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Abstract 
The development of characteristic agriculture in Nanling-Jing County requires an in-depth understanding 
of the surface soil beneficial/heavy metals, elemental distribution characteristics, differences and potential 
ecological effects. Nanling-Jing County national commodity grain base is a famous Nanling rice production 
area and has been designated as a national good-quality rice base and national commodity grain base. It is 
necessary to obtain information on the distribution characteristics and the comprehensive effects of the 
beneficial elements of the farmland topsoil. In this study, Nanling-Jing County national commodity grain 
base, Anhui province was chosen as the research object for the determination of soil organic matter (SOM); 
major elements (N P, and K); and minor elements (B, Mo, Cu, Zn, Fe, and Mn). A total of 541 soil samples 
were collected in the topsoil layer and subjected to geostatistics, principal composition analysis, membership 
functions methods, and GIS technology application. The study area was divided into five sections according 
to the characteristics of the geomorphic unit, surface water drainage basin, and groundwater system, as well 
as the land-use conditions and crop types. The distribution and comprehensive effects of beneficial elements 
were different among the five sections; minor elements were the restricting factors for the farmland in the 
eastern plain, whereas minor and major elements’ synthetic action affected the farmland fertility in the central 
plain and southern mountain areas. In contrast, the farmland fertility in the western hilly area was controlled 
by the combined influence of SOM, and minor and major elements. All major elements and the minor 
elements B and Mo were the restricting factors for farmland soil fertility, the deficiency of which would have 
negative impacts on soil fertility, and the enrichment of Cu and Zn will enhance soil fertility. There was a 
significant difference in the distribution of the beneficial elements comprehensive factor among the five 
sections, the high-value area of comprehensive factor was same as the distribution of the K, B, Mo, Cu and 
Zn high-value areas. Research results can provide a theoretical basis for the construction of permanent and 
high standard basic farmland and grain safety and production increase. 
Keywords: national commodity grain base, farmland topsoil, beneficial elements, comprehensive effects, 
ecological effect 
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INTRODUCTION 
“Beneficial elements” refer to the elements and 

components that occur in the topsoil (tillage layer) of 
farmland and have major beneficial effects on the 
growth of crops (Cheng et al. 2015). Farmland 
beneficial elements include soil organic matter (SOM); 
N, P, K, and other elements necessary for crop growth; 
and trace elements affecting crop metabolism, yield, and 
quality (Cui et al. 2014). The beneficial elements are 

influenced by the comprehensive functions of soil 
parent material, soil type, soil forming process, 
geomorphic terrain, climate, soil physicochemical 
properties, and human activities, showing a high spatial 
difference and dual characteristics of structure and 
randomness (Lü et al. 2014). Geostatistics and GIS 
technology are effective means to analyze the spatial 
variation of elements (Ministry of Land and Resources 
of the People’s Republic of China 2016, Shi et al. 2017). 
Many scholars have conducted research on the 
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beneficial elements in soil. However, previous studies 
have focused on the single component of SOM (Wang 
et al. 2012, Webster 1985, Xi et al. 2013); available N, P, 
and K (Dong et al. 2016, Shi and Li 2006, Zhang et al. 
2016); or trace elements (Su et al. 2011, Wang 2017). 
Most of the research studies have focused on analyzing 
the spatial distribution characteristics of beneficial 
elements, and studies focusing on the comprehensive 
effects of beneficial elements are rather rare. 

Nanling-Jingxian County national commodity grain 
base is an important production area of rice, wheat, 
potato, and other grain crops in China. The famous 
Nanling rice produced in the area has been approved by 
the Ministry of Agriculture as a National Geographic 
Indicators Protection Product (Wang et al. 2016, 2017). 
In this study, the elements and components of SOM, 
N, P, K, and trace elements (B, Mo, Cu, Zn, Fe, and 
Mn) in the surface soil of the farmland, were selected as 
beneficial elements and components. In order to 
provide a theoretical basis for the construction of 
permanent and high standard basic farmland and grain 
safety and production increase, the distribution 

characteristics and comprehensive effects of beneficial 
elements in farmland farming layer were examined. 

DATA AND METHODS 

Research Area 
The research area is located in the Anhui Nanling-

Jing County national commodity grain base in the 
Wanjiang economic belt on the south coast of the 
middle and lower reaches of the Yangtze River, China 
(30°35′20″–31°10′40″N, 117°57′30″–118°31′30″E; Fig. 
1). The study area has a total area of 880 km2. The key 
areas of research involved eight towns, including Xu 
Zhen, Ji Shan, Yi Jiang, and Jia fa, as the main grain-
producing areas. The average temperature in the study 
area is 15.8°C. The annual average precipitation is 
1317.4 mm, which is mainly concentrated between 
April and July, accounting for 50% of the total annual 
precipitation. The annual average evaporation is 1055.1 
mm. The terrain inclines from southwest to northeast. 
The eastern part is the Qingyi River Valley plain, the 
northeastern part is water network polder plain, the 
southwest, and the northwest part contains low hills. 
The main rivers are Yijiang, Zhanghe, and Zi Fu. The 
main lake is Kui Hu. Groundwater flows from the 
southwestern mountainous areas to the northeastern 
plains, drains to the Qingyi and Zhanghe rivers, and 
eventually flows into the Yangtze River system. 

Sampling and Testing of Soil Samples 
Soil samples were collected during 7–8 months of 

2015, before the early rice harvest and late rice base 
fertilizer application. The layout principle of sampling 
points and sampling methods strictly follow the 
“Determination of Land Quality Geochemical 
Evaluation” (Wang et al. 2001). 

