacent-image pairs are extracted by using SIFT algorithm 

and the homonymous points are matched as the statistical 

samples. 

Secondly, the segmented linear correction model is made 

in accordance with DN of the homonymous points in the 

adjacent-image pair. 

Thirdly, the warp image is corrected by using the linear 

correction model according to judgment. 

Finally, the bilateral filter is used to remove the image 

noise caused by luminance enhancement and the correction 

result is evaluated. 

4) The corrected image as the base image is used for the 

radiation uniformity correction of its adjacent image. 

5) The steps 2) and 3) are repeated until all images are 

corrected. 

 

Fig. 1  Processing chain of radiation uniformity correction of 

adjacent-image pairs 

Note: Band 1, …, Band n refers to each band of image. 

6) The radiation correction parameters are calculated in 

the Formula (1) in accordance with the reflectance and DN 

of the known ground object in the original base image. 

 
Where: Ref is the reflectance of the ground object; DN re-

fers to the digital number of the homologous image; β1 is 

the slope parameter of the linear equation; β2 refers to the 

intercept parameter of the linear regression. 

7) The DNs of all images are converted into reflectance 

by using the radiation parameters. 

2.1 Extraction and matching of the image fea-

tures 

There are many reports about the uniform light and color 

processing by using the linear model in the photogrammetry 

and remote sensing fields. Such method is generally to se-

lect the pixel sample for statistics from the overlapping re-

gion of the adjacent-image pairs, and then make the image 

hues tend to consistency by using the relationship between 

statistical data. In order to perform the relative radiation 

correction for the satellite image acquired in the same place 

at different time, some scholars extracted the ground object 

whose reflectance does not change with the time as the sta-

tistical sample by using the multivariate alteration detection 

(MAD) operator, and established the linear correction mod-

el, achieving the automatic correction of the radiation con-

sistency between images in different periods 
[12–14]

. The 

flight time of the unmanned aerial vehicle is very short in a 

sortie and the reflectance in the period can be deemed to be 

constant, thus the reflectance change can be excluded from 

the influence factors on the gray-scale value of the ho-

monymous points matched in the overlapping region of the 

adjacent-image pairs. SIFT operator 
[15] 

is the most common 

method in the image features matching algorithms of the 

unmanned aerial vehicle. 

SIFT operator is the famous feature extraction operator 

proposed by Lowe in the field of computer vision 
[16]

 and it 

does not change with luminance variance. The luminance 

variance of images may not influence feature extraction and 

matching precision. Therefore, SIFT operator was used for 

feature extraction and matching of homonymous points in 

the paper. The detailed algorithm of SIFT operator can be 

seen in Literatures [3] and [12], so the paper will not give 

unnecessary details any more. 

In the paper, two pairs of images were verified for 

whether the gray-scale value of homonymous points 

matched with SIFT operator can reflect changes of illumi-

nance of images. In order to embody difference, a pair of 

true-color images (R, G, B) with slight changes of illumi-

nance and a pair of false-color images (NIR, R, G) with 

obvious changes of illuminance were selected from the two 

pairs. As shown in Fig. 2, the two images in Fig. 2a are the 

true-color images where difference of luminance cannot 

been found visually; the two images in Fig. 2b are the 
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false-color images composited by near infrared, red and 

green bands, where the luminance of left image is signifi-

cantly higher than that of the right image. The line in the 

figure connects the homonymous points of the two images. 

Fig. 2a is a pair of true-color images with total 744 pairs of 

homonymous points and Fig. 2b is a pair of false-color im-

ages with total 498 pairs of homonymous points. 

 

Fig. 2  Homologue points of two adjacent-image pairs 

Note: Fig. a is a pair of true-color images with 744 homologue points; Fig. 
b is a pair of false-color multispectral images with 498 homologue points; 

Lines on the images is tie line of homologue points. 

The gray-scale values of homonymous points in bands of 

the left and right images in Fig. 2 were used to establish a 

simple linear regression model. In order to observe the dif-

ference of the gray-scale values of homonymous points in 

image pairs, the intercept of simple linear regression model 

was set as 0. The proportionality coefficient of the model 

may intuitively reflect total difference of the gray-scale 

value of homonymous points in each band of the left and 

right images in Fig. 1. As shown in Fig. 2a, the ratio of the 

gray-scale values of homonymous points in the right and 

left images of the true-color image pair is between 

0.9510–0.9705, approximately 1. Therefore, the luminance 

difference cannot be seen visually. For the false-color image 

pair, the ratio of the grayscale values of homonymous points 

in the right and left images is between 0.7128 and 0.7196, 

so there is significant difference in luminance of the right 

and left images visually. 

The determination coefficients of the regression model 

established by the true-color image pair are over 0.9 and the 

determination coefficients for the false-color image pair is 

below 0.87. Such case is caused by influence of noise be-

cause the false-color image pair is dark and the dynamic 

range of the gray-scale value is small. 

As shown in Fig. 3, the gray-scale value of homonymous 

points matched by using the SIFT operator can reflect lu-

minance variance of images objectively in a statistical 

sense. Therefore, homonymous points matched by using the 

SIFT operator can be regarded as the statistical sample and 

used to establish the radiation consistency correction model 

between images with the overlapping region. 

2.2 Establishment of the correction model 

The establishment of the simple linear regression model 

without intercept in the above section is to observe the dif-

ference of gray-scale values of homonymous points in each 

pair of images intuitively. When the correction model is 

established, the intercept shall be added into the regression 

equation to make the determination coefficient of the equa-

tion higher. 

The images with the overlapping region are set as M and 

N, where M refers to the base image and N is the warp im-

age. xi1, xi2,…, xin are the gray-scale value of the t
th

 ho-

monymous point in the i band of N respectively. yi1, yi2,…, 

yin are the gray-scale value of the corresponding homony-

mous point in i band of M respectively. n is the number of 

homonymous points in M and N. The regression equation of 

the sample is established as follow: 

 
Where: xit is the gray-scale value of the warp image; yit re-

fers to the gray-scale value of the base image; i is the band 

sequence of the image; n means the total number of ho-

monymous points; t = 1, 2, 3,…, n is the sequence of the 

homonymous points. 

The parameters of the regression model are evaluated in 

accordance with the gray-scale value of the matched ho-

monymous points and then the determination coefficient is 

calculated: 

 

 

 
Where: Ri

2
 is the determination coefficient of the regression 

model in the i band;  is the mean gray-scale value of the 

homonymous points in the i band;  is the estimated 

gray-scale value of the t
th

 homonymous point in the i band. 

2.3 Segmented correction 

In the above correction model, when the overall lumi-

nance of the base image is more than that of the warp im-

age, the image uses a linear mode in the whole bands, which 

makes the high gray-scale value easily exceed the dynamic 

range of the sensor. The correction model is established 

through segment according to the gray-scale value, which 

can weaken the effect of the linear model on the overflow 
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problem of the high gray-scale value. Moreover, the photo-

electric response functions of the sensing elements of the 

sensor are different in various luminance regions 
[17]

, so it is 

more suitable for different correction models to be used in 

different luminance regions. The red band of the true-color 

image in Fig. 2 is taken as an example, i.e., a pair of image 

is performed with entire correction and segmented correc-

tion. It can be seen from Fig. 4 that: in the range of the sta-

tistical sample, DN of homonymous points in the corrected 

image approaches to that in the base image; compared with 

the entire correction, goodness of fit for the correlation 

model of the segmented corrected image and the base image 

is higher while the root-mean-square error is lower. 

 

Fig. 3  Correlativity between gray-scale value of homologue 

points in each band of two image pairs 

Note: Two image pairs were mentioned in Fig. 2; n refers to the amount of 

homologue points involved in the statistics. 

In this example, the gray-scale values in bands are di-

vided into five ranges including 0–50, 51–100, 101–150, 

151–200 and 201–255, and the correction model is estab-

lished respectively. It can be seen from Fig. 4 that after 

segmented correction, the points show five obvious accu-

mulation areas, but it has not caused interrupt of the 

gray-scale value. The above result also demonstrates that 

the correction model established through SIFT feature ex-

traction can subtly improve the similarity of the radiation 

information of image pairs which are not sensitive to lumi-

nance variance and have overlapping regions. 

 

Fig. 4  Comparison of entire correction and segmented correction 

using base images 

2.4 Bilateral filtering 

The image may generate impulse noise after radiation 

uniformity correction. On the one hand, such phenomenon 

is caused by correction errors. On the other hand, when the 

entire luminance of the base image is higher than that of the 

warp image, the effect of luminance enhancement after cor-

rection also can strengthen the noise in the original warp 

image. Therefore, the image after linear radiation uniformity 

correction shall be treated with filtering to eliminate the 

noise. 

The common filtering algorithms include median filter-

ing, mean filtering and Gaussian filtering. However, when 

these algorithms are used to remove the noise in the image, 

the image may also be thickened. In addition, for the medi-

an filtering and mean filtering, the smaller the filter, the 

poorer the denoising effect; if the filter is large, the image 

may be thickened and concurrently changed in colors. 

The bilateral filtering is a denoising filtering algorithm 

proposed by Tomasi and Manduchi in 1998; it is used to 

protect edges 
[18]

. The filter is based on Gaussian filter, 

combined with the proximity in image space and similarity 

in gray-scale value; meanwhile the similarity of images in 

gray-scale is considered. Therefore, the pixels far apart from 

each other near the edges may not greatly influence the 

gray-scale value of the edges. 
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For the bilateral filter, the output pixel value is the 

weighted sum of the gray-scale values of adjacent pixels, 

namely: 

 
Where: g(i, j) is the gray-scale value of the output pixels; (i, 

j) refers to the coordinate of the image pixels; [k, l] means 

the size of the filter; w(i, j, k, l) is the weight coefficient of 

each pixel in the filter. 

The weight coefficient w(i, j, k, l) is the product of the 

weight coefficients d(i, j, k, l) and r(i, j, k, l) respectively of 

the spatial proximity and pixel value similarity. 

The weight coefficient of the spatial proximity is: 

 
The weight coefficient of the pixel value similarity is: 

 
Therefore, the weight coefficient can be obtained: 

 
Where: f(i, j) is the gray-scale value of the original image; 

[k, l] refers to the size of the filter; f(k, l) means the 

gray-scale value of the original image pixels in the filter; σd 

is the standard deviation in the spatial domain of the bilat-

eral filtering; σr refers to the standard deviation in the gray 

domain. 

The effects of mean filtering, median filtering, Gaussian 

filtering and bilateral filtering were compared. As shown in 

Fig. 5, both of the mean filtering and median filtering has 

changed the color of the corrected image, suggesting the 

variation of radiation information of images; although 

Gaussian filtering has not changed the color of the image, 

the filtering effect is not good; the bilateral filtering ensures 

 

Fig. 5  Results comparison of different filters 

the denoising effect, meanwhile saves the edge information 

to the largest extent, and the color of the corrected image 

has not changed. The filters used in the paper is 5 × 5; the 

standard deviation of Gaussian filtering σ is 0.5; the stand-

ard deviation in spatial domain of bilateral filtering σd is 3; 

the standard deviation in the gray domain σr is 0.1 (gray 

range of [0–1]). 

3 Experiment and result analysis 

Given the direct linear processing of original pixels of 

the image may cause contrast enhancement of the image, 

the correction effect of luminance consistency was verified 

for the three bands of the image in HSV space. HSV means 

the color space where hue (H), saturation (S) and value (V) 

are used for color expression. The luminance variance over 

the adjacent images is caused by changes of illuminance, so 

luminance of the image can be adjusted in HSV space to 

retain hue and saturation of the image. The correction 

method for luminance consistency of HSV color space is 

almost similar with the correction workflow of the above 

radiation uniformity. The difference is that the correction 

method for luminance consistency of HSV color space is 

just suitable for three-band images, so the original image 

needs to be converted into the HSV space and only lumi-

nance space is corrected. 

The unmanned aerial vehicle image acquired with ADC 

lite multispectral camera is taken as an example. The uni-

form light and color processing based on histogram match-

ing method, radiation uniformity correction of the original 

color space, luminance consistency correction of HSV color 

space and the correction effect of the image after filtering 

were analyzed. 

ADC lite is the CMOS multispectral camera with the 

single sensor which is specifically developed for the mi-

cro-sized unmanned aerial vehicle. The sensor is 2048 × 

1536 pixels, body mass is about 200 g and it has near infra-

red, red and green bands. The image pair was used with the 

spatial resolution of 2.5 cm and the shooting time interval of 

8 s. The original images can be seen in the two images as 

shown in Fig. 2b. 

In order to compare the correction effect, the left image 

with higher luminance shown in Fig. 2b was regarded as the 

base image, and the uniform light and color processing 

based on histogram matching method, radiation uniformity 

correction of the original color space and luminance con-

sistency correction of HSV color space were conducted. 

Fig. 6 shows the correction results. 

As shown in Fig. 6, the histogram matching result is 

closest to the base image visually; the radiation uniformity 

correction of the original color space makes the image gen-

erate chromatic aberration; luminance consistency correc-

tion of HSV space increases luminance of the image, 

making the detailed information which cannot be shown in  
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Table 1  Results comparison of different correcting methods 

 

Note: refers to scaling factor, determination coefficient, root-mean-square error respectively.  refers to scaling 

factor, determination coefficient, root-mean-square error respectively. 

 

Fig. 6  Results comparison of different correcting methods 

the dark part emerge and to the largest extent inhabiting the 

occurrence of chromatic aberration. Although there is small 

difference visually between the histogram matching result 

and the base image, the histogram matching result may lead 

to severe grayscale gap of the image. The feature point 

matching was reopened for the histogram matching result 

and the base image, and the radiation uniformity was ana-

lyzed by using the newly matched gray-scale value of ho-

monymous points. As shown in Fig. 7, only 10 grayscales 

remain in the histogram matched image, and its determina-

tion coefficient and the root-mean-square error also de-

crease. 

All correction results were matched anew with the base 

image, and the comprehensive evaluation was conducted on 

the number of matched features, scaling factor k, determi-

nation coefficient R
2
 and root-mean-square error (RMSE). 

The evaluation results are shown in Table 1. 

As shown in Table 1, 1) the number of matched points 

for the corrected image and the base image decreases, and 

the number of matched points of the corrected luminance in 

HSV space is smallest; 2) the radiation information of the 

corrected images are closer to that of the base image; 3) the 

scaling factor of the image after bilateral filtering more ap-

proaches to 1, and meanwhile the goodness of fit is also 

improved. 

 

Fig. 7  Correlativity between gray-scale values of homologue 

points in histogram matched image and its base image 

4 Discussion 

The method mentioned in this paper can not only correct 

the image with visually obvious luminance variance but also 

has correction effect on difference of gray-scale of the im-

age with visually unobvious luminance variance. Therefore, 

the method is appropriate for the geodetic parameter inver-

sion application of the unmanned aerial vehicle image. In 

the actual operation, large overlapping degree is needed to 

ensure that the grayscale variation of the extracted homon-

ymous points can represent grayscale variation of the image 

pair. In addition, the more the number of homonymous 

points is, the stronger the fault-tolerant capacity of the mod-

el. Then the correction precision is higher. 

However, the extraction of numerous homonymous 

points needs to consume a large amount of time, and the 
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efficiency of the radiation uniformity correction depends on 

SIFT feature extraction and the matching efficiency. There-

fore, the radiation uniformity correction also relies upon 

improvement of feature extraction and the matching meth-

od. 

From the view of correction results of the image pair, 

even if the similarity of the digital number of homonymous 

points reaches over 99%, there is still chromatic aberration 

to some extent; the similarity of that by using histogram 

matching method is slightly lower, but the parallax error is 

smaller visually. Therefore, the statistics of accumulated 

error need be considered further from DN consistency and 

visual effect consistency. Thus, the quality of the radiation 

uniformity correction depends on the chromatic aberration 

control. The continuous linear correction may generate great 

chromatic aberration, which involves the problem of ad-

justment optimization. The SIFT operator used for radiant 

uniformity correction is verified and tested preliminarily. 

Subsequently, efficiency and quality will be studied further. 

The radiation uniformity correction of the sequence images 

starts from several original base images, and then accumu-

lation of the chromatic aberration is inhabited through ad-

justment treatment, which is the sequent study direction. 

In conclusion, the algorithm in this paper needs further 

discussion in the following aspects: 

1) The radiation uniformity correction workflow of the 

sequence images was proposed in the paper, but the test 

verification was only conducted for the adjacent-image pair. 

The radiation uniformity correction relying upon the linear 

correlation transmission may easily generate error accumu-

lation which leads to the chromatic aberration of the image 

far away from the original base image. Therefore, the block 

adjustment processing shall be considered when the radia-

tion uniformity correction is conducted for the sequence 

images in the region. 

2) The SIFT feature extraction involves a large number 

of calculation, especially for the true-color image with high 

resolution with huge time cost of the radiation uniformity 

correction through SIFT feature extraction. Therefore, the 

radiation uniformity correction can be integrated into the 

workflow of image fusion and orthorectification in order to 

save the time cost. 

3) Except the effects of illuminance variation and shoot-

ing angle on radiation uniformity, the effects of inhomoge-

neous response of the sensor and vignetting effect of the 

lens also are included. Therefore, before radiation uni-

formity correction, the sensor shall be corrected firstly. The 

effect of the sensor correction on radiation uniformity cor-

rection is up for discussion. 

5 Conclusions 

The adjacent images in the remote sensing images of the 

unmanned aerial vehicle in a sortie may generate visually 

different shades of color due to drastic change of illumi-

nance and the shooting angle, and the gray-scale value of 

the same ground object is not identical in different images. 

In the paper, the gray-scale value of homonymous points 

matched on the basis of SIFT feature was verified, and the 

radiation uniformity correction model was established and 

applied to the radiation uniformity correction method in the 

entire image. The radiation uniformity correction of the 

sequence images is the premise for the radiation correction 

of the multispectral imagery in the unmanned aerial vehicle 

and the theoretical foundation for the radiation correction of 

the multispectral imagery in the unmanned aerial vehicle by 

using the substitution method. 

Through test verification, the following conclusions are 

obtained in the paper: 

1) The large number and good peculiarity of SIFT fea-

tures can be used to improve the DN consistency of the im-

age pair. With the linear correction model based on a large 

number of SFIT matching points, the correction precision 

can reach over 99%. 

2) For the image pair which cannot be seen by human 

eyes, its DN may also be different. By using the algorithm 

mentioned in the paper, slight difference can be detected 

and the DN consistency can be improved. In the test of the 

paper, the similarity of the gray-scale value for homony-

mous points in the true-color image pair increased from 

96.88% to 99.38% after correction. 

3) Different correction strategies may generate various 

correction results. In the test of the paper, the similarity of 

the gray-scale value for homonymous points in the 

false-color image pair increased from 62.7% to 97.3% after 

correction with the histogram matching method. The chro-

matic aberration is small visually, but grayscale shows ob-

vious fracture and gathering phenomenon. After RGB color 

space correction, the similarity of the grayscale value in-

creased to 99.8% with certain chromatic aberration visually 

and continuous grayscale, and then the noise decreased and 

the similarity of the grayscale value increased 99.97% after 

filtering. After luminance correction of HSV color space, 

the similarity of the grayscale value reached up to 95.9% 

with small chromatic aberration visually and continuous 

grayscale. Then the noise decreased and the similarity of the 

grayscale value increased 99% after filtering. 
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Abstract: Unmanned Aerial Vehicle (UAV) Remote Sensing has great advantages over traditional methods, such 

as lower cost, simpler operation, faster access speed and higher resolution. In this paper, after analyzing the spectral 

characteristics of vegetation and non-vegetation in UAV images, which only contains red, green, and blue bands, 

we found that the vegetation spectral had the feature of green band > red band > blue bands, which means vegeta-

tion had the biggest reflection in the green band and had the smallest reflection in the blue band. However, 

non-vegetation region had the reflection feature of red band > green band > blue band and blue band > green band > 

red band. The pixels value of the vegetation region was smaller than the non-vegetation region. For overall consid-

eration of the above characteristics and the features of the healthy green vegetation's spectral profile, and in order to 

enhance the vegetation information and minimize the vegetation signal, we referenced the form of NDVI and put 

forward a new vegetation index-VDVI (visible-band difference vegetation index). Then we calculated the vegeta-

tion index of VDVI, EXG, NGRDI, NGBDI, and RGRI. After calculation of the vegetation index, we used the same 

AOI region of the prior analysis in a typical spectral characteristic and we made the line charts to analyze the feasi-

bility of each index. After observation of the line charts, we found that NGRDI was not suitable to extract the vege-

tation from a UAV image because the index values were overlapping with each other, except for bare soil. On the 

contrary, the NGBDI and VDVI was suitable for the extraction of vegetation from the image, because there was lit-

tle overlapping. And the vegetation's EXG index value was greater than twenty and the value of non-vegetation was 

lesser than twenty except for the area of a building. However, there was also some overlapping of a building and the 

field, which could cause some mistake in the extraction of the result. After that, we determined the threshold value 

of each index. The threshold is most important in the extraction of vegetation from an image, but the value is very 

difficult to determine. After observation of the histogram of the vegetation index, we decided to use the bimodal 

histogram and the histogram entropy threshold method to determine the threshold value of each vegetation index, 

and compared each extraction result of the two methods and chose the value which had the higher extraction accu-

racy and used it as the final value to extract the vegetation from the UAV image. After comparison of the VDVI ex-

traction results with EXG, NGRDI, NGBDI, and RGRI, we found that whatever method was used to determine 

threshold value, the accuracy of VDVI extraction result was always most precise, and the EXG must use the histo-

gram entropy threshold method to determine the threshold. It can also extract the most vegetation information. The 

NGRDI and RGRI have bad extraction results. In conclusion, in the VDVI overall consideration of the vegetation 

characteristic of reflection in the green band and the absorbent in the red and blue bands, and its value ranged 

from-1 to 1. And the extraction accuracy of VDVI is higher than the others, and its threshold is easier to determine 

which is near to zero. In order to verify that the VDVI was suitable for another UAV image, we chose another UAV 

image to calculate its VDVI and extracted vegetation from it. Then we generated 200 random points to evaluate the 

vegetation extraction accuracy from the UAV image. From an accuracy report, we found the total extraction preci-

sion was 91.5%, and the kappa coefficient was 0.8256. We concluded that the VDVI was broadly suitable to extract 

vegetation from N UAV image which only contains a visible band. 

Keywords: unmanned aerial vehicles; vegetation; extraction; visible-bands; visible-band difference vegetation in-

dex (VDVI) 

CLC number: TP75; S127 

0 Introduction 

The unmanned aerial vehicle (UAV) refers to the pi-

lotless airplane that flies by means of wireless remote con-

trol and route planning [1]. Its combination with remote 

sensing technique is called the UAV remote sensing. It is the 

application technology for rapidly acquiring the spatial re-
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mote sensing information on national land resource and 

environment by comprehensively applying the advanced 

unmanned aerial technology, remote sensing and remote 

control technology, and remote sensing application tech-

nology [2]. 

The UAV remote sensing belongs to the low-altitude re-

mote sensing technology, and it is not interfered by atmos-

pheric factors in the process of image acquisition. It has the 

advantages of low cost, simple operation, fast speed of im-

age acquisition, and high resolution on the ground [3], which 

cannot be matched by the traditional remote sensing tech-

nology. These advantages offer UAV remote sensing tech-

nology a broad prospect in the application of remote sensing 

in small areas. At present, the studies on UAV remote sens-

ing mainly focus on the development of flight system [4–6], 

method of remote sensing image processing [7–10], and forest 

inventory, and crop monitoring [11–15]. For example, Mitch 

Bryson et al. [16] used the UAV images photographed in vis-

ible band at low altitudes to classify different vegetation 

types based on the color and texture of vegetation. 

Torres-Sánchez et al. [12] applied the high-resolution images 

of unmanned aerial vehicle to the precision agriculture. 

Francisco et al. [17] used the images of unmanned aerial ve-

hicle to monitor the yellow shoot disease of vegetation. At 

present, the remote sensing technique of unmanned aerial 

vehicle is playing an increasingly important role in the re-

mote sensing regime, and will become one of the indispen-

sable means of future airborne remote sensing [18]. 

The vegetation is the most important constitutional part 

of terrestrial ecosystem, and plays a significant role in 

maintaining the ecosystem balance, water conservation, and 

soil and water conservation. The utilization of remote sens-

ing technology in the monitoring of relevant vegetation in-

formation is the main application of remote sensing. The 

vegetation index is one of the most widely used parameters 

in the remote sensing monitoring of vegetation; it is a sim-

ple, effective, and empirical measure of surface vegetation 

status [19]. It can effectively reflect the vitality of vegetation 

and vegetation information, and becomes the important 

technical means to remotely retrieve the biophysical and 

biochemical parameters, such as the vegetation chlorophyll 

content, vegetation cover, leaf area index, biomass, net pri-

mary productivity, and photosynthetic effective radiation 
[20]. So far, more than one hundred indexes have been pro-

posed in China and abroad, but most contain the visi-

ble-near infrared band. However, in the practical application 

of UAV, owing to the difficulty to obtain sensors and the 

cost, the acquisition of UAV images at only visible band is 

more common, and the application is more widespread. 

Therefore, it is necessary to design the vegetation index that 

is suitable for only visible band to be used for the extraction 

of vegetation information from UAV remote sensing images. 

This paper focuses on the UAV images only in the visible 

band, and the study on the method of vegetation information 

extraction is conducted to obtain a method for rapidly and 

effectively extracting vegetation information. This will ex-

pand the scope for the application of UAV remote sensing, 

and promote the quantitative application of UAV remote 

sensing. 

1 Material and method 

1.1 Acquisition of UAV images in the visible band 

In this paper, we adopted the UAV remote sensing image 

data photographed during 2013 in Hetian Town of Chang-

ting County, Fujian Province as the example for the experi-

ment. The study area is located at 116°16′–116°30′

E, 25°35′–25°46′N. The images were captured in 

early and middle August in 2013. Shooting altitude was 

about 1000 m, belonging to the low-altitude photography. 

The weather was in good status upon the shooting, without 

wind and cloud. The acquired images were not affected by 

atmospheric factors, which is consistent with the actual sit-

uation. Because our study has no strict requirement on the 

position of central wavelength and the range of band for the 

different bands, there is no strict radiation calibration on the 

acquired images. The studied images have red, green, and 

blue bands, and the spatial resolution is 0.1 m. 

Owing to the ultra-high spatial resolution for the images, 

the data volume of images for the entire region is enormous. 

For the convenience of illustration, in this paper we selected 

one scene of images (No. DSC04918) with rich ground fea-

tures in the image that is relatively representative (Fig. 1). 

The image contains 3264 pixels × 4913 pixels, and the area 

is about 160360 m2. 

 

Fig. 1  UAV images of study area (DSC04918) 

1.2 Construction of visible-band difference vege-

tation index for UAV images 

1.2.1 Vegetation index in the visible band 

The healthy green vegetation has relatively strong reflec-

tion in the green and near infrared band, and absorption 
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effect in the blue and red band. The spectral curve of typical 

healthy green vegetation is shown in Fig. 2. The vegetation 

index uses the reflection and absorption properties of green 

vegetation in different bands, and carries out the combined 

computation for different bands of sensors to enhance the 

information of vegetation. Its essence is to comprehensively 

consider different signals of relevant spectra, and implement 

some mathematical transformation on the reflectivity in 

different bands to minimize the non-vegetation information 

while enhancing the vegetation information [21]. 

 

Fig. 2  Spectral profiles of healthy green vegetation 

At present, more than 100 kinds of vegetation indexes 

have been proposed in the area of remote sensing [22], but 

most of them are based on the visible-near infrared band, 

such as the relatively common normalized difference vege-

tation index (NDVI), ratio vegetation index (RVI) and en-

hanced vegetation index (EVI). Vegetation indexes only 

based on the visible band are rare, mainly including excess 

green index (EXG) [12, 23], normalized green-red difference 

index (NGRDI) [20, 24], and normalized green-blue difference 

index (NGBDI) constructed after the model of NGRDI, and 

red-green ratio index (RGRI) [25]. The calculation of these 

indexes is shown in Equations (1)–(4): 

 
where ρred, ρgreen, and ρblue refer to the reflectivity or pixel 

value of red, green, and blue bands respectively. 

1.2.2 Construction of visible-band difference vege-

tation index (VDVI) 

In order to extract the vegetation information of images, 

we first analyzed the spectral properties of green vegetation 

and non-vegetation on the UAV images, and constructed the 

vegetation index by observing their difference in the reflec-

tivity between different bands. 

By observing the images in the study area shown in Fig. 

1, we determined that the green vegetation information se-

lected on the UAV images includes trees, shrubs, grassland, 

and farmland (the extraction of non-green vegetation infor-

mation is beyond the scope of this study); the 

non-vegetation information includes soil, road, and build-

ings. To make the statistics of spectral information for typi-

cal ground features more representative, we selected 20 

representative regions for each kind of ground feature, and 

derived the statistical characteristic values of pixels for in-

dividual typical ground features in red, green, and blue 

bands (including maximum, minimum, mean, and standard 

deviation). We selected the mean value to analyze the over-

all difference between the pixel values of individual ground 

features in three bands, and introduced the standard devia-

tion as the fluctuation range of pixel value in each band. 

The statistical results are shown in Table 1. 

Table 1  Difference pixels value in blue, green, red band of typi-
cal land cover 

 
Table 1 shows that: 1) the pixel value of vegetation (in-

cluding trees, shrub, grassland, and cropland) satisfies 

ρgreen > ρred > ρblue, namely, the reflectivity is largest at the 

green band, followed by the red band, and it is smallest at 

the blue band, which is consistent with the spectral curve of 

health green vegetation in Fig. 2; 2) the non-vegetation 

ground feature satisfies ρred > ρgreen > ρblue (soil and road) and 

ρblue > ρgreen > ρred (building); 3) the ranges of value for veg-

etation and non-vegetation basically have no overlapping in 

the red and blue bands, and only soil overlaps with the veg-

etation area in the green band, which indicates that the soil 

is easily obscured with vegetation in the green band, while 

they can be easily separated in the red and blue bands. 

Therefore, by only using the green or red band, or only us-

ing the green and blue bands to construct the vegetation 

index, it is not easy to separate vegetation and 

non-vegetation areas. 

At present, the vegetation index NDVI most widely used 

in China and abroad that is good for vegetation extraction, 
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is constructed by using the strong reflection of vegetation to 

near red light and the strong absorption of red light. As for 

the images of visible light with no near infrared band, the 

red and blue light have the absorption feature because of the 

relatively strong reflection in the green band. By compre-

hensively considering the spectral feature of healthy green 

vegetation (Fig. 2) and the spectral characteristics of typical 

ground features in the UAV images (Table 1), we refer to 

the construction principle and form of NDVI, and use the 

green band to replace the near infrared band in NDVI, and 

use (ρred + ρblue) to replace the red band in NDVI; the green 

band is multiplied by a factor of two to be comparable to 

(ρred + ρblue) in value. On this basis, we construct the visi-

ble-band difference vegetation index (VDVI) based on the 

three bands of visible light. The details are shown in Equa-

tion (5): 

 
where the range for the value of VDVI is [−1, 1]. 

1.3 Vegetation information extraction based on 

the threshold 

The vegetation extraction from UAV images mainly con-

sists of two procedures. First of all, we calculate the vegeta-

tion index, and then set the appropriate threshold to attribute 

the pixel with vegetation index greater than the threshold to 

vegetation, and attribute the pixel with vegetation index 

smaller than the threshold to non-vegetation. The determi-

nation of threshold is the key for using the vegetation index 

to extract vegetation information [4], and the quality of 

threshold selection directly affects the extraction accuracy 

of vegetation. In this paper, we use the bimodal histogram 

method and the histogram entropy threshold method to sep-

arately determine the threshold of vegetation indexes, and 

compare the extraction accuracy of the threshold derived 

with the two methods. The threshold with higher extraction 

accuracy is determined to be the final threshold. 

1.3.1 Bimodal histogram method to determine the 

threshold 

The bimodal histogram diagram usually refers to the his-

togram with two obvious peaks in the plot, and these two 

peaks respectively correspond to the position with many 

points inside and outside the object. The slope valley be-

tween two peaks corresponds to the position with relatively 

few points near the edge of object [26], namely the position 

for threshold selection. 

1.3.2 Histogram entropy threshold method 

This method first assumes the threshold to be t, and then 

the threshold t divides the image to two major classes of ob-

jective O and background B. The entropy of objective region 

is HO(t), and the entropy of background region is HB(t). Then, 

the value of t corresponding to the maximum of total entropy 

H(t) = HO(t) + HB(t) is the optimal threshold [27]. 

2 Results and analysis 

2.1 Calculation and analysis of vegetation index 

We use Equations (1)–(5) to separately calculate the veg-

etation index, and the spatial distribution of derived vegeta-

tion index is shown in Fig. 3.

 

Fig. 3  Calculation results of each vegetation index 
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Here, for the distribution of vegetation indexes except for 

RGRI, the brighter tone means the larger value of vegeta-

tion index, and vice versa. Since the vegetation has strong 

reflection in the green band, we can also use the green band 

to extract the vegetation information theoretically. There-

fore, in this study, we also attempted to extract the vegeta-

tion information by only using the green band of images, 

and the grayscale plot of green band is shown in Fig. 3f. 

From Fig. 3, we can see that the difference of grayscale 

value between vegetation and non-vegetation area in term of 

VDVI, EXG, and NGBDI indexes is relatively obvious; the 

vegetation area exhibits the bright white tone, while the 

non-vegetation area is relatively dark. In the NGRDI and 

RGRI indexes, the grayscale value of road is very close to 

that of grassland and shrubs, and the vegetation is easily 

obscured with some non-vegetation. In the grayscale of 

green band, the road has high reflection, and the grayscale 

value of vegetation and soil is relatively close. Erroneous 

extraction is easily caused only by means of single green 

band. 

In the aforementioned vegetation indexes, the value of 

NGRDI, NGBDI, and VDVI is in the range of [−1, 1], and 

the range of EXG value is relatively large, which is [−255, 

255] in theory. In order to better compare these vegetation 

indexes, we use the AOI area same with the selected typical 

ground features for statistical analysis of characteristic val-

ue in the vegetation index (Table 2). 

From Table 2, we can see that, the range of NGRDI value 

could be intersected for typical ground features except for 

the soil, indicating that NGRDI is not appropriate for the 

extraction of vegetation information from UAV images. The 

values of NGBDI and VDVI indexes do not overlap for 

typical vegetation and non-vegetation ground features, 

which indicates that NGBDI and VDVI are both relatively 

appropriate for the extraction of vegetation information 

from UAV images. The index value of vegetation and 

non-vegetation is relatively compact for VDVI, and the 

threshold is basically around 0, which is more conducive to 

the determination of threshold. For the EXG indexes, the 

index value of vegetation area is all greater than 20, while 

that of non-vegetation area (except for some buildings) is 

smaller than 20, and therefore the distribution of threshold 

should be around 20. However, there is some overlapping 

between buildings and farmland, which will cause errone-

ous extraction. 

2.2 Extraction of vegetation region and accuracy 

evaluation 

The histogram of vegetation index and grayscale value 

corresponding to the green band is shown in Fig. 4, where 

the horizontal axis is the value of vegetation index (or 

waveband), and the vertical axis is the number of pixels. 

Except for EXG and green band, the histogram of other 

indexes has relatively obvious bimodal feature.

Table 2  Statistics of VDVI, NGRDI, NGBDI and EXG 

 

 

Fig. 4  Histogram of each vegetation index 
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We used the bimodal histogram method threshold and 

histogram entropy method to determine the threshold of 

vegetation index (Table 3). Using the vegetation infor-

mation extracted with the threshold determined by the two 

methods in Table 3, we derived the results of vegetation 

distribution corresponding to different vegetation indexes. 

By means of human-computer interaction, we divide the 

images into vegetation and non-vegetation area pixel by 

pixel, and the classification results are shown in Fig. 5a, 

which is used as the reference image to evaluate the accu-

racy of vegetation extraction with different vegetation in-

dexes. The accuracy evaluation of vegetation region 

extracted with different vegetation indexes is shown in Ta-

ble 4. Table 4 shows that for either bimodal threshold 

method or the method of histogram entropy threshold, the 

overall accuracy of vegetation extraction with VDVI is the 

highest, and the extraction accuracy with threshold deter-

mined by the method of bimodal threshold is higher than 

that for the method of histogram entropy threshold. 

According to Table 4, we can see that the statistical his-

togram of EXG does not belong to the bimodal histogram 

diagram, and we cannot use the method of bimodal histo-

gram to determine the threshold. The threshold determined 

by the method of histogram entropy threshold can extract 

most vegetation information. NGRDI does not have a good 

result of vegetation extraction for the threshold determined 

with either method, and it can only extract the area with 

Table 3  Threshold values of each vegetation index 

 
high vegetation coverage, without good results of extraction 

for sparse vegetation in grassland. NGBDI has the higher 

extraction accuracy with the method of histogram entropy 

threshold than the method of bimodal threshold, but the 

overall extraction accuracy is still lower than VDVI. RGRI 

has the relatively poor extraction result. In the extraction 

results only using the green band, the soil and the vegetation 

information are easily obscured. Although it can extract 

most vegetation information, the phenomenon of soil erro-

neously identified as vegetation is serious, and the extrac-

tion accuracy of vegetation information is not high. 

According to the accuracy evaluation in Table 4, we 

adopt the method of bimodal threshold to determine the 

threshold of VDVI and NGRDI; the thresholds for other 

vegetation indexes and green band are determined with the 

method of histogram entropy threshold. The results of veg-

etation information extraction determined with the threshold 

selected above are shown in Figs. 5b–5g.

 

Fig. 5  Extraction results from different vegetation index 

Note: In classification images, the green area is vegetation, and the grey area is non-vegetation. 
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Table 4  Accuracy report of vegetation extraction 

 

From Fig. 5, we can see that the extracted result based on 

VDVI is closest to the reference result. 

2.3 Validation of method 

The aforementioned results indicate that relative to the 

vegetation index of other visible bands, the extraction accu-

racy of VDVI is highest. In order to validate the applicabil-

ity and reliability of VDVI index, we selected the images of 

No. DSC00381 (Fig. 6a) with relatively rich ground features 

in Caixi Town of Shanghang County, Fujian Province that 

were captured during the same time period as the experi-

mental images, and applied the same method to extract the 

vegetation information. The VDVI calculated from 

DSC00381 images and the results of vegetation extraction 

are shown in Figs. 6b–6c. 

In order to evaluate the vegetation extraction accuracy 

based on VDVI, we randomly generate 200 points in the 

image, and evaluate the accuracy of vegetation information 

extraction based on the fact that the vegetation and 

non-vegetation information can be identified easily in the 

high-resolution images. Based on the table of error matrix, 

we can obtain the accuracy of producers and accuracy of 

users (Table 5), and calculate the overall accuracy and 

Kappa coefficient. 

Table 5  Accuracy report of vegetation extraction from 

DSC00381 

 
According to the accuracy evaluation in Table 5, the 

overall extraction accuracy of vegetation from DSC00381 

image reaches 91.50%, and Kappa coefficient is 0.8256, 

with relatively high extraction accuracy. Based on the 

aforementioned experiment and validation result, we con-

clude that VDVI is applicable to the extraction of vegetation 

information in the visible band through unmanned aerial 

vehicle, with high extraction accuracy and the threshold is 

easy to be determined.

 

Fig. 6  Testified result of VDVI 

Note: In Fig. 6c, the green area is vegetation, and the grey area is non-vegetation. 
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3 Conclusions 

In this paper, due to the spectral characteristics of UAV 

images in the visible band, we construct a new type of veg-

etation index VDVI that comprehensively uses the red, 

green, and blue bands, and the results indicate that: 

1) VDVI comprehensively uses the reflection of vegeta-

tion in the green band and the absorption characteristics in 

the red and blue bands, and its form is similar to NDVI. The 

value is in the range of [−1, 1], and it can be used to well 

distinguish vegetation and non-vegetation. 

2) The determination of VDVI threshold for vegetation 

and non-vegetation is relatively simple, around 0. The ac-

curacy of vegetation extraction result based on VDVI is 

higher than that of vegetation index in other visible bands and 

in green band, and the overall accuracy can reach above 90%. 

This indicates that VDVI will play a fairly good role in the 

vegetation information extraction from UAV images only in 

the visible band, and has relatively good adaptability. 

The image resolution acquired by the UAV remote sens-

ing is unmatched by the traditional satellite and airborne 

remote sensing. The acquired images with super-high reso-

lution can replace the artificial field survey and investiga-

tion, and has a broad application scope in the fine remote 

sensing over small areas. It will inevitably become one of 

the indispensable approaches in the future aerial remote 

sensing. The vegetation remote sensing based on the UAV 

images will be one of the important applications. On the 

basis of this study, we will further validate the adaptability 

of VDVI without using sensor, investigate the self-adaptive 

determination of threshold and conduct research on the 

methods for identifying different vegetation types with 

VDVI, and promote the further development of UAV re-

mote sensing of vegetation. 
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Spectral characteristic parameter-based models for foliar nitrogen  

concentration estimation of Juglans regia 
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Abstract: With the establishment of the models based on spectral characteristic parameter for estimating foliar ni-

trogen concentrations of Juglans regia 'Xinwen 185', this paper aimed to explore spectral technical approaches to 

rapidly monitoring the foliar N nutritional status of Juglans regia 'Xinwen 185'. Based on the field experiment of 

fertilizer efficiency, the foliar spectral reflectance and N concentrations of the foliar samples under different 

amounts of N fertilizer, which were applied in the fruit setting period, the fruit rapid-growth period, the fruit 

fat-change period and the fruit near-mature period, were measured separately with Unispec-SC and chemical analy-

sis in the laboratory. The Pearson correlation analysis of the foliar spectral reflectance and foliar N element concen-

trations was done in the 4 phenological periods of fruit development, and the spectral characteristic parameters 

highly significantly correlated with the foliar spectral reflectance and foliar N element concentration were selected. 

Finally, the spectral characteristic parameter estimating models of the foliar N element concentration were estab-

lished by employing regression analysis, with the adopted functions including power function, exponential function, 

semi-log function, linear function, quadratic function and cubic function, and then the independent sample was used 

to test the precision of the models, of which the one with the highest fitting degree was screened out. The results in-

dicated that the spectral characteristic parameters, highly significantly correlated with the foliar N element concen-

tration (P < 0.01), were reflectance of the green peak position and ratio of red index in fruit setting period, yellow 

edge position, red valley position, ratio of green index, ratio of red index, normalized difference of green index and 

normalized difference of red index in the fruit fast-growing period, reflectance of the green peak position and ratio 

of red index in the fruit fat-change period, and reflectance of the green peak position, he spectra slop of yellow edge 

and red edge area in the fruit near-mature period. Moreover, the absolute values of the correlation coefficient were 

all greater than 0.96 in the 4 phenological periods of fruit development. Through cubic function analysis with the 

reflectance of the green peak position, yellow edge position, ratio of red index and the spectra slop of yellow edge 

as independent variables, the regression estimation models of the foliar N element concentration in the 4 phenolog-

ical periods of fruit development were established respectively, and their fitting degrees R2 were all above 0.99. In 

addition, the predicted values for foliar N concentration of Juglans regia 'Xinwen185' were relatively close to meas-

ured values, and all the models were examined by the confidence ellipse test; and RMSE and the relative errors (RE) 

of the independent sample tests were only 0.453 3 g/kg and 0.440 3%, 0.771 6 g/kg and −0.339 0%, 0.879 3 g/kg 

and −0.320 1%, 0.814 5 g/kg and −0.122 9% separately in the 4 phenological periods of fruit development. The 

models showed their significant stability and high estimation accuracy. The findings in this paper manifested that it 

was feasible to monitor foliar N nutritional levels of Juglans regia 'Xinwen 185' in the 4 phenological periods of 

fruit development by establishing spectral characteristic parameter models of foliar N element concentration estima-

tion. Spectrum technology possesses great application potential in monitoring N element nutritional status of Ju-

glans regia 'Xinwen 185'. 

Keywords: spectrometry; nitrogen; regression analysis; characteristic parameter; estimation model 

CLC number: S664.1 

0 Introduction 

As an essential nutrient for plant, nitrogen (N) can di-

rectly or indirectly, in many ways, affect the physiological 

metabolic activity and growth of crops [1]. It has great in-

fluence on the growth, yield and quality of crops; moreover, 

it is considered as an important index to evaluate crop 

growth. Therefore, in order to achieve accurate and scien-

tific fertilization, the N element nutritional level must be 

timely and accurately monitored [2]. The current monitoring 

method is mainly the chemical analysis method in laborato-

ry which is based on plant tissue; however, it is time-

consuming, laborious and even destructive [3]. In such a 
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case, it is imperative to explore an optimal method to con-

veniently, rapidly and accurately measure N element nutri-

tional level. Considering that the abundance and deficiency 

of nutrient elements can directly affect the growth and de-

velopment of crops, which is demonstrated by crop mor-

phologies and spectral characteristics [4], so it is suitable to 

adopt spectrum technology to monitor N element nutritional 

level [5]. This method has been extensively studied by do-

mestic and foreign scholars and great achievements have 

been achieved, especially in the researches on the monitor-

ing of N element nutritional level of annual economical 

crops, but the results are inconsistent. The previous re-

searches have shown that the spectral estimation model with 

normalized difference index (SDr− SDb) / (SDr + SDb) as 

independent variable can accurately predict the rice plant N 

nutritional status [6]; however, the linear and exponential 

regression models established by normalized difference 

vegetable indices (NDVI) (714, 554) and ratio spectral in-

dex (RVI) (714, 554) to estimate the foliar N element con-

centrations of different maize varieties exhibits relatively 

high precision [7]. In addition, there are also many research-

es focused on the monitoring of N element level of perenni-

al woody fruit crops by using spectrum technology; for 

example, spectral models for N element concentration esti-

mation of Korla fragrant pear leaves established by ratio 

indices (reflectance of green peak position/reflectance of 

red valley position, Rg/Ro) and normalized difference index 

(Rg − Ro) / (Rg + Ro) possess higher fitting degree and its 

determination coefficients are 0.962 and 0.958, respectively 
[8]; the first derivative spectra-based regression model for 

the estimation of foliar N element concentration shows 

higher precision [9]. In spite of these advantages, the above 

researches simply adopt passive spectrometers (SVC 

HR-768 or ASD FieldSpec), failing to cover the different 

phenological periods of fruit development. Besides, either 

the models were not detected by independent samples, or 

the specific quantization precision was not given, ultimately 

contributing to the inability of error and adaptability of 

models to meet the demand of actual production applica-

tion. Juglans regia is known as one of the world’s four ma-

jor nut trees and its fruit possesses high nutritive and 

economic value. Nevertheless, there are few researches on 

the practicability of spectrum technology on the estimation 

of foliar N element concentration of J. regia which is aimed 

at guiding accurate fertilization. In view of this, in order to 

provide technical approach to rapidly monitoring the foliar 

N nutritional status of J. regia ‘Xinwen 185’ and accurately 

applying fertilizers, the spectral characteristic parame-

ter-based model for foliar N concentration estimation of J. 

regia ‘Xinwen 185’ was established. The model has been 

detected by independent samples and presents to be univer-

sal. The active Unispec-SC spectrometer was used to meas-

ure the spectral reflectance of foliar samples in different 

phenological periods of fruit development, and the spectral 

characteristic parameters highly significantly correlated 

with foliar N element concentration were selected. 

1 Materials and methods 

The walnut orchard in Kata’er Yujimai Village, Aketu-

ohai Township, Wushi County, Aksu Prefecture, Xinjiang 

Uyghur Autonomous Region, China was chosen as experi-

mental field (geographic coordinate: 41°12′54.36′′–

41°13′03′′N, 79°15′41.28′′–79°15′52.02′′E; altitude: 1 394 

m). The covering area is 2 hm2, with planting spacing of 5 

m × 6 m and east-to-west planting, showing orderly forest 

form. The main cultivar is J. regia ‘Xinwen 185’ and the 

pollination cultivar is J. regia ‘Xinxin 2’), at the tree age of 

12 a, healthy and no plant diseases or insect pests. The tree 

is dispersed and stratified. 

1.1 Experimental design 

In order to obtain the date which covers larger scopes 

than that of foliar N element concentration and the corre-

sponding spectral reflectance under general planting condi-

tions in field of ‘Xinwen 185’, the foliar samples in 

experimental field was treated with artificial fertilization 

interference through conducting “3414” fertilizer field ex-

periment [10], which is expected to alleviate the influence of 

two terminal data on the established model and help the 

model to be more universal. The artificial fertilization inter-

ference includes N, phosphorus (P) and potassium (K) ferti-

lizers, and the 4 levels were: no fertilizer, 0.5 times of 

conventional fertilization, conventional fertilization and 1.5 

times of conventional fertilization. There were 14 fertilizer 

treatments in total. Three replicated plots were set for each 

treatment, 42 experimental plots in total, all in random ar-

rangement. Ten trees were planted in each plot and all 420 J. 

regia ‘Xinwen 185’ samples were in the same size. The 

conventional fertilizations of N, P and K for each tree were 

1.6, 0.6 and 0.2 kg, respectively. N fertilizer was the urea 

(CO(NH2)2) which contains 46% N (produced by Pet-

ro-chemical Branch of Tarim Oilfield Company); P fertilizer 

was the heavy calcium which contains 46% P2O5 

(Ca(H2PO4)2) (produced by Yunnan Yuntianhua Internation-

al Chemical Co., Ltd); and K fertilizer was the potassium 

sulfate (K2SO4) which contains 51% K2O (produced by 

State Development & Investment Corporation). These ferti-

lizers were applied in one-time way before budding period 

of fruit development. The application method was circular 

trench fertilizing, at the position of 2/3 vertical projection of 

tree crown, with fertilization depth of 50 cm. The field ferti-

lization will be conducted in late March of 2013. 

1.2 Spectrum data collection 

In sunny and windless days, the spectrum data collection 

concerning foliar of J. regia ‘Xinwen 185’ was performed at 

12:00–15:00 (Beijing time), during which the sun elevation 
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angle shows relatively small change. The portable spectrum 

analyzer UniSpec-SC (single channel) with light source 

produced by PP Systems was employed to conduct data 

collection. This kind of spectrum analyzer can work con-

tinuously within the range of 310–1 130 nm visible and 

near-infrared bands, with resolution less than 10 nm and 

821 output bands (the datum was resampled into 1 nm by 

spectrum analyzer). The spectrum analyzer is accurately 

calibrated before data collection. In experimental plots, 10 

pieces of foliar with healthy middle part of current-year 

outer twigs in the middle and upper part of crown were se-

lected from 4 directions (east, south, west and north) and 6 

repeated measurements were conducted for healthy foliar in 

living plants. The spectral data about ‘Xinwen 185’ was 

done in 4 periods of fruit developments, that is, fruit setting 

period (May 5), fruit rapid-growth period (May 30), fruit 

fat-change period (July 1) and fruit near-mature period 

(August 25). 

1.3 Foliar collection and N concentration deter-

mination 

The foliar of J. regia ‘Xinwen 185’ samples which has 

been analyzed by spectrum analyzer was collected and 100 

foliar specimens were mixed into 1 sample, 42 samples in 

total. The samples were wiped clean with absorbent cotton 

and then the main veins were removed. In the following 

procedures, the greens were removed at 105 °C for 30 min, 

and dried to constant mass at 80 °C. Next, the samples were 

crushed and filtrated by 60-mesh sieve. Then 0.2 g dried 

samples were taken, digested by H2SO4-H2O2 and then de-

termined by using Kjeldahl method. The mass fraction of 

foliar N of Juglans regia ‘Xinwen 185’ was within the range 

of 19–45 g/kg. 

1.4 Data analysis 

Based on the relevant researches on rice plant [6], fragrant 

pear [8] and maize [11], 3 categories (25 kinds in total) [12] of 

spectral characteristic parameters which exhibit sound pre-

diction for foliar N element concentration were selected in 

this paper, including: 10 kinds of parameters concerning 

position, i.e., spectral slope of blue edge (Db), blue edge 

position (lb), spectral slope of red edge (Dr), red edge posi-

tion (lr), spectral slope of yellow edge (Dy), yellow edge 

position (ly), reflectance of the green peak position (Rg), 

green peak position (lg), reflectance of the red valley posi-

tion (RO) and red valley position (lO); 3 kinds of parameters 

concerning area, i.e., blue edge area (SDb), yellow edge area 

(SDy) and red edge area (SDr); 12 kinds of parameters con-

cerning index, i.e., ratio of green index (RNIR/Green), ratio 

of red index (RNIR/Red), ratio of blue index (NIR/Blue), 

ratio between SDr and SDb (SDr/SDb), ratio between SDr 

and SDy(SDr/SDy), ratio between Rg and RO(Rg/RO), nor-

malized difference of green index ([(NIR − Green)/(NIR + 

Green)]), normalized difference of red index ([(NIR − 

Red)/(NIR + Red)]), normalized difference of blue index 

([(NIR − Blue)/(NIR + Blue)]), normalized value of SDr and 

SDb ([(SDr − SDb)/(SDr + SDb)]), normalized value of Rg 

and RO [(Rg − RO)/(Rg + RO)] and normalized value of SDr 

and SDy [(SDr − SDy)/(SDr + SDy)]. 

According to Pearson correlation analysis, the correlation 

between foliar N element concentration of J. regia ‘Xinwen 

185’ and spectral characteristic parameters was analyzed 

with two-sided test; the spectral characteristic parameter 

estimating models of foliar N element concentration were 

established by employing regression analysis, with 6 func-

tions which are the power function (y = axb), exponential 

function (y = aebx), semi-log function (y = alnx + b), linear 

function (y = ax + b), quadratic function (y = ax2 − bx + c) 

and cubic function (y = ax3 + bx2 + cx + d). 

The corrected fitting degree (R2) was used to compare 

the fitting degree of models. The independent sample was 

selected to test the consistency between predicted values 

and measured values by confidence ellipse F-test [13]. The 

root-mean-square error (RMSE) and relative error (RE) [14] 

were selected to test the precision of models. 

SPSS 17.0 software was used for statistics analysis; and 

Microsoft Excel 2003 software was used for data handling 

and calculation. 

2 Results and analysis 

2.1 Correlation between foliar N concentration 

and spectral characteristic parameters in different 

phenological periods of fruit development 

2.1.1 Correlation between foliar N concentration 

and spectral characteristic parameters in fruit setting 

period 

From Table 1, it can be known that foliar N concentration 

shows significantly positive correlation with spectral pa-

rameters Db and RO (P < 0.05), while shows highly signifi-

cantly positive correlation with Rg (P < 0.01) in fruit setting 

period. In addition, foliar N concentration exhibits signifi-

cantly negative correlation with spectral parameter lr (P < 

0.05), and exhibits significantly negative correlation with 

RNIR/Green, SDr/SDb, (NIR − Green) / (NIR + Green), 

(NIR − Red) / (NIR + Red) (P < 0.05) while highly signifi-

cantly negative correlation with RNIR/Red (P < 0.01). The 

correlation between foliar N concentration and the three 

spectral parameters based on spectral area is weak, failing to 

achieve the significant level (P > 0.05). 

2.1.2 Correlation between foliar N concentration 

and spectral characteristic parameters in fruit rap-

id-growth period 

As for the fruit rapid-growth period of J. regia ‘Xinwen 

185’, foliar N concentration is significantly correlated with 

spectral parameters Dr and Rg (P < 0.05). Moreover, foliar N 

concentration shows significantly negative correlation with  
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Table 1  Pearson correlation coefficients between spectral parameters and foliar N concentration of J. regia at different development peri-
ods 

 
Note: ** Correlation is highly significant at the 0.01 level (P < 0.01); * Correlation is significant at the 0.05 level (P < 0.05); the same below. 

spectral parameters lg based on spectral positions (P < 0.05) 

in fruit setting period, while highly significantly negative 

correlation with ly and RO (P < 0.01). The foliar N concen-

tration shows highly significantly positive correlation with 

RNIR/Green, RNIR/Red, (NIR − Green) / (NIR + Green) 

and (NIR − Red) / (NIR + Red) (P < 0.01). The correlation 

between foliar N concentration and the parameters based on 

spectral area does not achieve the significant level (P > 

0.05). 

2.1.3 Correlation between foliar N concentration 

and spectral characteristic parameters in fruit 

fat-change period 

With respect to the fruit fat-change period of J. regia 

‘Xinwen 185’, foliar N concentration shows highly signifi-

cantly negative correlation with parameter Rg (P < 0.01), 

while shows highly significantly positive correlation with 

RNIR/Red (P < 0.01). Besides, it shows significant negative 

correlation with Dy and SDr/SDb (P < 0.05), while signifi-

cant positive correlation with ly and (NIR − Red) / (NIR + 

Red) (P < 0.05). The correlation between foliar N concen-

tration and the parameters based on spectral area does not 

achieve the significant level (P > 0.05). 

2.1.4 Correlation between foliar N concentration 

and spectral characteristic parameters in fruit 

near-mature period 

When it comes to the fruit near-mature period of J. regia 

‘Xinwen 185’, foliar N concentration shows highly signifi-

cantly negative correlation with parameter Rg (P < 0.01), 

while highly significantly positive correlation with Dy (P < 

0.01). Besides, it shows significantly negative correlation 

with SDr/SDb, SDr/SDy and (SDr − SDy)/(SDr + SDy) (P < 

0.05), while significantly positive correlation with the spec-

tral parameters based on area SDy (P < 0.05) and highly 

significantly negative correlation with SDr (P < 0.01). 
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2.2 Spectral characteristic parameter-based mod-

els for foliar N concentration estimation 

Aiming to accurately monitor agronomic parameters, re-

gression models were established by using power function, 

exponential function, semi-log function, linear function, 

quadratic function and cubic function, and with the spectral 

characteristic parameters which are highly significantly 

correlated with foliar N concentration of J. regia ‘Xinwen 

185’ as independent variable (x) and N concentration as 

dependent variable (y). The regression model established by 

cubic function shows the highest fitting degree (R2) (Table 

2) in fruit setting period, fruit rapid-growth period and fruit 

fat-change period, and the spectral characteristic parameters 

for the three periods are Rg, ly, RNIR/Red, respectively. The 

fitting degrees (R2) of regression models separately estab-

lished by using quadratic function and cubic function and 

with spectral characteristic parameter Dy as independent 

variable in the fruit near-mature period are 0.998 2 and 

0.996 5, indicating small difference. 

2.3 Precision test of spectral characteristic pa-

rameter-based models for foliar N concentration 

estimation 

For the 4 phenological periods of fruit development of J. 

regia ‘Xinwen 185’ in 2014, precision test of spectral char-

acteristic parameter-based models for foliar N concentration 

estimation was conducted with 42 randomly selected fruit 

samples as independent sample (Fig. 1) 

The confidence ellipse F-values for the estimation mod-

els of 4 phenological periods of fruit development are Fzg = 

2.223 5 (fruit setting period), Fss = 0.299 4 (fruit rap-

id-growth period), Fzh = 3.010 (fruit fat-change period) and 

Fcs = 0.092 7 (fruit mature period), all less than F0.05 (2, 40) 

= 3.23, suggesting that the predicted values are close to the 

measured values. The RMSE and RE for the estimation 

models of 4 phenological periods of fruit development are, 

in sequence, 0.453 3 g/kg and 0.440 3%; 0.771 6 g/kg and 

−0.339 0%; 0.879 3 g/kg and −0.320 1%; 0.814 5 g/kg and 

−0.122 9%, indicating higher estimation precision. 

3 Discussion 

The research results indicate that foliar N element con-

centration is strongly correlated with Rg in the fruit setting 

period, fruit fat-change period and fruit near-mature period 

of J. regia ‘Xinwen 185’. This is because that many pig-

ments such as erythrophyll, lutein and anthocyanin are the 

main factors determining spectral characteristics of plant in 

visible bands. And an absorption band of erythrophyll and 

lutein is found nearby 450 nm and overlaps that of chloro-

phyll. Thereby, absorption of above-mentioned 2 pigments 

is always covered by absorption of chlorophyll, contributing 

to the dominant role of chlorophyll in determining the spec-

tral characteristics of plants in visible bands [5]. In addition, 

N element, as the foundation of plant life and the main in-

gredient of amino acid, protein, enzyme and nucleic acid 
[15], can promote the synthesis of chlorophyll and enable the 

phenomenon that the foliar spectral reflectance decreases as 

Table 2  Fittings of regression models using spectral parameter about foliar N concentration of J. regia at various phenological periods of 
fruit development 
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Fig. 1  Relationship between predicted values and measured val-

ues for foliar N concentration of J. regia at various phenological 

periods of fruit development 

chlorophyll increases to be more obvious in the green 

(510–560 nm) spectral region [16], finally the strong correla-

tion between foliar N concentration and reflectance of green 

peak position (Rg) can be observed. 

The research results also indicate that foliar N concentra-

tion is strongly correlated with RNIR/Red in the fruit setting 

period, fruit rapid-growth period and fruit fat-change period 

of J. regia ‘Xinwen 185’, which is caused by the effect of 

internal structure of foliar on the spectral reflectance in 

near-infrared region [17]. Scattering occurs when the size of 

particles such as organelle (e.g., chloroplast), cytoplasm or 

proteins in foliar cells is similar with wavelength; while 

absorption occurs under electron transition (porphyrin ring 

of chloroplast in photosynthetic pigment) and vibration of 

polyatomic molecules (mainly involves water, accounting 

for 40%–90% of the mass of fresh leaves vacuoles). The 

refraction and diffuse reflection of light incurred by the up-

per epidermis cells of foliar can improve the near-infrared 

reflectance, while the bulged cells on its surface can center 

the light source on palisade tissues, leading to the decrease 

of the spectral reflectance of near-infrared bands. The mes-

ophyll cells show different effect on spectral reflectance in 

different tissues; for instance, the cells in palisade tissues 

are relatively slender, in neat and compact arrangement, and 

contain numerous chloroplasts, so the reflectance is low; the 

cells in spongy tissues are in irregular form and disordered 

and loose arrangement; besides, it contains many spaces, so 

the reflectance is high. The cellulose, hemicelluloses and 

other compounds on cell walls can enhance and protect the 

foliar structure. From the fruit setting period to fat-change 

period of ‘Xinwen 185’, the foliar becomes mature gradual-

ly, accompanied with the gradual growth of the cells in foli-

ar, during which the forms and intensity of palisade tissues 

and spongy tissues are also changed, finally contributing to 

the change of spectral reflectance. Furthermore, the N ferti-

lizer applied in this experiment also influences foliar struc-

ture, that is, the foliar structure with a small amount of N 

fertilizer is compact and the cell hydration degree is lower; 

while the spectral reflectance of near-infrared band of the 

foliar with a higher content of N fertilizer is changed be-

cause the cells is bigger with large spaces and higher cell 

hydration degree. Some researches has shown that the de-

termination coefficient of spectral estimation models for K 

element content of Korla fragrant pear leaves based on Rg 

(green peak position) and Ro (red valley position) can reach 

above 0.96 [18]; besides, the chlorophyll content in maize 

can also be precisely predicted by using spectral ratio index 

RNIR/Red [19]. 

In the rapid-growth period of J. regia ‘Xinwen 185’, the 

spectral characteristic parameters which are strongly corre-

lated with foliar N element concentration include ly, Ro, 

RNIR/Green, RNIR/Red, (NIR − Green)/(NIR + Green) and 

(NIR − Red)/(NIR + Red). In the fruit rapid-growth period, 

the fruit and foliar also grow up rapidly, both showing in-

creasing demand for N element; besides, the foliar no longer 

exerts “dilution effect” with the complete unfolding of foliar 

and the excessive demands of fruits for N element in foliar 

result in the sharp change of N element concentration in 

foliar, further contributing to the change of spectral reflec-

tance. In near-infrared band, the spectral characteristic of 

plant is mainly controlled by the internal structure of foliar, 

which is manifested by high reflectance, high transmittance 

and low absorption. In addition, the effect of high-frequency 

noise in near-infrared band on spectrum and the interaction 

between reflection and scattering of chlorophyll and internal 

structure of foliar are also responsible for the above phe-

nomenon [15]. The normalized combination exp[2.5 − 23.5 × 

(R503 − R483)/(R503 + R483)] of two visible wavelengths of 

503 nm and 483 nm has been proved to possess sound esti-

mation effect for N element concentration of rice plants [20], 

while the regression models based on RNIR/Red and (NIR 

− Red)/(NIR + Red) exhibit sound estimation effect for N 

concentration of Triticum aestivum in different phonologi-

cal periods of development [21]. The research results also 

revealed that the spectral characteristic parameters which 

are significantly or highly significantly correlated with foli-

ar N concentration emerged in large number in the fruit 

rapid-growth period, indicating the sensitivity of foliar 

spectrums on N element; therefore, the fruit rapid-growth 

period can be regarded as the N-sensitive period of foliar 

spectrums of J. regia ‘Xinwen 185’. 

In addition, the research has shown that the regression 

models for different phenological periods of fruit develop-

ment through cubic function analysis with the spectral 

characteristic parameters which are highly significantly 

correlated with N concentration of J. regia ‘Xinwen 185’ as 

independent variables present the maximum mean fitting 

degree (R2) and the minimum range, variance and variation 
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coefficient (Table 2), suggesting the best stability. Mean-

while, the difference between predicted values and meas-

ured values is not significant through independent sample 

test; moreover, the estimation models have good precision. 

These findings show that it is feasible to establish spectral 

characteristic parameter-based models for foliar N concen-

tration estimation by using cubic function for J. regia ‘Xin-

wen 185’ in different phenological periods of fruit 

development. Moreover, the spectral characteristic parame-

ter-based models for N concentration estimation proposed in 

this paper can provide helpful reference for the rapid moni-

toring and accurate fertilization for the N nutritional level of 

J. regia ‘Xinwen 185’ in different phenological periods of 

fruit development in walnut orchard of Southern Xinjiang 

Basin. 

What should be specifically noted is that, the estimation 

precision of N concentration estimating model is affected by 

not only function relation form and formulated parameters 

but also the measurement accuracy of spectral reflectance 

which the input variable—spectral characteristic parameter 

relies on. The factors affecting the measurement accuracy of 

spectral reflectance include the instrument and light condi-

tions [22–23]. Compared with negative spectral analyzer, the 

portable positive spectrum analyzer UniSpec-SC (single 

channel) with light source has lower resolution; neverthe-

less, it can effectively eliminate the disturbance of natural 

light environment, thus overcoming the dependence of neg-

ative measurement on environmental light; in the environ-

ment with less wind or breeze, the measured values of 

spectral reflectance at short distance show higher stability 
[24], reducing the random error caused by environmental 

light. This has been well validated in the research on esti-

mation of N accumulation amount of rice plants [25]. In ad-

dition, the change of spectral reflectance by spectral 

characteristic parameters of estimation model tends to in-

crease the spectral difference of visible regions and also to 

reduce the effect of multiplicative factors caused by the 

change of light conditions and other conditions [26], which 

can to some extent reduce the effect of measurement error 

of spectral reflectance caused by the change of light condi-

tion and other conditions on estimation precision. 

Although the spectral characteristic parameter-based 

model for N concentration of J. regia ‘Xinwen 185’ has 

higher precision, its time (inter-annual) repeatability and 

spatial adaptability need further verification. 

4 Conclusions 

The spectral reflectance and N concentrations of J. regia 

‘Xinwen 185’ at fruit setting period, fruit rapid-growth pe-

riod, fruit fat-change period and fruit near-mature period 

were determined under artificial fertilization interference, 

and the spectral characteristic parameters which were highly 

significantly correlated with foliar N element concentration 

were screened out through Pearson correlation analysis. And 

then the spectral characteristic parameter-based models for 

foliar N concentration estimation were established with re-

gression analysis method. The following conclusions are 

obtained: 

1) Spectral characteristic parameters highly significantly 

correlated with foliar N element concentration (P < 0.01) 

are reflectance of the green peak position and ratio of red 

index in fruit setting period; yellow edge position, reflec-

tance of the red valley position, ratio of green index, ratio of 

red index, normalized difference of green index and nor-

malized difference of red index in fruit rapid-growth period; 

reflectance of the green peak position and ratio of red index 

(RNIR/Red) in the fruit fat-change period; and reflectance 

of the green peak position, the spectral slope of yellow edge 

and red edge area in fruit near-mature period. Moreover, the 

absolute values of correlation coefficients are all greater 

than 0.96 in the 4 phenological periods of fruit develop-

ment. 

2) Through cubic function analysis with the reflectance 

of the green peak position, yellow edge position, ratio of red 

index and the spectral slope of yellow edge as independent 

variables, the regression estimation models for foliar N el-

ement concentration in the 4 phenological periods of fruit 

development were established respectively, and the models 

all show high fitting degree (R2 ≥ 0.992 0) and sound stabil-

ity. In addition, the root-mean-square error (RMSE) and 

relative error (RE) of the independent sample test are only 

0.453 3 g/kg and 0.440 3%, 0.771 6 g/kg and −0.339 0%, 

0.879 3 g/kg and −0.320 1%, 0.814 5 g/kg and −0.122 9% 

respectively in the 4 phenological periods of fruit develop-

ment. The findings in this paper indicate that it is feasible to 

monitor foliar N nutritional levels of J. regia ‘Xinwen 185’ 

in the 4 phenological periods of fruit development by estab-

lishing spectral characteristic parameter models of foliar N 

element concentration estimation. Spectrum technology 

possesses great application potential in monitoring N ele-

ment nutritional status of J. regia ‘Xinwen 185’. 
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Abstract: The Chinese GF-1 satellite is a new high spatial resolution satellite launched on April 26, 2013. It was 

equipped with two types of sensors. One is the wide field view sensor (WFV sensor); the other is the panchromatic 

and multispectral sensor (PMS sensor). The WFV sensor can acquire multispectral image in blue, green, red, and 

near-infrared bands with 16 meters spatial resolution and 4 days temporal resolution. The PMS sensor can acquire a 

panchromatic and multispectral image with 41 days temporal resolution. The spatial resolution of a panchromatic 

image acquired by the PMS sensor is 2 meters, while the spatial resolution of a multispectral image acquired by the 

PMS sensor in blue, green, red, and near-infrared bands is 8 meters. According to the characteristics of a GF-1 sat-

ellite image, a method for mapping crops using remote sensing and sampling technology was proposed. There are 

four kinds of summer harvest crops in our study area of Dongtai County. There are winter wheat, barley, rapeseed 

and vegetables. According to the crop's phenology calendar information of this study area, there are three key peri-

ods for the identification of crops. In later March, winter wheat and barley are in the growing season, while rape-

seed is in the flowering period. In early April, barley and rapeseed are in the flowering period, while winter wheat is 

in the growing season. In early and middle May, winter wheat is in the flowering stage, while canola and barley are 

at maturity. So the 16 meters resolution WFV sensor data acquired in those periods were used to classify those 

crops. First, that data was preprocessed for ortho rectification, geometric correction, and atmospheric correction. 

Then multi-days NDVI were calculated and was used to generate a false color composite image. In the false-color 

composite image, we found that those kinds of crops exhibited distinctly different colors. Vegetables were yellow, 

canola was light red, grain crop including winter wheat and barley is dark red. So those crops can be easily classi-

fied using the maximum likelihood method. Then we converted the classification map to vector files and calculated 

a MORAN index in this study area using ARCGIS. The MORAN index in this study area was 0.78, and the distance 

threshold was 5480 meters. The resolution of WFV data was 16 meters, so 5440 meters (340 pixels of WFV) was 

set to the size of the sampling units. Then 10 sampling units were selected using the MPPS method based on the 

proportional information of each crop for each unit which was calculated using the block statistics function of 

ARCGIS. After that, the high spatial PMS sensor data of those 10 sampling units were resized out. In the high spa-

tial false-color composite PMS sensor image, we found that those crops also had different colors. Rapeseed was 

light red, wheat was dark red, and vegetables were gray. So the crops in each of the sampling units were classified 

with the maximum likelihood method using the field investigation data as the training sample. Finally, according to 

the MPPS method, the total areas of each crop in the study area and CV were calculated. The area of crops, rape-

seed, and vegetables of 2014 in Dongtai using temporal WFV data was 582.74 km2, 226.7873 km2, and 271.288 

km2. Compared with the data published by the Dongtai County Farm Bureau, the errors of crops, rapeseed, and 

vegetables using temporal WFV data were −9.9%, −2.8% and −15.2%. The area of crops, rapeseed, and vegetables 

of 2014 in Dongtai County using remote sensing and sampling methods was 638.6318 km2, 244.8 km2, and 

322.9601 km2. Compared with the data published by the Dongtai County Farm Bureau, the errors of crops, rapeseed, 

and vegetables using remote sensing and sampling methods were 3%, 5%, and 1%. Those results showed that this 

method could classify crops, rapeseed, and vegetable areas effectively. High mapping precision of 90% was ac-

quired. 

Keywords: crops; remote sensing; sampling; GF-1 satellite; planting area 
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0 Introduction 

The remote sensing extraction of crop planting area is 

one of the main research subjects of agricultural remote 

sensing, and has been widely applied in the departments of 

agriculture and statistics. According to varying resolution of 

satellite sensors, the methods of remote sensing extraction 

of crop planting area can be divided into three categories 

with high, moderate, and low resolution. In particular, the 

low-resolution extraction methods mainly adopt the 

low-resolution remote sensing data from MODIS (moder-

ate-resolution imaging spectroradiometer) and AVHRR 

(advanced very high resolution radiometer), and apply the 

method of time series analysis to extract the crop area over 

large scales (e.g., global, national, and on the province level) 
[1–5]; the moderate-resolution extraction methods mainly adopt 

the moderate-resolution remote-sensing data from Landsat 

and HJ satellites, and apply multidate analysis and other 

methods to conduct the charting in moderate-scale region on 

the county level [6–7]; the high-resolution extraction methods 

mainly adopt the remote sensing data with high spatial reso-

lution from ZY-3 and Worldview satellites and unmanned 

aerial vehicle (UAV), and apply the object-oriented method 

to conduct the charting in small areas [8–11]. 

The method of statistical sampling survey is another kind 

of widely applied method for crop area survey. It infers the 

overall planting area of crops from the survey of crop areas 

for sampling samples in small areas according to the sam-

pling survey theory [12], and has the features to be applicable 

to large-scale monitoring, high economic benefits, small 

work load, and relatively high accuracy. The remote sensing 

extraction of crop area and statistical sampling survey both 

have their own disadvantages. For instance, the 

low-resolution remote sensing is difficult to satisfy the re-

quirement of crop planting area extraction with high preci-

sion in small areas; the remote sensing of high-resolution 

crop planting area over large scales has a huge work load; 

the field on-site survey of sampling sample has a heavy 

work load. Therefore, many scholars propose the method to 

combine both for the survey of crop area [13–15]. At present, 

the survey of crop area in major counties of the world adopt 

the survey method of combining sampling and remote 

sensing, such as "Program of Agriculture and Resources 

Inventory Survey through Aerospace Remote Sensing" 

(AGRISTARS, 1980-1986) of the United States [16–18]; Pro-

gram for Monitoring Agriculture with Remote Sensing 

(MARS) of European Union [19–20], and "Crop Watch Sys-

tem" of China [21–25]. 

At present, the application of sampling survey on the 

crop planting area in China mainly adopt the satellite data 

with moderate and high resolution from Landsat, SPOT, and 

Worldview satellites of other countries, and the data cost is 

high. The launch of ZY1-02C ZY3 and other satellites of 

China, especially the launch of GF-1 and GF-2 satellites, 

provides the ample data source for the remote sensing mon-

itoring of crop area in China. However, due to the charac-

teristics of new domestic satellite data, we need to carry out 

the study on the application of these new data, and solve the 

problems on the technical methods in the process of domes-

tic data application. In this paper, according to the features 

of GF-1 satellite data, we combine the current operational 

flowchart for remote sensing and sampling survey of crops 

in China, and study a method of remote sensing and sam-

pling survey of crop planting area based on GF-1 satellite 

data. 

1 Overview of research area 

In this paper, we use Dongtai County in Jiangsu Province 

as the research area, and the longitudinal and latitudinal 

range is 32°33'–32°57'N, 120°07'–120°53'E. Dongtai 

County connects to Yellow Sea in east, borders with Haian 

County of Nantong City in south, Xinghua City of Taizhou 

City in west, and Dafeng City in north. The terrain is flat. 

The elevation on the ground surface is 1.4–5.1 m, and it is 

in the range of 2.6–4.6m in most areas. The climate belongs 

to the transition region between subtropical zone and warm 

temperate zone, with significant monsoon and distinct four 

seasons. The annual average temperature is 15°C, and the 

annual rainfall is 1061.2 mm. The main food crops are corn, 

paddy, and wheat, and the economic crops are rape, vegeta-

bles and so on. 

2 Introduction to GF-1 satellite and data 

pre-processing 

2.1 Introduction to satellite GF-1 

Satellite GF-1 was launched by China on April 26, 2013. 

As the first satellite of National Science and Technology 

Major Project for the High-Resolution Earth Observation 

System of China, it is equipped with two 2 m-resolution 

panchromatic/8 m-resolution multispectral cameras, and 

four 16 m-resolution multispectral wide image width cam-

eras (Table 1). GF-1 satellite data have the features of large 

image width, short return cycle, and high resolution, which 

can be widely applied to the domains of agricultural remote 

sensing, environmental monitoring, and disaster mitigation. 

In particular, it simultaneously carries two types of sensor 

with moderate and high resolution, respectively, and can 

satisfy the requirement of applications with moderate and 

high resolution at the same time. 

2.2 Data pre-process 

In this paper, we adopt four scenes of 16 m WFV sensor 

data and four scenes of PMS sensor data, and the data in-

formation is shown in Table 2. 
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Table 1  Technical indicators of GF-1 satellite payload 

 

Table 2  GF-1 satellite data used in this study 

 
The data pre-process of GF-1 satellite mainly includes 

ortho-rectification, geometric correction, and atmospheric 

correction. First of all, we adopt the ortho-rectification 

module of ENVI4.3 to implement the ortho-rectification of 

eight scenes of GF-1 satellite data. In the process of or-

tho-rectification, it also adopts the vector boundary file of 

Dongtai County, and the data are trimmed to the research 

area; then, for the multispectral and panchromatic image of 

PMS sensor for four scenes, we adopt the fusion function 

module of PC Spectral sharpening in ENVI for the fusion; 

next, we adopt Landsat-8 data corrected with 1:50000 ter-

rain map to implement the geometric correction of 16 m 

WFV sensor data for four scenes. In particular, the Land-

sat-8 data of base map are the multispectral and panchro-

matic fusion product with spatial resolution of 15 m. The 

time of data is 2014-03-16. The geometric correction error 

of 16 m WFV sensor data for four scenes is smaller than 0.6 

Landsat-8 pixel. The PMS sensor data for four scenes are 

geometrically corrected by using the terrain map on the 

1:10000 scale, and the geometric correction error is smaller 

than 0.5 PMS data pixel; at last, according to the calibration 

parameters of GF-1 satellite in 2014 published by the ap-

plication center of resource satellite, we calibrate the 16 m 

WFV sensor data for four scenes, and adopt the atmospheric 

correction module of ENVI-flaash to implement the atmos-

pheric correction. 

