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During the past three decades, a large amount of nitrogen (N) fertilizers has been applied

in the rice andwheat rotation system in the Taihu Lake region of southern China to achieve

high yield, resulting in low N use efficiency (NUE). China is implementing the national

strategy “fertilizer reduction with efficiency increase” to solve the serious ecological

problems caused by excessive fertilization. However, the effects of N fertilizer reduction

on soil fertility and their integrated effect on NUE of rice–wheat rotation systems in the

Taihu Lake region are not fully understood. In this study, test fields with different soil-fertility

qualities were selected in typical rice–wheat areas in the Taihu Lake region to perform

a 2-year rice–wheat N fertilizer effect test to obtain the comprehensive quantitative

relationship among the integrated fertility index (IFI), nitrogen application level (NA), and

NUE. Through the investigation and spatial analysis of NA and IFI in the study area in 2003

and 2017, the spatial and temporal variation characteristics of NA and IFI in the study

area in the past 15-year period were obtained, and this information was spatially coupled

with the comprehensive quantitative relationship model of NUE to reveal the variation

characteristics and driving factors of NUE in the study area. The result shows that the

wheat and rice NA in the study area in 2017 increased by 35.5 and 8.4%, respectively,

compared with 2003. Due to excessive fertilization, the soil nitrogen, phosphorus, and

potassium content of cultivated land in the study area in 2017 was greater than that in

2003, especially soil-available phosphorus and potassium contents, whereas soil organic

matter (SOM) content was reduced. The cultivated land IFI of the study area as a whole

increased by 7.2% in the 15-year period. The NUE of rice and wheat rotation increased by

5.8% in 2017 compared with that of 2003 due to the improvement in crop varieties and

N fertilizer yield benefits. The increases of NA and IFI both have negative correlations with

the NUE improvement, and the NA increase has a greater impact. In addition, the terrain,

soil type, texture, and parent material also affect the soil nutrient-preserving capability

and, thus, affect the spatial variation of IFI and NUE improvement. These factors have
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greater influence on NUE improvement of wheat than rice. This study provides a novel

and effective method for analyzing the spatial-temporal variation characteristics of NUE

in the rice–wheat system and is conducive to guide precise fertilization and N fertilizer

reduction based on the spatial analysis of NA with IFI and NUE.

Keywords: rice–wheat rotation, paddy soil, nitrogen use efficiency, spatiotemporal variation, driving factors

INTRODUCTION

Rice and wheat rotation is a very important method of cultivation
in China that is employed in up to 13 million hectares in China’s
Yangtze River basin (1). The Taihu Lake region located in the
Yangtze River Delta is one of China’s five main rice-producing
areas, covering 3.65 million hectares (2). Some studies report
that farmland in the Taihu Lake region has been overfertilized
to achieve high grain yield for a long time, resulting in low N
use efficiency (NUE) (fertilizer N recovery in crop aboveground
biomass) (3). Low NUE not only inhibits the increase in grain
yield, but also causes significant loss of nitrogen fertilizer and
damage to the ecological environment (4). Since the beginning
of the twentieth century, precise fertilization technology for soil
testing and formula fertilization have been promoted in the
Taihu lake region (5). Due to the lack of many factors, including
effective management, convenient application of information
technology, and research on fertilization accuracy at field scale,
precision fertilization has not been adopted by most farmers (6).
According to a survey on the adoption of precision fertilization
by farmers in the Taihu Lake region of southern Jiangsu province,
only about 30% of farmers have adopted precision fertilization
technology, and most of them are agricultural cooperative farms
(7). Therefore, it is of great significance to perform research on
precise fertilization to achieve the dual goals of food security and
ecological security in the Taihu Lake region (8, 9).

Precision fertilization is a modern agricultural technology
based on soil nutrient status, crop fertilizer requirement, and
target grain yield, regulating the fertilization mode of N, P, and
K, to improve NUE and obtain the maximum crop yield as
well as economic and ecological environmental benefits (10, 11).
With the development of information technology, 3S technology,
mainly including geographic information system (GIS), remote-
sensing technology (RS), and global positioning system (GPS),
has been widely used in the field of agricultural precision
fertilization (12–14). Geographic information system technology
has been widely applied to studies of regional cultivated land
quantity and quality and fertilization management. Researchers
mostly use GIS technology to characterize and analyze the spatial
data of cultivated land quantity and quality at the regional
scale to achieve precise fertilization and fertilizer management
in different zones (15–18). Based on the research on the spatial
distribution of cultivated land quality, the researchers used
estimation models to predict the appropriate N application level
and grain yield (19, 20). Ding et al. (21) and obtained the spatial
distribution of soil production potential of rice based on the
rice production potential estimation model obtained from field
experiments in Shanghai of the Taihu lake region. Zhu and

Zhang (22) establish a relationship model between various soil
N indexes and the appropriate N application level of rice yield
in Changshu in the Taihu Lake region through field experiments
and coupled this model with the spatial distribution of soil
N indexes in the study area to predict the spatial distribution
characteristics of the appropriate N application level of rice yield
in Changshu city.