Soil samples are all located in the layout point in the 
agricultural land (Fig. 2). The plum sampling mode was 
applied to ensure the representativeness of the spatial 
distribution of soil samples. When each group of soil 
samples was collected, four auxiliary sampling points 
are arranged at the center sampling point, which radiate 
50–100 m into the surrounding area. The soil in the 0–
20 cm tillage layer was collected vertically, mixed 
equally, and packed into plastic bags, to a total sample 
weight of more than 1 kg. A total of 541 groups of soil 
samples were collected. 

Soil samples were air dried at room temperature. 
After removing animal and plant residues, gravel, and 
larger impurities, the soil samples were screened to 2 
mm or 0.074 mm, according to the technical 
requirements of the test specifications. 

 
Fig. 1. The location and scale of the study area 
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Soil samples were tested and analyzed by the Hebei 
provincial geological and mining center laboratory. The 
laboratory is a professional testing unit issued by the 
Geological Survey Bureau of China and the competent 
department of the state. Test items included: pH, SOM, 
ammonium-N, nitrate-N, available P, available K, and 
soil trace elements B, Mo, Cu, Zn, Fe, and Mn and their 

availability. The standards and instruments for testing 
are listed in Table 1. 

Evaluation Method 
Sample test data processing 

Excel and SPSS 16.0 were used to describe the basic 
statistics of soil test data, GS+ for Windows 5 was used 
to analyze the semi-variance structure of test data and 
model fitting, and the spatial analysis module of ArcGIS 
10.0 was used to interpolate the data and generate maps. 

Membership function model evaluation method 
The membership function is a functional expression 

equation for evaluating the relationship between 
various elements in farmland soil and the growth effect 
curve of crops. According to the effects of elements on 
the growth, development, and yield of crops, the 
functional models can be divided into three types: top-
down type, top-down type, and peak-down type. 

The membership function type of beneficial 
farmland characteristic elements for promoting crop 
growth and increasing crop yield is the top-down 
function type. The indexes of the membership function 
include all kinds of soil fertility elements (SOM, 
available N, P, and K, etc.) and trace elements of all 
nutrients. The peak type function is a parabolic 
function, and the index of the function is farmland soil 
pH. 

The expressions of membership function and peak 
membership function are as follows: 

 𝑓𝑓 (𝑥𝑥) ＝

⎩
⎨

⎧
0.1 (𝑥𝑥 ≤ 𝑥𝑥1) 

0.1 +
0.9(𝑥𝑥 − 𝑥𝑥1)
𝑥𝑥2 − 𝑥𝑥1

 (𝑥𝑥1 < 𝑥𝑥 < 𝑥𝑥2) 

1 (𝑥𝑥 ≥ 𝑥𝑥2) 

 (1) 

 𝑓𝑓 (𝑥𝑥) ＝

⎩
⎪⎪
⎨

⎪⎪
⎧

0.1 (𝑥𝑥 ≤ 𝑥𝑥1, 𝑜𝑜𝑜𝑜 𝑥𝑥 ≥ 𝑥𝑥4) 

0.1 +
0.9(𝑥𝑥 − 𝑥𝑥1)
𝑥𝑥2 − 𝑥𝑥1

 (𝑥𝑥1 < 𝑥𝑥 < 𝑥𝑥2) 

1.0 (𝑥𝑥2 ≤ 𝑥𝑥 ≤ 𝑥𝑥3) 

1.0 −
0.9(𝑥𝑥 − 𝑥𝑥3)
𝑥𝑥4 − 𝑥𝑥3

 (𝑥𝑥3 < 𝑥𝑥 < 𝑥𝑥4) 

 (2) 

where x1, x2, x3, and x4 are the values at the inflection 
points of the membership function curve, and the 
inflection points are determined in accordance with 
“Determination of Land Quality Geochemical 
Evaluation” (DZ/T 0295-2016). The inflection point of 
the membership function was the first and fifth grade 
indexes in the soil nutrient index (Table 2). The 
inflection point of the peak type membership function 
is the change in soil pH. 

 
Fig. 2. The positions of soil samples within the study 
area 

Table 1. Items and standard testing method of soil 
samples analysis 

Test item Analytical method 
standards Test and analysis instrument 

Soil pH LY/T1239-1999 Ion meter 
Organic 
matter 

LY/T1237-1999 Glass gauge 

Ammoniu
m-N LY/T1231-1999 Diffuser pan glass gauge 

Nitrate-N LY/T1230-1999 Spectrophotometer 

Available P LY/T1233-1999 
Inductively coupled plasma 

spectrometer 

Available K LY/T1236-1999 Inductively coupled plasma 
spectrometer 

B DD2005-01 Emission spectrometer 

Available B LY/T1258-1999 Inductively coupled plasma 
spectrometer 

Mo DD2005-01 
Inductively coupled plasma 

spectrometer 
Available 

Mo LY/T1259-1999 
Inductively coupled plasma 

spectrometer 
Available 

Cu 
LY/T1260-1999 Inductively coupled plasma 

spectrometer 
Available 

Zn 
LY/T1261-1999 Inductively coupled plasma 

spectrometer 

Available Fe LY/T1262-1999 Inductively coupled plasma 
spectrometer 

Available 
Mn NY/T890-2004 

Inductively coupled plasma 
spectrometer 
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Comprehensive evaluation method of soil nutrient 
geochemistry 

In this study, the weighting method of weight 
coefficient in fuzzy mathematics theory was used to 
calculate the integrated beneficial elements index (IBI) 
in farmland soil. On the basis of determining the 
subordinate degree of the soil fertility and beneficial 

trace elements, the IBI of soil beneficial elements based 
on Formula 3 was calculated as follows: 

 𝐼𝐼𝐼𝐼𝐼𝐼 = �𝑓𝑓𝑖𝑖

𝑛𝑛

𝑖𝑖�1

× 𝑤𝑤𝑖𝑖 (3) 

where 𝑓𝑓𝑖𝑖 is the membership degree of the characteristic 
element, 𝑤𝑤𝑖𝑖  is the weight value of the characteristic 
element, and n is the number of selected characteristic 
elements. 