3 Method of research 

Because GF-1 satellite simultaneously carries two types 

of sensors with moderate and high spatial resolution, it has 

the feature to acquire the remote sensing data with moderate 

and high resolution at the same time. By combining the 

current state for the application of sampling survey of crop 

area in China, in this paper we propose a method of remote 

sensing and sampling survey for the crop planting area 

based on the satellite data of 16 m WFV sensor and 2 m/8 m 

PMS sensor onboard GF-1 satellite. This method includes 

four procedures: 1) according to the phenological calendar 

in the research area, select the 16 m WFV sensor data dur-

ing the critical period of crop identification to implement 

the moderate-resolution remote sensing extraction of mul-

ti-date planting area of crops; 2) on the basis of moder-

ate-resolution classification map of crop area remote 

sensing, calculate MORAN I index in the research area, 

determine the size of sampling unit in the grid, and conduct 

the MPPS sampling of multi-object crops; 3) for the sam-

pling units, apply the satellite data of 2 m/8 m PMS sensor 

to conduct the high-resolution charting of crop area; 4) ac-

cording to the MPPS sampling method, infer the overall 

planting area of crops, and calculate the CV value to evalu-

ate the sampling accuracy, as shown in Fig. 1. 

3.1 Extraction of multidate WFV sensor data for 

the crops area on the county level 

The main summer harvest/winter sowing crops in Dong-

tai County are winter wheat, barley, rape, and vegetables. 

According to the phenological calendar of crops in Dongtai 

County (Table 3), in late March, rape is in the developing 

period, and winter wheat and barley are both in the growing 

period; in early April, rape and barley are in the flowering 

period, while winter wheat is in the growing period; in early 

and middle May, winter wheat is in the flowering period, 

while rape and barley are at the mature stage. Therefore, 

late March, early April, and early and middle May are the 

critical periods to identify these three crops. However, be-

cause there are no GF-1 WFV sensor data in late March, 

and there are only data for March 16. Although the three 

crops are all in growing period at this time, the time from 

the flowering period is obviously different for three crops, 

and therefore it can replace the image in late March. There-

fore, in this study we select the WFV sensor data of GF-1 

satellite on March 16, April 9, and May 13. 

After implementing the ortho-rectification, geometric 

correction, and atmospheric correction on the WFV sensor 

data on GF-1 satellite during three time periods, we calcu-

late NDVI and generate the false color composite image. 

By overlapping the field survey data onto the false color 

composite image, we can find that the three crops, namely 

winter wheat, rape, and vegetables, exhibit different colors, 

rape exhibits light red color in NDVI false color composite 

image, winter wheat and barley exhibit white color, while 

vegetables exhibit yellow color. From 150 survey samples 

of GPS measurements in the field, we randomly select the 

data of 100 field survey samples to combine with the 200  
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Fig. 1  Flow chart of crops mapping method using remote sensing and sampling technology based on GF-1 satellite data 

Table 3  Phonological calendar of crops in Dongtai County 

 
samples of artificial visional interpretation as the training 

sample, and apply the maximum likelihood method to im-

plement the extract of summer harvest/winter sowing crops 

in Dongtai County. In particular, 150 field survey samples 

were randomly sampled along the main roads by referring 

to the GVG method [19], while the artificial visual interpreta-

tion of samples is distributed as uniformly as possible. 

3.2 MPPS sampling 

The classification map of summer harvest crop area for 

Dongtai County in 2014 extracted by using the multi-date 

WFV sensor data is converted to vector files. In ARCGIS, 

we use the module of MORAN I index to calculate the val-

ue of MORAN I, and calculate the MORAN I index of 

Dongtai County to be 0.78. The threshold of distance is 

5480 m, and therefore the size of sampling unit should be 

5480 m. However, because the spatial resolution of GF-1 

satellite data is 16 m, for the convenience of subsequent 

computation, we select the grid with the size of 340 WFV 

sensor pixels as the sampling unit, namely the sampling unit 

is the square grid with size length of 5440 m. 

After determining the size of sampling unit, we adopt the 

block statistics function in the spatial analysis modules of 

ARCGIS, and obtain the statistics of crop area for individu-

al types in each sampling unit according to the rectangular 

region with the size of 340 pixels × 340 pixels, deriving 120 

sampling units and the crop area of individual types for each 

sampling unit; we calculate the parameters of targeted fre-

quency number and sampling probability for each sampling 

unit, and adopt the MPPS sampling method to sort out 10 

sampling units as the sampling sample. The MPPS sampling 

method is referred to Literature [13]. 

3.3 Extraction of crop area for sampling units 

from PMS sensor data 

Using the data of sampling samples, we trimmed the data 

of each sampling sample unit from the composite image of 

PMS sensor for four scenes. By adding the 150 field GPS 

survey samples into the false color composite image of 

PMS sensor for each sampling sample, we can find that 

food crops (winter wheat and barley), rape, and vegetables 

exhibit different colors in the false color composite image of 

2 m PMS sensor. The rape exhibits light red in the false 

color composite image of 2 m PMS sensor, the food crops 

exhibit dark red color, and vegetables exhibit cyanide gray 

color. For each sampling sample unit, we randomly select 

10 field survey samples to combine with the 100 samples of 

artificial visual interpretation as the training sample, and 

apply the method of maximum likelihood to conduct the 

extract of summer harvest/winter sowing crops for each unit 

of sampling sample. 

3.4 Total amount estimation of crop planting area 

and accuracy evaluation 

After applying the PMS sensor data to extract the crop 

area of each sampling sample unit, according to the MPPS 
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sampling method, we can calculate the total area of indi-

vidual crops in Dongtai County, as well as the standard de-

viation and coefficient of variation (CV) for the estimated 

value of total area for individual crops. In particular, the 

standard deviation and coefficient of variation (CV) of the 

estimated value are the indexes to evaluate the accuracy of 

MPPS sampling method. The detailed algorithm can be re-

ferred to literature [13]. Because barley and winter wheat 

are both relatively difficult to distinguish in the WFV sensor 

data and PMS sensor data, we combine both data as the 

class of food crops in the process of classification and total 

amount estimation; after obtaining the total area of food 

crops, we can estimate the area of both according to the 

ratio between wheat and winter wheat areas in past years. 

4 Results and analysis 

4.1 Extraction results of multi-data WFV sensor 

data for the crop area on the county level and ac-

curacy evaluation 

The classification results of crop area in Dongtai County 

extracted by using the multi-date WFV sensor data are 

shown in Fig. 2. 

The extracted area of food crops in 2014 for Dongtai 

County is 582.74 km2, the rape area is 226.7873 km2, and 

the vegetable area is 271.288 km2. Using the statistical data 

as the criterion of accuracy evaluation, the error of crop area 

extracted from WFV data is as follows: the error of food 

crop area is −9.9%, the error of rape area is −2.8%, and the 

error of vegetable area is −15.2%. 

We apply part of field measurement sample sites and 

sample sites of artificial visual interpretation to evaluate the 

classification accuracy, and the matrix of accuracy evalua-

tion is shown in Table 4. From Table 4, we can see that by 

using multi-data WFV data and combining the field meas-

urement samples, we can adopt the maximum likelihood 

method to extract the area of crops on the county level with 

relatively high accuracy. 

However, as for areas with complicated small blocks, 

especially the rural-urban fringe zone, due to the existence 

of mixed pixels, we need to use the high-resolution remote 

sensing data to achieve the relatively high accuracy. 

4.2 Extraction results of crop areas in the sam-

pling unit from PMS sensor data and accuracy 

evaluation 

We apply part of field measurement sites and sample 

sites of artificial visual interpretation to evaluate the classi-

fication accuracy of classification using the PMS sensor 

data, and the matrix of accuracy evaluation is shown in Ta-

ble 5. 

We can see from Table 5 that, because the range of each 

sampling region is very small, we can obtain very high clas-

sification accuracy by using the PMS sensor, and therefore 

it can be used for inferring the total amount of crop area. 

Meanwhile, because the area of sampling units in Dongtai 

County is totally 250 km2, we cannot obtain satisfactory 

accuracy even by using the method of computer classifica-

tion, the work load of adopting the artificial visual interpre-

tation is also acceptable, which can ensure that the crop 

identification of sampled sampling site has relatively high 

accuracy. 

4.3 General inference results and accuracy evalu-

ation 

By using individual crop areas of every sampling sample 

obtained through the classification of PMS sensor data, 

 

Fig. 2  Classification map of summer harvest crop of 2014 in 

Dongtai County 

Table 4  Summer crops classification accuracy of Dongtai County based on multidate MFV 
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Table 5  Classification accuracy of summer crops for sampling 
unit in Dongtai County using PMS sensor data 

 
based on the method of MPPS sampling we can infer the 

area and CV for the summer harvest crops of Dongtai 

County in 2014: the area of food crops is 638.6318 km2, the 

area of rape is 244.8 km2, and the area of vegetables is 

322.9601 km2; CV for the area of food crops is 0.002, CV 

for the rape area is 0.002, and CV for the area of vegetables 

is 0.004. 

The area of summer harvest crops in 2014 as announced 

by Dongtai Municipal Bureau of Agriculture is as follows: 

the area of food crops is 646.667 km2, the rape area is 

233.334 km2, and the vegetable area is 320 km2. Using this 

as the criterion of accuracy evaluation, the error of crop area 

extracted in this paper is as follows: the error of food crop 

area is 3%, the error of rape area is 5%, and the error of 

vegetable area is 1%. 

5 Conclusions and discussion 

Based on the characteristics of GF-1 satellite data ob-

tained with new domestic satellite platform, we study the 

method of remote sensing and sampling survey of crop 

planting area based on the satellite data of 16 m WFV sen-

sor and 2 m/8 m PMS sensor onboard GF-1 satellite. The 

experimental results indicate that: 

1) According to the phenological calendar of crops, by 

selecting the multi-date 16 m WFV sensor data on GF-1 

satellite during the key time period of crop identification, 

we can effectively extract the area of crops on the county 

level, and the results of classification can meet the require-

ment of MPPS sampling; however, because the spatial res-

olution of WFV sensor is relatively low, the precision of 

obtained classification map is relatively low in broken are-

as, such as rural-urban fringe zone, and we need to adopt 

the high-resolution imagery or the method of sampling sur-

vey to correct the precision. 

2) By combining GF-1 satellite data of 2 m / 8 m PMS 

sensor and the field survey data of crops, we can apply the 

maximum likelihood method to classify and effectively ex-

tract the planting area of crops in the sampled unit. The ex-

tracted results can be used to infer the total MPPS amount, 

and rectify the total classification area of crops for the WFV 

sensor to improve the overall accuracy; however, because of 

the long return cycle of PMS sensor, sometimes it is very 

difficult to obtain the images during the critical periods of 

crop identification. Therefore, it is not appropriate to con-

duct the crop identification over large scales, and therefore 

we cannot directly adopt the PMS data to conduct the crop 

identification in the whole county and establish the sam-

pling scheme. 

3) We apply the data of 16 m WFV sensor onboard GF-1 

satellite to extract the planting area of crops on the county 

level, and obtain the classification map of crops on the 

county level. On this basis, we conduct the MPPS sampling 

and obtain the sampling samples. For the sampling samples, 

we implement the high-resolution extraction of crop area 

with GF-1 2 m / 8 m PMS sensor data, and apply the MPPS 

algorithm to infer the total amount, which can obtain the 

relatively high accuracy of total amount estimate. 

Although in this paper we apply the GF-1 satellite data to 

successfully estimate the area of crops in Dongtai County, 

we also find some problems for GF-1 satellite in the study. 

For instance, between the 16 m WFV sensor data of GF-1 

satellite at the same locations but different times, and be-

tween the 16 m WFV sensor data at the same location but 

different orbit number (namely between the overlapped re-

gion of two orbits), there is certain geometric registration 

error after the incident correction, and it needs to be pro-

cessed with the geometric correction before being used. 

Otherwise, it will cause obvious "double fold effect", which 

makes the relatively large work load for the processing of 

GF-1 data application. Therefore, it is suggested to release 

the geometric correction product of GF-1 satellite data as 

soon as possible. 

At the same time, this paper mainly conducts the applica-

tion under the condition of simple terrain in the plain over a 

small area, and the application to regions with complicated 

conditions and over large areas remain to be further studied. 
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Recognition of individual dairy cattle based on convolutional neural networks 

Zhao Kaixuan, He Dongjian 

 College of Mechanical and Electronic Engineering, Northwest A&F University, Yangling 712100, China 

Abstract: Video analysis has been widely used to perceive the behavior of animals for precise dairy farming, which 

is useful to increase the productivity and reduce the disease rate. Using computer vision technique to recognize the 

individual cow is feasible to improve the efficiency of the automatic milking and feeding system. Effective and ac-

curate recognition of individual dairy cattle is the prerequisite and foundation to record and analyze the animal be-

havior automatically. As the classic method of individual recognition, the typical electronic identification device, 

referred to a radio frequency identification device (RFID), must be installed on the neck or another position of the 

animal. But the available distance is limited and the RFID tags suffer from some shortages such as the loss of tags, 

tempering, and animal welfare. Besides, it requires extra device and redundant process to recognize the individual 

cow in a video using RFID method. Therefore, it is necessary to develop an accurate and efficient system for recog-

nizing individual cows in feeding environment utilizing image processing method. In this paper, individual dairy 

cattle were recognized using the body images based on convolutional neural networks with video analysis method. 

Side-view images with a resolution of 704 pixels × 576 pixels were recorded when cows passed a narrow aisle to 

water trough. For target detecting, the frame difference method was implemented to obtain the outline and motion 

boundary of the cow. By dividing the target image into several same-width sections, the head and tail were removed 

from the image after checking the distribution of the target in the section. Because the ratio of the body's depth to 

cow's height was fixed at 0.6, the body area was located by drawing a box tangent to the back posture and then 

zoomed out 0.8 times of it to remove the external redundancy. For tracking the body image, template matching 

method was used to find the body area in the current frame by calculating the similarity against the target image in 

the previous frame. A convolutional neural network was built after analyzing the characteristics of the body images 

of cows. The network consisted of one input layer, two group of convolution subsampling layers, and one output 

layer. The size of convolutional kernel was 5 × 5, and the subsampling size was 2 × 2. After testing different types 

of network architecture, the number of the feature maps in the first and third convolution layer were determined as 4 

and 6, respectively, and the third convolution layers was partly connected to the second subsampling layer. The 

output layer was built up with 30 perceptrons, corresponding to the patterns of cows in the herd. After graying, 

resizing and normalizing, the body image of cow was transferred into a matrix sized 48 × 48 as the input of the 

network. 30 cows were captured 12 times for each, and 360 sets of videos were obtained in total, from which 60000 

training frames, 21730 testing frames and 90 testing videos were selected randomly. In the tenth training epoch, the 

cost function was first less than 0.01. The result showed that 90.55% of the testing frames and 93.33% of the testing 

videos were recognized correctly, respectively. The testing data were captured from 7a.m. to 6p.m., so the network 

presented high robustness to the lightness diversity. The average elapsed time for recognizing one frame was lower 

than 0.01 s, and the total elapsed time for processing and recognizing one video was about 1 min, which showed a 

remarkable working efficiency and practicability. It suggested that the methods proposed here are feasible to recog-

nize the individual dairy cattle. This study proves that the image processing technique has a great potential for 

recognition of animals. 

Keywords: image technique; algorithms; identification; convolutional neural networks; deep learning; video analy-

sis; dairy cattle; target detection 

CLC number: TP391.41; S823.9+1 

0 Introduction 

Video analysis technology originated from intelligent 

monitoring has been gradually applied to many fields of 

livestock farming [1–4], and one prevailing research focus is 

to intelligently perceive and recognize dairy cattle behavior 

and provide effective decision-support for breeding man-

agement [5–8]. The individual recognition method is the 

technical premise and application basis for the automatic 
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behavior analysis of dairy cattle [9]. Usually, radiofrequency 

identification (RFID) technology is employed [10–12], but it 

requires extra devices and synchronous recognition to iden-

tify the dairy cattle individuals in the videos' field view, 

which increases the complexity and cost of the recognition 

system [13–15]. However, the video itself already contains the 

information of cow individual, so it is possible to realize 

direct recognition by image processing of the video [16–17]. 

For this reason, it is urgent to develop an accurate and au-

tomatic image-processing-based method of dairy cattle in-

dividual recognition, which can improve the automation 

degree of behavior detection and cut down the system cost, 

making the video analysis technology more practical in the 

field of dairy cattle behavior perception. 

Many researchers have paid attention to such im-

age-processing-based dairy cattle recognition method. Xia 

et al. [16] proposed a facial descriptive model based on the 

texture features with local binary patterns (LBP) and used a 

combined method of principal component analysis (PCA) 

and sparse representation-based classifier (SRC) to recog-

nize the facial image of the dairy cattles. But their system is 

sensitive to camera site and viewing angle of the dairy cat-

tle’s facial image, making it almost impossible for automat-

ic recognition. Kim et al. [17] designed a computer image 

analysis system based on the body features of dairy cattle to 

realize recognition. It used a pure-color background to ex-

tract dairy cattle’s body image and get 100 feature values 

after binaryzation and segmentation. Then an artificial neu-

ral network (ANN) with 100 × 16 × 8 nodes was construct-

ed. 49 pictures were used to train it, and 10 pictures were 

used to test its performance. It proved the feasibility of 

dairy cattle recognition by their body images. But the test 

condition of this system is quite different from the real dairy 

cattle breeding environment. In addition, the constructed 

ANN had too many nodes and the number of training and 

testing samples was too small, resulting in over-fitting 

problem and low robustness against background light varia-

tion and image translation & distortion. Image distance 

measurement methods and scale invariant feature transform 

(SIFT) methods can also be used for dairy cattle recogni-

tion. But the former relies on image feature extraction, 

which is sensitive to light variation and not suitable for 

outdoor breeding cattle [18]. Meanwhile, the matching accu-

racy of SIFT methods could be degraded if the foreground 

is partially blocked [19]. Convolutional neural networks 

based on deep learning have already been successfully ap-

plied to the related researches for pattern matching [20–21] 

and have shown good anti-interference capability. They 

have the potential to be applied for dairy cattle recognition 

in complex scene. 

In order to provide a non-contact, low cost, and im-

age-processing-based dairy cattle individual recognition 

method under the real breeding environment, this paper 

took the advantage of the sufficiency of image sequence 

samples in the monitor video, and proposed a dairy cattle 

recognition method based on video analysis and convolu-

tional neural networks. It incorporated a dairy cattle move-

ment video acquisition system, enabling the tracking of the 

dairy cattle and the body image extraction by video analy-

sis. The architecture and parameters of the convolutional 

neural networks were specifically designed according to the 

characteristics of body images. The body images were also 

used to train the networks and to test the performance. Ac-

curate and efficient individual recognition was finally real-

ized in the real dairy cattle breeding environment. 

1 Materials and Method 

1.1 Image Acquisition 

The testing videos were captured from July to August, 

2013, from a large-scale dairy cattle farm of Shaan'xi Yangling 

Keyuan Clone Co., Ltd. All the targets were healthy American 

Holstein dairy cattle. They passed through a narrow fixed cor-

ridor frequently to drink water in the drinking tank. We in-

stalled a ball-shaped camera (model DS-2DM1-714, from 

Hikvision, Hangzhou) on the support beam of the ingestion 

shed in parallel with the corridor. The camera was adjusted to 

be parallel with the cows' movement direction, and the width 

of the field view was adjusted to be larger than two times of a 

cow’s body length. The foreground of camera was blocked by 

a gird barrier between the dairy cattle target and the camera 

with the grid size of 0.5 m × 1.2 m. 

Video clips of 30 dairy cattles were recorded between 7:00 

am and 18:00 pm in sunny days without any fog and haze. 

Each clip began with the whole dairy cattle's body appearing 

on the left of view and continued until the cow moved to the 

right edge of the camera. Any video clips containing standstill 

or abnormal dairy cattle were removed. 12 video clips for 

each cow were captured, adding up to 360 clips. Each clip's 

duration was 10 seconds. The videos were in PAL system and 

saved in the local memory card of the camera, with the frame 

rate of 25 fps, code rate of 2000 kbp and resolution of 704 

pixels (horizontal) × 576 pixels (vertical). 

The follow-up video processing platform was equipped 

with an Intel Quad Q8400 CPU with the clock frequency of 

2.66 GHz, a 4GB RAM and a 500 GB hard disk. The algo-

rithm development platform was MATLAB 2012a. Since 

the dairy cattle moved through the camera view in straight 

line, the cattle's active area in the videos was fixed to the 

middle of the image so that we could remove invalid area 

by presetting the region of interest (ROI) parameters. The 

size and location of ROI were determined by the largest 

body height of the 30 dairy cattles. In this way, the final 

dairy cattle's walking images were in the size of 704 pixels 

(horizontal) × 242 pixels (vertical). 

1.2 Test data 

By numbering 30 dairy cattles from 1 to 30, picking out 

3 clips randomly from the 12 clips of each cow as the test-
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ing samples, and taking the remaining clips as the training 

samples, we then collected 90 testing video clips and 270 

training ones. Each clip lasts for about 10 seconds with the 

frame rate of 25 fps/s. After video analysis, 90000 body 

images of the cattle were obtained. Since each dairy cattle's 

walk speed was different from others’, the numbers of 

training samples for individual cows would not be the same. 

In order to avoid the sample number affecting the recogni-

tion result, it is necessary to keep the number of training 

samples nearly the same for each mode. So we picked out 

2000 images from each cow’s training video as its training 

set. But for the testing images, no screening operation was 

required. Finally, there are 60000 training images and 21730 

testing images, all containing the dairy cattle's bodies. In the 

testing set, each cow had 650–850 images. No overlapping 

occurred between the training data and the testing data. 

1.3 Extraction of body images 

1.3.1 Body Location 

Frame difference method can accurately detect the tar-

get's movement borders, and it is possible to obtain the 

dairy cattle's rough contour using this method. After span 

analysis on the obtained binary image, the external disturb-

ances can be removed, the areas of tail, head and neck can 

be segmented, and the body areas can be extracted. 

As shown in Fig. 1, the frame difference image was divided 

into several segments with equal spacing. The upper and lower 

borders of the binary image in each segment were calculated, 

and the image span was the difference between them. 

 

Fig. 1  Distribution of frames difference image 

When the borders and span of each segment satisfied the 

conditions described in Eq. (1), the ith segment should be 

kept because it contained a body area, otherwise it should 

be treated as an invalid segment and the image in it should 

be removed. 

 

Where Ui is the upper border in the ith segment, Di is the 

lower border in the ith segment, Tu is the offset threshold of 

the upper border of the body area, Tr is the span threshold of 

the body segment, and n is the total segment number in the 

image. 

According to the statistics analysis of randomly selected 

30 video clips in the sample library, Tu of 0.06 and Tr of 0.4 

can be used to keep the body area and remove almost all 

invalid areas. 

In the outer rectangle of the binary image after calculat-

ing and trimming, the top half is the body area and the bot-

tom half contains dairy cattle's legs. For Holstein dairy 

cattle, the body's length-to-height ratios (rb/t) vary weakly 
[22]. In this research, the mean value of rb/t was set to 0.6 

after measuring the 30 dairy cattle. The located body areas 

were scaled down to 80% around the center, thus to remove 

the background blocks in the border areas. The body locat-

ing results were shown in Fig. 2. 

 

Fig. 2  Result of locating cows' body 

1.3.2 Body tracking 

Since the bodies had no obvious geometric variation but 

just transitional movement during dairy cattle walking, a 

strategy of tracking only the bodies in the subsequent 

frames was adopted to improve the body extracting preci-

sion. Usual tracking methods include particle filtering 

tracking [23] and Meanshift algorithm [24]. Particle filtering 

tracking of large target will take a long time, so it is not 

suitable for dairy cattle target tracking. By experiment, we 

also found that the Meanshift algorithm could not accurately 

track the walking dairy cattle target, either. The main reason 

is the Meanshift algorithm, based on color histogram, is 

sensitive to color variation. The dairy cattle's body image is 

mainly black-and-white, but the background image contains 

too many colors, which makes the Meanshift algorithm tend 

to track the background area instead. For this reason, this 

paper used a template comparison method to track the dairy 

cattle's body areas. Its basic operation is to take the body 

area in the current frame as the center and find the similar 

body image in the subsequent frames. Supposing the located 

body area is A and the extracted body RGB image f0 is tak-

en as the reference image for tracking, Ap can be obtained 
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through expanding A in all directions by 10% in the next 

image frame. For every sub-image fm in Ap, comparison 

evaluation of difference degree against f0 is undertaken ac-

cording to Eq. (2), and the sub-image most close to f0 is 

taken as the tracking result. 

 
Where gf0 is the grayscale image of f0, gfm is the grayscale 

image of fm, T is the grayscale threshold of the white streak 

of dairy cattle's body, bitxor is the exclusive OR bit opera-

tion on two binary images, NT is the number of elements 

with the mid-value of 1 in the calculation matrix, NF is the 

number of elements with the mid-value of 0 in the calcula-

tion matrix and ra is the value of comparison evaluation, 

with smaller ra indicating fm more close to f0. 

In Eq. (2), the essence of ra is the ratio of the 

un-overlapped area to the overlapped area in the target and 

compared binary images. In the beginning of each tracking, 

gf0 is processed by OTSU method to get a binaryzation 

threshold T. In order to guarantee the comparability among 

these binary images, the same threshold T was used for all 

sub-images' gfm. The evaluation value calculated by Eq. (2) 

can be used to effectively extract new body images in a 

short time. In the side view of the dairy cattle with straight 

line movement, the distortion of body area can be neglected. 

For this reason, the template comparison method has higher 

tracking accuracy and can realize stable real-time tracking. 

1.4  Construction of convolutional neural net-

works 

Convolutional neural networks (CNNs) are artificial 

neural networks based on deep-learning theories. Image 

data can be directly input into such networks, avoiding the 

complex operations of image pre-processing, feature extrac-

tion, and so on [25]. LeNet-5 is a typical application case of 

CNNs with the characteristics of high-accuracy and strong 

practicality, which has been applied for recognizing 

hand-written numbers in cheques in many banks of the USA 
[26]. 

If each cow is treated as one specific pattern, the dairy 

cattle individual recognition is actually to realize the recog-

nition and matching for an unknown cow’s image, and the 

number of the dairy cattle in the group is the number of 

recognition patterns. Such procedures are similar to those in 

hand-written character recognition, so LeNet-5 can be ap-

plied for dairy cattle individual recognition. However, the 

dairy cattle’s body images are different from the 

hand-written numeric character images. Firstly, the valid 

information of the hand-written images is concentrated on 

the penmanship, while the features of dairy cattle's body 

images spread all over the image area. Secondly, the fea-

tures of the characters are mainly graph corners and orienta-

tion edges, while the features for discriminating the dairy 

cattle individuals are some shapes and distribution of the 

pixels with specific gray values in the image. In addition, 

the networks for hand-written character recognition require 

stronger translational invariance property since the image 

position of valid information is uncertain, but in the case of 

dairy cattle recognition the offset of body images is com-

paratively small after target tracking. The priorities of 

hand-written character recognition and dairy cattle identifi-

cation are also different, as the former focuses on the graph 

feature extraction and recognition of specific structures un-

der various distortions, and the latter focuses on the image 

matching and reconstruction under different illumination 

environments. Based on the above analysis, we constructed 

the suitable CNNs for dairy cattle recognition according to 

the characteristics of dairy cattle's body image and individ-

ual recognition. 

For reducing the data volume and keeping the details of 

input images, the body images were converted into gray-

scale images at first and turned into 48 × 48 images by in-

terpolation, which were then normalized through dividing 

by 255 and input into the networks. 

The CNNs had 2 convolution layers and a subsampling 

layer. Because the body images have little twist or distor-

tion, we can decrease the number of feature maps in the 

convolution layers to improve the networks’ efficiency of 

the image macroscopic information utilization. During 

down sampling, the connection areas were directly averaged 

to get the output, without any weight coefficients and 

thresholds, omitting the functional conversion process. 

Information matching of dairy cattle individual recogni-

tion can be implemented by single-layer perceptron, which 

is directly connected to the output layer after the second 

subsampling, thus, it greatly simplifies the perception layer 

in the networks. In this research, there are 30 dairy cattle in 

total, so the output layer has 30 perceptrons, all connected 

to the previous layer. The output encoding is in one-of-c 

mode, i.e., each dairy cattle individual is taken as a unique 

pattern. 

Since sigmoid functions have good nonlinear mapping 

properties, the transition functions are all with sigmoid type. 

In networks' training procedure, the learning rate is set to 1, 

and the training set size is 50. The training terminal condi-

tion is the cost function value getting smaller than 0.01. 

Because the transition functions are sigmoid ones, the net-

works will output a floating point type vector with the 

length of 30. The maximum value in this vector is set to 1 

and other elements to 0. A recognition error is indicated if 

the output pattern cannot match the real pattern of the input 

image. 

In order to further determine the optimal number of fea-

ture maps in the convolution layers, the recognition accura-

cy rate tests and average time-consuming tests were 

undertaken for various CNNs with different architectures. 
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The results showed that the recognition rate and efficiency 

can reach the highest when the two convolution layers were 

employed with 4 and 6 feature maps respectively. The final 

architecture of the CNNs in this research is shown in Fig. 3. 

 

Fig. 3  Net architecture for individual cow discrimination 

Note: C1, S2, C3, and S4 are the 1st convolutional layer, 2nd subsampling 

layer, 3rd convolutional layer, and 4th subsampling layer, respectively. 

In order to reduce the number of training parameters, 

break the network symmetry, and guarantee the extracted 

features' variability and complementarity, a part connection 

mechanism was adopted between layers C3 and S2. The 

connection style based on the asymmetric and stagger prin-

ciple is shown in Table 1. As can be seen in Column 1 of the 

table, the first feature map in layer C3 is connected to the 

first and second feature maps in layer S2, the convolution 

operations were carried out in the connected areas of Layer 

C3, and the outputs then can be calculated by the transition 

functions. 

Table 1  Connection pattern between S2 and C3 layer 

 
Note: × is connection. 

In the CNNs, the parameters determining the net archi-

tecture are the number of feature map in convolution layer 

and the subsampling size. For the convenience of network 

structure description, we used the combination of numbers 

and letters to express the basic parameters of the networks. 

Letters 'p' and 'a' were used to indicate existence or inexist-

ence of part connection in the specific feature layer. So, the 

network in this paper can be expressed as 4c-2s-6c-2s-

30o-p. 

1.5 Traditional image indexing method 

Dairy cattle individual recognition in this research is a 

typical image indexing problem, which is to find the image 

similar to the unknown image in the indexed target image 

set. In order to further compare the CNNs with the tradi-

tional image indexing methods, we conducted a compara-

tive research against the image distance measurement 

methods [27] and scale invariant feature transform (SIFT) 

method [28]. 

In image distance measurement methods, image eigen-

value sequences are firstly extracted, and then the distances 

from the comparing image to each known image in the tar-

get set are calculated. The target image with the minimum 

distance to the unknown image will be taken as the match-

ing result. In this research, the image's grayscale histogram 

vector (with 10 subsections) and the texture characteristic 

vector were taken as the image's eigenvalue sequence, and 

the Housdorff distance metrics [29] were used to calculate the 

similarity degree between two images. In the target set, the 

index value of the image with the highest similarity degree 

to the unknown image was the recognition result. 

SIFT methods are image matching algorithms based on 

localized features. It can be divided into two steps, i.e., key 

point searching and key point matching [30]. In the compari-

son experiments, the values of the main algorithm parame-

ters were listed in Table 2. More key points successfully 

matched will indicate higher similarity between the two 

images and higher degree of matching. 

Table 2  Values of key parameters in SIFT method 

 

2 Results and Analysis 

2.1 Recognition results and analysis 

The samples in the training set were used to train the 

networks. The network cost function could converge to 

0.0060 in the 10th training. The networks were verified us-

ing the 21730 images in the 90 video clips, and the results 

are shown in Table 3. It proved that the networks could 

recognize the dairy cattle individuals in the unknown imag-

es or unknown videos with considerable high reliability 

(accuracy of 90.55% and 93.33%). Meanwhile, the average 

used time is so short that it can meet the requirement of re-

al-time recognition. 

Table 3  Discrimination rate and efficiency of CNNs 

 
Note: *, the time of body locating and tracking. 

Only 6 out of 90 video clips were mistakenly recognized. 

Fig. 4 showed the body images of No. 16 and No. 30 dairy 
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cattles which were crisscross recognized mistakenly for 3 

times. As we can see, the main reason of the mistake is that 

the two body images are quite similar to each other. Many 

operations such as image grayscale conversion, interpola-

tion, and subsampling could contribute to the loss of details, 

causing the networks ineffective in discriminating similar 

images. In addition, the dairy cattle's body colors are mainly 

black and white, and too little information for discriminat-

ing the individual cows is available, resulting in wrong 

recognition easily. 

 

Fig. 4  Body images of crisscross recognized cows 

In order to further improve the recognition rate, some 

special markers or characters can be painted on the cow's 

body to increase the characteristic information for the cows 

with similar body images, especially for the individuals 

with nearly pure color. Such measures can guarantee some 

difference degree between similar cows. 

2.2 Feature map analysis 

Corresponding to the net architecture in Fig. 3, Fig. 5 

shows the grayscale images of the feature map transition 

results of the convolution layers and subsampling layers in 

the CNNs. All matrix data were distributed between 0 and 1, 

with 0 for black and 1 for white. 

 

Fig. 5  Results in each layer of CNNs. a. Convolutions (full con-

nection) b. Subsampling c. Convolutions (part connection) d. Sub-

sampling 

By comparing the C1 layer with the input images in Fig. 

5, we can see that the convolution operation has image 

smoothing effect, and it can resist the blocking disturbance 

and enhance the signal feature. The feature maps of convo-

lutional layers C1 and C3 can map the upper layer image 

into different grayscale regions, so as to automatically ad-

just the brightness. This indicated that features extracted by 

the networks were distributed in different grayscale space 

domains. This characteristic ensured the networks' robust-

ness against different illumination conditions. Because of 

the correlation property between the adjacent pixels, image 

sampling on the subsampling layers S2 and S4 can reduce 

the data processing load and reserve the main image infor-

mation to enhance the networks’ resistance against distor-

tions. 

2.3 Comparison with traditional image indexing 

method 

Using the training samples as the image indexing target 

set, and the testing samples as the unknown image samples, 

we compared the performances of the three methods. The 

accuracy rate and the used time of the dairy cattle individual 

recognitions are listed in Table 4. 

Table 4  Comparing of image indexing method and CNNs for 

individual discrimination of cows 

 
In image distance measurement methods, the features 

based on pixel grayscale are sensitive to distortion, illumi-

nation and viewing angle. So they have low recognition 

rates for dairy cattle in outdoor farms. The SIFT methods 

are more accurate and have higher recognition rates for 

cows with similar appearances, which means that the SIFT 

methods have stronger detail extraction ability. However, 

the overall recognition rates of the SIFT methods are still 

relatively low, because some complex body images usually 

contain too many redundant key points, leading to the in-

creased possibility of wrong matching. Meanwhile, when 

the dairy cattle's breeding environments are complex and 

the camera's foregrounds are blocked occasionally, as the 

case in this research, the robustness of the SIFT methods 

will go down. In addition, the SIFT methods require a huge 

amount of calculation, so they cannot realize real-time 

recognition if the population of dairy cattle become rela-

tively large. In conclusion, the CNNs have stronger re-

sistance against external disturbances, shorter recognition 

time, and higher robustness against illumination variance 

and foreground blocking. But for similar images of dairy 

cattle with pure colors, their ability in extracting detail in-
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formation is between the image distance measurement 

methods and the SIFT methods. 

3 Conclusions 

1) Frame difference method can detect the movement 

edges and rough contours of dairy cattle. Through seg-

mented span analysis on the contour binary images, the tail 

and head areas can be removed to obtain the body areas 

only. 

2) The zone tracking method based on binary image 

comparison can realize real-time accurate tracking of dairy 

cattle in complex environments. It has stronger resistance 

against background disturbance than the Meanshift meth-

ods. By using the area ratio of the non-overlapping area to 

overlapping area as the comparison evaluation value, the 

target area can be located fast and accurately in the new 

image frame. 

3) The CNNs with 4c-2s-6c-2s-30o structure were con-

structed. The recognition results of 21730 images out of 90 

video clips showed that the recognition rate can reach 

90.55% for a single image and 93.33% for video clips. The 

CNNs are robust against the illumination variance and 

small-area foreground blocking. No overlapping occurred 

between the testing samples and training samples, indicating 

that the CNNs have the potential for further generalization. 

Compared with other image indexing methods, the CNNs 

have the advantages of less time consuming and higher ro-

bustness, but they are inferior to the SIFT methods in terms 

of the ability to extract image details. In future study, the 

directional parameters of the key points obtained by SIFT 

methods can be fed into the networks to improve the feature 

extraction ability for the body images of pure color dairy 

cattle. And this will further improve the accuracy rate of 

dairy cattle individual recognition. 
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Abstract: The prevalence of aphid in winter wheat field has a significant impact on the production of winter wheat. 

An effective and timely forewarning of the scope and severity of the disease at a regional scale will not only reduce 

yield losses but also alert the stakeholders to take effective preventive measures. Forecasting aphid occurrence with 

Remote Sensing has great advantages over traditional methods and meteorological data, such as lower cost, simpler 

operation, more real-time and higher resolution. Chinese HJ-1A/1B data which have a high revisit frequency (< 4 

days) as well as 30 m spatial resolution, in addition to a full band set covering visible, near-infrared, short-wave in-

frared, mid-infrared and thermal infrared spectral ranges, which thus significantly expand opportunities of remote 

sensing application in predicting crop diseases and pest. According to the literature research and field investigation 

found that apart from crops growth status was closely related to wheat aphid occurrence, development, and dispersal, 

the environmental conditions of field, such as temperature and humidity, also have a certain impact on its suscepti-

bility to pest. In this study, we retrieve two parts of information from multi-temporal HJ-CCD optical data and 

HJ-IRS thermal infrared data, including Ratio vegetation index (RVI) and Normalized Difference Vegetation Index 

(NDVI) representing grow status of wheat, Perpendicular Drought Index (PDI) and Land Surface Temperature 

(LST) that represent the environmental characteristics. An independent t-test analysis was used to test the difference 

between pest and healthy samples based on calibration data. Those vegetation and environmental factors that failed 

to show a statistical significant (p-value < 0.001) were eliminated. Five remotely sensed variables (NDVI-T1, 

RVI-T1, LST-T1, LST-T2, and PDI-T2) were identified as optimal explanatory variables for developing the pest 

forecasting model. The relevance vector machine (RVM) model was established to predict aphid occurrence of fill-

ing stage of wheat in the Beijing suburbs, which is a machine learning algorithm and commonly used to improve 

business decisions, detect disease, and forecast weather credit to its superior learning ability when on a small da-

tasets. The results obtained from the RVM model are compared with prediction models developed using logistic re-

gression (LR) and support vector machine (SVM) techniques. Goodness-of-fit values of the calibrated models were 

evaluated through the p–value of Spearman test. In addition, the association between observed outcome of pest oc-

currence and predicted outcome of pest occurrence was evaluated by using three different measures: Somers' D, 

Goodman-Kruskal gamma, and Kendall's Tau-c. The RVM model produced a higher Spearman p-value than that 

the LR model and the SVM model did, indicating that the RVM model had a better performance to predict the aphid 

than the other two models. Moreover, the values of Somers' D, Goodman–Kruskal Gamma, and Kendall's Tau-c 

were all higher with the RVM model than those with the remaining model, which further demonstrated the better 

performance of the RVM model on the training datasets. To further evaluate the difference of performances of the 

three types of models, we obtain accuracy of models respectively based on validation samples. The results showed 

that: accuracy by using RVM algorithm is the highest among the three methods, with lower omission and commis-

sion than the other two algorithms. Furthermore, the overall prediction accuracy and the kappa coefficient of the 

RVM model are 87.5%, 0.71 respectively, have shown better performance over the SVM model (79.2%, 0.55) and 

the LR model (75.0%, 0.44). Additionally, the RVM model needs less computation work and faster prediction 

speed. These results revealed that the RVM model with high accuracy level and prediction efficiency is much more 

favorable in forecast the pest occurrence at a regional scale effective and timely. It indicated that the result of this 

research can be used in different regions. 

Keywords: support vector machines; satellite imagery; remote sensing; wheat aphid; regional forecast; relevance 

vector machine; logistic regression 
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0 Introduction 

Wheat aphid is one of the main injurious insects that in-

fluence the wheat production. During the wheat heading 

stage, wheat filling stage and grain formation stage, wheat 

aphid can cause serious hazard. According to statistics, the 

aphid damage throughout the year can reduce about 8% of 

wheat production and the production reduction in the year 

with serious aphid even exceeds 30% [1]. Reasonable appli-

cation of pesticides is helpful to aphid control and produc-

tion loss reduction. However, due to the heterogeneity of 

aphid infection, the excessive pesticide is commonly used 

for controlling the occurrence and prevalence of aphid. The 

concomitant pesticide residues can bring serious hidden 

danger for the food security [2], and meanwhile it also seri-

ously pollutes the agricultural ecological environment. 

Thus, it is necessary to investigate, monitor and forecast the 

aphid damage, and then instruct the pesticide application. 

Although the traditional field investigation method can 

obtain relatively better pest investigation results, it is time 

and energy consuming, and it is not applicable for large 

regional scale [3]. Presently, some scholars utilize the mete-

orological data to develop the forecasting research of dis-

eases and pests. Jonathan et al. [4] used the climate change to 

establish the forecasting model of England wheat sickle 

disease. Dutta et al. [5] utilized the near-surface meteorolog-

ical parameter (air temperature and humidity) to conduct the 

aphid prediction. Henderson et al. [6] used the meteorologi-

cal factor and combined the logistic regression models to 

conduct the long-term prediction of diseases and pests. Ba-

sically, the meteorological data are the point-source data, 

and usually it is only applicable for the diseases and pests 

predication of relatively larger area, but cannot realize the 

predication of patch scale. Compared with the meteorologi-

cal data, remote sensing data can acquire continuous surface 

observation data of facet, with real-time and dynamic fea-

tures, and can provide possibility for wide-range monitoring 

and prediction of the block-level aphid damage [7]. Anderson 

et al. [8] attempted to utilize the remote sensing data to con-

duct the prediction of crop diseases and pests. Mizell et al. 
[9] verified the great dependence of pest occurrence and 

prevalence on temperature. Luo et al. [10] utilized the TM 

image data to invert the land surface temperature (LST) and 

used the modified normalized difference water index 

(MNDWI) to construct two-dimensional feature space for 

prediction of wheat aphid. Dutta et al. [11] utilized the satel-

lite data to extract normalized difference vegetation index 

(NDVI) and land surface water index (LSWI) to conduct the 

diseases and pests predication and obtained satisfactory 

results. The above studies show that the occurrence and 

prevalence of diseases and pests are closely related to the 

crop growth status and habitat factor. 

The commonly used prediction method for diseases and 

pests mainly includes expert evaluation method, mathemat-

ical statistics model and system simulation model method. 

The expert evaluation method presents defects of human 

subjectivity. The data demand of mathematical statistics 

model is large and the universality is relatively poor. Alt-

hough the system simulation model method has strong ana-

lytic capability and wide application scope, the model is 

complex and difficult to construct. Relevance vector ma-

chine (RVM) is one kind of commonly used machine learn-

ing and data mining method. Based on the superior learning 

capability, it is commonly used for improving business de-

cision, disease detection, and weather prediction [12–14]. 

However, at present, there is no study of RVM in the aspect 

of disease and pest prediction. Based on the above consid-

eration, this paper regards the Tongzhou District and Shunyi 

District in Beijing as the study objects and attempts to use 

multi-temporal environmental satellite remote sensing data 

and RVM method to establish the prediction of block-level 

winter wheat aphid during filling stage. In addition, the pre-

dicted results are compared with the traditional support 

vector machine and logistic regression model [15–19]. Finally, 

the spatial distribution feature of aphid in large area can be 

obtained timely and accurately, so as to provide a basis for 

aphid prevention. 

1 Materials and methods 

1.1 Overview of study area 

The study area in this paper includes Tongzhou District 

(116°28'–116°58'E, 40°00'–40°18'N) and Shunyi District 

(116°32'–116°56'E, 39°36–40°02'N) in Beijing City (as 

shown in Fig. 1). This area is the main planting area of 

wheat in Beijing City and the semi-humid continental mon-

soon climate in typical warm-temperate district makes the 

district easily encounter with aphid. Meanwhile, due to the 

single wheat variety, large planting area and simple planta-

tion structure in this area, satellite remote sensing image 

with medium resolution is suitable for prediction of wheat 

aphid. 

1.2 Data acquisition 

In this paper, the data used for constructing the prediction 

model of wheat aphid on regional scale are divided into two 

parts, including remote sensing data and field investigation 

data of wheat aphid damage. The small satellites A and B 

(HJ-1A/1B satellites) used for environment and disaster 

monitoring and prediction was launched successfully on 

Sep. 2008. Two CCD cameras are loaded on HJ-1-A and 

HJ-1-B satellites, and the resolution of ground image ele-

ment for each CCD camera is 30 m, with four wavelength 

bands (blue band, green band, red band and near-infrared 

band) [20]. Besides, an infrared camera is loaded on HJ-1-B 

satellite. The relavant parameter of environmental satellite 

multispectral sensor is as shown in Table 1. 
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Fig. 1  General situation of study area 

Table 1  Specifications of multispectral remote sensors onboard 
HJ-1A and 1B satellites 

 
According to the features such as revisit cycle of envi-

ronmental satellite, the coverage range of studied area and 

optimal prevention period (blooming stage) of aphid, two 

images during jointing and blooming stage of wheat are 

acquired, namely CCD and IRS images on May 13, 2010 

(T1 phase) and May 20, 2010 (T2 phase) respectively. The 

field investigation data of wheat aphid damage are obtained 

during field investigation in Shunyi District and Tongzhou 

District on June 5, 2010 (wheat filling stage). There are to-

tally 54 points of field investigation. The investigation 

method of aphid can be referred to the Reference [21]. 

In addition, the daily average temperature and daily pre-

cipitation data of May 2010 in Tongzhou District and Shun-

yi District of Beijing are obtained from the sharable service 

system of Chinese meteorological scientific data, as shown 

in Fig. 2. It can be seen that the daily average temperature 

range in May in Shunyi District is 16–26 °C, and the daily 

average temperature in Tongzhou District is slightly higher 

than that in Shunyi District, which is in favor of aphid 

breeding. In the early period of May, there is less precipita-

tion and dry in Tongzhou District. In the middle-late stage, 

more precipitation leads to the extension of aphid occur-

rence area. It can be inferred that in the study area, aphid 

will appear in large area, and the severity of aphid in 

Tongzhou District is larger than that in Shunyi District. 

 

Fig. 2  Daily average temperature and daily precipitation of study 

area in May 2010 

1.3 Pre-processing of remote sensing data 

In this study, the environmental satellite CCD imagery 

and IRS imagery should be processed though radiometric 

calibration, atmospheric correction, geometric correction 

and image cutting processing. The following formula is 

adopted to conduct the radiometric calibration of image: 

 
where: L is radiant brightness; a is the gain of absolute cali-

bration coefficient; L0 is the offset, and the radiation cali-

bration coefficient originates from China Centre for 

Resources Satellite Data and Application. The fabrication of 

response function of corresponding sensor spectrum is 

completed and the FLAASH module in ENVI5.0 software 

is adopted to calibrate the atmosphere, thus converting the 

CCD image radiation brightness into reflectivity. Through 

combining the aerial photo reference imagery after the dif-

ference correction in study area-scene, geometric correction 

is conducted for environmental satellite data, to ensure the 

correction error is controlled within 0.5 image element. 

Cutting is conducted for imagery after correction to acquire 

the study area imagery used for follow-up analysis and pro-

cessing. According to the object style and crop feature in 

study area, the maximum likelihood method in the ENVI5.0 
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supervised classification [22] is utilized to extract the plant 

region of winter wheat, and the extracted total accuracy 

reaches to 93%. 

1.4 Feature extraction 

According to reference investigation and field investiga-

tion, it can be found that the occurrence and prevalence of 

wheat aphid have relation with the growth status of winter 

wheat, and also have close relation with the growth envi-

ronmental conditions, such as the temperature and humidity. 

This paper selects the NDVI and RVI reflecting growth sta-

tus of winter wheat, and LST and perpendicular drought 

index (PDI) representing surface habitat factor to conduct 

prediction of wheat aphid. The NDVI and RVI formulae are 

as follows: 

 

 
where: RNIR and RR refer to reflectivity of near-infrared 

band and red band of environmental satellite CCD, the same 

below. LST is obtained by inverting with single-channel 

algorithm [23–24]. PDI is obtained by establishing spectrum 

characteristic spatial inversion with near-infrared band and 

red band of imaginary [25]. The principle is: Since scattered 

points present typical triangle distribution in characteristic 

space of near-infrared band–red band, soil line is obtained 

by fitting points distributed at bottom side of triangle, and 

then a vertical soil line is made passing origin point in 

characteristic space, to calculate distance from scattered 

point to the vertical line in characteristic space, as PDI. The 

calculation formula is as follows: 

 

 
where: M is the slope of soil line obtained by fitting, and I is 

the intercept of the soil line on vertical coordinates. If the 

PDI value is larger, it shows that the soil moisture shall be 

lower. 

To further study the sensitivity of above characteristic 

variable to the pests in two phases, t-test is conducted for 

difference situation in normal and pests sample of NDVI, 

RVI, LST and PDI at T1 and T2 phases, to select the char-

acter factor sensitive to the pests information [26]. Table 2 

summarizes the analysis results of t-test. It can be shown in 

Table 2 that the NDVI and RVI have relatively strong sensi-

tivity to pest information at T1 phase, but at T2 phase, the 

sensitivity to pest information is weak. At T1 and T2 phas-

es, LST shows the strong sensitivity to pest information, so 

it can be seen that the occurrence of pests has close relation 

with LST. At T1 phase, PDI shows no sensitivity to pest 

information, but at T2 phase, it is more sensitive to pest 

information. PDI has negative correlation with precipitation 

in certain degree. The winter wheat in T2 phase is under the 

late period of blooming stage, and the occurrence and  

Table 2  Difference analysis of various kinds of features between 
healthy and pest samples 

 
Note: * means difference is significant at 0.950 confidence level; ** means 

difference is significant at 0.990 confidence level; *** means difference is 
significant at 0.999 confidence level. 

prevalence of aphid have extremely sensitivity to precipita-

tion: the proper increase of precipitation shall lead to sharp 

increase of aphid quantity [27]. Based on above analysis, five 

characteristic variables (confidence level up to 0.999) such 

as of NDVI_T1 (NDVI at T1 phase), RVI_T1 (NDVI at T1 

phase), LST_T1 (LST at T1 phase), LST_T2 (LST at T2) 

and PDI_T2 (PDI at T2 phase) are selected to conduct the 

subsequent modeling analysis. 

To increase the model universality, normalized pro-

cessing is conducted for characteristic data, and different 

dimension data are unified to the same reference system. 

The method is as follows: 

 
where: i value is ranging from 1 to 5; and x1 to x5 respec-

tively refer to the acquired five characteristic variables; 

min(xi) is the minimum value of corresponding characteris-

tic variables of all the imagery samples; max(xi) is the 

maximum value of corresponding characteristic variables of 

all the imagery samples, and is the variable value after 

normalization, and the value range is [0, 1]. 

1.5 RVM model 

RVM is one kind of sparse probability model similar to 

support vector machine, and it is used to transform the 

low-dimensional spatial nonlinear problems into 

high-dimensional spatial linear problems based on the nu-

cleus function mapping, which is one kind of new monitor-

ing learning method. During the iterative learning process 

of sampling data, most parameters tend to be zero and have 

no contribution to the model construction, but the corre-

sponding points of non-zero parameters are regarded as rel-

evance vector, which shows the core characteristic in data 

and can be better applied in regression and classification 

problem. In this study, aphid prediction adopts 0-1 for pre-

diction (occurrence and non-occurrence), which actually is 

the binary classification problem. RVM is used for acquir-

ing the probability of different categories, and for the binary 

classification prediction, the model form is: 
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where: λ is the weight vector of samples, and σ is logic 

function. If t equals to 1, it shows the pest occurrence; if t 

equals to 0, it shows no occurrence of pests. The prediction 

rule is: (1) if P ≥ 0.5, pest shall appear; (2) if P < 0.5, there 

is no occurrence of pests. This paper utilizes 30 sample data 

to construct and evaluate model, and the rest 24 sample data 

are used for model verification. 

2 Results and analyses 

2.1 Aphid occurrence and distribution prediction 

in study area 

Imagery data on May 13, 2010 (T1 phase) and May 20, 

2010 (T2 phase) are utilized, and single image element is 

taken as basic processing unit to extract five characteristic 

variables (NDVI_T1, RVI_T1, LST_T1, LST_T2 and 

PDI_T2). RVM, support vector machine (SVM) and logistic 

regression (LR) are respectively utilized to obtain the aphid 

occurrence and distribution map during wheat filling stage 

on June 5, 2010 (as shown in Fig. 3). It can be seen from 

distribution map of 3 models’ prediction results that in 

2010, aphid appears in large area in Tongzhou District and 

Shunyi District of Beijing City during wheat filling stage, 

which is highly consistent with the field investigation data 

obtained by Plant Protection Department. During field ob-

servation in study area, the aphid sampling point accounts 

for 30% of total sampling points. Statistics is conducted for 

area of pest block, and proportions of pest block area pre-

dicted by LR, SVM and RVM model to wheat field area are 

respectively 45%, 42% and 31%, which qualitatively shows 

that the prediction results of RVM model are closer to the 

actual observed value. In addition, it can be seen from the 

above map that the consistent conclusion can be obtained by 

3 models. The aphid occurrence area in northern region is 

larger than that in southern area, and the intensity is high. 

Thus, the habitat condition in southern area is more suitable 

for the occurrence and prevalence of aphid. This is con-

sistent with the result analyzed based on meteorological 

data in Fig. 2. 

 

Fig. 3  Predicted spatial distribution map of wheat aphid by three models 

2.2 Evaluation and verification of model 

For the three models, the Spearman fitting goodness test 

is conducted, and through pairing sample test and correla-

tion analysis of ordinal variables, statistic parameters such 

as Somers’D, kendall’s Tau-c and Goodman-Kruskal Gama 

are acquired [28–30]. The value range of Somers’D, kendall’s 

Tau-c and Goodman-Kruskal Gama is [−1, +1]. If the value 

is higher, it shows that the ratio of consistent data for model 

predication is greater and the model prediction accuracy is 

higher. The evaluation result in Table 3 shows that the sig-

nificance p-value of Spearman fitting goodness test for 

RVM model is 0.000, which is less than two models, while 

the values of Somers’D, kendall’s Tau-c and Good-

man-Kruskal Gama are more than that of other two models, 

which shows that the fitting goodness of PVM is better and 

the prediction accuracy of training data is higher. 

The stability and reliability of model shall be verified 

with the independent sample data, which can better reflect  

Table 3  Evaluation of goodness of fit of three models 

 
the actual prediction accuracy of model. This paper adopts 

the surface investigation data in wheat filling stage on June 

5, 2010 to evaluate the prediction results of models. Table 4 

lists the overall accuracy, misclassification error, omission 
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error and Kappa coefficient of wheat aphid disease predic-

tion. It can be seen from the results that the three models all 

can obtain more satisfactory prediction effect. The logistic 

regression model is simple and the defect is that it is easy to 

be under-fitting, which is hard to solve the non-linear prob-

lem. It can be seen from the Table 4 that in the three models, 

the overall prediction accuracy is the lowest. The algorithm 

of RVM has relatively high prediction accuracy for wheat 

aphid, which shows that the overall accuracy is the highest. 

According to the phenomena of omission and misclassifica-

tion, the omission error of RVM algorithm to healthy block 

is 6.3% and the misclassification error of RVM algorithm to 

pest block is 14.3%, which is lower than the SVM and lo-

gistic regression algorithm and shows that the prediction 

recognition accuracy of RVM to healthy block is relatively 

high. The SVM and logistic regression can easily predict the 

healthy block classification as pest block, which also explains 

that the prediction of SVM and logistic regression algorithm 

to pest occurrence area presents over-estimation phenomena 

(as shown in Fig. 3). Misclassification error of relevance 

vector machine algorithm to healthy block and the omission 

errors of RVM algorithm to pest block are the lowest. In ad-

dition, the Kappa coefficients of the three methods from high 

to low are successively: RVM, SVM and logistic regression. 

The results indicate that the predication of the RVM algo-

rithm to wheat aphid is of the most accuracy. 

Table 4  Overall verification results of three predicted models 

 

Table 5  Computational cost by three models 

 
In addition, the three models are realized in Matlab soft-

ware [31], so it is possible to compare the training time of 3 

model samples and forecast the time (in the wheat field 

block of whole study area, totally 232436 image elements), 

as shown in Table 5. It can be seen from the Table 5 that the 

required training time of RVM model is about 9 times the 

support vector machine model and logistic regression mod-

el, and the prediction time of SVM model and logistic re-

gression model is about 7 times and 60 times the relevance 

vector machine model. It can be seen from the results that, 

compared with the SVM and LR model, the prediction time 

of RVM is greatly shortened. During the prediction of wheat 

aphid in large area, the data volume is large, and the used 

model can obviously reduce the prediction time and has 

timeliness. Thus, the RVM model has more actual applica-

tion prospect. 

3 Conclusions 

This paper utilizes the medium resolution environmental 

satellite CCD data and IRS data, which are made in China, 

during the high revisit cycle to establish the prediction 

model of wheat aphid occurrence and select the RVI and 

NDVI representing wheat growth status, the habitat factor, 

LST and PDI. It uses the RVM method to predict wheat 

aphid at a regional scale, and comparatively analyze the 

prediction results of SVM and logistic regression. Through 

test, the overall accuracy of three models obtained in small 

data set can reach to above 75.0%. Usually, the overall ac-

curacy of RVM is the highest, and the prediction accuracy 

of sample aphid occurrence is up to 87.5%. On the other 

hand, the feature of low time-complexity for RVM algo-

rithm makes that the prediction speed can respectively in-

crease by 7 times and 60 times compared with SVM and 

logistic regression. The above results show that utilizing the 

satellite remote sensing data can predict the aphid occur-

rence and distribution. Compared with the traditional lo-

gistic regression and SVM model, the aphid prediction 

model established by using RVM has higher prediction ac-

curacy and shorter prediction time. 

Quality and quantity of training sample can influence the 

model accuracy. During the development of this study, con-

sidering the cost problem, less samples are selected, and in 

the future, further study will be developed to verify the 

model universality by considering the data in different 

years. Since the aphid occurrence is commonly driven by 

multiple factors, some important factors due to acquisition 

failure or hard quantification cannot enter to the model, 
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such as meteorological factor and farmland management 

information although the growth factor representing wheat 

and the habitat factor representing aphid occurrence and 

prevalence are selected when constructing the prediction 

model. In future research, these factors will be considered 

as much as possible and the prediction method and model in 

this study will be integrated to construct a prediction model 

at aphid field scale incorporating more data resources, thus 

more accurately predicting the spatial distribution of pest, 

occurrence severity and prevalence tendency. 
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Abstract: In order to solve the issue that the information transfer of fresh product supply chain is discontinuous, 
incomplete and untrue, and to prevent agricultural health threat to people's lives, this study has developed a data 
collection terminal based on near-field communication technology. At present, China fresh product market for pri-
mary agricultural products, food processing and consumer demand increases year by year, but the infrastructure and 
information technology applications of fresh product supply chain are behind, resulting in high loss of fresh product 
throughout the supply chain in the circulation process, as well as low efficiency and poor reliability of the infor-
mation, and therefore it is difficult to meet the needs of the modern market for fresh product. In recent years, the 
consumption of fresh agriculture products has been continuing to rise with the development of society and the 
growth in people’s living standard. However, an increasing number of safety problems like poisoning and polluting 
have been triggered because of the quality problem of fresh agricultural products, which directly influences con-
sumers' health and environmental security. Eventually, it has aroused widespread concern in the whole society. The 
discontinuity of fresh agricultural product supply chain information is one of the important reasons for the emer-
gence of faulty products. The backwardness of data acquisition equipment and means in each link of fresh agricul-
tural product supply chain, and the data in key link being not able to be collected due to environmental factors, are 
the main reasons for discontinuous information of fresh agricultural product supply chain. The paper first analyzes 
data collecting equipment of fresh agricultural product supply chain and its corresponding working conditions. Then, 
based on near field communication (NFC), bei dou system (BDS) and global system for mobile communications 
(GSM), it develops the integration technology data collection terminal of fresh agricultural product supply chain. 
The integration applications of NFC technology and Internet of things have become a focus research issue at home 
and abroad. In this paper, authors review the research progress of supply chain information systems of domestic ag-
ricultural products; summarize the key function of information technology in the agricultural supply chain and in-
formation system platform; and analyze the application feasibility of NFC technology in the agricultural supply 
chain information systems. The data collection terminal mainly includes four modules, namely NFC module, CPU 
(central processing unit) module, Bei Dou module, GSM module as well as its electrical system. When the data 
terminal writes data, it simultaneously writes BDS encrypted data to NFC label through NFC chip PN532, and then 
through GSM module, it transmits the encrypted data to the backend database in text message; finally, it transmits 
the data information to node enterprises platform by RS232, thus achieving three copies of the backup on fresh ag-
ricultural product data information. By means of the advantages of Internet of things and sensor networks, the data 
terminal implements automatic and intelligent data acquisition and encryption in every link of fresh agricultural 
product supply chain. And on this basis, it meets the changing needs of data acquisition and storage during the pro-
duction process, reduces the degree of information asymmetry among node enterprises and enhances the productiv-
ity of node enterprises. In short, the data terminal lays the foundation for the fresh agricultural product traceability 
and has practical value. Compared with other acquisition systems, the biggest difference the terminal system has is 
that the system not only has the function to read the data, but also has a tag write capability, and can read the offline 
data stored inside the NFC memory chip carried by the system itself. The terminal reads in extreme environments. 
Although the speed is reduced by 10%–25%, the saving rate is still at 100%, fully meeting the needs of data acqui-
sition. The terminal can achieve the information continuousness between the nodes of the enterprise, and provide 
the reference for the realization of fresh product traceability.  

Keywords: agricultural produces; supply chains; data acquisition; NFC (near field communication); BDS (bei dou 

system); wireless communication 

CLC number: F3; TN92 
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0 Introduction 

At present, fresh agricultural product market in China 

exerts higher requirements for primary agricultural prod-

ucts, food processing and consumer, but the infrastructure 

and information technology applications of fresh agricultur-

al product supply chain are behind, resulting in data acqui-

sition difficulty and insufficient information in the supply 

chain, as well as low efficiency and poor reliability of the 

information, and therefore it is difficult to meet the needs of 

the modern market for fresh agricultural product. Due to the 

increase of safety incident of fresh agricultural products and 

consumer safety awareness, data acquisition in each link of 

fresh agricultural product supply chain will be a key point. 

Since fresh agricultural products are characterized by time-

liness, spatiality and perishability, the whole supply chain is 

difficult to realize real-time data acquisition, and traditional 

data acquisition equipment no longer meets the require-

ments for changing information data of fresh agricultural 

product supply chain 
[1]

. With rapid development of infor-

mation technology and Internet of things, it is possible to 

realize intelligent and rapid data acquisition in big data form 

through multichannels of fresh agricultural product supply 

chain. Borrowing ideas from modern corporations that real-

ized real-time communication and acquisition of production 

data through RS-232/485 (RS record separator) or other 

interface data acquisition equipment 
[2] 

has become an inev-

itable choice to develop data acquisition terminal of fresh 

agricultural product supply chain. Under the background of 

Internet of things, wireless, intelligent and real-time data 

communication and acquisition in fresh agricultural product 

supply chain may improve communication efficiency 
[3]

, 

which is also an important basis for realizing the traceability 

of agricultural products. At present, data acquisition system 

has been applied only in a link of agricultural product sup-

ply chain. For example, Balachander 
[4] 

has verified the in-

tensity of data acquisition signal of wireless sensor network 

equipment under crop planting conditions; index data (such 

as temperature, humidity and light) during crop growth are 

acquired through software and hardware system based on 

ZigBee protocol in primary production stage of agricultural 

products 
[5–7]

. Currently, traceability system is established in 

some developed areas of China, however, due to traceability 

granularity and traceable unit, ideal traceability is hardly 

realized 
[8–11]

. 

The above studies mainly concentrated on data acquisi-

tion system construction or a specific aspect and there is no 

complete and systematic study on overall basic data acqui-

sition of fresh agricultural product supply chain, thus lead-

ing to incomplete overall data information of the supply 

chain, and it is hard to implement general management and 

traceability for fresh agricultural product supply chain. In 

this study, based on overall analysis of structural mechanism 

of fresh agricultural product supply chain, we designed an 

intelligent near field communication (NFC) data acquisition 

terminal system by using NFC tag and read–write technol-

ogy. After integrating bei dou system (BDS), global system 

for mobile communications (GSM) and NFC, we developed 

an intelligent data acquisition terminal of fresh agricultural 

product supply chain 
[12–20]

. Compared with other equip-

ment, the biggest difference of the equipment developed in 

the study is that the system has the function to read data, 

transmit them wirelessly and store them in NFC memory 

chip of the system, and the data stored inside the equipment 

may be read without Internet through a phone with NFC 

function, thus solving present issues of difficult data acqui-

sition, incomplete information and non-traceability of fresh 

agricultural product supply chain, and providing infor-

mation technology support for overall realization of intelli-

gent and scientific management of fresh agricultural product 

supply chain. 

1 Requirement analysis for data acquisition 

terminal and system structural design 

1.1  Requirement analysis for data acquisition 

terminal 

Since fresh agricultural products are manufactured, pro-

cessed, distributed and sold in low temperature conditions, 

data acquisition terminal of fresh agricultural product sup-

ply chain is required to accurately read, transmit and store 

related data in various environment conditions. The data 

acquisition terminal in this study is mainly used to control 

data reading and writing and transmit them to background 

management module, which can meet the rapid changing 

requirements of customers. The data acquisition terminal 

has the following functions and characteristics. In terms of 

functions: 1) Conduct setting for data acquisition equipment 

applied in the terminal system and corresponding interface 

initialization; 2) The terminal system can acquire effective 

data from the equipment during monitoring, and transmit 

data to background software system for processing; 3) The 

data acquisition terminal uploads working data stored in 

modules to data management system, and the data may not 

be altered after uploading to ensure data accuracy. In terms 

of characteristics: 1) The data acquisition layer features 

good expansibility which realizes data acquisition from in-

telligent terminal of fresh agricultural product supply chain. 

To meet the requirements for data acquisition in various 

links, different equipment models may be developed for 

various links of fresh agricultural product supply chain in 

accordance with technological process, and the system with 

good expansibility can operate normally after addition of 

new data acquisition procedure. 2) The system can be used 

repetitively in many data acquisition links; various intelli-

gent data acquisition terminals are adopted in different links 

and the data acquisition procedure varies based on equipment 
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model. The system shall be of good reusability to avoid 

heavy workload. 3) Data accuracy and continuity is the key 

point for testing and management of fresh agricultural 

product supply chain and is very important for stakeholders 

in the chain; therefore, the stability of system hardware and 

software is crucial. The data acquisition system features 

good stability and may operate continuously without any 

abnormal conditions. 4) The data acquisition interval is set 

within the range of 20 s–60 s during system testing and the 

intelligent data acquisition terminal meets the requirements 

under different test conditions. The data obtained is con-

firmed to be normal after observation. Therefore, for the 

system, data acquisition interval may be set in accordance 

with various frequency requirements in different links of 

fresh agricultural product supply chain. 

1.2 Structural design of data acquisition system 

Data acquiring environment and process of fresh agri-

cultural product supply chain are complex and much differ-

ence existed in various links, which brings great challenges 

to data acquisition. Key tasks are to realize intelligent data 

acquisition, mobile storage, multiple storage methods and 

classified processing and control based on modern intelli-

gent control technology in fresh agricultural product supply 

chain 
[21]

. For data acquisition terminal, it conducts posi-

tioning data acquisition and geological information acquisi-

tion combined with BDS module. The data acquired are 

uploaded to server through GSM module after processing 

and related information is stored in NFC card. The overall 

chart of data acquisition system of fresh agricultural product 

supply chain is shown in Fig. 1. 

 

Fig. 1  Data acquisition system 

2 Core hardware design of the data acquisi-

tion system 

The hardware of data acquisition terminal system of 

fresh agricultural product supply chain is mainly composed 

of hardware circuit of microcontroller, BDS hardware cir-

cuit, GSM hardware circuit and NFC hardware circuit, and 

each module adopts integrated power supply system. Due to 

power supply system overlaying, detailed circuits are not 

given here. 

2.1 CPU hardware design of the data acquisition 

system 

Freescale MC9S12G128 and 16-bit 64 Pin LQFP are 

adopted for control chip of core CPU of the system, which 

is characterized by multiple advantages such as low cost 

and power consumption, high performance, few pin and 

electromagnetic compatibility and is suitable to be applied 

in the data acquisition terminal in small size and low power 

consumption. Main CPU communicates with GSM and 

BDS modules and PC device through UART, and with NFC 

chip through SPI interface. After BDS data acquisition, data 

are encrypted in the process of manufacture, processing and 

distribution and are uploaded to background database in 

message and to local database through RS232. Data can be 

written to NFC tag through NFC chip. This realizes treble 

backup of data in links of fresh agricultural product supply 

chain and may meet the requirements for inquiry and veri-

fication by consumer and supervision department. CPU 

structural design is shown in Fig. 2. 

2.2 BDS module design 

BDS system, a satellite navigation system independently 

developed by China, features three functions (fast position-

ing, short message communication and accurate time trans-

mission) and is widely applied in many fields. Based on 

independent positioning and communication functions, ge-

ological information in each link of fresh agricultural prod-

uct supply chain is read and stored along with processing 

data in encryption manner. The encrypted data are uploaded 

to background database for storage in virtue of BDS com-

munication function. When a reader gets information of 

NFC tag, the information will be transmitted to Savant sys-

tem, and the system confirms the position where product 

information is stored through ONS and transmits product 

information in the file 
[22–23] 

to provide effective and scien-

tific evidence during product traceability. BDS system is 

characterized by wide coverage, 24 h communication, ex-

tensive monitoring and communication beyond location 

limitation, which may ensure the continuity of data acquisi-

tion and transmission in fresh agricultural product supply 

chain. Strict encryption monitoring and management of 

fresh agricultural products can be realized by using the 

point–point positioning function. The data acquisition ter-

minal system, by referring to these BDS characteristics and 

integration with NFC and GSM module, can fully meet re-

quirements for data acquisition in links of fresh agricultural 

product supply chain and realize scientific management of 

the chain. The BDS module design is shown in Fig. 3.
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Fig. 2  CPU architecture design 

 

Fig. 3  BDS module structure chart 

2.3 GSM module design 

GSM is composed of three subsystems, namely mobile 

station, base station subsystem and network subsystem. 

Based on the communication between GSM module and 

computer or RS232 interface of single-chip microcomputer, 

data acquired are stored in computer database and NFC 

module at the same time, and are written into NFC card or

read from NFC card by virtue of NFC module read-write 

function. GSM module design is detailed in Fig. 4. 

2.4 NFC module design 

NFC card can be used to store a large quantity of infor-

mation, and can be carried in mobile equipment, electrical 

product, PC and intelligent controls to realize near-field 

wireless communication and data transmission without ex-

ternal power supply. In case of more than 20 cm distance 

from data acquisition point to acquisition equipment, 

equipment magnetic field induction may be intensified to 

realize data acquisition. NFC technology can realize seam-

less connection of links of fresh agricultural product supply 

chain and mobile payment, ensure uniqueness of product 

tag and solve the problem of information distortion through 

improving anti-counterfeit capacity. The single-chip micro-

computer, through SPI interface, writes data encrypted by 

BDS into NFC tag through NFC chip PN532, which pro-

vides accurate data for the next link of the supply chain. 

NFC module structure is shown in Fig. 5.

 

Fig. 4  GSM module structure chart 
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Fig. 5  NFC module structure chart 

3 Software design and output of the data ac-

quisition system 

3.1 Development environment of the data acqui-

sition system 

3.1.1 Development environment of service terminal 

Hardware environment: dual CPU model i3 3240, CPU 

frequency of 3.4 GHz, 8 GB RAM, discrete graphics. 

Operation platform: windows server 2008 + sql server 

2008 + IIS7, NET Framework 3.5. 

Database: Microsoft SQL Server 2008. 

Development language: Delphi 7.0. 

3.1.2 Development environment of data acquisition 

terminal 

System operation platform: windows 7/windows xp. 

System development platform: windows 7/windows xp, 

etc. + RCP data management software + web data manage-

ment, NET Framework 3.5. 

Database: Microsoft SQL Server 2008. 

Development language: Delphi 7.0. 

3.1.3 Development environment of hand-held ter-

minal system 

Mobile or equipment with NFC function: App software, 

android system + ios system App. 

Software development tool: RCP data management soft-

ware + Delphi 7.0 for web data management development; 

Eclipse is adopted for development of Android system App 
[24–30]

. 

3.2 Software design of the data acquisition system 

Fig. 6 presents the overall software flowchart of data ac-

quisition system of fresh agricultural product supply chain, 

which mainly comprises input (storage) software of back-

ground data and operation data, transmission system of ac-

quired data and data inquiry software. During data 

acquisition, the data acquisition software conducts data ac-

quisition and transmission every 20 s–60 s, and the interval 

may be set in accordance with data acquisition frequency or 

working frequency of each corporation, and data acquisition 

software in different links can realize interruption based on 

data reading and transmission frequency. Digital data read 

by the system can be read and written without conversion. 

When the system is off-line, the system terminal stores data 

into NFC module, which has 4 M storage space and is ca-

pable of storing thousands of messages and changing stor-

age medium of NFC card in accordance with storage space. 

Fig. 7a, 7b and 7c respectively show data acquisition and 

input interface in manufacture and distribution links and 

data inquiry interface. 

 

Fig. 6  Overall data acquisition system software flow chart 

3.3 Software simulation output of the data acqui-

sition system 

Data acquisition of fresh agricultural product supply 

chain aims at realizing effective management for the supply 

chain and effective control and inquiry of products. The 

intelligent data acquisition terminal system can realize multi-

object processing and friendly development interface. The 

following is government inquiry terminal interface of the 

system (Fig. 7c). By using the module, the government can 

realize effective management for fresh agricultural product 

supply chain and implement intelligent control and moni-

toring over partial products according to the inquiry results. 

According to the commissioning in the corporation with the 

system software, data acquired were transmitted direction-

ally and wirelessly. Related environmental index and output 

results during the test are shown in Table 1. The test showed 

that reading speed and storage rate were reduced under ex-

treme conditions, however, these conditions are few in links 

of fresh agricultural product supply chain and data acquisi-

tion is unnecessary under these conditions; therefore it ex-

erts less influence on system application. In case that related 

data are required under extreme environment, sensor tech-

nology may be applied in wire manner according to the 

characteristics of data to be acquired, and the equipment 

application comprises two levels: 1) Realizing data acquisi-

tion and transmission through wireless LAN and wired 
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Fig. 7  Data acquisition system input and query interface 

LAN in production line. 2) In case that the terminal equip-

ment is out of LAN, data are acquired and transmitted 

through 3G communication technology; in case of no signal 

in remote areas, data acquired by the equipment are en-

crypted with timestamp and transmitted again when there is 

signal. Fig. 8 shows phone simulation output terminal of 

data acquisition system. Phone software design and devel-

opment develop a new method for acquired data output and 

inquiry, realize convenient inquiry of data input in links of 

fresh agricultural product supply chain and effective and 

overall inquiry of products under any circumstances, which 

creates a scientific method for traceability of fresh agricul-

tural product supply chain. 

Table 1  Test environment indicators and results 

 
Note: Relative humidity 60%–90%, Tags defacement degree 20%–100%. 

 

Fig. 8  Phone output of data acquisition system 

4 Conclusions 

The study aims at solving the issues of incomplete and 

discontinuous data acquisition in links of fresh agricultural 

product supply chain. The system developed not only reads 

information, but also transmits them wirelessly and stores 

information into NFC memory chip carried by the system 

itself. A phone with NFC function may be used to read in-

formation stored in the equipment without Internet. The 

following conclusions are drawn during system design and 

development: 

1) In this study, based on NFC and four data acquisition 

modules (BDS, GSM, NFC and calculation) in combination 

with Delphi 7.0 and Eclipse software platform development 

technology, we developed intelligent data acquisition ter-

minal system of fresh agricultural product supply chain and 

realized the design and development of hardware and soft-

ware for intelligent data acquisition and transmission in 

fresh agricultural product supply chain. 

2) The data acquisition system involves different links of 

fresh agricultural product supply chain such as breeding, 

production, distribution and consumption, and various tests 

were conducted under different temperature, humidity and 

label contamination conditions. The tests showed that data 

acquisition speed was reduced by 10%–25% under extreme 

environment in different links, but the saving rate is still 

100%; therefore, the terminal and system can be applied to 

conduct data acquisition and monitoring of fresh agricultur-

al product supply chain. 
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Disturbance compensation controller algorithm and implementation for  

Buck converters 

Ding Shihong, Wang Jiadian, Huang Zhenyue, Zhao Dean 

School of Electrical and Information Engineering, Jiangsu University, Zhenjiang 212013, China 

Abstract: There are a variety of disturbances widely existing in the agricultural devices, including uncertain pa-

rameters, input voltage variations and load changes and these perturbations heavily affect the output voltage of the 

Buck converter. The traditional proportional integral (PI) control methods are difficult to obtain satisfactory per-

formance. To solve this problem, many nonlinear theories have been applied to the Buck converter to obtain better 

control performance. However, the implementation of these nonlinear controllers, such as adaptive controller and 

fuzzy-neural controller, generally requires complex hardware circuit or advanced processor, which increases the 

cost of the production and reduces the reliability of the control circuit. In this paper, based on the disturbance ob-

servation theory, a new control method for disturbance attenuation is proposed. First of all, the conventional PI con-

troller is replaced with the variable-parameter PI (VAPI) controller, which not only possesses the 

easy-implementation characteristic the conventional PI holds, but also guarantees that the closed loop system will 

have a better performance in different control stages by online tuning the PI parameters. Then, a linear disturbance 

observer (DOB) is constructed to estimate the exact value of the disturbance which is caused by input voltage varia-

tions and load changes. The disturbance is estimated through the information of output voltage and the structure of 

control system, and the estimated value is used to compensate the disturbance in forward channel, which will sig-

nificantly improve the convergence and disturbance rejection property of the closed loop system. With the above 

improvements, a new composite controller can thus be obtained. The composite controller in the paper is imple-

mented by using a semi-physical experimental platform. The platform is mainly based on a data acquisition card 

and a buck circuit. When the system of the Buck converter is running, the output voltage can be collected by the 

data acquisition card. By calculating these voltage data, the control output signal can be obtained directly. Later, the 

data acquisition card will transmit the obtained control signal to the buck converter circuit. The advantages of this 

semi-physical experimental platform are making the implementation of the algorithm more flexible and the modifi-

cation of controller parameters more convenient. Based on the experiment platform, the implementation of the 

composite controller can be summarized as three steps. Firstly, the continuous composite controller is constructed in 

frequency domain. Secondly, the continuous composite control strategy is discretized so that the data can be pro-

cessed by computer. Finally, the discrete controller is implemented directly by using the LabVIEW program. Ex-

perimental results obtained from the semi-physical experiment platform show that after replacing PI controller with 

the composite controller, when the load varies, the recovery time of the Buck converter can be shortened by 71.4% 

and the output voltage error can be reduced by 20.8%. When the input voltage varies, the recovery time can be 

shortened by 58.3% and the output voltage error can be reduced by 30.0%. According to these comparative results, 

it is obvious that the proposed new composite controller can effectively improve the convergence and an-

ti-disturbance performance of the Buck converter. Meanwhile, considering the property of easy-implementation, the 

composite control method has potential applications in engineering area. 