In addition to the effect of cultivated land quality on NUE of
crops, N application also has a significant effect on NUE. Studies
show that the NUE of wheat and rice decreased significantly
as N application increased (23, 24). Yan et al. (25) conducted
continuous experiments in the Taihu Lake region from 2004
to 2006, demonstrating that the NUE of wheat decreased from
36.0 to 27.8% and that of rice decreased from 46.1 to 32.4% as
the N application increased from 100 to 350 kg ha−1. In recent
years, researchers have improvedwheat and rice varieties through
genetic and direct breeding to increase the potential of NUE
of crops (26, 27). To improve crop yield, researchers typically
select “high-nitrogen efficiency” crop varieties with yield growth
potential under higher N fertilizer levels (28, 29). Compared with
the past, the improved wheat and rice varieties exhibit improved
N absorption and accumulation capacity and increased yield,
NUE, and harvest indices (30).

According to the statistics, the amount of fertilizer used in
Changshu of the Taihu Lake region was 25,800 t in 2003, and
the amount of fertilizer decreased slightly to 24,400 t in 2017.
However, the cultivated land area was significantly reduced,
resulting in a continuous increase in the amount of fertilizer
applied on the unit cultivated land area (31, 32). Xu et al. (33)
confirm that, in the past 36 years, the amount of cultivated
land in this region has decreased, and the soil fertility has also
been significantly improved through the historical investigation
and evaluation results of soil fertility of cultivated land in this
region. Previous studies show that the improvement of soil N
or integrated fertility increase the soil N dependence rate and
decrease the N contribution rate of crops, indicated that crops
in high-fertility farmland accumulate more N due to soil fertility
but less N derived from N fertilizer compared with the crops in
low-fertility farmland, which result in lower NUE (34, 35).

Although 3S technology has been widely used to characterize
the spatial distribution of quantity and soil fertility of cultivated
land as well as to predict crop yield and appropriate N
application level, it has not been used in the analysis and
prediction of NUE based on the spatial coupling of soil
fertility and N application level. In addition, the temporal
and spatial variation characteristics of rice and wheat NUE
and their main driving factors during specific time periods
remain unclear.
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In this study, RS interpretation and GIS were used to obtain
the spatial distribution characteristics of the integrated fertility
index (IFI) calculated by multiple soil feature indices and NA
in a typical area of the Taihu Lake region. Test fields with
different integrated fertility were selected to perform NUE
tests of rice–wheat rotation. The purpose of this study is to
(1) construct comprehensive quantitative relationship models
among IFI, nitrogen application level (NA), and NUE of rice and
wheat; (2) reveal temporal and spatial variation characteristics of
NUE in rice and wheat rotation during the recent 15 years; and
(3) reveal the driving factors of temporal and spatial variation
characteristics of NUE. This study hopes to propose a spatial-
temporal coupling model of NUE variation on the county scale
of the Taihu Lake region and its driving factors to provide a
scientific basis for the realization of regional N fertilizer reduction
and efficiency improvement.

MATERIALS AND METHODS

Research Area
Changshu city (31◦33

′

-31◦50
′

N, 120◦33
′

-121◦3
′

E) is located
in the Yangtze River Delta region with a developed economy
and drastic land use changes. The city has jurisdiction over
eight towns, including Meili, Haiyu, Guri, Shajiabang, Zhitang,
Dongbang, Shanghu, and Xinzhuang (Figure 1), and has a total
area of 1,301.25 km2 (including the Yangtze River area) with a
total population of 1.51 million. This region has a subtropical
monsoon climate with four distinct seasons and a mild climate
with an annual precipitation of 1601.1mm and an average annual
temperature of 17.1◦C. In this area, except for Yushan, Gushan,
Fushan, and other hills, the terrain is low and flat. In addition,
the water network is interwoven, and the altitude is generally 3–
7m. The parent materials of the soil are mainly alluvial deposits
of the Yangtze River, ancient alluvial loessal materials, lake
sediments, quartz sandstone eluvial deposits, and slope deposits.
The soil types mainly include paddy, alluvium, and yellow
brown soils (36). According to the 2017 Statistical Yearbook of
Changshu city, the planting area of crops in Changshu city was
approximately 64,100 ha. Grain, vegetables, fruits, and oil crops
account for 59.1, 37.4, and 2.0, respectively, and cereal accounted
for 96% of the cultivated area of grain crops. The annual yield per
unit area of grain crop was 6.75 t ha−1, whereas that of wheat and
rice was 4.30 and 9.10 t, respectively. The total annual quantity
of fertilizers, including nitrogen, phosphate, potassium, and their
compound fertilizers, was approximately 23,700 t (converted into
NPK elemental equivalents) (31).