RESULTS AND DISCUSSION 

Division of Units in the Study Area 
Following the hydrodynamic connection and 

zoning rule of the same basin water cycle system. Soils 
in same partition have a single material source, similar 
hydrogeological conditions, and human activities. The 
topographic and geomorphological characteristics, 
geological and sedimentary environment 
characteristics, hydrogeological conditions, 
groundwater burial and land use types, and the 
boundary conditions of groundwater dynamic field 
were also considered. The study area was divided into 
five sections, recorded as Section I, Section II, Section 
III, Section IV, and Section V (Fig. 3). The 
characteristics of each partition are shown in Table 3. 

Table 2. Standard classification of beneficial elements for farmland soil (Wang et al. 2001) 
Index 

Classification standard 
First class Second class Third class Fourth class Fifth class 

SOMa >40 30–40 20–30 10–20 ≤10 
Available N >150 120–150 90–120 60–90 ≤60 
Available P >40 20–40 10–20 5–10 ≤5 
Available K >200 150–200 100–150 50–100 ≤50 
Available B >2 1–2 0.5–1 0.2–0.5 ≤0.2 

Available Mo >0.3 0.2–0.3 0.15–0.2 0.1–0.15 ≤0.1 
Available Cu >1.8 1.0–1.8 0.2–1.0 0.1–0.2 ≤0.1 
Available Zn >3 1–3 0.5–1 0.3–0.5 ≤0.3 
Available Fe >20 10–20 4.5–10 2.5–4.5 ≤2.5 
Available Mn >30 15–30 5–15 1–5 ≤1 

Remarks: First class indicates that the soil nutrient content is very abundant, second class indicates that the soil nutrient content is abundant, third class indicates 
that the soil nutrient content is moderate, fourth class indicates that the soil nutrient content is slightly deficient, and fifth class indicates that the soil nutrient content 
is deficient. aSOM content is in g/kg, and the other nutrient indexes are in mg/kg 

 
Fig. 3. Division of Nanling-Jing County commodity 
grain base into five units (Sections I–V) 

Table 3. Details of the five research section units (Sections I–V) 
Section unit Section I Section II Section III Section IV Section V 

Area (km2) 268 390 183 296 253 

Landform Qingyi River floodplain and 
terrace 

Alluvial-lacustrine 
plain 

Alluvial-proluvial 
plain 

Undulatory shallow hill 
plain 

Low hills, hilly land 

Depositional 
environment Alluvium 

Alluvial-lacustrine in 
the north, alluvium in 

the south 
Alluvial, proluvial 

Alluvial-lacustrine, 
slope deposit, residual 

deposit 

Slope deposit, residual 
deposit, diluvial-alluvial 

Direction of 
groundwater flow 

From south to north From southwest to 
northeast 

From southwest to 
northeast 

From southwest to 
northeast and from west to 

east 

From northeast to 
southwest 

Groundwater 
depth (m) 3–6 0.5–5 <2 <3 1–4 

Crop Dryland crops such as corn, 
soybeans and cucurbits 

Main rice Rice and wheat Soybeans and tea gardens Woodland 
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Characteristics of Beneficial Elements in Topsoil 
of Farmland Area 

The basic statistical characteristics of the beneficial 
elements in the surface soil of the study area are shown 
in Table 4. 

The results show that the average pH of surface soil 
was 6.03, indicating an acidic soil; the average SOM 
content was 17.3 g/kg; the average contents of available 
element N (the sum of ammonium-N and nitrate-N), 
P, and K were 8.23 mg/kg, 6.11 mg/kg, and 72.2 mg/kg, 
respectively; and the average contents of Mo, Cu, Zn, 
Fe, and Mn were 61.7 mg/kg, 0.643 mg/kg, 22.7 mg/kg, 
68.8 mg/kg, 31.5 g/kg, and 580 mg/kg, respectively. 

The results showed that the Cv values of soil 
beneficial elements ranged from 8.4% to 129% in the 
study area, showing substantial spatial variation among 
the different beneficial elements. Further analysis 
showed that the Cv of pH was 8.4%, and the spatial 
variability was weak; the Cv of nitrate-N was 129%, and 
the Cv of other beneficial elements ranged from 18.2% 
to 63.9%. The spatial variability of the contents of 
various beneficial elements from large to small was 
nitrate-N > available P > ammonium-N > available K 
> Mn > SOM > Zn > Mo >Cu > B > Fe > pH. 

Comprehensive Evaluation of Beneficial 
Elements in the Topsoil of Farmland 

Weight characteristics of the beneficial element effect 
Principal component analysis (PCA) was used to 

determine the weight of beneficial elements in the 
surface soil of five zones in the farmland, as shown in 
Table 5(a)–(e). 

The results showed that there were five principal 
component factors with eigenvalues greater than 1 in 
the topsoil of the farmland in Section I (Table 5a), and 
the cumulative contribution rate was 76.2%. It is clear 
that these five principal component factors could reflect 
all the index information. Among the beneficial 
elements of soil in Section I, the weights of available 
Mo, B, and Zn were the highest, and that of 
exchangeable Mn was the smallest at only 0.004. 

In Section II, there were four principal component 
factors with eigenvalues greater than 1, and the 
cumulative variance contribution rate was 65.6% 
(Table 5b). Among the beneficial elements, the 
weights of available B, K, Zn, P, and Mo were the 
highest, being 0.232, 0.230, 0.228, 0.222, and 0.218, 
respectively. The weights of pH, available N, and SOM 
were smaller, being 0.036, 0.048, and 0.067, 
respectively. 