Keywords: control systems; algorithms; optimization; Buck converter; variable parameter PI control; disturbance 

observer 

CLC number: TP273 

0 Introduction 

Over recent years, power electronic converter has been 

widely applied in agricultural field 
[1–3]

, such as high and 

low voltage transformation of direct current (DC) power sup-

ply in agricultural machinery, rural micro-grid interconnection 

and photovoltaic power generation. However, agricultural 

devices present diversified and complex load characteris-

tics, and inner parameters variations, which exerts higher 

requirements for control of power electronic converter. 

Therefore, it is more important to guarantee good stability 

and accuracy of converter under various internal and external 
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disturbances. Proportional integral differential (PID) control 

method which presents simple structure and 

easy-implementation characteristics has been widely ap-

plied. Ma et al. 
[4]

 proposed a PID control method of opti-

mizing parameters in Buck converter control by using 

genetic algorithm, which optimizes the performance of PID 

controller. However, this method is difficult to be applied in 

engineering because of its requirement of accurate mathe-

matical model. Cheng et al. 
[5]

 applied immune feedback 

theory in integral separation PID controller to realize 

self-tuning of PID parameters, and good robustness during 

model parameters variations. Although PID control method 

has been widely applied in the design of controller of Buck 

converter, it is hard to overcome the influences of some 

strong nonlinear factors in Buck converter. 

To obtain better control performance, many scholars de-

voted themselves to nonlinear controller design of DC-DC 

converter. Salimi M et al. 
[6]

 and Babazadeh A 
[7] 

applied 

adaptive theory and utilized on-line identification to revise 

control parameters, thus obtaining better control perfor-

mance under different working conditions. In References 

[8–10], fuzzy logic theory is applied to design controller. 

Compared with adaptive control, fuzzy logic control does 

not depend on accurate model, and the controller features 

simple structure, so it is applicable to large-signal disturb-

ance condition that linear controller cannot respond to. In 

References [11–12], artificial neural network theory is ap-

plied to design controller, which can realize nonlinear mod-

el approach to controlled object and restrain large 

disturbance after experiments. In References [13–16], slid-

ing mode controller with strong robustness is designed. Ac-

cording to the above results, nonlinear control method can 

make Buck converter still possess good stability and accu-

racy under large-signal working condition. However, its 

disadvantage lies in difficult serviceability. Using simulated 

circuit with high complexity can lead to excessive power 

loss, weak electromagnetic disturbance rejection capability 

and other problems, while using digital controller requires 

digital signal processor and other integrated chips, thus in-

creasing the costs. 

PID controller can simply realize the controlling, but it 

cannot guarantee accuracy under large-signal working con-

dition; nonlinear controller can better restrain disturbances, 

but it is hard to realize the controlling or causes higher 

costs. As a compromise method, disturbance observer can 

realize easy-implementation of PID controller and can also 

improve disturbance rejection property significantly. Dis-

turbance observer can estimate disturbances and counteract 

them, to significantly improve PID disturbance rejection 

capability. Therefore, linear control and disturbance observ-

er are combined in the design of controller, thus improving 

disturbance rejection property of the system. Currently, dis-

turbance observer has been widely applied in various fields 

such as motor speed regulation, aircraft navigation and ro-

bot control 
[17–20]

. 

Based on the above considerations, this paper adopts 

composite control strategy of linear control in combination 

with disturbance observer to improve control performance 

of the system, and verifies the strategy through simulation 

and experiment. 

1 Control system of Buck converter 

Fig. 1 shows schematic diagram of Buck converter, in-

cluding a DC power supply (Vg(V)), a power transistor (Sw), 

a fast recovery diode (D), a filter capacitor (C(pF)), a filter 

inductor (L(mH)), as well as a load resistor (R(Ω)),where, v 

refers to load voltage (V) and i refers to inductor current 

(A). 

Working process of Buck converter can be simply divid-

ed into two states as follows. As shown in Fig. 1, when Sw 

is opened, DC power supply will energize the loads, the 

capacitor will be under charging state and the diode D will 

be under cut-off state, load voltage v will be equal to Vg, 

and load current will rise exponentially. When Sw is closed, 

load current will continuously flow through the diode D, 

load voltage v will be approximately zero, and load current 

will decrease exponentially. When load resistance is con-

stant, Buck converter can be under stable state. 

 

Fig. 1  Principle diagram of Buck converter 

Note: C is filter capacitor, μF. L is filter inductance, mH. R is load re-

sistance, Ω. D is fast recovery diode. Sw is power transistor. v is output 
voltage, V. i is inductor current, A; DC is direct current power supply, V. 

Based on the above working process, space averaging 

method is utilized firstly to perform modeling of Buck con-

verter, then time-domain expression is transformed to 

frequency-domain expression, and finally the controller is 

discretized to obtain digital controller by designing the con-

troller according to frequency domain transfer function. 

As shown in Fig. 1, when Sw is opened, D will be in 

cut-off state. Circuit working state (a) can be expressed as 

follows: 

 
where: Vgrefers to voltage of power supply, V; R refers to 

load resistance, Ω; C refers to filter capacitance, μF; L re-

fers to filter inductance, mH; v refers to output voltage, V; i 

refers to inductor current, A. 

As shown in Fig. 1, when Sw is closed, D will be opened. 
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Circuit working state (b) can be expressed as follows: 

 
Under low frequency condition, the states a and b within 

a period are combined, namely Eqs. (1) and (2) are com-

bined to obtain: 

 
where: d(t) refers to duty ratio. 

Based on Eq. (3), space expression of state can be ob-

tained as follows:  

 
After Laplace transformation of Eq. (4), mathematical 

model of spatial frequency domain of states is obtained as 

follows: 

 
where: s refers to the variable of transfer function, d(s) re-

fers to transfer function of duty ratio.  

According to Eq. (5): 

 
This paper mainly discusses voltage-tracing control 

method. Eq. (6) is extracted to obtain mathematical model 

of Buck converter of controlled object: 

 
where: G(s) refers to open-loop transfer function of Buck 

converter, and v(s) refers to transfer function of output 

voltage. 

Control objective: the composite control strategy of state 

feedback in combination with disturbance observer is de-

signed to form closed-loop control system, which is expected 

to guarantee that output voltage v always approaches to the 

estimated value vref under strong disturbance condition. 

2 Design of composite controller 

2.1 Design of variable-parameter PI controller 

Control input of PI controller is obtained after linear 

combination of proportional (P) (the difference of estimated 

value and actual output value) and integral (I), and the con-

trol law can be expressed as follow: 

 
where: Kprefers toproportional gain, Ki refers to integral 

gain, e refers to output error, and u refers to control input. 

Variable-parameter PI (VAPI) controller maintains the ad-

vantages of PI controller such as simple structure, 

easy-implementation and reduced calculation, and also im-

proves control performance through parameter self-tuning 

during regulation. Compared with conventional PI control-

ler, VAPI controller does not require complex parameter 

regulation. Meanwhile, the on-line parameter tuning strate-

gy can make the system obtain stronger disturbance rejec-

tion property during running. 

During system rising, large absolute value of difference 

(e) between output voltage v and estimated value vref re-

quires large proportional component coefficient Kp to ac-

celerate response. With the gradual decrease of e, integral 

component coefficient Ki will increase, thus ensuring that 

there is no static error of output voltage v and overshoot 

will not increase. 

Gain selected in this paper is as follows 
[21]

: 

 
where: Kp0 and Ki0 refer to coefficients of original PI con-

troller; K'p, K'i and K''i refer to correction coefficients of 

VAPI controller. K'p can be selected within , 

K'I can be within [0, 1], and K''i can be within [1, +∞]. 

VAPI controller possesses disturbance rejection property 

superior to conventional PI controller; however, it is essen-

tially a method of “passively” eliminating disturbances 

based on feedback compensation. 

2.2 Design of disturbance observer 

Disturbance observer is designed to estimate system dis-

turbances and compensate them through feed-forward, thus 

directly counteracting adverse influence of disturbances on 

the system. It is added into control system as an additional 

inner-loop, as shown in Fig. 2. 

139



   

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

 

Fig. 2  Diagram of disturbance observer 

Nominal model Gn(s) is designed based on mathematical 

model (7). To realize physical feasibility of Gn
−1

(s), it is 

required to design Q(s) to make Q(s)Gn
−1

(s) become a ra-

tional proper fraction. Considering actual conditions of 

Buck converter, internal disturbance and control signal are 

generally centered on low-frequency stage, and measure-

ment noise is centered on high-frequency stage. During the 

design of low pass filter, it is required to realize the follow-

ing objectives: 1) when system frequency is less than cut-off 

frequency, |Q(jω)| ≈ 1, thus restraining disturbance and 

model perturbation; 2) when system frequency is greater 

than cut-off frequency, |Q(jω)| ≈ 0, thus restraining 

high-frequency measurement noise. With the increasing of 

order of Q(s), the system will obtain stronger robustness and 

its complexity will also be higher, which is unfavorable to 

application in engineering area. As to controlled object 

Gp(s), low pass filter can be designed as follow: 

 
where: Q(s) refers to low pass filter, and T refers to filtering 

time, s. 

Filtering time T can be selected as 10 times the system 

sampling period. 

Internal disturbances of Buck system are mainly caused 

by variations of input voltage and loads. In this paper, two 

disturbances are taken as examples for verification. 

Based on transfer functions of Buck system, system out-

put will be Y(s) = VgUc(s) when the system is under stable 

condition and is subjected to no internal disturbance; when 

the system is subjected to the above two disturbances, actual 

model Gp(s) of the system can be considered as follow: 

 
where: Gp*(s) refers to the actual model after disturbance, 

and v
*
 and R

*
 refer to the variations of input voltage and 

equivalent load resistance respectively. For the convenience 

of verification, it is assumed that R
*
 can be equivalent to vR

*
 

and meet the condition: 

 
After calculation, the following result can be obtained: 

 
Therefore, Gp

*
(s) can be modified into:  

 
Based on Eq. (14), system output Y(s) can be obtained as 

follow: 

 
where: U(s) refers to control input after compensation. 

where 

 
Eq. (16) is substituted into Eq. (15) to obtain: 

 
According to Fig. 2 (Diagram of disturbance observer), 

system output can also be expressed as Y(s) = Gp(s)(U(s)) + 

D(s)), therefore, . According to 

Fig. 2, the estimated value of disturbance is: 

 
Since Gp(s) = Gn(s), 

 

where:  refers to the estimated value of disturbance. 

And control input after compensation is: 

 
Relationship between control input after transformation 

and that after compensation is: 

 
Above two disturbances are added to obtain system 

output: 
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Eq. (21) is substituted into Eq. (22) to obtain: 

 
When time tends to be infinite, s will be approximately 

zero based on Laplace transform final-value theorem, 

thus  is obtained. Therefore, output 

disturbed is the same as output undisturbed, i.e., disturbance 

observer can be added to eliminate the above two internal 

disturbances in the system. 

3 Simulation verification 

This paper utilizes SimPowerSystems Toolkit in 

Matlab2010b for simulation verification. Parameters for 

buck circuit taken as controlled object during simulation 

include: DC input voltage Vg= 24 V, filter capacitance C = 

0.001 F, filter inductance L = 5 mH, and load resistance R = 

25 Ω. Simulation mode adopts discrete model with sam-

pling period of 0.01 ms in order to be more close to actual 

condition. 

Setting parameters for PI controller include: Kp= 0.5 and 

Ki = 3.5, while parameters of VAPI controller Kp0 and Ki0 

are equal to Kp and Kirespectively. In addition, VAPI cor-

rection parameters include: K′p = 0.1, K′i = 0 and K''i = 

3. VAPI parameters of composite controller are the same as 

parameters of VAPI controller. Based on Eq. (7), nominal 

model is designed as follow: 

 
Transfer function of pulse width modulation (PWM) 

controller is Kpwm = 1/5, and low pass filter is designed as 

follow: 

 
Based on actual application conditions, two disturbances 

are designed for buck circuit. Fig. 3a, 3b and 3c show the 

output voltage waveform of three controllers when the load 

resistance switches from 25 Ω to 50 Ω, respectively. Fig. 3d, 

3e and 3f show the output voltage waveform of three con-

trollers when input voltage fluctuates by 10 V, respectively. 

According to Fig. 3, in case of disturbance, output volt-

age is more stable and error is smaller after disturbance ob-

server is added. 

 

 

Fig. 3  Waveform of output voltage when load changes and input 

voltage varies 

Note: Fig. 3a, 3b, 3c show the output voltage waveform of three controllers 

when the load resistance switches from 25 to 50 Ω, respectively. And Fig. 
3d, 3e, 3f show the output voltage waveform of three controllers when 

input voltage fluctuates 10 V, respectively. 
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4 Experimental verification 

4.1 Design of underlying circuit 

Mainbody of underlying circuit in this experiment is 

constructed based on typical Buck converter circuit. Since 

output voltage exceeds voltage acquisition range of data 

acquisition card, voltage acquisition will be conducted after 

voltage dividing on two high-accuracy resistors at both ends 

of load resistor in parallel. Control shut-off device adopts 

IRF540 produced by International Rectifier (IR), and PWM 

module adopts TL494 produced by Texas Instruments (TI ). 

In addition, bootstrap element IR2110 produced by IR is 

adopted. Diagram of hardware circuit is shown in Fig. 4a, 

and figure of experimental platform is shown in Fig. 4b. 

 

Fig. 4  Diagram of experimental platform hardware for buck 

converter 

This experiment mainly utilizes TL494 which is a com-

mon DC-DC integrated controller to generate PWM signal. 

Frequency of TL494 internal oscillator is the same as that of 

PWM signal generated, which can be regulated by re-

sistance RT and capacitance CT, with signal frequency as 

follows: 

 
where: RT refers to resistance, Ω; CT refers to capacitance, F. 

This experiment selects CT = 1 000 pF and RT = 51 kΩ. 

And saw-tooth wave with amplitude of 3.5 V and frequency 

of 21.6 kHz is obtained. 

4.2 Procedure design of principal computer (PC) 

This experiment adopts PCIE9558 data acquisition card 

produced by ART Company to connect acquisition end and 

output end of data acquisition card to OUT+, OUT− and 

IN+ respectively as shown in diagram of hardware circuit. 

After processing of collected signals with PC LabVIEW, 

control input is calculated, and then underlying circuit is 

controlled after output from data acquisition card. 

Based on incremental PI control algorithm, digital VAPI 

controller is designed firstly: 

 
where: uk refers to control input of the k

th
 period, uk−1 refers 

to control input of the (k−1)
th

 period, ekrefers to error of the 

k
th

 period, ek−1 refers to the error of the (k-1)
th

 period, Δuk 

refers to variation of control input, T refers to control peri-

od, Ti refers to integral time and Kp refers to proportional 

gain. 

Basically, self-tuning component is added, with tuning 

rule shown in Eq. (8). Finally, digital VAPI controller is 

obtained: 

 
where: Uref refers to the estimated voltage, V. 

In Eq. (26), T refers to system sampling period, which is 

selected as 1 ms. Parameters of VAPI controller include: 

Kp0= 0.2 and Ki0= 1, and correction parameters include: K'p 

= 0.4, K′i= 0 and K′′i= 5. Then during the design of disturb-

ance observer, low pass filter is firstly selected as follows: 

 
Where: E(s) refers to transfer function of input of low pass 

filter. 

It is transformed into differential expression 

, and then Eulerian method is 

utilized to obtain: 

 
Similarly, based on transfer function expressed in Eq. 

(24) and PWM approximate transfer function (Kpwm = 

1/3.5), inverse of nominal model is obtained as Gn
−1

(s) = (5 

× 10
−6

 s
2
+ 10

−4
 s + 1)/6.86. And then Eulerian method is 
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utilized to obtain uk+1= (6.1ek+1− 10.1ek+ 5ek−1)/6.86. 

Final control input Uc is obtained by compensation value 

under disturbance observer plus control input of VAPI con-

troller. TL494 control voltage does not possess better linear-

ity in case of approaching to 0 V and 3.5 V; therefore, 

during the experiment, saturation element is then added 

after Uc is obtained (control input is limited to 0.2–3.3 V), 

and output to underlying circuit by data acquisition card. 

4.3 Experimental results 

This experiment adopts TDS2004C oscilloscope pro-

duced by Tektronix to conduct data acquisition for output 

voltage. Fig. 5 shows the comparison of output voltage un-

der PI controller and composite controller in case that load 

resistance abruptly decreases from 220 Ω to 100 Ω. Ac-

cording to Fig. 5, composite controller presents faster re-

sponse under the same disturbance. Output voltage under PI 

controller decreases to 9.6 V, while that under composite 

controller decreases to 10.1 V. Recovery time of output 

voltage under PI controller is about 2.1 s, while that under 

composite controller is about 0.6 s. 

 

Fig. 5  Waveform of output voltage under PI and composite con-

trollers when load changes 

Note: Load resistance decreased from 220 to 100Ω. 

Fig. 6 shows the effect comparison of variable input 

voltage disturbance eliminated by PI controller and compo-

site controller. During experiment, input voltage rises from 

18 V to 28 V. 

 

Fig. 6  Waveform of output voltage under PI and composite con-

troller when input voltage changes 

Note: Input voltage rises from 18 to 28 V. 

According to Fig. 6, output voltage under VAPI control-

ler presents smaller rising amplitude and faster response 

under the same disturbance, compared with PI controller. 

Output voltage under PI controller rises to 16.0 V, while 

output voltage under composite controller rises to 14.8 V. 

Recovery time of output voltage under PI controller is 1.2 s, 

while that under composite controller is 0.5 s. 

5 Conclusions 

This paper proposes a composite control method based 

on variable-parameter PI and disturbance observer as to 

common disturbances in Buck circuit of agricultural device. 

Experimental data shows that after adopting the composite 

controller, when the load varies, the recovery time of the 

Buck converter can be shortened by 71.4% and the output 

voltage error can be reduced by 8.7%. When the input volt-

age varies, the recovery time can be shortened by 50.0% 

and the output voltage error can be reduced by 29.3%. And 

disturbance rejection property and stability are improved 

effectively. Improvement on Buck circuit can ensure that 

agricultural devices will obtain more stable power support, 

and maintain the stability of the whole system under various 

complex working conditions. 
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on remote sensing and GIS 
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Abstract: As Nobel economics laureate Stiglitz predicted that China's rapid urbanization which started in twentieth 

Century 80 has taken a great influence on the process of global human society. In the past 10 a, China has experi-

enced the largest urbanization process in the world. Meanwhile, under the guidance of a series of agricultural policy, 

Chinese rural settlements have dramatically changed on spatial distribution and shape. As large rural population, the 

rural residential areas still are mainly living form for the agricultural laborers in the future for a long time in China. 

In order to encourage the coordinated development of regional economy, Chinese government has put forward in 

the New-type Urbanization promulgated (2014–2020) in March 2014. The New-type urbanization is a major way to 

solve three-dimensional rural issues and to promote the coordinated development of regional in Chinese rural area. 

The study area is located in the middle of Hexi Corridor in Gansu province of China(east longitude 100°6'–100°52', 

latitude 38°39'– 39°24'), with the total area of 3.66 × 103 km2 and the population up to 18.95 × 104 in 2011. In the 

recent 10 a with the rapid expansion of the urban boundary, a large number of cultivated lands around the borough 

were occupied. In the pastoral interior, so many rural settlements were built and expanded which cause a series of 

ecological and environmental problems. Considering the above reasons, in order to profoundly understanding the 

process stage of rural urbanization and the factors of farmers willingness to participate rural urbanization and to ex-

plore the suitable model of rural urbanization, this thesis uses the Ganzhou district in Zhangye city, Gansu province 

as an example, combined with temporal and spatial changes of rural residents as well as the farmers' urbanization 

willingness survey, to analysis the factors of rural urbanization and to explore rural urbanization possible mode in 

future. Therefore, this paper first extracts the spatial distribution information of rural urbanization based on the 

Landsat TM/OLI in 1990, 2004, 2014 images in Ganzhou District, and then uses GIS spatial analysis and statistical 

methods to analyze variation law and reveal the process and characteristics of rural residential in Ganzhou District. 

Later, we applied Logistic regression method to explore the factors base on the wishes of farmers. Finally we con-

struct the urbanization pattern of Ganzhou district based on the above results. The main results of the study were as 

follows: 1) from 1990 to 2014, the number and area of rural residential Ganzhou district continues increasing, espe-

cially in the latest 10 years the rural residential area was significantly larger than 15 years ago, and the spatial ag-

glomeration effect is obvious. From this result, we can infer that the urbanization process has accelerated 

significantly for nearly 10 years in the study area, and the process has a significant difference in space. According to 

the different stages of urbanization in Ganzhou district, we divided into 3 stages including mature period, growth 

period and incubation period; 2) Logistic regression found that the main factors affecting farmers to take part in ur-

banization as follows: new skills training education, farmer's age, the number of family to migrant workers, the 

choice of hospital, per capital arable land, whether to support the land exchange. The primary factor of peasant 

household willingness to participate in new-type urbanization is concerns of survival skill after urbanization. The 

additional factors include their characteristics and status of rural health, such as the farmers' age, education etc. An-

other important factor is the new land policy factors related to new-tape urbanization. The seven factors were classi-

fied into non-agricultural skill type, combination agricultural and industrial type and agricultural dominant; 3) 

According to the different urbanization stages and types of farmer urbanization, we constructed various models of 

rural urbanization to match with the land exchange model and rural livelihood model. This study specified the pro-

cess of rural urbanization and provided the theory basis and the practice instruction for scientific and reasonable ru-

ral urbanization policy making. 

Keywords: land use; remote sensing; geographic information system; models; rural urbanization; Logistic regres-

sion; Ganzhou district 

CLC number: F291.1; F301.2 
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0 Introduction 

In the past 10 years, China underwent the largest urbani-

zation in the world [1]. However, there is still a significant 

gap between the current level of urbanization in China and 

that in developed countries. There is only quantity without 

quality, or the quality of urbanization is relatively poor. In 

addition, due to the obvious "urban bias policy" in the de-

velopment process of China, the urban-rural gap is widen-

ing [2]. In National Plan on New-type Urbanization 

(2014‒2020) issued by the State Council of China in March 

of 2014, it is noted that the new urbanization is an important 

means to solve the issue of "agriculture, rural, and farmers" 

in China, and it is also the powerful support to promote the 

regional coordinated development. It is a realistic choice for 

improving the quality of rural urbanization as how to break 

through the development model of urbanization in the his-

torical background of national new-type urbanization, break 

through the traditional guidance of metropolitans, establish 

the model of rural urbanization in line with the regional 

sustainable development, and correctly guide the transfer of 

rural population to moderate and small towns. Therefore, 

we first needs to clarify the stage of urbanization for the 

rural areas, and understand the types of livelihood of farm-

ers as the main body of rural urbanization, as well as their 

willingness to participate in the policy of urbanization. Only 

in this way, the relevant policies of urbanization developed 

by administrative authorities will have theoretical basis and 

practical meaning. 

As for the study of urbanization, since the Industrial 

Revolution in western developed countries, they used nearly 

200 years to complete the process of urbanization. On this 

basis, they developed and summarized a series of urbaniza-

tion theory system, such as location theory, structure theory, 

and migration theory of population. The typical theories 

include the concentric circle model, fan model, multi-core 

model, and Utopia model [3]. It is also believed that the ur-

banization process generally follows the four stages of ur-

banization, suburbanization, reverse urbanization, and 

re-urbanization [4]. Different from the domestic studies of 

urbanization, the system of urbanization theory in western 

developed countries pay more attention to the studies on the 

dynamics and models of big cities, with less concern on 

rural areas. Due to the constraint of large population and 

resource environment, in China, we cannot simply copy the 

model of large urbanization in western developed countries. 

Instead, we should follow the national situation, and devel-

op the development strategies of urbanization in moderate 

and small towns. In recent years, many scholars also studied 

and analyzed the path, model, and dynamic mechanism of 

rural urbanization. It is mainly summarized as the following 

three aspects: 1) research of dynamic mechanism. The rep-

resentative work includes that of Feng [5] and Li et al. [6], 

who analyzed the interest motivation, industry motivation, 

and regulation motivation that promote the progress of rural 

urbanization, and the interactive relationship between them. 

From the perspective of comparative interest motivation, 

Xiao [7] proposed that the rural urbanization process is com-

pleted under the dual impact of agricultural internal motiva-

tion and non-agricultural external motivation; 2) study of 

path and model. According to the research results of schol-

ars, Yan et al. [8] summarized the two urbanization modes, 

i.e., from high level to low level and from low level to high 

level according to the different role of government and folk. 

Chen et al. [4] made the further detailed studies, and pro-

posed that the rural urbanization modes achieved in China 

are classified into two kinds of in-situ type urbanization and 

migratory urbanization; according to different paths, they 

are also classified into agricultural in-situ urbanization, in-

dustrial in-situ urbanization, third industry in-situ urbaniza-

tion, active migratory urbanization, and passive migratory 

urbanization; 3) studies on regional characteristics of ur-

banization. The regional difference is relatively large from 

south to north in the rural area of China. The scholars con-

ducted the studies of rural urbanization problem in different 

areas. For example, Li [9] and Gao [10] respectively studied 

the urbanization process in Heihe River Basin. By summa-

rizing the relevant studies in China and other countries, their 

common feature is treating the research area as a whole 

part, therefore neglecting the local difference inside the re-

gion, while the presence of this local difference makes it 

difficult to promote and implement the research results in 

the reality. Secondly, the aforementioned studies ignored the 

urbanization recognition and participation willingness of 

farming households as the main body of rural urbanization. 

For that reason, in this paper we look into the interior of 

region and characterize the rural urbanization process by 

analyzing the evolutionary feature of each rural settlements, 

and clarity the urbanization stage of each rural settlement 

and the impacting factors for the urbanization of farming 

households. At last, we combine the aforementioned results 

of analysis to construct the diversified mode of rural urban-

ization. This study has broken through the traditional re-

search method, and for the first time combines the 

impacting factors for the urbanization on the level of farm-

ing households to construct the model of future urbaniza-

tion. The research ideas and methods can provide the 

scientific basis for the formulation of relevant policies and 

rural urbanization. 

1 Overview of research area 

Ganzhou District is located in the central of Hexi Corri-

dor, Gansu Province, and in the middle reach of Heihe Riv-

er. It is in the range of 100°6'‒100°52'E and 

38°39'‒39°24'N. It borders in north with Heli Mountains 

and Longshou Mountains to connect with Alxa Right Ban-

ner of Inner Mongolia Autonomous Region, and borders in 
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south with Qilian Mountains; the central part is Hexi Corri-

dor Plain, and the terrain tilts from southeast to northwest; 

the average elevation is 1474 m. Lanzhou-Xinjiang Rail-

way, Lianhuo Expressway, and 312 National Highway pass 

through the region. Ganzhou District is the center of poli-

tics, economics, and culture of Zhangye City, which now 

governs 10 towns, 8 villages, and 1 district, with area of 

about 3.66 × 103 km2. The total population in 2011 is 51.70 

× 104, with non-agricultural population of 18.95 × 104, 

which accounts for 36.65% of the total population [11]. In 

this study, because the population in Mongolian Autono-

mous Township of Pingshan Lake accounts for less than 1% 

of the total population in the entire Ganzhou District, and it 

is concentrated in the location for the government of town-

ship, the research area of this paper does not include Mon-

golian Autonomous Township of Pingshan Lake (as shown 

in Fig. 1). 

 

Fig. 1  Location of study area 

2  Data processing and method of study 

2.1 Method of data processing 

The remote sensing data used in this study are from the 

images during three time periods of TM in 1990, ETM+ in 

2004, and OLI in 2014 of the United States Geological 

Survey (USGS) (http://glovis.usgs.gov/). For the down-

loaded images, we conduct the cutting of research area, ra-

diometric calibration, and atmospheric correction in the 

ENVI5.1 software, refer to the extraction method of rural 

settlements described by Yang et al. [12] and Zhu et al. [13], 

and establish the rule set in the ENVI5.1 software to extract 

the settlements and extract the rural settlements. At last, on 

the ArcMap10.0 platform, we use terrain map of Zhangye 

City on the scale of 1:10,000 and the Google Earth images 

in 2004 and 2014 to revise the extracted settlements, and 

therefore obtain the distribution information of settlements 

at different periods. 

2.2 Method of data analysis 

For the extracted information of rural settlements, we 

first analyze the number and area of patches on a statistical 

basis. Then, under the platform of ArcView10.0, we ex-

tracted the geometric center of each settlement, and used the 

Kernel density estimation and hot-spot analysis to study the 

characteristics of spatio-temporal differentiation for the ru-

ral urbanization in Ganzhou District. 

2.2.1 Kernel density estimation (KDE) 

KDE is the commonly used method in the GIS spatial 

analysis [14]. By establishing a smoothed circular surface 

around each element point in the region, then calculating the 

distance from the element point to the reference position 

based on the mathematical function, we calculate the sum 

for all the surfaces of reference positions, and establish the 

peak values and kernels of these points to construct the 

smoothed continuous surface. The Kernel density estimation 

belongs to the statistical method of non-parameter density 

estimate, and its model is as follows: 

 
where f(x) is the value of Kernel density estimation at the 

estimate point x; n is the number of settlements; h is the 

bandwidth or the smoothing parameter; K is the kernel 

function; (x – xi) is estimated distance from settlement x to 

the sample settlement xi. 

2.2.2 Analysis of hot spots (Getis-Ord Gi*) 

In order to characterize the process of urbanization at 

different residential areas, we need to divide the stage of 

urbanization for different types of rural residential sites. In 

this study, we use the statistical quantity of high/low clus-

tering analysis tool Getis-Ord Gi* for the GIS spatial statis-

tics [15] to determine the state of spatial agglomeration at the 

rural residential sites of the research area. Getis-Ord Gi* 

evaluates the status of agglomeration at each residential site, 

and then compares with the overall situation of agglomera-

tion to divide the stages of rural urbanization. The model of 

calculation is as follows: 

 
where d is distance, Wij(d) is the spatial weight defined by 

the distance rule; xi and xj are respectively the rural residen-

tial sites in region i and j. For the convenience of interpreta-

tion and comparison, we normalize G*(d) to derive Z(G*d) 

= (G*d −E(G*d)) / var(G*d), where E(G*d) and var(G*d) 

are respectively the mathematical expectation and deviation 
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of G*(d). If Z(G*i) is positive, and is statistically signifi-

cant, it means that the value around position i is relatively 

high (higher than average), belonging to the low gathering 

area; if Z(G*d) is negative and is statistically significant, 

which indicates that the value around position i is relatively 

low (lower than average), belonging to the high gathering 

area. 

2.2.3 Logistics regression model 

In order to understand the impacting factors for the 

farmers to participate in the urbanization, in this study we 

design the relevant questionnaire, and adopt the Logistics 

regression model to analyze the survey results. The de-

pendent variable in the Logistics regression model is 

whether the farming household is willing to convert from 

farmers to citizens under the impact of various factors, 

which is a qualitative (will = 1 or will not = 0) dichotomous 

variable, and the explanatory variable is a discrete 

non-continuous variable. In order to estimate the non-linear 

relationship between this dependent variable and explana-

tory variable, the most widely used is the Logistic model 
[16–17]. 

 
In the practical regression, we take the linear transfor-

mation of the model above by using the natural logarithmic 

ln(P / (1 − P)), in order to conduct the linear regression to 

estimate the magnitude of b. 

 
where P is probability of whether willing to become a citi-

zen. The value of this probability varies in the range of [0, 

1], and it is affected by the factors of basic characteristic 

age of farmer household and the land exchange, and other 

factors (x1, x2, …, xk). Here b is the weight of impacting 

factors (explanatory variables), and is the coefficient to be 

regressed from the model. 

3  Characteristics of spatial and temporal 

differentiation in rural urbanization 

3.1 Characteristics of temporal evolution in rural 

urbanization 

The distribution information of residential settlements in 

Ganzhou District extracted from three periods of remote 

sensing images is shown in Fig. 2. In 1990–2014, the num-

ber of rural settlements and the area of polygons increased 

significantly. Table 1 shows the detailed statistics for the 

characteristics of variation in the number of rural settle-

ments in Ganzhou District. The area of polygons and the 

total number of polygons in 1990 are both smaller than the 

number and area of relevant polygons in 2004 and 2014. 

From 1990 to 2014, it is divided into two stages with 2004 

as interval. Although the previous stage is 5 years more than 

the latter stage, the growth rate of polygon number for the 

rural settlements (21.4%) is obviously higher than the latter 

stage (13.6%). The average area of polygons for rural set-

tlements is 3.50 × 104 m2 in 1990, is 3.83 × 104 m2 in 2004, 

and increases to 4.99 × 104 m2 in 2014. The average change 

rate of polygon area at the first stage (9.4%) is far lower 

than that (30.3%) at the second stage. The maximum area of 

polygon also increases from 51.29 × 104 m2 to 59.36 × 104 

m2, and then to 70.65 × 104 m2. The areas of the largest 

fragment are not different considerably in 2004 and 1990, 

while the area of the largest polygon increases significantly 

in 2014. The distribution pattern of rural settlements in time 

reflects the characteristics of progress in the rural urbaniza-

tion. As the number of rural settlements increases and the 

area grows, the progress of regional urbanization is rela-

tively obvious. For example, the rural settlements near the 

urban area of Zhangye City are continuously replaced by 

towns along with the expansion of urban boundaries. 

3.2 Characteristics of spatial distribution for ru-

ral urbanization 

The variation in the area and number of settlements only  

 

Fig. 2  Spatial distribution of rural settlements in 1990, 2004, 2014 of Ganzhou district 
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Table 1  Fragment summary of rural settlements in 1990, 2004, 
2014 of Ganzhou district 

 
reflects the overall progress of rural urbanization, but it 

cannot accurately express the differentiation process of rural 

urbanization in space, while the spatial analysis and statis-

tical tool of GIS can achieve this goal. Fig. 3 shows the re-

sults of kernel density estimate for the rural settlements in 

Ganzhou District. From Fig. 3 we can see that: 1) In 

1990–2014, the rural settlements in Ganzhou District gener-

ally exhibit the distribution trend to continuously centralize, 

and the centralizing effect is more obvious in 2004‒2014, 

which indicates that the rural urbanization process signifi-

cantly speeds up in Ganzhou District. 2) In the past 25 a, the 

rural settlements always exhibit the characteristics of high 

centralization around the urban area of Zhangye City, and 

the density and range of rural settlements continue to ex-

pand. In 2014, the high-density area expands straightly to 

Dangzhai Town. On Google Earth, it is found that these 

areas of high centralization have the obvious characteriza-

tion of suburbanization of cities; the road is dense, and the 

structure of land use is broken; different industrial facilities 

are deployed, and the landscape characteristics are signifi-

cantly different from other rural areas. Due to the speeding 

up of urban expansion and industrialization, these regions 

are the core area of future urbanization. Secondly, in the 

towns and villages along the main roads and railways in 

Ganzhou District, the rural settlements on two sides near the 

road also exhibit the significant high-density feature, such 

as Shajing Town, Jing'an Township, and Mingyong Town-

ship passed by Lianhuo Expressway, indicating that due to 

the impact of road, the industrialization and urbanization 

processes in these regions speed up, and it is also the area 

with the relatively large potential of urbanization in the fu-

ture. 3) In 1990‒2014, Huazhai County and Anyang County 

relatively far from the urban area are always in the state of 

low-density centralization; the population is small in this 

area, where the industrialization degree is low, and the pro-

gress of rural urbanization is slow. 

3.3 Stage division of rural urbanization 

In order to analyze in depth the stage of urbanization for 

each residential area, we use the statistical quantity of spa-

tial statistical method Getis-Ord Gi* for GIS to calculate the 

spatial clustering value of each settlement in Ganzhou Dis-

trict in 2014. The results indicate that under the situation of 

statistical significance, the value of Gi*Z (G*d) (Getis-Ord 

after standardization) is in the range of −3.5‒19.2. These 

results are classified into three levels using the ArcMap10.0 

software, which divides the urbanization process of all the 

rural settlements in Ganzhou District into three stages of 

mature period, growth period, and breed period, as shown in 

Fig. 4. 

The area of rural urbanization at the mature stage is 

mainly concentrated around cities, along the roads, and at 

the places for the government of different villages and 

towns. For instance, there are urbanization settlements of 

mature type distributed in Ganjun Town, Shajing Town, 

and even Huazhai Township. In these regions, the popula-

tion density is high, and the socioeconomic structure is 

diversified, with some attraction to the around rural re-

gions among the rural urbanization. During the growth 

period and breed period, the rural settlements are relatively 

far from the urban areas, and are interlocked distributed in 

different villages and towns. Table 2 lists in detail the typ-

ical villages, towns, and characteristics for different stages 

of urbanization. From the perspective of town and village 

distribution situation, the villages and towns in the growth 

period and breed period account for nearly above 70% of 

the 17 villages and towns in Ganzhou District, indicating 

that the potential of future urbanization is huge in Gan-

zhou District. 

 

Fig. 3  Kernel density of rural settlements in 1990, 2004, 2014 of Ganzhou district 
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Fig. 4  Urbanization stage distribution of rural settlements in 

Ganzhou district in 2014 

Table 2  Urbanization stage distribution of rural settlements in 
Ganzhou district based on GIS spatial analysis 

 

4 Survey and analysis of impacting factors 

for the rural urbanization based on the will-

ingness of farmers 

4.1 Design of questionnaire 

The analysis above clarifies the urbanization process in 

the entire Ganzhou District and the urbanization stage for 

each settlement. However, in the practical operation, we 

also need to understand the characteristics of livelihood for 

the internal household of each settlement and the willing-

ness to participate the urbanization. Therefore, in this study 

we refer to the design thought of Qu [17–18] and Kong et al. 
[19–21]

, the survey questionnaire of related farming house-

holds' perspective, and the questionnaire for Survey on the 

Recognition Degree and Participating Willingness of Farm-

ing Households for Rural Urbanization. From July 25 to 

July 31 in 2014, we conducted the questionnaire giving out 

and interviewing for seven days; we gave out a total of 120 

questionnaires, and collected 120 questionnaires, including 

118 effective questionnaires. Table 3 shows the main index-

es involved in the questionnaire and the average and devia-

tion of indexes. 

4.2 Analysis of impacting factors for rural ur-

banization based on the willingness of farmers 

4.2.1 Regression of logistic model and verification 

In order to eliminate the impact of different index dimen-

sions on the data analysis, we conduct the normalization 

process on the data of statistical arrangement, and project 

the original statistical value to range [−1, 1]. We use toler-

ance and variation coefficient of expansion (VIF) to meas-

ure the collinearity of independent variables [22]. The 

method of parameter estimation uses the maximum likeli-

hood method, and adopts the stepwise selection and param-

eter estimate of factors. The output result of SPSS 19 

software is shown in Table 4. From Table 4, we can see that 

other than the constants, the statistical significances are all 

smaller than 0.05, and the freedom degree is 1; moreover, as 

the model gradually proceeds, the chi-square value becomes 

larger, which indicates that the model is more and more 

obvious, and the gradual regression stops after step 7. The 

logarithmic likelihood value −2Loglikelihood in the testing 

results of regression model reaches 49.94, Cox and Snell R 

Square determination coefficient is 0.59, and the 

Nagelkerke R Square value is 0.81. The overall fitting de-

gree of model is relatively good. 

4.2.2 Analysis of regression results for the Logistic 

model of household willingness 

Through Logistic regression, eventually there are seven 

factors entering the Logistic regression model, which in turn 

are skill training of farmers x19> educational level x3> age 

x2> number of family members working in other cities x4> 

type of selecting hospital x14> per capita cultivated land 

area x6> whether support the land exchange x8. We inferred 

that on this basis that this result indicates that the primary 

factor that affects the conversion of farmers to urban citi-

zens is the dependence of farmers on the skill training, fol-

lowed by the intrinsic features of farmers (e.g., age and 

educated level). The last is the rural medical facilities and 

the policy factors of rural land exchange related to the rural 

urbanization. 

Logistic regression results indicate that the regression 

coefficient of skill training for farmers x19 (8.47) is greater 

than the regression coefficient of other factors, and it is 

ranked the first of impacting factors. This indicates that for 

most farmers who want to become residents of cities, they 

hope to have a skill to live in the cities, and have the stable 

job and fixed income. In the survey, 50.85% of those sur-

veyed expressed to give up the participation because they  
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Table 3  Main indicators and statistics value of questionnaire 

 

Table 4  Logistic regression results based on household's will-
ingness 

 
never heard of it or thought it to be meaningless, and 

49.15% expressed they participated before but felt the re-

sults were not good. When they were asked about the con-

tent that is expected to be trained in the future, 70.10% of 

those surveyed expressed the hope to participate in the 

training of modern agriculture (special economics, green-

house flowers, and deep processing of agricultural products) 

or modern services (electric welding, car maintenance, hotel 

staff and so on). Many farmer households believe that in 

addition to master the new skills, they should receive the 

training certificates from the trained content, in order to 

easily find the job in the cities. 

The next is the basic characteristics of farmers, which are 

respectively the educated level of farmers, x3, and ages, x2. 

Among the object of this survey, males are more than fe-

males, and the overall age is relatively large (age 45). For 

the education level of residents surveyed, 42.37% are under 

the elemental level, and only 16.94% are high school and 

above. The educated level determines the knowledge struc-

ture and recognition capability of farmers. The age is nega-

tively correlated with the willingness for farming 

households to convert to citizen of cities, namely the 

younger, the more willingness to enter cities. Most elderly 

people believe that "the air pollution is serious in cities", "in 

the cities, it does not have that much freedom as in the rural 

areas", and "there are no human feelings in the cities", and 

they would rather to stick to the local community, unwilling 

to go to cities. The second factor that is negative correlated 

to the willingness of farming household to enter cities is the 

per capita cultivated land area, namely if the per capita ara-

ble cultivated area is larger, it is less willing to go to cities. 

This point is probably related to the traditional thought of 

agricultural standard in the research area. 

If the number of people in the family working in other 

cities (x4) is larger, the willingness of urbanization is higher. 

Ganzhou District is the traditional agricultural planting area 

of maize and wheat. However, in recent years, as the agri-

cultural planting coast (e.g., fertilizer and water rate) in-

creases, some households transfer the economic growth of 

family to working in other cities. From their respective, the 

rural land exchange is conducive to farmers, and therefore 

they are all relatively willing to support the land exchange 

and are willing to exchange all the land, which will settle 

the worries so that they can work with peaceful mind. 

Whether support the land exchange, x8, is the seventh 

factor that affects the urbanization willingness of farming 

151



   

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

households. However, we found that in the survey that those 

farming households who do not support the land exchange 

worry about that once the land is exchanged, it will be dif-

ficult to call back the right of management; secondly, they 

worry about that most cultivated lands are planted with 

economic crops (e.g., grape) or even deployed with indus-

try, which alters the land property and the original tillage 

patterns, and it will be difficult for cultivation even the right 

of land management is called back. Overall, in the term of 

"whether support the land transfer", the selection of farming 

households not only has the hesitation on the current poli-

cies of land exchange, but also has the worries on the right 

of land management after the land exchange. 

Rural medical facilities are another factor that affects the 

rural urbanization, and the logistic regression coefficient of 

"selection of hospital type x14" is 2.72. In the survey of 

farmers, about half (51.10%) farmers select the hospitals on 

the level of county, town, and above, and 33.05% choose to 

take care in the near clinics of local villages. This indicates 

that those people with strong desire for urbanization are 

mostly willing to select the large hospitals on the level of 

county and above. 

4.3 Division of livelihood types for the rural ur-

banization 

According to the survey and analysis early in this paper, 

the conversion of household livelihood mode is affected by 

the factors of intrinsic characteristics of livelihood skills of 

farming households, age, and educational level, working in 

other cities, and recognition of policies regarding the Na-

tional Plan on New-type Urbanization. On this basis, in this 

study we will divide the types of household livelihood in the 

urbanization progress into the tree types in Table 5 accord-

ing to the aforementioned seven factors, and describe in 

details the characteristics of household for each type. 

5 Exploration and analysis of multi-mode 

model of rural urbanization in Ganzhou Dis-

trict 

The analysis above clarifies the stage of rural urbaniza-

tion for the rural settlements in different villages and towns, 

also analyzes the impacting factors on urbanization of the 

household level, and divides the types of household liveli-

hood. However, in the practical process of rural urbaniza-

tion, people are more concerned on how to promote the type 

of farmer household dominated by agriculture to transition 

to agro-industrial and non-agricultural skilled types, and 

concerned on how to nurture the towns in breed stage and 

growing stage to the mature stage. 

It is noted in National Plan on New-type Urbanization 

(2014‒2020) that rural urbanization is the natural historical 

process for the centralization of non-agricultural industries 

in towns and centralization of rural population toward the 

towns accompanied by the development of industrialization. 

However, in the process of rural residents moving into cities 

and towns, the urbanization of rural land proceeds at the 

same time, and therefore ultimately the rural urbanization is 

the process of rural urbanization of population and urbani-

zation of land [23]. It is found in the survey that Ganzhou 

District is a traditional agricultural planting region. The land 

urbanization in the rural region is mainly conducted in the 

form of land exchange, and the pattern of land exchange to 

some extent represents the pattern of land urbanization. In 

the urbanization process of rural population, the first re-

sulted change is the conversion of household livelihood 

pattern, which converts gradually from the traditional tillage 

manner to citizens of cities, and therefore the conversion of 

household livelihood type represents the process of rural 

population urbanization. On this basis, by combining the 

urbanization stages and livelihood types of farmer house-

holds, in this paper we constitute 9 different models of rural 

urbanization, as shown in Table 6. 

Table 5  Household livelihood type of urbanization in Gan-
zhoudistrict 

 
It needs to be noted that in this survey, among the 

households to be surveyed, 67 households participated 

partly or entirely the rural land exchange, accounting for 

56.78% of totally 118 households, and all of them are culti-

vated land. As for the policy of rural land exchange, only 

5.93% fully understand, and 8.47% expressed that they 

never heard of; the vast majority expressed that they heard 

of (33.05%) or understand a little (52.54%). 83.27% of the 

surveyed households expressed to support the rural land 

exchange, and 71.19% of the households are willing to ex-

change the land to the households, relatives, and friends in 

the same village who are relatively reliable; only 28.81% of 

the households are willing to exchange the land to enter-

prises or governments. On the exchange pattern, for either 

homestead or farmland, the cash exchange (homestead ac-

counts for 48.31%, and farmland accounts for 41.53%) is 

the most direct exchange pattern. Besides, 38.14% of the 

households wish to exchange homestead for house, and 

20.34% of the households wish to lease the farmland or 

exchange for endowment insurance; the exchange manner 

152



   

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

to use the cultivated land as the shareholder for dividends 

only accounts for 5.93%. It is not difficult to see that from 

the perspective of either the exchange object or the ex-

change manner, it reflects that the research area lacks the 

community organization and market mechanisms of land 

exchange. In addition, in Table 6, the land exchange mode 

or the urbanization mode is not necessarily the fixed collo-

cation; in reality, however, it should be determined depend-

ing on the specific situation. 

Table 6  Rural urbanization models based on different urbaniza-
tion stage and different household livelihood 

 

6 Conclusions and discussion 

1) In the past 25 a, the rural settlements in the study area 

(except Mongol nationality of Pingshan Lake) is generally 

in the state of centralization, and the number and area of 

rural settlements significantly increase. In particular, since 

the recent 10 a, the rural settlements in the study area exhib-

it an obvious trend to centralize toward the center of various 

towns and villages. However, generally speaking, the rural 

urbanization of most villages and towns in Ganzhou District 

are still located in the growth period and breed period. The 

rural settlements in the mature area are mostly located in the 

vicinity of urban area and at the center of different villages 

and towns. The potential of future urbanization is enormous 

in Ganzhou District. 

2) As for the factors that affect the willingness of farmer 

households to participate in urbanization, except for their 

age and educational level, the greatest factor is the concern 

of re-employability after losing the land (after land ex-

change). The following factor is the medical care in rural 

areas, and the last one is the rural policies of land exchange. 

It is the important manner to promote the farmers to partic-

ipate in the urbanization process by strengthening the train-

ing of non-agricultural skills on farmers and establishing the 

improved rural market of land exchange. 

3) By combining the stages of urbanization in different 

towns and the farmer households of different types of live-

lihood in Ganzhou District, we construct the multi-pattern 

model of urbanization. It should be noted that Ganzhou 

District is the traditional base of farming industry and im-

portant commodity grain in Gansu Province, the driving 

force of rural urbanization is not sufficient. Therefore, it is 

an important means to improve the driving force of urbani-

zation by introducing industry and making more efforts to 

cultivate and develop the cultivation and aquaculture of 

modern-scale. In space, we can vigorously promote the 

transformation of regions in breeding and growing periods 

to the urbanization in mature period by changing the plant-

ing structure and promoting the land transfer; as for farmers, 

we can reduce the proportion of farmer households living 

on agriculture by gradually changing the manner of liveli-

hood through the practical training, and improve the propor-

tion of farmer households with non-agricultural skills. Next, 

the urbanization model is also a kind of likelihood, rather 

than a fixed model. 

By using the remote sensing and GIS method, this study 

illustrates the process of rural urbanization through the his-

torical evolution of rural settlements, which has some inno-

vation on the method and thought. However, the complexity 

of the research subjects makes the research results relatively 

one-sided. In the future study, by comprehensively consid-

ering the industrialization and urbanization, the inclusion of 

data on the aspect of socioeconomics will make the research 

results more reliability. Secondly, there is considerable room 

for improvement on the techniques and methods used in this 

study. Due to the limitations of remote sensing image qual-

ity and the technique of image information extraction, the 

extraction result is not obvious for those settlements that are 

relatively small area and relatively sparsely distributed. By 

establishing the new method of classification and using the 

images with even higher resolution, we can improve the 

accuracy; in the Logistic regression analysis, the factors 
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included in the regression model are limited due to the small 

number of samples, and therefore it may inclusively contain 

other factors that affect the urbanization of farming house-

holds, eventually may leading to the misguidance of results 

for dividing the types of household urbanization. In the fu-

ture studies, we should increase the number of samples, and 

improve the quality of questionnaire. 

References 

[1]Lu Dadao.Research on the urbanization's framework and content in 

geography[J].Scientia Geographica Sinica，2013，33(8):897-901.(in 

Chinese with English abstract) 

[2]Yao Shimou，Zhang Pingyu，Yu Cheng，et al.The theory and practice of 

new urbanization in China[J].Scientia Geographica Sinica，2014，
34(6):641-647.(in Chinese with English abstract) 

[3]Xiao Yi.Rural Construction of Balanced Urban and Eural Develop-

ment:Overseas Experience and Insights，Taking Britain，the United 

States，Japan，Korea and India for Examples[D].Wuhan:Central China 

Normal University，2011.(in Chinese with English abstract) 

[4]Chen Huitao.Study on Rural Urbanization Model Selection in Fujian 

Province[D].Fuzhou:Fujian Agriculture and Forestry University ，
2014.(in Chinese with English abstract) 

[5] Feng Shangchun，Study on China's Countryside Urbanization Motive 

Force [D].Changchun: Jilin University，2004: 83-120. (in Chinese) 

[6]Li Shitai，Sun Fenghua.The exploration of ways of developing the 

industrialization of ecological agriculture[J].Ecological Geography，

2006，26(5):815-818.(in Chinese with English abstract) 

[7]Xiao Wanchun.Chinese Rural Urbanization Research on[D].Beijing:The 

Central Party School，2005.(in Chinese with English abstract) 

[8]Yan Xiaopei，Lin Zhangping.The change of spatial disparities of urban 

development in Chian ， 1990s[J].Atca Geography Sinica ，
2004(3):437-445.(in Chinese with English abstract) 

[9]Li Mingji.Relationship between the Urbanization Procecss and the Re-

gional Ecological Responses in the Arid Inland Basins of the Northwest 

China:A Case Study on Zhangye of the Heihe Riv-
er[D].Lanzhou:Northwest Normal University2007.(in Chinese with 

English abstract) 

[10]Gao Xiaochen.Research of Rural Residential Land Consolidation Par-
tition and Its Mode Based on the Farmers Wishes:A Case of Ganzhou 

District Northwest[D].Lanzhou:Northwest Normal University，2012.(in 

Chinese with English abstract) 

[11]Xie Yaowen，Mi Peifeng.The temporal and spatial change of the oasis 

in Ganzhou District，Zhangye City of Gansu Province in the recent five 

decades[J].Chinese Journal of Ecology，2014，33(1):198-205.(in Chi-

nese with English abstract) 

[12]Yang Cunjian，Zhou Chenghu.The residential information extraction 

method of the TM images[J].Journal of Remote Sensing，2000，
4(2):146-150.(in Chinese with English abstract) 

[13]Zhu Man，Gong Hao，Yu Zhifeng，et al.A method of resident extraction 

in TM image based on object oriented image analysis[J].Journal of 

Geo-metrics Aug，2009，34(4):36-38.(in Chinese with English abstract) 

[14]Wang Fahui. Quantitative methods and applications based on GIS 

[M].Shanghai: The Commercial Press, 2009: 49-55. (in Chinese) 

[15]Ma Xiaodong，Li Quanlin，Shen Yi.Morphological difference and 

regional types of rural settlements in Jiangsu province[J].Atca Geogra-

phy Sinica，2012，67(4):516-525.(in Chinese with English abstract) 

[16]Qu Yanbo，Jiang Guanghui，Zhang Fengrong，et al.Models of rural 

residential land consolidation based on rural house-
holds’willingness[J].Transactions of the Chinese Society of Agricultural 

Engineering(Transactions of the CSAE)，2012，28(23):232-242.(in 

Chinese with English abstract) 

[17]Wang Jichuan, Guo Zhigang. Logistic Regression Model--Method and 

application [M]. Beijing: Higher Education Press, 2001: 2-10. (in Chi-
nese) 

[18]Qu Yanbo，Zhang Fengrong，Song Wei，et al.Integrated correction and 

calculation of rural residential consolidation potential:A case study of 

Pinggu District ， Beijing[J].Atca Geography Sinica ， 2012 ，
67(4):490-503.(in Chinese with English abstract) 

[19]Kong Xuesong，Liu Yanfang，Zou Yafeng，et al.Calculation of land 

consolidation potential and optimization of rural residential areas based 
on households’willingness[J].Transactions of the Chinese Society of 

Agricultural Engineering(Transactions of the CSAE) ， 2010 ，
26(8):296-301.(in Chinese with English abstract) 

[20]Xia Fangzhou，Yan Jinming，Liu Jiansheng.Research on governance 

path of rural settlements reconstruction patterns[J].Transactions of the 
Chinese Society of Agricultural Engineering(Transactions of the 

CSAE)，2014，30(3):215-222.(in Chinese with English abstract) 

[21]Wang Chen，Wang Lipung，Li Xiaoqing，et al.The source of the 

forward security of farmers'livelihood and settlement integration:Based 

on the survey of 471 farmers in Bailin village，west suburbs of Chong-

qing[J].Acta Geographica Sinica，2011，66(8):1141-1152.(in Chinese 

with English abstract) 

[22]Zhon Xiaolan，Li Jiangtao，Feng Yanfen，et al.Farmland transfer 

willingness and behavior in the perspective of farm household cognition 

in guangdong province[J].Resources Science ， 2013 ，
35(10):2028-2093.(in Chinese with English abstract) 

[23]Chen Fenggui，Zhang Hong′ou，Wu Qitao，et al.Research on the 

coordinated development of population and urbanization in Chi-

na[J].Human Geography，2010(5):53-58.(in Chinese with English ab-

stract) 

 

154



Transactions of the Chinese Society of Agricultural Engineering No. 06 

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

______________________________________ 

Received: 2014-12-03 

Supported by: Special Scientific Research Fund of Public Welfare Profession of Chinese Ministry of Land and Resources (201111010-02) 

First author: Fan Shuping, male, born in Wuhu, Anhui Province, Ph. D., engineer, mainly engaged in the research of land sustainable use 

and evaluation. College of Public Administration, Nanjing Agricultural University, 210095. Email: fanshupingnm@126.com 

Corresponding author: Liu Youzhao, male, born in Huaian, Jiangsu Province, doctoral supervisor, mainly engaged in the research of land 

sustainable use and evaluation. College of Public Administration, Nanjing Agricultural University, 210095. Email: yzliu@njau.edu.cn 

DOI: 10.3969/j.issn.1002-6819.2015.06.037  

Undertaking industrial land spatial suitability evaluation based on hierarchical 

fuzzy matter element model 
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Abstract: It is of vital importance for the central and western regions to distinguish the undertaken industrial types 

as well as land space layout on the basis of transferring industry, ecological environment and land development 

strategy. In this paper, Chizhou City, the typical representative of undertaking industrial types, from the perspec-

tives of location quotient and comparative labor productivity, constructs industrial transfer identification model and 

identifies regional undertaken industrial type. From four criterion layers of natural environment, infrastructure, de-

velopment degree and development benefit, construct the identification model and the evaluation index system and 

its city domain and the classical domain; using analytic hierarchy process (AHP) and fuzzy matter element analysis 

method and mathematical software such as Matlab7.0, Arcgis and Excel, identify the regional industrial types un-

dertaken and evaluate the industrial land development suitability. Research shows that Chizhou City industry loca-

tion quotient varies from the maximum value of 10.5421 to the minimum value of 0.0315, which demonstrates that 

the degree of industrial agglomeration is relatively high while the comparative labor productivity is low overall, 

only 5 types of industry more than 1. Industry location quotient and comparative labor productivity are low, which 

shows that industrial development difference is small and without obvious hierarchical gradient. According to in-

dustry transfer identification model, the Chizhou industry is classified into 4 types, of which the numbers of com-

petitive advantage industry and weak industry respectively reach 12 and 15, and stay out industry and undertaken 

industry account for only 5 and 2. Based on the advantages of the three core resources, i.e., mineral resource, eco-

logical resource and tourism resource, five categories of industry including mineral mining industry, textile and 

garment industry, equipment manufacturing industry, wood furniture industry and food processing industry will be 

identified to be undertaken and fostered in the future. Land development suitability in the city is generally low, and 

the regional difference is obvious. The areas with higher land development suitability is concentrated around the 

city areas and around the towns along the river belt like Juanqiao, Wusha, Dongliu, Xiangyu, and is also gathered 

around Rongcheng Town, Lingyang Town and Xinhe Town surrounding Qingyang County. On the contrary, other 

types of industrial land have rather low development suitability degree. As a result, the undertaken industry and the 

space corridor of industrial development is only limited to the city areas and town zones along the river; to other re-

gions, it is a good choice to develop green environmental tourism industry and ecological agriculture relying on the 

natural ecological environment, which is not suitable for large-scale land and space development. It has completed 

the evaluation of the five categories industrial land, overcame the subjective sideness in the multi-angle and mul-

ti-factor assessment, and followed a certain ambiguity and extension of the result itself. Scientific evaluation of in-

dustrial land suitability, clear developing direction of future industrial development type and expansion of land 

space in Chizhou, with rational industrial layout mode to drive the optimal allocation of regional land resources, are 

the effective ways to realize industrial projects guarantee. This idea and method in this paper can provide a refer-

ence for similar regions to evaluate the undertaken industry's land spatial suitability. In addition, the research results 

will also scientifically guide the industrial land space layout and further promote the regional land resource devel-

opment and industrial coordination development. 

Keywords: land use; analytic hierarchy process; industry; undertaking industry; suitability evaluation; matter ele-

ment model; Chizhou city 

CLC number: X826; F301.24 

0 Introduction 

Chinese economy has entered into a new normal. It will 

witness major changes such as moderate economic growth, 

industrial structure optimization and rural-urban gap nar-

rowing. Promoting undertaking industrial transfer will be an 

important measure to adapt to the new normal. Influenced 
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by location conditions, resource endowment and develop-

ment foundation, Chinese social economy basically forms 

into three-class layout: east, middle and west parts, and also 

provides prerequisite for regional undertaking industrial 

transfer [1]. Meanwhile, numerous population gathering and 

upgrading and expansion of industrial park accelerate "dou-

ble" transfer from agricultural to non-agricultural. Especial-

ly, industrial transfer and upgrade development in middle 

part promotes "blowout" increasing of construction land, 

which may lead to occupation or damage of numerous 

high-quality cultivated land resources, insufficient planning 

of land use, extensive and lavish land use and excessive 

land use, unreasonable land structure and layout and other 

problems [2–4]. Practice has proven that industrial project 

implementation is a critical factor for undertaking industrial 

transfer, and relates to ecological environment protection of 

regional land and sustainable use of land resources. There-

fore, it is necessary to properly identify undertaking indus-

trial types, reasonably arrange industrial land layout [5] and 

optimally exploit allocated land resources to realize 

"win-win" strategy of industrial development and land ex-

ploitation. According to Chinese researches, some scholars 

have studied location, selection and layout of undertaking 

industry from theoretical investigation of undertaking in-

dustrial transfer [6], model construction and application [7–8], 

however, empirical researches still show qualitative mode 

and insufficient quantification. As to land evaluation cate-

gory, there are many rich achievements such as suitability 
[9], capability [10], intensity [11] and ecological security [12], 

however, evaluation on industrial land suitability is rare. 

Evaluation is conducted mainly by adopting quantitative 

analysis method. Model method experiences continuous 

innovation and breakthrough from traditional multi-index 

weighted comprehensive development to recent fuzzy eval-

uation, principal component analysis, neural network 

method, GIS spatial technology and other mathematical 

models [9, 13–15]. Matter element analysis is widely applied in 

other relevant fields [16–17], and also utilized in land evalua-

tion [12, 18], with certain achievements obtained. Therefore, 

by taking Chizhou City, the representative of undertaking 

industrial types of middle part, as research object, this paper 

identifies regional undertaking industrial transfer type, con-

structs industrial land suitability index system, comprehen-

sively applies analytic hierarchy process (AHP) and fuzzy 

matter element model, evaluates various industrial land 

suitability and guides spatial layout of undertaking industri-

al land, to provide references for undertaking industrial land 

spatial suitability evaluation of similar regions. 

1 Overview of study area 

Chizhou City is located at southwest of Anhui Province 

and south bank of middle and lower reaches of Yangtze 

River. It is an important riverside port city and provincial 

famous historical and cultural city at south bank, and also 

the first national ecological and economic demonstration  

 

Fig. 1  Location of Chizhou City 

area in China, an important part of "two mountains and one 

river" (Mount Huang, Mount Jiuhua and Taiping Lake) in 

Anhui Province, and core area of international culture and 

tourism demonstration area in south Anhui (Fig. 1). This 

region covers G318, G206 and multiple national and pro-

vincial roads, Tongling–Jiujiang Railway from east to west, 

and 162 km golden coast line of Yangtze River. It is set 

along rivers and connects the east part with the west part, 

with obvious regional advantages. Based on "one principal 

and two subordinates" development strategy of Chizhou 

City, it is required to adhere to "developing the city in ecol-

ogy, industry, tourism and trading aspects", and mainly de-

velops newly non-metallic materials industry, non-ferrous 

metal metallurgy and deep processing, tourism, agricultural 

and sideline products as well as deep processing and energy 

industry. The city is dominated by mountains and hills, and 

presents the layout of "70% mountains, 10% water and 20% 

farmland". Its southeast and middle parts are located in 

mountainous area of south Anhui, with rich ecological for-

est resources. Its river zone at northwest part is distributed 

in stripped polder area, and covers concentrated water re-

gion, widely-distributed lakes and rivers, urban construc-

tion, industrial land and infrastructure along the river. The 

construction land is subject to limited exploitation and ex-

pansion. Therefore, it is necessary to optimize and expand 

land space. 

2 Model algorithm 

2.1 Industrial transfer identification model 

Location quotient refers to the ratio of proportion of cer-

tain department output in a region occupying total industrial 

output to proportion of national output of the department 

occupying national total industrial output. Large ratio shows 

that specialized class is higher and industrial agglomeration 

degree is larger. 
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where: Qzd refers to d industrial location quotient of region 

z; Gzd refers to d industrial output of region z, hundred mil-

lion RMB; Gz refers to total industrial output of region z, 

hundred million RMB; Ed refers to national d industrial 

output, hundred million RMB; E refers to national total in-

dustrial output, hundred million RMB. 

Comparative labor productivity refers to the ratio of de-

partment output proportion to labor proportion in this de-

partment, and it reflects proportion of output produced by 

labors in the department occupying the whole national out-

put. Large ratio shows that the ratio of the department out-

put to labor is larger, and larger ratio difference of different 

industrial departments shows significant industrial work 

efficiency difference. 

 
where: Bzd refers tocomparative labor productivity of d in-

dustry in region z; Lzd refers to labor amount of d industry 

in region z; Lz refers to total industrial labors in region z. 

Based on general theory of industrial economics, indus-

trial location quotient has positive association with compar-

ative labor productivity. In earlier stage of industrial 

development, due to industrial resource endowment and 

development foundation difference, higher labor productiv-

ity will lead to higher corresponding element return rate, 

which will promote transfer of other industrial elements to 

industry with higher comparative labor productivity under 

driving of market interest. Meanwhile, influenced by polar-

ization effect, production elements in other regions also can 

accelerate agglomeration and promote rapid industrial de-

velopment, thus increasing corresponding location quotient. 

In addition, continuous increasing of location quotient can 

also promote relative increasing of labor productivity of this 

region. In short, there is a mutual promotion relationship 

between them before location quotient reaches to the max-

imum value; otherwise, the industry will gradually shrink in 

case that labor productivity in some region is lower than the 

national level, i.e., comparative labor productivity is low. 

Due to widespread external diseconomy of scale, and influ-

ence of increasing costs on labor, transportation, water and 

electricity, and environment carrying saturation, once in-

dustrial agglomeration reaches to certain scale, further de-

velopment will be restricted, negative effect of industrial 

scalization will play a dominant role, and comparative labor 

productivity will gradually decrease, therefore, the industry 

will be transferred due to higher industrial cost. According 

to above analysis, and considering mutual relationship be-

tween location quotient and comparative labor productivity, 

industrial transfer identification model [19] is constructed 

(shown in Fig. 2). 

 

Fig. 2  Two dimension model of undertaking industry and recog-

nition of industry adjustment 

In the first quadrant, both location quotient and compara-

tive labor productivity are larger than 1, which realizes 

higher specialization, and industrial agglomeration also 

brings about a consequence that labor productivity is higher 

than national level and possesses competitive advantages, 

without industrial transfer. Therefore, it is classified as 

competitive advantage industry. In the second quadrant, 

location quotient is less than 1 and comparative labor 

productivity is larger than 1, which shows low specializa-

tion degree, and its labor productivity is higher than the 

whole region and possesses potential advantage. Therefore, 

it is classified as undertaking industry. In the third quadrant, 

both location quotient and industrial agglomeration index 

are less than 1, which shows that specialization and devel-

opment are under weak condition and the industry will not 

be developed in a long time. Therefore, it is classified as 

weak industry. In the fourth quadrant, location quotient is 

larger than 1 and comparative labor productivity is less than 

1, which shows higher specialization, lower productivity, 

degrading industrial agglomeration capability, gradual los-

ing comparative advantages and industrial elements, and 

weak condition of industrial development. Therefore, it is 

classified as stay out industry. 

2.2 Fuzzy matter element model 

Matter element model is firstly established by Chinese 

Professor Cai to study possibility and rules of matter expan-

sion through formalized model and solve incompatible 

complex problems. It is applicable to multi-factor evalua-

tion and standard classification [20]. 

2.2.1 Construction of fuzzy matter element 

Industrial land suitability matter element R consists of 

object T, object characteristic vector C (evaluation index) 

and object characteristic vector value v (current value of 

evaluation index) described in matter element analysis, i.e., 

R = (T, C, v). Vector value v is called fuzzy matter element 

if it is of fuzziness. If object T has n characteristic vectors 

such as C1, C2, ..., Cn and corresponding vector values v1, 

v2, ..., vn, R is called n-dimensional fuzzy matter element. 
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N-dimensional matter elements of m objects (X = 1, 2, ..., 

m) are agglomerated to form n-dimensional composite 

fuzzy matter element Rmn of m objects. Corresponding mat-

ter element matrix is expressed as follows: 

 

2.2.2 Determination of classical and joint domain 

matter element matrix 

Classical domain matter element matrix can be expressed 

as follows: 

 
where: Roij refers to classical domain matter element; Toj 

refers to the jth evaluation class classified at suitable degree; 

Ci refers to characteristic vector (i = 1,2, ..., n); Voij refers to 

vector value range (aoij, boij) at corresponding class j of the 

ith characteristic vector, i.e., classical domain. 

Classical domain composite matter element matrix can 

be expressed as follows: 

 
Joint domain matter element matrix can be expressed as 

follows: 

 
where: Rp refers to joint domain matter element; Vpi refers to 

vector value range (api,bpi) of joint domain matter element as 

to the i characteristic Ci. 

2.2.3 Determination of association functions and 

association degree 

 

where: refers toassociation degree of the i index cor-

responding to class j. 

 
where: ρij (νi, Voij) refers to distance from point νi (value of 

characteristic vector Ci) to finite interval of corresponding 

characteristic vector Voij = [aoji, boji]; ρpi (νi, Vpi) refers to 

distance from point νito joint domain of corresponding 

characteristic vector (infinite interval) Vpi = [api, bpi]; |Voij| = 

|boij− aoij|; νi, Voij and Vpi refer to vector value of matter ele-

ment to be evaluated, vector value range of classical domain 

and vector range of joint domain matter element respective-

ly. 

2.2.4 Calculation of comprehensive association de-

gree evaluation class 

Comprehensive association degree of evaluated object TX 

(X = 1, 2, 3, …, m) corresponding to class j,  

 
where: wi refers to weight of evaluation indexes. If 

, the i index of evaluated object is 

classified as suitable class j; if KjX = max [Kj(TX)], evaluated 

object TX is classified as suitable class j. Larger k(K) shows 

that the evaluation index (or the object) is more stable in 

corresponding class. Smaller k(K) shows that the evaluation 

index (or the object) tends to transfer to class k. If values at 

both classes are close, it is more possible to transfer. If K 

values are negative at all classes, quality of evaluated object 

does not reach to designed standard class, and transfers to 

corresponding class of the maximum K value. 

3  Undertaking industrial identification of 

Chizhou City 

3.1 Industrial location quotient 

Based on measured location quotient in Formula (1) (as 

shown in Table 2), industrial agglomeration degree of Chi-

zhou City is relatively high, and the maximum and mini-

mum values are 10.5421 and 0.0315, with large partial 

variance. There are 17 industrial types with industrial ag-

glomeration degree greater than 1, mainly including 

non-metal mining industry, coal mining and washing indus-

try, instrumentation and culture, beverage manufacturing 

industry, non-metallic mineral products industry as well as 

non-ferrous metal mining industry. From perspective of 

location quotient value agglomeration, industry develop-

ment is obviously relying on natural and cultural resource 

endowment. Corresponding natural resource industry in-

cludes coal mining and washing industry, non-metal mining 

industry, non-metallic mineral products industry, non-

ferrous metal mining industry, wood processing and its 

products, and corresponding cultural resource industries 

include handicraft and other production, printing and record 

medium reproduction, as well as stationery and sports goods 

manufacturing industry. Industry types with location quo-

tient value greater than 1 basically are resource endowment 

industry and generally will not be transferred. Therefore, it 
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is required to take advantage of resource to increase ag-

glomeration, take advantage of location to lead the industry, 

and strengthen industrial regional agglomeration scale. 

3.2 Comparative labor productivity 

Based on measured comparative labor productivity in 

Formula (2) (as shown in Table 2), comparative labor 

productivity values in Chizhou City are generally low and 

less than 1, except for printing and record medium repro-

duction (1.7289), non-metallic mineral products industry 

(1.3829), non-metal mining industry (1.2139), coal mining 

and washing industry (1.1370) as well as handicraft and 

other production (1.0087). This shows that multi-

ple-industrial labor productivity is under low level in the 

whole province and even Anhui-Jiangxi urban zone, labor 

production efficiency is low and industrial agglomeration 

benefits and scale benefits are still not generated. In combi-

nation of requirements for industrial location and actively 

cultivating local industry, 0.6 is considered as labor produc-

tivity threshold value. There are 15 industrial types with 

labor productivity greater than 0.6, whose labor productivity 

is considered to be higher and the industry can be developed 

as future dominant industry, and transferred as undertaking 

industry. There are 19 industrial types with labor productiv-

ity less than 0.6, whose labor productivity is considered to 

be lower, and the industry is classified as weak industry or 

stay out industry, and cannot be considered as optimal in-

dustry for future undertaking industrial development. 

3.3 Identification of undertaking industry and 

type of optimization and upgrading 

Data of industrial location quotient and comparative la-

bor productivity in Chizhou City are input into spss13.0 

software to form two-dimensional data association scatter 

diagram. Low values of location quotient and comparative 

labor productivity, concentrated distribution points and low 

Table 2  Industry location quotient and comparative labor productivity value in Chizhou City 

 
Note: Considering the data availability, the type of industry is still in accordance with the classification of national economic industries and code (GB/T 

4754-2002); the industry index data from zones in Anhui Province County Industrial Economic Census, and the combination of administrative division ad-

justment slightly pull. 
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Table 3  Undertaking industry and type of optimization and upgrading in Chizhou City 

 

discrete degree show that there is small industrial develop-

ment difference and non-obvious hierarchical gradient. 

Chizhou industries are divided into four types based on in-

dustrial transfer identification models. There are 12 compet-

itive advantage industries, 15 weak industries, 5 stay out 

industries and 2 undertaking industries (Table 3). 

Overall consideration shall be given to industrial devel-

opment transfer in eastern developed provinces, especially 

Jiangsu, Zhejiang and Shanghai, which have always been 

regarded as the major sources for Chizhou undertaking in-

dustry. According to existing research achievements [21], 

stay out industry in eastern developed regions is dominated 

by labor intensive industry, resource intensive industry and 

equipment manufacturing, and highly matches to competi-

tive advantage industry and undertaking industry in Chi-

zhou City, which is beneficial to industry transfer. 

Comprehensive comparative analysis and industrial type 

classification are performed based on three major core re-

source advantages such as mineral resources, ecological 

resources and tourism resources in Chizhou City and in 

combination of existing industrial foundation and future 

industrial planning. It is planned to undertake, cultivate and 

develop mining industry, textile and garment manufactur-

ing, equipment manufacturing industry, wood furniture in-

dustry and food processing industry. 

4 Industrial land suitability evaluation 

4.1 Establishment of industrial land suitability 

evaluation index system 

Industrial land suitability evaluation index system is es-

tablished in four aspects such as natural ecology, infrastruc-

ture, development degree and development benefit by 

combining field survey and data collection and adhering to 

dominance, pertinency and representativeness (Table 4). 

As to natural ecology, it is proposed to select four index-

es such as altitude, slope, proportion of restricted use land 

and rate of vegetation coverage, by considering change of 

land use method, technological and economic cost for  

Table 4  Industrial land suitability evaluation index system in 
Chizhou City 

 
Note: According to the second survey of land use classification, restriction 
land use = basic farmland + woodland + river + lake + reservoir. 

developing into construction land, great influence of geo-

graphic and geomorphic conditions on regional land exploi-

tation feasibility or suitability, as well as ecological 

environment protection such as cultivated land, water and 

soil and vegetation. Since infrastructure is directly related to 

selection of industrial project location and space layout, as 

to contribution capability and regional difference, it is pro-

posed to select three indexes such as road density, from the 

recent high-speed entrance, and fixed capital stock per unit 

area. As to development degree, it is proposed to select 

proportion of urban construction land and urban construc-

tion land per capita based on existing development and use 

scale and agglomeration advantage easy to form industries. 

As to development benefit, it is proposed to select urbaniza-

tion rate and urban construction land two and three industry 

output value per unit area by giving priority to ecological 

environment protection in industrial project construction 

and centrally reflecting social and economic benefits. 

4.2 Determination of index weight—analytic hi-

erarchy process 

4.2.1 Construction of judgment matrix 

Index system is prepared and indexes are defined in de-
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tail. Pairwise comparison scale value table is attached and 

distributed to experts in relevant fields. Experts and local 

department personnel will take mode of pairwise compari-

son value as its final value, summarize and prepare compar-

ison values, and construct judgment matrix of AHP. By 

taking mineral mining industry as an example, judgment 

matrix is constructed for four indexes in criterion lay-

er:  

4.2.2 Calculation of judgment matrix 

Matrix component and the maximum characteristic 

root λmax are obtained by inputting into Matlab7.0 software, 

i.e.,  = (0.4855, 1.4565, 0.9036, 1.5651), λmax = 4.0104. 

Normalization processing is conducted for to obtain 

weight W = (0.1601, 0.3802, 0.2049, 0.2548). 

4.2.3 Hierarchical single permutation and consistence 

check 

Consistence index of judgment matrix is calculated to 

check its consistence index CI: 

 
To check whether judgment matrix has satisfactory con-

sistence, it is required to compare CI with average random 

consistence index RI to obtain random consistence propor-

tion of judgment matrix, CR. As dimension n = 4, we can 

know that RI = 0.90 according to the Table. Therefore, 

. 

The weight of relevant element in criterion layer to sec-

ondary target can be determined through consistence check. 

Index weight in index layer and criterion layer of other in-

dustrial types also can be determined by adopting the same 

method. 

4.3 Data sources 

Data involved in evaluation indexes can be divided into 

socio-economic data, land use data and others. So-

cio-economic data mainly originate from statistical year-

book of Chizhou City and its counties. Land use data are 

information updated during the second land survey. Gener-

ally, farmland data originate from inventory implemented to 

towns during new overall planning of land use in cities and 

counties. Altitude and slope data are extracted through 

ArcGIS spatial analysis after downloading DEM data prod-

ucts (space resolution: 30 m × 30 m) through international 

scientific data service platform. Road density is obtained by 

digital summary statistics for existing road routes. The re-

cent high-speed entrance is digitally extracted based on the 

latest traffic map of Chizhou City. There are three existing 

highways such as Shanghai-Chongqing Highway, An-

qing-Jingdezhen Highway and Beijing-Taipei Highway and 

totally nine entrances such as Dadukou, Yinjiahui, Chizhou, 

north Jiuhuashan, Anhui-Jiangxi Park, east to west part, 

Dongliu, Qingyang and Lingyang (Fig. 3). 

4.4 Determination of evaluated classical domain 

and joint domain 

Featuring strong fuzziness and expandability, industrial 

land suitability is generally divided into highest suitability, 

higher suitability, general suitability and low suitability. 

Evaluated classical domain is finally determined by refer-

ence to national engineering construction standard, ecolog-

ical construction standard and existing research 

achievements [22–23], in combination of average level of the 

whole nation, Anhui Province and Anhui-Jiangxi urban zone 

and specific index data distribution of Chizhou City, 

through constructing evaluated classical domain and sharing 

joint domain of land suitability with industrial difference 

Table 5  Industrial land suitability evaluation index weight in Chizhou City 
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Fig. 3  Industrial land suitability evaluation factors of Chizhou City 

and taking advice from experts in relevant fields and local 

technological personnel, shown as follows: 

4.5 Matter element evaluation steps and meas-

ured values 

Step 1: Association degree of industrial land suitability 

evaluation index is calculated based on Formulas (6) and 

(7), and v1 = 140.9290 is substituted into corresponding 

formula by taking C1 index (altitude) of Pailou Town as an 

example, to obtain corresponding evaluation index associa-

tion degree: K(C1)1 = 0.2954, K(C1)2 = −0.2954, K(C1)3 = 

−0.5302, K(C1)4 = −0.7181. It can be determined that this 

index is classified as the highest suitability, and likewise, 

association values of other indexes can be obtained. Step 2:  
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Corresponding evaluation index weight of each industrial 

type is determined in combination of analytic hierarchy 

process. Mineral mining industry is taken as an example and 

formula (8) is used to calculate K1 = −0.2663, K2 = −0.0432, 

K3 =−0.2509, K4 = −0.2829. It can be determined that this 

industry is under higher comprehensive land suitability in 

Pailou Town (Table 6), likewise, association degree of the 

industry in other regions can be obtained. 