Survey of Spatiotemporal Variation of
Integrated Fertility
Based on SPOT-4 satellite (20 × 20m) images of the research
area in 2003 and Gaofen-1 satellite (16 × 16m) images of the
research area in 2017, the RS interpretation method was used
to obtain the number of different land use types in the research
area in 2003 and 2017, including cultivated land, residential areas,
industrial mines, garden plots, and forestland (Figure 2). The
spots of cultivated land in 2003 and 2017 were selected as the
units of IFI spatial analysis for the two periods, and the paddy

lands in cultivated land were selected for the spatial analysis of
NA and NUE.

In May 2003 and October 2016, 195 and 199 surface soil
samples were collected from cultivated fields of Changshu
city considering all soil types, land use types, and the spatial
uniformity of sampling points. The digitized soil-type map with
a spatial resolution of 1:50,000 was superimposed with the
cultivated land-type map in 2003 to obtain the patch unit of
soil species and cultivated land. On this basis, soil-sampling
points in 2003 were selected considering the uniformity of spatial
distribution. The coordinates of soil-sampling points in 2017
should be as consistent as possible with those in 2003. Soil-
sampling points that cannot be sampled due to changes in land-
use types will be adjusted to nearby cultivated land. There were
eight soil fertility evaluation indexes of soil samples in the two
periods were determined, including soil organic matter (SOM),
total nitrogen (TN), total potassium (TK), available potassium
(AK), available phosphorus (AP), pH, clay content (CLAY), and
sand content (SAND), and used to evaluate the IFI of cultivated
land in 2003 and 2017. The Kjeldahl method was used to
determine TN, sodium hydroxide melting and flame photometry
were used to determine TK, electrothermal plate heating and
potassium bichromate titration were used to determine SOM,
sodium bicarbonate extraction and the molybdenum antimony
anti-spectrophotometric method were used to determine AP, and
ammonium acetate extraction and flame photometry were used
to determine AK. The soil pH and texture were determined by
potentiometric and wet screening methods (37).

The integrated index method is the most commonly used
to quantitatively evaluation of soil fertility (38). According
to different methods to determine the weight of indexes,
IFI evaluation can be divided into the methods of Delphi,
correlation, principal component analysis, Nemerov index, gray
correlation analysis, and fuzzy membership degree (39). The
fuzzy membership degree method was used to evaluate the
integrated fertility of cultivated land in this study, and it includes
the following basic steps (40). (1) The membership function
and degree Fij of eight soil fertility evaluation indexes were
given according to the existing research results and combined
with the characteristics of the research area. (2) The correlation
coefficient matrix is constructed using the correlation coefficient
between evaluation indexes of IFI. Then, the average value of
the correlation coefficient between a certain index and other
indexes is calculated, and its weight wij is obtained through
normalization. (3) Calculate the sum of the product of index
weight wij and membership Fij of eight evaluation factors.

The formula used to calculate the IFI of cultivated soil is
as follows:

IFI(i) =

N
∑

j

wijFij (1)

Here, IFI (i) is the IFI of test fields, and i and j are the number of
the test field and the soil feature index, respectively. The values of
i ranged from one to eight, and the values of j ranged from one to
eight.Wij and Fij are the weight and the fuzzymembership degree
of the soil feature index j, respectively (Table 1).

Frontiers in Soil Science | www.frontiersin.org 3 November 2021 | Volume 1 | Article 745974

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


Lu et al. Spatiotemporal Variation of Crop NUE

FIGURE 1 | Location and soil properties of the research area.

Investigation of Temporal and Spatial
Variation of N Application
The N application level of rice–wheat rotation in Changshu in
2003 and 2017 was provided by the Changshu Protection Station
of Cultivated Land Quality. There were 92 survey points of N
application in 2003 and 89 points in 2017. In each rice and
wheat season, the Changshu Cultivated Land Quality Protection
Station conducts assessments and provides statistics on the N

application level of major grain production contractors in each
town. We confirmed the validity of the data through interviews
and telephone visits. Farmers in both 2003 and 2017 applied
fertilizer by stages in the rice–wheat seasons. In 2003, fertilizers
included ammonium bicarbonate (17% N), urea (46% N), and
compound fertilizer (15%−20% N). In 2017, fertilizers included
urea and compound fertilizers. The fertilizer applied in two time
periods was reduced to the pure quantity of N, and the kriging
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FIGURE 2 | Spatial and temporal variation of land use and the cultivated land quantity of rice and wheat rotation in the research area in 2003 and 2017.

TABLE 1 | Membership function type and related parameters (33).