Table 4. The statistical characteristics of farmland topsoil beneficial elements 
 Min 

(mg/kg) 
Max 

(mg/kg) 
Mean 

(mg/kg) Standard deviation Skewness Kurtosis Coefficient of variation (%) 

pH 4.55 7.49 6.03 0.508 0.232 −0.132 8.4 
SOMa 4.3 33.2 17.3 0.542 0.254 −0.175 31.4 

Ammonium-N 0.54 24.91 8.23 4.11 0.73 0.011 58.41 
Nitrate-N 0 7.03 0.73 0.237 0.399 −0.159 129 
Available P 0.33 17.8 6.11 3.90 −0.41** 0.616** 63.9 
Available K 22.8 147 72.2 26.4 −0.198** −0.395** 36.6 

B 25.3 92.9 61.7 12.2 −0.201 −0.165 19.7 
Mo 0.28 1.13 0.643 0.158 0.441 0.161 24.6 
Cu 10.3 36.2 22.7 4.53 0.06 −0.405 20.0 
Zn 32.9 123 68.8 19.9 0.353 −0.853 28.9 
Feb 17.1 47.3 31.5 0.573 −0.178 −0.469 18.2 
Mn 192 1184 580 202 0.478 0.04 34.8 

Remarks: aSoil organic matter (SOM), bFe content given in g/kg; ** The data are lognormally distributed, and skewness and kurtosis are logarithmic. 

Table 5a. Results of principal component and factor weights of beneficial element effects for Section I 
Beneficial elements 

Principal component 
Weight 

1 2 3 4 5 
pH 0.026 −0.452 0.543 0.488 0.224 0.090 

Organic matter 0.775 −0.159 −0.368 0.142 0.083 0.097 
Available N 0.182 0.49 −0.634 0.184 −0.141 0.043 
Available P −0.281 0.831 0.102 −0.102 −0.225 0.068 
Available K 0.096 0.477 −0.133 0.128 0.671 0.185 
Available B 0.277 0.442 0.13 −0.114 0.598 0.209 

Available Mo 0.225 0.497 0.526 0.247 −0.132 0.220 
Available Cu 0.885 −0.134 0.047 0.171 −0.131 0.157 
Available Zn 0.346 0.616 0.249 0.246 −0.302 0.205 
Available Fe 0.837 −0.138 0.081 −0.285 −0.121 0.093 

Exchangeable Mn 0.271 0.078 0.286 −0.807 0.05 0.004 
Eigenvalue 2.53 2.25 1.31 1.22 1.08 — 

Cumulative variance contribution rate (%) 22.99 20.48 11.87 11.05 9.81 — 
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In Section III, there were four principal component 
factors with eigenvalues greater than 1, and the 
cumulative variance contribution rate was 62.8% 
(Table 5c). The weights of available B and Zn were 
larger, being 0.240 and 0.218, respectively; the weights 
of exchangeable Mn, available N and Fe were smaller, 
being −0.124, −0.05, and 0, respectively. 

In Section IV, there were three principal component 
factors with eigenvalues greater than 1, and the 
cumulative variance contribution rate was 55.7% 
(Table 5d). These three principal component factors 
can basically represent the characteristic information of 
all indicators. The weights of available K, Cu, and SOM 

were large in the soil of this area, being 0.314, 0.256, and 
0.247, respectively. The weights of exchangeable Mn 
and available P were smaller, being −0.103 and 0.071, 
respectively. 

In Section V, there were four principal component 
factors with eigenvalues greater than 1, and their 
cumulative variance contribution rate was 71.1% 
(Table 5e). The weights of available Zn, N, Fe, and Mo 
were large in the soil of this area, being 0.250, 0.249, 
0.232, and 0.215, respectively. The weights of pH and 
available B were smaller, being −0.063 and −0.011, 
respectively. 

Table 5b. Results of principal component and factor weights of beneficial element effects for Section II 
Beneficial elements 

Principal component 
Weight 

1 2 3 4 
pH −0.431 0.243 0.684 −0.073 0.036 

Organic matter 0.723 −0.222 −0.118 −0.348 0.067 
Available N 0.257 0.236 −0.652 −0.447 0.048 
Available P −0.027 0.725 −0.144 −0.033 0.222 
Available K 0.258 0.706 −0.032 0.292 0.230 
Available B 0.418 0.659 0.143 −0.074 0.232 

Available Mo 0.773 0.143 0.126 0.043 0.218 
Available Cu 0.644 0.301 −0.008 0.101 0.098 
Available Zn 0.62 −0.297 0.333 −0.34 0.228 
Available Fe 0.606 0.03 0.466 0.083 0.119 

Exchangeable Mn 0.713 −0.399 0.025 0.159 0.081 
Eigenvalue 3.41 2.04 1.38 1.03 — 

Cumulative variance contribution rate (%) 28.45 17.01 11.52 8.58 — 
 

Table 5c. Results of principal component and factor weights of beneficial element effects for Section III 
Beneficial elements 

Principal component 
Weight 

1 2 3 4 
pH −0.18 0.803 −0.094 −0.135 0.089 

Organic matter 0.752 −0.216 0.213 0.195 0.195 
Available N 0.504 −0.307 −0.156 −0.534 −0.050 
Available P 0.412 −0.356 0.522 0.303 0.150 
Available K 0.415 0.305 0.554 −0.313 0.199 
Available B 0.294 0.415 −0.05 0.615 0.240 

Available Mo 0.322 0.281 0.314 −0.146 0.160 
Available Cu 0.741 0.299 −0.276 −0.154 0.171 
Available Zn 0.589 0.437 −0.336 0.269 0.218 
Available Fe 0.605 −0.316 −0.366 −0.135 0.000 