Based on above calculation steps and Excel formula, 

matter element model algorithm is edited in steps to calcu-

late comprehensive association degree of different industrial 

lands in Chizhou City (including 46 evaluation units), thus 

further determining suitability class (Table 7). 

Table 6  Matter element evaluation results of mineral mining industry land in Pailou Town 

 

4.6 Results analysis and suggestions 

Different industrial types are established and developed 

under spatial allocation condition of different industrial 

lands to provide theoretical support for industrial develop-

ment and coordinated land resource development [24]. Min-

eral mining industry is an industrial chain dominated by 

establishing and developing of mineral and processing  

products relying on surrounding special mineral resources 

such as copper, iron, coal and limestone. It is greatly influ-

enced by mineral resource endowment and determined by 

traffic infrastructure. Municipal district is evolved from orig-

inal Guichi County, and is political, economic and cultural 

center of Chizhou City. Mineral mining and processing in-

dustry in original county has long history in south Anhui and 

even the whole Anhui Province. Mineral mining industry 
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Table 7  Industrial land suitability evaluation grade in Chizhou City 

 

in the city is concentrated here and developed well on the 

basis of mineral resource endowment, traffic advantage and 

existing industrial foundation, so it is of the highest suitabil-

ity of mineral mining industry land. The region with higher 

suitability is mainly distributed around central towns such 

as Niutoushan Town, Dongliu Town, Dadukou Town, 

Rongcheng Town, Xiangyu Town, Wusha Town and Juan-

qiao Town with good mineral resources and traffic (i.e., 

zones along Yangtze River under good water transport). 

Textile and garment industry, classified as labor-intensive 

industry, gradually evolves into undertaking industry due to 

labor resource cost advantage, but it is greatly influenced by 
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regional socio-economic benefits and infrastructure input. 

The regions with higher suitability are mainly distributed in 

municipal district, urban area of Qingyang County, and 

town zone along the river such as Xiangyu Town, Niut-

oushan Town, Yinhui Town and Shengli Town. Equipment 

manufacturing industry is required to have certain industry 

input development and exploitation foundation, large land 

demands and concentrated distribution, flat terrain and 

enough land expansion space. The regions with the highest 

suitability are only distributed in municipal district and re-

gional central towns, such as Rongcheng Town, Yinhui 

Town and Xiangyu Town, and other regions have low suita-

bility generally. Wood furniture industry is a resource in-

dustry developed relying on wood resources. Its land layout 

is slightly influenced by natural conditions and greatly in-

fluenced by traffic roads at entrances. Although rich wood 

furniture production resources are found in continuous 

mountains of south Anhui at east and southwest, exploita-

tion suitability is not high due to poor traffic conditions. The 

regions with higher suitability are only distributed in urban 

areas and central towns along the river. Food processing 

industry in the city takes advantages of special agricultural 

products such as tea, bamboo and sesame oil. Its develop-

ment is comprehensively influenced by industrial agglom-

eration, production resources, and consumer market and 

traffic facilities. Likewise, this industry is distributed only 

in urban areas and individual central towns along the river, 

and other regions has low exploitation suitability. 

Based on an overall analysis, industrial land in Chizhou 

generally has low suitability and great regional difference. 

The region with higher suitability is intensively distributed 

in municipal district, Guichi District such as Juanqiao 

Town, Wusha Town, Dongliu Town and Xiangyu Town, 

town zones along the river such as Dongzhi County, and 

continuous regions around Qingyang County such as 

Rongcheng Town, Lingyang Town and Xinhe Town. The 

industrial land has low suitability in other regions. Results 

show that Chizhou City needs to be centered by natural 

ecological environment, and most regions need ecological 

environment protection and are not suitable for large-scale 

land development. The undertaking industry and the space 

layout of industrial development are only limited to the city 

areas and town zones along the river. Green environment 

protection industries such as tourism and ecological agri-

culture shall be properly developed in other regions. 

5 Conclusions and discussion 

In this paper, location quotient and comparative labor 

productivity are calculated, and industrial transfer identifi-

cation model is constructed and utilized to comprehensively 

identify future industries in Chizhou City and cultivate five 

industries such as mineral mining industry, textile and gar-

ment industry, equipment manufacturing industry, wood 

furniture industry and food processing industry. Industrial 

land suitability index system is constructed in natural ecol-

ogy, infrastructure, development degree and development 

benefit, and hierarchical fuzzy matter element model is uti-

lized to complete suitability evaluation of five categories of 

industrial land in the city, overcome the subjective sideness 

in the multi-angle and multi-factor evaluation, and follow a 

certain ambiguity and expandability of the result itself. Sci-

entific evaluation of industrial land suitability, clear devel-

oping direction of future industrial development type and 

expansion of land space in Chizhou, with rational industrial 

layout mode to drive the optimal allocation of regional land 

resources, are the effective ways to realize industrial pro-

jects guarantee. 

Industrial land suitability is closely related to land use 

and industrial development, and also restricted by interac-

tion between them, and its evaluation work presents com-

plexity and systematicness. Due to restriction of basic data 

collected, in this paper, it is just proposed to construct a set 

of evaluation index system, that is, difference is made 

among industries only in index weight and classical domain 

and the suitability of five categories of industrial land is 

evaluated. Suitability evaluation results of different indus-

trial land in the same region have certain difference, which 

better reflects inner difference of industrial suitability con-

dition and also verifies feasibility of the evaluation method. 

However, during the next research, it is required to analyze 

industry and land interaction from the perspective of theory, 

further construct suitability evaluation index of different 

industrial land and make innovation and breakthrough in 

technical method and model to better reflect practice value 

in evaluation results. 
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Abstract: Land treatment is to comprehensively treat the lands that are ineffectively and improperly used, or unde-

veloped. Soil at the tillage layer is an essential part for agriculture so its treatment is a key component for land 

treatment. Currently, surface soil peeling technology and soil replacement method are adopted on land treatment 

and reclamation engineering. However, there are problems such as limited amount of soil replacement sources, 

large deviation on application costs, incomplete technical methodology, irregular engineering process, and poor ap-

plication efforts. Utilization of dredging sediment from rivers is one of the most emerging disposal methods. Sedi-

ment pollution and ecological risk assessment, sediment metals remediation technologies, land utilization 

parameters, sediment food safety assessment, are important factors affecting sediment utilization. For the scarcity 

issue on regional soil at the tillage layer, this study focused on dredging sediment utilization, and analyzed the re-

lated theories, scopes, design method, engineering process and application efforts on construction of tillage layer 

soil using the sediment. The outcome of the research was significant for both improving land treatment and main-

taining the sustainability of farmland. Our results showed that tillage layer soil construction was under the scope of 

land treatment, using dredging sediment with proper farmland treatment process and with the aid of certain physical 

and chemical methods. This method must consider the principles for environment, agrology, and food safety. For 

sediment heavy metal stabilization remediation design, we proposed optimal stabilizers and engineering process. 

All of those facilitated the formulation of post-remediation soil modification engineering approach; and its related 

monitoring and assessment on implementation efforts. Also, to take samples according to “Sediment quality survey 

and Assessment Handbook”, based on the targets of sediment utilization and monitoring data and documents like 

“Soil environmental quality standard” (GB15618-1995); “Farmland environmental quality evaluation standards for 

edible agricultural products” (HJT332-2006), “National secondary soil survey related standard—fertility indicators 

and evaluation limits”, the sediment environmental impact and fertility were evaluated. Sediment quality less than 

slight pollution and fertility at the Level II can be considered for utilization. The spatial analysis on sediment envi-

ronment and fertility evaluation by GIS, the strategies on integrated river sediment utilization direction, spatial dis-

tribution and stock could be identified. This provided references on stratified sediment dredging. In addition, for 

sediment heavy metal stabilization, typical contaminated sediment samples were selected for stabilization experi-

ments. The test in laboratory was done by adding phosphates, magnesium oxides, or clay minerals using an orthog-

onal design. The results showed that both stabilized BCR (European Comuntities Burean of Reference) form of 

metals and leaching toxicity reached the standards. Therefore, the constituents for treatments can be considered as 

the optimal stabilizing agents. Considering water content and stabilization period, the effective, low-cost and opera-

ble stabilizer dosage, remediation process, and parameters were proposed to finalize the sediment heavy metal sta-

bilization approach. Moreover, sediment modification on soil remediation process needed to consider the regional 

topography and landscape, irrigation system, transportation, farmland protection, and other engineering conditions. 

By combining sediment pavement, land peeling, sediment heavy metal stabilization remediation into the project de-

sign, the feasible measure on building the sediment phase tillage layer soil was formulated. Last, through the 
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experiment on spinach planted, the results showed that the heavy metal content in the spinach can achieve the nui-

sance-free level, reducing Cd content by 38.61%–85.69%, so it can obviously reduce heavy metal in vegetables. 

Sediment phase tillage layer soil is suitable for cultivation, raising productivity by 8.7%–13%, improving soil or-

ganic content by 0.95–2.18 times.  

Keywords: land use; soils; construction; rivers; sediments; heavy metals; remediation; tillage layer soil 

CLC number: S281; F301.24 

0 Introduction 

Land treatment is to comprehensively treat the lands that 

are ineffectively and improperly used, or undeveloped; 

therefore, it can significantly improve the quality of tillage 

layer soil in farmland 
[1–2]

; soil at the tillage layer is an es-

sential part for agriculture so its treatment is a key compo-

nent for land treatment. Considering the multiple factors 

such as the characteristics and availability of soil sources, 

transportation distance and engineering investment of pro-

ject regions, the construction plan of tillage layer soil is 

established by reference to relevant standards 
[3–6]

; it has 

great influence on the quality and application effect of land 

consolidation project. 

The relevant studies indicate that some regional farm-

lands undergo serious soil erosion and gradual decrease of 

tillage layer soil and its quality or the deficiency of tillage 

layers 
[5–7]

; in the land consolidation and reclamation pro-

ject, surface soil peeling technology and soil replacement 

method are frequently adopted for the construction of tillage 

layer soil, so as to protect the high-quality cultivated lands, 

increase soil thickness, improve soil structure, improve soil 

fertility and increase the number and quality of cultivated 

lands 
[6–13]

. However, there are problems such as limited 

amount of soil replacement sources, large deviation on ap-

plication costs, incomplete technical methodology, irregular 

engineering process, and poor application effects 
[7–14]

. 

Through conducting studies, the author finds that the sur-

face soil peeling technology and soil replacement method 

fails to well solve the deficiency of tillage layer soil in the 

regions (e.g., Karst region in south China, volcanic rock 

region in Hainan Island, coastal desertification lands, etc.). 

In view of this, aiming to make full of resources (e.g., 

dredging sediment from rivers) in land consolidation re-

gions, soil construction, remediation and modification 

which combine treatment technologies for sediment phase 

tillage layer soil are implemented to replenish soil re-

sources. The sediment contains not only harmful ingredients 

but also rich nitrogen, phosphorus and organic matters 
[15–16]

. Currently, China is rich in sediment resources; the 

dredging sediment can be utilized in various methods, 

among which the resource utilization is the most promising 

disposal method with economic and ecological benefits 
[17–19]

. Sediment pollution and ecological risk assessment, 

pollution remediation technologies, land utilization param-

eters, and sediment food safety assessment are important 

factors affecting sediment utilization 
[20–24]

. 

Focusing on the sediment utilization, this research stud-

ies the basis, content, design method, engineering process 

and application effect of the construction of tillage layer soil 

by sediment in land consolidation project based on the basic 

principles, sediment environment, fertility evaluation, heavy 

metal stabilization remediation, modification project and 

application effect. This study is of great theoretical and 

practical significance for the construction of a favorable soil 

medium for plant growth and the improvement of soil qual-

ity by using dredging sediment from rivers. In addition, this 

study is expected to improve the benefits of land consolida-

tion project and maintain the sustainability of farmland. 

1 Basis and main contents of the construction 

of tillage layer soil by sediment 

1.1 Basic principles 

1) Principle for environment: for the sediment contami-

nated by heavy metals, the content of exchangeable metal 

significantly decreases while the content of residual metal 

significantly increase after stabilization remediation; be-

sides, the migration of heavy metals significantly decreases 

and then the environment impact is reduced. 2) principle for 

agrology: the sediment should be favorable for the cultiva-

tion of crops after being modified into tillage layer soil; 

sustainable supply of nutrients for the plant, reasonable soil 

structure and yield increase and high yield, which are the 

guiding principles for sediment modification. 3) principle 

for food safety: to ensure the food safety, the heavy metal 

content of foods made from crops which are planted in the 

tillage layer soil should conform to Allowable Amount of 

Contamination in the Food GB 2762-2012 or Safety Quali-

fication for Agricultural Product-Safety Requirements for 

Non-environmental Pollution Vegetables GB 18406.1-2001. 

1.2 Technical flow 

Construction method of tillage layer soil by sediment and 

application effect The construction of tillage layer soil by 

sediment is a comprehensive analysis process in which mul-

ti stages are organically combined. The sediment environ-

mental quality and fertility are evaluated based on the 

contents of heavy metals and nutrients and then the feasibil-

ity of classified utilization of sediment is confirmed; appro-

priate stabilization remediation model for sediment is put 

forward for the available sediment; soil modification 

measures using sediment are made according to the earthwork 
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balance of land consolidation region; finally, the tillage lay-

er soil using sediment is constructed in fields to conduct 

in-situ monitoring of application effect. The specific flow is 

shown in Fig. 1. 

1.3 Main contents 

The construction of tillage layer soil by sediment, a 

sound tillage layer soil system artificially constructed or  

 

Fig. 1  Flow chart of reconstruction of tillage layer soil by sedi-

ment 

motivated aiming to improve the quality of cultivated land, 

is under the scope of land consolidation project, using 

dredging sediment with proper farmland treatment process 

and with the aid of certain physical, chemical or ecological 

measures. The main contents are shown below: 

1) Sediment environment and fertility evaluation: sam-

ples are taken from selected points in on-site river sediment 

system according to relevant standards; the samples are 

treated with indoor detection; the sample environment and 

fertility evaluations are performed according to relevant 

indexes and limit values, so as to investigate the type, inten-

sity, grade and spatial distribution of pollution, and the clas-

sified dredging sediment amount, nutrient conditions, 

texture classification and the comprehensive utilization di-

rection. This procedure proposes the classified utilization 

directions of sediment, providing guidance for dredging and 

utilization. 

2) Sediment heavy metal stabilization remediation: the 

in-situ stabilization remediation is to apply stabilizer to 

contaminated soil, so as to adjust and change the physico-

chemical property of soil, achieving the remediation target; 

and it is a relatively well-developed remediation technology 
[25]

. According to the classified utilization directions of 

sediment, the stabilization remediation is not required for 

the sediment without excessive heavy metals while requiring 

for the sediment with slight pollution 
[25–26]

. Taking the 

sediment with slight pollution as a remediation object, the 

orthogonal test 
[26]

 is conducted in laboratory to determine 

the effective, low-cost remediation process, parameters, 

stabilizer formula, etc. 

3) Soil modification using sediment: the remedied sedi-

ment is modified into planting soil with sound fertility and 

proper structure based on the land suitability evaluation of 

treatment-waiting regions; the backfilling plan for soil re-

placement can be determined according to the balance cal-

culation of earthwork in project regions. 

4) Monitoring and evaluation of application effect: the 

planting soil fertility, soil texture, heavy metal content in 

crops, crop yield and planting benefits are monitored for the 

remedied land, and the application effect evaluation and 

environmental risk control are carried out. 

2 Sediment environment and fertility evalua-

tion 

2.1 Investigation of river parameters 

The relevant contents are divided into 2 parts, i.e., 1) in-

dexes concerning geographic features of river: water area, 

length, width, flow direction, flow velocity, river gradient, 

river cross-section shape, hydrology and water resources, 

which are considered as the foundation of sampling in se-

lected points; 2) indexes concerning river environment: riv-

er water quality, river mud reserves, pollution sources, etc., 

which are used for further evaluation of sediment and anal-

ysis of utilization. 

2.2 Sediment sampling and samples detection 

The sediment sampling in selected points abides by the 

principles of systematicness, representativeness, compre-

hensiveness, scientificness and practicability, using mesh 

point method and section point method and with Sediment 

Quality Survey and Assessment Handbook 
[27]

 and river 

parameters as basis. The sampling tools are grab sampler or 

core sampler and the sampling depth is determined accord-

ing to the depth of dredging sediment. The heavy metal 

content and fertility indexes are detected by reference to 

HJ/T 166-2004 The Technical Specification for Soil Envi-

ronment Monitoring 
[28]

. The quality control data should be 

rationally analyzed and the required accuracy should also be 

achieved. 

2.3 Sediment evaluation methods 

Combining with the utilization target and the detection 

data, the sediment are evaluated in pursuant to relevant stand-

ards such as Soil Environmental Quality Standard 

(GB15618-1995) and National Secondary Soil Survey Relat-

ed Standard—Fertility Indicators and Evaluation Limits 
[17]

. 

The routine evaluation of sediment environment adopts the 
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following methods: 1) single pollution index of heavy metal 

in sediment, which is used for the identification of pollution 

type and situation; 2) Nemerow pollution index, which is 

used for the evaluation of effect of pollutant on sediment en-

vironmental quality. The pollution classification is deter-

mined according to Nemerow pollution index in Table 1 
[29]

. 

The sediment with moderate pollution is not suitable for 

remedying tillage layer soil; 3) potential ecological risk in-

dex, which conducts evaluation through full consideration 

Table 1  Standard of soil pollution classification 

 
Note: Pi is environmental quality index of individual contaminant in the 
sediment; Pintegrated is comprehensive environmental quality index of all 

contaminants in the sediment; I is the Nemerow pollution index. 

Table 2  Individual and general indices and grade for ecological 
risk assessment 

 
Note: Er

iis individual ecological risk indices; RI is general ecological risk 

indices. 

of heavy metal content, ecological effect, environmental 

effect and toxicology and with the help of comparable and 

equivalent property index classification method. The grad-

ing standard for potential ecological risk indices is shown in 

Table 2; the sediment with Grade = Ⅳ or = Ⅴ integrated 

ecological risk is not suitable for constructing tillage layer 

soil. 

Sediment fertility evaluation methods: 1) comparison 

method. Compare the sediment fertility indices with Classi-

fication Standard of the National Secondary Soil Nutrient 

Census and then the deficient and abundant degrees of fer-

tility indices can be obtained; 2) fuzzy comprehensive 

evaluation. The fertility grades of different samples are ob-

tained by using fuzzy mathematical method 
[30]

. 

The sediment with low pollution at Grade = Ⅱ below 

and fertility at Level Ⅱ above is considered for utilization 

according to the sample environment and fertility evaluation 

results. The spatial analysis on sediment environment and 

fertility evaluation is conducted based on the geographic 

parameters of rivers. The spatial distribution and stock are 

calculated out, providing references for classified dredging 

sediment. 

3 Stabilization remediation design for sedi-

ment heavy metal 

3.1 Optimization of stabilizer and process pa-

rameters 

During stabilization remediation, the stabilizer type and 

dosage as well as the type of heavy metal element in soil are 

directly related with pollution degree 
[25–26]

; Cu, Zn, Cd, Pb 

are suitable for stabilization remediation and the phos-

phates, magnesium oxides, clay minerals and other com-

pounds are added to stabilizer 
[22–26]

. The contents of weak 

acid extractive, oxidizable, reducible and residual forms are 

analyzed using European Comuntities Burean of Reference 

(BCR) sequential extraction procedure 
[20]

. The proportion 

of weak acid extractive form and residual form and their 

modification characteristics are the important indices di-

rectly affecting the target and performance of remediation of 

heavy metal-polluted sediment 
[25]

. 

In addition, for sediment heavy metal stabilization, typi-

cal contaminated sediment samples are selected for stabili-

zation experiments. The test in laboratory is done by adding 

phosphates, magnesium oxides, or clay minerals using an 

orthogonal design. The results show that the constituents for 

treatments which the metals form and leaching toxicity 

reach the standard after stabilization can be considered as 

the optimal stabilizer formula. The engineering conditions 

such as soil texture, water content and stabilization period 

have great influence on the speed and performance of stabi-

lization remediation 
[25–26]

; therefore, orthogonal experiment 

with three factors and three levels of stabilizer dosage, wa-

ter content and stabilization period is performed to deter-

mine the effective, low-cost and operable stabilizer dosage 

and remediation process parameters. The sediment with 

remedied stabilization is used in land consolidation project, 

during which field planting experiment is carried out. The 

leaf-vegetables are selected as object to detect that whether 

the heavy metal content comply with Maximum Levels of 

Contaminants in Foods GB 2762-2012, so as to verify the 

performance of stabilization remediation. 

3.2 Engineering design of sediment stabilization 

remediation 

The engineering design of sediment stabilization remedi-

ation is to apply the technical plan of remediation project to 

the field experiments. According to the gained experiences, 

the procedures are as follows: the stabilizer with recom-

mended dosage is manually applied on the flat sediment 

fields; many times of rotary tillage, bending and crushing 

using rotary cultivator; water content is in good control be-

fore rotary tillage (wet-dry alteration in sediment), so as to 

ensure the reaction between stabilizer and sediment heavy 

metals and accelerate the speed and strengthen the perfor-

mance of remediation 
[26]

. The sediment after remediation is 
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fallowed for 2 months (also called soil aging), namely, the 

sediment stabilization remediation is completed. 

4 Soil modification using sediment 

4.1 Survey of geologic environment in the region 

to be treated 

The survey of geologic environment in the region to be 

treated cannot only help to understand the background con-

ditions of tillage layer soil but also provide basic data for 

the application of sediment in construction of tillage layer 

soil. The survey should be conducted conforming to Land 

Consolidation Project-Surveying and Mapping Require-

ments; in addition, the following contents should be in-

cluded: 1) zones corresponding to different soil thickness, 

soil types, texture and fertility levels; 2) current soil envi-

ronmental quality; 3) quality grade of current tillage layer 

soil in the region to be treated and the planting system spec-

ified in land consolidation project. 

4.2 Leveling principles and technologies for the 

land to be treated 

The leveling technology is an important part of land 

consolidation and it should abide by the principles of mini-

mize the engineering volume of excavating and transporting 

earthwork, optimize the arrangement of farmland irrigation 

and water conservancy and consider the planting adaptabil-

ity of field. In addition, the leveling technology is expected 

to meet the demands of neat fields, thickness increase of 

soil layers, convenient tillage, increase of effective tillage 

area and the improvement of land utilization rate. 

Moreover, the land consolidation project should consider 

the regional topography and landscape, irrigation system, 

transportation, farmland protection, and other engineering 

conditions. In accordance with Codes of Land Development 

and Consolidation Project TD/T1011-2000 and Land De-

velopment Project Planning and Design Standards 

TD/T1012-2000, the landing zoning, calculation of earth-

work balance and formulation of earthwork balance design 

are conducted to determine the soil replacement fields and 

backfilling quantity. Considering the particularity and prac-

ticality of utilizing soil replacement, the elevation and cur-

rent thickness of tillage layer soil should be designed based 

on the earthwork backfilling to calculate the engineering 

parameters such as sediment dosage, backfilling thickness, 

stabilizer dosage and backfilling area. 

4.3  Backfilling process of soil replacement in 

sediment 

By combining sediment paving, land consolidation and 

sediment stabilization remediation into project design, and 

conforming to Codes of Land Development and Consolida-

tion Project TD/T1011-2000, the feasible measure on 

constructing phase layer soil by sediment is formulated. The 

technological process is shown in Fig. 2. 

1) Raw materials entering into fields: accurate engineer-

ing setting-out is performed for the fields which are ready 

 

Fig. 2  Technological process chart of reconstruction of soil by 

sediment 

for backfilling sediment. The available dredging sediment is 

directly transported to fields, stacked dispersedly; beneficial 

for the natural dehydration of sediment and the decrease of 

paving cost. Some engineering parameters such as trans-

portation distance, construction volume and total transporta-

tion volume are determined according to the on-site 

transportation route and the backfilling amount. 

2) Sediment paving: ①  sediment which are stacked 

dispersedly are leveled by using bulldozer or large-arm 

hook machine; besides, the requirement for the designed 

thickness and backfilling elevation should be met; ② di-

ameter of sediment after being broken up should be less 

than or equal to 5 cm; ③ sediment were paved in uniform 

thickness with error of ± (3 − 5) cm, no corners in fields are 

neglected; project volume of sediment paving is confirmed 

according to paving thickness and area. 

3) Stabilizer application: ① stabilizer is manually ap-

plied in fields with designed dosage (just as the artificial 

application of base fertilizer in general farmlands); ② sta-

bilizer is uniformly applied on the leveled and uniform 

sediment surface; ③ it is not suitable to apply stabilize on 

rainy days. The application quantity is determined accord-

ing to the stabilizer dosage and application area. 

4) Rotary tilling sediment and stabilizer: ① sediments 

are paved in fields using horizontal rotary tiller (tilling 

thickness ≥ 35 cm; ② rotary tilling time for sediment and 

stabilizer is determined according to the actual water con-

tent of sediment. For the first and second tilling, the water 

content is limited to about 25%; for the third tilling, the wa-

ter content should be limited to below 20%. During tilling 

interval, the response to dry-wet alternation by watering is 

analyzed for 2 times; ③ sediment is evenly mixed with 

stabilizer and the project amount is determined according to 

rotary tilling times and area. 

5) Soil ageing: the remedied sediment is fallowed for 2 

months after 3 times of rotary tillage, namely, the sediment 

stabilization remediation is completed. 

4.4 Monitoring and evaluation of application ef-

fect 

After being put into use, samplings in selected points at 

regular intervals are conducted for sediment phase tillage 

layer soil, so as to monitor soil and the crops and food indi-

ces. The monitoring indices are divided into: heavy metals 

index in foods, soil fertility index, heavy metals index in 

soil and crops yield index. The analysis and evaluation are 
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conducted in compliance with the relevant industrial tech-

nical standards, aiming to timely understand the soil reme-

diation effect. 

5 Cases study of sediment application 

5.1 Analysis of background values of sampling 

sediment 

The sampling sediment in field is taken from Xinpo pond 

of Nandu river (in Xinpo Town, Longhua District, Haikou 

city, Hainan Province, China). Based on investigation and 

sampling analysis, the average contents of nutrients, Cd and 

Pd in the sediment are shown in Table 3. In compliance with 

HJ/T 332-2006 Environmental Quality Evaluation Stand-

ards for Farmland of Edible Agricultural Products, it can be 

confirmed that Cd content excesses the standard and Pd 

content conforms to standard. 

From Table 3, it can be known that the nutrients indices 

such as total nitrogen (total N), total phosphorus (total P) 

and organic matter reach to Level = Ⅰ (rich); Cd in sedi-

ment is slightly contaminated, indicating the suitability for 

land utilization 
[15]

. 

5.2 Field experiment design 

Our research group conducted construction experiment 

of tillage layer soil by sediment on the sandy waste land in 

Xiasi Village, Xinpo Town, Longhua District, Haikou, Hai-

nan in 2013, during which the field experiment was per-

formed by reference to the construction method of tillage 

layer soil by sediment. The in-situ stabilization remediation 

experiment in field contains: land leveling → zones alloca-

tion → sediment paving → stabilizer application → rotary 

tilling sediment and stabilizer → dry-wet alternation 

maintenance. 

The tested sediment showed Cd pollution. The 3 different 

sediment amounts for area were set as 20%, 40% and 60% 

(with paving thickness of 5, 10 and 15 cm, respectively). 

The Cd pollution gradients after rotary tilling sediment and 

stabilizer are: low Cd concentration (0.33 g/kg), middle 

concentration (0.47 g/kg) and high concentration (0.67 

g/kg); by referring to HJ/T 332-2006 standard, the exceed-

ing multiples were 1.10, 1.57 and 2.23. In each gradient, SD 

is the control group of non-remediation sediment, and LP, 

SP, MP are the treatment group of remediation with differ-

ent stabilizers; 1, 2, 3 represents the treatment designs for 

low, middle and high concentration of excessive Cd content, 

respectively. The type and dosage of stabilizer during spe-

cific experiment are shown in Table 4. Three repetition 

zones are set for each treatment field, with width of 4 m, 

length of 5 m and area of 20 m
2
. The tested field is planted 

water spinach. Meanwhile, the heavy metal content, and 

yield, fertility index of water spinach stems and leaves (edi-

ble parts above ground) are monitored, so as to verify the 

application effect of tillage layer soil using sediment 
[25]

. 

Table 3  Contents of nutrients, Cd and Pb for sediment in study 
area 

 

Table 4  Type and dosage of stabilizers, Cd content in water 
spinach stems and leaves 

 
Note: The uniform small letters at the same column mean “unobvious 

difference at the level that P = 0.05”; the uniform capital letters at the same 
column mean“unobvious difference at the level that P = 0.01”; Limit value 

1 is the relative limit value of each contaminant in the GB 2762-2012; 

Limit value 2 is the relative limit value of each contaminant in the GB 

18406.1-2001. 

5.3 Analysis of application effect 

From Table 4, it can be known that Cd content in water 

spinach stems and leaves of treatment group is lower than 

the limit value of “Safety Requirement for 

Non-environmental Pollution Vegetable” while the Cd con-

tent of water spinach of control group excesses the standard 

of 0.05 mg/kg, suggesting sound stabilization effect of sta-

bilizer on Cd; for the corresponding pollution grade, the 

reduction rates of stabilization on Cd content are 83.17% 

(1LP), 38.61% (1SP), 65.35% (1MP), 52.28% (2LP), 

38.78% (2SP), 44.49% (2MP), 85.69% (3LP), 64.75% 

(3SP) and 69.81% (3MP). The Cd content in water spinach 

stems and leaves is decreased by 38.61%−85.69%, indicat-

ing the sound reduction effect of stabilizer on heavy metal 

content in vegetables. 

Fig. 3a is the control group of non-remediation sediment. 

The yield of water spinach increases at the rate of 

8.7%−13% as the dosage of sediment increases; stabilizer 

can increase the yield of water spinach; corresponding to 

the treatment of the same pollution gradient, the increased 
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rates of yieldon water spinach caused by stabilizer are 

2.77% (LP1), 10.67% (SP1), 4.35% (MP1), 4.35% (LP2), 

17.03% (SP2), 8.33% (MP2), 20.21% (LP3), 24.04% (SP3), 

and 27.53% (MP3), indicating that the sediment phase till-

age layer soil can increase the yield of water spinach. 

In Fig. 3b, the organic matter contents of tillage phase 

tillage layer soil after construction is significantly increased 

by 0.95−2.18 times when compared with thoes before con-

struction, indicating that the construction of tillage layer soil 

by sediment can significantly improve soil fertility. 

 

Fig. 3  Organic matter contents of soil and yield of water spinach 

under different stabilization treatments 

6 Conclusions and discussion 

1) In land consolidation project, the construction of the 

tillage layer soil by sediment is an emerging method to re-

place “soil replacement” with “sediment”. Considering the 

principles of environment, agrology, and food safety, this 

study analyzes the related theories, scope, design method, 

engineering process and application effect based on the in-

vestigation and evaluation of sediment environment and soil 

fertility, sediment heavy metal stabilization remediation, 

soil modification using sediment and monitoring and evalu-

ation of application effect. 

2) Focused on the utilization target of river sediment, an 

evaluation method on the environment of dredging sediment 

from rivers and the fertility is formulated in this paper after 

elaborately describing the selection of basic parameters, 

acquired information, arrangement of sampling points, de-

tection and analysis of sediment samples, evaluation of 

sediment environment and fertility evaluation, and classified 

utilization of sediment. 

3) For the stabilization remediation of sediment with 

slight pollution, an orthogonal test is conducted in labora-

tory according to relevant standards. The effective, low-cost 

and operable stabilizer dosage, remediation process, and 

parameters are proposed to finalize the technical plan of 

remediation project. 

4) According to relevant standards, and considering the 

actual conditions of project regions, a feasible measure on 

the application of sediment is formulated, providing con-

struction method of tillage layer soil using sediment. 

5) Field planting experiments indicate that the stabilizer 

shows sound stabilization effect on sediment heavy metals 

and their contents in vegetables planted in stabilized sedi-

ment significantly decreases, achieving the nuisance-free 

level; the sediment phase tillage layer soil is suitable for 

cultivation, capable of increasing productivity and improv-

ing soil organic content. 
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Abstract: Land leveling accounts for the major part of project quantity and investment of land consolidation. Ra-

tional planning and implementation of land leveling project have important practical significance to reducing the 

project investment. Partitioning of leveling area is beneficial to reducing the project quantity and facilitating project 

organization. However, the existing empirical partitioning methods are mainly based on farmland irrigation and 

drainage facilities, and put little concerns on the project quantity and land consolidation efficiency. A partitioning 

method of land leveling area based on spatial clustering was proposed and tested in this paper. Firstly, the farmland 

was divided into a regular grid and the grid cells were used as clustering units. The grid cell size followed the pre-

sent DEM (digital elevation model) resolution, and was 5 m × 5 m in this paper. Secondly, clustering variables were 

selected to ensure that the natural and agricultural infrastructure conditions in one partition are as consistent as pos-

sible. These clustering variables included elevation, relative position to the road, land ownership, and spatial coor-

dinates. Thirdly, the spatial clustering was achieved by two-step cluster algorithm to adapt to different clustering 

variables. Result schemes were evaluated through three quantitative indexes: project quantity, elevation range and 

shape index. The comparison of empirical and spatial clustering partition schemes both with 9 partitions shows that: 

the scheme using clustering method save 24% project quantity and 11% elevation range; the shape index of the 

scheme using empirical method was 11% lower than the scheme using clustering method. The empirical method 

balances the influence of various factors and its partitions get more regular shape, but it lacks the consideration of 

project quantity. In the clustering method, the project quantity and elevation range can be significantly reduced due 

to the consideration of elevation. Although the factors of road and land ownership are also considered in the clus-

tering method, they only have limited impacts on the shape of partition boundaries. Various partition schemes using 

spatial clustering method were obtained by adjusting the number of clusters. The output of each partition scheme 

included partition number, partition distribution and evaluation indexes. The comparison of spatial clustering parti-

tion schemes with different numbers of partitions shows that with the increasing of number of partitions, the project 

quantity gradually reduced, the elevation range increased; the shape index decreased, the partition patches became 

smaller and regularized, and the complexity of partition border were reduced. The comprehensive evaluation index 

was calculated by weighted average of these three indicators, and the three corresponding weights were 0.47, 0.37 

and 0.16 that were calculated by Analytic Hierarchy Process in this paper. The comprehensive index declines rap-

idly at first then slowly increase with number of partitions. When number of partitions is 7, the minimum value of 

comprehensive index appears, which means the partition scheme has the best performance overall. To sum up, us-

ing spatial clustering method to partitioning the leveling area can effectively reduce the project quantity and im-

prove the flatness after land consolidation, which are beneficial to reducing investment and can satisfy the future 

needs of agricultural production. However, the clustering method performs less rational than empirical method in 

aspect of the regularity and distribution patterns. Therefore, in practice, the clustering scheme could be used as the 

preliminary foundation, and then the scheme can be adjusted depending on experts experience to give full play to 

advantages of both methods. 

Keywords: land use; consolidation; zoning; spatial clustering; land leveling; leveling unit 

CLC number: F301.24 

0 Introduction 

Land consolidation is a process of reorganization and 

re-optimization of land resources and its utilization, a sys-

tematic project to balance economic, social and ecological 

benefits [1] and also a major way to realize the dynamic bal-

ance of gross cultivated land. Land consolidation projects 
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include land leveling project, irrigation and drainage pro-

ject, field road project, farmland protection and ecological 

environment protection and other projects [2]. The land lev-

eling project is the most important part of the cost structure 

of the renovation project. Reducing work amount of level-

ing effectively is the key to reduce project cost [3]. During 

the land leveling process, after determining the design ele-

vation of the fields, it needs to calculate the volume of the 

filling and the digging, then, it needs a comprehensive co-

ordination treatment to digging, piling up and filling to 

achieve a minimum amount of earthwork transportation 

under the conditions of existing construction, in which the 

calculation of the volume of digging and filling and the de-

ployment scheme of earthwork are two key elements. In the 

area of land consolidation, under the condition that the dig-

ging and filling can be balanced, we can use the grid meth-

od, cross-sectional method, scattered point method or DEM 

(digital elevation model) method to design and calculate for 

land leveling. But in need of the digging and filling of 

earthworks, we need use a kind of nonlinear and global op-

timization method such as genetic algorithm to solve the 

problem [4]. In the calculation of earthwork, the adjacent 

block can be combined to form a flat unit subsystem. First 

we need to achieve balance of filling and digging in the sub 

system, if there is no balance of earthwork in leveling unit 

subsystem, we seek balance optimization from the overall 

point of view [5]. After we get earth volume, we can find the 

optimal earthwork deploying programs by the mathematical 

programming method with traffic volume as the main opti-

mization goals, combined with the economic model of dig-

ging and filling, and the arrangement of soil transporting 

machine and the optimization of the transport path [6–11], or 

we can use the method of particle swarm optimization to 

optimize the earthwork deploying [12–13]. 

In fact, during land leveling, the partition of flat land 

helps to make reasonable distribution of earthwork, keep 

digging and filling balanced in the nearest way, and reduce 

the amount of land leveling project, bringing flat mechanical 

efficiency into play and improving labor productivity [14]. 

Xiong designed two land leveling schemes on the same site. 

One is to level by using the unified design elevation; the other 

is to level by dividing the site into two areas, in which one 

area is leveled in accordance with the design requirements of 

elevation, with residual earth that is produced adding to the 

other area of earthwork to keep the design balanced, so as to 

ensure that the entire region will not produce a large amount 

of residual soil. The results show that the latter scheme is 

significantly better than the previous scheme in the earthwork 

balance and total amount of earthwork [15]. To some extent, 

this experiment shows that the division of the flat unit area 

has a great influence on the leveling unit. 

Land leveling should be adapted to local conditions. 

Meeting the requirements of agricultural production in the 

greatest extent, at the same time, connection with road en-

gineering, irrigation and drainage project, as well as layout 

of farmland protection project should be taken into com-

prehensive consideration, to create a favorable condition for 

the implementation of other projects [16]. The division of 

leveling unit is usually based on the natural conditions of 

the area, planning programs and expert experience, etc. If 

there are irrigation and water conservancy facilities in the 

field, you can consider the two adjacent agricultural ditch or 

those between the plots of agricultural land as a flat unit. 

When the agricultural drainage and field ditch are arranged 

adjacently, a strip field can be considered a leveling unit; 

When the agricultural drainage and field ditch are arranged 

alternately, two pieces of strip field controlled by field ditch 

are leveling unit [14,16]. The above methods use irrigation and 

water conservancy facilities as the main basis, and there is 

little consideration on the formation of working quantities 

and field planning. In this paper, we take the spatial cluster-

ing as the basic method to study the leveling unit division in 

arid plain to reduce the leveling quantities and to improve 

land consolidation benefit. 

1 Partitioning of land leveling unit based on 

spatial clustering 

1.1 Method and Procedure 

1.1.1 Basic principle 

Spatial clustering is an unsupervised learning method, 

which does not require any prior knowledge. By fully ex-

ploring the spatial clustering information in the data, the 

objects of spatial data are divided into two categories, which 

are composed of similar objects and that can reflect the 

characteristics of the adjacent space and attribute similarity. 

When the spatial clustering method is used to classify the 

level units, the land to be leveled is classified according to 

the goal of spatial continuity and similar attributes, with one 

category corresponds to one level unit. According to the 

structural characteristics of the basic data of land consolida-

tion planning, this paper uses two step cluster model to 

achieve spatial clustering. The steps are: 1) pre-clustering, 

constructing the characteristic tree to divide the samples 

into a number of sub-classes; 2) formal clustering, the 

pre-clustering results are used as the input, and the hierar-

chical clustering method is used for re-clustering (A 

log-likelihood function is used as the distance measure for-

mula). At each stage, the Schwartz Bayes information crite-

rion is used to evaluate whether the existing classification is 

suitable for the existing data, and give the right classifica-

tion scheme at the end. This method can be applied to any 

scale clustering variables, and has obvious advantages in 

terms of clustering conditions. 

1.1.2 Procedure of land leveling partitioning 

The main steps of land leveling partitioning by spatial 

clustering method are data input, leveling unit partitioning 
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and scheme output (see Fig. 1). Data input: Input of the data 

of cluster variables based on the basic cluster units, includ-

ing the current situation of DEM, the status of land use and 

land consolidation planning and other related basic data. 

The leveling unit partitioning is a process of spatial cluster-

ing and scheme selection, in which the clustering unit is 

divided into several classes by using the spatial clustering 

method, and the optimal scheme is selected based on the 

objective function to evaluate the number of the cluster 

categories. The scheme output the optimal leveling unit 

distribution and its partition number. 

 

Fig. 1  Procedure of land leveling partitioning using spatial clus-

tering method 

1.2 Method for realizing key point of land leveling 

unit partitioning 

1.2.1 Determination of cluster unit 

The basic unit of spatial clustering is spatial discrete ob-

jects. In the survey data about the using land, in accordance 

with different types of use, ownership and other attributes, the 

continuous distribution of land is divided into pattern spots. 

But due to the large area difference of plots of land, its stabil-

ity and applicability will be poor as the clustering unit. 

Therefore, the flat land will be divided by using the regular 

grid as the basic unit of clustering and the size of grid unit 

matches with the spatial resolution status quo DEM. 

1.2.2 Determination of cluster variables 

Cluster variables are the basis for the similarity evalua-

tion of cluster unit which are chosen according to the goal 

of clustering. In order to improve the large-scale mecha-

nized agricultural production conditions of the arid plains, 

natural conditions and agricultural infrastructure facilities of 

the leveling unit should be as consistent as possible. So, in 

this paper, we select the following clustering variables: 

1) Elevation range: Elevation is the most important topo-

graphical factor which affects land leveling. The clustering 

unit with similar elevation is not only easy to realize the 

digging and filling balance, but also easy to form large field 

that is suitable for mechanized large-scale operation after 

leveling. Therefore, the elevation value of the clustering 

unit can be used as clustering variable which can be got 

from the status quo DEM. 

2) The relative location with the planning road: in the 

empirical partitioning method, we often use field ditch or 

agricultural furrow as natural boundary line. In this paper, 

the planning roads including the present and newly built 

roads are as an important reference for partition to reduce 

the transportation of earthwork across the road and coordi-

nate all kinds of engineering construction. Clustering varia-

ble values uses a grid unit and parametric description of 

relative position of each planned road, and uses recorded 

order of turning point of road as direction; on the left of 

road, it is recorded as 0, 1 on the right, and each planned 

road corresponds to a clustering variable. 

3) Land ownership: for the convenience of the construc-

tion organization and land management, the same level unit 

area should belong to the same authority unit (towns, vil-

lages, groups) as far as possible, to avoid earthwork transfer 

between units of different management authorities, as a re-

sult, the ownership of each grid is used as a cluster variable. 

Data can be obtained through the spatial overlay analysis 

from the management planning data after the adjustment of 

the ownership. 

4) Spatial coordinates: The leveling unit is the basic unit 

of the calculation of digging and filling and allocation of 

earthwork, as well as the organizational unit of the opera-

tion management after leveling. The land in the unit con-

forms to continuous spatial distribution. Therefore, the 

grid's spatial position is used as clustering variables to en-

sure the spatial adjacency of the clustering unit, the X and Y 

coordinates of the center of the grid are used as the value of 

the variable. 

1.2.3 Scheme evaluation method 

Through adjusting number of spatial clustering catego-

ries, we can get partitioning schemes of leveling unit with 

different partition number and spatial distribution. The rea-

sonable partitioning scheme should have smaller working 

quantities and meet the agricultural production requirements 

after consolidation as much as possible. Therefore, this pa-

per selects three quantitative indicators, i.e., regional level-

ing work amount, flatness and patch regularity, as 

evaluation basis. Partition patch size has an important im-

pact on field planning and production management, but it 

also has a clear linear relationship with the partition number, 

and it is only used as a reference to the qualification be-

cause the leveling unit area of arid plain is big. 

Total volume of earthwork is used as the evaluation in-

dex of work quantity, which is the sum of earthwork quan-

tity and load distance product, m·m3[13, 17]. We calculate the 

volume of digging and filling of earthwork by DEM method 

and calculate the amount of leveling work quantity by linear 

programming method. We calculate the earthwork and de-

ployment in leveling unit at first, and conduct deployment 

between units if it cannot be balanced in the unit to reduce 

earthwork allocation. 

The range of average elevations of leveling unit is used 

as evaluation index of flatness, the smaller the range is, the 

higher flatness is, and the more beneficial it is to agricultur-

al production. 

Patch shape index is used as the evaluation index of the 

patch regularity in the leveling unit (taking the square as the 
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reference geometry). The smaller the shape index is, the 

closer the shape complexity of the leveling unit is to the 

square of the same size. The higher the regularity of level 

unit is, the more conducive to obtain division of regular 

shaped block and the more conducive to agricultural pro-

duction in the future. The shape index of the patch (with the 

square as the reference geometry) is calculated as follows: 

 
Where S is the shape index (dimensionless value of no less 

than 1); P is the perimeter of the patch, m. A is the area of 

the patch, m2. 

Based on the above 3 indexes, the weighted average 

method is used to construct the objective function of the 

partitioning scheme. The formula is as follows: 

 
Where Z is comprehensive evaluation index; I is the mini-

mum-maximum standardized value of each evaluation in-

dex; W is the weight of each index. 

We use analytic hierarchy process to determine the index 

weight, and the importance of the indexes needs to be de-

termined according to the consolidation goals. The rules are 

as follows: In the spatial clustering method, elevation is 

used as a clustering variable, and reducing the work quanti-

ty is an important feature of the method, so the quantity 

index is the most important in the objective function, fol-

lowed by flatness which is directly affected by elevation 

factor; the partition regularity is the performance under the 

influence of various factors, without obvious characteristic 

of the spatial clustering method, so the importance is lower 

as evaluation of the partition scheme of spatial clustering. 

According to the importance of the indicators, the weight of 

each index in the target function is finally determined: the 

work quantity is 0.47, the elevation range is 0.37, and the 

shape index is 0.16. 

According to the meaning of each index, the smaller the 

target function is, the better the scheme will be. In order to 

find the optimal partition scheme, we calculate the target 

function for leveling unit with different partition number. 

2 Case study 

2.1 General introduction of study area 

In this paper, the case study was carried out in Shunping 

County of Hebei Province in the land improvement project 

area. Shunping County is located in the northwest of Hebei 

Province, the western suburbs of the city Baoding. The ge-

ographic coordinates of the project area are 

115°11′24″–115°15′25″E, 38°47′28″–38°50′56″N, involving 

2 towns with 12 villages and the total area is of 2 290.45 

hm2. The total area for the project is 1 838.92 hm2 without 

residential land, industrial land and land for education, etc., 

which are not included in the project. The project area be-

longs to north arid region where wheat and corn are mainly 

planted. Its landscape type is plain with overall flat terrain. 

The maximum elevation of land status is 41.48 m, the 

minimum is 33.93 m, the elevation range is 7.55 m, and the 

standard deviation of elevation is 1.32 m. The DEM of pro-

ject area is shown in Fig. 2. 

 

Fig. 2  DEM map of project area 

2.2 Partitioning scheme by empirical method 

In scheme of land consolidation, 7 main roads were 

planned in the project area. According to the experience of 

experts, 9 leveling units were partitioned for consolidation. 

The partitioning scheme is shown in Fig. 3. 

2.3 Land leveling unit partitioning based on spa-

tial clustering 

2.3.1 Data input 

First, the vector data of cluster unit is generated. The 

measuring scale of the status of the DEM in project area is 

of 1:10000. Its spatial resolution is 5 m, so the size of grid 

of the cluster unit is set to be 5 m. The process for generat-

ing cluster unit data is: using ArcToolbox- Data Manage-

ment Tools- Feature Class- Create Fishnet in ArcGIS to set 

the width and height which are 5 m and generate vector grid 

data; then, using Selection- ＞  Select By Location in 

ArcMap and putting vector grid as the target layer with ag-

ricultural map spot as the source layer to select in accord-

ance with the space intersection; Finally, using Analysis > 

Tools- > Extract- > Select to output the selected grid object 

as the clustering unit vector data. 

The clustering variables are extracted from the related 

basic data by using the clustering unit. The specific contents 

and methods are as follows: Elevation value: using 

ArcToolbox- Spatial Analysis Tools- > Zonal- Zonal Statis-

tics as Table to extract each elevation value from the present 

DEM and correlate them for grid attributes; Relative position 

to road: because the number of roads is large and manual 

178



   

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

 

Fig. 3  Partition schemes based on empirical method and spatial 

clustering method 

operation is cumbersome, we get the parameters by pro-

gramming. The center point of a grid represents the grid 

position, using the Query Point And Distance method of 

ICURVE interface in Arcobject, and by returning value 

bRightSide, the relative position of the grid and the line is 

determined, and it is added to the grid property; Land own-

ership: we associate the clustering unit data and the plan-

ning data after adjustment based on spatial location, the 

ownership of the land in which the grid drops is the owner-

ship of the grid; Spatial coordinates: the X coordinates and 

Y coordinates are added to the cluster unit data, and the 

coordinate values are calculated by the Calculate Geometry 

function of ArcMap. 

2.3.2 Spatial clustering 

The process of spatial clustering is completed by using 

the two order clustering analysis function of SPSS, and the 

specific steps are: the identifier of the cluster unit data and 

the attribute of the cluster variables are imported into SPSS; 

elevation and grid coordinates are set as continuous varia-

bles and the land ownership and the relative position of the 

road as categorical variable, and the number of clusters is 

specified; clustering analysis is performed and output clus-

tering results based on Excel file; Using ArcMap to add the 

clustering result to the cluster unit data as attribute, so as to 

output the partitioning scheme of the leveling unit. 

Regular net of 5 m × 5 m is used as the cluster unit. The 

spatial location, elevation, ownership of the grid, and the 

relative position of the 7 main roads are used as cluster var-

iables. The project area is divided into 9 flat areas by using 

the spatial clustering method (In order to carry out compar-

ative analysis, that is the same as the number of empirical 

method,), and the result is shown in Fig. 3b. 

2.4 Results and analysis 

2.4.1 Comparative analysis of the results of the em-

pirical method and the spatial clustering method 

From the comparative analysis of the results of the em-

pirical method and the spatial clustering method in Fig. 3, 

we can see that as the number of partitions is the same, the 

overall fragmentation of the results of the 2 partitions are 

close to the same; the results of empirical method show more 

consideration of the factors of road segmentation and admin-

istrative division, and most of the boundary and the road line 

overlap; There are more dividing lines in the result of spatial 

clustering method that break the road segmentation. 

The evaluation parameters of the empirical method and 

the spatial clustering method are calculated respectively, in 

which the calculation process of work quantities is: eleva-

tion design is conducted according to the principle of hori-

zontal leveling unit, and the design DEM is generated; the 

amount of earthwork all grid unit in the level unit is ob-

tained through subtraction of the present DEM and the de-

signed DEM; And then the distance between the centers of 

the grid is used as average haul distance. The work quantity 

is calculated by using the method of linear programming 

through Lingo for each leveling unit. Finally, the work 

quantity of the entire project is obtained after summary. The 

flatness and patch regularity parameters are calculated by 

using ArcMap software based on the level unit and the de-

signed DEM. 

Table 1  Evaluation indicators of partition schemes using spatial 
clustering and empirical method 
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We can see from the evaluation index in Table 1 that the 

quantity by using spatial clustering method is reduced by 

24% compared to that using the empirical method, and the 

elevation range is decreased by 11%, which indicates that 

the spatial clustering method can effectively reduce the pro-

ject quantity and improve the flatness. The decrease of the 

work quantity mainly because that after the elevation is se-

lected as clustering variable, the cluster unit with similar 

elevation are more likely to be divided in the same leveling 

unit. And in leveling unit, the elevation difference becomes 

smaller and the earthwork is reduced accordingly. The ele-

vation range becomes small between partitions is also due 

to the more uniform distribution of elevation between parti-

tions. If the partition leveling unit is only based on the field 

facilities, we are likely to put the partially high or low area 

into the same partition. 

From the shape index of the partition, the scheme using 

clustering method is 11% higher than using the empirical 

method, which shows that the partition patch obtained using 

empirical method has better regularity. When planning ex-

perts make partition for leveling unit, they not only rely on 

the rules of various experience to judge, but also consider 

the partition of leveling unit from the perspective of land-

scape pattern. While the spatial clustering method can only 

make partial restriction as input variables, so it is poorer in 

regularity of the partition patch and distribution pattern. 

Integrated the partition figure and evaluation indexes of 

the two methods, we can see that using empirical method 

obtains more regular partitioning shape for it integrates the 

design theory and technology of land leveling and planning 

to solve practical problems in engineering of land leveling, 

and its partitioning scheme makes the balance for the road, 

administrative partition and other factors. But its deficiency 

is that it has insufficient consideration on work quantities. 

Because in spatial clustering method, the important factor of 

elevation is introduced as a clustering variable which affects 

the balance between filling and digging, in evaluation index, 

work quantities related to landform and elevation range are 

reduced obviously. Although in the spatial clustering meth-

od, the road and ownership as clustering variables are added 

into account, and the partition patch regularity is also added 

as one of the goals of the plan evaluation, it has limited ef-

fect on partition patch distribution and shape regularity, so 

the regularity of partition shape is relatively poor. 

2.4.2 Analysis of the effect of different partition 

numbers on spatial clustering 

On the basis of the partitioning of spatial clustering lev-

eling unit, we adjust number of clustering categories (i.e., 

leveling unit number) and get partitioning scheme with dif-

ferent number, then we calculate the indexes of work quan-

tity, flatness and regularity of every scheme. The result is 

shown in Table 2. 

Table 2  Evaluation indicators of partition schemes with different 
numbers of partitions using spatial clustering method 

 
We can see from Table 2 that as the number of partitions 

increases, the project is gradually reduced, elevation range 

increases, and partition shape indexes all decrease. The re-

lated coefficient reached 0.96 (see Fig. 4a) by using the re-

lationship between the power function, number of partitions 

and project quantities, which indicated that the more level-

ing unit, the shorter average distance would be carried out 

in the region for earthwork allocation, and the project quan-

tities would be decreases. The correlated coefficient is of 

0.91 by using the relationship between the linear fitting 

function partition and partition elevation range (see Fig. 4b). 

The height of partitioning of the design is the average ele-

vation of partition. The more partitions, the greater the gap 

of partition elevation, and the overall smoothness of the 

project area would be reduced. The correlated coefficient is 

up to 0.96 (see Fig. 4c) by using the relationship between 

the power function fitting partition and shape index. As the 

number of partitions increases, the partition patch will be-

come smaller, the complexity of boundary will decrease and 

eventually patch shape tends to be regular. 

2.4.3 The determination of optimal scheme 

Formula (2) is used to calculate the objective function 

value. By using the partition number as the horizontal coor-

dinate, and the objective function as vertical coordinate, we 

draw line graph (Fig. 5). The results show that with the in-

crease of the partition number, the objective function value 

decreases rapidly first and then increases slowly. When the 

partition number is 7, the composite index is the smallest. 

The results show that when using spatial clustering method 

for land leveling in the project region, the whole optimal 

scheme for work quantity, flatness and regularity is when 

the number of partitions is 7 (Fig. 6). 
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Fig. 4  Fitting results of land leveling quantities, elevation ranges 

and shape indexes 

 

 

Fig. 5  Comprehensive indexes in different numbers of partitions 

 

Fig. 6  Partition scheme with seven partitions using spatial clus-

tering method 

3 Conclusions and discussion 

Aiming at the problem of partitioning of leveling unit in 

land leveling project, this paper presents a method that us-

ing spatial clustering in partition of leveling unit. Using 

regular grid as cluster unit, we select elevation values, rela-

tive position of planned road, land ownership and spatial 

coordinates as clustering variables, using second order 

clustering algorithm to achieve spatial clustering and gener-

ate the partitioning of leveling unit. By creating the objec-

tive function in which the work quantity, evaluation range 

and shape index are selected as the evaluating indicator, the 

quantitative evaluation of the effect of the implementation 

of the zoning plan is achieved. 

Results of example analysis show that compared with 

empirical method, the scheme using spatial clustering 

method can reduce 24% work quantity and 11% elevation 

range, which can help to reduce the investment of the con-

solidation project and meet the requirement of agriculture 

production in the future. However, the clustering method 

performs is less rational than empirical method in aspect of 

the regularity and distribution patterns. Therefore, in prac-

tice, the clustering scheme could be used as the preliminary 

foundation, and then the scheme can be adjusted on experts 

experience to give fully play to advantages of both methods. 

In this paper, it mainly studied on the terrain for plain 

area and rain fed areas where crop planting species are rela-

tively single, so factors of influence of partitioning of lev-

eling land is relatively simple. We also need further study in 

those areas were are mountainous and hilly, with larger dif-

ferences in slope, in ditches, and area with perfect planning 

in agricultural infrastructure, and complex crop varieties 
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and planting structure. Also it is limited in the method itself 

and the parameters that many expert’s experience and tech-

nical planning theory cannot be used in a better way, thus 

the result has certain limitations. So we also need to do fur-

ther research on how to better integrate this knowledge into 

the spatial clustering analysis. 
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Biological traits on corn straw interlayer in improving saline-alkali soil 
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Abstract: Many measures have been adopted to improve saline-alkali soil in recent years, but the effects of differ-

ent measures have advantages and disadvantages. Water conservancy facilities improve quickly and effectively, but 

the cost is high. Chemical modifiers are palliatives and not conducive to the sustainable development. It is neces-

sary to explore a better measure to improve saline-alkali soil. It is easy for crop straw to cut off the continuity of the 

capillaries and partition the phreatic evaporation. The salt accumulation has been prevented in the surface of soil 

and a good physical and chemical soil environment is created for the crops to the normal growth and development. 

And burying straw into soil also prevents the salt in the deeper soil to return to the surface layer. Tongliao City is 

the corn production base in Inner Mongolia Autonomous Region and even the whole nation. The corn planting area 

is more than 1 100 000 hm2 every year, and there is wide source and large storage capacity of corn straw. It is nec-

essary to study the effect of corn straw interlayer on improving saline-alkali soil. In the experiment, corn straw in-

terlayer was made in different soil depths (10, 15 and 20 cm) and different dosages (30 000, 45 000 and 60 000 

kg/hm2) using corn stalks in saline-alkali soil. The soil was collected from Huatugula, Tongliao City in 2008 and 

then the barley was planted in the soil from 2009 to 2011. The paper studied the microorganism number and the 

enzyme activity in saline-alkali soil, and the impact of corn stalk isolation layer on saline soil's biological traits and 

barley yield. The results showed that the numbers of bacteria, actinomycetes, fungi, nitrite bacteria and cellulolytic 

bacteria, and the activities of urease, protease, amylase, cellulase and catalase significantly increased (P < 0.01), 

while polyphenol oxidase activity reduced in alkali soil with corn straw interlayer (P < 0.01). With the increasing of 

corn stalks' quantity, the numbers of microorganisms and the activities of urease, protease, amylase and polyphenol 

oxidase all increased (P < 0.01), while the activities of cellulase and catalase did not change significantly. With the 

increasing of corn stalks' burying depth, the numbers of microorganisms and the protease activity both reduced (P < 

0.01), while polyphenol oxidase activity increased (P < 0.01) and other enzymes' activities did not change signifi-

cantly. As the time increased, the numbers of microorganisms and the activities of enzymes in saline-alkali soil in-

creased significantly (P < 0.01). The treatment A3B1 (straw dosage of 60 000 kg/hm2, burying depth of 10 cm) 

reached the highest activity for 6 kinds of enzymes and the highest yield of 1 914 kg/hm2. The treatment A3B1 was 

the optimum of all treatments. Corn straw as the resource with advantage can be used for improving saline-alkali 

soil, which is of great significance to the protection of the ecological environment, the expansion of the grain 

growth and the revitalization of the rural economy in Tongliao City. 

Keywords: soils; straw; microorganisms; alkali soil; corn stalks; interlayer; soil enzyme activity 

CLC number: S156.4 

0 Introduction 

In the 21
st
 century, soil saline-alkalization tends to be 

more serious. According to statistics, saline-alkali soil in-

creased by 1.0 × 10
6
–1.5 × 10

6
 hm

2 
in the world every year 

[1–2]
. With the decrease of cultivated land nowadays, scien-

tific development and using of saline-alkali soil is of great 

significance. In Tongliao City, there are large areas of saline-

alkali soil under uncultivated condition, and the crop yield 

per unit is low and grass yield reduces, which influences the 

improvement of people’s living standard and agricultural 

production to great extent. Therefore, restoring saline-alkali 

soil in scientific and effective manner becomes extremely 

urgent. 

Microorganism in soil is the product during soil forming 

and also the driving factor for soil forming 
[3]

. It plays a 

vital role in the processes of straw decomposition, humic 

substances composition and soil nutrient cycling. The num-

ber of microorganism in soil not only has an impact on soil 

nutrient composition and conversion as well as biochemical 

processes, but also specifically reflects soil biological activ-

ity; it is one of the factors maintaining and restoring the 

productivity of soil 
[4–7]

. Soil enzyme plays a vital role dur-

ing the cycling of various nutrients in soil and energy con-

version 
[8]

. Soil nutrients reflect the potential capacity of soil 
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supplying nutrient for plant root, and it is an important fac-

tor contributing to soil fertility 
[9]

. At present, there are few 

studies in which soil enzyme activity is taken as an index 

for improving saline-alkali soil and evaluating soil fertility. 

Dong et al. 
[10] 

found that paper-making wastewater irriga-

tion can improve soil fertility of degraded saline-alkali soil 

and its soil enzyme activity. Dou et al. 
[11] 

investigated the 

effects of mulching drip irrigation on the soil enzyme activ-

ity of severe saline-alkali soil in shallow groundwater areas, 

suggesting that mulching drip irrigation can improve soil 

enzyme activity. However, these improvement methods can 

hardly be popularized in production application due to low 

economic benefit, environmental pollution and other issues 
[12–17]

. 

Corn straw interlayer measure can improve saline-alkali 

soil 
[18–19]

. In the paper, considering this, we conducted 

comparison analysis on the number of microorganism in 

soil and soil enzyme activity respectively before and after 

corn straw interlayer treatment and further studied the cor-

relation between soil enzyme activity and yield. We aimed 

at providing scientific and theoretical basis for extensive 

application of corn straw interlayer in agricultural produc-

tion. 

1 Materials and methods 

1.1 Profile of experimental plot 

Tongliao City is in the east of the Inner Mongolia Au-

tonomous Region and at the west end of Songliao Plain. It is 

one of the main corn planting areas in China, and features 

the planting system of one crop per annum. The experi-

mental plot belongs to the Agricultural College of Inner 

Mongolia University for Nationalities (43.36° N, 

122.22 °E), with an altitude of 178.5 m, and enjoys typical 

continental monsoon climate. Its annual average tempera-

ture is 6.4 °C, and the annual accumulated temperature ≥ 

10 °C is 3184 °C. It has 150 d of frost-free period, with an 

annual average rainfall of 399.1 mm, mainly in July, August 

and September. 

1.2 Experimental materials 

The experimental soil is soda alkali-saline soil in 

Huatugula Town of Tongliao City, with organic matter con-

tent of 5.6 g/kg, hydrolysable nitrogen of 24.5 mg/kg, rapidly-

available phosphorus of 24.5 mg/kg and rapidly-available 

potassium of 95.3 mg/kg, pH value of 10.2 and alkalinity of 

72.6%. Mengpi Barley 1 and shattered corn straw are 

adopted for the experiment. 

1.3 Experimental design plan 

Thirty square experimental plots in 1 m × 1 m × 0.5 m 

were made, surrounded by brick wall and covered with 

plastic film. Bottom and upper soil was soda saline-alkali 

and shattered corn straw was laid between them, with the 

dosage of 30 000, 45 000 and 60 000 kg/hm
2
 (labeled as A1, 

A2 and A3) and the buried depth of 10 cm, 15 cm and 20 cm 

(labeled as B1, B2 and B3). Soda saline-alkali soil was taken 

as control sample (labeled as CK). The experiment was 

conducted for three repetitions in random block arrange-

ment. The design treatment combinations are shown in Ta-

ble 1. 

Table 1  Design of experimental areas 

 
We irrigated various plots with equal amount of water 

(25 kg) at an interval of one month from May 1, 2008, took 

samples from each plot and conducted determination, and 

then took topside soil and interlayer soil, mixed them evenly 

and stored them in refrigerator for the determination of soil 

microorganism and enzyme after labeling, with subsoil left 

in each plot. In 2009, we refilled each plot with mixture of 

decomposed straw and saline-alkali soil taken last year, 

without new corn straw buried, and made new corn straw 

interlayer for each plot every year. In May 15, we sowed 

seeds, and took the same management measures with field 

crop, and took soil for determination after autumn, and ana-

lyzed improvement effects of each treatment. In 2010 and 

2011, we took the same management measures for plots 

with 2009, and took topsoil sample from plots in various 

buried depth after autumn and detected the number of mi-

croorganism and the activity of main enzymes. 

1.4 Detection items and methods 

The number of soil bacteria, fungi, actinomycetes, nitrite 

bacteria and aerobic cellulose decomposition bacteria; the 

activity of urease (NH3-N content in 1 g soil after 24 h), 

amylase invertase (maltose content in 1 g soil after 24 h), 

polyphenol oxidase (purple theogallin content in 1 g soil 

after 2 h), proteinase (amino acid content in 1 g soil after 24 

h), cellulase (glucose content in 1 g soil after 72 h) and cat-

alase (content of 0.1 N potassium permanganate in 1 g soil 

after 20 min); pH value, the rate of emergence and the yel-

lowing rate of barley (the plant is regarded as yellow if 70% 

surface of the total area is yellow), altitudes of plant in 

jointing stage and maturity stage, and yield in maturity 

stage. 

Solid plate method 
[20] 

was adopted for the determination 

of the number of soil bacteria, fungi and actinomycetes; and 

dilution method 
[21] 

was adopted for the determination of the 

number of nitrite bacteria and aerobic cellulose decomposi-

tion bacteria. Colorimetric method was adopted for the de-

termination of the activity of urease, amylase, polyphenol 
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oxidase, proteinase and cellulase; volumetric method was 

adopted for the determination of catalase activity 
[22–24]

. 

1.5 Data processing and analysis 

Excel and data processing system (DPS) 3.01 were re-

spectively adopted for data processing and analysis. 

2 Results and analyses 

2.1 Influence of corn straw interlayer treatment 

on soil microorganism 

Microorganism is one of the dynamic factors influencing 

soil fertility. Bacteria, fungi and actinomycetes are three 

main groups of microorganism and constitute main biomass 

of soil microorganism, and their quantity variation and flora 

composition can reflect the biological activity level of soil. 

Table 2 shows that the number of bacteria, fungi and ac-

tinomycetes in soil with corn straw interlayer treatment was 

larger than that in control plot. The number of bacteria, fun-

gi and actinomycetes increased with the increase of straw 

dosage (P < 0.01), and decreased with the increase of buried 

depth of corn straw interlayer (P < 0.01). And the number of 

bacteria, fungi and actinomycetes in the treatment combina-

tion of A3B1 (straw dosage of 60 000 kg/hm
2
, interlayer 

buried depth of 10 cm) was largest. 

Soil nitrite bacteria and cellulose decomposition bacteria 

belong to functional bacteria group, and the number of ni-

trite bacteria reflects the supply status of nitrate nitrogen in 

soil. As seen from Table 2, the number of nitrite bacteria in 

different treatments varied greatly, with the maximum in 

treatment A3B1, higher than that of control plot without corn 

straw interlayer treatment. In each treatment plot with the 

same straw dosage, with increasing buried depth of corn 

straw interlayer, the number of nitrite bacteria decreased 

and the difference between each soil layer was extremely 

significant. With increasing straw dosage, the number of 

nitrite bacteria exhibited an increasing trend. Cellulose is 

the main component of soil plant residues; it is a stable 

compound existing widely in the nature and is decomposed 

by microorganism, which is the basis of carbon cycling. As 

seen from Table 2, in each treatment soil, the number of 

aerobic cellulose decomposition bacteria was significantly 

different, and reached the greatest in straw dosage of 45 000 

kg/hm
2
 with the interlayer buried depth of 10 > 20 > 15 cm. 

In straw dosage of 30 000 kg/hm
2
, with increasing interlayer 

buried depth, the number of aerobic cellulose decomposi-

tion bacteria reduced. In straw dosage of 60 000 kg/hm
2
, the 

number exhibited the trend of interlayer buried depth 20 > 

10 > 15 cm. Generally, the number of aerobic cellulose de-

composition bacteria in soil interlayer depth of 10 cm was 

higher than those in other treatments. 

Over time, microorganism quantity in saline-alkali soil 

with corn straw interlayer treatment obviously increased 

mainly due to straw decomposition in greater degree over 

time. 

2.2 Influence of corn straw interlayer measure on 

enzyme activity in saline-alkali soil 

When corn straw interlayer is applied in soda saline-

alkali soil, the soil chemical composition and habitat envi-

ronment is changed and soil enzyme activity will be affect-

ed too. Urease and proteinase in soil take part in the 

conversion of organic compounds containing nitrogen, and 

thus the content of available nitrogen in soil increases and 

nitrogen supply is improved. As shown in Table 3, urease 

activity in soil with various corn straw interlayer treatments 

was higher than that in control plot and lower than that of 

normal soil, and the differences were significant. Soil urease 

activity exhibited an increasing trend with increasing straw 

dosage, but slightly changed with increasing interlayer bur-

ied depth. When the straw dosage was 60 000 kg/hm
2
, soil 

urease activity was highest and showed significantly differ-

ence from that of control soil. The proteinase activity of 

treatment soil was significantly different from that of con-

trol soil. In case of the same interlayer buried depth, with 

increasing straw dosage, soil enzyme activity gradually in-

creased, and the activity of proteinase and urease showed 

similar change trend. With increasing interlayer buried 

depth, soil proteinase activity gradually reduced, and the 

activity of proteinase and urease showed different change 

trend because the former tends to be more sensitive to tem-

perature. When corn straw interlayer is applied in saline-

alkali soil, the organic content in soil and soil porosity in-

creased and permeable rate increased, so more nutrients 

were supplied to soil microorganism, thus facilitating the 

decomposition effect of microorganism, which is one of the 

reasons why the activity of soil urease and proteinase was 

higher than that of control soil. 

The activity of amylase in soil with corn straw interlayer 

treatments was significantly higher than that of control soil 

and lower than that of normal soil. Amylase activity in-

creased with the increase of the straw dosage, and increased 

first and then reduced with increasing interlayer buried 

depth. With straw dosage of 60 000 kg/hm
2
 and interlayer 

buried depth of 10 and 15 cm, the activity of soil amylase 

was highest. In 2011, compared with control soil, the activ-

ity of amylase in soil with corn straw interlayer treatment 

increased by 3.95 mg/(g·24 h). The cellulase activity of the 

soil with corn straw interlayer treatment was significantly 

higher than that of control soil and close to that of normal 

soil; and it gradually reduced with increasing interlayer 

buried depth, but the differences were not significant. 

Catalase can accelerate the decomposing of hydrogen 

peroxide into oxygen and water and prevents hydrogen 

peroxide from affecting crop; to some extent, it represents 

the degree of soil biological oxidation and microorganism 

activity and plays a vital role in the oxidation of organic 

matter and humus formation. As shown in Table 3, the  
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Table 2  Numbers of saline soil microorganism (cfu·g−1) 

 
Note: cfu is colony-forming units, and cfu·g−1 represents the number of viable organism per unit mass soil. Compared with different treatment every year, 

lowercase letters within each group indicate significance difference at P < 0.05, captal letters within each group indicate significance difference at P < 0.05; 

Same as below. 

catalase activity of saline-alkali soil after improvement was 

significantly different from that of control soil. Catalase 

activity increased with increasing straw dosage, and de-

creased with increasing interlayer buried depth. The catalase 

activity in the treatment combination of A3B1 reached the 

greatest. 

Polyphenol oxidase can reflect soil humification and 

plays a role during decomposition, conversion and synthetic 

process of organic matter. Quinine, an enzymatic oxidation 

product, combines with amino acid and turns into humic 

acid molecule. From Table 3, after 3 years of improvement, 

the polyphenol oxidase activity of soil with corn straw in-

terlayer treatment was significantly different from that of 

control soil, i.e., the polyphenol oxidase activity in the in-

terlayer treatment was lower than that of control soil. With 

increasing straw dosage and interlayer buried depth and 

extension of time, the activity of polyphenol oxidase in soil 

increased, and that in the treatment combination of A3B3 

reached the greatest, 1.49 mg/(g·24h). 

Over time, with the increase of the straw dosage, the ac-

tivity of urease, proteinase, cellulose and catalase increased, 

and that in the treatment combination of A3B1 reached the  
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Table 3  Activity of saline soil enzyme 

 

greatest, respectively 0.31 mg/(g·24h), 7.38 mg/(g·24h), 

0.69 mg/(g·72h), 0.67 mg/(g·20min) in 2011. 

2.3 Influence of corn straw interlayer treatment 

on biological traits and yield of barley 

Plant biological traits and yield are important indexes for 

evaluating physical and chemical characteristics and fertility 

of soil; therefore, based on the biological traits and yield of 

barley, the improvement effects of corn straw interlayer on 

saline-alkali soil may be concluded. From Table 4, over 

time, rate of emergence, altitude of plant and yield of barley 

increased, and the yellowing rate reduced. With increasing 

corn straw dosage, the rate of emergence of barley increased 

(A1 < A2 < A3), and with decreasing interlayer buried 

depth, the yellowing rate reduced. The average altitude and 

yield of barley increased with increasing straw dosage. For 

straw dosage of 30 000 kg/hm
2
, barley seeding in three 

treatment plots gradually died as in the control plot, and 

barley yield was very low. This indicates that with increas-

ing straw dosage, the physical and chemical characteristics 

and fertility of saline-alkali soil is improved, which creates 

a favorable environment for plant growing; with greater 

straw dosage and thinner soil layer, the biological traits and 

yield of barley is improved to a great extent. 

The straw dosage of 60 000 kg/hm
2 
and interlayer buried 

depth of 10 cm is the optimum combination of corn straw 

interlayer treatment. The reason may be that the corn straw 

interlayer cuts off capillary pore of saline-alkali soil, pre-

venting the accumulation of subsoil salt in the surface soil to 

jeopardize plant growth; thus sodium saturation and soil salt 

content obviously reduce, which provides certain nutrients for 

plant growth and improves the growing conditions of plants. 

187



   

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

Table 4  Changes in biological characters and yield of barley 

 

2.4 Analysis of correlation between soil enzyme 

activity and barley yield 

The number of microorganism in soil and soil enzyme 

activity are biological activity indices representing soil 

characteristics, and are widely used to evaluate the cycling 

of soil nutrient substance. Related analysis in Table 5 

showed that the activity of various enzymes and barley 

yield showed positive correlation. Barley yield and the ac-

tivity of urease, amylase and polyphenol oxidase show sig-

nificant correlation. In 2011, barley yield and the activity of 

proteinase and catalase reached the most significant correla-

tion level. With extension of time, correlation between bar-

ley yield and the activity of polyphenol oxidase, proteinase, 

cellulose and catalase increased. 

Table 5  Correlation coefficients of soil enzyme activities and 
product of barley 

 
Note: n = 10, r0.05 = 0.576, r0.01 = 0.708, * show significant correlation; ** 

show highly significant correlation. 

3 Conclusions and discussions 

3.1 Discussions 

When corn straw interlayer is applied, the number of soil 

bacteria, actinomycetes, fungi, nitrite bacteria and aerobic 

cellulose decomposition bacteria increased. Corn straw is a 

cheap and environment-friendly material, and the decom-

posed corn straw is rich in carbon/nitrogen and can provide 

plenty of carbon and nitrogen for microorganism, which 

improve soil structure and is beneficial for microorganism 

growth. The increased cellulose and semicellulose in soil 

provides nutrients for aerobic cellulose decomposition bac-

teria. The increase of nitrite bacteria indicates that corn 

straw interlayer treatment can facilitate the accumulation of 

nitrate nitrogen in soil, meeting the needs for the growth of 

plant itself and influencing soil fertility. This is consistent 

with the results of study on soil microorganism changes 

after straw returning to field by Zhao et al. 
[25]

. After appli-

cation of corn straw interlayer, the activity of urease, pro-

teinase, amylase, cellulase and catalase increased, and that 

of polyphenol oxidase decreased, because the organic acid 

generated during corn straw decomposition improves the 

solubility of calcium, and potassium concentration in soil is 

increased due to decomposition of corn straw with high 

potassium content, which can replace sodium in colloid, and 

reduce soil alkalization degree and pH value. pH value and 

the activity of urease, proteinase, amylase, cellulase and 

catalase showed negative correlation, which was different 

from the results of the research by Li et al. 
[26]

. pH value and 

activity of polyphenol oxidase showed positive correlation, 

which was is consistent with the results of the research by 

Yue et al. 
[27]

. 

For treatment A3B1 (straw dosage of 60 000 kg/hm
2
, in-

terlayer buried depth of 10 cm), the activity of urease, pro-

teinase, cellulose and catalase in soil was the greatest. With 

the increase of the interlayer buried depth, enzyme activity 
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decreases. Specifically, the activity of cellulase and catalase 

was close to that of normal soil. The activity of polyphenol 

oxidase is lower than enzyme activity of normal soil but 

higher than that of control plot, and with increasing inter-

layer buried depth, the enzyme activity increased. It might 

be related to the factors influencing straw decomposition, 

which needs further studies. 

3.2 Conclusions 

1) After the application of corn straw interlayer, biologi-

cal traits of plant are improved, the rate of emergence and 

barley yield increased, and the yellowing rate decreased. 

Over time, the effect is more obvious. In 2011, the number 

of bacteria, actinomycetes, fungi and nitrite bacteria in 

treatment A3B1 (straw dosage of 60 000 kg/hm
2
, interlayer 

buried depth of 10 cm) increased by 1.76 × 10
11

, 17.48 × 

10
7
, 3.85 × 10

6
 and 2.57 × 10

6
 respectively compared with 

that in control soil, and the activity of urease, proteinase, 

cellulase and catalase increased by 0.19 mg/(g·24h), 5.39 

mg/(g·24h), 0.17 mg/(g·72h) and 0.23 mg/(g·20 min) re-

spectively, the rate of emergence increased by 43%, the 

yellowing rate reduced by 57% and yield increased by 1 539 

kg/hm
2
. 