Indexes Function types a xl xo xu wij

AK

Fij =



















0, x ≤ xl
1

[1+a(x−x0)2]
, xl < x < xo (2)

1, x ≥ x0

0.001010 40 120 — 0.101

AP 0.325900 3 8 — 0.080

TN 0.955100 0.8 2.2 — 0.158

SOM 0.017358 10 37 — 0.161

TK 0.021300 1 20 — 0.084

Sand

Fij =















0, x ≤ xl or x ≥ xu
1

[1+a(x−xo)2 ]
, xl < x < xu (3)

1, x = xo

0.050000 15 35 55 0.146

Clay 0.100000 15 25 35 0.188

PH 1.073400 2 7 12 0.082

x represents the soil feature index value obtained by the soil sample test, xl is the lower limit value of the index, xo is the optimal value of the index, xu is the upper limit value of the index,

and a is the experience constant of the curve shape control.

method was used for spatial interpolation to obtain the spatial
distribution characteristics of N applied in wheat and rice in two
time periods.

Field Test Design for N Fertilizer Efficiency
From 2003 to 2006, Yan (41) performed field tests on the NUE
of rice–wheat rotation in the research area, which included five
fields with different soil types in Guli, Yushang, Meili, Shanghu,
and Xinzhuang, separately (Table 2). The topsoil (0–0.2m)

samples were collected from all test plots before sowing and
fertilization and determined using the same detectionmethods as
in the integrated fertility survey. N application rates of 0, 100, 150,
200, 250, 300, and 350 kg ha−1 for wheat and rice were used in the
field test. N fertilizer was split into three fertilizations of basal,
jointing, and earing fertilizers at a ratio of 4:3:3, and 60 kg ha−1 P
and 120 kg ha−1 potash fertilizers were applied as basal fertilizer
once. N, P, and potash fertilizers were applied to test fields in the
form of urea, Ca(H2PO4), and KCl, respectively. Four replicates
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TABLE 2 | The numbers, soil types, and properties of the test areas in 2003 and 2017 (41).

Numbers of

test fields

Location of

test fields

Time of rice tests Time of wheat

tests

AK

(mg kg−1)

AP

(mg kg−1)

TK

(g kg−1)

Ph SAND

(%)

SOM

(g kg−1)

CLAY

(%)

TN

(g kg−1)

IFI

T1 Yushang 2003, 2004, 2006 90.7 16.3 22.1 5.8 33.9 31.3 13.5 1.91 0.700

T2 Guli 2003, 2005 2004 109.0 14.5 15.3 6.8 39.0 32.1 17.6 1.62 0.656

T3 Xinzhuang 2004, 2005, 2006 2004, 2005, 2006 123.0 16.3 21.8 7.3 29.4 35.0 17.8 2.09 0.789

T4 Meili 2003, 2006 2004, 2005, 2006 89.4 11.9 15.7 6.4 34.2 33.1 18.2 1.79 0.694

T5 Shanghu 2005 115.0 13.9 21.4 5.2 33.3 24.6 14.0 1.64 0.618

S1 Shanghu 2017, 2018 2017, 2018 111.4 2.2 17.7 5.23 33.9 34.5 19.9 2.22 0.673

S2 Shanghu 2017, 2018 2017, 2018 133.1 3.1 19.3 5.86 32.8 34.9 20.7 2.14 0.708

S3 Xinzhuan 2017, 2018 2017, 2018 71.6 2.1 19.8 6.07 28.6 34.6 21.2 2.10 0.586

S4 Xinzhuan 2017, 2018 2017, 2018 75.2 4.7 20.2 6.65 28.6 28.0 20.9 1.66 0.513

S5 Zhitang 2017, 2018 2017, 2018 85.9 15.6 21.5 7.73 42.0 19.6 12.9 1.36 0.430

S6 Zhitang 2017, 2018 2017, 2018 107.7 12.9 21.5 7.14 39.4 39.6 14.5 2.67 0.711

S7 Xinzhuan 2018, 2019 2018, 2019 136.5 2.39 19.5 6.33 29.57 39.3 21.3 2.09 0.690

S8 Xinzhuan 2018, 2019 2018, 2019 130.1 3.41 19.4 6.44 29.46 42.0 21.2 2.26 0.705

of the field test were performed, and the area of each plot was 6×
5m. In each test field, wheat, rice straws, and grains above ground
were harvested and measured. The straw and grain samples were
dried to a constant weight in an oven at 75◦C and then ground.
The total N content of straw and grain samples was determined
using the Kjeldahl method.

Based on different soil types and integrated fertility in
Changshu, eight rice–wheat rotation test fields were selected
from six natural villages in 2017–2019 (harvest time) (Figure 1).
The topsoil samples of the test fields were collected before
wheat sowing and fertilization in the first section. The sowing,
fertilizing, and planting of wheat and rice were all carried
out manually and were consistent with customary methods
of local farmers. Before planting wheat and rice, the test
fields were plowed mechanically. These tillage and fertilization
managements were consistent with those of 2003 field test. The
wheat was first sown and harvested in October 2016 and May
2017, respectively (Table 2). The rice was planted artificially 30
days after the wheat harvest. Here, 0, 100, 200, and 260N kg ha−1,
N fertilizer applied to wheat in each test field in 4:2:4 stages. The
rice N application rates were 0, 100, 200, and 300N kg ha−1. P
fertilizer (P2O5) and potassium fertilizer (K2O) were applied as
base fertilizers at a time of 60 kg·ha−1. Three repeated test plots
were set for each N application treatment with an area of 2 ×

10m. The collection and treatment methods of wheat and rice
samples were consistent with those employed for the 2003 tests.