Exchangeable Mn 0.03 −0.633 −0.216 0.218 −0.124 
Eigenvalue 2.65 2.04 1.13 1.09 — 

Cumulative variance contribution rate (%) 24.06 18.53 10.26 9.94 — 
 

Table 5d. Results of principal component and factor weights of beneficial element effects for Section IV 
Beneficial elements 

Principal component 
Weight 

1 2 3 
pH −0.357 0.698 0.192 0.103 

Organic matter 0.818 −0.04 0.187 0.247 
Available N 0.452 −0.282 0.306 0.111 
Available P 0.498 −0.391 0.158 0.071 
Available K 0.379 0.337 0.732 0.314 
Available B 0.191 0.474 −0.239 0.123 

Available Mo 0.19 0.39 0.293 0.197 
Available Cu 0.684 0.494 −0.269 0.256 
Available Zn 0.511 0.524 −0.438 0.186 
Available Fe 0.73 −0.179 −0.188 0.123 

Exchangeable Mn 0.267 −0.613 −0.167 -0.103 
Eigenvalue 2.80 2.14 1.20 — 

Cumulative variance contribution rate (%) 25.44 19.44 10.87 — 
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The PCA results show that 11 kinds of beneficial 
elements in the surface soil could be simplified as 3–5 
principal component factors with eigenvalues greater 
than 1. The contribution rate of cumulative variance 
(55.7%) was slightly lower in Section IV; however, the 
contribution rate of cumulative variance of the other 
four sections was 62.8%–76.2%, which could basically 
reflect the information of the 11 beneficial elements. 

Among the weight values of beneficial elements in 
five zones, the major weight elements in Sections I and 
III are trace elements, indicating that the lack or 
enrichment of trace elements is an important factor 
restricting the fertility of farmland soil. While trace 
elements and macroelements had greater weight values 

in the soils of Sections II and V, trace elements, 
macroelements, and SOM had greater weight values in 
soils of Section IV, influencing soil fertility. 

Characteristics of the membership function of the 
beneficial elements 

According to Formulas 1 and 2 and the classification 
standard of soil acidity-alkalinity and nutrient index in 
“Determination of Land Quality Geochemical 
Evaluation (DZ/T 0295-2016)”, the membership 
function model of each element was established (Table 
6). 

Using the membership function model of beneficial 
elements in farmland soil of the study area listed in 

Table 5e. Results of principal component and factor weights of beneficial element effects for Section V 
Beneficial elements 

Principal component 
Weight 

1 2 3 4 
pH 0.41 −0.745 −0.102 −0.047 -0.063 

Organic matter 0.602 −0.475 −0.005 0.389 0.104 
Available N 0.44 0.661 0.267 −0.116 0.249 
Available P −0.083 0.115 0.784 0.117 0.134 
Available K 0.326 −0.465 0.582 −0.05 0.071 
Available B 0.498 0.036 −0.468 −0.487 -0.011 

Available Mo 0.785 0.186 0.12 −0.155 0.215 
Available Cu 0.73 −0.076 −0.157 0.351 0.179 
Available Zn 0.833 0.17 −0.062 0.256 0.250 
Available Fe 0.587 0.563 0.075 −0.147 0.232 

Exchangeable Mn −0.248 0.48 −0.257 0.631 0.075 
Eigenvalue 3.34 2.07 1.37 1.05 — 

Cumulative variance contribution 
rate (%) 

30.32 18.78 12.45 9.58 — 
 

Table 6. Membership functions of beneficial elements effect in the Nanling-Jing County national grain base 
Index Function model Function type Function turning point 

pH 𝑓𝑓 (x) ＝

⎩
⎪
⎨

⎪
⎧

0.1 (x ≤ 5.0, x ≥ 8.5) 

0.1 +
0.9(x − 5.0)

6.5− 5.0
 (5.0 < 𝑥𝑥 < 6.5) 

1.0 (6.5 ≤ x ≤ 7.5) 

1.0−
0.9(x − 7.5)

8.5− 7.5  (7.5 < 𝑥𝑥 < 8.5) 

 Peak type 
Moderate 6.5–7.5 

Strong acid ph ≤ 5.0 
Strong alkali ph ≥ 8.5 

Organic matter 𝑓𝑓 (x) ＝�

0.1 (x ≤ 10) 

0.1 +
0.9(x − 10)

40 − 10  (10 < 𝑥𝑥 < 40) 

1 (x ≥ 40) 

 Upper limit type First class (very rich) ≥40 
Fifth class (poor) ≤10 

Available N 𝑓𝑓 (x) ＝�

0.1 (x ≤ 60) 

0.1 +
0.9(x− 60)

150− 60  (60 < 𝑥𝑥 < 150) 

1 (x ≥ 150) 

 Upper limit type 
First class (very rich) ≥150 

Fifth class (poor) ≤60 

Available P 𝑓𝑓 (x) ＝�

0.1 (x ≤ 5) 

0.1 +
0.9(x− 5)

40 − 5  (5 < 𝑥𝑥 < 40) 

1 (x ≥ 40) 

 Upper limit type First class (very rich) ≥40 
Fifth class (poor) ≤5 

Available K 𝑓𝑓 (x) ＝�

0.1 (x ≤ 50) 

0.1 +
0.9(x− 50)

200− 50  (50 < 𝑥𝑥 < 200) 

1 (x ≥ 200) 

 Upper limit type 
First class (very rich) ≥200 

Fifth class (poor) ≤50 

Available B 𝑓𝑓 (x) ＝�

0.1 (x ≤ 0.2) 

0.1 +
0.9(x− 0.2)

2− 0.2  (0.2 < 𝑥𝑥 < 2) 

1 (x ≥ 2) 

 Upper limit type 
First class (very rich) ≥2 
Fifth class (poor) ≤0.2 

Available Mo 𝑓𝑓 (x) ＝�

0.1 (x ≤ 0.1) 

0.1 +
0.9(x− 0.1)

0.3− 0.1  (0.1 < 𝑥𝑥 < 0.3) 

1 (x ≥ 0.3) 

 Upper limit type First class (very rich) ≥0.3 
Fifth class (poor) ≤0.1 
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Table 6, the average membership degree of the 
comprehensive effects of various beneficial elements in 
surface soil of the five sections were determined, as 
shown in Table 7. 