2) Soil enzyme activity is positively related with barley 

yield; in other words, the greater enzyme activity, the higher 

barley yield is. The activity of urease, proteinaase and pol-

yphenol oxidase is in extremely significantly positive rela-

tion with barley yield. 
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Spatial variability of soil salinity based on multi-source data for typical zone of flood 

area of the Yellow River in central China 
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Abstract: Salinization and alkalinization are two of important land degradation processes in flood area of the Yel-

low River in central China. A synthesized model for assessment of regional soil salinity was established based on 

multi-source data including soil salinity, topographical variable, the groundwater level and mineralization degree, 

vegetation and other factors to the soil salinization. A total of 101 soil columns were sampled from the study area 

using grid sampling method, and then analyzed for soil electrical conductivity (ECe) and other soil properties. Aux-

iliary data used in this study to interpret variability of soil salinization were Landsat 5 TM data, apparent electrical 

conductivity (ECa) measured using an electromagnetic induction instrument (EM38), altitude derived from topo-

graphic map, the groundwater table and mineralization degree and soil pH. The spatial variability of soil salinity 

was assessed in Fengqiu County, Henan Province, China. Classification and regression tree was applied to obtain 

the relationships between ECe (0–120 cm) and the auxiliary data. The results showed that ECa accounted for the 

major proportion of model prediction from multi-source data in classification and regression tree model of total soil 

layer. Generally, ECaH (apparent soil electrical conductivity from EM38 horizontal mode) and spectral index (dvi: 

difference vegetation index, bi: soil index, int2: intensity, int1: intensity, ndvi: normalized difference vegetation in-

dex, si2: soil index and si1: soil index) were common variable for 0–60 cm soil layer. For the 0–30 cm depth, plant 

index (ndvi and dvi), soil index (si1, si2 and bi) and intensity (int1 and int2) had the highest influence on the model 

prediction followed by ECa. Plant index (dvi) accounted of more than 50% for 0–60cm soil layer used in the model. 

Meanwhile, for ≥ 60–120 cm, ECa V (apparent soil electrical conductivity from EM38 vertical mode) was the most 

important variable used in regression tree model. Validation of the predictive models at each depth resulted in de-

termination coefficient (R2 values) ranging from 0.52 to 0.65. The root mean square error (RMSE) value ranged 

between 0.72 to 1.27 dS/m. The model for the evaluation of the soil salinity of 0–60 cm was better than that of soil 

layer of ≥ 60–120 cm. The mean of soil salinity varied from 1.26 to 1.61 dS/m from top to the bottom of soil pro-

files, and the soil salinity at the bottom was the highest in total soil profile, which indicated soil salinity accumula-

tion at the bottom. ECe varied from 0.79 to 3.68 dS/m from top to the bottom of soil profiles. Coefficient of 

variation of soil salinity at each soil 1ayer was from 0.22 to 0.28 and exhibited the moderate spatial variability. The 

groundwater table varied from −14.0 m to −0.2 m. Coefficient of variation of groundwater table was 0.7 which ex-

hibited the moderate spatial variability. The mean of groundwater electrical conductivity was 1.44 dS/m, which was 

similar to soil electrical conductivity. The mean of pH value varied from 8.88 to 9.28 and increased with increasing 

soil depth. Digital maps of ECa (horizontal and vertical modes) along with other environmental variables were used 

to predict the spatial distribution of ECe. The high values of soil salinity were mainly distributed in the northern and 

southern area along the Yellow river in the study area, especially the southeast region. The synthesized model based 

on multi-source data had high precision for assessment of regional soil salinity. Thus, the application of this tech-

nique provides a new method to improve soil salinization and soil quality in the flood area of the Yellow River in 

central China. 

Keywords: soils; models; remote sensing; spectral indices; soil apparent electrical conductivity; classification and 

regression tree 

CLC number: S127; S156.4 
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0 Introduction 

The saline soil is one of the most principal moderate and 

low-yield soil types in China, and the quality state of soil is 

closely related to the level of productivity [1]. The current 

area of arable land with different degrees of salinization in 

China is 0.077 × 108 hm2. It is an effective approach to en-

sure the yield of food production by improving the man-

agement and achieving the expansion of arable land 

resources [2]. The timely evaluation of regional salinity pro-

file and spatial variability is the premise and critical step to 

improve and manage the saline soil, and optimize the usage 
[3–8]. At present, the studies of spatial variability in the soil 

salinity mainly use the traditional soil sampling method, 

monitoring with electromagnetic induction technology, and 

remote sensing evaluation method [9–16]. Based on 

Lansat-TM data and the long series of field measurement 

data, Ding et al. [17] constructed the remote sensing moni-

toring index model of soil salinization based on the charac-

teristics space theory of remote sensing, and derived the 

characteristics of spatial variation for the soil salinity in the 

oasis in Ugan River-Kuqa River basin of Xinjiang. Li et al. 
[18] adopted the EM38 Earth electrical conductivity meter 

and linear prediction model to obtain the characteristics 

electrical conductivity on the soil profile. Using this as data 

source, they applied the three-dimensional normal Kriging 

method to conduct the prediction and simulation of spatial 

variability in the three-dimensional soil electrical conduc-

tivity, deriving the characteristics of spatial variation in the 

three-dimensional soil electrical conductivity for the sea-

shore saline soil. At present, the evaluation of regional soil 

salinity mostly adopts the method of remote sensing image-

ry interpretation or the electromagnetic induction technique. 

However, on the assessment mechanism it does not take 

into account the factors that cause the salinization of soil, 

such as terrain, underground water level and mineralization 

degree, vegetation situation, and other soil factors. Moreo-

ver, it mainly resolves the surface salinity of soil, with little 

regard to the dynamics of salinity on the overall profile. The 

model of regional soil salinity monitoring based on multiple 

data sources can more accurately evaluate the spatial varia-

bility of regional salinity. 

In this study, we comprehensively take into account the 

factors that cause the salinization of soil, such as soil salini-

ty, terrain, underground water level and mineralization, 

vegetation situation, and other facts, and use the mul-

ti-source data to establish the comprehensive evaluation 

model of regional soil salinity based on the method of clas-

sification and regression tree. We also evaluate the spatial 

variability of soil salinity in the research area, in order to 

provide research ideas and technical support for reducing 

the soil salinization and improving the soil quality in the 

flood area of the Yellow River in central China. 

1 Material and method 

1.1 Overview of research area 

The area studied in this paper is Fengqiu County in He-

nan Province. Its geographic position is located in 

114°14'–114°45'E and 34°53'–35°14'N, sited in north half 

part of the alluvial shaped plain in Yellow River. Its south-

ern side and eastern side closely border Yellow River, and it 

is a typical flood area of the Yellow River in central China. 

The research area belongs to the semi-arid monsoon climate 

area in northern warm temperate zone, where the temporal 

and spatial distribution of rainfall is not uniform. The rain-

fall is mainly concentrated in June to August. The annual 

average evaporation is 3.02 times of the rainfall. The 

groundwater is abundant, and its main source is precipita-

tion, diversion and lateral seepage supply of Yellow River. 

The composite effect of micro topography, sediment types, 

texture sorting, and other factors causes the complicated 

difference of soil texture in Fengqiu County and the diver-

sity of texture layers on the profile. 

1.2 Method of research 

The estimation of soil salt content is based on the mul-

ti-source data (Table 1): 1) remote sensing data; 2) the data 

of field direct measurement (apparent electrical conductivi-

ty) are measured in the field with electromagnetic induc-

tion-type Earth electrical conductivity meter EM38; 3) the 

terrain data are obtained from the topographic map; 4) min-

eralization degree of groundwater and buried depth; 5) elec-

trical conductivity and pH value of soil are measured in the 

field sampling room. 

1.3 Data acquisition 

1.3.1 Apparent electrical conductivity of soil and 

terrain data 

As shown in Fig. 1, we apply the method of mechanical 

distribution to deploy a total of 101 measurement units. The 

Table 1  Data parameters used for spatial prediction of soil elec-

trical conductivity 

 
Note: B2: Green band, B3: Red band, B4: Near infrared band, B5: Short 

wave infrared band, B7: Short wave infrared band; int: Intensity; si: Soil 

index; ndvi: Normalized difference vegetation index; dvi: Difference vege-

tation index; sr: Salinity ratio; ci: Clay index. 
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Fig. 1  Location of sampling area and distributions of soil sam-

pling points 

space between individual measurement units is 3 km, and 

the area is 10 m × 10 m. 

We apply the electromagnetic induction-type Earth elec-

trical conductivity meter EM38 (manufactured by Geonics 

Inc. Canada) to measure the apparent electrical conductivity 

of soil with two kinds of measurement positions (i.e., hori-

zontal mode and vertical mode) at the central location of 

measurement unit, and the apparent electrical conductivities 

of soil (ECa) measured with the horizontal model and verti-

cal model are expressed with ECaH and ECaV, respectively 
[21]. The positioning coordinates of individual stations are 

measured with the Global Positioning System, and the dates 

of sampling were from December 6 to 10, 2011. Mean-

while, according to the topographic map with scale of 

1:50,000 in the study area, we extract the elevation data in 

the study area at the geographic position of EM38 meas-

urement unit. 

1.3.2 Data of groundwater and soil 

At the central position of EM38 measurement unit, we 

sample the soil at different layers of 0–30, ≥ 30–60, ≥ 

60–90, and ≥ 90–120 cm, and select 101 soil profiles. At 

each soil sampling site, we simultaneously measure the 

buried depth of groundwater and the mineralization degree 

of groundwater. The collected soil samples are brought back 

to the laboratory; the samples are naturally dried and grind-

ed to pass through the 2 mm sieve. We collect a total of 404 

soil samples, and prepare the soil-water leaching solution 

with mass ratio of 1:5 to measure the electrical conductivity 

EC1:5 and pH [22]. 

1.3.3 Remote sensing data 

In this study, we use the Landsat5 TM imagery on July 

10, 2011 covering the study area as the main remote sensing 

data source, and the data come from the Geographical Space 

Data Cloud of Computer Network Information Center, Chi-

nese Academy of Sciences (http://www.gscloud.cn). Land-

sat5 TM imagery is composed of 7 wave bands: 0.45–0.52 

(B1), ≥ 0.52–0.60 (B2), ≥ 0.63–0.69 (B3), ≥ 0.76–0.90 (B4), 

≥ 1.55–1.75 (B5), ≥ 10.4–12.5 (B6), and ≥ 2.08–2.35 μm 

(B7), and the resolution is 30 m (among them, the resolution 

of B6 is 120 m). According to the corresponding wave 

bands, we used the equations in Table 1 to calculate the 

spectral index related to the soil salinity: intensity (int), soil 

index (si and bi), normalized difference vegetation index 

(ndvi) and difference vegetation index (dvi), salinity ratio 

(sr), and clay index (ci). 

1.4  Construction of comprehensive evaluation 

model for soil salinity 

By adopting the universal modeling software of classifi-

cation and regression tree (CART), we use the electrical 

conductivity of soil at different layers measured at the soil 

sampling sites as the dependent variable, and enter the ap-

parent electrical conductivity, intensity, soil index, normal-

ized difference vegetation index, salinity ratio, clay index, 

elevation data, mineralization of underground water, buried 

depth of underground water, and pH value of soil in Table 1 

as the independent variables at different soil layers into the 

modeling software to establish the linear model based on 

the statistical rules of classification and regression. The core 

idea of classification and regression tree model is to divide 

the modeling process into 2 steps: first of all, by analyzing 

the statistical characteristics of all the input data, we con-

struct the multi-level classification decision tree through 

classification and pruning; then, according to the classified 

variable sets, we establish the respective statistical regres-

sion rules and linear fitting models. The modeling is 

achieved by using the data mining software Cubist 2.08, 

which generates a series of rules for classification and re-

gression. Finally, in the ENVI/IDL software, we establish 

the comprehensive evaluation model of soil salinity accord-

ing to the rules of classification and regression [23], and gen-

erate the raster output for the spatial variation in the soil 

salinity. 

1.5 Method of model validation 

In this study, we divide the 101 measurement profiles in-

to the training dataset for 81 profiles and the validation da-

taset for 20 profiles, and adopt the root mean squared error 

(RMSE) and mean error (ME) to measure the accuracy for 

the comprehensive soil salinity model and evaluate the soil 

salinity. 

2 Results and analysis 

2.1 Characteristics of soil salinity on the profile 

In this study, we use the Landsat5 TM imagery on July 

10, 2011 covering the study area as the main remote sensing 

data source, and the data come from the Geographical Space 

Data Cloud of Computer Network Information Center, Chi-
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nese Academy of Sciences (http://www.gscloud.cn). Land-

sat5 TM imagery is composed of 7 wave bands: 0.45–0.52 

(B1), ≥ 0.52–0.60 (B2), ≥ 0.63–0.69 (B3), ≥ 0.76–0.90 (B4), 

≥ 1.55–1.75 (B5), ≥ 10.4–12.5 (B6), and ≥ 2.08–2.35 μm 

(B7), and the resolution is 30 m (among them, the resolution 

of B6 is 120 m). According to the corresponding wave 

bands, we used the equations in Table 1 to calculate the 

spectral index related to the soil salinity: intensity (int), soil 

index (si and bi), normalized difference vegetation index 

(ndvi) and difference vegetation index (dvi), salinity ratio 

(sr), and clay index (ci). 

The coefficients of variability for soil conductivity at 

different layers are 0.22, 0.26, 0.28, and 0.25 respectively, 

all exhibit moderate magnitude of variability, and the dif-

ference between them is not obvious. 

Table 2 also indicates that the variation range of ground-

water level is very large (−14.0 to −0.2 m). The coefficient 

of variation is 0.7, which belongs to the moderate magni-

tude of variability. The average groundwater conductivity 

(1.44 dS/m) is similar to the average soil electric conductiv-

ity (1.26–1.61 dS/m), and the intensity of variability be-

longs to the moderate magnitude of variability. The 

variation range of soil pH on the profile is 8.48–10.15, and 

the average pH of different soil layers is 8.88–9.28, exhibit-

ing the trend to increase as the depth increases, which both 

belong to the moderate magnitude of variability. 

Table 2  Descriptive statistics of soil ECe and other measurements 

 

2.2 Comprehensive evaluation model of soil salin-

ity 

2.2.1 Model evaluation 

Because of the feature that the remote sensing data have 

the advantages to monitor the surface features of land, while 

have no obvious advantages to characterize the properties of 

deep soil, when constructing the model of soil layer at 0–60 

cm we adopt the data of all the factors, while for the soil 

layer ≥ 60–120 cm we do not select the data of spectral in-

dex. The accuracy of model for soil salinity at different lay-

ers is shown in Table 3. For all the soil salinity models, R2 

is in the range of 0.52–0.65, which is obviously higher than 

previous similar studies. The research area of this study is 

also Fengqiu County in Henan Province. Using the mul-

ti-spectral remote sensing image in 2005, we apply the 

spectral index and EM38 data to conduct the multi-factor 

regression analysis, and R2 of the models is in the range of 

0.227–0.332 [24]. The R2 value of the models also exhibits as 

that for 0–60 cm it is obviously greater than that for ≥ 

60–120 cm, which is similar to the research results of 

Taghizadeh-Mehrjardi et al. [25]. The RMSE value of indi-

vidual layers varies in the range of 0.72–1.27 dS/m, and it 

exhibits as that for 0–60 cm it is obviously smaller than that 

for ≥ 60–120, which is consistent with the results for R2, 

indicating the evaluation accuracy for soil salinity in the soil 

layer of 0–60 cm is better than that for ≥ 60–120 cm. 

2.2.2 Impact of individual variables on the model 

estimation 

When the data mining software Cubist 2.08 is used to 

construct the comprehensive model, this software can cal-

culate the proportion of individual variables relative to the 

model construction (see Fig. 2). For the soil layer of 0–60 

cm, the factors that account for a main proportion in the 

model construction are the apparent electrical conductivity 

of soil and spectral index, and the factor that accounts for 

the main proportion at soil layer ≥ 60–90 cm is the apparent 

electrical conductivity of soil. The apparent electrical con-

ductivity of soil plays a dominant role for the construction 

of model for different layers, accounting for a proportion 

greater than 85%. Moreover, it exhibits that the apparent 

electrical conductivity under the horizontal mode (ECaH) 

dominates for the soil layer of 0–60cm, while the  
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Table 3  Fitness of salinity estimation model in different soil layers 

 

 

Note: ECa H: apparent electrical conductivity from horizontal mode; dvi: difference vegetation index; bi: soil index; int: intensity; ndvi: normalized differ-

ence vegetation index; si: soil index; ECa V: apparent electrical conductivity from vertical mode. 

Fig. 2  Contribution of each auxiliary variables to prediction of electrical conductivity of soils at different depths 

soil layer ≥ 60–120 cm is dominated by the apparent elec-

trical conductivity under the vertical mode (ECaV). The 

main spectral indexes include difference vegetation index 

(dvi), soil index (si1, si2, si3, and bi), and intensity (int1 and 

int2); in particular, for the soil layer of 0–30 cm, the order 

for the magnitude of proportion is: dvi > bi > int2 > int1 > 

ndvi > si2 > si1. The difference vegetation index (dvi) ac-

counts for more than 50% at the soil layer of 0–60 cm, and 

its proportion gradually decreases as the depth increases. 

2.3 Spatial distribution of regional soil salinity 

According to the comprehensive model of soil salinity at 

different layers established using the classification regres-

sion (Table 4), we apply ENVI/IDL software to plot the 

spatial distribution of electrical conductivity for different 

soil layers (Fig. 3). 

Fig. 3 indicates that in the whole profile, the soil conduc-

tivity is the smallest for the soil layer of 0–30 cm; as the 

depth increases, the electrical conductivity of soil gradually 

increases, and the electrical conductivity in the soil layer of 

≥ 90–120 cm is the largest. This is consistent with the ana-

lytic result in Table 2, but is opposite to the result of previ-

ous studies [24], which may be due to different sampling  

Table 4  Synthesized models of different soil layer 

 
times for two studies. In this study, the sampling time is 

early in December, which is during the winter season in the 

study area, when the rainfall is small and the buried depth of 

groundwater is relatively deep, and the soil salinity aggre-

gates to the lower layers. However, the previous studies are 

in the middle and late of May, which is during the early 

summer stage of the study area, when the rainfall is rela-

tively ample, and the buried depth of underground water is 

shallow, and the salinity in the lower soil easily migrate to 

the surface with water. From the perspective of spatial dis-

tribution, for the soil layer at 0–30 cm, the soil salinity is 

mainly concentrated in north of the research area and the 

area along Yellow River, especially in the southeast corner 

of the research area, while the different is not large in  
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Fig.3  Spatial distribution of soil electrical conductivity for dif-

ferent soil layer 

central of the research area. The distribution of soil salinity 

in the entire research area shows the obvious trend effect, 

and exhibits the feature of being high in north and south and 

low in the middle. The spatial distribution of electrical con-

ductivity for the soil at other layers is similar to the layer at 

0–30 cm, and also exhibits the trend of being high in north 

and south and low in the middle. In general, the distribution 

of soil salinity is mainly concentrated in north and southeast 

of the research area, and exhibits the trend to gradually in-

crease from the surface layer to the deep layer along the soil 

profile. 

3 Conclusions and discussion 

1) The comprehensive evaluation model of layered soil 

salinity established by using the multi-source data (e.g., 

apparent electrical conductivity of soil and spectral index) 

has the relatively high accuracy, and the estimated root 

mean square (RMS) error of model is 0.72–1.27 dS/m. For 

the soil layer at 0–60 cm, the apparent electrical conductiv-

ity of soil and spectral index have a considerable impact on 

the model estimation, and the evaluation accuracy of model 

for the soil salinity of different layers is better for 0–60 cm 

in comparison to the soil layer at ≥ 60–120 cm. 

2) The distribution of soil salinity is mainly concentrated 

in north and southeast of the research area, especially in the 

region along Yellow River at the southeast corner. Along the 

soil profile, it exhibits the trend to gradually increase from 

the surface layer to the deep layer. The coefficient of varia-

tion for the soil salinity content at different layers in the 

study area is in the range of 0.22–0.28, which belongs to the 

moderate magnitude of variability. 

In this study, although we comprehensively study multi-

ple factors that affect the dynamics of soil salinity, the ref-

erence to the terrain and topographic data is not 

comprehensive, and we only study one time interval of the 

research area. It is of important significance for the spatial 

and temporal transportation of regional soil salinity by 

comparing the dynamics of salinity in other years. On the 

next step, it is desired to use hyper-spectral remote sensing 

images to combine with the variation of soil salinity in dif-

ferent years, and comprehensively take into account the 

multivariate data (including topography) to derive more 

precise methods of regional soil salinity evaluation. 

References 

[1]Yang Jingsong.Development and prospect of the research on 

salt-affected soils in China[J].Acta Pedologica Sinica, 

200845(5):837-845.(in Chinese with English abstract) 
[2]Zhao Qiguo, Yang Jingsong, Zhou Hua."Ten words"strategic policy for 

esuring red line of farmland and food security in China[J].Soils, 2011, 

43(5):681-687.(in Chinese with English abstract) 

[3]M.Devkota, C.Martius, R K.Gupta, et al.Managing soil salinity with 

permanent bed planting in irrigated production systems in Central 
Asia[J].Agriculture, Ecosystems&Environment, 2015, 202:90-97. 

[4]H.Y.Li, R.Webster, Z.Shi.Mapping soil salinity in the Yangtze del-

ta:REML and universal kriging(E-BLUP)revisited[J].Geoderma, 2015, 
237-238:71-77. 

[5]Weicheng Wu, Ahmad S.Mhaimeed, Waleed M.Al-Shafie, et al Mapping 

soil salinity changes using remote sensing in Centra Iraq[J].Geoderma 
Regional, 2014, 2-3:21-31. 

[6]Han Yue, Ma Fengyun, Xie Guolei, et al.Spatial heterogeneity of soil 

electrical conductivity in a mixed plantation of the Yellow River Delta 
saline land[J].Science of Soil and Water Conservation, 2014, 

34(16):4620-4631.(in Chinese with English abstract) 

[7]Ding Jianli, Yao Yuan, Wang Fei, et al.Detecting soil salinization in arid 
regions using spectral feature space derived from remote sensing da-

ta[J].Acta Ecologica Sinica2014, 34(16):4620-4631.(in Chinese with 

English abstract) 
[8]Yan An, Jiang Pingan, Sheng Jiandong, et al.Spatial variability of sur-

face soil salinity im Mansa river basin[J].Acta Pedologica Sinica, 2014, 

51(2):410-414.(in Chinese with English abstract) 
[9]Gustavo Cruz-Cárdenas, Lauro López-Mata, Carlos Alberto 

Ortiz-Solorio, et al..Interpolation of Mexican soil properties at a scale of 

1:1, 000, 000[J].Geoderma, 2014, 213:29-35. 
[10]Singh Ajay.Estimating long-term regional groundwater recharge for the 

evaluationof potential solution alternatives to waterlogging and salinisa-

tion[J].Journal of Hydrology, 2011, 406(3/4):245-255. 
[11]Corwin D L, Lesch S M.Simplified regional-scale electromagnetic 

induction-salinity calibration model using ANOCOVA modeling tech-

niques[J].Geoderma, 2014, 230-231:288-295. 
[12]Yao Rongjiang, Yang Jingsong.Quantitative evaluation of soil salinity 

and its spatial distribution using electromagnetic induction meth-

od[J].Agricultural Water Management, 2010, 97(12):1961-1970. 
[13]Li Xiaoming, Yang Jingsong, Liu Mei-xian, et al.Spatio-Temporal 

Changes of Soil Salinity in Arid Areas of South Xinjiang Using Elec-

tromagnetic Induction[J].Journal of Integrative Agriculture, 2012, 
11(8):1365-1376. 

[14]Amal Allbed, Lalit Kumar, Yousef Y.Aldakheel.Assessing soil salinity 

using soil salinity and vegetation indices derived from IKONOS 
high-spatial resolution imageries:Applications in a date palm dominated 

region[J].Geoderma, 2014, 230-231, 1-8. 

[15]Zhang Dong, Tashpolat·Tiyip, Zhang Fei, et al.Application of fraction-
al differential in preprocessing hyperspectral data of saline 

soil[J].Transactions of the Chinese Society of Agricultural Engineer-

ing(Transactions of the CSAE), 2014, 30(24):151-160.(in Chinese with 
English abstract) 

[16]Cao Jianrong, Liu Wenquan, Huang Chong, et al.Analysis on dynamic 

variation of salinized soil in Yellow River delta based on Landsat 
TM/ETM image[J].Bulletin of Soil and Water Conservation, 2014, 

34(6):179-183.(in Chinese with English abstract) 

[17]Ding Jianli, Qu Juan, Sun Yongmeng, et al.The retrieval model of soil 
salinization information in arid region based on MSAVI-WI feature 

195



   

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

space:A case study of the delta oasis in Weigan-Kuqa water-

shed[J].Geographical Research, 2013, 32(2):223-232.(in Chinese with 
English abstract) 

[18]Li H Y, Shi Z, Webster R, et al.Mapping the three-dimensional varia-

tion of soil salinity in a rice-paddy soil[J].Geoderma, 2013, 
195-196:31-41. 

[19]G.I Metternicht, J.A Zinck.Remote sensing of soil salinity:potentials 

and constraints[J].Remote Sensing of Environment, 2003, 85(1):1-20. 
[20]Norair Toomanian, Ahmad Jalalian, Hossein Khademi, et 

al.Pedodiversity and pedogenesis in Zayandeh-rud Valley, Central 

Iran[J].Geomorphology, 2006, 81(3/4):376-393. 
[21]D.L.Corwin, S.M.Lesch.Characterizing soil spatial variability with 

apparent soil electrical conductivity I.Survey protocols[J].Computers 

and Electronics in Agriculture, 200546(1/3):103-133. 

[22]Lu Rukun.Methods in agricultural chemical analysis[M].Beijing:China 

Agricultural Science and Technology Press, 2000. 
[23]Du Lingtong, Tian Qingjiu, Wang Lei, et al.A synthesized drought 

monitoring model based on multi-source remote sensing da-

ta[J].Transactions of the Chinese Society of Agricultural Engineer-
ing(Transactions of the CSAE), 2014, 30(9):126-132.(in Chinese with 

English abstract) 

[24]Wu Yakun, Yang Jingsong, Li Xiaoming.Study on spatial variability of 
soil salinity based on spectral indices and EM38reading[J].Spectroscopy 

and Spectral Analys, 2009, 29(4):1023-1027.(in Chinese with English 

abstract) 
[25]R.Taghizadeh-Mehrjardi, B.Minasny, F.Sarmadian, et al.Digital map-

ping of soil salinity in Ardakan region, central Iran[J].Geoderma, 2014, 

213:15-28. 

 

196



Transactions of the Chinese Society of Agricultural Engineering No. 07 

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

______________________________________ 

Received: 2015-01-16 

Supported by: "Twelfth Five-year" National Science and Technology Support Plan (2011BAD11B05); Public Sector (Agriculture) Special 

Funds Scientific Research Projects (200903001, 201203030); Central Public Welfare Scientific Research Institutes under Special Funding 

for Projects (IARRP-2015-3) 

First author: Wen Yanchen, male, born in Liaocheng, Shandong Province, Ph. D. student, associate researcher, mainly engaged in the re-

search of fertilization system and new type of fertilizer. Institute of Agricultural Resources and Regional Planning, Chinese Academy of 

Agricultural Sciences, 100081. Email: wenyanchen2002@163.com 

Corresponding author: Zhao Bingqiang, male, born in Linyi, Shandong Province, Ph. D., researcher, doctoral supervisor, mainly engaged 

in the research of new type fertilizers. Institute of Agricultural Resources and Regional Planning, Chinese Academy of Agricultural Scienc-

es, 100081. Email: zhaobingqiang@caas.cn 

DOI: 10.3969/j.issn.1002-6819.2015.07.014  

Comprehensive assessment methodology of characteristics of soil fertility under  

different fertilization regimes in North China 

Wen Yanchen, Li Yanqing, Yuan Liang, Li Juan, Li Wei, Lin Zhian, Zhao Bingqiang 

National Engineering Laboratory for Improving Quality of Arable Land/Institute of Agricultural Resources and Regional Plan-

ning, Chinese Academy of Agricultural Sciences, Beijing 100081, China 

Abstract: Soil fertility is a typical index to evaluate the soil ability of supplying the proper conditions for plant 

growth. This study focused on the differences among soil physical, chemical, and biological properties under dif-

ferent long-term fertilization strategies and the results of those properties were analyzed synthetically to establish 

the suitable fertilization strategy to improve soil fertility. A 26 years long-term experiment was conducted in the 

Dezhou station of Chinese Academy of Agriculture Sciences. Six treatments included no fertilizer and manure (CK), 

half conventional dosage of organic manure and half of chemical fertilizer (MF), conventional dosage of organic 

manure (CM), conventional dosage of chemical fertilizer (CF), and high dosage of organic manure (HM) and high 

dosage of chemical fertilizer (HF). The indicators of soil physical, chemical and biological characteristics under the 

different fertilization treatments were determined to clarify the effects of fertilization on soil fertility. Principal 

component and cluster analyses were applied to get a comprehensive assessment on the effects of different fertiliza-

tion strategies on soil fertility. The results showed that: 1) The significant differences of soil properties were found 

among the fertilization treatments. Compared with chemical fertilizer, long-term application of organic manure or 

combination of organic and inorganic fertilizers reduced soil bulk density by 5.0%–11.0%, and increased soil total 

porosity by 4.1%–9.9%, increased soil organic carbon, total nitrogen, available phosphorus and available potassium 

by 95%–136%, 69%–137%, 500%, and 81%–103%, respectively. In addition, the soil pH in the treatments of or-

ganic manure or combination of organic and inorganic fertilizer was lower than that of chemical fertilizer treatments 

by 0.15–0.47.2) According to principal component analysis, soil fertility indexes could be classified into two prin-

cipal components. The first component (PC1) consisted of soil organic carbon (C), total nitrogen (N), organic N, 

microbial biomass N, microbial biomass C, total phosphorus (P), available P, available potassium (K), organic P, 

soil bulk density, and total porosity and pH, which had high loadings about 83.73%. In the second component (PC2), 

however, soil total K had high minus loadings, and the proportion of total K in the component was only 8.49%. 3) 

Cluster analysis classified the indexes into 4 classes of CM and MF, CF and HF, CK, and HM. Based on the anal-

yses above, we concluded that the high application rate of organic manure could lead to the best impacts on the soil 

fertility. The effects of all fertilization strategies on soil fertility presented the descent orders as: HM > CM > MF > 

HF > CF > CK. Thus, the contents of soil nutrients increased more effectively under the treatments with organic 

manure or combination of organic and chemical fertilizer than chemical fertilizer. Moreover, the treatments with 

organic manure or combination of organic manure and chemical fertilizer could also alter the balance of soil nutri-

ents, enhance soil fertility comprehensively in the aspects of soil physical, chemical and biological fertilities, and 

improve the supply ability of soil nutrients.  

Keywords: soils; principal component analysis (PCA); cluster analysis; fertilization regimes; soil fertility 

CLC number: S158 

0 Introduction 

Soil fertility is a core factor of soil and the foundation of 

agricultural sustainable development, and fertilization is one 

of the most important measures for maintaining agricultural 

soil fertility level
[1–2]

. Abbott and Murphy (Australia scien-

tists) proposed scientific concepts such as physical fertility, 

chemical fertility and biological fertility of soil
[3]

, and stated 

that physical fertility provided a good physical environment 
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for crop growth and nutrient transformation, chemical fertil-

ity provided proper chemical and nutrient environment for 

crop growth and nutrient transformation, and biological 

fertility guarantees demanded of crop mineral nutrient sup-

plying under soil physical and chemical fertility through 

transformation of soil microorganism to nutrients. Exploring 

characteristics of soil fertility under different long-term fer-

tilization regimes can provide scientific basis for reasonable 

soil fertilization and establishment of scientific fertilization 

regimes. 

Fertilization is one of important measures for improving 

soil fertility. Applying organic manure for soil fertilization 

has a long history in China, and application of organic ma-

nure is an effective measure to improve soil, soil fertility 

and crop yield. It is one of Chinese agricultural characteris-

tics to use organic manure for soil fertilization and agricul-

tural ecological system nutrients circulation 
[4–5]

. 

Rothamsted and Askov et al. 
[6–7] 

conducted long-term ex-

perimental researches, and the result showed that long-term 

application of barnyard manure can continuously increase 

soil organic carbon and nitrogen storage, while application 

of inorganic nitrogenous fertilizer can slightly improve soil 

organic carbon and nitrogen storage. Liang and Gong et al. 
[8–9] 

conducted researches and the result showed that 

long-term application of organic manure can increase total 

nitrogen in cultivated layer by 92.1%. Ni 
[10]

 stated that ap-

plication of organic manure can reduce soil fixing to phos-

phorus, to keep available phosphorus at higher level, thus 

ensuring continuous supplying of available phosphorus. 

Wang et al. 
[11]

 stated that application of organic manure can 

increase content of available potassium, thus restricting de-

pletion of potassium storage. Since middle period of the 

20th century, chemical fertilizer has gradually become a 

major measure of improving food yield per area, and played 

an important role in agricultural production 
[12–14]

. Wang et 

al.
[15]

 conducted researches and the result showed that 

chemical fertilizer cannot be compared with organic manure 

in effect of soil fertilization and microbiological environ-

ment improvement, although it can improve contents of soil 

nutrients significantly. Soil bulk density and porosity are 

important indexes for evaluating soil physical characteris-

tics 
[5–6, 16–17]

. Soil nitrogen, phosphorus and potassium pro-

vide important nutrient storage for crop growth and nutrient 

supplying, which can reflect soil chemical fertility 
[6, 10, 12, 

18]
. Soil microbial carbon and nitrogen content are important 

parameters in studying soil carbon and nitrogen nutrient 

transformation, which can more intuitively reflect soil mi-

croorganism and soil fertility 
[17, 19–21]

. 

Numerous researches were conducted for effect of 

chemical fertilizer and organic manure on soil fertility im-

provement, however, most of them focused on single index 

qualitative aspect, and less researches involved comprehen-

sive evaluation for soil fertility index, especially compre

hensive evaluation and scoring study on fertility index in 

long-term location fertilization experiment based on princi-

pal component and clustering analyses. This study selected 

representative Yucheng experiment base in Dezhou station 

of Chinese Academy of Agricultural Sciences at middle and 

east of North China Plain for long-term (28 years) location 

fertilization experiment, to monitor soil fertility condition, 

environment effect and crop yield changing tendency under 

different fertilization regimes, and utilizes principal com-

ponent and clustering analyses for quantitative scoring of 

soil fertility level to evaluate fertilization effect under dif-

ferent fertilization regimes, thus providing theoretical basis 

for establishment of reasonable and scientific fertilization 

regimes for this area and realization of sustainable soil uti-

lization. 

1 Materials and methods 

1.1 Overview of experimental area 

Yucheng experimental base of Chinese Academy of Ag-

ricultural Sciences in Yucheng, Shandong Province 

(116°34'E, 36°50'N) is dominated by warm temperate 

semi-humid monsoon climate. It features annual average 

temperature of 13.4 °C, accumulated temperature of 

4441 °C (average temperature ≥ 10 °C), annual pre-

cipitation of 569.6 mm, annual evaporation of 2 095 mm, 

frost-free period of 206 d and annual sunshine duration of 2 

640 h. The experimental area features moisture soil and soil 

parent material originates from alluvial deposit in Yellow 

River. Crop planting adopts double cropping rotation system 

of winter wheat and summer corn, which presents wide re-

gional representativeness. 

1.2 Experimental design 

The experiment was conducted during 1986–2012. Soil 

originates from light soil (mass fraction of clay particle: 

21.4%; mass fraction of silt particle: 65.6%; mass fraction 

of sand particle: 3.0%). Basic properties of soil in initial 

cultivated layer (0–20 cm) are shown in Table 1. Crop 

planting adopts double cropping rotation system of winter 

wheat and summer corn, which presents wide regional rep-

resentativeness. 

During the experiment, 6 treatments were designed as 

shown in Table 2. Each treatment was repeated for 4 times, 

all treatments were arranged in random interval (area: 28 

m
2
) and intervals were separated with cement plate (depth: 

80 cm; width: 10 cm) and provided with irrigation facilities. 

Application rate of fertilizer with high rate was 2 times the 

application rate of fertilizer with standard rate, and applica-

tion rate of organic manure was determined based on 
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Table 1  Basic physical and chemical properties of soils 

 
Note: Soil pH was determined with glass electrode using a water-to-soil 

ratio of 2.5:1. 

analysis results of selected fertilizer samples each year and 

content of total nitrogen. An amount of 50% nitrogen ferti-

lizer was needed in growth season of winter wheat and 

summer corn, and phosphorus fertilizer, potassium fertilizer 

and organic manure were applied once as foundation ferti-

lizer prior to seeding of winter wheat according to annual 

application rate of fertilizer in each treatment. For crops of 

each season, 40% nitrogen fertilizer was applied as founda-

tion fertilizer and the remaining 60% was applied as addi-

tional fertilizer. 

1.3 Sample collection 

Experimental soil originates from soil in summer corn 

harvest stage. After harvest of summer corn on October 2 of 

2012, 0–20 cm soil samples were selected by utilizing mul-

ti-point mixing sampling method and earth borer, and dead 

leaves, gravels and root systems were removed from soil 

surface layer timely. After sampling, some soil samples 

were stored in refrigerator at 4 °C to rapidly finish meas-

urement of soil microbial carbon and nitrogen content. Oth-

er soil samples were stored after weathering and filtering 

with 2 mm and 0.25 mm sieve, to analyze soil physical and 

chemical properties. 

1.4 Test item and methods 

Soil bulk density was measured by utilizing cutting-ring 

method, total porosity SP was 1-(bulk density/2.65), and 

soil pH was measured by utilizing potentiometer method 

(water and soil ratio: 2.5:1). Total organic carbon (TOC) 

was measured by utilizing Qiulin method, total nitrogen 

(TN) was measured by utilizing Kjeldahl method, total 

p ho sp horus  (TP)  was  measured  b y ac id  so l u-

ble–molybdenum antimony colorimetric method, available 

phosphorus (AP) was measured by utilizing sodium bicar-

bonate digestion–molybdenum antimony colorimetric 

method, total potassium (TK) was measured by utilizing 

sodium bicarbonate fusion, and available potassium (AK) 

was measured by utilizing ammonium acetate extraction 

method 
[22]

. Labile organic carbon (LOC) was measured by 

 

Table 2  Design of trail treatments 

 
Note: Organic manure is cattle manure, and application rates are calculated 

according to test results every year. 

utilizing 333 mmol/L potassium permanganate oxidation 

method 
[23]

, organic nitrogen (ON) was measured by utiliz-

ing Bremenr method 
[24]

, and soil microbial carbon and ni-

trogen content was measured by utilizing chloroform 

fumigation extraction method 
[25-26]

. 

1.5 Data processing 

SPSS 17.0 one-way analysis of variance (one-way 

ANOVA) was utilized to conduct significance test (P < 

0.0.5) for soil fertility indexes under different fertilization 

regimes, and least significance difference (LSD) method 

was adopted to compare average values. Original data was 

arranged with Excel 2003 software, and then principal 

component and clustering analyses were conducted with 

SAS 9.2 software to make diagram with origin 8.0. 

2 Results and analysis 

2.1 Effects of different fertilization regimes on 

soil fertility indexes 

2.1.1 Soil physical indexes 

According to Fig. 1, soil physical property has significant 

change after continuous fertilization for 26 years, compared 

with control group with no fertilizer. General rules include: 

1) Compared with control group with no fertilizer, 

long-term fertilization reduces soil bulk density by 

4.0%–6.6% and increases total porosity by 4.0%–6.9%, and 

long-term application of organic manure and combination of 

organic and inorganic fertilizers reduce soil bulk density by 

8.0%–12.9%, and increase total porosity by 8.0%–12.9%. 2) 

Compared with long-term application of chemical fertilizer, 

long-term application of organic manure and combination of 

organic and inorganic fertilizers reduce soil bulk density by 

5.0%–11.0% and increase total porosity by 4.1%–9.9%. 3) 

Compared with long-term single-application of chemical 

fertilizer under equal nitrogen condition, long-term sin-

gle-application of organic manure at standard rate and com-
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bination of organic and inorganic fertilizer reduce soil bulk 

density by 1%–7% and increase total porosity by 

3.9%–8.4%. Compared with long-term single-application of 

chemical fertilizer at high rate, long-term single-application 

of organic manure at high rate reduces soil bulk density by 

16% and increases total porosity by 9.9%. Therefore, com-

pared with chemical fertilizer application, long-term appli-

cation of organic manure and combination of organic and 

inorganic fertilizer can improve soil physical fertility effi-

ciently. 

2.1.2 Soil chemical indexes 

Table 3 shows that long-term fertilization improves soil 

chemical fertility indexes efficiently compared with control 

group with no fertilizer. 1) Compared with control group 

with no fertilizer, fertilization can significantly increase  

 

Note: CK is control with no fertilizer; CF is chemical fertilizer with stand-

ard input level; CM is organic manure with standard input level; MF is half 

organic manure and half chemical fertilizer; HM is high organic manure; 
HF is high chemical fertilizer; Different letters in the same column indicate 

the difference under different fertilization at the 5%level; The same as 

below. 

Fig. 1  Soil bulk density and total porosity under different fertili-

zation regimes (0–10 cm) 

total organic carbon by 11%–218%. The maximum organic 

carbon in soil treated with organic manure at high rate is 

28.11 g/kg. Compared with application of chemical fertiliz-

er under equal nitrogen condition (fertilization at standard 

rate), long-term application of organic manure and combi-

nation of organic and inorganic fertilizer can increase total 

organic carbon by 95%–136%. Long-term application of 

organic manure and combination of organic and inorganic 

fertilizer can significantly increase labile organic carbon by 

43%–259% and long-term application of organic manure at 

high rate increases labile organic carbon to 9.97 g/kg, while 

long-term application of chemical fertilizer has slight effect 

on labile organic carbon storage. 2) Total nitrogen, organic 

nitrogen and total organic carbon present similar rules. 

Compared with control group with no fertilizer, fertilization 

can significantly increase mass fraction of total nitrogen and 

organic nitrogen by 26%–230% and 21%–176% respective-

ly. After treatment with organic manure at high rate, the 

maximum mass fractions of total nitrogen and organic ni-

trogen are 2.47 mg/kg and 1 825 mg/kg. Compared with 

application of chemical fertilizer, application of organic 

manure and combination of organic and inorganic fertilizer 

increase total nitrogen and organic nitrogen by 69%–137% 

and 60%–113% respectively, which shows that treatment 

with organic manure can more significantly improve nitro-

gen storage than treatment with chemical fertilizer. 3) 

Compared with long-term control group with no fertilizer, 

fertilization can significantly increase total phosphorus, 

organic phosphorus and available phosphorus by 

51%–147%, 36%–210% and 5–72 times respectively. 

Treatment with organic manure at high rate increases mass 

fractions of total phosphorus, organic phosphorus and 

available phosphorus to 0.18%, 389.10 mg/kg and 378.90 

mg/kg. Compared with application of chemical fertilizer, 

long-term application of organic manure and combination of 

organic and inorganic fertilizer increase mass fraction of 

organic phosphorus by 58%–74%, and increase available 

phosphorus by 5 times, which shows that long-term applica-

tion of organic manure and combination of organic and in-

organic fertilizer can more significantly improve organic 

phosphorus and available phosphorus storage than applica-

tion of chemical fertilizer. 4) Moisture soil in North China 

Plain originates from rich-potassium soil and there is no 

obvious difference in total potassium in soil treated. How-

ever, compared with control group with no fertilizer, fertili-

zation can significantly increase mass fraction of available 

potassium by 22%–359%, and treatment with organic ma-

nure at high rate increases mass fraction of available potas-

sium to 337.10 mg/kg. Compared with application of 

chemical fertilizer, long-term application of organic manure 

and combination of organic and inorganic fertilizer increase 

mass fraction of available potassium by 81%–103%, which 

shows that long-term application of organic manure and 

combination of organic and inorganic fertilizer can more 

significantly improve available potassium storage than ap-

plication of chemical fertilizer. 5) Compared with control 

group with no fertilizer, fertilization can significantly reduce 

soil pH. Compared with reference, long-term application of 

organic manure and chemical fertilizer at high rate reduces 

pH by 0.80 and 0.50 respectively. Compared with application
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Table 3  Soil fertility indices under different fertilization regimes at 0–20 cm 

 
Note: TOC is soil organic carbon; TN is total nitrogen; ON is organic nitrogen; TP is total phosphorus; OP is organic phosphorus; AP is available phosphorus; 

TK is total potassium; AK is available potassium; Different letters in the same column indicate the difference under different fertilization at 5% level; The 
same as below. 

of chemical fertilizer, long-term application of organic ma-

nure and combination of organic and inorganic fertilizer 

reduce pH by 0.15–0.47. Compared with application of 

chemical fertilizer at standard rate, application of chemical 

fertilizer at high rate reduces pH by 0.16, and compared 

with application of organic manure at standard rate, applica-

tion of organic manure at high rate reduces pH by 0.46. 

2.1.3 Soil biological fertility indexes 

Fig. 2 shows soil biological fertility index changes after 

continuous fertilization for 26 years. Compared with control 

group with no fertilizer, long-term fertilization can signifi-

cantly increase soil microbial carbon and nitrogen content 

by 8%–179% and 33%–155%. Treatment with organic ma-

nure at high rate increases soil microbial carbon and nitro-

gen content to 471 mg/kg and 191 mg/kg (maximum). 

Compared with treatment with chemical fertilizer under  

equal nitrogen condition, long-term application of organic 

manure and combination of organic and inorganic fertilizer 

increase soil microbial carbon and nitrogen content by 

50%–112% and 34%–79%, which shows that long-term 

application of organic manure and combination of organic 

and inorganic fertilizer can more significantly improve soil 

microbial carbon and nitrogen content and soil biological 

fertility than long-term application of chemical fertilizer. 

2.2 Correlation analysis of all soil fertility indexes 

under different fertilization regimes 

Table 4 shows significantly positive correlation between 

organic carbon of soil and soil fertility indexes such as ni-

trogen, phosphorus, available potassium and microbial car-

bon and nitrogen, which indicates that organic carbon 

storage is the foundation of soil fertility and also one of 

important indexes of soil fertility. The results are consistent 

with that obtained previously 
[8, 12, 15]

. According to Table 4, 

total potassium has negative correlation with other fertility 

indexes, because North China Plain is dominated by 

rich-potassium soil and fertilization has non-significant ef-

fect on soil potassium storage. Therefore, partial results will 

be obtained if correlation analysis of single fertility index 

(such as total potassium) and other fertility indexes is uti-

lized to evaluate soil fertility. And it is impossible to con-

duct scientific evaluation for soil fertilization effect under 

different fertilization conditions. In this study, principal 

component and clustering analyses are conducted for 14 soil 

fertility indexes to evaluate soil fertilization capability un-

der different fertilization regimes and provide theoretical 

basis and practice support for establishment of scientific 

fertilization regimes. 

2.3 Principal component analysis for soil fertility 

indexes 

2.3.1 Eigenvalues and proportions of variance 

Eigenvalue and proportions of principal components are 

shown in Table 5. Based on principle of statistics, variation 

information of the system can be reflected once cumulative 

proportion of principal component exceeds 85%. Mean-

while, eigenvalues can also reflect indexes of impact degree 

of principal component 
[27–28]

 to some extent. According to 

Table 5, proportion of PC1 is 83.73% which explains most 

data variations, and proportion of principal component 2 is 

only 8.49%. Cumulative proportion of the first two principal 

components reaches to 92.21% which basically explains all 

data variations. 

2.3.2 Expressions of index loads and principal com-

ponents 

Function expressions of principal components are: 
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Fig. 2  Soil microbial carbon and nitrogen content under different fertilization regimes at 0–20 cm 

Table 4  Correlation coefficients matrix among soil fertility indices 

 
Note: * Correlation is significant at the 0.05 level,** Correlation is significant at the 0.01 level; LOC is labile organic C; SP is total soil porosity; MBC is 

microbial C;MBN is microbial N. 

Table 5  Eigenvalues and proportions of variance 

 

 
where: PC1 and PC2 refer to the first principal component 

and the second principal component respectively. 

According to expressions of principal components, ei-

genvector coefficients of total carbon, labile organic carbon, 

total nitrogen, organic nitrogen, microbial carbon and ni-

trogen, available potassium, available phosphorus, organic 

phosphorus and pH in PC1 are ranging from 0.28 to 0.30, 

which explains most variations. Then eigenvector coeffi-

cients of soil bulk density and total porosity are about 0.25. 

According to Fig. 3, common feature of these indexes is that 

they are greatly affected by application rate of organic ma-

nure. And total phosphorus and total potassium account for 

large index loads in PC2. 

Fig. 3 shows obvious difference in effects of different 

long-term fertilization treatment on soil fertility indexes. 

Long-term application of organic manure has obvious posi-

tive correlation with PC1-axis. Compared with long-term 

application of organic manure at standard rate (CM), 

long-term application of organic manure at high rate (HM) 

has stronger correlation with soil fertility indexes in 

PC1-axis. There is an obvious difference between long-term 

treatment with organic manure (HM and CM) and other 

treatments, and both of them are located at positive axis of 

PC1. Under equal nitrogen fertilization condition, there is 

an obvious difference in PC1-axis between long-term  
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Fig. 3  Correlations of soil fertility index and principal compo-

nent in projection of components 1 and 2 

application of organic manure at high rate and long-term 

application of chemical fertilizer at high rate. Long-term 

application of chemical fertilizer at high rate is mainly lo-

cated at negative PC1-axis. Compared with long-term ap-

plication of organic manure at high rate, long-term 

application of chemical fertilizer at high rate has more loads 

in PC2-axis. Under fertilization at standard rate, there is a 

significant difference in PC1-axis among fertilization treat-

ments (CM, MF, CF). Wherein, CM is located at positive 

PC1-axis and MF and CF are located at negative PC1-axis. 

MF treatment has more loads in PC1-axis than CF treat-

ment. Long-term control with no fertilizer (CK) is located at 

the fourth quadrant, which indicates that soil fertility index 

of loads in PC1-axis and PC2-axis has an significantly neg-

ative correlation with CK treatment. In addition, there is an 

significant difference between CK treatment and other 

treatments, which indicates that soil fertility index of this 

treatment significantly differs from other treatments. 

2.4 Clustering analysis for different fertilization 

regimes 

System cluster, a common method for variable clustering, 

intends to describe similar degree of variables based on dis-

tance statistics, thus classifying data based on certain crite-

ria. This study conducts clustering analysis based on 

difference intensity of effect of different fertilization re-

gimes on soil fertility and classifies different fertilization 

regimes into 4 classes 
[28]

 through the shortest distance 

clustering method (see Fig. 4). 

Class 1: Organic manure at standard rate (CM) and com-

bination of 1/2 organic manure + 1/2 chemical fertilizer at 

standard rate (MF). After combination of organic manure 

and chemical fertilizer or single-application of certain rate 

of organic manure, soil indexes such as carbon, nitrogen and 

available phosphorus are improved further compared with 

single-application of chemical fertilizer, and soil bulk den-

sity and porosity are obviously superior to that in sin-

gle-application of chemical fertilizer. 

Class 2: Application of chemical fertilizer (CF and HF). 

Application of chemical fertilizer through the year, espe-

cially application of fertilizer at high rate, obviously im-

proves soil chemical and biological nutrient conditions, and 

improves soil pH as well as soil bulk density to some de-

gree. 

Class 3: Control group with no fertilizer (CK). Since no 

fertilizer is applied through the year, chemical nutrient in-

dexes and biological indexes reach to low level except for 

total potassium, and soil pH is higher compared with other 

treatments. 

Class 4: Treatment with organic manure at high rate 

(HM). Under application of organic manure at high rate, 

other chemical and biological nutrient indexes are signifi-

cantly improved except for total phosphorus and total po-

tassium, soil bulk density is reduced obviously and soil pH 

is under neutral condition. 

 

Fig. 4  Clustering figure of different fertilization systems 

In other words, application rate of chemical fertilizer has 

slight effect on soil fertility indexes. 2) As to application of 

organic manure at standard rate and combination of organic 

and inorganic fertilizer with equal nitrogen rate, the ten-

dency and intensity of the effect on soil fertility indexes are 

consistent, that is, combination of organic and inorganic 

fertilizer has equivalent effect on soil fertilization with 

treatment by organic manure at standard rate. 3) Compared 

with application of organic manure at standard rate and 

combination of organic and inorganic fertilizer, long-term 

application of organic manure at high rate has more obvious 

effect on soil fertility characteristic indexes. This is con-

sistent with results obtained by above principal component 

analysis. Statistical results can provide important theoretical 

basis for soil fertilization and scientific evaluation of ferti-

lization regimes. 

2.5 General scores of different fertilization re-

gimes 

Based on general principal component function model 
[29] 
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F= (b refers to proportion, m refers to number of 

principal components, and z refers to principal component), 

general principal component values are calculated and or-

dered to conduct general evaluation for soil fertility level 

under different fertilization regimes. The result shows that 

treatment with organic manure at high rate has the maxi-

mum general score of 5.13, then scores for treatment with 

organic manure at standard rate, combination of organic and 

inorganic fertilizer at standard rate, chemical fertilizer at 

high rate and chemical fertilizer at standard rate are in de-

scending order (2.32, 0.74, −0.15 and −2.52), and score for 

control group with no fertilizer is −5.53 (the minimum score 

in different fertilization treatments). Under different fertili-

zation regimes, general score of all indexes shows that: 

score value of long-term application of organic manure is 

obviously greater than that of application of chemical ferti-

lizer, and increases with adding of organic manure. During 

long-term application of chemical fertilizer, increasing 

 

Fig. 5  General scores of different fertilization systems 

application of chemical fertilizer also increases general 

score value. The minimum score is obtained during 

long-term control treatment with no fertilizer (Fig. 5). 

3 Discussions 

3.1 Soil fertility properties under different ferti-

lization regimes 

Organic manure features comprehensive nutrient types, 

slow fertilizer effect and long duration, so it is classified as 

low release fertilizer. Its most nutrients are under organic 

state and can be absorbed by crops only after continuous 

decomposition by microorganism. While, chemical fertilizer 

features high rate of nutrients and can provide required 

available nutrients for crops timely and rapidly 
[14, 30]

. 

Long-term application of organic manure can increase soil 

organic colloid and improve soil structural property, nutrient 

preserving capability and soil buffering capability. Mean-

while, input of organic manure provides carbon sources for 

soil microorganism, which can indirectly improve nutrient 

accumulation and supply capability 
[13]

. 

As to long-term experiment in Rothamsted Experimental 

Station by Broadbalk and Hoosfield 
[2–5]

, the result shows 

that long-term application of barnyard manure can signifi-

cantly improve rate of organic carbon (137%), total nitrogen 

(123%), total phosphorus (109%) and available potassium 

(542%), with long period of residential effect. While, 

long-term application of chemical fertilizer slightly im-

proves rate of organic carbon (−2%) and nitrogen (6%) and 

significantly improves rate of total phosphorus (86%) and 

available potassium (261%). However, the increased range 

is less than that of application of barnyard manure. Liu and 

Yang et al. 
[31-32]

 conducted researches and the result showed 

that combination of organic nitrogen fertilizer and chemical 

nitrogen fertilizer improves rate of organic carbon 

(0.04%–0.06%), total nitrogen (0.001%–0.003%), available 

phosphorus (0.083–0.79 mg/kg) and available potassium 

(0.66–1.48 mg/kg) to some extent every year, however, in-

crement of total phosphorus and slowly available potassium 

is small. Application of chemical fertilizer tends to increase 

the rate of organic carbon slightly, and application of or-

ganic manure has significant effect on supply of soil nutri-

ents and improvement of soil physical properties. 

This research result shows that application of organic 

manure, combination of organic and inorganic fertilizer and 

application of chemical fertilizer can increase the rate of 

organic carbon, total nitrogen, total phosphorus and availa-

ble nutrients after long-term fertilization experiment for 26 

years. Compared with application of chemical fertilizer, 

long-term application of organic manure and combination of 

organic and inorganic fertilizer significantly increase soil 

nutrient storage, and increase organic carbon and total ni-

trogen by 95%–136% and 69%–137%, the content of 

available phosphorus by 5 times and available potassium by 

81%–103%. Compared with application of chemical ferti-

lizer, long-term application of organic fertilizer and combi-

nation of organic and inorganic fertilizer reduce soil bulk 

density by 6.5%–15.3% and increase total porosity by 

6.0%–13.4%, and increase effect will be more significant 

with adding of organic manure. Compared with application 

of chemical fertilizer, long-term application of organic ma-

nure and combination of organic and inorganic fertilizer 

increase soil microbial carbon and nitrogen content by 

50%–112% and 34%–79%, which indicates that long-term 

application of organic manure and combination of organic 

and inorganic fertilizer can improve soil physical and bio-

logical properties. 

Changes tendency of total phosphorus and total potassi-

um is different from research results 
[3–4, 32]

. Mainly influ-

enced by soil parent material, moisture soil in North China 

Plain is a kind of semi-aquatic soil developed from alluvial 

deposit and formed under influence of groundwater move-
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ment and cultivation. It contains calcium carbonate and has 

strong capability of fixing phosphorus. Most phosphorus in 

long-term applied organic manure or chemical fertilizer is 

fixed by soil. Meanwhile, moisture soil in North China 

Plain is rich in potassium and total potassium rate has 

non-significant difference among fertilization treatments. 

3.2 Application of principal component and clus-

tering analyses in long-term location experiment 

Recently, there are many methods about soil quality 

evaluation. Clustering analysis, index analysis and principal 

component analysis are generally used for general evalua-

tion of soil quality. Gong et al. 
[33]

 and Yemefack et al. 
[34–35]

 

conducted researches and the result showed that principal 

component analysis method was the most widely applied 

mathematical statistics method used in quantitative evalua-

tion of soil quality which could select variability of soil 

properties objectively and accurately 
[36–37]

. 

In case that evaluation research is conducted for mass 

data obtained during soil fertility analysis, principal com-

ponent analysis method can fully take advantage of data 

information obtained to re-summarize general rules based 

on complex soil fertility indexes, thus obtaining objective 

and detailed conclusion. This method is simple and practi-

cal. 

The study uses principal components to analyze soil fer-

tility under different fertilization regimes and conduct prin-

cipal component scoring and general scoring, adopts the 

shortest distance method for cluster systems under all ferti-

lization regimes and applies the distance to estimate fertility 

difference under all fertilization regimes to evaluate ad-

vantages and disadvantages of fertilization system qualita-

tively and quantitatively. In this study, quantitative 

evaluation is conducted for soil fertilization effects under 

different fertilization regimes, and the results will provide 

an important theoretical basis for scientific soil fertilization 

and sustainable soil utilization. 

3.3 Thought and outlook of soil fertilization 

Application of organic manure has a history of thousand 

years in China. Wang Zhen (Yuan Dynasty) proposed, in his 

Agricultural Treatise, the thesis related to soil fertility utili-

zation and cultivation combination such as fertilization can 

“change poor farmland into fertile farmland”, “change poor 

soil into fertile soil” and “guarantee land fertility under new 

status”, which still has an important guiding significance on 

Chinese soil fertilization. 

Of course, application of organic manure shall be 

properly conducted for soil fertilization. Application of a 

large amount of organic manure may lead to accumulation 

of salt and heavy metal, availability reduction of some ele-

ments and other problems. Zhang et al. 
[38] 

conducted inves-

tigations and the data showed that application of a large 

amount of organic manure may increase groundwater nitrate 

to 180 mg/L. Gao et al. 
[39] 

conducted researches and the 

results showed that average groundwater nitrate 

reached14.12 mg/L prior to rainy season in regions of 

Shandong. Suvendu et al. 
[40] 

found that application of or-

ganic manure also increases methane emission rate in paddy 

field by 26% and methane emission rate in paddy field will 

increase with adding of organic manure. Application of 

fresh and non-rotten organic manure can significantly im-

prove soil denitrification trend and increase emission of 

nitrous oxide. Chen et al. 
[41] 

conducted researches and 

found that annual emission of nitrous oxide is 0.86 kg/hm
2
 

in case of treatment with chemical fertilizer, and combina-

tion of organic and inorganic fertilizer (proportion of nitro-

gen: 1:3) significantly promotes emission of nitrous oxide 

and easily decomposes organic manure. However, emission 

of nitrous oxide will reduce if nitrogen rate of organic ma-

nure increases to 50% of total dosage. Above research re-

sults show that reasonably adopting organic manure for soil 

fertilization is particularly important for reduction of nutri-

ent loss and environmental pollution risk. 

In the future decades, application of organic manure will 

be concerned again with depletion and shortage of phos-

phorus and potassium mineral resources, continuous in-

creasing of chemical fertilizer production cost, 

transformation of land management mode and rapid devel-

opment of cultivation industry. Utilization of organic re-

sources will encounter with new challenges. 

4 Conclusions 

Different fertilization regimes have significant effect on 

fertility of moisture soil in North China Plain. After 

long-term location experiment for 26a, the following con-

clusions are made: 

1) After 26 years location fertilization, single-application 

of chemical fertilizer reduces soil bulk density by 

4.0%–6.6% and increases total porosity by 4.0%–6.9% 

compared with control group with no fertilizer. Compared 

with application of chemical fertilizer under equal nitrogen 

input condition, application of organic manure and combi-

nation of organic and inorganic fertilizer (proportion of ni-

trogen = 1:1) reduce soil bulk density by 1%–15% and 

increase soil porosity by 3.9%–9.9% and improve soil per-

meability, which provides suitable physical environment for 

crop growth. This is because long-term application of or-

ganic manure is helpful for formation of good soil structure 

to reduce soil bulk density and increase total porosity to 

some extent, which provides suitable physical environment 

for soil microorganism. Due to non-obvious effect on rate of 

organic carbon and soil structure, long-term application of 

chemical fertilizer has slight effect on soil bulk density and 

porosity. After comparing the experimental results with ref-

erences, soil bulk density reduces slightly and is different 

from previous research results. 

2) Compared with control group with no fertilizer, sin-
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gle-application of chemical fertilizer increases organic car-

bon, total nitrogen, available phosphorus and available po-

tassium by 11%–35%, 26%–39%, 5–11 times and 

22%–127%. Compared with application of chemical ferti-

lizer under equal nitrogen input condition, application of 

organic manure and combination of organic and inorganic 

fertilizer (proportion of nitrogen = 1:1) increase organic 

carbon, total nitrogen, available phosphorus and available 

potassium by 95%–136%, 69%–137%, 500% and 

81%–103%, increase soil nutrient storage and improve sup-

ply ability of soil nutrients. Different fertilization regimes 

have different effects on soil nutrient properties, which is 

mainly because that application of chemical fertilizer im-

proves fertilizer supply intensity by increasing content of 

soil available nutrients, while application of organic manure 

improves fertilizer supply capacity by increasing soil nutri-

ent storage. Organic manure contains a large amount of hu-

mic substances-like matter which plays a very important 

role in activation and saving of soil nutrients. Quantity and 

quality of organic carbon are closely related to soil fertility, 

therefore, application of organic manure can continuously 

and significantly affect accumulation and increasing of or-

ganic carbon. Organic manure contains rich organic matters 

and various nutrients which can directly supply nutrients 

and activate potential soil nutrients, to affect soil fertility. 

3) Compared with control group with no fertilizer, sin-

gle-application of chemical fertilizer increases soil microbi-

al carbon and nitrogen content by 8%–31% and 33%–43%. 

Compared with application of chemical fertilizer under 

equal nitrogen input condition, application of organic ma-

nure and combination of organic and inorganic fertilizer 

(proportion of nitrogen = 1:1) increase soil microbial carbon 

and nitrogen content by 50%–112% and 34%–79% and im-

prove supply ability of soil active nutrients. Reasons may 

include the general effect of the following aspects. 

Long-term application of organic manure provides enough 

carbon sources for microorganism growth. Application of 

organic manure can promote formation of soil aggregates 

and improve growth environment of microorganism, to in-

crease quantity and types of microorganism. Application of 

organic manure can improve water retention capability and 

promote microorganism activity to increase quantity of soil 

microorganism. Combination of organic and inorganic ferti-

lizer supplements organic carbon sources and improves soil 

physical properties and microorganism activeness to in-

crease soil microbial biomass. 

4) After 26 years fertilization, principal component and 

clustering analyses are utilized to conduct quantitative 

evaluation for soil fertility under different fertilization 

treatments. The result shows that general score (0.74–5.13) 

for single-application of organic manure and combination of 

organic and inorganic fertilizer (proportion of nitrogen = 

1:1) is obviously higher than the score (−2.52 to −0.15) for 

single-application of chemical fertilizer. Therefore, applica-

tion of organic manure and combination of organic and in-

organic fertilizer can evenly improve soil fertility, increase 

soil nutrient storage, improve supply ability of soil nutri-

ents, and promote sustainable utilization of cultivated soil. 
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Application of variable fuzzy pattern recognition method on landslide 

stability assessment 

Guo Wenzhao, Liu Yakun, Xu Xiangzhou, Li Min 

School of Hydraulic Engineering, Dalian University of Technology, Dalian 116024, China 

Abstract: Landslides occur frequently and lose greatly, especially in China, and always have the characteristics of 

large scale, complex mechanism as well as serious destruction. It is important to assess landslide stability for under-

standing the evolution process of the landslide. In this paper, the recognition method of variable fuzzy pattern was 

applied to evaluate landslide stability. The method was based on the theory of variable fuzzy set, relative member-

ship degree function and multi-level and multi-index evaluation unit system on landslide stability which included 

both the qualitative and quantitative factors. In order to overcome the limitations of the fuzzy comprehensive evalu-

ation method which had a maximum membership degree, the relative membership degree function and the grade 

eigenvalue were used in the recognition method of variable fuzzy pattern. For the complexity and fuzziness of land-

slide system, the multi-level and multi-index evaluation unit system was set up by selecting 4 levels and 17 factors. 

In the purpose of confirming the fuzzy weights, the comprehensive evaluation of the three-level weights was 

adopted and the method of dualistic factor contrast combined with fuzzy mood operator was also used. The recogni-

tion method of variable fuzzy pattern was adopted to appraise the stability of Danba Landslide, Laojinshan Land-

slide and Yankou Landslide, and the results of the evaluation were consistent with the investigation. Depending on 

the different evaluation results of the Danba Landslide in 4 periods, the impact of the stability of Danba Landslide 

was semi-quantitatively evaluated. The stability declined at first and later improved from 1980s to 2007, and was in 

the most unstable state from March 2004 to March 2005. By comparing the stabilities of Danba Landslide during 

1999–2004 and from March 2004 to March 2005 with that during 1980s–1998, the stabilities declined by 6.4% and 

10.1%, respectively. And the stability of the landslide in period d (from March 2005 to 2007) improved by 4.7% 

compared with period c (from March 2004 to March 2005), and decreased by 5.2% compared with period a (from 

1980 s to 1998). In order to compare present method with fuzzy comprehensive evaluation method, two cases of 

Danba Landslide were studied in period a (from 1980 s to 1998) and d (from March 2005 to 2007). The results 

evaluated by variable fuzzy evaluation method and fuzzy comprehensive evaluation method were both in Level 

three. The stability eigenvalues of Danba Landslide in period a and d were evaluated by variable fuzzy evaluation 

method, and the two eigenvalues were 3.27 and 3.44, respectively. Stability of Danba Landslide in period d was 

worse than in period a, although they belonged to the same grade. In this study, the average eigenvalue which could 

make the error smaller was obtained. Actually, the eigenvalue was obtained by a series of different parameters. 

Therefore, the recognition method of variable fuzzy pattern is more feasible and reliable, and it is much stricter in 

the superior grade. Just as any other traditional evaluations, the recognition method of variable fuzzy pattern has a 

difficult problem that the qualitative factors cannot be completely quantified. But the qualitative indices can be 

converted into semi-quantitative indices by the recognition method of variable fuzzy pattern. Besides, the reliability 

of evaluation results can be guaranteed because of reasonable selection of evaluation indices and the accuracy of 

specific numerical indicators. The recognition method of variable fuzzy pattern is a promising evaluation approach 

in Landslide stability assessment, and it can provide scientific basis for landslide disaster prevention and control. 

Keywords: models; stability; landforms; recognition method of variable fuzzy pattern; landslide 

CLC number: P642.22; S157 

0 Introduction 

Landslides occur very frequently and the loss is great in 

China; it has the characteristics of large scale, complex 

mechanism, serious destruction as well as great difficulty in 

prevention and control. Landslides development are funda-

mentally caused by unique geological structure and distri-

bution of landforms, and rainstorm, earthquake and massive 

human activities constitute the main triggering and inducing 
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conditions of landslide 
[1]

. Stability analysis and evaluation on 

landslide are important content of studying landslide develop-

ment and evolution, which can provide reliable scientific basis 

for prevention and early warning of landslide disaster. There-

fore, it is necessary to study the landslide stability. 

At present, the common landslide stability analysis 

methods are roughly divided into two categories: physical 

simulation method and mathematical simulation method in 

China and abroad. Zou et al. 
[2] 

derived the calculation for-

mula for progressive failure of landslide stability and ap-

plied it to Jiweishan Landslide in Wulong County as well as 

analyzed the changes of landslide stability before landslid-

ing based on progressive locking mechanical model. Chen 

et al. 
[3]

 predicted the impacts of different impoundment 

levels and reservoir operating plans on the stability of Mol-

uocun landslide, Danba County using three-dimensional 

strength reduction method and two-dimensional limit equi-

librium method. Niu et al. 
[4]

 studied the stabilities of em-

bankment slope under four different working conditions and 

water level fluctuation conditions using the finite element 

strength reduction method. Hu et al. 
[5]

 investigated the de-

formation characteristics and failure modes of landslides 

through a case study of Zhujiadian Landslide in Three 

Gorges Reservoir Region. In view of fuzzy and stochastic 

feature of mechanical parameter for slip soil, Wang et al. 
[6] 

combined the fuzzy random theory and improved response 

surface model to get the reliability index of landslide. Most 

of the above methods only focused on the structure charac-

teristics of the landslide itself or analysis of certain factors 

of landslide, and factors other than landslide itself were not 

considered. Actually, the occurrence of landslide is a com-

plex fuzzy system affected by multi-factors. The theory of 

variable fuzzy set created by Chen 
[7] 

based on the theory of 

engineering fuzzy set was a breakthrough in static fuzzy 

theory. The recognition evaluation method of variable fuzzy 

pattern was applied to analyze and evaluate landslide stabil-

ity in this paper. 

1 Evaluation method for landslide stability 

The recognition evaluation method of variable fuzzy 

pattern for landslide stability is an analysis and evaluation 

method that combines qualitative and quantitative factors 

and is established based on concept of variable fuzzy set 

and dynamic variable relative membership degree and func-

tion, in combination with evaluation criterion for landslide 

stability. 

If there are k landslide sample sets to be identified in sta-

ble unit system of landslide and there are m indices in each 

sample set, sample eigenvalue matrix X = (xij), and index ei-

genvalue matrix Y = (yih). As there are different dimensionalities 

for index eigenvalues and sample eigenvalue of landslide 

stability, for different indices types, Formula (1) and For-

mula (2) are adopted to conduct normalization pro-

cessing 
[7]

: 

 

 
where, rij is the number of normalized fuzzy concept from 

eigenvalue of Sample j and Index i; yi1, yih and yic are stand-

ard eigenvalues of Level 1, Level h and Level c of Index i 

respectively; sih is the number of normalized standard ei-

genvalue yih of Level h and Index i. xij is the eigenvalue of 

Sample j and Index i. 

General form of variable fuzzy recognition pattern estab-

lished by Chen 
[7] 

is as follow: 

 
where, uhj is relative membership degree for Level h from 

Sample j; wi is index weight; fj and ej are level upper limit 

value and level lower limit value of Sample j respectively. a 

is parameter of optimization criterion, a = 1 is the least 

one-power criterion, and a = 2 is the least squared criterion. 

p is parameter of distance, p = 1 is Hamming distance, and 

p = 2 is Euclidean distance. m is index parameter and k is 

stability classification parameter. 

2 Application of project example 

The paper adopted the cases of Danba Landslide, 

Laojinshan Landslide and Yankou Landslide (Yinjiang 

County) to appraise landslide stability and further study the 

impacts of massive human activities on the stability of 

Danba Landslide. Laojinshan Landslide is located in 

Yuanyang County, Yunnan Province (102.81 E, 23.17 N) 

and on May 31 and June 3, 1996, two landslides occurred. 

Yankou Landslide is located in Yinjiang County, Guizhou 

Province (108.4 E, 28.02 N). Large-scale rock landslide 

occurred on September 18, 1996 and it blocked rivers and 

dammed reservoir was formed. Danba Landslide is located 

in valley area of right bank of Dajin River in Danba County, 

Sichuan Province (101.87 E, 30.85N) and wide-spread 

landslide occurred on February 18, 2005. In order to explore 

the effect of human activities and development of faults and 

fractures on Danba Landslide, we divided Danba Landslide 

into four periods. Period a (from 1980s to 1998): the ancient 

landslide was in a relatively stable state. Period b (from 
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1999 to 2004): due to the city expansion in Danba County, 

the toe of slope was excavated seriously, and as a result high 

and steep free surface was formed on landslide leading edge. 

Period c (from March 2004 to March 2005): roads and houses 

were built again in Danba County and free surface increased 

further, which caused obvious cracks. Period d (March 2005 

to 2007): sliding speed of landslide reduced to some extent 

during comprehensive control period of Danba Landslide 
[1]

. 

2.1 Establishment of landslide stability index system 

The occurrence of landslide was a complex fuzzy system, 

jointly affected by many factors. The 17 main factors influ-

encing landslide stability were selected to establish multi-

level and multi-index evaluation unit system regarding 

landslide stability according to field investigation and liter-

ature 
[1]

, as shown in Fig. 1. The five factors including rock 

properties, slope structure, cohesion force, internal friction 

angle and development of faults and fractures belong to 

geological structure unit system. The four factors including 

topography, slope angle, slope height and slope shape be-

long to topography and geomorphology unit system. The 

five factors including mean annual precipitation, influence 

of surface water, rainstorm frequent occurrence times, 

groundwater erosion effect and permeability of rock belong 

to the unit system of meteorological hydrogeological condi-

tions. The three factors including earthquake, human activi-

ty and factors of frozen-thawed belong to other unit 

systems. Geological structure unit system and topography 

and geomorphology unit system belong to internal reason 

unit system of landslide stability. The unit system of mete-

orological hydrogeological conditions and other unit sys-

tems belong to external reason system of landslide stability. 

Landslide stability is jointly influenced by internal reason 

system and external reason system 
[1]

. 

The division of landslide stability is slight different in China 

and abroad and it was divided into five grades in China. 

Effect factors and grading standard of landslide stability 

were determined according to literature [8–9] and Standards 

Manual [10] (see Table 1). Basic data of six samples eigen-

values for Danba Landslide, Laojinshan Landslide and 

Yankou Landslide are shown in Table 2. Data about cohe-

sion force and internal friction angle of Laojinshan Land-

slide were from reference [11] and the remaining data were 

from reference [1]. 

2.2 Quantization of evaluation index 

Among the selected indexes, some factors were quantita-

tive and could be obtained through measurement or test, 

such as slope height and cohesion force, while some were 

qualitative, such as human activity and rock properties. For 

the convenience of recognition and calculation of qualita-

tive index, it was necessary to quantify those qualitative 

indexes. Five stability grades of all qualitative indices (A1, 

A2, A5, B1, B4, C2, C3, C4, C5, D1 and D3) in Table 1 as per 

grading degree were marked as 1, 2, 3, 4 and 5 successively. 

For example, five grades of A1 rock properties: hard rock, 

secondly hard rock, soft rock, hard soil and ordinary soil 

were marked as 1, 2, 3, 4 and 5 successively. For five grades 

of quantitative indices (A3, A4, B2, B3, C1 and D2), interval 

midpoints were selected successively and 17 indices eigen-

values matrix Y = (yih) for five grades were obtained. Four 

periods (a, b, c and d) of Danba Landslide were chosen as 

four samples (x1, x2, x3 and x4), the Laojinshan Landslide as 

sample x5, and the Yankou Landslide (Yinjiang County) as 

sample x6. Table 2 was converted into sample eigenvalue 

matrix X = (xij) according to the grading standard in Table 

1. For the above quantitative data, due to the large differ-

ence of numerical values among all factors (such as friction 

angle and slope angle), if the factors with large difference of 

quantity values were input into the same model for analysis 

and process, great errors could be generated. Therefore, ma-

trices X and Y need to be normalized as per Formula (1) and 

Formula (2), in order to obtain normalized matrices S = (sij) 

and R = (rij) of index eigenvalue and sample eigenvalue. 

Table 1  Major effect factors and grading standard of landslide stability 
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Table 2  Effect factor eigenvalues of landslide 

 
Note: Data in Table 2 about cohesion and internal friction angle of the Laojinshan Landslide refers to the literature [11] and the others are cited the literature [1]. 

2.3 Determination of weight vector of landslide 

stability index 

According to different actions of all effect factors caus-

ing landslide sliding, the method of dualistic factor contrast 

fuzzy quantitative analysis in combination with the method 

of three-level weights were used to determine fuzzy weight 

of all effect factors. 

First, dualistic factor contrast 
[7] 

was conducted for the 

significance of evaluation index experience to get qualita-

tive scale matrix E. And then after consistency check of 

matrix E according to consistency scale condition of refer-

ence [7], qualitative sequence of index importance was 

given from big to small according to the sum of matrix E in 

each line. At last, the relative membership degree of index 

for importance was determined in accordance with the rela-

tion of fuzzy mood operator and relative membership de-

gree 
[7]

, i.e., index weight vector after normalization). 

The four first grade indices of topography and geomor-

phology (B) were taken as an example to calculate weight. 

Dualistic factor contrast matrix EB(4) was constructed. 
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Consistency check of the matrix as per consistency scale 

condition of reference [7] showed that the matrix met con-

sistency test conditions. 

 

Fig. 1  Evaluation unit system of multi-level and multi-index 

about landslide stability 

 
The sums of the matrix in each line were 3.5, 2.5, 0.5 and 

1.5 successively. Qualitative sequence of index importance 

from big to small was as follows: topography, slope angle, 

slope shape and slope height. Non-normalized index weight 

vector could be obtained according to the relation of fuzzy 

mood operator and relative membership in reference [7]: 

 
The index weight vector after normalization was: 

 
Similarly, weight vectors of the remaining first grade 

indices, second gradeindices and third grade indices could 

be obtained, and index weight vectors of 17 indices in five 

grades could be obtained through the multiplication of the 

above three results (see Table 3). 

3 Results and analyses 

The eigenvalue H of landslide could be obtained accord-

ing to Formula (3) 
[7] 

and Formula (5) 
[12–14]

, and then evalu-

ation grades of landslides could be obtained by using 

discriminant (6) 
[12] 

of grade (see Table 4). 

 

 
As seen from Table 4 and Fig. 2, Yankou Landslide, 

Laojinshan Landslide and Danba Landslide in Period c were 

in grade IV of unstable state and the stability of Laojinshan 

Landslide was the worst. Investigation showed that collaps-

es occurred in the three landslides and two large-scale col-

lapses occurred in Laojinshan Landslide in 1996 
[1]

. 

In reference [15] lagrangian difference method was used 

to evaluate the stability of Yankou Landslide (Yinjiang 

County), and the result showed that when 1/2 slope of the 

landslide was in water saturation, its stability coefficient K 

decreased to the range from 1.057 to 1.071, approaching to 

limit equilibrium state (K = 1). In case of rainstorm or 

heavy snow, large creep deformation would occur, i.e., the 

landslide was in a poor stability. It was basically consistent  

Table 3  Weights of landslide stability 
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Table 4  Evaluation result of landslide stability 

 
Note: a and p is the parameters in the formula (3). a is a parameter of optimization criterion, p is a parameter of distance. 