The NUE of crop production reflects the recovery of N
fertilizer in crop aboveground biomass and is defined as follows
(25):

NUE = (UN − U0)/FN, (4)

where UN is the plant N uptake (kg ha−1) measured in
aboveground biomass at physiological maturity in a plot that
received N at the rate of FN (kg ha−1), and U0 is the N uptake
measured in aboveground biomass in a plot without the addition
of fertilizer N.

Temporal and Spatial Variation of Nitrogen
Fertilizer Efficiency
The quantitative relationship models among NUE, NA, and
IFI were fitted for wheat and rice. Based on the results of
field tests in 2017, multiple regression analyses between the
independent variables of NA and IFI and the dependent variables
of NUE of wheat and rice were performed, respectively. The
quantitative relationship models of wheat and rice NUE in 2003
were constructed by the same method, and the independent and
dependent variables required for model fitting were obtained
from the published literature (22, 41). To achieve the same
dimensionless value as the IFI (ranging from zero to one), the
NAwas converted to the dimensionless value of the N application
ratio (NR), calculating by dividing NA by the maximum N
application levels in the field tests of wheat and rice in 2003 and
2017, respectively.

Among the primary, quadratic, and logarithmic polynomial
models fitted, the polynomial with the highest determination
coefficient R2 and the best-fitting effect (P-value) were selected
as the comprehensive quantitative models of NUE, NA, and IFI
of rice and wheat in 2 years. The fitting quantitative relationship
models of NUE for 2003 and 2017 were coupled with the IFI of
cultivated land and NA of rice and wheat, separately, in the two
periods to obtain the spatial and temporal distribution of NUE.

Statistical Analysis
ArcGIS software was used for RS image interpretation, spatial
interpolation, stacking analysis, and drawing. The kriging
method was used to draw spatial distribution maps of NA,
IFI, and NUE. The natural break point classification method
(Jenks) of ArcGIS was used to divide the IFI of two periods into
four grades. R-studio version 3.4.3 (42) was used to construct
quantitative relationship models of NUE, NR, and IFI and draw
their three-dimensional surface diagrams. Pearson correlation
coefficient analysis was used to obtain the correlation between
NUE improvement and NA increase, IFI improvement, soil
properties (soil type, texture, and parent material), and the digital
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TABLE 3 | Soil feature indexes in the study area in 2003 and 2017.

Soil feature

index

TN (g kg−1) TK (g kg−1) AK (mg kg−1) AP (mg kg−1) SOM (mg kg−1) pH CLAY (%) SAND (%)

2003 1.74 ± 0.37b 16.1 ± 4.1b 85.9 ± 28.2b 6.52 ± 3.18b 31.7 ± 8.1a 6.40 ± 0.92b 18.6 ± 3.6a 33.9 ± 4.1b

2017 1.84 ± 0.67a 21.3 ± 1.9a 117.7 ± 88.8a 20.0 ± 36.3a 28.8 ± 11.3b 6.72 ± 0.78a 17.9 ± 3.3b 34.3 ± 4.6a

a and b represent the differences of each soil fertility index between 2003 and 2017.

FIGURE 3 | Spatial distribution of soil feature indexes in 2003 and 2017 in the research area.

elevation model (DEM) elevation to reveal the main influencing
factors for NUE improvement of rice and wheat. Among them,
the non-numerical data of soil type, texture, and parent material
are first assigned with absolute values such as 0, 1, and 2, and then
analyzed for their correlation.

RESULTS

Spatial and Temporal Variation
Characteristics of Soil Fertility of
Cultivated Land
According to the land-use maps of 2003 and 2017, the cultivated
land of two periods (paddy field, dry land, and vegetable land)
were selected. In 2017, the area of cultivated land was reduced
by 11,796 ha, and the reduction proportion was 18.4% compared

with that in 2003 (Figure 2). The main reason for the loss of
cultivated land is the further expansion of industrial and mining
lands in residential areas.

Among the eight IFI evaluation factors, soil AP in 2017
increased twofold compared with 2003 with the highest growth
rate. The remaining three soil nutrient indexes TN, TK, and AK
increased by 5.7, 32.3, and 37.1%, respectively (Table 3; Figure 3).
In terms of spatial distribution, the content of TK, AK, and AP
in the northeast of the study area was significantly increased
compared with the southwest. According to the distribution of
soil types, some areas of Xingang Town and Dongbang Town
in the northeast of the study area are mainly alluvial soil with
high soil SAND (Figure 3), which caused the planting area of
rice and wheat to decrease constantly, whereas that of vegetables
increased. Although the soil N, P, and K contents increased, the
average SOM content decreased by 9.1% (Table 3; Figure 3).
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FIGURE 4 | The spatial distribution of integrated soil fertility IFI of cultivated land in the research area. Panel (C) is based on the spatial analysis of the common part of

the patch interpreted by RS in 2003 (A) and 2017 (B).