 

According to the average membership degree of 
beneficial elements in different zones determined by 
the membership model of each element, a radar map of 

the average membership degree of beneficial elements 
was drawn (Fig. 4). Points on the coordinate axis in the 
diagram reflect the average membership degree of 
different beneficial elements in the topsoil of different 
zones. The greater the average membership degree, the 
higher the fertility level of the corresponding beneficial 
elements. 

Table 6 (continued). Membership functions of beneficial elements effect in the Nanling-Jing County national 
grain base 

Index Function model Function type Function turning point 

Available Cu 𝑓𝑓 (x) ＝�

0.1 (x ≤ 0.1) 

0.1 +
0.9(x− 0.1)

1.8− 0.1
 (0.1 < 𝑥𝑥 < 1.8) 

1 (x ≥ 1.8) 

 Upper limit type 
First class (very rich) ≥1.8 

Fifth class (poor) ≤0.1 

Available Zn 𝑓𝑓 (x) ＝�

0.1 (x ≤ 0.3) 

0.1 +
0.9(x− 0.3)

3− 0.3  (0.3 < 𝑥𝑥 < 3) 

1 (x ≥ 3) 

 Upper limit type First class (very rich) ≥3 
Fifth class (poor) ≤0.3 

Available Fe 𝑓𝑓 (x) ＝�

0.1 (x ≤ 2.5) 

0.1 +
0.9(x− 2.5)

20− 2.5
 (2.5 < 𝑥𝑥 < 20) 

1 (x ≥ 20) 

 Upper limit type 
First class (very rich) ≥20 

Fifth class (poor) ≤2.5 

Exchangeable Mn 𝑓𝑓 (x) ＝�

0.1 (x ≤ 1) 

0.1 +
0.9(x− 1)

30 − 1
 (1 < 𝑥𝑥 < 30) 

1 (x ≥ 30) 

 Upper limit type 
First class (very rich) ≥30 

Fifth class (poor) ≤1 

 

Table 7. Membership functions of beneficial elements effect in the five sections (I to V) 

Section 
Average membership degree 

pH 
Organic 
matter 

Available 
N 

Available 
P 

Available 
K 

Available 
B 

Available 
Mo 

Available 
Cu 

Available 
Zn 

Available 
Fe 

Exchangeable 
Mn 

I 0.579 0.100 0.100 0.291 0.248 0.101 0.231 0.994 0.930 1.000 0.520 
II 0.641 0.100 0.100 0.156 0.279 0.100 0.145 0.992 0.943 0.996 0.497 
III 0.531 0.100 0.100 0.213 0.243 0.102 0.132 0.998 0.866 1.000 0.519 
IV 0.594 0.100 0.100 0.202 0.240 0.101 0.168 0.983 0.856 0.984 0.629 
V 0.654 0.100 0.100 0.184 0.251 0.100 0.214 0.999 0.784 0.994 0.479 

 

 
Fig. 4. Radar plot of average membership degree of beneficial elements for Sections I–V 
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As can be seen from Fig. 4, the largest average 
membership degree is available Fe and Cu in the surface 
soil of the five sections, approaching or reaching the 
upper limit of 1. Available Zn had slightly different 
average membership degrees in the five sections, and 
the average membership degrees of available Zn in the 
soils of Sections I and II were highest, reaching 0.930 
and 0.943 respectively; the average membership degrees 
of available Zn in Sections III and IV were slightly lower 
than those of zones I and II, reaching 0.866 and 0.856; 
the average membership degrees of available Zn in 
Section V was the smallest, reaching 0.784. The average 
membership of exchangeable Mn in farmland soils 
ranged from 0.48 to 0.63, and the fertility level was 
moderate. The average membership of exchangeable 
Mn in surface soils of Section IV was the largest at 0.629, 
and that of Section V was the smallest at 0.479. Available 
fractions of SOM, major elements, and available B and 
Mo were lower than 0.3 in the five sections. 

The polygon area of each beneficial element index 
in Fig. 4, decreased in the order Section I > Section II 
> Section IV > Section III > Section V. This shows 
that the comprehensive fertility level of beneficial 
elements in Sections I and II of the Nanling-Jingxian 
National Commodity Grain Base was relatively high, 
while that in Section V was relatively low. 

In general, the main restricting factors of soil fertility 
in each section unit are SOM; the major elements N, P, 
and K; and available B and Mo, which is consistent with 
the larger weight elements determined by PCA. The 
comprehensive fertility level of farmland soil in 
Sections I and II of the eastern plain was higher than 
that in the other three sections. 

The Spatial Distribution Characteristics of 
Beneficial Elements Comprehensive Effects 
On the basis of obtaining the weights and 

membership degrees of each beneficial element using 
PCA and the membership model in the topsoil of 
farmland, the IBI index for the five sections was 
determined using Formula 3, as shown in Table 8. 

Based on the statistical analysis of IBI for the five 
section units (Table 8), it is seen that the total IBI obeys 
the normal distribution (K–S test, P > 0.05). 