 

Fig. 2  Stability eigenvalue of Danba Landslide in 4 periods 

Note: The higher characteristic value, the less stability. a, b, c, d represent 

the time period of Danba Landslide 1980 s to 1998, 1999 to 2004, March 
2004 to March 2005 and March 2005 to 2007, respectively. 

with the evaluation results (grade IV of unstable state) of 

this study. 

As seen from Table 4 and Fig. 2, the stability of Danba 

Landslide declined at first and was later improved during 

the four periods from 1980s to 2007 and in Period c (from 

March 2004 to March 2005) it was in the most unstable 

state. In Period a, landslide was in grade Ⅲ of poor stabil-

ity. Compared with Period a, the landslides stability in Pe-

riods b and c declined by 6.4% and 10.1%, respectively. At 

that moment, Danba Landslide was in grade Ⅳ of unstable 

state. The stability of landslide in Period d was improved by 

4.7% compared with Period c, and decreased by 5.2% 

compared with Period a, in grade Ⅲ. From 1980s to 1998 

(Period a), urban expansion and excavation at the toe of 

slope had not be carried out in Danba County, so the effects 

of human activity on landslide was still weak and landslide 

was in relatively stable state. From 1999 to 2004 (Period b), 

due to city expansion and the excavation at the toe of slope, 

the stability of landslide on free surface reduced. From 

March 2004 to March 2005 (Period c), roads and houses 

were built again in Danba County and free surface increased 

further, which caused obvious cracks and landslide, i.e., 

landslide was in unstable state. In comprehensive control 

period (Period d) from March 2005 to 2007, stressed anchor 

cable resistant pile was laid on the leading edge of Danba 

Landslide and surface drainage system was set on landslide 

mass, so landslide stability was gradually improved. There-

fore, the comprehensive control project slowed down the 

decreasing trend of Danda Landslide to some extent, but it 

was not solved thoroughly. 

The fuzzy comprehensive evaluation method in reference 

[16] was applied to evaluate the two periods (Period a and 

Period d) of Danba Landslide and the results showed that 

they were both in grade Ⅲ, which were consistent with 

variable fuzzy evaluation results in this study. However, 

only landslide grade was generated by using fuzzy compre-

hensive evaluation method, and advantages and disad-

vantages of stability in the same grade of landslide cannot 

be evaluated. According to the evaluation results for Danba 

Landslide using variable fuzzy model in Period a, it was in 

grade three and were mildly inclined to grade four (eigen-

value: 3.27) and in Period d it was in grade three and was 

moderately inclined to grade four (eigenvalue: 3.44); thus 

the stability of Danba Landslide in Period d was worse than 

that in Period a. The dynamic variable relative membership 

degree and grade eigenvalue were used in variable fuzzy 

recognition model to avoid mis-judgement on evaluation 

results in the recognition of grade attribution using maximal 

grade of membership 
[17] 

in fuzzy comprehensive evaluation 

method 
[7]

. In variable fuzzy set model 
[18]

, various parame-

ter combinations (one linear and three nonlinear combina-

tions) were used to determine the evaluation grade of 

samples, indicated that variable fuzzy recognition model 

was superior to the fuzzy comprehensive evaluation model. 

But variable fuzzy set method has the defect that qualitative 

factors cannot be fully quantified, and the reliability of its 

evaluation results depends on the reasonable selection of 

evaluation indices and the accuracy of specific numerical 

indices. 
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4 Conclusions 

1) Regarding the complexity of landslide occurrence, 

variable fuzzy set theory model was applied in the evalua-

tion of landslide stability; three-level weight in combination 

with the method of dualistic factor contrast fuzzy quantifi-

cation were adopted to determine the weight of all effect 

factors. 

2) Variable fuzzy comprehensive evaluation model was 

used to comprehensively evaluate Danba Landslide, 

Laojinshan Landslide and Yankou Landslide (Yinjiang 

County), and the results showed that Danba Landslide, 

Laojinshan Landslide and Yankou Landslide were all in less 

stable state and the stability of Laojinshan Landslide was 

the worst. 

3) The stability of Danba Landslide declined at first and 

was later improved in Period a (from 1980s to 1998), Period 

b (from 1999 to 2004), Period c (from March 2004 to March 

2005) and Period d (from March 2005 to 2007) and it was in 

the most unstable state in Period c. Compared with Period a, 

the stability of the landslide in Period b and Period c declined 

by 6.4% and 10.1%, respectively. And the stability of the 

landslide in Period d was improved by 4.7% compared with 

Period c, and decreased by 5.2% compared with Period a. 

4) Variable fuzzy evaluation method and fuzzy compre-

hensive evaluation method were adopted to evaluate Danba 

Landslide and the results showed that the stability in Period 

a and Period d were both in grade Ⅲ, which verified the 

feasibility of variable fuzzy recognition evaluation model of 

the landslide. With variable fuzzy model, the dynamic vari-

able relative membership degree and grade eigenvalue were 

used to appraise the eigenvalues of Danba Landslide in Pe-

riod a and Period d, 3.27 and 3.44 respectively, suggesting 

that the stability of Danba Landslide in Period d was worse 

than that in Period a and further indicating the superiority of 

variable fuzzy recognition model. 

The evaluation results of this study could provide reliable 

scientific basis for prevention and early warning of land-

slide disaster. 
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Abstract: The resource utilization of organic materials in China cropland is a great challenge we are facing now. 

To study the ecological effects of biochar utilization, and explore the response of carbon emission intensity (GHGI) 

to biochar amendment for the long term in a double rice field in South China, two-year field measurements of 

greenhouse gases based on a static chamber-gas chromatography method were conducted. Six experimental treat-

ments were set up, including 1) CK (famer traditional operation), 2) BC1 (biochar amendment at 5 t/hm2), 3) BC2 

(biochar amendment at 10 t/hm2), 4) BC3 (biochar amendment at 20 t/hm2), 5) RS (raw rice straw residue return) 

and 6) RI (composted rice straw residue return). As a result, compared to CK, all of the biochar treatments inhibited 

the emission peaks of greenhouse gases from the double rice field. During the four rice growing seasons, the three 

biochar treatments decreased the 100 yr-scaled carbon dioxide emission equivalents by 27.53%, 58.65%, and 

63.43%, respectively, compared with CK, RS, and RI. The biochar treatments significantly reduced methane emis-

sions (P < 0.05) at an average reduction rate of 50.84%. Among the three biochar and two rice straw residue treat-

ments, BC3 had the lowest methane emission potential (2.75 mg/(m2h)), while RS had the highest (10.05 

mg/(m2·h)). For the nitrous oxide emissions, the average value of the three biochar treatments was lower than CK 

but higher than the two rice straw residue return treatments (P > 0.05). Furthermore, there was no statistical signifi-

cant yield increase effect found in the biochar treatments (P > 0.05), compared with CK, RS, and RI, as the 

four-season average rice yields of the three biochar treatments were increased by 3.21%, 5.11%, and 2.29%, respec-

tively. A significant higher yield in BC3 was observed than that in RS (P < 0.05). Additionally, on a 100-year hori-

zon, the GHGI of the three biochar treatments (average at 0.33 kg/kg) were 30.57%, 61.00%, and 64.82% lower 

than CK (0.48 kg/kg), RS (0.86 kg/kg), and RI (0.48 kg/kg), respectively. By the correlation matrix and principal 

component analysis, the biochar amendment controlled the distribution of rice yield, harvest index, soil organic 

matter, total carbon content, and chlorophyll content, while the rice straw residue return treatments dominated the 

distribution of the methane flux and GHGI. In summary, based on the present study, the application of the regres-

sion tree analysis offered a quantitative alternative to decision-making in analyzing the effects of biochar amend-

ment on ecological environment. The results of this study indicated that the biochar amendment in soils has the 

potential to enhance soil carbon sequestration, increase rice yield, and mitigate the carbon emission intensity and the 

impact of climate change by optimization of the field managements and biochar return in an appropriate amount. 

This research could be used as a successful case study of scientific utilization of crop straw residue in China's agri-

culture.  

Keywords: emission control; principal component analysis; soils; double rice field; carbon emission intensity; bio-

char; regression tree 

CLC number: S344; S511.4+2; X511 
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0 Introduction 

Global warming has become a hot issue which is con-

cerned by many countries and the agriculture industry is 

making a great contribution to global warming. China is a 

big country for Oryza sativa L. cultivation and the cultiva-

tion provides stable food supply while producing a great 

amount of straw residue. Study shows that the total agricul-

tural straw resources in China is about 8.2 × 10
8 
t/a in which 

rice straw accounts for 25% 
[1]

. At present, the utilization 

rate of straw resources is relatively low, where more than 

30% were abandoned in the field or directly combusted, 

which resulted in serious pollution. According to estimation 
[2]

, the total amount of CO2 and carbon emission caused by 

burning of food crop straw in China is 1.57 × 10
8 
and 4.77 × 

10
7 

t/a. Reusing rice straw returning to field directly, indi-

rectly, and through denaturation (i.e., biochar) can not only 

make full use of straw resources, but also effectively com-

pensate for loss of soil carbon and reduce agricultural pollu-

tion. Another important environmental issue related to rice 

field is greenhouse gas (GHG) pollution, including methane 

(CH4) and nitrous oxide (N2O) as the most important GHG 
[3]

. The amount of CH4 emissions by rice field in China is up 

to 7.4 Tg, ranking No. 1 in the world 
[4]

. How to use rice 

straw in a scientific way and reduce carbon intensity per 

production unit has become an important challenge.  

Previous studies have been focused on different methods 

of rice straw returning to field and most of studies indicate 

that the untreated rice straw returning to field as the organic 

fertilizer can effectively complement the loss of soil organic 

matters, adjust fertility, ensure stable production, increase 

soil capability of carbon sequestration, etc. 
[5]

. However, the 

rice straw back to field also results in higher GHG emission 
[6]

 and if the fresh rice straw is used, it will result in slow 

decomposition and the residue affecting next season farm-

ing, etc. Therefore, straw must be denatured or composted 

before it returns to field. According to studies, using com-

posting agent can benefit crop growth in many ways, 

quickly decompose the straw, facilitate nutrient absorption, 

effectively complement the loss of soil organic matter and 

increase rice yield 
[7]

, as well as such effects as preventing 

soil compaction and erosion, inhibiting heavy metal pollu-

tion and protecting environment, etc.
[8]

. Meanwhile, com-

pared with fresh straw, composted straw has one big 

advantage, i.e., while maintaining adequate nutrients, car-

bon and nitrogen content has a certain degree of loss, which 

lowers GHG production potential.  

Biochar is an important form of denaturing organic re-

sources, whose utilization in the field has important impacts 

on soil fertility and environment. Previous studies found 

that adding biochar in the field can enhance the effective-

ness of soil carbon sequestration 
[9]

. According to estimation 
[2]

, if all stalks in China are completely converted to biochar, 

the amount of carbon sequestration by them will be up to 

0.96 × 10
8 

t annually. Biochar can also improve rice yield 
[10]

, reduce N2O emissions 
[11–13]

, inhibit 
[9, 14–15]

 or promote 
[16–17]

 CH4 emission, etc. 

At present, the research of biochar impact on rice pro-

duction is focused on the characteristics of biochar and its 

direct impact on the soil matrix, much less on comparative 

study of different forms of straw organic materials (biochar, 

straw and decomposed straw) 
[18]

, and most of them concern 

in-house incubation test 
[12–13, 19–20]

. The long term research 

of carbon emission intensity based on the field test remains 

scarce 
[14, 16]

. Therefore, this study, through two consecutive 

years of field observations on typical double cropping pad-

dy fields in southern China, explores the effect of rice pro-

duction and carbon emission intensity on addition of 

biochar with different dosage in the field. This study is ex-

pected to provide a base case study for the scientific exploi-

tation of straw resources.  

1 Research materials and methods 

1.1 Experiment design 

The experiment station is located in the national rice va-

riety regional trail plot of the Huizhou Agricultural Sciences 

Institute, Guangdong Province (114.34–114.36 °E, 

23.06–23.09 °N). This area is to promote the cultivation 

area for double cropping of rice in southern China, located 

in the farthermost northern boundary of the tropics with 

mild climate, and abundant rainfall and sunshine. The annu-

al average precipitation is 1770 mm, mainly between April 

and September, and the annual average temperature is 

around 22 °C. The soil for experiment is typical tropical 

lateritic soil (clay 15.57%, silt 32.27%, sand 52.16%).  

The experiment was conducted between early rice in 

2012 and late rice in 2013. The experiment in the field was 

designed in a random way, six treatments and three repli-

cates, totally 18 blocks, and the area of each block was 5 m 

× 6 m. After the survey to collect the amount of the local 

application of chemical fertilizer, and control treatment 

(CK) was set up only for chemical fertilizer application. 

Other five treatments were three different application 

amounts of biochar in the field, i.e., BC1 (5 t/hm
2
), BC2 (10 

t/hm
2
) and BC3 (20 t/hm

2
), straw returning to field (RS), 

and straw returning to field + decomposition agent (RI). The 

straw treated was harvested from the previous quarter, and 

stored in a warehouse. Four days before transplanting rice, 

the straw was evenly chopped and pressed into the blocks 

(for the treatment of decomposition, after the straw was 

pressed into blocks, decomposition agent was spread), then 

using mini plow to mix them into the soil fully. The biochar 

in test was made by wheat straw, and produced by Henan 

Sanli New Energy Inc., pyrolysis carbonization temperature 

was around 350–500 °C. Please see soil and biochar physi-

cochemical properties used in the experiment in Table 1. 
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Biochar was used in each block three days before trans-

planting rice, and then mini plow was used to mix them into 

the soil fully. Base fertilization was used one day before 

transplanting (see more details in Table 1) and mini plow 

was used again to mix fertilizer fully. To ensure that the 

major nutrients of base fertilization under different treat-

ments were the same, fertilization program was designed, 

and see more details in Table 2. The base fertilization was 

used 3 d before transplanting, adding three times of fertiliz-

er during 5, 10 and 16 d after transplanting. Irrigation man-

agement followed local custom, i.e., flooding them after rice 

transplanting, drying field about 30 d after transplanting, 

rewatering them after two weeks, and drying field during 

ripening period again until the rice harvest. The meteoro-

logical data related to the experiment station between 

2012–2013 (daily precipitation and temperature) was pro-

vided by the Huizhou East Meteorological Bureau, Huizhou 

City of Guangdong Province.  

Table 1  Soil and biochar physicochemical properties before 
initiation of experiment 

 

1.2 Flux observation of GHG emissions 

According to the growth characteristics of rice and sea-

sonal variation of GHG emissions, this study used different 

sampling density. The data of GHG sample were collected 

every two days during the growth period before drying the 

field (the data were collected every 4 days after re-watering 

the field) and the flux observation of GHG emissions was 

conducted by using manual static box–gas chromatography 

(Agilent 7890A, USA) 
[26]

. CH4 is the major contributor to 

greenhouse effect 
[17]

. During winter, there was no tillage 

habits such as flooding, green manure growingor farming 

vegetables, etc. In addition, CH4 in the rice field is mainly 

from rice plant stems. If there is no crop in the field, CH4 

emission is very low. Previous studies also found that dur-

ing winter the CH4 emission is only accounting for 1% of 

the CH4 annual emission for double season rice field 
[21–22]

. 

This study focused on the relationship between carbon in-

tensity during rice growing period and rice growth parame-

ters, and soil characteristics of rice, hence there is no 

consideration of GHG emissions during winter fallow peri-

od. The sampling process in the field test, operational char-

acteristics of gas chromatography and the detailed 

calculation of GHG emission fluxes are described in rele-

vant literature 
[23–24]

.  

According to various GHG's relative global warming po-

tential (GWP) on different time scales, the emission of car-

bon dioxide equivalent is calculated (CDE, kg with the base 

of CO2). On the time scale of 100 years the relative GWP of 

CH4 and N2O are 28 times and 265 times of CO2 
[25]

. Thus, 

calculating the total carbon dioxide equivalent of CH4 and 

N2O, divided by the rice yield, and the carbon intensity is 

obtained (greenhouse gas intensity, GHGI, kg/kg). Carbon 

intensity in this article is the total intensity of the CH4 and 

N2O emission intensity, and the detailed calculation process 

is described in relevant literature 
[26]

.  

1.3 Secondary variables 

Secondary variables for observation include rice growth 

parameters and soil physicochemical characteristics. Rice 

plant sampling: each time the rice plants were uprooted (a 

knife was used to dig the root in special cases to avoid af-

fecting surrounding plants). Three stump plants were taken 

in each block, the mean for each treatment was calculated, 

and after each sampling, its height and biomass were meas-

ured in the lab. Rice growth parameters include harvest in-

dex (HI, measuring it during harvest, ratio between panicle 

biomass and the above ground biomass), tiller number 

(TILLER, one observation during its growth period), chlo-

rophyll content (chlorophyll, SPAD, leaves' nitrogen uptake 

index which was measured when sampling GHG by porta-

ble chlorophyll meter, SPAD-502Plus, Konica Minolta Inc., 

Japan), plant height (HEIGHT, measured when harvesting), 

plant biomass (BIOMASS), above ground biomass 

(BIOOVER), root biomass (BIOROOT), panicle biomass 

(BIOPANICLE) and culm biomass (BIOCULM).  

Soil sampling: using 5-point method, we collected sam-

ples from the AP layer of each block (0–15 cm) and calcu-

lated average of each treatment. If the samples could not be 

measured instantly, they were stored in the refrigerator at 

2 °C for later test. The physical and chemical properties of
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 Table 2  Designs of experiment treatments kg·hm-2 

 

soil were measured at the end of each growing season that 

included soil bulk density (bulk density, BD, ring sampler), 

soil organic matter content (SOM, potassium dichromate 

volumetric method, GB 9834-1988), total carbon (TC, full 

carbon analyzer, Multi N/C 2100, Analytik Jena, Germany), 

carbon/nitrogen ratio (CN); Dissolved organic carbon 

(DOC, potassium permanganate oxidation), ammonium 

nitrogen (NH4, indophenol blue photometric) and nitrate 

nitrogen (NO3, Zinc restore-N-(1-naphthyl)-

ethylenediamine spectrophotometry) were measured every 

two weeks during the growing period. DOC, NH4 and NO3 

were measured by UV-visible spectrophotometer 

(UVPOWER, Beijing Seward Instrument). The average 

value of all variables was calculated during the growing 

season.  

1.4 Data and statistical analysis 

All data were pretreated by using Microsoft Excel 

(V2010, Microsoft Corporation, USA). Multiple compari-

sons of seasonal average of GHG emission fluxes were 

conducted through Tukey-Kramer HSD paired test of SAS 

JMP (SAS JMP V10.0, SAS Inc., USA) 
[27]

, and the stand-

ard of significant difference level is P < 0.05. Using lattice 

and corrplot from R language 
[28]

 (R, Version 3.1) package 

to conduct correlation and regression analysis between 

GHG fluxes, rice yield, carbon intensity, rice growth pa-

rameters and soil physicochemical properties, and the cor-

relation coefficients between the variables were provided. 

The principal component analysis (PCA) is conducted by 

vegan of R language. Multivariate regression tree analysis 

utilized rpart, rattle, rpart.plot, Rcolor Brewer and party of 

R packages. All figures were produced by the Sigmaplot 

(Version 11, Systat Software Inc., USA) and R program.  

2 Results and analysis 

2.1 GHG emission flux 

From early rice in 2012 to late rice in 2013, GHG emis-

sion in each treatment shows similar seasonal variation and 

follows the general rules of the time variation of GHG 

emission in the double rice crop fields (see Fig. 1). CH4 

emission mainly occurs before drying the field. The peak 

emission occurs within a few days after transplanting, 

which lasts a longer period of time until the end of drying 

field. After re-watering, CH4 emits very little and maintains 

low emission until the harvest. N2O emission mainly occurs 

during the wet and dry gaps of intermittent irrigation and 

from the stimulating effect by base fertilizer and added fer-

tilizer (nitrogen), the peak shape of which is narrow.  

 

Fig. 1  Seasonal variations of GHGs fluxes under different prac-

tices 

Note: Arrow in solid line denotes the time of midseason drainage, the dash 

arrow stands for the time of rehydration. CK is the control with chemical 
fertilizer; BC1, BC2, BC3 are the treatments with 5, 10, 20 t·hm−2 of bio-

char respectively; RS is the treatment with straw returning to field; RI is 

the treatment with straw returning to field and decomposition agent. 
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It is clear that due to the different amount of use, not dif-

ferent periods, adding of biochar does not change GHG's 

peak time, but has an impact on the peak size. On average, 

for each growing season, CH4 emission flux in BC3 treat-

ment is the lowest, i.e., only 2.75 mg/(m
2
·h), followed by 

the low amount of biochar treatment, i.e., BC1 (3.75 

mg/(m
2
·h)) and the medium amount of biochar treatment, 

i.e., BC (4.02 mg/(m
2
·h)); For the treatment of composting 

straw returning to field, the CH4 emission is the highest, up 

to 10.05 mg/(m
2
·h); for the treatment of straw returning to 

field, the CH4 emission is up to 8.86 mg/(m
2
·h); and the 

CH4 emission of CK treatment is up to 4.8 mg/(m
2
·h). It 

indicates that adding biochar significantly inhibits CH4 

emission (P < 0.05). For four growing seasons, comparing 

biochar treatment (mean 3.52 mg/(m
2
·h)) to CK, RS and RI 

treatment, CH4 emission was reduced by 26.99%, 60.42% 

and 65.11%, respectively. For N2O, the average N2O emis-

sion flux of three treatments with adding biochar (from high 

to low amount of biochar treatment, their average emissions 

were 63.27, 70.66 and 59.89 μg/(m
2
·h) respectively) was 

lower than CK treatment (79.46 μg/(m
2
·h)), but higher than 

two treatments with straw returning to field (the average of 

RS and RI was 45.52 and 54.90 μg/(m
2
·h)). It indicates that 

adding biochar and the high organic matter input from straw 

returning to field inhibits the N2O emissions, but the inhib-

iting effect did not reach statistical significance level of 0.05.  

For four growing seasons, N2O emission of biochar 

treatment (mean 64.61 μg/(m
2
·h)) decreased by 18.69%, 

compared with CK treatment; but it increased by 41.93% 

and 17.69%, respectively compared with RS and RI treat-

ment (P > 0.05). On a whole, the biochar treatment signifi-

cantly inhibited the emissions of GHG equivalent of double 

cropping rice.  

According to GHG seasonal emissions of every treatment 

(Fig. 3), the greenhouse effect is calculated within the scale 

of 100 a. The lowest was BC3 treatment (1 877.30 kg), fol-

lowed by BC1 (2 469.25 kg) and BC2 (2 668.36 kg). The 

emission of three biochar treatments were lower than CK, 

and composting straw returning to field RI (treatment) had 

the highest GHG emission, up to 6 394.04 kg. The emission 

of the treatment of straw returning to field reached 5 655.35 

kg. For four growing seasons, comparing biochar treatment 

(mean 2 338.3) to CK, RS and RI, GHG emissions de-

creased by 27.53%, 58.65% and 63.43% (P < 0.05), namely 

an average decrease of 49.87%.  

2.2 Rice yield and carbon intensity 

Adding biochar can stabilize rice yields. For four grow-

ing seasons on average, the highest rice yield was from BC3 

(7 057.78 kg/hm
2
), significantly higher than the RS (P < 

0.05), BC1 (6 835.82 kg/hm
2
) and BC2 (6 790.58 kg/hm

2
) 

were also higher than treatment of rice straw returning to 

field and CK (6 679.68 kg/hm
2
).The lowest average yield 

was from RS, only 6 559.42 kg/hm
2
, but the difference 

among BC1, BC2, CD, RI and RS did not reach significant 

Table 3  Seasonal amount of GHGs emission from different 
treatments                                       kg·hm-2 

 
Note: Different letters following the value in the same column meant sig-
nificant difference among treatments at 5% level. The same as below. 

level of 5% (see Fig. 2). For the treatment of straw returning 

to field (RS), incomplete straw decomposition resulted in 

poor soil aeration in field and poor capacity of water heat 

exchange, which was a potential reason of its lower yield. 

For four growing seasons, comparing biochar treatment 

(mean 6 894.73 kg/hm
2
) to CK, RS and RI, the yield in-

creased 3.22%, 5.11% and 2.29%, and the average increase 

of yield was 3.54%. 

Adding biochar, especially adding high amount of bio-

char, can effectively inhibit carbon emission intensity of 

double cropping rice (Fig. 2). For the average carbon emis-

sion intensity of every treatment, BC3 was the lowest (value 

of 0.26 kg/kg), significantly lower than the straw compost-

ing and returning to field (RI) (0.95 kg/kg) (P < 0.05). For 

low amount of biochar treatment (0.39 and 0.36 kg/kg), its 

carbon emission intensity was also lower than CK and 

treatment of straw returning to field, but it was less than 

significance level of 5%. On average, for four growing sea-

sons, comparing biochar treatment (mean 0.33 kg/kg) to 

CK, RS and RI, carbon emission intensity decreased 

30.57%, 61% and 64.82%, respectively, with the average 

decrease of 52.13%.  
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Fig. 2  Accumulated rice grain yields and carbon emission inten-

sity of different treatments 

2.3 Relationship between carbon emission inten-

sity of double cropping rice fields and environ-

mental factors 

The correlation matrix and principal component analysis 

were conducted between rice growth parameters and soil 

physical and chemical properties (two types of environ-

mental factors), and rice field GHG fluxes (CH4 and N2O), 

yield (YIELD) and carbon intensity (GHGI) (Fig. 3). The 

values of all variables are the averages during four seasons. 

Principal component analysis indicates that carbon emission 

flux and CH4 almost coincide (their correlation coefficient r 

= 1, P < 0.001), while GHGI has large differentiation with 

N2O, which means that CH4 emission determines carbon 

emission fluxes in the rice fields. In rice growth parameters, 

only the HEIGHT has closer correlation with CH4 and car-

bon intensity, and other biological variables has greater dif-

ferentiation from CH4 and GHGI. But biological variables 

have close correlation with N2O. The distribution of the 

yield (its correlation coefficient with GHGI, r = −0.69) and 

harvest index (its correlation coefficient with GHGI, r = 

−0.97, P < 0.05) is completely opposite with CH4 and 

GHGI. For soil characteristics, SOM (with GHGI, correla-

tion coefficient r = −0.82), TC (with GHGI, correlation co-

efficient r = −0.74), CN (with GHGI, correlation coefficient 

r = −0.81) and SPAD (with GHGI, correlation coefficient r 

= −0.31 GHGI ) are close to the distribution of yield and 

harvest indexes, which indicates that adequate carbon and 

nitrogen nutrients can ensure the rice productivity. For soil 

bulk density (BD), its distribution is between CH4 (with 

BD, correlation coefficient r = −0.12) and N2O (with BD, 

correlation coefficient r = 0.37), which means that the ex-

tent of soil compaction indirectly influences CH4 and N2O 

emission. On each treatment, biochar is close to the distri-

bution of YIELD, HI, SOM, CN and SPAD and others, 

which indicates that biochar can hold soil carbon and nitro-

gen nutrients, provide adequate nutrient for rice growth, and 

ensure a high yield and harvest index. The treatment of RS 

and RI has similar distribution with CH4 and carbon inten-

sity, but has completely opposite distribution with YIELD 

and HI, etc. In addition, for soil characteristics, BD is oppo-

site with the distribution of three biochar treatments, which 

indicates that adding biochar increases soil permeability, but 

reduces soil bulk density.  

 

Fig. 3  Correlation matrix and principal analysis plot of GHGs 

emission, carbon emission intensity, rice plant growth parameters 

and soil characteristics 

2.4 Decision regression tree analysis for double 

cropping rice production systems  

Regression decision tree analysis was conducted between 
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the carbon emission intensity of each treatment, rice harvest 

index and grain yield (Fig. 4). For carbon intensity (Fig. 4a), 

the mean of GHGI for four growing seasons was 0.55 

kg/kg, while the mean of RS and RI treatment (0.9 kg/kg) 

was significantly higher than the other four treatments (0.37 

kg/kg), of which the mean of BC3 treatment was the lowest 

(0.26 kg/kg). For the rice harvest index (Fig. 4b), its mean 

for four growing seasons was 0.5, while the mean of RI and 

RS treatment was pretty low (mean of 0.49). Among the 

other four treatments, the mean of BC2 and BC3 was higher 

(0.51), the mean of BC1 and CK was lower (0.50). For rice 

yield (Fig. 4c), BC3 (7058 t/hm
2
) was significantly higher 

than the other five treatments, and RS was (6559 t/hm
2
) the 

lowest. Based on three series of decision regression tree 

analysis, carbon emission intensity had the maximum dif-

ferentiation (in Fig. 4a, the color of each branch in regres-

sion trees was quite different). There was no big 

differentiation between rice harvest index and yield, but 

through regression tree analysis, the combined impact of 

certain treatment on rice production systems can still be 

evaluated in a quantitative way.  

 

Fig. 4  Regression tree analysis of double rice production 

Note: n is the number of variables under each class of classification. 

3 Discussion 

3.1 Carbon emission intensity of the double crop-

ping rice  

By observing four continuous growing seasons (two 

years), this study found that adding biochar inhibited the 

carbon emission intensity of the double cropping rice, and 

the largest amount (20 t/hm
2
) of biochar had the the strong-

est inhibitory effect 
[29]

. Correlation analysis showed that the 

carbon emission intensity in study area was significantly 

correlated with CH4 flux and the correlation coefficient 

reached 1, which indicated that adding biochar significantly 

inhibited the CH4 emissions 
[9, 14–15]

. Jiang et al. 
[10]

 and Li et 

al. 
[30]

 also found that CH4 emission decreased with bio-

char's increase (0, 10 and 20 t/hm
2
). The reasons of biochar 

inhibiting CH4 emission were as follows: 1) the larger spe-

cific surface area of biochar destroyed the anaerobic envi-

ronment of CH4 producing bacteria, which lowered ratio of 

CH4 producing bacteria and CH4 addicting bacteria 
[31–33 ]

, 

increased soil permeability, lowered soil bulk density, and 

enhanced the oxidation process of CH4 
[34]

; 2) biochar's 

strong capability of consolidating carbon made the carbon 

more difficult for its use by CH4 producing bacteria 
[15,35]

; 3) 

biochar has a stronger capacity to adsorb organic compound 
[36–37]

, which can lower the bioavailability of these organic 

compounds 
[38]

. Pietikainen et al. 
[39]

 found that adding bio-

char to the soil can adsorb easily dissolved organic carbon 

which was the base for producing CH4. However, some 

studies suggest that biochar can promote CH4 emission from 

soil 
[12, 16–17]

, due to the decomposition rates of biochar and 

the stimulating effect on the CH4 producing bacteria 
[40]

, 

biochar inhibiting the re-oxidation process of CH4 
[12]

, as 

well as the large amount of biochar use (40 t/hm
2
) 

[16]
. For 

N2O emissions, this study found that the N2O emissions of 

biochar treatment was lower than CK, but higher than 'rice 

straw returning to field'. Previous studies have also found 

the inhibitory effect biochar had on N2O 
[11–13]

, because bi-

ochar's use can enhance the plant's capability to use nitro-

gen, reduce the effectiveness of the denitrification for 

nitrogen, and adsorb and keep more ammonium nitrogen in 

the soil 
[20, 41]

, thus can inhibit its potential of denitrification. 

In fact, the amount of biochar use, its sources (from straw, 

corn or wheat stalks, etc.), different processing (pyrolysis 

process), climatic conditions and soil characteristics, etc. 

will affect the GHG emissions 
[16, 42]

, and therefore, leading 

to the different results mentioned above.  

3.2 Impact of adding biochar on environmental 

factors 

Through correlation matrix and principal component 

analysis between GHG fluxes, carbon emission intensity, 

rice growth parameters and soil properties in four growing 

seasons (2 years), it has been found that the soil nutrients 

(YIELD, HI, SOM, TC, CN and SPAD) and yield factors 
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were correlated positively with adding biochar, whereas 

GHGI and CH4 emissions were correlated negatively with 

adding biochar. This showed that biochar had a strong capa-

bility to consolidate carbon 
[43]

, so that the SOM and TC of 

soil were increased. Given that CH4 was mainly from DOC, 

biochar treatment with a strong capability of carbon seques-

tration had lower DOC and CH4 emission was lower as 

well. For rice yield, the study found that only the average 

rice yield from the treatment with high use of biochar (BC3) 

for four growing seasons was significantly higher than the 

treatment with the conventional rice straw returning to field, 

the increase of yield from another two biochar treatments 

was not significant. In addition, the negative correlation 

between soil bulk density and biochar treatment indicated 

that adding biochar significantly reduced soil bulk density, 

enhanced soil permeability and soil fertility, and therefore it 

was beneficial to maintain rice yield. Li et al. 
[31]

 also found 

that adding biochar can significantly increase rice yield and 

decrease CH4 emissions. At present, the impact of biochar 

on GHG emissions is still unclear 
[17]

, its degradability and 

long-term stability in rice fields need further studies 
[9]

, and 

therefore it is not recommended to use high amounts of bi-

ochar for now (> 20 t/hm
2
). This study suggested that full 

use of rice straw residue (organic material resources) and 

adding the appropriate amount of biochar (20 t/hm
2
) can 

ensure stable yield of rice and reduce GHG equivalent 

emissions per unit of production.  

3.3 Response of carbon emission intensity of the 

double cropping rice to biochar amendment 

Response of carbon emission intensity of the double 

cropping rice and rice yield to biochar amendment. As pre-

viously mentioned, GHG emissions in the study area was 

mainly composed of CH4, and carbon emission intensity 

also depended on CH4 emissions. Therefore, the response of 

carbon emission intensity to biochar amendment was re-

flected by the lower CH4 emissions (an average decrease of 

26.99 compared withcontrol group, and 62.77% compared 

withtreatment of rice straw returning to field), stable in-

crease of rice yield (an average increase of 3.22% compared 

with the yield of control group, and 3.70% compared with 

rice straw returning to field). Regression tree analysis is a 

powerful analysis tool for decision making and it can be 

used to optimize field process management and provide 

basis for decision-making.  

4 Conclusion 

1) Compared with local farmers' custom and the treat-

ment of rice straw returning to field, adding biochar effec-

tively inhibited GHG emissions of double cropping rice 

field (an average decrease of 49.87% GHG equivalent 

emissions), significantly reduced the soil bulk density, en-

hanced crop capacity of absorbing carbon and nitrogen, 

stabilized the rice yield (average yield increase of 3.54%), 

and reduced carbon emission intensity of rice field (an av-

erage decrease of 52.13%).  

2) The correlation matrix and principal component anal-

ysis visualized the relations between carbon emission inten-

sity, growth parameters and soil characteristics under the 

impact of biochar adding. Multivariate regression tree anal-

ysis showed that carbon emissions intensity can be quantita-

tively determined through rice harvest index (> 0.5). The 

results of this study provided scientific analysis methods 

and feasible approachs to optimize crop straw residue man-

agement in farmland and tackle climate change in agricul-

ture.  
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Abstract: Biomass briquetting is one of the key technologies to solve the problem of its collection, transportation 

and storage. Meanwhile biomass pellet, as a renewable energy, can be used instead of coal for heating, electricity, 

etc. Study on the mechanism of biomass briquetting is the basic way to develop new forming methods and equip-

ments, and to improve productivity greatly. The research in this paper is about a thermo viscoplastic constitutive 

model for the biomass briquetting mechanism based on endochronic theory. Straw mainly consisting of cellulose, 

hemicellulose and lignin, is a typical example of dissipative material. Biomass briquetting process is a mixed pro-

cess of extrusion flow and interstitial flow. During the process, a large quantity of heat is generated by internal fric-

tion. The increase of temperature causes the lignin to soften, which provides cohesive force for fiber particles 

briquetting. To verify the effect of lignin and temperature on the straw plastic deformation, stress-strain test and 

briquetting temperature test were run on the straw with different lignin mass fractions. Three kinds of biomass raw 

materials including corn straw, wheat straw and rice straw were the study objects in this paper. Then, these raw ma-

terials were added with additional lignin respectively in accordance with the following mass fractions 10%, 20% 

and 30%. The results show that the increase of lignin mass fraction can reduce stress and temperature obviously. 

The maximum stress of straw with additional mass fraction of 20% is reduced by about 10 MPa compared with raw 

materials, and the maximum temperature is reduced by about 10%. Consequently, lignin and temperature have a 

crucial effect on straw biomass briquetting process which is thermo viscoplasticity process. The constitutive model 

should reflect the internal characteristics of materials, especially the characteristics of lignin. In order to consider 

the internal variables of straw, endochronic theory applicable to the dissipative materials was adopted to build the 

thermo viscoplastic constitutive model. First, endochronic time which replaced Newton time was defined to de-

scribe thermo viscoplasticity deformation. Strain, strain rate, temperature and lignin mass fraction were the main 

internal factors to formulate the briquetting mechanism. Second, the endochronic constitutive equation of straw 

briquetting was derived according to thermodynamic law and clay rheology. Third, tests were planned to analyze 

the influence of lignin mass fraction and temperature on straw forming process. The optimal lignin mass fractions of 

corn straw, wheat straw and rice straw are respectively 29%, 33.5% and 34.3%. The optimal temperature is between 

100 °C and 115°C. Strengthening function was deducted based on the test data and Johnson-Cook model. Finally, 

verification test was designed upon GDS consolidation test system. Coefficients of constitutive equation were got 

by numerical analysis. Compared with test data, the thermo viscoelasticity constitutive model based on endochronic 

theory has its extensive applicability. When the temperature is between 100 °C and 115°C and the strain rate is be-

tween 1 × 102 and 1 × 103 s-1, corn straw with lignin mass fraction of 29%, wheat straw with lignin mass fraction of 

33.5%, and rice straw with lignin mass fraction of 34.3% have the best plastic briquetting performance. This study 

results provide an operable material model for the finite analysis and an important theoretical basis for equipment 

structure design. 

Keywords: biomass; lignin; straw; thermo viscoplasticity; endochronic theory; model 

CLC number: TK6; TH122 

0 Introduction 

Biomass pellet briquetting is one of the key technologies 

to solve the problem of its collection, transportation and 

storage 
[1–2]

. Main methods of biomass briquetting at present 

include piston pressing, screw extrusion, ring die extrusion 

and flat die rolling, which have their own advantages and 
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disadvantages and have been widely used 
[3]

. 

Great progress had been obtained about the study on 

mechanism of biomass briquetting 
[4–5]

. Huo et al. 
[6] 

adopted 

classical viscoelastic theory and Burgers relaxation model to 

establish viscoelastic constitutive model for biomass pellet 

fuel briquetting and describe briquetting regulation in dif-

ferent stages. And parameters of mechanical model for dif-

ferent raw materials like saw dust, cotton stalk and corn 

straw were also determined through tests. Tao et al. 
[7] 

stud-

ied molded elastoplastic constitutive equations of corn straw 

powder based on uniaxial compression test and established 

finite element model described by Euler by using finite el-

ement large-deformation theory, which considered the im-

pacts of rigid body rotation on plastic briquetting. Nonlinear 

visco-elastoplastic rheological constitutive model for rape-

seed and rapeseed kernel was obtained by Zheng et al. 
[8] 

through superposition of classic linear viscoelastic strain, 

linear viscoplastic strain and non-linear viscoplastic strain 

and inversion solution was conducted for constitutive model 

parameter by using simulated annealing algorithm. Rheo-

logical constitutive equation for chopped corn straw during 

rotary compression was established based on classic Burg-

ers model in linear viscoelastic theory by rotary compres-

sion test and stress relaxation test, and fitting of model 

parameters was also conducted by Li et al. 
[9] 

by using re-

siduals method. 

Most studies established models based on classical elas-

toplastic theory, or established mathematical model for 

stress and deformation through tests. Classical elastoplastic 

theory was research result based on metal materials, but 

biomass mainly consisted of cellulose, hemicelluloses and 

lignin, and it was a typical example of dissipative material. 

Fibers would break under action of friction and extrusion 

during compression process and the lignin could soften and 

become fusion shape 
[10–11]

. Such model did not reflect the 

impacts of characteristics and organizational structure of 

biomass itself on briquetting performance, especially failing 

to illustrate the generation mechanism of cohesive force 

between pellets as well as obstruction and promotion effect 

on rheological briquetting process. 

Biomass briquetting process was the mixed process of 

extrusion flow and interstitial flow; pellets constantly broke 

and squeezed out air and moisture for clearance filling be-

tween pellets; meanwhile lignin softened into fusion shape 

and was adhered on pellets, forming cohesive force between 

pellets. The whole deformation process was the combina-

tion of elastoplastic volume strain and shear strain. The pa-

per fully considered biomass composition, especially the 

impacts of activation performance of lignin under high 

temperature and high pressure on plastic flow performance 

of biomass, and established thermo viscoplastic constitutive 

model based on endochronic theory, uniaxial compression 

test and the definition of endochronic measurement, which 

provided operable material model for further finite element 

analysis, thus improving the whole performance of bri-

quetting equipment and biomass pellet productivity. 

1 Thermo viscoplastic constitutive model 

Traditional classical plasticity theory was proposed by 

adopting yield surface, and the existence of yield surface 

must be determined during the establishment of constitutive 

equation. Endochronic theory 
[12] 

was material constitutive 

theory describing viscoplastic process of dissipative materi-

als, i.e., irreversible thermodynamic process. It neither 

adopted yield surface, nor rejected existence of yield sur-

face. And it described stress-strain of objects in endochronic 

space by using endochronic measurement instead of New-

ton time. There were relationships between endochronic 

measurement and internal structure and internal variable of 

materials, but internal variable had its own evolution equa-

tion during material deformation. Constitutive model and 

deformation mechanism of materials were organically inte-

grated by using endochronic theory. Constitutive relations 

of dissipative materials could be obtained through properly 

and reasonably defining kernel function and endochronic 

measurement 
[13]

. 

Biomass was a typical dissipative material, viscoplastic 

rheology generated from biomass in briquetting process was 

irreversible thermodynamic process, and general consent 

had not been obtained for existence of its yield surface and 

definition of yield rule. Endochronic theory was not re-

quired to answer this question in establishing model, so the 

impacts of characteristics of the biomass itself on bri-

quetting performance could be fully considered. Biomass 

was mainly composed of cellulose, hemicellulose and lig-

nin. Cellulose and hemicelluloses accounted for around 

70% in straw biomass, and lignin accounted for 17%–25% 
[14-15]

. Briquetting process of biomass was the process of 

mutual extrusion, breakage and shear filling of shattered 

cellulose particles. Shear and filling movement of particles 

would generate a large quantity of heat; the heat and filling 

pressure provided the lignin activation energy and caused 

the lignin to soften and plasticize, which provided cohesive 

force for fiber particles briquetting; small particles were 

permanently stuck together with material hardening. There-

fore, characteristics of the lignin and temperature influences 

should be fully considered in biomass briquetting process 

and it was typical thermo viscoplastic body. For thermo 

viscoplastic body, stress could be seen as functional of 

strain, strain rate and temperature. Constitutive model was 

required to reflect the impacts of temperature, viscosity and 

strain rate on briquetting process. 

1.1 Definition of endochronic theory 

Straw briquetting was completed in fixed mold through 

volume strain, but plastic volume strain was caused by form 

rearrangement and volume changes of powder particles af-

ter pore volume change and particles fracture. Form rear-

rangement would cause shear stress, which would cause 

new fracture and rearrangement of particles, and further 

cause volume strain, so the whole process could be seen as 
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volume response process with no shape change, and deflec-

tion strain could be ignored. 

The endochronic measurement of plastic deformation 

caused by volume stress was defined as z, and the corre-

sponding strengthening function was fH, which was used to 

describe hardening (or softening) phenomena of materials. 

According to definition of endochronic theory by Valanis, 

the following equation was obtained 
[12]

: 

 

where , , ζ is cumulative 

plastic strain increment (%); ε
p 
is plastic strain (%); history 

effect is introduced into constitutive equation of endo-

chronic theory through parameter ζ; deviator dζ refers to arc 

length between two continuous plastic strain states. 

With reference to Miller theory 
[16–17]

, temperature corre-

lation, rate correlation, reinforced adhesion properties of 

high temperature degradation and the impacts of strain rate, 

temperature and lignin mass fraction on volume strain were 

considered, and then the strengthening function was defined 

as: 

 

where is strain rate; θ is temperature effect of reaction 

materials; γ is lignin mass fraction (%). 

Therefore, endochronic measurement of biomass bri-

quetting is as follows: 

 

where , T is absolute temperature (
o
C); Q is 

thermal activation energy (kJ/mol); k is universal gas con-

stant (J/(mol·K)); f (ζ, γ) is strengthening function corre-

sponding to strain and internal variable and the specific 

form of function would be defined in the following section; 

is the impact of strain rate on strengthening, 

describing temperature correlation and rate correlation of 

materials, and using constitutive equation of thermo visco-

plastic body, it could be defined as 
[18]

: 

 
where: B, n and m are material constants. 

1.2 Endochronic constitutive relations of biomass 

Biomass could be seen as continuum after preliminary 

precompression as per thermodynamic law 
[19]

: 

 

where: Φ = Φ(εij, T, q
(r )

), Φ is free energy of dissipative 

materials (J); r = 1, 2, …,s; q
(r)

 are s internal variables; b
(r)

 is 

generalized friction coefficient and it is introduced by gen-

eralized friction. 

Evolution equation of internal variables could be written 

as follows by using endochronic measurement z instead of 

Newton time t in accordance with invariance law of consti-

tutive form and classical formula of viscoplastic theory: 

 
Meanwhile, Eq. (6) and constitutive equation could be 

obtained through expanding Φ with Taylor formula and us-

ing Gibbs free energy : 

 
where: z is endochronic measurement defined in Eq. (1); z0 

is endochronic measurement value in reference state; z’ is 

the z value at the starting point of plastic strain; sij is devia-

tor of conjugate stress tensor of (%); ρ(z) is core function. 

To meet requirements for weak singularity and practical 

applicability, kernel function chooses the combination of 

power function and Dirichler finite series 
[13]

: 

 
If n = 1 and βr > 0, Eq. (8) can be changed to: 

 
where: R1 and α are constant coefficients of kernel function; 

β1 is material constant. 

Eq. (9) features wider range of application and better op-

erability. 

2 Impacts of lignin on plastic flow perfor-

mance 

Lignin is poly phenolic three-dimensional reticulated 

polymer and amorphous body; it is characterized by no 

fixed melting point, softening at about 110 °C, with melting 

state at about 160 °C and pyrolysis gasification occurs if 

temperature is more than 200 °C 
[20]

. As lignin has good 

mechanical strength and rheological property as well as 

high chemical compatibility, it is natural fine additive and 

adhesive. Cellulose and hemicelluloses become granulated 

after shattering, particles further fracture into small particles 

in briquetting process, and these tiny particles can be re-

garded as larger grains, while cementing action of lignin can 

be regarded as acting force between grains. 
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The lignin mass fractions for corn straw, wheat straw and 

rice straw measured at room temperature by using sulfuric 

acid method were 14.81%, 20.16% and 21.33% respective-

ly. Electrothermal constant-temperature dry box of 101-0BS 

type was used for removing moisture of straws. The elec-

tronic scale was used to weigh certain straws, and moisture 

and lignin were added into three kinds of crushed straws 

respectively as per mass ratio. 

The alkaline lignin was selected as test sample in this 

paper; it is industrial product produced by paper industry 

with good thermoplasticity. The lignin was mixed with 

straw powders. Straws without adding of lignin and straws 

added with 10%, 20% and 30% of lignin respectively were 

taken for briquetting test and stress and strain values of bri-

quetting for different kinds of straws were measured by 

means of uniaxial compression test specification, as shown 

in Fig. 1. 

As seen from Fig. 1, there was no great change for stress 

at early briquetting stage, which was mainly because the 

briquetting at this stage mainly featured air discharge and 

 

Fig. 1  Stress-strain curve of straw briquetting process 

particle rearrangement with no large deformation of parti-

cles. When the strain was more than 50%, with the increase 

of lignin content, there was obvious decline of stress; the 

lignin began to soften at this stage and flow performance of 

straw pellet was enhanced. But, for straws added with 30% 

of lignin, the stress rose and then declined when the strain 

was 74%–81%, which was because the increase of lignin 

improved the cohesive force between pellets, but hindered 

the briquetting process. With the development of bri-

quetting, lignin began to plasticize with further embrittle-

ment due to the increase of temperature; then it lost partial 

bearing capacity, and the stress began to decline, which was 

the same with mechanical property of lignin thermoplastic 

material described in reference [20]. Fig. 1 shows that 

straws added with 20% of lignin as per mass ratio had the 

best briquetting performance, and the maximum stress de-

creased by about 10 MPa compared with raw materials un-

der the condition of the same strain. 

According to the research of reference [21], as there were 

friction force and variations in temperature in briquetting of 

biomass, straw material temperature reached 70 °C after 

briquetting for 60 min; the temperature could be stable be-

tween 110–125 °C after 240 min, and there was better bri-

quettability in this time. As there were very obvious effects 

of temperature on characteristics of lignin, temperature in 

briquetting process of straws (with different lignin content) 

was tested to further investigate the effects of lignin on 

straw briquetting performance, and results are shown in Fig. 

2. The figure showed that the addition of lignin decreased 

the temperature in briquetting process and briquetting tem-

perature could be relatively stable after 220 min. The stable 

briquetting temperature for corn straw (with lignin mass 

fraction of 29%) was 105–115°C and that for wheat straw 

(with mass fraction of 33.5%) was 100–110°C. The bri-

quetting temperature change of rice straw was the same 

with that of wheat straw because lignin softening improved 

the flow performance of particles and internal friction re-

duced, which further verified that the heat was not only 

from friction between biomass and molding die, but also 

from dislocation and shear friction between biomass pellets. 

Proper addition of lignin could reduce the energy consump-

tion in straw briquetting process. For biomass added with 

30% of lignin, the temperature began to rise after 240 min, 

which was because a large amount of lignin being softened 

increased cohesive force between pellets and impeded the 

mobility of pellets (which was consistent with Fig. 1 

Stress-strain Diagram). Wheat straw and rice straw with 

lignin content more than 40% would plasticize at higher 

temperature, thus causing the failure of briquetting. 

The test showed that lignin content and performance 

(especially viscosity after softening) had a significant im-

pact on biomass briquetting. A large quantity of heat was 

generated in biomass briquetting process, so the process 

was thermo viscoplastic briquetting process. For dissipative 

materials, the classical second law of thermodynamics could 

be written as 
[13]

: 
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Fig. 2  Effect of lignin mass fraction on temperature 

 
where: δW is incremental work from effective stress in unit 

volume (J); dΦ is non-negative increment function of dissi-

pation (non-negative value); δΨ is free energy function. 

 
where: σij is stress (MPa); εij is strain (%); δWE is elastic 

work increment (J); δWP is plastic work increment (J). Heat 

generated by plastic deformation was mainly considered in 

this paper. 

 
where: P is plastic deformation (%); S is shift stress (MPa); 

superscript D is dissipative stress (MPa). 

Classical Johnson-Cook model was introduced into strain 

strengthening, strain rate strengthening and thermal soften-

ing parameters of materials to describe large strain, high 

strain rate and thermo viscoplastic rheology of 

high-temperature deformed materials 
[22]

; the constitutive 

equation of strengthening function corresponding to strain 

and internal variable was written as follows. 

 

where:  is phenomenological description for 

material softening caused by temperature rise of lig-

nin;  is phenomenological 

description for material strengthening caused by particles 

extending; C1, β1, β2, β3, β4 are materials constants. 

Therefore, Eqs. (2–4, 7, 9 and 13) constitute thermo vis-

coplastic constitutive equation for straw biomass bri-

quetting. 

3 Determination of parameters 

Material constants were determined according to numer-

ical analysis method proposed in references [18] and [23], 

and fitting correction was conducted in combination with 

tests. The test instrument was GDS consolidation test sys-

tem. As shown in Fig. 3, the one-dimensional creep test and 

equal strain rate compression test were conducted on this 

system through improving testing apparatus and test princi-

ple. Forming tube made of metal was used as lateral confine 

to limit the overall deflection strain of biomass. Air and 

moisture were collected for calculating volume strain. 

Eventually material constants obtained for constitutive 

model are shown in Table 1. 

 

Fig. 3  Test principle of straw briquetting 

1. Axial pressure bar; 2. Piston; 3. Forming tube; 4. Heating system; 5. 

Porous stone; 6. Base; 7. Gas and water collecting pipe; 8. Gas vent; 9. 
Heating chamber; 10. Sample 

Table 1  Parameters of constitutive model of straw 

 
Note: Q is the thermal activation energy; k is the universal gas constant; E is the equivalent elastic modulus; R1and α are the coefficients of kernel function; 

n, m, B, C1, β1, β2, β3, β4 are the materials constants of straw. 
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4 Experimental verifications 

As seen from constant values of constitutive models for 

different kinds of straws in Table 1, constant values for 

wheat straw were basically the same with those of rice 

straw, which confirmed the effects of lignin content on the 

briquetting performance. 

The compression tests were conducted for corn straw and 

wheat straw added with 20% of lignin respectively under 

the temperature of 40
o
C and 110

o
C and strain rates of 1×10

2
 

s
-1

and 1×10
3
 s

-1
 in accordance with experimental method in 

Fig. 3, in order to verify the feasibility of thermo visco-

plastic constitutive model. True stress-strain response curve 

(Fig. 4) for plastic deformation was plotted as per test data 

and constitutive model. Under the temperature of 40 
o
C and 

110
o
C, relative errors for stress simulation value and ex-

perimental value of corn straw were 2.11% and 2.46% re-

spectively; and relative errors of wheat straw were 1.81% 

and 2.29% respectively. In view of the complexity of straw 

briquetting, the errors were in permission scope. Direct 

comparison from the figure showed that simulation results 

of constitutive model were identical to test data in large 

strain range, and the model could reflect softening - 

strengthening characteristics of materials, and also simulat-

ed the rate correlation and temperature correlation of mate-

rials. 

 

Fig.4  True stress-strain curves 

Note: Lignin content added 20%; Strain rate of Fig. a and Fig. b is 1 × 102 

s−1; Strain rate of Fig. c and Fig. d is 1 × 103 s−1. 

5 Conclusions 

1) Thermo viscoplastic model in dense compression 

stage of biomass briquetting was established by using en-

dochronic theory; and the effects of internal characteristics 

of biomass, lignin content and its temperature characteristics 

on plastic flow performance were considered in the model. 

Compared with raw materials, the maximum stress in bri-

quetting process of corn straw, and wheat straw and rice 

straw (added with 20% of lignin) could reduce by around 10 

MPa. When the briquetting temperature was between 100°C 

and 115°C, and the strain rate was between 1 × 10
2
 and 1 × 

10
3
 s

−1
, the activation performance for lignin could be im-

proved effectively. 

2) Parameters for constitutive models of corn straw, 

wheat straw and rice straw were determined by using nu-

merical analysis and test. 

3) Tests verified that two stress-strain curves plotted 

through constitutive equations and test data were identical. 

Under the temperature of 40 °C and 110°C, relative errors 

for stress simulation value and experimental value of corn 

straw were 2.11% and 2.46% respectively; and relative er-

rors of wheat straw were 1.81% and 2.29% respectively; 

and the errors were in permission scope. 

4) Researches on the activation performance for lignin 

concluded that the lignin content played a key role in straw 

pellet briquetting; and the further research would focus on 

accurate calculation and its modification of lignin content. 
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Abstract: Parabolic trough solar collector (PTC) is one of the most mature technologies in the medium and high 

temperature solar thermal utilization field, and PTC is the key component which transforms solar radiation into heat. 

PTC performance directly affects the performance of solar energy heat utilization system. In order to improve the 

thermal efficiency and provide the theoretical basis for PTC design, this paper analyzes the heat transfer character-

istics of PTC. One-dimensional heat transfer mathematical model of PTC is established, and using this model, heat 

transfer characteristics for PTR70 2008 type PTC are analyzed. The result shows solar radiation heat absorbed by 

PTC is significantly affected by the solar incident angle. Heat absorbed by PTC is calculated by direct normal irra-

diance data in September 21st and October 25th, and the mean direct solar radiation data of October 25th is higher 

than the data in September 21st by 37.589 4 W/m2, solar radiation heat absorbed by PTC in September 21st is high-

er than the data in October 25th by 196.644 W/m. The heat transferred from the outer absorber surface to the inner 

absorber surface increases with the increase of temperature difference of the outer and inner absorber surface, de-

creases with the increase of the ratio of outer absorber diameter to inner absorber diameter. When the ratio of outer 

absorber diameter to inner absorber diameter is greater than 1.05, the thermal resistance increases to 0.000 46–0.000 

47 K/(W·m). Convection and radiation heat transfer occur between the absorber and the glass envelope. The heat 

transferred across the evacuated annulus from the outer absorber surface to the inner glass surface through radiation 

increases with the increase of the temperature of the outer absorber surface. The convection heat transfer between 

the absorber and glass envelope is very small and plays a negligible role. The heat is associated with annulus gas 

type, and heat transfer of annulus hydrogen is greater than annulus air and heat transfer of annulus air is greater than 

annulus argon. The heat transfers from the glass envelope to the atmosphere by convection and radiation. The con-

vection will either be forced or natural, depending on whether there is wind. Radiation heat loss occurs due to the 

temperature difference between the glass envelope and the sky. Radiation heat loss increases by 105 W when am-

bient temperature drops by 10 °C. The convection heat increases by 116 W when wind speed increases from 0.5 to 6 

m/s under the glass envelope outer surface temperature of 50 °C. The value reaches 340 W when the glass envelope 

outer surface temperature is 80 °C. The transient thermal efficiency of PTC is significantly affected by heat transfer 

fluid (HTF) temperature. The transient thermal efficiency decreases with the increase of the temperature of HTF, 

and increases with the increase of the direct solar radiation. PTC thermal efficiency is calculated by using the 

mathematical model established in this paper, and compared with the experimental data of the national renewable 

energy laboratory (NREL) in America, and the results show that the maximum deviation is about 3%. It shows that 

the mathematical model can reflect the heat transfer law of PTC. The characteristics of heat transfer mathematical 

model can provide theoretical basis for PTC design and system operation. 

Keywords: heat transfer; solar equipment; solar radiation; parabolic trough solar collector; transient thermal effi-

ciency; mathematical model 

CLC number: TK512 

0 Introduction 

Photo-thermal utilization of medium and high tempera-

ture in solar energy has been widely applied in fields such 

as thermal power generation [1–3], agricultural drying [4–6] 

and sea water desalination [7–8]. Parabolic trough solar col-

lector (PTC) is one of the most mature technologies in the 

medium and high temperature solar thermal utilization field 
[9] and refers to a hotspot of Chinese and foreign researches 

at present. However, as the key component of photo-thermal 

conversion in trough system, PTC performance directly 

affects the performance of solar energy heat utilization sys-

tem. Core technology research of PTC mainly involves 
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condenser technology [10–13], tracking control technology [14], 

mechanical design of condenser transmission device [15], etc. 

Heat transfer characteristics analysis and research of PTC 

also refer to the key technology of PTC [16], and research in 

its heat transfer law and heat transfer characteristics of each 

component is the key premise of improving the heat effi-

ciency of PTC and also the theoretical basis of PTC design 

and manufacturing. 

At present, research on heat characteristics of PTC 

mainly focuses on its overall heat loss. Reference [17] test-

ed the thermal performance of PTC and analyzed its heat 

loss; Reference tested cycle operation of various heat trans-

fer fluid in PTC and analyzed the heat loss distribution un-

der various heat transfer fluid conditions; References 

[19–20] took UVAC3, UVAC2008 and collection tubes of 

other models as the test object to research the influences of 

ambient wind speed, temperature difference, selective coat-

ing and annular space on heat loss. All the above researches 

mainly lay emphasis on heat loss and its influence factors, 

however with a few analyses on heat transfer characteristics 

and heat efficiency of PTC and evacuated collector tube. 

This paper analyzed the heat transfer characteristics of 

PTC and established one-dimensional mathematical model 

of different stages. By using this model, the influence of 

solar incidence angle on heat transfer of PTC, heat transfer 

characteristics between absorber and heat transfer fluid 

(HTF), heat transfer characteristics between absorber and 

glass envelop and those between glass envelop and external 

environment are calculated and analyzed. Through calcula-

tion and analysis, influence factors of PTC heat transfer 

characteristics and heat transfer characteristics of each part 

are revealed. 

1 One-dimensional heat transfer mathemati-

cal model of PTC 

1.1 Heat transfer process analysis 

PTC collects sunlight and reflects it to evacuated collec-

tor tube via parabolic trough optical condenser, and evacu-

ated collector tube adopted for PTC usually refers to 

straight-through structure. PTC is mainly composed of par-

abolic trough condenser and straight-through evacuated 

collector tube, as shown in Fig. 1. Straight-through evacu-

ated collector tube comprises of three parts: absorber (ab-

sorption tube) applied with selective absorbing coating on 

the surface, glass envelope and expansion bellow. The an-

nular space between glass sleeve and absorption tube is 

evacuated mainly to reduce the convection thermal re-

sistance and conduction thermal resistance between glass 

envelope and absorber. Selective coating material with high 

absorptivity and low emissivity is adopted for surface of 

absorption tube, to reduce the radiant heat loss of absorber 

toward outside [21]. 

 

1. Absorber tube with selective coating 2. Expansion bellows 3. Vacuum 
between envelope and absorber 4. Glass envelope 5. Parabolic trough solar 

collector 

Note: Qsol, abs is solar radiation heat by absorber, W·m−1; is mass veloc-

ity of HTF, m·s−1; THTF, i is inlet temperature of HTF, K; THTF, o is outlet 

temperature of HTF, K; AP is arc length of parabolic trough solar concen-

trator, m. Note: Qsol, abs is solar radiation heat by absorber, W·m−1; is 

mass velocity of HTF, m·s−1; THTF, i is inlet temperature of HTF, K; THTF, o is 

outlet temperature of HTF, K; AP is arc length of parabolic trough solar 

concentrator. 

Fig. 1  Structure diagram of parabolic trough solar collectors 

Heat transfer process refers to heat transfer of HTF with 

absorber through convection heat transfer; absorber inner 

surface transfers heat with absorber outer surface through 

heat conduction; radiation heat transfer mainly exists be-

tween absorber outer surface and glass envelop. There is a 

little gas in glass envelope and absorber of evacuated col-

lector tube, and convection heat transfer exists between ab-

sorber outer surface and glass envelope. The absorber 

transfers heat to support bracket by conduction, but this part 

of heat is ignored in calculation for it is small. Glass enve-

lope inner surface transfers heat to absorber outer surface 

through conduction, and outer surface transfers heat to am-

bient air mainly by convection and radiation. The whole 

heat transfer process can be represented by system thermal 

resistance, with the model shown in Fig. 2. 

 

Fig. 2  Thermal resistance model 
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1.2 One-dimensional heat transfer mathematical 

model 

Solar radiation heat absorbed by absorber of unit length 

is [22]: 

 
where: Qsol, abs refers to the solar radiation heat absorbed by 

absorber of unit length, W/m; Ib is direct solar radiation, 

W/m2; Ap is arc length of parabolic trough solar concentra-

tor, m; ηopt is the optical efficiency of condenser; θ is direct 

solar incident angle, (°); IAM is correction factor of solar 

incident angle. 

Solar radiation heat absorbed by absorber of unit length 

is transferred from absorber outer surface to inner surface 

by heat conduction, and then transferred to HTF in absorber 

through convection heat transfer. Its formula is: 

 
where: Qcond, abs refers to the heat from absorber outer sur-

face to inner surface of unit length through heat conduction, 

W/m; kabs is the thermal conductivity of absorber metal ma-

terial, W/(m·k); dabs, o is outer absorber diameter, cm; dabs, i 

is inner absorber diameter, cm; Tabs, o is the outer surface 

temperature of absorber, K; Tabs, i is the inner surface tem-

perature of absorber, K. 

The empirical formula for thermal conductivity kabs of 

absorber metal material is [23]: 

 

 
The heat transferred to HTF by absorber inner surface of 

unit length through convection is: 

 
where: habs, HTF is the convection heat transfer coefficient of 

HTF, W/(m2·K); dabs, i is the inner absorber diameter, cm; 

THTF is the mean temperature of HTF, K. 

Formula of THTF is: 

 
Heat transfer between absorber outer surface and glass 

envelope inner surface includes two parts: convection heat 

transfer and radiation heat transfer. Formula of radiation 

heat transfer between absorber outer surface of unit length 

and glass envelope is: 

 
where: σ is Stefan-Boltzmann constant, set as 5.67 × 10−8 

W/(m2·K4); Tgl, i is the inner surface temperature of absorb-

er, K; εabs is the emissivity of absorber material, %; εgl is the 

emissivity of glass envelop material, %; dgl, i is inner diame-

ter of glass envelope, cm. 

Formula of calculating the convection heat from absorber 

of unit length to glass envelop is: 

 
where: hconv, ann refers to the convection heat transfer coeffi-

cient between glass envelop and absorber, W/(m2·K). 

In calculation of hconv, ann, the type of gas left in annular 

space between absorber and glass envelope of evacuated 

collector tube shall be considered, generally including air, 

argon and hydrogen [24]. Reference [23] provides the con-

vection heat transfer coefficient of the three gases, i.e., 

0.000 111 5, 0.000 355 1 and 0.000 074 99 W/(m2·K). 

Inner surface of glass envelope transfers heat to outer 

surface through heat conduction. The formula for calculat-

ing the conduction heat of glass envelope of absorber with 

unit length is: 

 
where: Tgl, o is the outer surface temperature of glass enve-

lope, K; dgl, o is the outer diameter of glass envelope, cm; kgl 

is thermal conductivity of glass, W/(m·K). Heat is trans-

ferred from glass envelope outer surface to the atmosphere 

mainly by convection and radiation. Its convection heat 

transfer in unit length is: 

 
where: hconv, amb is the convection heat transfer coefficient of 

glass envelope to ambient, W/(m2·K); Tgl, o is outer temper-

ature of glass envelope, K; Tamb is ambient temperature, K. 

Formula of hconv, amb is: 

 
where: kamb is thermal conductivity of air, W/(m·K); 

is the average Nusselt number under outer diame-

ter of glass. 

is calculated according to ambient wind speed. 

When ambient wind speed is smaller than 0.1 m/s, the con-

vection between outer glass envelope and air is natural, and 

the is [23]: 

 

where: is Rayleigh number of outer glass envelop 
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in ambient condition; Pra is Prandtl number of outer glass 

envelope under the ambient and average outer surface tem-

perature. Then the formula of Rayleigh number is [25]: 

 
where: g is gravity constant, set as 9.81, m/s2; agl is thermal 

diffusion coefficient of air, m2/s; vamb is the dynamic viscos-

ity of air, m/s2; β is the volume thermal expansion coeffi-

cient of ideal gas, 1/K; Tsky is effective temperature of sky, 

K. 

When vwin is greater than 0.1 m/s, the convection be-

tween outer glass envelope and air is forced, then is 

[23, 25]: 

 
where: C refers to fluid constant of fluid flowing horizon-

tally around the cylinder, is Reynolds number of 

glass envelope under ambient temperature; m is index con-

stant of Reynolds number; n is index constant of Prandtl 

number; Pre is Prandtl number of glass envelope under am-

bient temperature, and Prs is Prandtl number of glass enve-

lope under its inner surface temperature. The value range of 

Reynolds number and relevant constant is shown in Table 1. 

When Pre is not greater than 10, n will be set as 0.37; when 

Pre is greater than 10, n will be set as 0.36. 

Table 1  Reynoldsand and related constants number range 

 
Note: Data cited from [23, 25]. 

As for radiation heat transfer between outer glass enve-

lope and ambient air, the heat transfer Qrad, amb in unit length 

is calculated by: 

 
where: ε2 refers to the emissivity of glass outer surface, %. 

According to first law of thermodynamics, the heat 

transfer between absorber and support bracket is ignored in 

this paper, then the heat balance equation of system is: 

 

 

 

 
It can be obtained from Formulae (16) to (19): 

 

According to Qcon, HTF calculated by Formula (3), the out-

let temperature of HTF can be calculated by the following 

formula: 

 
where: cp is the specific heat at constant pressure of HTF, 

kJ/(kg·K). 

Transient thermal efficiency of PTC is: 

 

2 Calculation and analysis 

PTR702008 evacuated collector tube of Schott is used as 

the physical model for calculation in this paper [26], and the 

test condition in Reference [22] is adopted as boundary 

conditions of calculation. 

2.1 Calculation and analysis of solar radiation 

heat absorbed by absorber 

Large PTC is generally arranged horizontally, so the so-

lar radiation heat received is greatly affected by direct solar 

incident angle [13]. It can be known from Formula (1) that 

solar radiation heat absorbed by absorber is also related to 

direct solar radiation, aperture diameter of parabolic trough, 

efficiency of optical condenser and correction factor of solar 

incidence angle besides influence of direct solar incident 

angle. In this paper, correction factor of solar incidence an-

gle IAM is set as 1, ηopt is set as 0.75 and Ap is set as 5.75 

m. Taking Nanjing as the place of calculation, Fig. 3a shows 

the cosine change curve of calculated solar incidence angle 

under east-west tracking mode when PTC is arranged hori-

zontally in south-north direction. It can be seen that cosine 

of direct solar incident angle changes violently along with 

season changes. Cosine of direct solar incident angle is 

close to 1 on summer solstice day, and under 0.6 near winter 

solstice. Fig. 3b shows the direct normal irradiance (DNI) 

data measured on September 21, 2014 and October 25, 

2014. The measurement interval is 5 min and data between 

09:00–13:00 are selected. Fig. 3c refers to the Qsol, abs of 

absorber and cosine of solar incidence angle calculated 

based on DNI data of the 2 days according to Formula (1). 

The mean value of Qsol, abs and Ib is calculated. The mean 

solar radiation heat absorbed by absorber on these 2 days is: 

 

 
where: Qsol, abs, ave1 is the mean heat absorption of absorber in 

unit length calculated on September 21, W/m, and Qsol, abs, 

ave2 is the mean heat absorption of absorber in unit length 

calculated on October 25, W/m. 
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Fig. 3  Change curve of absorber radiation heat vs solar incident 

angle 

Mean DNI of the 2 days is: 

 

 
where: Ib, ave1 is the average value of DNI data on September 

21, W/m2, and Ib, ave2 is the average value of DNI data on 

October 25, W/m2. 

It can be seen that the solar radiation heat received by 

absorber on September 21 is greater than the data of Octo-

ber 25, while DNI data of October 25 is greater than that of 

September 21 and cosine of direct solar incidence angle on 

September 21 is higher than that of October 25, which indi-

cates that heat absorption of PTC in horizontal layout is 

greatly affected by season. 

2.2 Analysis of heat transfer calculation between 

absorber and HTF 

Solar radiation heat acquired by HTF of PTC is mainly 

transferred from absorber outer surface to absorber inner 

surface by heat conduction, and then transferred to HTF via 

convection. According to Formula (14), the heat transferred 

from outer surface to inner surface through conduction in 

steady state refers to the solar radiation heat acquired by 

HTF. It can be learnt from Formula (2) that main factor in-

fluencing Qcond, abs involve kabs, inner surface temperature of 

metal tube Tabs, i, outer surface temperature of metal tube 

Tabs, o and the ratio of outer absorber diameter to inner di-

ameter dabs, o/dabs, i. PTR70 2008 uses conduction oil as the 

HTF, which is around 340 °C. Under steady operation, inner 

surface temperature of absorber is about 1–5 °C higher than 

temperature of HTF [27]. Dimension parameter of PTR70 

2008 absorber is dabs, o = 0.07 m and dabs, o = 0.066 m, and 

the calculated conduction heat of absorber inner and outer 

surface is shown in Fig. 4a. Under certain outer surface 

temperature of absorber, Qcond, abs reduces along with tem-

perature rise of inner surface. There is Qcond, abs = 0 when 

outer surface temperature of absorber equals to inner sur-

face temperature, and there is Qcond, abs < 0 when outer sur-

face temperature of absorber is lower than inner surface 

temperature, which indicates that absorber releases heat by 

HTF. Under certain inner surface temperature, Qcond, abs in-

creases along with temperature rise of outer surface temper-

ature. It can be seen from this analysis that Qcond, abs changes 

along with temperature difference of inner and outer sur-

face, and heat transfer can reach 2 100 W/m when the tem-

perature difference is 1 °C. Fig. 4b shows the influence 

curve of inner and outer absorber diameter change on ab-

sorber heat conduction under unchanged boundary condi-

tions. It can be seen that the larger dabs, o/dabs, i is, the smaller 

the heat transfer will be. dabs, o/dabs, i  change is most obvi-

ously between 1.01 and 1.05, and heat transfer reduces ob-

viously when dabs, o/dabs, i  is greater than 1.05. 

Heat transfer of absorber inner and outer surface belongs 

to circular tube heat conduction, and the formula for con-

duction thermal resistance of inner and outer surface of ab-

sorber in unit length is [28]: 

 
where: Rabs refers to the conduction thermal resistance of 

absorber in unit length, K/(W·m). 

Fig. 5 is the calculated curve of conduction thermal re-

sistance changing along with dimension of absorber. Con-

duction thermal resistance will increase to 0.000 46–0.000 

47 K/(W·m) when dabs, o/dabs, i is greater than 1.05. 
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Fig. 4  Heat transfer curve between absorber and HTF 

 

Fig. 5  Variation curves of thermal resistance changes with ab-

sorber size 

2.3 Analysis of heat transfer calculation between 

absorber and glass envelope 

Heat transfer between absorber and glass envelope is 

mainly achieved by convection and radiation. Generally 

speaking, outer surface temperature of absorber is far larger 

than inner surface temperature of glass envelope, so the heat 

loss from absorber to glass envelope is realized by radiation. 

Calculation result of heat loss through radiation is shown in 

Fig. 6a. 

 

Fig. 6  Heat transfer curve between absorber and glass 

It can be seen from the figure that radiation heat transfer 

between absorber and glass envelope is significantly influ-

enced by outer surface temperature of absorber and rises 

singly with outer surface temperature of absorber and de-

creases with inner surface temperature rise of glass enve-

lope. When inner surface temperature of glass envelope is 0, 

the heat loss through radiation is about 7 W/m higher than 

that under 60 °C. Fig. 6b shows the convection heat transfer 

when air, argon and hydrogen respectively exist in annular 

space when inner surface temperature of glass envelope is 

60 °C. It can thus be seen that heat transfer of this part is 

small and negligible, and convection heat transfer is related 

to annulus gas type. The maximum convection heat transfer 

is about 0.039 77 W/m in annulus hydrogen, 0.012 88 W/m 

in annulus air and 0.008 4 W/m in annulus argon. 

2.4 Analysis of heat transfer calculation between 

glass envelope and the ambient 

Heat transfer of glass envelope to the ambient is mainly 
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achieved by convection and radiation. Fig. 7a shows the 

curve of outer glass envelope changing with radiation heat 

transfer of ambient, from which we can see that radiation 

heat transfer is mainly affected by ambient temperature and 

outer surface temperature of glass envelope. Radiation heat 

transfer increases with outer surface temperature rise of 

glass envelope and decreases with ambient temperature rise. 

It can be learnt from calculation result that heat loss through 

radiation of PTC to environment when it is used in winter is 

greater than that of PTC running in summer. Radiation heat 

transfer increases by about 105 W/m when ambient temper-

ature drops every 10 °C, and under ambient temperature of 

20 °C, the heat transfer radiated to environment when outer 

surface temperature of glass envelope is 80 °C increases by 

about 314 W/m than that under 50 °C. 

Fig. 7b is the variation curve of outer glass envelope vs. 

convection heat transfer of ambient air. Convection heat 

transfer of outer glass envelope toward the environment 

increases with the wind speed increase and outer surface 

temperature rise of glass envelope. Convection between 

outer glass envelope and ambient air is forced when wind 

speed is greater than 0.5 m/s, and the change of such con-

vection heat transfer is relatively gentle when wind speed is 

0.5 m/s. Convection heat transfer reaches the maximum, 

 

Fig. 7  Heat transfer curve between glass and ambient air 

namely 121.2 W/m when outer surface temperature of glass 

envelope is 80 °C and 41.3 W/m under 50 °C. Along with 

the wind speed increase, the convection heat transfer of 

outer glass envelope to ambient air increases greatly with 

outer surface temperature change of glass envelope. The 

convection heat transfer is 461 W/m when wind speed is 6 

m/s and outer surface temperature of glass envelope is 

80 °C, and 151.3 W/m under 50 °C. Convection heat trans-

fer coefficient of outer glass envelope to environment is 

significantly affected by ambient wind speed. 

Curve fitting is carried out by using the convection heat 

transfer coefficient of outer glass envelope to environment 

calculated according to Formulae (9)–(13), with the result 

shown in Fig. 8. Convection heat transfer coefficient is 7.3 

W/(m2·K) under wind speed of 0.5 m/s, and increases to 

27.82 W/(m2·K) under wind speed of 6 m/s. 

2.5  Thermal efficiency calculation analysis of 

PTC 

Transient thermal efficiency of PTC is calculated by us-

ing the above mathematical model established in this paper, 

with curve fitting conducted for the result. Then it is com-

pared with the test curve of National Renewable Energy 

Laboratory (NREL), with the result shown in Fig. 9. 

 

Fig. 8  Change curve of convection heat transfer coefficient vs 

wind speed 

 

Fig. 9  Change curve of transient thermal efficiency 
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Transient thermal efficiency of PTC when sun directly 

radiates on the four points 300, 500, 700 and 900 W/m2 is 

calculated by using this model, and the calculation result in 

this paper is compared with the test result in Reference [22]. 

It can thus be seen that transient thermal efficiency of PTC 

is largely influenced by average temperature of HTF. Ther-

mal efficiency drop is more obvious as the average temper-

ature increases, mainly because that when HTF temperature 

rises, the temperature difference between inner surface 

temperature Tabs, i and HTF temperature THTF of absorber 

decreases and Qcond, abs drops, but Qcond, abs equals to Qconv, 

HTF, so thermal efficiency drops obviously as THTF drops. In 

addition, transient thermal efficiency of PTC will rise as 

direct solar radiation rises. Transient thermal efficiency 

calculated in this paper is slightly higher than that tested by 

NREL and the maximum deviation is about 3%, mainly 

because the heat transfer loss of absorber to support bracket 

is neglected in calculation, certain error exists in selection 

of such characteristic constant as convection heat transfer 

coefficient and Reynolds number, and there is certain dif-

ference in requirements of correlation equation between test 

boundary condition and characteristic constant. Therefore, 

the calculated transient thermal efficiency is different from 

the test result. But in general, higher precision of calculation 

result can better reflect the heat transfer law of PTC. 

3 Conclusions 

One-dimensional heat transfer mathematical model of 

PTC established in this paper was used for calculation and 

analysis of heat transfer characteristics of PTC. 

1) Solar radiation heat absorbed by PTC in south-north 

horizontal layout was calculated and analyzed, and DNI 

data measured on September 21, 2014 and October 25, 2014 

were selected. Mean direct solar radiation data of October 

25 was higher than that of September 21 by 37.589 4 W/m2, 

and calculated mean solar radiation heat of PTC on Sep-

tember 21 was higher than that on October 25 by 196.644 

W/m, which indicated that solar radiation heat received by 

PTC in horizontal layout was affected by season. 

2) Heat transfer between the absorber and HTF equaled 

to the conduction heat of absorber from outer surface to 

inner surface. Under certain outer surface temperature of the 

absorber, the heat transfer decreased as inner surface tem-

perature increased, while under certain inner surface tem-

perature of the absorber, the heat transfer increased as outer 

surface temperature increased. When the ratio of outer di-

ameter to inner diameter was greater than 1.05, the calcu-

lated conduction thermal resistance was about 

0.00046–0.00047 K/(W·m). 