TABLE 4 | Grade of IFI of cultivated land of 2003 and 2017.

Year IFI grade IV III II I Total

2003 Area (ha) 15,986 15,332 21,067 10,048 62,433

Proportion (%) 26 25 34 16 100

2017 Area (ha) 9,016 3,867 20,216 18,678 51,776

Proportion (%) 17 7 39 36 100

IFI promotion of 2003–2017 Grade of IFI promotion Decrease Remain unchanged Slight increase Significant increase Total

Area (ha) 7,678 9,617 21,334 10,008 48,637

Proportion (%) 15.8 19.8 43.9 20.6 100.0

The IFI of the research area in 2003 was divided into four levels using the ArcGIS natural breakpoint classification method (jenks): grade I (>0.64), grade II (0.56–0.64), grade III

(0.50–0.56), grade IV (<0.50). IFI was categorized as follows: decrease (< −0.02), remain unchanged (−0.02–0.02), slight increase (0.02–0.10), and significant increase (0.10–0.26).

In 2003 and 2017, the IFI of the research area showed similar
spatial variation characteristics. The IFI of the cultivated land in
the south was significantly higher than that of the cultivated land
in the northeast (Figures 4A,B). The average IFI of cultivated
land in the research area in 2003 and 2017 was 0.558 and 0.591,
respectively, and the overall IFI of cultivated land in 2017 was
7.2% higher than that of 2003. Among them, the proportion of
cultivated land area of grades I and II was significantly higher
than that in 2003 (Table 4). Compared with 2003, the IFI of
cultivated land in 2017 decreased mainly in the alluvial soil
area in the northeast, accounting for 15.8%, whereas the IFI
significantly increased mainly in the north and west, accounting
for 20.6% (Table 3; Figure 4C).

Spatial and Temporal Distribution of N
Application
In 2017, the NA of wheat and rice were significantly increased
compared with 2003 with average increases of 35.5% for wheat
and 8.4% for rice (Table 5).With the development of formula and
optimal fertilization, rational fertilization according to fertility
status and soil properties was advocated in the research area (43).
The general suggestions in each town on fertilization were given
to farmers through agricultural guidance centers and training of
agricultural experts according to the soil types and properties.
In addition, the fertilization amount was also affected by the

fertilization habits of farmers. Therefore, the NA in the research
area exhibited spatial distribution rules and variability.

By analyzing the spatial distribution of NA of wheat and rice
in two periods, we found that the NA of wheat in 2003 and
2017 was generally increased in the southeast and southwest
of the research area (Figures 5A,D). The areas with high NA
were mainly concentrated around water areas in the central and
northern research area (Figures 5B,E). In the past 15 years from
2003 to 2017, the changing trend of increased wheat NA in the
research area was very obvious, presenting as a large increase
in the southwest research area. The changing trend of rice NA
revealed significant increases in the middle and northern areas
(Figures 5G,H). In terms of rice–wheat rotation, the total NAwas
increased in the north of the research area in 2003 but increased
in the southwest of the research area in 2017 (Figures 5C,F).

Spatial Distribution Characteristics of NUE
in Rice and Wheat Rotation
The results of the field experiment showed that NUE of rice
and wheat decreased as NA increased in both 2003 and 2017.
In addition, the mean NUE of each N application treatment
in 2017 was higher than that in 2003 (Figure 6). According to
the results of the field test in 2017, comprehensive quantitative
relationship models of NUE, NA, and IFI of wheat and rice
were obtained using the multiple regression simulation method
(Figures 7A,B). Among the primary, quadratic, and logarithmic
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TABLE 5 | NA survey results in each town in the research area.

Downtown NA of wheat and rice in 2003 NA of wheat and rice in 2017

Wheat (kg ha−1) Rice (kg ha−1) Number of samples Wheat (kg ha−1) Rice (kg ha−1) Number of samples

Zhitang 202.0 ± 36.3 251.3 ± 54.2 11 300.5 ± 28.6 268.1 ± 21.6 10

Guli 155.6 ± 25.1 248.5 ± 51.4 13 204.5 ± 53.2 268.0 ± 69.0 14

Xinzhuang 171.6 ± 15.0 236.1 ± 43.0 12 308.9 ± 56.2 278.2 ± 71.8 15

Meili 173.6 ± 34.5 260.8 ± 58.1 12 231.9 ± 18.1 278.3 ± 24.2 12

Xieqiao 181.6 ± 37.2 296.1 ± 71.7 11 201.4 ± 17.3 335.5 ± 34.2 8

Shanghu 182.7 ± 18.3 261.9 ± 15.5 11 251.1 ± 36.7 281.0 ± 51.7 15

Shajiabang 231.1 ± 33.5 294.5 ± 41.0 10 274.9 ± 16.4 372.8 ± 24.4 2

Haiyu 181.2 ± 22.2 242.7 ± 41.8 12 242.5 ± 32.0 274.5 ± 38.5 13

Total 185.4 ± 36.5 260.9 ± 51.9 92 251.3 ± 54.0 282.7 ± 53.7 89

TABLE 6 | The quantity and proportion of NUE improvement of rice and wheat rotation from 2003 to 2017.