According to Table 8, the IBI in Section I ranged 
from 0.49 to 0.92, with an average of 0.645 and a Cv of 
12.4%, which belonged to moderate intensity variation. 
The integrated beneficial elements index in Section II 
ranged from 0.24 to 0.974, and the minimum was 0.24, 
which was the minimum IBI in five subareas. The 
average of integrated beneficial elements index in this 
area is 0.782 and the Cv was 10.9, indicating moderate 
variation. The average IBI in Section III was 0.708, the 
range of variation was 0.58–0.94, and the Cv was 9.5%, 
indicating low spatial variation. The IBI range in 
Section IV was 0.300–0.987, with an average of 0.855 
and a Cv of 11.8%, indicating moderate intensity 
variation. The integrated beneficial elements index in 
Section V ranged from 0.62 to 0.98, with an average of 
0.773 and a Cv of 12.8%, indicating moderate variation. 

In conclusion, the IBI in the surface soil of the five 
section units in Nanling-Jing County national 
commodity grain base decreased in the order Section IV 
> Section II > Section V > Section III > Section I, 
which is slightly different from the distribution of 
comprehensive fertility level in the five sections, 
indicating that the weights of beneficial elements have 
different effects on the IBI. 

According to the IBI distribution in each section, the 
semi-variance fitting function model and its related 
parameters were calculated (Table 9). The nuggets of 
each section unit were small and the value range was 
0.653–0.909. The nugget-to-sill ratios of Sections I, II, 
IV, and V were all less than 75%, showing moderate 
spatial correlation, indicating that the spatial variability 
of IBI was the result of both natural and artificial 
influences in these sections. 

The fitting results of the semi-variance function 
model (Table 9) show that the fitting effect of the 
Gaussian models in Sections I, III, and V was best, with 
R2 between 0.721 and 0.828. Sections II and IV were 
best by an exponential model, with R2 of 0.687 and 
0.394, respectively. Based on the semi-variance function 

Table 8. Statistical characteristics of the integrated beneficial elements index (IBI) in Sections I–V 
Statistics 

IBI 
Section I Section II Section III Section IV Section V 

Minimum 0.490 0.240 0.580 0.300 0.620 
Maximum 0.920 0.974 0.940 0.987 0.980 

Mean 0.645 0.782 0.708 0.855 0.773 
Standard deviation 0.080 0.085 0.067 0.101 0.099 

Coefficient of variation (%) 12.4 10.9 9.5 11.8 12.8 
Based on the statistical analysis of IBI for the five section units (Table 8), it is seen that the total IBI obeys the normal distribution (K–S test, P > 0.05) 



 
 
Tian et al. 
 

 
1222  Ekoloji 28(107): 1213-1223 (2019) 
 

model and its parameters, the Kriging interpolation 
method was used to plot the spatial distribution of the 
IBI in the five sections (Fig. 5). 

Fig. 5 shows that the spatial distribution of the IBI 
in the surface soil was related to the available K, B, Mo, 
Cu, and Zn. The IBI in the northwest of Nanling-Jing 
County Commodity Grain Base (Section IV) was 
higher than that in other districts, which is basically 
consistent with the high-value distribution for each 
beneficial element. 

From the partial area of view, there were clear 
differences in the spatial distribution of the IBI in the 
surface soil of farmland in the five section units. The 
IBI in Section IV was generally high, and the area with 
IBI > 0.80 accounted for about 80% of the total 
farmland area in this area. The IBI exceeded 0.8 in about 
33% of farmland surface soil, and was between 0.7 and 
0.8 in 56% of farmland surface soil. The IBI was 
generally moderate in Sections III and V, and its highest 
value area was at the junction of Sections III and IV and 
the middle of Section V. The IBI in Section I was lower 
than that of the other sections, and nearly 85% in the 
area had an IBI value <0.7. 

CONCLUSIONS 
It is very necessary to get deep information on the 

distribution, variation characters and the potential 
ecological effect of the beneficial/heavy metal elements 
which displayed in the farmland top-soil.  

(1) Nanling-Jing County National Commodity 
Grain Base was divided into five sections: Section I 
(eastern plain area), Section II (central plain area), 
Section III (transition area between hilly and plain 
areas), Section IV (hilly area in the west), and Section V 
(low mountain area). The topography, surface water 
hydrology, groundwater burial, hydrogeological 
conditions, land-use status, and crop cultivation type 
have major effects on the distribution characteristics of 
the beneficial elements in the topsoil of farmland. 

(2) In the farmland area, the pH of surface soil 
ranged from 4.55 to 7.49, which is generally acidic. The 
SOM content ranged from 0.43 to 3.32 g/kg, the 
ammonium-N content from 0.54 to 24.91 mg/kg, and 
the nitrate-N content from 0.02 to 7.03 mg/kg. The 
spatial variability coefficient of nitrate-N was 129.4%, 
showing a very strong degree of spatial variability, and 
that of ammonium-N was 58.41%, indicating a 
moderate degree of spatial variability. In the eastern 
plain area of Nanling-Jing County National 
Commodity Grain Base and the middle Hilly–Plain 
transition area, the content of ammonium-N in the 
topsoil was higher; in the hilly land of the western part 
of the study area, the ammonium-N content in the 
topsoil was lower and that in the farmland soil was less 
than 5 mg/kg. 

(3) According to the PCA, the deficiency or 
enrichment of trace elements is an important factor 
restricting the fertility of farmland soil in the eastern 
plain area. The comprehensive effect of trace elements 
and large amounts of elements is an important factor 
affecting the soil fertility of farmland in the central plain 
and southern low mountain areas. The fertility of 
farmland soil in the western hilly area is significantly 
affected by trace elements, macroelements, and SOM. 