3) Heat transfer between the absorber and glass envelope 

was mainly achieved by radiation. Heat loss through radia-

tion when inner surface temperature of glass envelope was 0 

is about 7 W/m higher than that under 60 °C, the value of 

convection heat transfer between the absorber and glass 

envelop can be basically neglected and such value was re-

lated to the gas in annular space between the absorber and 

glass envelop. The convection heat transfer of annulus hy-

drogen was greater than annulus air and heat transfer of 

annulus air was greater than annulus argon. 

4) Heat transfer of glass envelope to the atmosphere was 

mainly achieved by radiation and convection and the radia-

tion heat transfer increased with ambient temperature drop. 

Radiation heat transfer increased by about 105 W/m when 

ambient temperature dropped every 10 °C. Convection heat 

transfer and convection heat transfer coefficient increased as 

the wind speed increased. Under glass envelope’s outer sur-

face temperature of 50 °C, the convection heat transfer at 

wind speed of 6 m/s increased by about 116 W/m than that 

under 0.5 m/s, and when glass envelope outer surface tem-

perature was 80 °C, the heat transfer was about 340 W/m. 

Convection heat transfer coefficient was 7.3 W/(m2·K) un-

der wind speed of 0.5 m/s, and increased to 27.82 W/(m2·K) 

under wind speed of 6 m/s. 

5) Transient thermal efficiency of PTC reduced as the 

temperature of HTF increased and increased as the direct 

solar radiation increased. Transient thermal efficiency was 

calculated by the heat transfer model established in this pa-

per and compared with test data of NREL. The result 

showed the maximum deviation was 3%. 

In general, the calculation result of one-dimensional heat 

transfer mathematical model established for PTC in this 

paper can correctly reflect the characteristics and laws of 

heat transfer. 
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Abstract: With the popularity of understanding of pollution-free agricultural products by the public, government 

pays much attention to the safe application of organic fertilizer during the agricultural production process. Manure 

is not only the main raw material of organic fertilizer, but also one of the important factors affecting the quality of 

agricultural products. Due to the intensive and large-scale of livestock farming rapid development, some heavy 

metals such as Cu, Zn, As, Cr, and Pb are widely used in feed additives. The biological potency of these trace ele-

ments is low, and with the use of animal manure into the environment, brings potential environmental risks and 

hazards to human health. In order to strengthen the source control of heavy metal, and further form the heavy metal 

resistance control system for organic fertilizer of agricultural products, in this paper, the heavy metal content in 

livestock and poultry feed was sampled for investigation and analysis. The results showed that the mainly exceeded 

elements of heavy metal in the livestock were Cu, Zn. Heavy metals Pb, Cr, As followed, and Cd, Ni, Hg were not 

exceeded. The exceedance of these elements in pig manure and broile manure were the most serious for all kinds of 

animal manure, beef cattle manure and egg chicken manure followed, and the cow dung was not exceeded. The 

value of the exceeded rate of Cu, Zn for pig manure and broile manure were up to 100% and 91.67%, respectively. 

The mainly pollutants for broile were Cr, Cu, Zn, and the value of exceeded rate were 50%, 66.67%, and 50%, re-

spectively, but the egg chicken manure only had Cu exceeded, exceeding the rate of 11.11%. Different livestock 

feed exceedances of heavy metals in pig feed and beef cattle feed were the most serious, and broile feed and cow 

feed followed. According to the Ministry of Agriculture's 1224 announcement for the Cu, Zn standard, Cu and Zn in 

pig feed exceeded the rate of 66.67% and 80.00% respectively, and broile feed Zn exceeded 62.50%; According to 

the feed hygiene standards for Cr, Pb, heavy metals Cr and Pb in beef cattle exceeded 83.33% and 66.67%, Cr in 

cow feed exceeded 60%, Pb in egg chicken feed exceeded 53.85%, and Cd in different animal feeds were not ex-

ceeded. The content of heavy metals Cd, Cr, Cu, Zn in animal manure showed a significant positive correlation with 

livestock feed (P < 0.01), and the content of Pb in animal manure showed a significant correlation with livestock 

feed (P < 0.05). The research helps to grasp the North China heavy metal pollution status in feed-animal manure, 

revealing the problem for heavy metals exceeded in manure and organic fertilizer which should be controlled from 

the source. This research to further reduce heavy metal pollution in the region and to ensure the quality and safety 

of agricultural production has an important significance. 

Keywords: manures; heavy metals; fertilizers; North China; livestock feed; investigation and analysis 
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0 Introduction 

In recent years, with the popularity of understanding of 

pollution-free agricultural products by the public, safe and 

appropriate application of organic fertilizer has been paid a 

lot of attention during the agricultural production process. 

Manure of livestock and poultry is not only the main raw 

material of organic fertilizer but also one of the important 

factors affecting the quality of agricultural products. With 

the rapid developing of intensive and large-scale livestock 

farming, some heavy metals such as Cu, Zn, As, Cr, Pb, etc. 

are widely used in feed additives. Besides, the biological 

potency of these trace elements is low [1] in animal bodies, 

with most of which will go into manure, threating human 

health. North China region is one of the main agricultural 

producing areas in China, investigating the heavy metal 

pollution of manure will provide reference for strengthening 

the source control of heavy metal, and further forming the 

heavy metal resistance control system for organic fertilizer 

of agricultural products. 

The heavy metal in manure is mainly from poultry and 

livestock feed. Hu et al. [2] analyzed the poultry and live-
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stock feed in North-east region of China and found that the 

content of Zn in manure of Jilin, Heilongjiang and Liaoning 

province was 209.35, 120.00 and 117.58 mg/kg respective-

ly; Content of Zn in cattle feed was 116.73, 120.26 and 

134.04 mg/kg; Content of Zn in chicken feed was 95.51, 

77.59 and 97.23 mg/kg respectively. Zhu et al. [3] investi-

gated the heavy metal content of pig manure and feed in 64 

large-scale piggeries, where the average content of Cu and 

Zn of pig feed was between 38.33–805.61 and 

90.69–1208.19 mg/kg respectively. Pan et al. [4] found that 

Cr, Pb, Hg were common additives of poultry and livestock 

feed. Huang et al. [5] studied the poultry and livestock farms 

in Guangxi, and they found that the content of Cu and Zn in 

pig feed were 159.4 and 238.2 mg/kg respectively. The con-

tent of Cu and Zn of most of feed in Britain was also high, 

where the content of Zn and Cu in pig feed were 150–2920 

and 18–217 mg/kg [6–7]. Most of the studies about heavy met-

al content in feed focus on Cu and Zn of pig feed, few re-

search has been done about other feed such as cattle and 

chicken, as well as other heavy metal such as Cr and Pb. 

More than 95% of heavy metal in poultry and livestock 

feed will flow to the environment with manure [8]. It is re-

ported that 150–180 thousand tons of trace element addi-

tives are used per year in China, in which about 100 

thousand tons are not digested by animal but excreted to the 

environment with manure, polluting the environment [2]. 

The heavy metal content of manure is related to geology 

and species. Eneji et al. [9] investigated the Cu and Zn con-

tent of cattle manure in Japan which were 200 and 800 

mg/kg respectively, exceeding the standard generally. Zhang 

et al. [10] studied the heavy metal content of large-scale 

poultry and livestock farm in Beijing, Zhejiang, Shandong, 

Jilin, Jiangsu, Ningxia and Shaanxi, the results showed that 

Cu, Zn, and As content in cattle manure were much higher 

than they were in chicken manure, whereas Cr content in 

chicken manure was higher than that in pig manure. Wang 

et al. [11] investigated the heavy metal content of organic 

fertilizer of manure in North China, the results indicated 

that the source of heavy metal in agricultural products in 

North China was mainly from the using of high Pb and Hg 

additives. Yao et al. [12] researched the manure samples of 61 

intensive poultry and livestock farms in Guangdong prov-

ince, and they found that Cu, Zn and As were three main 

exceeding heavy metal elements in chicken and pig manure, 

in which Zn was the common exceeding element. North 

China is an important intensive vegetable production region, 

and this study is significant for reducing the heavy metal 

pollution and maintaining the quality safety of agricultural 

products. 

1 Material and method 

1.1 General situation of research region and sam-

pling points distribution 

North China is defined as from north to south by Yanshan 

mountain to Tongbo mountain and Dabie mountainous area, 

from west to east by Taihang mountain chain and western 

Henan mountainous region to the Yellow Sea, the Bohai Sea 

and Shandong hills, southeast to North Jiangsu and Anhui 

and lying to the plain of middle and lower reaches of the 

Yangtze river [13]. Vegetables, cash crop and food crop are 

mainly planted in the region [14]. Research region is defined 

by manure sampling points in this paper, in which North 

China includes Hebei, (Northern) Henan, Shandong, Shan-

xi, Tianjin and Beijing. (Fig. 1). 

 

Fig. 1  Location of sampling stations 

Ninety-two samples were taken from August to Novem-

ber 2012 in North China, including 46 of manure and 46 of 

feed. The sampling points were evenly distributed in six 

provinces. Samples were stored in sealing bag for future test 

after air drying, grinding and passing nylon mesh (100 

grids). 

1.2 Analysis method of heavy metal 

Center of Environment Restoration of Institute of Geo-

graphic Science and Natural Resources Research, CAS was 

authorized to test and analyze the content of Cd, Cr, Cu, Pb, 

Zn, Ni, As and Hg. As and Hg was extracted by digestion of 

Aqua Regia, the content was measured by Haiguang 

AFS-9800 atomic fluorescence spectrometer [15]; other 

heavy metal content was digested by HNO3+ HClO4 meth-

od, the Cr, Cu, Ni, Pb and Zn content was measured by 

AAS-flame method, and the Cd content was measured by 

AAS-graphite furnace using ContrAA 700, Analytik Jena. 

Quality control method [11]: 5% of control sample was set 

and the standard sample GSV-2 was used for quality con-

trol. 

2 Results and discussion 

2.1 The frequency distribution of heavy metal of 

manure in North China 

The frequency distribution of various heavy metal con-

tent is shown in Fig. 2. According to the standard of mature 

compost of Germany, 45.65% of manure samples of Cu 

content exceeded the standard (Fig. 2a), 39.13% of samples 

was 50–100 mg/kg, close to the limited value of the  
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Fig. 2  Frequent distribution of heavy metal contents in manure of North China 

standard (100 mg/kg), which had the exceeding potential. 

36.96% of samples of Zn content exceeded the standard 

value of 400 mg/kg (Fig. 2c), where 15.22% of samples 

exceeded 1000 mg/kg. 

Therefore, more attention should be paid for Cu and Zn 

content of manure in North China. Due to mature compost 

standard of Germany for Cr and Pb (100, 150 mg/kg) and 

the standard of organic fertilizer for As (15 mg/kg), less 

than 10% of samples of Cr, Pb, As exceeded the limited 

value, which were 6.52%, 2.17% and 2.17% (Figs. 2b, 2d 

and 2g), respectively, and Cd, Ni, Hg did not exceed and 

were far less than the limited value, i.e., Cd (1.50 mg/kg), 

Ni (50 mg/kg), Hg (1.00 mg/kg). 

The percentage of exceeding samples of Cu and Zn in 

North China was more than 30%, hence seriously polluted, 

and Cang et al. [16–19] had the same results on this point. It 

was probably caused by massive using of additives in feed 

(such as Cu, Zn, etc.), which could not be absorbed by ani-

mal but excreted with manure [20]. 

2.2 Analysis of heavy metal content of different 

kinds of livestock and poultry manures in North 

China 

Fig. 1 indicates the various heavy metal contents of dif-

ferent kinds of livestock and poultry manures. 

Different livestock and poultry farms have different cul-

ture models which lead to large difference of heavy metal 

contents of manure of same species. In total, the pig and 

broiler manure exceeded the standard the most seriously for 

all kinds of animal manure, followed by beef cattle and lay-

ing hen manure, the dairy cow dung did not exceed the 

standard. The values of the exceeding rate of Cu and Zn for 

pig manure were up to 100% and 91.67%, respectively, 

which was similar to the report of Liu and Pan et al. [4, 17]. 

The main pollutants for broiler were Cr, Cu, Zn, and the 

value of exceeding rate were 50%, 66.67%, and 50%, re-

spectively, while the laying hen manure only had Cu that 

exceeded the standard, exceeding rate was 11.11%. Similar-

ly, the heavy metal content in beef cattle manure was higher 

than that in dairy cow dung. This was related to the function 

of heavy metal and its feed additives. 

Zn can accelerate the maturity of animals [21], and sup-

plement of Cr can increase the mass and improve the quality 

of carcass [22], so the farms producing beef cattle, broiler, 

etc. as their final products add such kind of heavy metal to 

accelerate maturity, increase mass, improve the quality at 

any cost, which causes the exceeding standard of heavy 

metal in manure. 

2.3 Analysis of heavy metal contents in feed of 

different kinds of livestock and poultry in North 

China 

Fig. 2 illustrates the heavy metal contents in feed sam-

ples of different kinds of livestock and poultry. 

Different types of farms and different heavy metal added 

to the feed led to large difference of heavy metal contents in 

different feed. Totally, pig and beef cattle feed exceeded the 

standard most seriously for all kinds of animal manure, fol-

lowed by broiler, egg chicken and cow feed. According to 

the Ministry of Agriculture’s 1224 announcement for Cu 

and Zn standards, the average content of Cu and Zn in pig 

feed was 136.36 and 544.85 mg/kg, respectively; the ex-

ceeding rate was 66.67% and 80.00% respectively; the av-

erage content of Zn in broiler feed was 162.56 mg/kg, 

exceeding 62.50%.  

According to the feed hygiene standard for Cr and Pb, 

the average contents of Cr and Pb in beef cattle was 16.22 

and 7.04 mg/kg, exceeding 83.33% and 66.67% respective-

ly, and the Cr content in cow feed was 15.46 mg/kg,  
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Table 1  Heavy metal contents of different kinds of livestock and poultry manures 

 

exceeding 60.00%, the Pb content in broiler feed was 10.23 

mg/kg, exceeding 53.85%; and Cd did not exceed the 

standard for all kinds of feed. 

2.4 The heavy metal contents and cumulative co-

efficient in manures and feed in North China 

Fig. 3 shows the heavy metal contents in manure and 

feed in North China. It can be seen that different kinds of 

manure and feed additives result in large difference of 

heavy metal contents in manure. 

The range of Cd content in manure was 0.002–0.133 

mg/kg, the average value was 0.04 mg/kg; The range of Ni 

content was 2.08–19.9 mg/kg, the average value was 9.4 

mg/kg; the range of Hg was 0–0.098 mg/kg, the average 

value was 0.016 mg/kg, according to Standard of Organic 

Fertilizer of China (NY525-2011) and the standard of ma-

ture compost of Germany, the content of Cd, Ni, Hg was all 

in safe range. The average content of Cr and As was 57.7 

and 1.6 mg/kg, respectively, all exceeding 2.17% due to 

NY525-2011. However, the average content of Cu, Pb and 

Zn was 301.6, 27.2 and 736.3 mg/kg, respectively, due to 

the limited value of Pb of NY525-2011 (50 mg/kg), and 

limited value of Cu and Zn of the standard of mature com-

post of Germany (100, 400 mg/kg), the exceeding rate of 

Cu, Pb and Zn was higher than 10%, which was 45.65%, 

13.04% and 36.96%, respectively. It can be seen that dif-

ferent additive would cause large difference of heavy metal 

content. 

The range of Cd content in feed was 0–0.182 mg/kg, av-

erage value was 0.04 mg/kg; the range of Cr content was 

2.67–130 mg/kg, average value was 13.89 mg/kg; the range 

of Pb content was 1.53–56.6 mg/kg, average value was 6.32 

mg/kg. According to feed hygiene standard, Cd did not ex-

ceed the standard, Cr and Pb exceeded 39.62% and 41.51% 

respectively; the range of Cu content in feed was 8.48–583 

mg/kg, average value was 87.03 mg/kg; the range of Zn 

content was 43.26–2852 mg/kg, and average value was 

297.9 mg/kg. According to the Ministry of Agriculture’s 

1224 announcement for Cu and Zn limited value, the ex-

ceeding rate of Cu and Zn was 60.38% and 54.72% respec-

tively. According to the cumulative coefficient, the heavy 

metal in manure accumulated in feed in varying degrees. 

2.5 Analysis of correlation between feed and ma-

nure of heavy metal contents in North China 

It can be concluded from Fig. 4 that the Cd, Cr, Cu, and  

243



   

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

Table 2  Heavy metal contents in feed samples of different kinds of livestock and poultry manure 

 

Zn content in manure was extremely significantly correlated 

to the content in feed (P < 0.01) except Ni and Hg; Pb, As 

was extremely significantly correlated to heavy metal in 

feed (P < 0.05). In summary, the main heavy metal elements 

in manure were Cu, Pb, and Zn, followed by Cr and As in 

North China, which suggested that the heavy metal in ma-

nure was mainly from feed. To reduce the environmental 

pollution caused by heavy metal, it should control and mon-

itor the feed source. 

3 Conclusions 

The mainly heavy metal elements in manure that ex-

ceeded the standard were Cu, Pb, and Zn, followed by Cr 

and As; Cd, Ni and Hg did not exceed the standard. Pig and 

broiler manure exceeded the most, followed by beef cattle 

and laying hen, dairy cow dung did not exceed the standard. 

The exceeding rate of Cu and Zn in pig manure was 100% 

and 91.67%, respectively, Cr, Cu, and Zn were the main 

heavy metal elements in broiler manure, with exceeding rate 

of 50%, 66.67% and 50%; while only Cu exceeded in egg 

chicken manure, with exceeding rate of 11.11%. 

Among different livestock feed, heavy metal in pig and 

beef cattle feed exceeded the standard most seriously, fol-

lowed by broiler feed and dairy cow feed. According to the 

Ministry of Agriculture’s 1224 announcement for the Cu 

and Zn standard, Cu and Zn in pig feed exceeded 66.67% 

and 80.00% respectively, and broiler feed Zn exceeded 

62.50%; According to the feed hygiene standards for Cr and 

Pb, Cr and Pb in beef cattle exceeded 83.33% and 66.67%, 

respectively, Cr in cow feed exceeded 60.0%, and Pb in 

laying hen feed exceeded 53.85%. Cd in different animal 

feeds did not exceed the standard. After the correlation  
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Table 3  Heavy metal contents and cumulative coefficient feed samples of different kinds of livestock and poultry manures 

 
Note: Cumulative coefficient = the mass fraction of certain heavy metal in manure/the mass fraction of this heavy metal in the corresponding animal feed 

Table 4  Relationship between feed and manure of heavy metal contents 

 

analysis between feed and manure of heavy metal contents, 

it can be proved that the heavy metal content in manure was 

mainly from feed. Therefore, the heavy metal exceeding of 

standard of manure and organic fertilizer should be con-

trolled from the source. 
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Abstract: The temporal and spatial variation of soil respiration of farmland has great influence on regional and 
global carbon cycle. Irrigation is an important factor to soil respiration in farmland. Existing study on the effect of 
irrigation on farmland soil respiration mainly focused on the dry farmland, but less research focused on paddy fields. 
Relationships between soil respiration and water depth and short-term drying of paddy fields with flooding irriga-
tion were analyzed in existing studies. In order to reveal the difference of soil respiration in paddy fields with wa-
ter-saving irrigation and traditional irrigation, the diurnal variation of soil respiration, the impact of alternation of 
wetting and drying on soil respiration, and the influencing factors of soil respiration for paddy fields were analyzed 
based on lysimeter experiment. The results showed that diurnal variations of soil respiration of paddy fields with 
water-saving irrigation and normal irrigation were similar at the period when the status difference of soil moisture 
was small between the two irrigation modes. Diurnal variations of soil respiration of paddy field with water-saving 
irrigation showed wider range, and the fluxes and rangeability of soil respiration of paddy field with water-saving 
irrigation were larger than those for traditional irrigation when the status difference of soil moisture was large. The 
mean value of soil respiration of diurnal variation during the whole growth period for water-saving irrigation was 
1.47 times that for traditional irrigation. But during early tillering stage, jointing-booting stage and milk stage in 
which water managements were obviously different, the mean values of soil respiration diurnal variations for wa-
ter-saving irrigation were 3.85, 1.42 and 3.74 times those for traditional irrigation. These results could contribute to 
frequent alternation of wetting and drying of paddy fields with controlled irrigation. The processes of soil rewater-
ing and soil moisture depletion both had a certain effect on soil respiration of paddy fields. Peaks of soil respiration 
appeared at the critical point of soil moisture depletion. In the critical point of soil rewatering, the increase of soil 
respiration rate was not obvious if the rewatering depth was thicker, and the increase was significant if the rewater-
ing depth was thinner. And small peaks of soil respiration appeared when soil water content decreased close to the 
lower limit of soil water content of paddy field with controlled irrigation during the irrigation interval. Soil temper-
ature and soil moisture had great impact on soil respiration of paddy field with water-saving irrigation. Good expo-
nential dependence was shown between soil respiration flux and soil temperature in the depth of 5 cm in paddy 
fields, and the correlation reached significant level for paddy field with water-saving irrigation (P < 0.05). Man-
agement mode without water layer for controlled irrigation led the soil moisture conditions to be similar to dry 
farmland, so the relationship between soil respiration and soil temperature of paddy fields with controlled irrigation 
was more consistent with the existing results in dry farmland and forest. Water layer was kept in field surface for a 
long time under traditional irrigation, which led the soil into strict anaerobic conditions, and the effects of soil tem-
perature on soil respiration was relatively weaken. The soil volumetric moisture content of 43% was the critical 
point for soil respiration of paddy field with water-saving irrigation when the soil volumetric moisture content 
ranged from 35% to 55%. Soil respiration flux in paddy field with water-saving irrigation increased with the en-
hancement of soil moisture content when the soil volumetric water content was lower than the critical value (P < 
0.05). And soil respiration flux in paddy field with water-saving irrigation decreased with the increase of soil mois-
ture content when the soil volumetric water content was larger than the critical value (P < 0.05). This conclusion 
was consistent with the existing research results. The appropriate soil volumetric moisture content was about 43%, 
which could create a suitable environment for respirations of rice roots, soil microbes and so on, and increase soil 
respiration rate. The results of this paper can support for more comprehensively evaluating the ecological environ-
ment effect of rice water-saving irrigation. At the same time, it can be helpful to accurately evaluate the carbon 
source/sink features of paddy field ecosystem. 

Keywords: irrigation; soils; water content; water-saving irrigation; paddy fields; soil respiration; diurnal variation; 

alternation of wetting and drying 
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0 Introduction 

Soil respiration plays an important role in the carbon 

budget of land ecological system 
[1]

. For the farmland, as the 

important constituent part of land ecological system, the 

large temporal and spatial variation of soil respiration in-

fluences the regional and even global carbon cycle 
[2]

. The 

farmland soil respiration is sensitive to the changing re-

sponse of management measures, and the irrigation is one 

farmland management measure with relatively large influ-

ence on it. Many researches show that the irrigation mode, 

amount, frequency, water quality and irrigation itself can 

produce important influences on soil respiration 
[3]

. Under 

water deficit, soil respiration increases with the enlargement 

of irrigation amount, but over-irrigation can restrain soil 

respiration 
[4]

. Under the same moisture condition, the 

farmland soil respiration rate of summer corn in alternative 

irrigation mode is higher than traditional irrigation 
[5]

. Ex-

isting studies regarding the influence of irrigation on farm-

land soil respiration mainly aims at dry crop, and only a few 

are at paddy field; the existing studies analyzed the rela-

tionship between paddy field soil respiration and water 

depth and short-term field drying 
[6–8]

, which are all con-

ducted under the flooding irrigation condition. Since 1990s, 

various water-saving irrigation technologies of paddy field 

has been widely promoted and applied 
[9]

, and one common 

point of them is to make the field moisture condition dif-

ferent from the traditional flooding irrigation when the 

paddy field surface exists in the state without water level or 

of unsaturated soil. Change of field moisture condition can 

influence the paddy field soil respiration, so the rule and 

influence factors of paddy field soil respiration in water-

saving irrigation mode is to be further studied. Through 

lysimeter test, this study investigated the influence of wa-

ter-saving irrigation mode on diurnal variation of paddy 

field soil respiration, elaborated the response of soil respira-

tion to rewatering and moisture depletion process, and ana-

lyzed the relationship between paddy field soil respiration 

rate and soil temperature and soil moisture content, aiming 

to comprehensively evaluate the econological environment 

effect of water-saving irrigation, and meanwhile to provide 

basis for accurately evaluating the carbon source/sink char-

acteristics of paddy field. 

1 Material and method 

1.1 Overview of test area 

Experimental study is conducted in the Kunming Ex-

perimental Study Base of Scientific and National Key Lab 

for Hydrology and Water Resource and Water Conservancy 

Project in Hohai University, and test area (34°63′21″N, 

120°05′22″E) is dominated by southern monsoon climate of 

subtropics, with an average temperature of 15.5 °C, annual 

precipation of 1 097.1 mm, annual evaporation of 1 365.9 

mm, sunshine duration of 2 085.9 h, and average frost-free 

period of 234 d. Local soil refers to water logging yellow 

soil and the surface soil is heavy loam. The 0–18 cm soil 

layer contains organic carbon of 30.3 g/kg, total nitrogen of 

1.79 g/kg, total phosphorus of 1.4 g/kg and total potassium 

of 20.86 g/kg, with pH value of 7.4, and 0–30 cm soil bulk 

density is 1.3 g/cm
3
. 

1.2 Test design 

Two irrigation treatments are designed for the test: con-

trolled irrigation and traditional irrigation. Three repetitions 

are specified for each treatment, and the test is conducted in 

lysimeter of 5 m
2
 (2.5 m × 2 m). After seedling transplant 

and within regreening period of seedling, shallow water 

layer is maintained by controlled irrigation, and no water 

layer is set for field surface after regreening period, and the 

soil moisture of root activity is taken as control index to 

determine the irrigation time and irrigating water quota 
[10]

. 

Traditional irrigation is adopted according to local rice 

planting habit. Except the drainage field drying in the later 

period of tillering and natural drying in yellow ripening 

stage, 3–5 cm water layer should be maintained for field 

surface in other growth periods. 

Variety of test rice is Nanjing 46, with planting distance 

of 13 cm, line spacing of 25 cm, and 3–4 seedlings planted 

in each hole. Plant rice seedlings on June 29, and harvest in 

mid-October. Fertilization mangement is conducted accord-

ing to usual fertilizing method and amount of local farmers. 

There are totally four times of fertilization in the whole 

growth period of rice, respectively base fertilizer, striking 

root fertilizer, tillering fertilizer and earing fertilizer, and the 

application time is respectively June 27, July 2, July 20 and 

August 10. Base fertilizer applies compound fertilizer 300 

kg/hm
2
 (mass fraction ratio of N:P2O5:K2O is 

15%:15%:15%), striking root fertilizer applies ammonium 

bicarbonate 377.19 kg/hm
2
 (mass fraction of N is not less 

than 17.1%), and tillering fertilizer and earing fertilizer ap-

ply urea (mass fraction of N is not less than 46.2%) 264.07 

and 188.31 kg/hm
2
, respectively. The total amount of nitro-

gen fertilizer applied in rice season is 318.5 kg/hm
2
, and 

that of phosphatic fertilizer (P2O5) and potash fertilizer 

(K2O) are 45 kg/hm
2
. 

1.3 Measured items and method 

For each controlled irrigation treatment lysimeter, two 

TDR probes (20 cm long) are embedded in the planned 

moisture layer, with burial depth adjusted according to 

changes of planned moisture layer. Trease system (America 

Soil Moisture Company) is used to observe the soil water 

content of different layers at 8:00 am every day. Whether 

irrigation is needed is determined based on the soil moisture 

content of planned moisture layer. For traditional irrigation 

area, when water layer exists in field surface of controlled 

248



   

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

irrigation area, the water depth can be read through the 

bricks and vertical ruler buried in field surface at 8:00 every 

morning to determine whether irrigation is needed. Water 

meter is adopted to measure the irrigation water amount and 

soil temperature at 5 cm depth is measured by soil tempera-

ture meter (geothermometer, Wuqiang Huayang Instrument 

and Meter Plant, Hebei). 

Transparent box-WEST portable soil flux observation 

system is used to observe soil respiration of paddy field. 

Sampling device consists of three parts: base, transparent 

column and WEST portable (WEST SYSTEMS S.r.l.) soil 

flux measurement system. It is planned to employ PVC ma-

terial for the base and organic glass for transparent column, 

with base diameter of 20 cm, height of 10 cm, transparant 

column diameter of 20 cm, and height of 40 cm. One or two 

transparant column (s) is/are respectively used in the early 

period and late period of rice growth (height is respectively 

40 cm and 80 cm). WEST portable soil flux measurement 

system mainly includes air chamber and host. Measuring 

host is LI840 analyzer, and air chamber is 20 cm in diameter 

and 10 cm in height. The base and middle transparent col-

umn are connected with the air chamber of WEST portable 

soil flux measurement system through seal water channel. 

After rice transplanting, a set of sampling base is ar-

ranged in each plot and inserted into paddy field soil of 

plants for 10 cm. Before sampling, the WEST portable soil 

flux measurement system is preheated for 20 min in ad-

vance and each part of transparent box is installed so as to 

ensure normal working of seal tank. Then, WEST portable 

soil flux measurement system is connected, with the sam-

pling time of 120–150 s. The value of CO2 concentration is 

measured per second and the change rate of CO2 concentra-

tion is also measured. The sampling is measured succes-

sively. After sampling, the WEST portable soil flux 

measurement system is connected to a computer to output 

the change rate of CO2 concentration at each sampling point 

and calculate the soil respiration rate based on the change 

rate of CO2 concentration. 

 
where: K is the influence coefficient of cumulative air 

chamber, 10
6
 mol·s/(m

2
·d); S is the gas concentration 

change rate, mL/(m
3
·s); F is gas flux, mol/(m

2
·d). 

 
where: P is the internal pressure of air chamber, hPa; R is 

gas constant, 8.314 51 kPa·L/(K·mol); Tk is the internal 

temperature of air chamber, K and V is the volume of air 

chamber, m
3
; A is the cross-sectional area of air chamber 

inner diameter, m
2
. 

During each growing stage, on fine days (3–5 d), diurnal 

variation of paddy field soil respiration rate is observed at 

3:00, 6:00, 8:00, 10:00, 12:00, 14:00, 16:00, 18:00, 20:00, 

and 23:00 respectively. During the jointing-booting stage 

and milk stage, typical drying and wetting alternation 

process are selected to observe the soil respiration rate of 

paddy field at 10:00 every day with two repeated lysimeters 

of controlled irrigation. The filed water status is also meas-

ured (water layer or soil water content). 

2 Result and analysis 

2.1 Diurnal variation of soil respiration rate for 

the paddy field with water-saving irrigation 

The diurnal variation of soil respiration rate in different 

irrigation modes shows that during growing stage with rela-

tively small difference in soil moisture state, the diurnal 

variation rule of soil respiration rate for paddy field in two 

irrigation modes is basically consistent; during the growing 

stage of relatively large moisture difference, the diurnal 

changing amplitude of soil respiration for paddy field with 

controlled irrigation is relatively large, and the soil respira-

tion rate and changing amplitude of paddy field with con-

trolled irrigation is greater than those of paddy field with 

traditional irrigation (as shown in Fig. 1). 

During regreening period, the paddy field with controlled 

irrigation keeps the regreening of thin layer, and water sta-

tus is basically consistent with paddy field of traditional 

irrigation, so the diurnal variation rule of soil respiration is 

basically consistent. Under the two irrigation conditions, the 

soil respiration generally presents the tendency of rising 

first and reducing later, and reaches the maximum value at 

12:00. Before 12:00 and after 18:00, the soil respiration rate 

of paddy field with controlled irrigation is larger than that of 

paddy field with traditional irrigation, mainly because the 

water layer of paddy field with controlled irrigation in re-

greening period keeps within 3 cm, thinner than the tradi-

tional irrigation layer, and the thin layer increases the 

oxygen content in the soil, promoting the soil respiration 

and shortening the distance of CO2 extracted by soil respira-

tion to the atmosphere. Due to the drying of paddy field 

with traditional irrigation in late period of tillering, there is 

no water layer in paddy fields with the two irrigation 

modes, and the difference of soil respiration rate is not 

large. In the late period of tillering, the field drying increas-

es the oxygen content in soil, which obviously promotes the 

soil respiratory rate of paddy field with traditional irriga-

tion. In the late period of tillering, the diurnal mean soil 

respiration rate of paddy filed with traditional irrigation is 

0.24 mol/(m
2
·d), four times of that in the early period of 

tillering. This is consistent with the conclusion that alterna-

tion of drying and wetting can significantly motivate the 

release of CO2 in soil 
[11–13]

. The yellow ripening stage is the 

last growth period before maturity of rice, and is the natu-

rally drying period of field surface, during which the mois-

ture state of paddy field in two irrigation modes is basically 

consistent, and the diurnal variation tendency of soil respi-

ration soil is basically consistent. Similar with the late till-

ering period, the soil respiration rate also obviously  
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Fig. 1  Diurnal variation of soil respiration of paddy fields with different irrigation modes 

increases after the paddy field with traditional irrigation 

enters from the water management of milk maturity to the 

non-water layer of yellow ripening stage, and the diurnal 

mean soil respiration rate of paddy field with traditional 

irrigation in yellow ripening stage is 3.19 times that of milk 

stage. 

During early tillering stage, jointing-booting stage and 

milk stage, most part of paddy field with controlled irriga-

tion is in non-water layer state and obviously different from 

paddy field with traditional irrigation. In these periods, the 

diurnal variation amplitude of soil respiration rate of paddy 

field with controlled irrigation is relatively larger and higher 

than that of the paddy field with traditional irrigation in 

most time. The diurnal maximum soil respiration rate of 

paddy field with controlled irrigation appears at night or 

before dawn, and the diurnal soil respiration rate change of 

paddy field with traditional irrigation is relatively gentle and 

the value is relatively small. The moisture management 

mode of paddy field with controlled irrigation makes the 

field moisture state similar to the dry farmland, and thus the 

soil respiration rate is similar to that of the dry farmland, but 

the process of frequent drying and wetting alternation dif-

fers from the dry farmland. In the study, the mean soil res-

piration rate in the whole growth stage of paddy field with 

controlled irrigation is 0.14 mol/(m
2
·d), namely, 1.47 times 

that of paddy field with traditional irrigation. This is basi-

cally consistent with the conclusion that soil respiration rate 

of dry farmland is about 1.3 times that of water cultivation 

in the study of spatial and temporal distribution of soil res-

piration in China’s typical agricultural region by Jiang et al. 
[14]

. However, in the early period of tillering, jointing-

booting stage and milk stage, the diurnal mean soil respira-

tion rate of paddy field with controlled irrigation is respec-

tively 3.85, 1.42 and 3.74 times those for traditional 

irrigation, and the frequent drying and wetting alternation 

process of paddy field with controlled irrigation promotes 

the soil respiration. 

2.2  Influence of paddy field rewatering and 

moisture depletion on soil respiration rate 

The process of controlling paddy field from water layer 

gradually to the unsaturated soil can be regarded as one al-

ternation process of drying and wetting. Though the dif-

fernce of soil moisture state at the same time between 

repeated lysimeters for the same processing is small, certain 

difference exists in soil moisture condition due to the dif-

ference of location and crop growth, and such small differ-

ence can lead to difference of soil respiration. Therefore, in 

jointing-booting stage and milk stage, typical alternation of 

drying and wetting is selected to observe the soil respiration 

rate of paddy soil with controlled irrigation using two re-

peated lysimeters at 10:00 every day, and to simultaneously 

measure the field moisture condition (water layer or soil 

moisture content), so as to analyze the influences on soil 

respiration imposed by two processes: moisture depletion to 

rewatering and water layer to moisture depletion. 
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For the paddy field with controlled irrigation, there is 

peak value of soil respiration rate at the critical points of 

moisture depletion and rewatering, and within the irrigation 

period, close to the lower limit of moisture content, there is 

small peak value (as shown in Fig. 2 and Fig. 3). In jointing-

booting stage, the peak value of soil respiration rate will 

appear at the critical point from water layer to drying. Crit-

ical point of moisture depletion for controlled irrigation 

repetition 1 appears on August 14, where the small peak 

value of soil respiration appears, and the peak point of soil 

respiration rate also appears at the moisture depletion point 

on August 19. Peak value of controlled irrigation repetition 

2 also appears at the critical point of moisture depletion on 

August 18. When it approaches to the lower water content 

of water controlling in irrigation period, small peak value of 

soil respiration also appears, e.g. controlled irrigation repe-

tition 1 on August 22 and controlled irrigation repetition 2 

on August 21. In the rewatering process, the soil respiration 

rate also shows certain fluctuation. For example, the soil 

respiration rate of controlled irrigation repetition 1 from 

August 15 to August 18 fluctuates, and at the critical point 

of rewatering, on August 15, the soil respiration rate de-

creases slightly. It can be seen from controlled irrigation 

repetition 2 that from August 15 to August 17, the soil res-

piration rate also shows certain fluctuation several days af-

ter rewatering. Comparison of the changes in soil 

respiration rate before and after the critical point of rewa-

tering shows that the soil respiration rate increases after 

rewatering, which is similar to the conclusion that the soil 

respiration increases largely after irrigation and plough 

proposed by Tang et al. 
[15]

. 

During the milk stage, the peak value of soil respiration 

rate will appear at the critical point of rewatering, and the 

soil respiration rate at moisture depletion point is smaller 

than that at rewatering point (as shown in Fig. 3). Con-

trolled irrigation repetition 1 has two critical points of re-

watering and moisture depletion on September 24 and 

September 25 respectively, and irrigation rewatering on 

September 24. The upper limit of rewatering is saturated 

water content of soil, which is different from the rewatering 

caused by precipitation in jointing-booting stage (keep rela-

tively high water layer and make effective use of rainfall). 

The thin layer of irrigation rewatering quickly seeps into the 

soil, and at the critical point of rewatering, the increase of 

soil respiration rate is especially obvious, because the pre-

vious moisture stress degree is relatively high, and the 

moisture is the limiting factor influencing the soil respira-

tion. After covering the thin layer, the soil respiration rate 

increases obviously. As the dewatering time is short, the 

influence on soil respiration rate at the critical point of 

moisture depletion is not very obvious. For controlled irri-

gation repetition 1 at the critical point of moisture depletion 

on September 18, the soil respiration rate has certain in-

creasing tendency, and as there is no critical point of rewa-

tering in the irrigation period, the influence of rewatering on 

soil respiration rate cannot be reflected. 

In conclusion, both moisture depletion and rewatering 

impose certain influence on soil respiration rate, and at the 

critical point of moisture depletion, the soil respiration rate 

will increase. At the critical point of rewatering, if the cov-

ering water is relatively thick, the increase of soil respira-

tion rate will not be obvious. If the covering water is 

relatively thin, the increase of soil respiration rate will be 

obvious. Generally speaking, in the irrigation period, before 

the soil moisture content approaches to the lower limit of 

moisture content with controlled irrigation, the peak value 

of soil respiration rate will appear, as shown in Fig. 3: 

2.3 Influence factors analysis for soil respiration 

rate of paddy field with water-saving irrigation 

2.3.1 Influence of soil temperature on soil respira-

tion rate 

Existing studies show that the soil temperature rise will 

promote and accelerate the plant roots respiration, soil mi-

crobe activity and the decomposition of organic matter in 

soil; thus the soil respiration rate will increase as the soil 

temperature rises 
[16–17]

, especially owning great relation 

with soil temperature at 5 cm depth 
[18]

. Regression analysis 

is performed on the soil respiration rate of paddy field under 

 

Fig. 2  Variation of soil respiration rate with change of soil moisture of paddy fields under controlled irrigation during jointing-booting 

stage 
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Fig. 3  Variation of soil respiration rate with change of soil moisture of paddy fields under controlled irrigation during ripening stage 

different irrigation modes and soil temperature at 5 cm 

depth, and the empirical index mode can well show the rule 

of soil respiration rate changing with soil temperature. The 

fitting correlation cofficient of paddy field with controlled 

irrigation reaches obvious correlation level (P < 0.05), and 

that of paddy field with traditional irrigation is not obvious. 

The non-water layer management mode of paddy field with 

controlled irrigation makes the soil moiture of paddy field 

close to dry farmland, so the soil respiration rate of paddy 

field with controlled irrigation is more consistent with the 

research conclusion of dry farmland or forest. Water layer is 

always kept for the surface of paddy field with traditional 

irrigation to make the soil of paddy field in strictly anaero-

bic environment, and the influence of soil temperature on 

soil respiration is relatively weakened. 

2.3.2 Influence of soil moisture content of paddy 

field with controlled irrigation on soil respiration 

Relevant studies show that the soil moisture content is an 

important factor influencing the soil respiration intensity 
[19–20]

. The study of Peng et al. have found that the soil res-

piration of Picea crassifolia forest in Qilian Mountain in-

creses along with the increase of soil moisture content, and 

so does the soil respiration rate; but when the soil moisture 

content increases to a certain degree, the soil respiration rate 

shows a decreasing trend 
[21]

. Linn and Doran et al. think 

that when the soil moisture content is 50%–80% of saturat-

ed water content, it is the relatively proper water content for 

biological activity in soil) 
[22]

, which is consistent with the 

conclusion acquired in this experiment. As for the relation-

ship between soil respiration and soil moisture content, 

some scholars regard it as linear 
[23]

, and some scholars 

think that quadratic polynomial can better describe the vari-

ation trend of them 
[24]

. 

Regression analysis is performed on the soil respiration 

rate of paddy field with controlled irrigation and corre-

ponding soil moisture content (Fig. 5), and the results show 

that volumetric water content of soil is 35%–55%; when the 

volumetric water content is lower than 43%, the soil respi-

ration rate will gradually increase with the rising of soil 

moisture content (P < 0.05); when the volumetric water 

 

Fig. 4  Relationship between soil respiration and soil temperature 

of 5 cm layer 

 

Fig. 5  Relationship between soil respiration and soil moisture 

content is over 43%, the soil respiration rate will reduce 

with the increase of soil moisture content (P < 0.05). This is 

basically consistent with the existing conclusion, which 

indicates that when the volumetric water content of soil is 

around 43%, the water content can create proper environ-

ment for the respiration of plant roots and soil microorgan-

ism in paddy field, leading to the maximum respiration rate. 

3 Conclusions 

1) In the growth stage with relatively small difference in 

soil moisture content, the diurnal variation rule of soil 
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respiration rate of paddy field with water-saving irrigation 

is basically consistent with that under traditional irrigation 

mode; in the growth stage with relatively large difference in 

moisture content, the diurnal change amplitude of soil res-

piration of paddy field with controlled irrigation is relatively 

large, and the soil respiration rate and change amplitude of 

paddy field with controlled irrigation is larger than that for 

traditional irrigation. The diurnal variation mean of soil 

respiration rate of paddy field with controlled irrigation in 

the whole growing period is 1.47 times that for traditional 

irrigation. However, in the early tillering stage, joint-

ing-booting stage and milk stage with obvious distinction of 

water management, the diurnal mean value of soil respira-

tion rate of paddy field with controlled irrigation is respec-

tively 3.85, 1.42 and 3.74 times those of traditional 

irrigation, which is related to the fact that frequent alterna-

tion of drying and wetting of paddy field with controlled 

irrigation promotes soil respiration. 

2) The rewatering and moisture depletion processes of 

controlled irrigation impose great influences on soil respira-

tion rate, and a peak value of soil respiration rate will ap-

pear at the critical point of rewatering and moisture 

depletion generally. 

3) Soil respiration rate of controlled irrigation is largely 

influeced by soil temperature and water content. Soil respi-

ration rate of paddy field has good exponential dependence 

with soil temperature at 5 cm depth, and that of paddy field 

with controlled irrigation reaches an obvious level. Volu-

metric water content of soil is 35%–55%. When the volu-

metric water content is lower than 43%, the soil respiration 

rate will gradually increase with the rising of soil moisture 

content (P < 0.05), and when the volumetric water content is 

over 43%, the soil respiration rate will reduce with the in-

crease of soil moisture content (P < 0.05). 
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Abstract: Due to the serious trend of water pollution across the country, the problem of aquaculture wastewater 

discharge must be solved appropriately to achieve sustainability. As a novel technology for sewage treatment, con-

structed wetland (CW) has been gradually expanded to aquaculture. In view of the disadvantages in land dispute 

with pond aquaculture, how to develop or design a land-saving, high-efficiency CW will be the focus of future 

study. It is widely accepted that artificial aeration can enhance the purification efficiency of CW’s subsurface flow 

on wastewater due to its capacity to improve the oxidation conditions, which is beneficial for organic matter degra-

dation and nutrient removal. Nevertheless, more detailed studies on the impact of aeration intensity on treatment 

performance and the associated relationships with influencing factors are still lacking. In the present study, 7 pilot-

scale vertical-flow CWs with different combinations of substrates and plants were configured and then systemati-

cally investigated in field for treating low-strength aquaculture wastewater with or without artificial aeration. An 

attempt to explore the impact of the aeration on nitrogen (N) removal or transformation within wetland bed was 

made. After a thorough comparison between aerated and non-aerated states investigated simultaneously or by stages, 

the results were depicted as follows: under the operating conditions characterized by hydraulic loading rate (HLR) 

(mean value 1.85 m/d), short hydraulic retention time (HRT) (mean 4.6 h), strong aeration intensity (air flow rate 30 

m3/(m2·d), air-water ratio 16.2:1) and low inflow dissolved oxygen (DO) (mean 2.34 mg/L), nitrification occurred 

obviously within all the systems no matter with or without aeration. DO replenished from atmospheric reoxygena-

tion and plant roots appeared enough to cover the quantity consumed by nitrification and organic matter degradation. 

Artificial aeration enhanced the intensity of internal mineralization and nitrification. In virtue of no lack of available 

carbon source (for instance in the present case, the influent ratio of chemical oxygen demand to nitrogen (COD/N) 

ranged from 28.4 to 30.6), the probability for denitrification under the aerated state increased compared to the 

non-aerated state, which finally led to the elevation of purification performance on total N (TN). Nevertheless, if too 

much DO was presented under the aerated state, denitrification would further be restrained, which would conversely 

lead to the reduction of removal efficiency on TN. Therefore, for complete-drain vertical-flow systems, it is not the 

truth that the higher aeration intensity is, the better efficacy will be obtained. To obtain higher stable purification ef-

ficiency, a good suggestion is decreasing HLR or extending HRT or supplementing horizontal flows to vertical-flow 

systems to ensure complete denitrification. That strategy will be especially beneficial for TN removal.  

Keywords: aquaculture; nitrogen removal; wastewater; constructed wetland; artificial aeration; purification effi-

ciency; influencing factors; nitrification-denitrification 

CLC number: S2; S9 

0 Introduction 

Aquaculture plays a decisive role in China’s GDP, but as 

aquaculture grows rapidly, environmental pollution caused 

by aquaculture wastewater discharge becomes more and 

more prominent. Constructed wetland (CW) has attracted 

much attention of the global environmental domain as a 

novel sewage treatment technology. Recently, studies of the 

application of CW in sewage treatment have gradually been 

reported 
[1–4]

. Due to short study time, knowledge about 

influencing factors is insufficient. Dissolved oxygen (DO) is 

critical to the subsurface-flow constructed wetland. DO not 

only influences the physiological and biochemical reactions 

of plant and the type, quantity, activity and distribution of 

microorganism, but also has effects on the physical and 

chemical properties, distribution of aerobic, hypoxia and 

anaerobic function layers of substrate 
[5–7]

. For nitrogen (N), 

DO level in CW and its distribution are so closely associat-

ed with the nitrification–denitrification process to affect the 
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N removal effect 
[8–9]

. Generally, DO in subsurface-flow 

CW comes from water source treatment, air reoxygenation 

and oxygen secretion of plant root system. Due to the pro-

cesses to consume oxygen such as mineralization of organ-

ism and nitrification of ammoniacal nitrogen, the 

subsurface-flow constructed wetland is often in the “hypox-

ia” status, so the key link of N removal, namely nitrifica-

tion, is restricted 
[10]

. Artificial aeration is one of the 

important measures to improve oxidation environment in-

side CW and strengthen nitrification. 

The present data have proved that artificial aeration can 

improve the purification efficiency of CW system on nitro-

gen, phosphorus and organic matter 
[11–14]

. However, studies 

of low-concentration aquaculture wastewater treated by 

artificial aeration in vertical-flow CWs are seldom reported. 

Compared with industrial or domestic sewage, aquaculture 

wastewater is characterized by low-concentration pollutants 

and large amount of discharge. Therefore, this study at-

tempted to discuss the impact of artificial aeration on the 

nitrogen removal of low-concentration aquaculture 

wastewater treated by vertical-flow CW under operation 

conditions of high hydraulic loading rate (HLR) (mean val-

ue 1.85 m/d) and short hydraulic retention time (HRT) 

(mean 4.6 h), and analyze the relationship of N purification 

efficiency with influencing factors. It also attempted to re-

veal the transformation of N inside vertical-flow CWs, 

eventually providing advice and assistance for the applica-

tion of vertical-flow CWs in aquaculture. 

1 Materials and methods 

1.1 Wetland design and construction 

The investigated wetlands are located in Jingzhou 

Yaowan Base, Yangtze river Fisheries Research Institute, 

Chinese Academy of Fishery Sciences (30º16' N, 112º18' 

E), and belong to typical subtropical climate. Wetlands are 

constructed on the basis of narrow space areas beside pond, 

falling into the vertical-flow type by the flow pattern. In this 

experiment, a total of seven CW pilot systems are con-

structed. Details are as follows: 

Wetlands are constructed using brick concrete, 2.0 m 

long × 1.5 m wide × 1.0 m deep. The substrate for filling is 

coal cinder, ceramsite or rubble with the diameter of 10–20 

mm, and the depth of filling is 80 cm. The selected plants 

are Thalia dealbata, Canna indica or Phragmites australis 

which are perennial and has developed root system and 

large biomass in this area. Intake pipes (Φ32 mm) are dis-

tributed outside the substrate and discharge pipes (Φ50 mm) 

are buried at the bottom of substrate. They are both made of 

PVC; on their surfaces four rows of Φ5–6 mm holes with 

the interval of 5 cm are drilled. These holes are all located at 

the side near substrate. One end of discharge pipe is con-

nected to evacuation pipe (Φ75 mm) which can adjust the 

water level of wetland, and the other end is connected to 

standpipe (Φ75 mm) which is slightly higher than the sub-

strate surface and is sealed (to prevent air leaking in the 

following artificial aeration test). Inside standpipe is PE 

tube (inner diameter (ID) × outer diameter (OD) = 10 mm × 

13 mm); one end is connected to the general air-supply pipe 

(Φ50 mm) of PVC, and the other end is connected to nano 

micro-porous air diffusion pipe (ID × OD = 10 mm × 15 

mm). The nano micro-porous air diffusion pipe is inside the 

discharge pipe, and their lengths are comparable (Fig. 1). 

The general air-supply pipe of PVC is connected to a set of 

air blower (power: 1.6 kW; air output: 150 m
3
/h; air pres-

sure: 28 000 Pa; model: 2DG420-H36; place of origin: 

Shenzhen). Other design and operation characteristics of 

CW can be found in Table 1. 

1.2 Wetland operation and data acquisition 

In general, even if the plants or the substrates are the 

same, there may still be small differences between wetlands, 

such as porosity (Table 1), plant biomass, and microbial 

community structure of substrate. At the same time, pro-

longation of wetland operation time, change of environ-

mental factors (for example the change of meteorological 

condition) and succession of wetland itself also have effects 

on the purification efficiency of system. Therefore, under 

consideration of above factors, seven pilot-scale vertical-

flow constructed wetlands were divided into two groups: A 

group (numbered as:  A1 –A4, Table 1)  has the 

 

Fig. 1  Schematic of pilot-scale vertical-flow constructed wetland 

1. Air diffusion pipe; 2. Plant; 3. Water distribution pipe; 4. Substrate; 5. 

Discharge pipe 

Table 1  Structural and operational characteristics of seven pilot-

scale vertical-flow constructed wetlands 
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same plants and different substrates; B group (numbered as 

B1–B3) has different plants and the same substrate. 

Two groups of wetland systems were completed in the 

end of March, 2010, and then immediately put into produc-

tion. The aquaculture wastewater treated by wetland came 

from nearby ponds. Main species in ponds were Ctenopha-

ryngodon idellus, Carassius auratus or Pelteobagrus ful-

vidraco as well as some Hypophthalmichthys molitrix and 

Aristichthys nobilis. Before this experiment, the hydraulic 

loading of wetland system was controlled within 1.0–1.5 

m/d, and HRT was about 5.4–8.1 h. All wetland systems 

stopped operating in rains. In order to discuss the impact of 

artificial aeration on nitrogen removal from vertical-flow 

CW, this experiment was divided into two stages: 

Stage 1: Regarding A group (different wetlands during 

the same period were selected to avoid the impact of weath-

er and inflow change on nitrogen removal from system). 

Four wetlands with two different kinds of substrates in this 

group were further divided into two subgroups: aeration 

treatment group containing A2 (Ci × T), A4 (Ce × T) and 

control group without aeration containing A1 (Ci × T), A3 

(Ce × T), all of which operated simultaneously. 

Stage 2: Regarding B group (the same wetland during 

different periods were selected to avoid the impact of wet-

land difference on nitrogen removal from system). Wetlands 

(B1 (G × T), B2 (G × C), B3 (G × P) were treated with or 

without aeration respectively during different periods. That 

is, continuous follow-up observation was carried out on 

wetlands first under non-aerated and then under aerated 

condition. 

Aeration and non-aeration tests at Stage 1 were simulta-

neously completed on July 19 to August 5, 2013. At Stage 2 

non-aeration test was completed on July 1 to 12, 2013 and 

aeration test was completed on July 18 to August 5 of the 

same year. In different stages, the temperature (Temp), DO, 

pH, electronic conductivity (EC), total ammonia nitrogen 

(TAN), NO2-N, NO3-N, total nitrogen (TN), CODMn of two 

groups (A, B) were respectively measured. The online indi-

cators were measured using YSI water quality online ana-

lyzer (Pro Plus, Yellow Springs, Ohio, USA), and other 

chemical indicators were analyzed with national standard 

methods 
[15]

. At each stage, bottom outflow was adopted in 

wetlands (as shown in Fig. 1). Sampling was successively 

conducted for seven times in each operation mode (except 

rainy day), and the interval of sampling was zero or one 

day. 

1.3 Data analysis 

In this paper, the first-order kinetic equation was used to 

simulate the dynamic process of nitrogen removal from 

wetlands, expressed below 
[16]

: 

 
In this formula, k is the first-order removal rate constant, 

d
−1

, representing the removal ability of wetland system; 

HLR is the hydraulic loading rate, m/d; C i is the mass 

concentration of inflow pollutant, mg/L; Ce is the mass 

concentration of outflow pollutant, mg/L; hw is the depth of 

filling, 0.8 m; ε is the substrate porosity, calculated as (total 

volume of wetland – substrate volume)/total volume of 

wetland, namely the effective volume of wetland. The big-

ger the porosity, the stronger water capacity of wetland is. 

Paired t-test was used to test the physical and chemical 

characteristic differences between inflow/outflow. Analysis 

covariance was used to discuss the impacts of different op-

eration modes (aerated and non-aerated) and matching ways 

(different combinations of substrate and plant) on the puri-

fication effect of wetland. After multiple comparisons, LSD 

(equal variance) or Games-Howell (unequal variance) 
[17]

 

was selected, and analysis was completed in the software 

SPSS 17.0. Poly ranking analysis was used to discuss the 

relationship between nitrogen removal rate constant and 

physical and chemical characteristics of wetland in-

flow/outflow. Since the removal rate constant for part Ns 

was negative, RDA (redundancy analysis) was selected and 

finished in the software CANOCO 4.5. 

2 Results and analysis 

2.1 Comparison of physical and chemical charac-

teristics of wetland inflow/outflow in each group 

Comparison of DO in the wetland inflow/outflow in each 

group was carried out. Results showed that DO in the wet-

land outflow significantly increased after artificial aeration, 

and DO in the wetland outflow under non-aerated state also 

showed an increasing trend. Some even reached the signifi-

cance level (Table 2). This was associated with oxygen dis-

solved in air and oxygen secreted by plant root 
[18–20]

. In 

terms of nitrogen nutrients, the total ammonia nitrogen 

(TAN) and total nitrogen (TN) in wetland outflow signifi-

cantly dropped compared with inflow, regardless of aera-

tion. Likewise, nitrite nitrogen in outflow showed a 

significantly decreasing trend except some case 

(non-aerated group A3 (Ce × T)). Regardless of aeration, 

NO3-N in outflow significantly increased (Table 2). 

2.2 Impact of aeration on the purification effi-

ciency of wetland 

Aeration significantly increased TAN percent reduction 

or mass removal by wetlands (Table 3). The statistical re-

sults in Table 4 showed that the operation mode had a sig-

nificant effect on TAN removal. Aeration can significantly 

increase the rate of TAN removal from wetland system, 

indicating that nitrification is the main approach of ammo-

nia nitrogen (AN) removal. Both operation mode and 

matching way had significant effects on the removal of 

NO2-N, NO3-N and TN, and there was an obvious interac-

tion between them (Table 4). Further comparison showed 

that aeration significantly increased the effect of NO2-N and 

TN removal from wetland system but decreased the removal  
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Table 2  Physicochemical characteristics of inflow and outflow for various combined wetlands under two operating stages 

 
Note: NOx= NO2-N+ NO3-N; Significant differences in parameters between inflow and outflow were marked with asterisks; *P < 0.05, **P < 0.01, ***P < 
0.001. 

Table 3  Comparison of N percent reduction or mass removal by various wetlands under aerated or non-aerated state 

 
Note: Percent reduction (PR) was calculated by (Ci – Ce)/Ci× 100% and mass removal (MR) by (Ci – Ce) × HLR (m·d-1); Ci and Ce were inflow/outflow 

concentrations, g·m-3, respectively. Significant differences among five types of constructed wetlands were marked with different letters. DIN = TAN + 
NO2-N + NO3-N, Org-N = TN – DIN. 

of NO3-N. The reason was that on one hand, aeration im-

proves the oxidation environment inside wetland so more 

ANs are oxidized to nitrates and unstable intermediate 

product sub-nitrates are more easily oxidized to nitrites
[10]

; 

on the other hand, wetlands in each group had relatively 

high hydraulic loading (Table 1), and were controlled in 

short HRT, so the denitrification of wetlands was limited 

and NO3-N showed an accumulation phenomenon in out-

flow 
[16,19,21]

. 

Aeration increases TN removal by wetland system. There 

are two possible reasons: on one hand, aeration strengthens 

the activity of aerobe inside wetlands and degrades more 

organic Ns to ANs, improving organic N removal by wet-

lands. For example, Org-N mass removal rate increases 

from 1.81 g/(m
2
·d) to 2.23 g/(m

2
·d), as shown in Table 3. 

On the other hand, as aforementioned, more ANs are easily 

oxidized to NO3-Ns under aerated state; in addition, there 

are sufficient carbon source in raw water (general aquacul-

ture water does not lack carbon source due to fish excre-

ment and residual diets. For example, CODMn/NOx in inflow 

is within 28.4–30.6, as shown in Table 2). The accumulated 

NO3-Ns and NO2-Ns in water are more likely denitrified 

(even if the improvement of aerobic environment after aera-

tion goes against denitrification). Eventually, the DIN re-

moval rate brought by strengthened denitrification goes up 

(for example, DIN mass removal rate increases from −0.79 

g/(m
2
·d) to −0.11 g/(m

2
·d), as shown in Table 3). 

Multiple compassion results show that: under aerated  
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Table 4  Statistical results of covariance analysis of N percent reduction by various wetlands under aerated or non-aerated state 

 

state, NO2-N removal efficiency by Ce×T combination is 

obviously lower than that by other combinations, and 

NO3-N mass removal rate by G×P combination is obviously 

lower than that by G×T or G×C combination. In terms of 

TN removal efficiency, Ce×T combination is obviously 

weaker than other combinations, while G×P combination is 

stronger than other combinations (Table 3). These results 

show that N purification efficiency varies in different 

matching ways, matching with the results reported by 

Akratos and Tsihrintzis. They find that cattail and fine sub-

strates have higher N and P removal efficiency 
[22]

. The sig-

nificant interaction between aeration and wetland matching 

way (Table 4) illustrates the interplay between them. Taking 

TN removal effect as an example, N removal by 2 kinds of 

combinations, Ci×T and Ce×T, under aerated state shows a 

decreasing trend compared with non-aerated state. However, 

N removal by the other 3 combinations: G×T, G×C and G×P 

show an opposite trend. The reason might be that the ad-

justment of operation mode and matching way changes the 

group distribution of nitrifier-denitrifier inside wetland, 

affecting the denitrification effect 
[23–24]

. 

2.3 Analysis of influencing factors in purification 

by wetlands 

RDA sequencing analysis was conducted on various N 

removal rate constant and inflow/outflow characteristics of 

wetland under different operation states. The results are 

shown in Figure 2. As seen from the RDA statistical results, 

whether aerated or not, N removal rate constant has a ex-

tremely significantly (P = 0.002, Table 5) linear relation 

with inflow/outflow characteristics, which demonstrates that 

the effect of N removal is controlled by the monitored en-

vironmental factor variation. Figure 2 shows that the former 

2 typical axes (axis 1 and axis 2) include most information 

of the correlation of removal rate constant k with in-

flow/outflow characteristics (variance cumulative percent of 

two axes is within 46.6%–84.5% and the average is 73.0%); 

thus the former 2 typical axes can be used to discuss the 

correlation between removal rate constant k and influencing 

factors. 

Further analysis of Figure 2 shows that hydraulic loading 

is negatively correlated with the nitrite removal constant 

and positively correlated with TAN and TN removal rate 

constant; besides the correlation of hydraulic loading with 

the k value of various Ns is stronger under non-aerated state 

(Fig. 2). The reason why hydraulic loading is negatively 

 

Fig. 2  RDA (redundancy analysis) ordination plot based upon k 

of various N and inflow/outflow characteristics under aerated or 

non-aerated state 

Note: Temp: Temperature; DO: dissolved oxygen; EC: electronic conduc-

tivity; TAN: total ammonia nitrogen; TN: total nitrogen; ε: porosity; HLR: 

hydraulic loading rate. 
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correlated with NO3-N k value may be that as hydraulic 

loading becomes higher, HRT becomes shorter, and the time 

of nitrite denitrification is shorter (the corresponding re-

moval rate is lower). The reason why hydraulic loading is 

positively correlated with TN k value may be that org-N is 

still the important component of N (Table 3) and filtration 

and precipitation are the main approaches of org-N removal. 

As hydraulic loading becomes higher, org-N components 

withheld in wetlands increase, resulting in higher TN re-

moval rate. The linear relation between hydraulic loading 

and pollutant removal rate constant was also reported 
[25]

. 

Through literature research and experiment, we find that for 

the subsurface-flow CW for aquaculture wastewater treat-

ment, hydraulic loading is positively correlated with COD, 

AN and TP removal rate constants 
[16]

, which is consistent 

with the positive correlation between TAN k value and hy-

draulic loading found in this study. In addition, the reason 

why the correlation of hydraulic loading with k value of 

various Ns is stronger under non-aerated state may be that 

aeration brings more environmental disturbance to the wet-

land system. For example the change of oxidation-reduction 

conditions and air floating can affect the purification effi-

ciency of wetlands, further dispersing the weight of hydrau-

lic loading influence. 

The positive correlation of inflow pH with NO3-N re-

moval rate constant k under non-aerated state (Fig. 2a) and 

the negative correlation of outflow pH with NO3-N removal 

rate constant k under aerated and non-aerated states (Fig. 

2c, d) show that NO3-N removal rate constant k has certain 

correlation with inflow/outflow pH. The reason is that deni-

trification inside wetland is the process of alkaline con-

sumption, so the stronger denitrification, the larger the 

outflow pH decreases 
[17]

. The positive correlation of inflow 

pH with k of NO3-N under aerated state (Fig. 2b) may be 

Table 5  Statistical results of RDA based upon k of various N and 
inflow/outflow characteristics under aerated or non-aerated state 

 

due to the disturbance induced by aeration inside wetland, 

resulting in the opposite change tendency of correlations 

under non-aerated state. 

In this study, under non-aerated state inflow/outflow DO 

is negatively correlated with NO2-N k, but implicitly corre-

lated with k of other Ns (Fig. 2a, c); however, under aerated 

state inflow/outflow DO has certain positive correlation 

with AN k but negative correlation with k of other Ns (Figs. 

2b, d). Under non-aerated state, inflow/outflow DO is nega-

tively correlated with NO2-N k, because NO2-N is the in-

termediate product during nitrification, unstable and is 

easily oxidized to NO3-N 
[10]

. Under aerated state, outflow 

DO is positively correlated with AN k (Fig. 2d), indicating 

that the higher outflow DO level causes stronger denitrifica-

tion inside wetland, corresponding to higher AN removal 

rate; accordingly, due to short HRT, there is NO3-N accu-

mulated in outflow, causing the decrease in k of NO3-N. 

It can be known from Fig. 2b, d that inflow/outflow DO 

has obviously negative correlation with k of TN under aer-

ated state; it is found through further analysis that the per-

cent reduction (relative factor r = −0.956; P = 0.011) and 

mass removal rate (r = −0.930; P = 0.022) for the five com-

binations have obviously negative correlation with outflow 

DO under aerated state. It suggests that under aerated state, 

higher DO leads to lower TN removal efficiency. Table 2 

shows, whether aerated or not, the average outflow DO lev-

el is higher than inflow. It indicates that reoxygenation and 

oxygen secretion by plant root are sufficient to compensate 

for the oxygen consumption during nitrification inside wet-

land, and aeration only strengthens nitrification inside wet-

land. As aforementioned, compared with un-aerated state, 

org-N and DIN removal proportions under aerated state 

increase (by 0.42 and 0.68 g/(m
2
·d) respectively, Table 3), 

and TN removal mainly relies on nitrification-

denitrification. Although aeration strengthens denitrification 

inside wetland, excessive DO partly inhibits denitrification, 

causing the decrease in k of TN. 

In terms of the relation of purification efficiency with 

concentration in inflow/outflow, k has obviously negative 

correlation with N concentration in outflow, whether aerated 

or not, (Figs. 2c, d). It states that higher concentration in 

outflow corresponds to lower purification efficiency, which 

is reasonable. Moreover, in terms of concentration in inflow, 

k of NO3-N has obviously positive correlation with concen-

tration in inflow whether aerated or not; under aerated state, 

k of TN has certain correlation with concentration in inflow, 

and k of other Ns has weak correlation with concentration in 

inflow (Figs. 2a, b). Certain correlation between k of TN 

and concentration in inflow under aerated state is because 

nitrification is enhanced under aerated state. Positive corre-

lation between k of NO3-N and concentration in inflow 

states that higher NO3-salt loading leads to stronger denitri-

fication. This is as same as the inference that under aerated 

state, the probability of denitrification becomes higher due 

to sufficient carbon sources. 
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3 Conclusions and suggestions 

1) The vertical-flow wetlands constructed in this experi-

ment treat low-concentration aquaculture wastewater under 

operation conditions of high HLR (mean: 1.85 m/d), short 

HRT (mean: 4.6 h), and high aeration intensity (air flow 

rate: about 30 m
3
/(m

2
·d), and air-water ratio: about 16.2 : 1). 

Compared with low DO level (mean: 2.34 mg/L) in inflow, 

outflow DO shows an increasing trend. Reoxygenation and 

oxygen secretion by plant root are sufficient to compensate 

for oxygen consumption during nitrification inside subsurface-

flow wetlands. Oxygen increment in aeration increases DO 

in outflow, but it has weak influence on the temperature, pH 

and electrical conductivity. 

2) Whether aerated or not, seven groups of vertical-flow 

wetlands all show significant nitrification effects, and out-

flow has NO3-salt accumulation within relatively short 

HRT. Aeration further strengthens mineralization and nitri-

fication inside wetlands. On the premise of sufficient carbon 

source (for example, the inflow C-N ratio for each group of 

wetland is within 28.4–30.6 in this study), as NO3-N load-

ing increases, the probability of denitrification inside wet-

land increases after aeration (even if the improvement of 

DO level is bad for denitrification), and TN removal effi-

ciency (percent reduction and mass removal rate) rises. 

3) RDA analysis shows that various N removal rate by 

CW system is controlled by the monitored environmental 

factor variation (for typical axis significance test, P < 0.01). 

Among other things, hydraulic loading, DO and in-

flow/outflow N concentration are still key factors limiting 

wetland purification efficiency. Since nitrification-

denitrification is the main approach of N removal by this 

group of wetlands, the correlation of inflow NO3-N and AN 

with corresponding removal rate constants is stronger. 

4) Compared with non-aerated state, although TN re-

moval efficiency is improved under aerated state, TN re-

moval rate constant is negatively correlated with 

inflow/outflow DO level, suggesting that the high DO level 

under aerated state partly inhibits denitrification. It also 

states that higher aeration intensity is not always good for 

vertical-flow CWs. In order to achieve the ideal N removal 

effect, HRT can be prolonged or more horizontal-flow wet-

lands can be constructed to replenish denitrification so as to 

improve TN removal. 
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Abstract: Grain yields of rainfed winter wheat in the Huang-Huai-Hai Plain are often low and vary substantially 

from season to season. In the past several decades, amount of precipitation in the Huang-Huai-Hai Plain has fallen 

dramatically. By contrast, agricultural water consumption is so great that water resource is insufficient, leading to 

excessive exploitation of underground water, in which case irrigation water is far from enough. Under the backdrop 

of great climate changes, lack of irrigation water and severe drought will have potential impact on winter wheat 

yield. Simulating the effect of drought on winter wheat has been identified as an important contributor to agricultur-

al production in such environments. In this paper, based on meteorological data and field observations of 6 typical 

meteorological stations from six agricultural sub-regions of the Huang-Huai-Hai Plain from 1981 to 2010, the yield 

reduction rate of potential drought in critical growth stages of winter wheat was determined in the Huang-Huai-Hai 

Plain. Then the probability distribution of yield reduction of 6 typical sites and the relationship between variation of 

soil moisture and yield in typical wet and dry years were analyzed. The results showed that the regional simulation 

capability was acceptable and the 3H could be the representative variety of winter wheat in Huang-Huai-Hai Plain 

for simulation. Regional distribution of yield reduction rate was gradually growing serious from south to north in 

jointing-heading stage, and the yield reduction rates in agricultural region Ⅰ, Ⅱ and Ⅲ were more than 40%, 

and in Region Ⅳ, Ⅴ and Ⅵ were 38%, 27% and 13% respectively. The regional distribution of yield reduction 

rate of each agricultural region was mainly caused by the climatic factors. In addition, the probability of the same 

level of yield reduction rate in jointing-heading stage was much larger than that in filling stage. The probability of 

the same level of yield reduction rate in northern region was much larger than that in partial southern area. In the 

drought years, irrigation was needed to provide water for the soil surface layer to meet the demand of winter wheat. 

If drought happened in the jointing-heading stage and the deep-layer soil water was insufficient, the wheat had to 

rely on irrigation to provide sufficient water for its later growth stage. If drought happened in the filling stage, the 

wheat root systems had to grow down deeper to get more water, which would cause the reduction in the wheat yield. 

China has insufficient water resource, which is especially true in North China. The limited water resource should be 

applied in critical regions and stages. Water saving and drought prevention are a long-term task. Prediction shall be 

made on water stress in key growth stages and simulation analysis shall be performed on crop models to determine 

potential yield reduction due to drought, thereby to make reasonable and scientific irrigation measures. This will 

have referential value for evading drought risks and developing water-saving agriculture under climate changes. 

The results are expected to provide basic information for drought management and rational irrigation of winter 

wheat in the Huang-Huai-Hai Plain by focusing on the potential drought in critical growth stages of winter wheat. 

Keywords: crops; drought; models; winter wheat; growth stage; yield; DSSAT; Huang-Huai-Hai Plain 
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0 Introduction 

Drought is the worst natural disaster in the world, and 

losses caused by drought every year reach 6–8 billion dol-

lars 
[1]

. With the global warming, extreme climate disasters 

are increased abnormally 
[2]

, areas influenced by drought 

also increase continually 
[3]

, and the global precipitation will 

present a trend of “the dry becomes drier, the wet becomes 

wetter” 
[4–5]

. Average economic losses caused by China's 

meteorological disasters every year account for more than 

70% of all natural disaster losses; drought is main agricul-

tural meteorological disaster currently in China, average 

disaster areas due to drought every year reach up to 22 mil-

lion hm
2
, accounting for more than 40% of various disas-

ter-affected areas, and grain losses are about 12 billion kg 
[6–7]

. Since the 1960s, characteristics of changes of precipi-

tation decreasing and climate warming have occurred in 

Huang-Huai-Hai region and drought has presented worse 

trend in recent 20 years, which has caused adverse effects 

on the stable development of agricultural production; and 

water resources shortage has become the key factor re-

stricting the sustainable development of agricultural pro-

duction in the region 
[8–9]

. 

Huang-Huai-Hai Plain is the largest winter wheat region 

in China and growing season of winter wheat is the poor 

period in precipitation with frequent drought disasters. In 

key water requirement period (from April to May) of joint-

ing, heading and filling for winter wheat, amount of precip-

itation is only 1/5–1/4 of amount of water requirement in 

the same stage, and the water deficit reaches about 200 mm 
[10–11]

. Jointing stage to booting stage is the critical period of 

water requirement of wheat, so this drought period can 

cause serious degradation and infertility of wheat and grain 

numbers decline substantially. Filling stage features the 

highest water requirement for wheat in the whole growth 

stages, and lack of water can make grain small and flat 
[12]

. 

Therefore, the study on drought severity and damage in 

growth period of winter wheat in the Huang-Huai-Hai Plain 

should be refined to identify the effects of drought in spe-

cific key growth stages on the yield. Many scholars con-

ducted field experiment research for the effects of drought 

and rehydration in different growth stages of winter wheat 

on yield and yield components 
[13–16]

. The effects of drought 

in growth period of winter wheat on the yield in typical 

years were studied by Zhang et al. 
[17–18] 

by using WOFOST 

model. Most current studies focused on the effects of 

drought in single site on winter wheat, but regional and in-

ter-annual scale research on the effects of drought in actual 

growth stages of winter wheat on the yield was rare. Knut-

son et al. 
[19]

 introduced a complete set of method system 

step by step from multiple perspectives like effect identifi-

cation, cost-effectiveness, social economy and decision to 

identify the possible effects of potential drought before real 

drought, thereby to reduce influences and risks related to 

drought. Quirogua and Iglesias 
[20]

 indicated that potential 

impacts of drought on crop yield could be quantified 

through the empirical model evaluation method to find out 

the relationship between climate and agriculture. Conse-

quently, the paper tried to study change rules about potential 

effects of drought in key water requirement period of winter 

wheat in the Huang-Huai-Hai Plain on potential yield by 

using crop growth model simulation, in order to provide 

theoretical basis for anti-drought project and water-saving 

irrigation project in growing season of winter wheat in the 

Huang-Huai-Hai Plain. 

1 Materials and methods 

1.1 General situation in study area 

The study area is the Huang-Huai-Hai Plain 

(32°00′–40°24′N and 112°48′–122°45′E), which covers an 

area of about 300000 km
2
 and is dominated by sub-humid 

warm temperate monsoon climate. The area is characterized 

by annual average temperature of 8–15 °C accumulated 

temperature (≥ 0 °C) of 4200–5500 °C, frost-free period of 

170–200 d and annual sunshine duration of 2100–2800 h. 

Double-cropping system and rotation of winter wheat and 

summer maize are suitable here. Its annual amount of pre-

cipitation is 500–950 mm, and it declines from southeast to 

northwest on space distribution due to influence of the 

southeast monsoon. Besides, amount of precipitation fea-

tures uneven season distribution. A total of 60%–70% of 

precipitation is concentrated in summer and it is prone to 

drought in spring. Soil types mainly include moisture soil 

and cinnamon soil, as well as small amount of brown soil 

and paddy soil 
[21]

. The paper selected a typical site in each 

agricultural sub-region according to five sub-regions 

(Sub-region Ⅰ, Ⅱ, Ⅲ, Ⅳ and Ⅴ in Fig. 1) under six 

regions in Level-1 agriculture region and one sub-region 

(Sub-region Ⅵ in Fig. 1) under eight regions in Level-1 

agriculture region based on farming system zoning in China 
[22]

 and the principle of equilibrium distribution and availa-

ble site information. Site distribution is shown in Fig. 1. 

1.2 Data sources 

Meteorological data such as daily precipitation (mm), 

average temperature (°C), minimum air temperature (°C), 

maximum air temperature (°C), sunshine duration (h), wind 

speed (m/s) and average relative humidity (%) from all sites 

from 1981 to 2009 were provided by China meteorological 

data service website (http://cdc.cma.gov.cn/). 

Observation data about winter wheat field, including 

sowing date, growth stages (seeding stage, tillering stage, 

jointing stage, booting stage, heading stage, flowering peri-

od, milk–ripe stage and maturity stage), seeding density, 
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Fig. 1  Location of irrigated and non-irrigated winter wheat sites 

and typical meteorological stations in Huang-Huai-Hai Plain 

Note: Sub-zone Ⅰ, export-oriented double cropping agricultural and fish-

ing region in Shandong Peninsula coast around Bohai; Sub-zone Ⅱ, irri-

gated double cropping plain in piedmonts of Taihang Mountain and Yan 

Mountain; Sub-zone Ⅲ, irrigated double cropping region and drought one 

cropping region in lower Haihe Plain; Sub-zone Ⅳ, irrigated and drought 

double cropping region in west plain and middle hills of Shandong; 

Sub-zone Ⅴ, irrigated and drought double cropping region in Nanyang 

Basin of the Huang-Huai Plain; Sub-zone Ⅵ, wheat and rice double crop-

ping region in Jianghuai Plain. 

irrigation, fertilization, yield as well as yield components 

from all sites from 1981 to 2009 were provided by National 

Meteorological Information Center. 

Soil data like depth, texture, total nitrogen content, soil 

bulk density, pH value, organic carbon content and cation 

exchange capacity of each soil layer in each site required by 

crop models were all from “China Soil Species Records” 
[23]

. 

1.3 Research method 

1.3.1 Crop model 

DSSAT crop model can simulate crop growth and devel-

opment process day by day and respond to many factors, 

including genetic characteristics of crop, management 

measure, environment, nitrogen element, water stress and 

pest and disease damage 
[24]

. CERES model in DSSAT has 

been widely used in the world 
[25–28]

. In recent years, a 

number of studies on the effects of climatic change, irriga-

tion system and water and fertilizer condition on crop yield 

in growing season have been conducted by many scholars in 

China by using CERES model 
[29–32]

, and simulation effects 

on site level from models have been widely verified. Xiong 
[33]

 also studied regional simulation effects of 

CERES-Wheat model. 

During check of applicability of the model, relative root 

mean square error (NRMSE) was used to calculate errors of 

model simulation, coincidence degree (D) was used to judge 

effects of model simulation, and their calculation formulae 

were as follows: 

 

 
where simi is simulated value, obsi is measured value, 

is average of measured values, and n is sample capac-

ity. 