Increasement –10.9–0 0–3.5 3.5–6.5 6.5–9.5 9.5–15.6 Total

Area (ha) 737 4,296 10,126 8,609 2,038 26,406

Proportion (%) 2.9 16.6 39.2 33.4 7.9 100.0

The NUE improvement of 6.5–15.6% represented a significant increase.

polynomial models, the quadratic models exhibit the best-fitting
effect and the highest determining coefficient R2 based on the
results of field tests from 2003 to 2006. The same methods of
integrated soil fertility evaluation and model construction were
used to fit the quantitative relationship models of NUE of wheat
and rice in 2003 (Figures 7C,D). According to the coefficients
of the comprehensive quantitative relationship equation of NUE
of wheat and rice, NA and IFI have negative quantitative
relationships with NUE, indicating that increases in NA and IFI
both inhibited NUE improvement.

The quantitative regression model of rice and wheat NUE
employed spatial coupling with the spatial distribution of IFI and
NA of the two periods to obtain the spatial-temporal variation
characteristics of wheat and rice NUE in the recent 15-year
period. Spatial superposition analysis of NUE in the two periods
showed that NUE of wheat and rice in 2003 and 2017 was
significantly lower in the southwest compared with the middle
and northeast (Figures 8A–D). N use efficiency of wheat and rice
in the northeast study area was significantly improved in the 15-
year period (Figure 8E). The NUE of wheat and rice increased
by 9.7 and 2.5%, respectively, on average. The total NUE of rice
and wheat was 5.8%. The area of NUE significantly increased
(6.5%−15.6% improvement) in the research area, accounting for
41.3% of the total area and mainly concentrated near the central
and northern waters. Due to the higher NA and IFI in Xinzhuang
Town in the southwest of research area, the NUE increase slightly
or even decreased in this area (Table 6).

Correlation Analysis of Driving Factors and
NUE Improvement
The results of the correlation analysis show that NUE
improvements in rice and wheat significantly correlated with
increased NA and IFI (P < 0.01). The correlation coefficients

of NUE improvement of rice–wheat rotation with NA and IFI
increases were −0.885 and −0.545, respectively, indicating that
the increase in NA has more influence on the spatial distribution
of NUE improvement than IFI. The main reason is that NA in
rice and wheat rotation in 2017 increased by 22.9% compared
with that in 2003, and IFI increased by 7.2%. The spatial
variability of the increase in NA was greater than that of IFI
(Figures 4C, 5I).

Correlation analysis results show that the DEM in the research
area has a significant correlation with IFI increase and NUE
improvement. The main reason for this finding is that the
southern part of the research area is low-lying and has better
water and fertilizer pooling effects, which is more conducive to
the improvement of IFI (33). In addition, the N application level
in cultivated land near lakes and waters with small DEM in the
study area tends to be higher. For example, N application in the
rice season is increased compared with that in other regions,
which may also be an important reason for the significant
correlation between DEM and IFI (Figure 1).

The soil type, texture, and parent material also significantly
influence NUE improvement of rice–wheat rotation (P < 0.05)
(Table 7). Among the five soil parent materials in the research
area, the IFI increase of soil formed by alluviums and sediments,
such as the Yangtze River, other rivers and lakes were significantly
increased compared with the soil formed by loessal sediments
and coastal sediment (Figure 9A). Among the five soil textures
in the research area, the IFI increase of light clay was the greatest,
followed by medium and heavy soil (Figure 9B). The IFI of five
paddy soils was significantly improved in the eight different soil
types in the study area. Among them, the IFI increase of bleached
and hydragric paddy soil was relatively large, which is increased
compared with that of gray tide soil and yellow brown soil,
respectively (Figure 9C).
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FIGURE 5 | Spatial and temporal variation characteristics of NA in the research area in a recent 15-year period. Panels (G–I) used the common part of RS

interpretation patches of cultivated land of rice–wheat rotation in 2003 (A–C) and 2017 (D–F) as the basis for spatial analysis.