(4) Based on the results of single factor evaluation 
and comprehensive evaluation of beneficial elements, 
N, P, K, available B, and available Mo were the main 

Table 9. Semi-variogram model and related parameters of integrated beneficial elements index of Sections I–V 
Section Model Nugget (C0) Sill C0/Sill (%) Range (km) R2 

I Gaussian 0.909 2.68 33.9 47.8 0.721 
II Exponential 0.764 1.53 49.9 20.78 0.687 
III Gaussian 0.653 5.75 11.4 39.32 0.828 
IV Exponential 0.817 1.64 49.7 41.1 0.394 
V Gaussian 0.840 1.69 49.7 51.1 0.74 

 

 
Fig. 5. Spatial distribution of integrated beneficial 
elements index for Sections I–V 
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limiting factors of farmland soil fertility, and low 
concentrations of these nutrients will have the strongest 
negative effect on farmland soil fertility. The 
enrichment of available Cu and available Zn has a 
positive effect on farmland soil fertility. 

ACKNOWLEDGEMENTS 
We thank LetPub (www.letpub.com) for its 

linguistic assistance during the preparation of this 
manuscript. 

FUNDING 
This research was funded by the National Natural 

Science Foundation of China (NSFC) (Project No. 
41502253, 41702263) and Geological survey of China 
(Project No. DD20160322, 12120115049701); 

REFERENCES 
Cheng HX, Li K, Li M (eds.) (2015) Management target value (MTV)and rectification action value(RAV)of trace 

metals in urban soil in China. Earth Science Frontiers 22(5): 215-225. [in Chinese] 
Cui AH, Zhang DQ, Guo L (2014) Microelement Contents in Plough Horizons of Tobacco planting Soil in 

Bozhou. Soils 46(6): 1164-1168. [in Chinese] 
Dong LS, Song AY, Zhou JX (2016) Soil organic carbon and available nutrients at different transects along Qinghai 

－ Tibet railway. Journal of Arid Land Resources and Environment 30(11): 161-166. [in Chinese] 
Lü ZZ, Liu GM, Yang JS (eds.) (2014) Spatial Variability And Distribution Pattern Of Soil Nutrients In Bohai 

Coastal Area. Acta Pedologica Sinica 51(5): 944-952. [in Chinese] 
Ministry of Land and Resources of the People’s Republic of China. Specification of land quality geochemical 

assessment: DZ/T 0295-2016. 
Shi LB, Fang B, Dong LK (2017) Spatial Distribution Characteristics of Available Potassium in Typical Tea Gardens 

in Jiangsu Province and Zhejiang Province. Mountain Research 35(2): 160-169. [in Chinese] 
Shi Z, Li Y (2006) Application of geostatistics in Soil Science. China Agriculture Press: 1-189. [in Chinese] 
Su XY, Zhao YC, Yang J, Lu FY, Sun WX (eds.) (2011) A comparison of predictive methods for mapping the spatial 

distribution of soil organic matter content with different sampling densities. Earth Science Frontiers 18(6): 034-
040. [in Chinese] 

Wang HL, Zhang HG, Qin L, Ma HY (eds.) (2012) The characteristics of the spatial distribution of soil organic 
matter and factors influencing it in Ebinur Lake Basin of Xinjiang Autonomous Region, China. Acta Ecologica 
Sinica 32(16): 4969-4980. [in Chinese] 

Wang Q (2017) Disstribution variability and potential ecological effect of feature elements of farmland top-soil in 
Nanling-Jing County national commodity grain base. Doctoral Dissertation of the Chinese Academy of 
Geological Sciences 68. 

Wang Q, Zhang GH, Tian YL (eds.) (2016) The Character and Influencing Factors of Geochemical Distribution 
in Basic Farmland of Economic Zone along Yangzte River in Anhu. Acta Geologica Sinica 90(8): 1988-1997. 
[in Chinese] 

Wang Q, Zhang GH, Tian YL (eds.) (2017) Research on the potential ecological risk of farmland top-soil of heavy 
metals. Hydrogeology & Engineering Geology, 44(4). [in Chinese] 

Wang SQ, Zhu SL, Zhou CH (2001) Characteristics of spatial variability of soil thickness in China. Geographical 
Research 20(2): 161-169. [in Chinese] 

Webster R (1985) Quantitative spatial analysis of soil in the field. Advances in Soil Science, (3): 1-70. 
Wei R, Yang ZF, Hou QY (eds.) (2011) The changes of selenium element content in soils of the agroecosystem in 

Poyang Lake Basin, Jiangxi Province. Earth Science Frontiers 19(1): 277-284. [in Chinese] 
Xi XH, Li M, Zhang XZ (eds.) (2013) Research on soil organic carbon distribution and change trend in middle-

east plain and its vicinity in China. Earth Science Frontiers 20(1): 154-165. [in Chinese] 
Zhang SL, Ma QL, Zhou J (eds.) (2016) Spatial variance of soil phosphorus in the forest-dryland-paddy mode of 

Northeastern Mollisol watershed. Journal of Hydraulic Engineering 47(10): 1227-1236. [in Chinese] 
Zhu SL (199) Preliminary study on spatial variability of soil physical and chemical properties. Master degree thesis 

of Beijing Normal University 149. [in Chinese] 
 

http://www.letpub.com/

	INTRODUCTION
	DATA AND METHODS
	Research Area
	Sampling and Testing of Soil Samples
	Evaluation Method
	Sample test data processing
	Membership function model evaluation method
	Comprehensive evaluation method of soil nutrient geochemistry


	RESULTS AND DISCUSSION
	Division of Units in the Study Area
	Characteristics of Beneficial Elements in Topsoil of Farmland Area
	Comprehensive Evaluation of Beneficial Elements in the Topsoil of Farmland
	Weight characteristics of the beneficial element effect
	Characteristics of the membership function of the beneficial elements

	The Spatial Distribution Characteristics of Beneficial Elements Comprehensive Effects

	CONCLUSIONS
	ACKNOWLEDGEMENTS
	FUNDING
	REFERENCES