1.3.2 Experiment design 

The paper calculated the water deficit quantity in joint-

ing-heading stage and flowering-milk-ripe stage of winter 

wheat in all sites firstly, and on this basis, determined irri-

gation volume of experiment treatment in combination with 

local actual irrigation situations. Calculation formula of 

water deficit was as follows 
[34]

: 

 
where Pe is effective precipitation in a certain stage (mm) 

and its calculation formula is as follows: 

 
where P is actual amount of precipitation (mm), and σ value 

is generally determined according to measured data about 

different growth stages of crops, plant entrapment quantity in 

different precipitation processes, surface runoff and deep 

seepage. The following values should be adopted in case of 

no measured data. When P < 5 mm, σ = 0.5. When 5 ≦ P 

≦ 50 mm, σ = 1.0. When P > 50 mm, σ = 0.7–0.8 
[35]

. 

ETc (mm) is water requirement in a certain stage and can 

be expressed as follows: 

 
where kc is crop coefficient. In this paper, kc in joint-

ing-heading stage was taken as 1.1, and kc in flower-

ing-milk-ripe stage was taken as 0.7 according to division of 

kc coefficient in “Wheat Drought Grade” 
[36]

. ET0 is poten-

tial evapotranspiration in a certain stage (mm) and it was 

calculated by using Penman-Monteith 
[37]

 method proposed 

by FAO in the paper. 

Santos et al. 
[38–39]

 showed clearly that irrigation time and 

quantity were determined by researching water consumption 

condition of crop growth under different irrigation systems 

and in accordance with prediction of water stress, in order 

to more reasonably formulate irrigation system of crops suit-

able for climate change conditions. To study the effects of 

drought in key water requirement period of winter wheat on 

the yield, the paper calculated the water deficit in joint-

ing-heading stage and flowering-milk-ripe stage of winter 

wheat at six typical sites in recent 30 years firstly (As there 

were no observational data in filling stage, the paper used 

data in flowering-milk-ripe stage). Under the condition of 

other consistent cultivation management measures, experi-
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mental scheme (shown in Table 1) was designed in combina-

tion with the water deficit in growth stages and local actual 

irrigation situations to be as moisture treatment for DSSAT 

model. Thereinto, CK was control group of full irrigation. T1, 

T2 and T3 were treatments rainfed in jointing-heading stage, 

in filling stage and in both two stages respectively. As there 

was large water deficit quantity in jointing-heading stage, 

when the water deficit was less than 60 mm, it only conduct-

ed one-time irrigation in jointing stage; when the water deficit 

was more than 60 mm, it conducted twice irrigation in joint-

ing stage and booting stage, and conducted irrigation during 

grain filling stage after flowering. Winter wheat yield differ-

ence under rainfed treatments and full irrigation conditions 

could be corresponding to the yield reduction caused by po-

tential drought in growth stages. 

Table 1  Simulated experiment design of potential drought in 

different growth stages 

 
Note: CK is control group of full irrigation, T1, T2 and T3 are treatments 

rainfed in jointing-heading stage, in filling stage and in both two stages 

respectively. WD1 indicates water deficit in jointing-heading stage, and 
WD2 indicates water deficit in filling stage. 

In this paper, the yield reduction (decrement) rate due to 

potential drought was used to indicate loss degree of yield 

and yield components at different growth stages and its 

formula was as follows: 

 
where YWi is change rate of yield or yield components 

caused by drought stress in the i
th

 treatment, YTi is yield or 

yield component in the i
th

 treatment, and YCK is yield or 

yield component in control group. In this paper, the cumula-

tive probability distribution function was used to explore the 

probability distribution of yield change caused by drought 

stress in jointing stage and filling stage at different sites in 

recent 30 years, and its calculation formula is as follows: 

 
where P(x) is cumulative probability when relative change 

rate of yield is less than xi, and Pxi is the probability of rela-

tive change rate of yield in the i
th

 year.  

2 Results and analysis 

2.1 Correction and verification of crop variety 

parameters 

In this paper, the field observation data from Tianjin, 

Shijiazhuang, Shenxian, Linyi, Shangqiu and Shouxian 

were firstly used to adjust variety parameters of crop model 

and the selected varieties were the most widely planted 

winter wheat at each site in recent 30 years. Corresponding 

parameters of the winter wheat varieties were locally cor-

rected through choosing data of 1996, 1997 and 1999 in 

Tianjin, data of 1997, 1998 and 1999 in Shijiazhuang, data 

of 1995, 1997 and 2008 in Shenxian, data of 1988, 1997 and 

1998 in Linyi, data of 2004, 2005 and 2007 in Shangqiu, 

and data of 1995, 1996 and 1997 in Shouxian according to 

the principle of less disaster and stable yield. In order to 

remove varieties difference in different regions, GLUE 

module in DSSAT model was used to test a set of winter 

wheat variety in Huang-Huai-Hai Plain on the basis of local 

varieties in each site, named as 3H. Fig. 2 shows the verifi-

cation relationships between duration of flowering and ma-

turity stages (namely number of days from sowing time to 

the growth period) in the above years for each site and sim-

ulated value and observed values of the yield through 3H 

simulation of regional winter wheat. Simulated NRMSE of 

flowering and maturity stages was 2.0% and 2.5% respec-

tively, while NRMSE of yield was 12.4%, and errors were 

in the acceptable range 
[40]

. The simulated yield in Shangqiu 

was slightly high and that in Linyi was slightly low. The 

regional variety 3H was adopted for model simulation of six 

typical sites in the Huang-Huai-Hai Plain to eliminate the 

effects of varieties difference. 

2.2 Change rules for potential drought-caused 

yield reduction rate 

2.2.1 Annual variation of potential drought-caused 

yield reduction rate 

Seen from the average in 5 years of drought-caused yield 

reduction rate in jointing stage for each site in Fig. 3a, 

drought fluctuation in Tianjin was the maximum. The yield 

reduction was very low in the late 1980s and 1990s, and 

was very high in the middle of 1990s. Change rules for 

yield reduction rate were not obvious in recent 30 years for 

Tianjin, Shenxian and Shouxian. The yield reduction rate 

decreased gradually in the first 20 years, reached a very low 

value in the late 1990s and increased gradually in the fol-

lowing 10 years for Linyi. While the yield reduction rate 

decreased gradually in the first 10 years, reached a very low 

value in the late 1980s and had an increase trend in the fol-

lowing 20 years for Shangqiu. Seen from the average in 5 

years of drought-caused yield reduction rate in filling stage 

for each site in Fig. 3b, the yield reduction rate was very 

high in the middle of 1990s for Tianjin and Shijiazhuang, 

and the potential drought-caused yield reduction rate in fill-

ing stages of winter wheat was very high in the late 1990s 

for other sites, which was mainly caused by extreme 

drought in the Huang-Huai-Hai Plain from 2000 to 2001. 

Based on inter-decadal changes, there was obvious decreas-

ing trend for the potential drought-caused yield reduction
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Fig. 2  Comparison of observed and simulated duration of flowering and maturity stages and yields with regional variety 

Note: NRMSE is relative root mean square error, D is coincidence degree. 

rate in jointing-heading stage for each site in the 1980s. 

Yield reduction rate changes in Shijiazhuang and Shangqiu 

passed significance test of α < 0.01, and those in Shenxian 

and Linyi passed significance test of α < 0.05. Except for 

Tianjin and Shijiazhuang, there was obvious decreasing 

trend for the yield reduction rate in filling stage for other 

places. Yield reduction rate changes in this stage of Linyi 

passed significance test of α < 0.05, and decreasing of yield 

reduction rate in Shangqiu and Shouxian passed signifi-

cance test of α < 0.01. There were no consistent change 

rules for two stages in the 1990s. There was a trend of 

drought relief in jointing-heading stage for Tianjin and 

Linyi, but the contrary was the case in Shangqiu. While in 

filling stage, there was a decreasing trend for yield reduc-

tion rate in Tianjin, but an increasing trend in Shenxian and 

Shangqiu. Change trends were not obvious in other sites. In 

the 2000s, there were no obvious change rules for 

drought-caused yield reduction rate in jointing-heading 

stage basically, while it presented a decreasing trend for 

yield reduction rate in filling stage, and the decreasing trend 

in Tianjin passed significance test of α < 0.01. Studies indi-

cated that, for winter wheat in the Huang-Huai-Hai Plain, 

the variation trend for drought-caused yield reduction rate 

was roughly the same with that in jointing-heading stage 

under the condition of drought in jointing-heading stage and 

filling stage in recent 30 years, which also showed that the 

drought losses of winter wheat were mainly caused by 

drought in jointing-heading stage. 

2.2.2  Regional variation for potential 

drought-caused yield reduction rate 

There were obvious differences for drought characteris-

tics in South and North due to unbalance of precipitation 

and evapotranspiration in space for the Huang-Huai-Hai 

Plain 
[41]

, therefore there were also certain regional differ-

ences for yield decreasing caused by drought in key water 

requirement period for winter wheat. The mean values in 

recent 30 years for the potential drought-caused yield re-

duction rate of simulated local variety and regional variety 

in six typical sites were analyzed in Huang-Huai-Hai Plain 

(Fig. 4). Seen from Fig. 4a, there were significant 

north-south differences for yield reduction rate in joint-

ing-heading stage. Before eliminating varieties differences, 

namely under the condition of using local variety in each 

site for simulation, the yield reduction rate of Tianjin, Shi-

jiazhuang, Shenxian, Linyi, Shangqiu and Shouxian was re-

spectively 46%, 49%, 42%, 36%, 29% and 11%. Yield 

decreasing caused by drought in jointing-heading stage for 

northern region in the Huang-Huai-Hai Plain was signifi-

cantly higher than that in southern region. But in the case of 

using regional variety 3H in the Huang-Huai-Hai Plain for 

simulation, yield reduction differences in south and north 

were slightly reduced, and the yield reduction rates of Tianjin, 

Shijiazhuang, Shenxian, Linyi, Shangqiu and Shouxian were 

43%, 48%, 41%, 38%, 27% and 13%, respectively. Hence, 

there were small differences for drought-caused yield reduc-

tion level in each region due to varieties difference, and the 

potential drought-caused yield reduction rate in joint-

ing-heading stage for winter wheat in the Huang-Huai-Hai 

Plain increased gradually from south to north, which was 

mainly caused by differences of climatic factors in various 

regions. Seen from Fig. 4b, the drought-caused yield reduc-

tion rate was not high in filling stage for winter wheat in each 

typical site. The yield reduction rates through two varieties 

simulation in Tianjin, Shijiazhuang and Shenxian were 

8%–9% basically. But there were large differences for yield 

reduction rates through two varieties simulation in Linyi, 

Shangqiu and Shouxian. Thereinto, the yield reduction rate 

through local variety simulation in Linyi, Shangqiu and 

Shouxian was 12%, 3% and 7% respectively, while that 

through regional variety simulation was respectively 7%, 8% 

and 4%. Based on the above, the yield reduction rate caused 

by potential drought in filling stage for winter wheat in 

southern region of the Huang-Huai-Hai Plain was lower than 

that in northern region, but the difference was less obvious 

than that in jointing-heading stage, and there were very 

large differences for yield reduction levels among various 

areas in southern region due to variety differences.
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Fig. 3  Annual variation of yield reduction rate in jointing-heading and filling stages in recent 30 a for each site 

 

Fig. 4  Yield reduction rate in jointing-heading and filling stages for winter wheat in each site 
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The grain number per unit area and weight of single 

grain are important factors affecting final yield and reduc-

tion of grain number and grain weight caused by water 

stress inevitably lead to yield reduction. Therefore, the 

study on the impacts of water stress on yield components 

not only reflects internal causes of drought-caused yield 

reduction, but also provides a certain basis for scientific 

seed selecting and breeding. Fig. 5 shows mean values for 

drought-caused reduction rate of grain number and grain 

weight in the two key water requirement periods for each 

typical site in recent 30 years. It shows that drought in 

jointing-heading stage had main effects on grain number 

and had no effect on grain weight. Reduction rates of grain 

number in Tianjin, Shijiazhuang, Shenxian and Linyi were 

all about 40%, that in Shangqiu was 29%, and that in 

Shouxian was 13%. Drought in filling stage had main ef-

fects on formation of winter wheat grain weight and had 

weak effect on grain number. The drought-caused reduction 

rates of grain weight in six typical sites were 5%–2%, 

which had little effect on formation of final yield. When 

drought happened in two stages, the reduction of grain 

number was similar to that caused by drought in joint-

ing-heading stage, but reduction rate of grain weight was 

significantly lowered compared with that caused by single 

drought in filling stage, which may be caused by winter 

wheat hardening for drought resistance in jointing stage and 

higher drought resistance in filling stage. 

2.2.3  Cumulative probability for potential 

drought-caused yield reduction rate 

In order to more specifically discuss the effects of poten-

tial drought in jointing-heading stage and filling stage on 

the yield, the cumulative probability of drought-caused 

yield reduction rate in two growth stages was analyzed (Fig. 

6). Seen from the figure, the probability of the same level of 

drought-caused yield reduction rate in jointing-heading 

stage was much larger than that in filling stage. The proba-

bility of yield reduction rate of more than 60% in joint-

ing-heading stage reached about 15% in Tianjin and 

Shijiazhuang, the probability of yield reduction rate of more 

than 40% reached 60%–70% in Tianjin, Shijiazhuang and 

Linyi, the probability in Shenxian was 55%, while that in

Shangqiu and Shouxian was 20% and 10%, respectively. 

The probability of yield reduction rate of more than 20% in 

jointing-heading stage reached more than 85% in Tianjin, 

Shijiazhuang, Shenxian and Linyi, the probability in 

Shangqiu was 66%, and that in Shouxian was 24%. Besides, 

in filling stage, except for Shouxian, the probabilities of 

drought-caused yield reduction rate of more than 20% in 

other sites were all about 15%, the probability of yield re-

duction rate of more than 10% was about 30%–40%, while 

that in Shouxian was only 15%. Seen from comparison 

analysis of drought-caused yield reduction rate in each typ-

ical site, the potential drought-caused yield reduction rate 

for winter wheat in jointing-heading stage in northern re-

gion of the Huang-Huai-Hai Plain was apparently higher 

than that in southern area at the same level, but there was 

little difference for the probability in filling stage. 

2.3 Soil moisture variation and yield analysis in 

typical years 

In order to reveal change conditions of soil moisture in 

growth stages and yield among different drought treatments 

for winter wheat in different rainfall years, two worst 

drought years (2000, 2001) and two years with slight 

drought (1998, 2008) in recent 30 years 
[42]

 were firstly 

chosen as typical rainfall years (Table 2). But calculated 

results in the paper revealed that there was the highest yield 

reduction rate in 2001, and very high in 2000. It was the 

lowest in 1998 and 2008. The typical years obtained were 

basically consistent with historical years, so they could be 

used as typical rainfall years for analysis. The yield reduc-

tion rates in four typical years in the table were mean values 

of yield reduction rates caused by drought in joint-

ing-heading stage and filling stage for six typical sites. 

Table 2  Comparison of yield reduction rate with the drought 
affected area in typical years 

 

Fig. 5  Reduction rate of grain number and grain weight for different treatments in each site 
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Fig. 6  Cumulative probability of yield reduction rate in jointing to heading stage and filling stage for winter wheat in each site 

Shenxian, subject to the worst drought in 2001, was chosen 

as a typical example of drought type site and Shouxian in 

1998 was chosen as a typical example of wet type site to 

analyze soil moisture variations for winter wheat in typical 

sites after returning green in two different rainfall years, so 

as to explore the effects of drought conditions in different 

growth stages for winter wheat on the yield from the view 

of soil moisture. Soil moisture variation of treatment CK 

showed that irrigation water could significantly improve 

status of soil moisture and irrigation in jointing-heading 

stage made deep-layer soil store certain moisture. As winter 

wheat in filling stage consumed large amounts of water and 

soil surface water decreased dramatically after flowering, 

the water stored in deep-layer soil could compensate for 

drought of surface soil caused by precipitation deficit to 

some extent. Comparison of soil moisture variation of T1 

with CK showed that, after winter wheat returning green, 

soil water in each layer decreased gradually due to lack of 

precipitation and no supplementary irrigation and surface 

soil volumetric moisture content was less than 10% in 

jointing stage which was a very critical stage of winter 

wheat ear formation, so soil drought would surely lead to 

sharp decrease of final wheat yield. Although there was 70 

mm irrigation water supplementation after flowering, soil 

water only infiltrated into 40–50 cm soil layer and severe 

drought occurred in late filling stage due to no water supply 

for deep soil. Comparison of soil water variation of treat-

ment T2 with CK showed that, as winter wheat had no sup-

plementary irrigation after flowering and deep soil layer did 

not store water, moisture in soil layer of more than 70 cm 

reduced gradually. But there was certain soil moisture due 

to early irrigation, and surface soil drought in filling stage 

was not as serious as T1. Comparison of soil water variation 

of treatment T3 with CK showed that, as there was lack of 

precipitation for winter wheat after returning green, there 

was no irrigation water for supplement and winter wheat 

only relied on the supply of soil moisture before winter, 

surface soil volumetric water content in jointing stage and 

filling stage was only about 10% and it still could not meet 

the water demand of winter wheat growth, which surely 

would cause severe yield reduction. As there was abundant 

precipitation and surplus in growth stage for winter wheat in 

1998 for Shouxian, only one adequate moisture treatment 

was conducted during model simulation. There was suffi-

cient water in each soil layer after winter wheat returning 

green through this treatment and precipitation supplemented 

for several times, and deep soil also supplied water for sur-

face soil, so there was abundant water for root layer of win-

ter wheat. Comparison with soil moisture of CK treatment 

showed that status of soil moisture in each layer for 

Shouxian in wet years was better than that for Shenxian in 

drought years. 

Comparisons of typical sites were conducted for each 

treatment yield and rainfed yield for Shenxian in 2001 and 

rainfed yield for Shouxian in 1998. As water deficit of win-

ter wheat in jointing-heading stage for Shenxian in 2001 
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approximately reached 90 mm, and water deficit quantity in 

filling stage nearly reached 70 mm, there were great differ-

ences for yields in corresponding CK, T1, T2 and T3 treat-

ments and they were 6754, 3442, 4346 and 2443 kg/hm
2
, 

respectively. But rainfed yield was only 2047 kg/hm
2
. As 

there was plentiful precipitation in whole growth stages for 

Shouxian in 1998 with no irrigation, the rainfed yield 

reached 6454 kg/hm
2
, and it was much larger than that in 

Shenxian, which apparently reflects the effects of drought in 

jointing-heading stage and filling stage on yield of winter 

wheat. Therefore, attention should be paid to precipitation 

status and status of soil moisture in the two periods during 

actual production practice, in order to reduce drought disas-

ter losses and ensure stable yield and increasing yield. 

3 Discussions 

Except for Jiangsu, Anhui and small regions in Henan, 

winter wheat in the Huang-Huai-Hai Plain was usually irri-

gated. So, although the drought had a trend to increase for 

the Huang-Huai-Hai Plain in recent years, winter wheat was 

not necessarily subject to yield reduction in drought years 

due to more abundant irrigation water. On the contrary, the 

yield had a trend to increase with continuous optimization 

of other field management measures in recent years 
[42]

. 

However, in the past several decades, amount of precipita-

tion in the Huang-Huai-Hai Plain had fallen dramatically. 

By contrast, agricultural water consumption was so great 

that water resource was insufficient, leading to large-scale 

exploitation of underground water and groundwater over-

use, and as a result, groundwater depression cone appeared 

in partial regions 
[43]

. Under the backdrop of future climate 

changes, if irrigation volume could not be fully ensured, 

climate drought would have potential impacts on winter 

wheat yield. Consequently, potential impacts of drought 

caused by climatic factors on winter wheat yield were stud-

ied in the paper from the perspective of meteorological 

drought to provide theoretical basis for drought manage-

ment and reasonable irrigation during actual production for 

winter wheat in the Huang-Huai-Hai Plain from the macro 

level of regional distribution and inter-annual trend. A set of 

regional variety suitable for the Huang-Huai-Hai Plain was 

tested to eliminate the effects due to varieties differences in 

the paper. The results revealed that regional simulation ef-

fects through DSSAT model were good, and regional variety 

3H could conduct regional simulation on behalf of winter 

wheat variety in the Huang-Huai-Hai Plain. 

China has insufficient water resource, which is especially 

true in North China. The limited water resource should be 

applied in critical regions and stages. Water saving and 

drought prevention are a long-term task 
[44]

. Prediction shall 

be made on water deficit in key growth stages and simula-

tion analysis shall be performed through crop models to 

determine potential yield reduction due to drought, thereby 

to make reasonable and scientific irrigation measures. This 

will have referential value for evading drought risks and 

developing water-saving agriculture under future climate 

changes. However, this paper only presented general re-

gional conditions of losses caused by drought by the study 

on drought effects in typical sites of each agricultural 

sub-region due to limited availability of research data. In 

this paper, the water deficit in typical growth stages was 

only the result of climatic water deficit and it was not the 

real water deficit of crops because the early weather condi-

tions and soil water consumption were not considered. Ac-

cordingly, the analyzed potential yield reduction rate 

exaggerated the real impacts of drought to some extent and 

had certain difference with the actual production situation. 

In the future research, calculation models about multiplicity 

factors like the early precipitation and soil moisture content 

should be established, so that simulation study on drought 

of winter wheat will be closer to actual drought of crops. 

4 Conclusions 

1) The potential drought-caused yield reduction rate in 

jointing-heading stage for winter wheat in the 

Huang-Huai-Hai Plain was much larger than that in filling 

stage and there were obvious north-south differences. The 

yield reduction rates in agricultural region I, II and III were 

more than 40%, and in Region Ⅳ, V and VI were 38%, 

27% and 13%, respectively. The reduction rate in joint-

ing-heading stage increased gradually from south to north, 

which was mainly caused by differences of climatic factors 

in various regions rather than varieties difference. 

2) The yield reduction rates in key water requirement pe-

riod for winter wheat in the Huang-Huai-Hai Plain all pre-

sented a trend of obvious damage relief in the 1980s. The 

probability of the same level of yield reduction rate for 

winter wheat in jointing-heading stage was much larger than 

that in filling stage and the probability in northern region 

was apparently higher than that in southern region. 

3) In the drought years, irrigation was needed to provide 

water for the soil surface layer to meet the demand of winter 

wheat. If drought happened in the jointing-heading stage 

and the deep-layer soil moisture was insufficient, the wheat 

had to rely on irrigation to provide sufficient water for its 

later growth. If drought also happened in the filling stage, 

the wheat root systems had to grow down deeper to get 

more water, which would finally cause the reduction in the 

wheat yield. 
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Abstract: Terrestrial evapotranspiration (ET) connects land water cycle with land energy cycle. Analysis of the 

spatio-temporal variation of ET in Huai River basin helps understand the response of water cycle in Chinese climate 

transition zone to global climate change and provide some valuable information for prediction of the change of wa-

ter resource in that region in the future. Based on water balance model in Huai River basin, this study validated the 

accuracy and applicability of ET data from Global Land-surface Evaporation: the Amsterdam Methodology 

(GLEAM) using hydrological data. In addition, we also analyzed the interannual spatio-temporal variation of yearly 

and seasonal ET and the annual cycle of the monthly and daily ET in the Huai River basin during the period from 

1980 to 2011 using GLEAM ET data. Results showed that: 1) Compared to the observed precipitation, the precipi-

tation estimated by GLEAM ET data had lower mean relative error (MRE 8.0%) and the high correlation coefficient 

(0.94); The GLEAM data showed a high capacity of reflecting the magnitudes and spatial pattern of basin-scale ET 

in Huai River basin; 2) The mean annual ET of Huai River basin was 673 mm during the period of 1980–2011; 3) 

GLEAM model showed that the spatial variation of mean annual ET value ranged from 528 to 848 mm during the 

period from January 1, 1980 to December 31, 2011 over Huai River basin, which had a significant difference in 

spatial patterns; GLEAM model also showed that spatial patterns of mean annual ET decreased from the southwest 

to the northeast part of Huai River basin and that the mean annual ET in the southern region of Huai River was 

greater than in the northern region of Huai River; The mean seasonal ET had similar spatial pattern with the mean 

annual ET using the GLEAM ET data over the Huai River basin; 4) the domain-averaged annual ET in Huai River 

basin varied from 588.6 to 767.8 mm and showed a prominent increasing tendency for the period of 1980–2011; 

The GLEAM ET data showed a strong seasonality of ET in Huai River basin with the maxima in August and the 

minima in December; Among four seasons, the summer ET was the largest with the value of 272.0 mm, followed 

by the spring (191.4 mm) and autumn (144.3 mm); The smallest value was 65.0 mm in winter; 5) Spatial distribu-

tion of annual change rate of ET during 1980 to 2011 in Huai River basin every 10 years based on grid scale for all 

of Huai River basin was dominated by the change rate of ET in spring, followed by that in summer and autumn. The 

effect of ET changing rate in winter on annual ET was quite weak. Annual ET in most area over Huai River basin 

had an increasing tendency. Overall, this study can provide valuable information for monitoring and forecasting ex-

treme hydrometeorological events, such as flood and drought. It can also provide decision-making reference for 

water resource management in Huai River basin. 

Keywords: remote sensing; evapotranspiration; soils; Huai River basin; GLEAM data; spatial and temporal varia-

tion 

CLC number: S161.4; P426.2 

0 Introduction 

Terrestrial evapotranspiration (ET) mainly includes veg-

etation transpiration, soil evaporation and canopy intercep-

tion evaporation. ET is the component of terrestrial energy 

balance as well as terrestrial water balance. The moisture 

enters air from ocean and land through ET. The ocean ET 

accounts for about 85% of the global ET and terrestrial ET 

accounts for only 15%. Although the portion of the terres-

trial ET is smaller, it provides 60%–70% of water vapor 

source 
[1]

. The moisture is evaporated along with energy 
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conversion. Although the terrestrial ET can absorb about 3/5 

of the net surface radiation 
[2]

, it can influence precipitation 

and meanwhile the consumed energy has cooling effect. 

Therefore, ET is also called the link between the land water 

cycle and energy cycle 
[3]

. 

The portion of the terrestrial ET in Huai River basin is 

large in precipitation. The effect of global warming on the 

moisture content and general atmospheric circulation in 

atmosphere may influence the processes of precipitation, 

ET, etc. Therefore, full knowledge of spatial and temporal 

variation of the terrestrial ET facilitates the understanding 

of regional water cycle, and is also valuable for occurrence 

mechanism of extreme hydrometeorological events such as 

flood, drought, and hot wave 
[4]

. 

In recent decades, global flux network has accumulated 

relatively reliable ET observation sequence, but the site 

observation value cannot provide the spatial distribution 

characteristics of regional ET and the layout of flux site is 

very sparse in China. Based on the water balance equation, 

yearly and annual large-scale ET can be obtained accurately, 

but it is difficult to obtain ET spatial distribution with high 

time resolution (daily and monthly scales) 
[1]

. At present, the 

remote sensing technology is the most admissive method 
[5–6] 

to estimate the large-scale ET and has high timeliness, 

providing a new approach for the large-scale ET study. 

Some methods of the remote sensing estimation for the 

regional ET are based on empirical statistics 
[3, 7]

; others are 

combined with traditional estimation methods (Penman-

Monteith and Priestley-Taylor formulas) based on physical 

process 
[8–10]

. The terrestrial precipitation comes from ter-

restrial ET to a great extent and the amount of ET is also 

closely related with the soil humidity. The moisture content 

of soil is the supply source of terrestrial ET. In most meth-

ods of the remote sensing estimation for ET, soil humidity is 

not definitely considered, which may influence ET detectiv-

ity of soil moisture control area 
[11]

. 

Global land-surface evaporation: the Amsterdam meth-

odology (GLEAM) considers the effect of soil humidity, 

controls atmospheric demands by using observed precipita-

tion, topsoil humidity and the moisture content of vegeta-

tion 
[8]

, and adopts Priestley-Taylor model with the physical 

mechanism as the core method to invert the ET during 

1980–2011. GLEAM product was verified in the world 

through observation data by the eddy covariance system. 

The result showed that the ET inverted by the GLEAM 

model can well describe ET of various ecosystems 
[8]

. 

The ET product inverted by the remote sensing, water 

balance model or climate model has different accuracy lim-

its of spatial and temporal scales. At present, only Fisher 
[9]

 

and Miralles 
[8]

 used the soil humidity observed by the re-

mote sensing as the constraint condition to estimate ET; 

however, ET inverted by Fisher, the mean monthly ET dur-

ing 1986–1993, has short sequence and coarse time accura-

cy. Mu 
[10]

 estimated the global ET (MOD16) on the 8 d, 

monthly and yearly scales of the 1 km × 1 km underlying 

surface covered by global vegetation during 2000–2010. 

Such data set is used by thousands of users. The data set has 

fine spatial accuracy, but the time sequence is shorter and 

the time accuracy is coarser than GLEAM product. 

There are few studies on terrestrial ET in Huai River ba-

sin, and the studies 
[12] 

are not based on terrestrial ET. 

Therefore, it is lack of the overall knowledge of terrestrial 

ET over the basin. Under the global climate change back-

ground, the ET change in Huai River basin is unclear during 

1981–2012. In the paper, combined with hydrological data 

of the basin, GLEAM remote sensing ET was used to eval-

uate the application accuracy of GLEAM product in Huai 

River basin on the basin scale, thereby comprehensively 

understanding the spatial and temporal variation of ET in 

Huai River basin during 1981–2012. 

1 Methods and materials 

1.1 Overview of study areas 

Huai River basin is in the east part of China, between 

Yangtze River basin and Yellow River basin 

(111°55'–121°25' E, 30°55'–36°36' N), with the basin area 

of 270,000 km
2
. With abandoned Yellow River as the 

boundary, Huai River basin includes Huai River and Yishusi 

River. The west, south and northeast parts of the basin are 

mountainous areas and hilly areas, accounting for about 1/3 

of total area; other regions are plains, lakes and depressions. 

Huai River belongs to the transition zone between the 

northern subtropical region and the warm temperate zone; it 

is the important boundary of climate between south and 

north China. Precipitation is abundant in Huai River basin. 

The mean annual precipitation is about 888 mm and the 

annual runoff is about 230 mm. During flood season from 

June to September, precipitation accounts for 50%–70% of 

total annual precipitation, and decreases progressively from 

the south to the north. Precipitation is more in mountainous 

areas than in plains and more in coast than in the inland. 

Moreover, the regional distribution is not uniform and the 

interannual variability is great. Due to the terrain (high 

west, concave middle and flat east) of Huai River basin, 

water is easy to collect but difficult to drain, and the climate 

has transitivity and instability, resulting in frequent occur-

rence of drought and flood disasters in Huai River basin and 

aggravating the vulnerability of the ecological environment 

(Fig. 1). 

1.2 Hydrological data of the basin 

In order to verify the accuracy of GLEAM product, pre-

cipitation and runoff data of Huai River sub-basin during 

2001–2010 were selected. The quantitative relation between 

hydrological elements of precipitation, runoff and terrestrial 

ET in the basin was analyzed on the yearly scale based on 

the water balance equation. The runoff date is from CHINA 
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Fig. 1  Map of Huai River basin and its sub-basins 

WATER RESOURCES BULLETIN published by the Min-

istry of Water Resources of the People’s Republic of China 

(http://www.mwr.gov.cn/zwzc/hygb/szygb/qgszygb/). The 

applicability of GLEAM ET was estimated and verified 

according to the Water Balance Equation (1). 

 
Where: P is precipitation, mm; R is runoff including surface 

runoff and groundwater runoff, mm; ΔS is the dynamic 

change of moisture storage capacity in the underlying sur-

face of the basin, which can be neglected on yearly or annu-

al scales 
[13–14]

. 

1.3 GLEAM methodology and products 

GLEAM product was developed and provided by the re-

searcher Miralles from Department of Hydro Meteorology, 

School of geographical sciences, University of Bristol. Such 

algorithm can be used to calculate all compositions of ET: 

vegetation transpiration (Et), canopy interception evapora-

tion (Ei), bare soil evaporation (Eb), snow sublimation 

evaporation (Es) and water surface evaporation (Ew). 

GLEAM methodology 
[8, 11, 15]

 is used to calculate potential 

ET (Ep) based on Priestley-Taylor equation; the equation 

refering to the data of the net surface radiation (Rn) and the 

surface temperature (T) is easier than Penman-Monteith 

equation and also has the physical mechanism. Then Et and 

Eb of each grid can be estimated through the multiplication 

of Ep and the evaporation forcing factor (S); S is obtained 

on the basis of vegetation optical thickness (τ, which refers 

to the moisture content of vegetation) and the slope of soil 

humidity (θ) in the root zone. 

GLEAM methodology divides each 0.25° × 0.25° grid 

into three types of underlying surfaces: tall vegetation, short 

vegetation and bare soil. The soil in the root zone of the tall 

vegetation includes three layers: 0–15 cm (the first layer), 

15–100 cm (the second layer) and 100–250 cm (the third 

layer). The soil in the root zone of the short vegetation is 

composed of two layers (0–15 cm and 15–150 cm), and the 

bare soil includes one layer (0–15 cm). The multilayer soil 

humidity (θ) on the daily scale was calculated using water 

balance according to precipitation P of infiltration vertical 

to soil profile minus ET calculated in previous steps. The 

observation value (θobs) of the ground soil humidity ob-

tained through microwave was also assimilated into soil 

profile. Ei was estimated with Gash analysis model which 

was driven by P and in which various vegetation character-

istics (e.g., water storage capacities of tall vegetation, can-

opy, etc.) were considered. Ew and Es were calculated on the 

basis of Priestley-Taylor equation. GLEAM methodology is 

characterized by: 1) taking into consideration the effect of 

soil humidity on ET; 2) detailed parameterization for the 

calculation of Ei; 3) observation of data (including data sets 

on cloudy day) by widely using microwave. Schematic of 

GLEAM methodology is shown in Fig. 2. For the GLEAM 

model used in this study, the spatial resolution is 0.25°, the 

time resolution is 1 d, and the time span is 1980–2011. 

1.4 Research methods 

1) Data processing 

The masks of Huai River basin and sub-basins were ob-

tained on the basis of ArcGIS and the characteristics of wa-

ter system. The grids were extracted by using Matlab in 

accordance with the mask in Huai River basin, and then 

daily data of GLEAM ET in each grid was obtained. The 

monthly, seasonal and yearly ET data were obtained through 

integration of daily data. The arithmetic mean method was 

used to calculate the mean annual ET in each grid and then 

the spatial distribution of the mean annual ET in Huai River 

basin was obtained by using Arc GIS; in the same method, 

the spatial distribution of seasonal ET in Huai River basin 

was obtained and the mean annual ET in sub-basins was 

processed. The season definition is spring (from March to 

May), summer (from June to August), autumn (from Sep-

tember to November) and winter (from December to next 

February). 

 

Fig. 2  Schematic of GLEAM methodology 

Note: Ds is snow water equivalents; Rn is net radiation; T is air temperature; 

θobs is surface soil moisture; τ is vegetation optical depth; P is precipitation; 

Et is transpiration; Ei is interception loss; Eb is bare-soil evaporation; Es is 
sublimation; Ew is open-water evaporation. 
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For the convenience of problem presentation, the analy-

sis and study were conducted specially in accordance with 

City distribution of Huai River basin (Fig. 3). 

 

Fig. 3  City distribution of Huai River basin 

2) Data accuracy evaluation 

When accuracy evaluation is conducted for the remote 

sensing ET GLEAM product, some quantitative indexes are 

required for the analysis of remote sensing evaluation re-

sults. The root mean square error (RMSE), mean relative 

error (MRE), mean absolute error (MAE) and Pearson cor-

relation coefficient (r) are regarded as criterions of accuracy 

evaluation. 

3) Yearly changing evaluation indexes of ET 

By using the least square method, yearly and seasonal ET 

changing trends are obtained in each grid during 

1980–2011, and the formula is: 

 
Where: K is the change rate of 10a in mm/10a; n is the pe-

riod of 1980–2001 and is set to 32; ETi is the yearly (or 

seasonal) ET in the i
th

 year. The correlation between annual 

value and time sequences (years) was used to judge yearly 

ET changing trend. When K is negative value, it means that 

ET shows a decreasing trend; when K is positive value, it 

means ET shows an increasing trend. The spatial distribu-

tion of the yearly and seasonal changing rate in Huai River 

basin was obtained using ArcGIS. 

2 Results and analysis 

2.1 Accuracy evaluation of GLEAM model 

The accuracy evaluation of applicability of GLEAM ET 

product was conducted by using the statistical data of pre-

cipitation and runoff in Huai River basin and its sub-basins 

during 2001–2010. Fig. 4 is the comparison of observed and 

estimated precipitation in Huai River basin and sub-basins 

during 2001–2010. It can be seen from the figure that the 

observed precipitation has good consistency with the sum 

(hereinafter referred to as estimated precipitation) of ET and 

runoff (Figures 4a–e). The further error analysis shows that 

the MRE of observed and estimated precipitation is lower in 

Huai River basin and sub-basins during 2001–2010 and is 

generally controlled at about 10%. RMSE (183.2 and 150.6 

mm) and MAE (146.7 and 120.7 mm) are higher in the 

lower reach of Huai River and Yishusi region. The verifica-

tion results of upper and middle reaches of Huai River and 

over Huai River basin has higher accuracy. GLEAM prod-

uct is applied in these regions preferably. Overall, the higher 

ET by GLEAM product simulation has certain relationship 

with the abundant hydrothermal conditions, high vegetation 

index and large area of forestry in the basin. It was found 

through analysis that the years with high errors are that with 

low precipitation. The errors may appear to a certain extent 

in the evaluation according to Formula (1), and in fact the 

occurrence of errors may not be completely caused by ET of 

the remote sending retrieval. 

Through analysis of observed and estimated mean annual 

precipitation in all sub-basins, it was found that they 

showed significantly positive correlation, with RMSE of 

94.0 mm, MRE of 8.0%, MAE of 78.0 mm and r of 0.94 

(Fig. 4f). 

Therefore, the accuracy of the GLEAM ET product is 

accordant with the requirements in Huai River basin and 

can be used to analyze and investigate the spatial and tem-

poral variation of ET in Huai River basin. 

2.2 Spatial distribution characteristics of mean 

annual ET in Huai River basin 

Cai et al. 
[12]

 found that the mean solar radiation and 

sunshine duration in the northern region of Huai River basin 

were more than that in the southern region of Huai River 

and the relative humidity was less than that in the southern 

region of Huai River, so ET in the northern region of Huai 

River basin was greater than that in the southern region of 

Huai River. As shown in Fig. 5, the spatial distribution of 

mean annual ET in Huai River basin is just opposite to the 

study result by Cai 
[12]

, i.e., ET was lower in the northern 

region of Huai River basin than that in the southern region 

of Huai River. 

The spatial changing range of mean annual ET in Huai 

River basin is 528–848 mm, and the spatial difference is 

significant (Fig. 5a). Tongbai Mountain (Xinyang area) and 

Dabie Mountain (Liu’an area) have typical characteristics of 

mountain climate with moderate climate and abundant rain-

fall. The mean annual temperature is 12.5 °C. The mean 

annual precipitation is about 1,400 mm and the maximum is 

even up to 2,700 mm. The rainstorm is strong and quite 

frequent. With rich hydrothermal conditions, the mean an-

nual ET in the region is greater. The mean annual ET is 

lower in the northern region of Huai River basin such as the 

north of East Henan plain (Zhengzhou and Kaifeng), north
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Fig. 4  Comparison of observed and estimated precipitation in Huai River basin and sub-basins 

of West Shandong plain (Jining and Heze) and Yimeng 

Mountain area (Linyi and Rizhao) and higher in the eastern 

part of Huai River basin (Yancheng in the east part of the 

North Jiangsu plain) (Fig. 3 and Fig. 5a). 

 

Fig. 5  Spatial distribution of annual ET and seasonal ET over 

Huai River basin during 1980–2011 

Due to the effect of environmental factors such as solar 

radiation, surface temperature, precipitation, soil humidity 

and wind speed, the spatial distribution difference of sea-

sonal ET in Huai River basin is significant (Fig. 5b–e). ET in 

four seasons has similar spatial distribution characteristics, 

that is, gradually decreasing from the southwest to the north-

east. ET in each season is smaller in the northern region of 

Huai River than in the southern region of Huai River. 

The southerly wind, temperature and precipitation in-

crease in spring. The precipitation is 90–300 mm which 

accounts for 13%–30% of the annual precipitation; it is 

lower in spring than in autumn in the northern region of 

Huaibei, and lower than in summer in other regions. With 

the spatial changing range of 133–249 mm in spring (Fig. 

5a), ET is higher in Tongbai Mountain and Dabie Mountain 

located in the southwest of the basin. In spring, winter 

wheat greens up over the winter and crop growth needs 

much water. Due to the effect of manual irrigation water 

intake, ET is great in agricultural irrigation regions such as 

the northwest, northeast and east parts of Huai River basin, 

within 133–164 mm. 

In summer, precipitation is abundant within 360–670 

mm, accounting for 42%–66% of yearly precipitation. The 

high temperature and great solar radiation provide favorable 

conditions for ET. The plant is in the growth period, vegeta-

tion is luxuriant; and vegetation transpiration, soil evapora-

tion and water evaporation are exuberant. Therefore, ET 
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increases in summer, with spatial changing range of 

218–335 mm (Fig. 5c). The spatial distribution of ET in 

summer is basically consistent with that of total annual ET. 

In autumn, the northerly wind increases, precipitation 

significantly decreases, and the weather is clear with abun-

dant sunlight. Precipitation is within 125–240 mm, which 

accounts for 16%–23% of total yearly precipitation. ET also 

decreases and its spatial distribution is within 120–189 mm 

(Fig. 5d). 

In winter, because of Mongolia cold high pressure, the 

weather is dry-cold, and rain and snow are rare. Precipita-

tion is between 22–110 mm, which accounts for 3.5%–10% 

and is least in the year. The spatial changing range of ET is 

41–99 mm and the values are low in various regions (Fig. 

5e). 

Overall, the yearly ET in Huai River basin is highest in 

summer, followed by that in spring, autumn and winter 

successively. The mean value of each season respectively 

accounts for 40.4%, 28.4%, 21.4% and 9.7% of yearly ET. 

2.3 Spatial distribution characteristics of mean 

annual ET during 1980–2012 

Due to large agricultural acreage, distribution of yearly 

ET is not uniform. ET shows a prominent increasing ten-

dency from January to May, probably because: ① precipi-

tation and temperature increase, and vegetation greens up in 

spring; ② cropping pattern is mainly crop rotation of win-

ter wheat and summer maize in the northern region of Huai 

River. The jointing and heading stages of winter wheat are 

in the early and middle April and late April respectively. 

The filling stage is in May during which water needed by 

wheat is most and ET is also greatest. Therefore, ET shows 

the first peak value of 78.5 mm in May. ET reduces slightly 

in June due to the decrease of vegetation transpiration 

caused by wheat harvest. At the beginning of June, wheat is 

harvested and summer maize is sowed. With abundant hy-

drothermal conditions in Huai River basin in summer, the 

maize grows rapidly and reaches the vegetative and flower-

ing stages from the end of June to July. During the period, 

biomass increases rapidly and vegetation transpiration rais-

es 
[16]

. Grassland and forests also grow luxuriantly and so 

does transpiration. Because of such conditions, ET increases 

rapidly from June to July in Huai River basin and reaches 

the maximum of 101.0 mm in August. It decreases rapidly 

in September and October, and reaches the minimum of 

17.9 mm in December. The change of ET from November 

to February is slow. The yearly distribution of ET is nearly 

accordant with the yearly changing trend of normalized dif-

ferent vegetation index (NDVI) in Huai River basin 
[17]

. 

Many studies also show that there is a significant correla-

tion between ET and NDVI 
[18]

. Seasonal ET exhibits the 

trend as follows: summer (272.0 mm) > spring (191.4 

mm) > autumn (144.3 mm) > winter (65.0 mm) (See Fig. 

6a). Fig. 6b is annual daily mean ET in Huai River basin. 

ET is about 2.5 mm/d in May and 3.3 mm/d in July. In Oc-

tober, vegetation is at the non-growing stage, and mean-

while ET reduces continuously due to gradual decrease of 

temperature and sunshine duration. In December, ET is very 

low and the mean daily ET is only about 0.6 mm/d. 

 

Fig. 6  Monthly and daily ET over Huai River basin during 

1980–2011 

2.4 Changing characteristics of ET in Huai River 

basin during 1980–2011 

Fig.7 shows the annual variation of ET in Huai River ba-

sin during 1980–2011 with the ET changing range of 

588.6–767.8 mm and the mean annual ET of 673 mm. The 

annual ET in the period shows a prominent increasing ten-

dency (the r value of the linear fitting curve reaches 0.384 

and pass the significance testing with the reliability of 0.05) 

with a rising speed of 22.2 mm/10a (See Fig. 7). Cai et 

al. 
[12]

 found that ET in Huai River basin showed a decreas-

ing tendency during 1960–2008 and the changing trend of 

the potential ET was opposite to terrestrial ET. Wang et 

al. 
[17] 

found that NDVI in most regions (71.3%) of Huai 

River basin had a significant increasing tendency during of 

1999–2007, suggesting that the whole vegetation coverage 

was improved significantly in the basin. The increasing 

tendency of ET in Huai River basin studied in the paper is 

identical with overall vegetation change. 

Fig. 8 shows the linear changing rate (marked as K, 

mm/10a) of annual and seasonal ET over Huai River basin 

during 1980–2011. Obvious decrease (K < −10), slight de-

crease (−10 ≤ K < −3), almost no change (−3 ≤ K ≤ 

3), slight increase (3 < K < 10), obvious increase (10 ≤ K 

< 30) and prominent increase (30 ≤ K < 70) are defined in 

accordance with the value range of K. 
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Fig. 7  Changing trend of ET over Huai River basin during 

1980–2011 

Note: R2 represent determination coefficient. Year sequence is considered 

as 1 for 1980. 

 

Fig. 8  Changing rate of annual and seasonal ET over Huai River 

basin during 1980–2011 

As shown in Fig. 8a, the changing rate of annual ET in 

each grid over Huai River basin is −22–70 mm/10a. The 

region where yearly ET in Huai River basin decreases is 

small and is mainly distributed in the east part of Huai River 

basin, and Yancheng and Sheyang areas in the east part of 

the North Jiangsu plain. Yearly ET shows a decreasing ten-

dency in these regions, which is possibly related to the de-

velopment of industrialization and urbanization in recent 

years. Due to the increase of construction area, cultivated 

land, forests and grassland are embezzled, and vegetation 

coverage also decreases; subsequently ET reduces. Yearly 

ET shows an increasing tendency in other regions, espe-

cially in the south and northeast parts of Huai River basin 

where the rising speed is very fast and is within 30–70 

mm/10a. These regions are mainly distributed in Kaifeng 

and Shangqiu of East Henan plain, Liu’an, Huainan and 

Chuzhou. In these regions, NDVI is very high 
[17]

 and ET 

shows an increasing tendency. The main reasons are as fol-

lows: 1) the current rapidly-developed agricultural windbreak 

network and protection forest system in plain area of Huai 

River basin and vegetation recovery engineering such as 

returning cultivated land to forests and grassland play a 

role; 2) hydraulic engineering measures such as reservoir 

operation, diversion irrigation from rivers and riverside 

pumping make the residence time of the surface water 

overlong, causing the increase of ET. 

Overall, the spatial distribution (Fig. 8b) of changing 

trend of ET in spring is almost accordant with variation of 

ET in the whole year. These regions where ET shows a 

prominent increasing tendency are mainly in East Henan 

plain in the west inland of Huai River basin possibly be-

cause of the current rapidly-developed plain forests and 

agricultural windbreak network in Huai River basin 
[17]

; 

summer ET shows an increasing tendency in most regions 

of Huai River basin and a prominent decreasing tendency in 

Yancheng in the east part of the North Jiangsu plain (Fig. 

8c). The changing rate of autumn ET is almost unchanged in 

East Henan plain and West Shandong plain and shows a 

slightly increasing tendency in other regions (Fig. 8d). The 

changing rate of winter ET is low, being unchanged in about 

50% of the regions and tending to slightly increase in other 

regions (Fig. 8e). It can be seen from Fig. 8 that the chang-

ing trend of annual ET is dominated by spring and summer, 

and subsequently by autumn. Winter ET slightly influences 

the changing trend of annual ET. 

3 Conclusions 

The terrestrial ET process is very complex and the re-

mote sensing estimation of the regional ET has many limit-

ing factors and great uncertainty. GLEAM model is used for 

the study on the characteristics of the spatial and temporal 

distribution in the paper. The main conclusions are as fol-

lows: 

1) The accuracy verification result of the basin scale 

shows that the GLEAM product has a high simulation ac-

curacy for Huai River basin. 

2) The mean annual ET is 673 mm in Huai River basin 

during 1980–2011. 

3) The spatial distribution of the mean annual ET in Huai 

River basin shows a gradually increasing tendency from the 

southwest part to the northeast part of Huai River basin; 

from the view of the spatial distribution of seasonal ET in 

the basin, the spatial distribution of seasonal ET is nearly 

accordant with that of yearly ET. 

4) From the changing characteristic of the mean annual 

ET in Huai River basin, the changing rate of the mean an-

nual ET is 588.6–767.8 mm and shows a prominent in-

creasing tendency. As shown by the yearly distribution law, 

ET shows unimodal distribution and concentrates on the 

period from May to September, with obvious seasonal 

change: summer (272.0 mm) > spring (191.4 mm) > autumn 

(144.3 mm) > winter (65.0 mm). 
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5) The changing rate of the yearly ET based on the grid 

scale is mainly caused by the change in spring, successively 

summer and autumn, and lastly winter in which there exists 

the slightest effect. 

Satellite remote sensing technology has some advantage 

in estimating ET in large areas. GLEAM model with high 

temporal–spatial resolution and long data sequence can ob-

tain the characteristics of ET in Huai River basin through 

data analysis. The relationship between the variation of re-

gional ET and driving factors is very complex. The analysis 

of changing characteristic of ET in Huai River basin still 

needs to be verified. Therefore, meteorological factors (so-

lar radiation, sunshine duration, temperature, etc.) and 

quantitative analyses of vegetation coverage and NDVI 

need further studies. 
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Abstract: Dough mixing is the key step in noodle production, which has a great influence on noodle quality and 

performance in subsequent processing. During the noodle dough mixing, there is a limited development of gluten 

due to low water addition (only 30%−37% moisture content), resulting in crumbly dough pieces. Studying the state 

and distribution of water in noodle dough has important implications for better understanding physical and chemical 

changes during dough mixing, illuminating the effect of water on noodle processing and providing the guidance for 

mixing technology optimization. In this study, 3 kinds of wheat flour with different qualities were used as test mate-

rials, and the noodle doughs (with the moisture content of 35%) were made by vacuum mixing at different vacuum 

degrees and mixing time. The state and distribution of water in sheeted noodle dough were determined by low-field 

nuclear magnetic resonance (LF-NMR) and differential scanning calorimetric (DSC). The correlation between the 

results of water state detected by the 2 techniques was also analyzed. The results showed that 3 spin-spin relaxation 

time constants, namely T21, T22 and T23, were identified by the LF-NMR experiments using the 

Carr-Purcell-Meiboom-Gill (CPMG) pulse sequences. The second category of water (T22, 0.49–21.54 ms) repre-

sented the less tightly bound water, and made up almost 80% of the total moisture in noodle dough. The gluten 

content and quality of wheat flour had influence on the state and distribution of water in noodle dough, and the mo-

bility of water in dough from strong gluten wheat (Jimai 20) was lower than that from other 2 weak gluten wheats. 

According to the effects of vacuum degree on T2 and its corresponding peak area, the vacuum mixing at 0.06 MPa 

may promote the interaction of water and gluten protein, and result in a decrease in the molecular mobility of water 

in noodle dough. And non-vacuum condition or excessive vacuum (0.09 MPa) could also increase the molecular 

mobility of water in dough. For Jimai 20 and Jimai 22, the mobility of water was low in noodle dough after being 

mixed for 8 min, and the mixing time of deficiency (4 min) or excess (12 min) could lead to significantly higher 

water mobility as evidenced by LF-NMR and DSC. While for the flour of Ningchun 4 with low protein and gluten 

content, the water mobility was low in dough after mixed for 4 min; with mixing time prolonging, the fraction of 

less mobile water decreased and the more mobile fraction increased. The results of water state in noodle dough 

measured by LF-NMR and DSC were consistent. The change tendency for the less tightly bound water (T22) de-

tected by LF-NMR was the same to that for freezable water detected by DSC, and the change tendency for the 

tightly bound water (T21) was the same to that for non-freezable water. LF-NMR technique is accurate, sensitive, 

convenient and non-destructive, which is the preferred technique to analyze the state and distribution of moisture in 

food.  

Keywords: vacuum; mixing; nuclear magnetic resonance (NMR); differential scanning calorimetric (DSC); low 

moisture noodle dough; water state and distribution 

CLC number: TS213.2 

0 Introduction 

The wheat flours can develop into viscous and extensible 

dough after being mixed with a suitable amount of water, 

which in essence means the formation of gluten network 

structure through the hydration effect of flour proteins and 

during which the expanded starch granules are wrapped in 

the structure 
[1]

. The moisture plays an important role in 

the formation of dough, and its content, distribution and 

the binding degree with other ingredients has a great in-

fluence on the appearance, internal structure and quality of 

the final products 
[2-3]

. Studying the state and distribution 

of water in noodle dough has important implications for 
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better understanding physical and chemical changes during 

dough mixing, illuminating the effect of water on noodle 

processing and providing guidance for mixing technology 

optimization. 

The two typical techniques of low-field nuclear magnetic 

resonance (LF-NMR) and differential scanning calorimet-

ric (DSC) are usually used to characterize the state, distri-

bution and mobility of water in polymer system. As for the 

working principle of LF-NMR, it makes use of the spin-

relaxation property of hydrogen proton in magnetic field to 

analyze the state, distribution and migration of water ac-

cording to the change of relaxation time. The shorter trans-

verse relaxation time (T2) indicates the lower mobility of 

water in dough samples and the more tightly binding with 

non-aqueous ingredients; the longer of T2, the higher mobil-

ity of water 
[4]

. When it comes to DSC, it determines the 

different states of water according to the difference of crys-

tallization behaviors between the free water and freezable 

bound water 
[5]

. 

There are a few researches focused on the application of 

NMR and DSC techniques in the analysis of distribution 

and state of water in dough and its final products. Ruan et 

al. 
[6]

 once carried out researches on the water in dough 

(with the moisture content of 12%−45%) by using NMR 

and analyzed T2 by using discrete model and continuous 

model respectively; in discrete model, 3 groups of protons 

with different relaxation times were found; in continuous 

model. 5 groups of protons were found when the moisture 

content in dough was higher than or equal to 23%. Through 

conducting the relevant researches, Doona and Baik 
[7]

 

pointed out that water shows different state in model dough 

with moisture content of 41.1% and this phenomenon is 

caused by the binding with other ingredients or the ex-

change with bound water in different ways; the interaction 

between water and starch plays a dominant role in the mo-

bility of water in dough. Assifaoui et al. 
[8]

 studied the char-

acterization of water mobility in biscuit dough using 

LF-NMR, during which the water was divided into 2 parts 

according to T2, i.e., T21 and T22; T21 is about 2 ms, repre-

senting the water in starch or the water which is tightly 

bound with gluten protein; T22 is about 12 ms, representing 

the water between macromolecules which shows higher mo-

bility and is easily influenced by the moisture content, su-

crose content and temperature change of dough. Lin et al. 
[9]

 

studied the effect of different kinds of denatured starch on 

the content of freezable water in frozen dough by using 

DSC technique. Lin et al. and Chen et al. 
[10-11]

 studied the 

migration of water during dough formation (with moisture 

content of 45%) by using NMR and MRI techniques; 

meanwhile, the water addition, formation time and gluten 

state of dough were determined according to the state and 

distribution of water. Esselink et al. 
[12]

 studied the molecu-

lar and microstructural changes that can take place during 

industrial dough processing with the help of rheometer, 

NMR and scanning electron microscopy (SEM) and found 

that the structure of dough with 56% moisture content be-

comes coarse which is accompanied with the decrease of 

viscosity and the increase of water mobility after the extru-

sion step; after molding, the structure of dough becomes 

compact and both T2 and water mobility are decreased. 

Chen et al. 
[13]

 studied the water mobility in bread during 

storage by using NMR relaxation technique, through which 

it was found that the proton density of T21 (water with the 

lowest mobility) is increased while T23 (water with the 

highest mobility) and the corresponding proton density are 

decreased during the storage of bread; combining with the 

decrease of T1, it indicated that the water mobility in bread 

is decreased. Lai et al. 
[14]

 studied the distribution and mi-

gration of water during the cooking and storage of noodles 

with the help of MRI technique and found that the hardness 

change during storage is related to the migration of water in 

noodles. 

Different from the traditional dough with moisture con-

tent of about 50%, the industrial noodle dough is a kind of 

loose dough with moisture content of 32%−35% and dis-

continuous gluten which can form continuous network 

structure after extrusion and rolling 
[15]

. The ideal noodle 

dough is expected to possess appropriate and uniform water-

absorption, loose granules and consistent size as well as 

sound viscosity and extensibility of gluten 
[16–18]

. However, 

there are few researches on the water state and distribution 

in low moisture noodle dough at present and thus the effect 

of vacuum degree and mixing time on the water state is not 

clear. In addition, there lack a systemic comparison and 

analysis of the determination results between NMR and 

DSC. 

Aiming to study the state of water in noodle dough and 

understand the effect of vacuum degree and mixing time on 

water state, 3 kinds of wheat flour with different qualities 

were used as test materials in this study, and the noodle 

doughs (with the moisture content of 35%) were made by 

vacuum mixing at different vacuum degrees and mixing time. 

The state and distribution of water in low moisture noodle 

dough were determined by LF-NMR and DSC techniques. 

The correlation between the results of water state detected by 

the 2 techniques was also analyzed. This study was of great 

significance in providing the guidance for mixing technology 

optimization, adjusting the characteristics of products, select-

ing suitable analysis method for water state and illuminating 

the effect of water on noodle processing. 

1 Materials and methods 

1.1 Tested materials 

Jimai 20, Ningchun 4 and Jimai 22 were recruited as test 

materials which were provided by Crop Research Institute, 

Shandong Academy of Agricultural Sciences (Jimai series) 

and Bayannur Academy of Agricultural and Animal Scienc-

es (Ningchun 4) respectively. They were the main wheat 
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cultivars in China and the grains were harvested in 2012. 

The moisture content and hardness were determined after 

the grains were removed. The wheats were tempered by 

reference to NY/T 1094.1-2006 Wheat Experimental Mill-

ing Part 1: Equipment, Sample Preparation, and Tempering. 

The water addition was determined according to the hard-

ness of grains, finally 16.5% for hard wheat and 15.5% for 

medium-hard wheat. The wheats were tempered for 24 h 

and the wheat flour was milled by using Buhler MLU 202 

laboratory mill with flour yield of about 70%. 

Quality-determination methods for wheat flour: Perten DA 

7200 near-infrared analyzer was used to determine the con-

tents of ash and protein by reference to Determination of 

Ash Content in Wheat Flour–Near-infrared Method (GB/T 

24872-2010) 
[19]

 and Crude Protein Determination in Wheat 

Flour – Near-Infrared Method (GB/T 24871-2010) 
[20]

. The 

Brabender 827504 farinograph was used to determine farino-

graph parameter by reference to Wheat Flour– hysical Charac-

teristics of Doughs–Determination of Water Absorption and 

Theological Properties Using a Farinograph (GB/T 14614- 

2006) 
[21]

. The Brabender 860033/002 extensograph was used 

to determine extensograph parameter by reference to Wheat 

Flour–Physical Characteristics of Doughs–Determination of 

Theological Properties Using an Extensongraph (GB/T 

14615-2006) 
[22]

. The Brabender MVAG803202 rapid trace 

viscosity analyzer was used to determine the pasting property 

of starch by reference to General Pasting Method for Wheat or 

Rye Flour or Starch—Using the Rapid Visco Analyzer (GB/T 

24853-2010) 
[23]

. 

Table 1 shows the flour quality properties of wheat culti-

vars. The protein and wet gluten contents in Jimai 20 were 

higher; besides, the stability, the maximum resistance and 

the extensibility were obviously higher than those of Jimai 

22 and Ningchun 4, so Jimai 20 belonged to strong gluten 

flour 
[24]

; and its starch pasting showed larger difference 

with that of Jimai 22 and Ningchun 4. Compared with Jimai 

22, the protein and wet gluten contents in Ningchun 4 were 

lower while the stability and maximum resistance of dough 

were higher. Jimai 22 and Ningchun 4 were both medium-

gluten wheat flours. 

1.2 Main instruments and equipment 

Vacuum and surface machine (Henan Dongfang Noodle 

Machine Group Co., Ltd.); JMTD-168/140 testing noodle 

machine (Beijing Oriental Info-technology Development 

Center); Q-200 differential scanning calorimetric (DSC) 

(TA Instruments); NMI 20-030H-I magnetic resonance im-

aging and analysis system (Shanghai Niumag Corporation); 

MLU 202 laboratory mill (Switzerland Buhler); DA 7200 

near-infrared analyzer (Sweden Perten);827504 farinograph 

(Germany Brabender); 860033/002 extensograph (Bra-

bender); MVAG803202 rapid trace viscosity analyzer (Bra-

bender). 

1.3 Experimental design for dough mixing 

An amount of 1,000 g wheat flours were precisely 

weighed and then poured into vacuum and surface machine 

with addition of appropriate amount of distilled water to 

control the moisture content as 35%, finally the vacuum and 

surface machine was started; low-speeding mixing was 

firstly conducted for 1 min (70 r/min) and then the 

high-speed mixing was conducted for 3 min (120 r/min) and 

then the low-speed mixing (70 r/min) was conducted again 

for required time; the vacuum pump was started after 1 min 

low-speeding mixing. 

The previous studies carried out by the author indicate 

that 0.06 MPa was considered as the optimal degree for 

noodle mixing and the mixing at non-vacuum or excessive 

vacuum conditions will result in the decrease of noodle 

quality; the ideal vacuum mixing time was 8 min 
[25]

. Table 

2 shows the design for the combination of vacuum degree 

and mixing time. The mixing time was set as 8 min, i.e., 1 

min for low-speed mixing, 3 min for high-speed mixing and 

4 min for low-speed again. The vacuum degree was set as 0, 

0.06 and 0.09 MPa; the mixing time was set as 4, 8 and 12 

min when the vacuum degree was 0.06 MPa. 

Table 2  Experimental design 

 
Note: Numbers in brace indicated low-speed mixing time + high-speed 

mixing time + low-speed mixing time.

Table 1  Flour quality properties of wheat cultivars 
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1.4 LR-NMR analysis 

The loosed dough was made into dough sheets with 

thickness of 4−5 mm after being extruded and rolled in 

testing noodle machine; the dough sheets were directly ex-

truded for 1 time at the centre distance of 4.0 mm and then 

folded and extruded again for 2 times. The dough sheets 

were cut into square with side length of about 2 mm and 

then placed in the 30 mm special tube for NMR and then 

put in the centre of radio frequency (RF) coil which was in 

the centre of permanent magnetic field (with intensity of 0.5 

T), finally scanned by using the Carr-Purcell-Meiboom-Gill 

(CPMG) pulse sequences to identify the spin-spin relaxation 

time T2. Parameters setting: sampling size TD = 10,004, 

sampling frequency SW = 100.00 kHz, sampling interval 

TW = 500 ms, Echo Count = 1,000, Echo Time = 100 ms 

and cumulative number NS = 64. The data were stored after 

detection and the inversion spectra of transverse relaxation 

times T2 in dough samples was obtained after inversion 

procedure. The different peaks in T2 inversion spectra rep-

resent the different states of water and the total value of 

signal amplitude in the coverage area of each peak repre-

sented the moisture content correspond to the state; besides, 

the percentage between the integral area of each peak and 

the total peak area represented the relative moisture content 

of different states in dough 
[6, 26]

. Three T2 constants were 

expressed as T21, T22 and T23 according to the values (T21 < 

T22 < T23). The lower relaxation time indicated the more 

tightly binding of water with substrate, the longer relaxation 

time indicates the higher water mobility 
[4-6]

. Each sample 

was determined for 2 times and the results were expressed 

as mean value ± standard deviation. 

1.5  Differential scanning calorimetry (DSC) 

analysis 

The loosed dough was made into dough sheets with 

thickness of 1–2 mm after being extruded and rolled in 

testing noodle machine; the dough sheets were directly ex-

truded for 1 time, folded and extruded for 2 times at the roll 

distance of 4.0 mm, and then extruded for 3 times at the roll 

distance of 3.0, 2.0 and 1.0 mm respectively. About 20 mg 

dough sheets were precisely weighed and then carefully 

placed into aluminum crucible (close to the bottom), sealed 

and fixed at the DSC supporter which was calibrated with 

indium. With the sealed empty crucible as a comparison 

substance, and under the nitrogen atmosphere (with a flow 

rate of 40 mL/min), the room temperature (20 ºC) de-

creased to −40 ºC and then increased to 40 ºC, both at the 

rate of 5 ºC /min. Finally, the DSC analysis curve was ob-

tained, as shown in Fig. 1, with which the enthalpy change 

and temperature during crystallization and melting can be 

recorded. Each sample was determined for 2 times and the 

results were expressed as mean value ± standard deviation. 

Water state analysis: supposed that the enthalpy value 

ΔH0 (334 J/g) of water in dough is the same as that of pure 

 

Fig. 1  Differential scanning calorimetry (DSC) analysis of water 

in sheeted noodle dough 

water, then the freezable water (Wfro) content can be calcu-

lated out according to the enthalpy change ΔH of endother-

mal peak around 0 ºC 
[5]

. 

 
Where: ΔH is the enthalpy change per unit mass obtained 

from the endothermal peak area by DSC curve, J/g; ΔH0 is 

the enthalpy change per unit mass of pure water, J/g. 

The non-freezable (Wnf) water content was obtained by 

the total moisture content minus the freezable water content. 

1.6 Statistical analysis 

Excel 2007 was used to conduct data handling and chart 

drawing. And variance analysis was performed for the test 

data obtained under different processing conditions with the 

help of One-Way ANOVA programme of SPSS 16.0 and the 

multiple comparisons were done with LSD (Low Speed 

Data) method; the correlation analyses were made by Biva-

riate Correlations programme, using Pearson correlation 

coefficients and the Two-tailed significance test. 

2 Results and analysis 

2.1 State analysis of water in low moisture noodle 

dough by using LF-NMR 

Fig. 2 shows the water inversion result of transverse re-

laxation times T2 in doughs from three wheat flours which 

are mixed for 8 min at vacuum degree of 0.06 MPa. There 

are 3 peaks on each curve which represent 3 water states. 

T21 (0.01−0.44 ms) represents tightly bound water, mainly 

bound with starch or gluten proteins; T22 (0.49−21.54 ms) 

represents less tightly bound water, mainly bound within 

macromolecules such as proteins and starch with mobility 

between that of tightly bound water and free water; T23 

(32.75−151.99 ms) represents free water 
[13, 27-18]

. As shown 

in Fig. 2, the peak of T22 is the main peak, whose signal am-

plitude makes up almost 80% of total signals, suggesting 

that the main water state is less tightly bound water in the 

preferable noodle doughs. It can be also observed that there 

exist differences of water state and distribution among the 3 
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kinds of wheat flour doughs. The peak time (5.74 ms) of 

Jiami 20 dough is shorter than that of Jimai 22 dough (6.60 

ms) while the peak time (6.36 ms) of Ningchun 4 falls in 

between; the T22signal amplitude of Jiami 20 dough is sig-

nificantly higher lower than that of Ningchun 4 dough and 

Jimai 22; besides, its T21 signal amplitude is significantly high-

er (P < 0.05). The results indicate that the water mobility of 

Jimai 20 dough is the weakest and the water is tightly bound 

with other ingredients. Through study and investigation, Um-

bach et al. 
[29]

 hold that water in dough is more tightly bound 

with proteins than with starch. Jimai 20 belongs to strong glu-

ten wheat and the doughs made from it exhibits lower water 

mobility due to the higher contents of proteins and wet gluten, 

compact gluten structure and strong binding capacity for water. 

The difference of water state in the 3 wheat flour doughs may 

be caused by the difference of starch properties. Doona and 

Baik 
[7]

 hold that the interaction between water and starch plays 

an important role in the water mobility in dough. However, the 

specific reasons and the relevant mechanisms need to be fur-

ther studied and confirmed. 

 

Fig. 2  Water inversion results of transverse relaxation times T2 

in sheeted noodle doughs from three wheat flours 

Note: Mixing for 8 min at vacuum degree of 0.06 MPa. 

Table 3 shows the effects of vacuum degree on relaxation 

times T2 and the corresponding peak area A2 of sheeted 

noodle dough. The vacuum degree shows no significant 

effect on T21, T22 and A23 (P > 0.05). For Jimai 22, T23 of 

doughs made at the vacuum degree of 0.06 MPa is signifi-

cantly lower than that of doughs made under non-vacuum 

mixing (P < 0.05). For Jimai 20 and Ningchun 4, A21 of 

doughs made at the vacuum degree of 0.06 MPa and 0.09 

MPa is significantly higher than that of doughs made under 

non-vacuum mixing; besides, A22 is also significantly lower 

(P < 0.05). The above results show that vacuum mixing at 

0.06 MPa may promote the tight binding of water with other 

ingredients and then result in the lower water mobility. 

Table 4 shows the effects of mixing time on T2 relaxation 

times and the corresponding peak area A2 of sheeted noodle 

dough. The mixing time shows no significant effect on T21, 

T22 and A23 (P > 0.05). For Jimai 20, T23 and A22 of doughs 

after being mixed for 8 min is significantly lower than that 

of doughs after being mixed for 4 min; besides, A21 is sig-

nificantly higher (P < 0.05). For Ningchun 4, A21 of doughs 

after being mixed for 12 min is significantly lower than that 

of doughs after being mixed for 4 min; besides, A22 is sig-

nificantly higher (P < 0.05). For Jimai 22, A21 of doughs 

after being mixed for 8 min is significantly lower than that 

of doughs after being mixed for other times; besides, A22 is 

relatively lower. For Jimai 20 and Jimai 22, the mobility of 

water is low in noodle dough after being mixed for 8 min, 

and the mixing time of deficiency (4 min) or excess (12 

min) can lead to significantly higher water mobility; while 

for Ningchun 4, the tightly bound water (T21) is decreased 

and the less tightly bound water (T22) is increased with 

mixing time prolonging. 

2.2 State analysis of water in low moisture noodle 

dough by using DSC 

Tables 5 and 6 show the effects of vacuum degree and 

mixing time on melt enthalpy change, freezable water and 

non-freezable water in sheeted noodle dough. From Table 5, 

it can be known that vacuum degree shows no significant 

effect on the contents of freezable and non-freezable water 

in Jimai 22 doughs (P > 0.05). For Jimai 20, the contents of 

melt enthalpy change and freezable water in the doughs 

made under vacuum mixing (0.06, 0.09 MPa) are signifi-

cantly lower than those in the doughs made under 

non-vacuum mixing. For Ningchun 4, the contents of melt 

enthalpy change and freezable water in the doughs made at 

the vacuum degree of 0.06 MPa are significantly lower than 

that in the doughs made at the vacuum degree of 0.09 MPa 

(P < 0.05). Through analysis, it can be confirmed that the 

content of freezable water in doughs made under suitable 

vacuum mixing (0.06 MPa) is relatively lower.

Table 3  Effects of vacuum degree on relaxation times T2 and populations of sheeted noodle dough 

 
Note: Different letters within columns are significantly different at P < 0.05, the same below. Mixing time was fixed at 8 min. 
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Table 4  Effects of mixing time on T2 relaxation times and populations of sheeted noodle dough 

 
Note: Vacuum degree was fixed at 0.06 MPa. 

Table 5  Effects of vacuum degree on melt enthalpy change, 

freezable water and non-freezable water in sheeted noodle dough 

 
Note: Mixing time was fixed at 8 min. 

Table 6  Effects of mixing time on melt enthalpy change, freeza-
ble water and non-freezable water in sheeted noodle dough 

 
Note: Vacuum degree was fixed at 0.06 MPa. 

From Table 6, it can be observed that the mixing time 

show no significant effect on non-freezable water. For Jimai 

20, the contents of melt enthalpy change and freezable wa-

ter in the doughs after being mixed for 8 min are signifi-

cantly lower than that of doughs after being mixed for 4 

min. For Jimai 22, the contents of melt enthalpy change and 

freezable water in the doughs after being mixed for 8 min 

are significantly lower than that of doughs after being 

mixed for 12 min (P < 0.05). As a whole, the content of 

freezable water in doughs is low after being mixed for 8 

min, which indicates that the water mobility is low; besides, 

the mixing time of deficiency or excess could lead to the 

significantly higher water mobility. 

2.3 Correlation analysis of results of water state 

measured by LF-NMR and DSC 

Table 7 shows the correlation analysis of results of water 

state in sheeted noodle dough measured by LF-NMR and 

DSC. The freezable water Wfro measured by DSC shows sig-

nificant negative correlation with the peak area of transverse 

relaxation time A21 (r = −0.726, P < 0.01), and shows signifi-

cant positive correlation with A22 (r = 0.695, P < 0.01). In 

addition, the non-freezable water Wnf, transverse relaxation 

time T22 and peak area A22 have significant negative correla-

tion and the correlation coefficients are −0.714 (P < 0.01) and 

−0.520 (P < 0.05) respectively. And Wnf has significant posi-

tive correlation with the peak area A21 (r = 0.564, P < 0.05). In 

spite of the different mechanisms of detection, the results of 

water state in noodle dough measured by LF-NMR and DSC 

are consistent; the change tendency for the less tightly bound 

water (A22) detected by LF-NMR is the same to that for 

freezable water detected by DSC, and the change tendency 

for the peak area of tightly bound water (A21) is the same to 

that for non-freezable water. 

Table 7  Correlation analysis of results of water state in sheeted 
noodle dough measured by LF-NMR and DSC 

 
Note: * represents significance at P < 0.05 level, ** represents significance P 

< 0.01level. 

3 Discussion 

In this study, the effect of vacuum degree on the state and 

distribution of water in low moisture noodle doughs has 
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been studied. The vacuum mixing at 0.06 MPa can decrease 

water mobility and promote its structuralization as evi-

denced by LF-NMR and DSC. In the preliminary study on 

the effect of vacuum mixing on the structural property of 

low moisture noodle doughs, the author found that vacuum 

mixing at 0.06 MPa could improve dough texture and make 

its structure more compact and the gluten formation was 

more uniform 
[30]

. The two studies reveal that suitable vac-

uum mixing could promote the interaction between mois-

ture and gluten proteins and promote the formation of 

dough structure from different aspects. This study also in-

dicated that the non-vacuum or excessive vacuum might 

result in the increase of water mobility in dough, which was 

accord with the previous finding that “the optimal vacuum 

degree is 0.06 MPa” 
[25]

. 

The effect of mixing time on the state and distribution of 

water in low moisture noodle doughs were also studied in 

this study. For Jimai 20 and Jimai 22, the mobility of water 

was low in noodle dough after being mixed for 8 min, and 

the mixing time of deficiency or excess could lead to sig-

nificantly higher water mobility as evidenced by LF-NMR 

and DSC; this finding is consistent with the previous state-

ment that “the optimal mixing time is 7.2 min” 
[25]

. This is 

because that the deficient mixing time could result in the 

nonuniform distribution of water and the inadequate hydra-

tion of gluten proteins; the excessive mixing time could 

result in the more input of mechanical energy and further 

result in the increase of dough temperature, contributing to 

the unnecessary extensibility of gluten and the decrease of 

water-holding capacity. For Ningchun 4, the tightly bound 

water in dough was decreased while the less tightly bound 

water was increased with mixing time prolonging, which 

may be caused by the lower proteins and strong wet glutens, 

and then the gluten proteins can finish water absorption 

within shorter mixing time 
[11]

; continued to mix and the 

materials hit and rubbed with each other under the effect of 

external mechanical force, and then the tightly bound water 

in gluten network started to slowly free. With strong gluten, 

sound binding and holding capacity, Ningchun 4 dough 

shows no significant difference when it is mixed for 8 min; 

after being mixing for 12 min, the water state is significant-

ly different from that of dough after being mixing for 4 min 

(P < 0.05) (Table 4). 

The results of water state in noodle dough measured by 

LF-NMR and DSC were consistent (P < 0.05). The trans-

verse relaxation time for less tightly bound water T22 and 

the non-freezable content Wnf shows significant negative 

correlation (r = −0.714). T22 represents the binding degree 

of less tightly bound water and its decrease indicates the 

more tightly bound water; the non-freezable water refers to 

the water which is tightly bound with macromolecular sub-

stances and shows no phase transition within the test tem-

perature range; therefore, the decrease of T22 may result in 

the increase of non-freezable water. A21 represents the 

tightly bound water content in dough. This part of water is 

mainly common in starch grains and difficult to be freeza-

ble 
[27]

, shows significant positive correlation with the non-

freezable content measured by DSC (r = 0.564, P < 0.05). 

LF-NMR technique characterized with sound accuracy and 

repeatability can maintain the integrity of samples and the 

measuring results are less affected by samples shape and 

size; therefore, it is considered as a convenient, effective 

and non-destructive technique 
[31]

. In addition, it has the 

advantage of image and can directly observe the proton 

density images of different layers in dough samples, which 

has great importance to the analysis of structural properties. 

When it comes to DSC technique, it reflects the water-

binding conditions through the crystallization behavior and 

fails to directly provide the physical conditions of bound 

water in foods; furthermore, the cooling and heating may 

result in some physical and chemical changes and it fails to 

accurately reflect the water-binding property. In this study, 

LF-NMR technique is found to be sensitive to provide de-

tailed information about water state. Through LF-NMR 

analysis, it can be known that the vacuum degree shows 

significant influence on Jimai 22 dough T23 and A21, and the 

mixing time shows significant influence on Ningchun 4 

dough A21 and A22. Through DSC analysis, the vacuum de-

gree shows no significant influence on the water-binding 

state of Jiamai 22 dough, and the mixing time shows no 

significant influence on the water-binding state of Ningchun 

4 dough. 

4 Conclusions 

1) Water in noodle dough with moisture content of 35% 

are mainly less tightly bound water, accounting for almost 

80% of the total moisture in noodle dough. There are dif-

ferences of the state and distribution of water in wheat flour 

doughs with different protein contents and glutens. The 

doughs made from strong gluten wheat (Jimai 20) shows 

lower water mobility. 

2) Vacuum mixing at 0.06 MPa can promote the interac-

tion between water and gluten protein, result in the decrease 

of molecular mobility of water in noodle dough and the 

structuralization of moisture; the non-vacuum or excessive 

vacuum will result in the increase of water mobility in 

dough. 

3) For Jimai 20 and Jimai 22, the mobility of water is low 

in noodle dough after being mixed for 8 min, and the mix-

ing time of deficiency or excess could lead to significantly 

higher water mobility. For Ningchun 4 with lower content 

of proteins and wet glutens, the water mobility is lower after 

being mixed for 4 min; the tightly bound water decreases 

and less tightly bound water increase after continuous mix-

ing. 

4) The water states measured by LF-NMR and DSC in 

noodle dough are consistent. The change tendency for the 

peak area of less tightly bound water detected by LF-NMR 
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is the same to that for freezable water detected by DSC (r = 

0.695), and the change tendency for the peak area of tightly 

bound water is the same to that for non-freezable water (r = 

0.564). LF-NMR technique is accurate, sensitive, conven-

ient and non-destructive, which is the preferred technique to 

analyze the state and distribution of water in food. 
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