DISCUSSION

Long-Term Fertilization Results in Soil
Fertility Improvement and Nutrient
Imbalance
The results of this study show that the application of
large amounts of fertilizers is the main reason for the
improvement of soil fertility in study area. However,
long-term application of fertilizers will result in the
imbalance of soil nutrient proportion (44). Previous
studies suggest the combination of organic and inorganic
fertilizer is the best fertilization method to improve
SOM content (45–47). Based on the investigation of N
application in rice–wheat rotation farmland in the Taihu
Lake Region in 2006 and 2011, Zhou et al. (48) found
that the proportion of large-scale planting increased, and
the contract management continuously expanded in this
region. Thus, the N application exhibited a pattern of
urea-dominated, increased high-concentration compound
fertilizer, gradually reduced ammonium bicarbonate, and
generally abandoned organic fertilizer. In 2006, the amount

FIGURE 6 | NUE of wheat and rice under different NA treatments conducted

in 2003 (A) and 2017 (B).

of organic fertilizer applied to rice and wheat accounted for 1.8
and 2.6% of the total amount of fertilizers, respectively. By 2011,
the proportion of organic fertilizer applied to rice and wheat was
zero. Hu et al. (49) noted that paddy soil in the plains of the
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FIGURE 7 | Fitting trend surfaces of NUE of wheat and rice with the IFI and NR. The equations are multiple regression models for these fitting trend surfaces. The

NUE03W, NUE03R, NUE17W, and NUE17R were the N-use efficiency of wheat and rice in 2003 (C,D) and 2017 (A,B), respectively.

middle-lower reaches of the Yangtze River has an approximate
18.3 g kg−1 of improvement space for SOM.

In addition, the expansion of vegetable planting area in the
northeast of the study area resulted in a sharp increase in soil
AP and AK contents. According to existing research, vegetables
exhibit an increased demand for P fertilizer than crops. To
pursue the higher yield and quality of vegetables, farmers often
apply excessive P fertilizer, which may be the main reason that
soil P contents in the vegetable fields are significantly increased
compared with crop fields (50).

Driving Factors of Overall NUE
Improvement in the Study Area
Some studies show that the improvement of rice and wheat
varieties can improve their grain yield potential and the response
to N fertilizer, which facilitates the effect of N fertilizer on
grain yield and, thus, improves the NUE (4, 22, 51). In addition

to variety, crop NUE was also significantly affected by factors,
such as N application, soil fertility, tillage, and N fertilization
management (52). In this study, the fertilization methods of
wheat and rice field tests in 2017 and 2003 were all divided into
three fertilizations, and the tillage management measures were
also consistent. Therefore, tillage andN fertilizationmanagement
were not the main causes of NUE changes in the two periods.

According to the comprehensive quantitative relationship
models of NUE with NA and IFI in two periods of this study,
NA and IFI were negatively correlated with NUE of wheat and
rice. Almost all the existing research showed that the increase of
NA results in the increase of N fertilizer loss through nitrification
and denitrification, ammonia volatilization, leaching, and then
reduce crop NUE (53, 54). In addition, some studies suggest
that the increase of IFI results in the decrease of NUE. The
main reason is that the improvement of soil fertility reduces the
proportion of crop N accumulation to fertilizer N and increases
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FIGURE 8 | (A,B) Shows the proportion of NUE increase of wheat and rice in 2003. (C,D) Shows the proportion of NUE increase of wheat and rice in 2017. (E)

Shows the proportion of NUE improvement of rice-wheat rotation. IFI improvement of various soil properties.

the proportion of crop N accumulation to soil N [Patrick et al.,
(55, 56)]. In the context of the NA and IFI improvements noted
above, if the comprehensive quantitative relationship models
fitted by wheat and rice varieties and field test results in 2003 did
not change, the NUE of wheat and rice would decrease by 3.3
and 2.6%, respectively, and the total NUE of wheat–rice rotation
would decrease by 3.0%. However, due to the improvements in
crop varieties, the maximum yield of wheat and rice increased
from 4.39 and 8.08 t ha−1 in 2003 to 5.51 and 9.37 t ha−1 in 2017,
respectively, total NUE of rice–wheat rotation increased by 5.8%.
Therefore, the improvement in rice and wheat varieties and the
effect of N fertilizer on grain yield are the main driving factors
for the improvement of NUE in the recent 15-year period.

Driving Factors of Spatial Variation
Characteristics of NUE Improvement
The results show that DEM, soil parent materials, textures,
and types all had significant effects on the NUE improvement
in rice–wheat rotation. Many studies have found that terrain
and elevation have great influences on soil fertility. Shen
et al. (57) use the method of geostatistics and integrated
soil fertility evaluation to analyze the space distribution
features of soil fertility in Changshu city, and the results
show that the soil nutrient content and fertility in the
area significantly correlated with terrain elevation. Due to
the effect of water and fertilizer collection, soil fertility is
increased in low-lying areas compared with other areas. The
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TABLE 7 | Correlation analysis results of NUE improvement with various influencing factors on rice and wheat rotation in research area.

Analysis index NA increase IFI increase DEM Soil type Soil texture Parent

material

NUE improvement of wheat Correlation coefficient −0.852** −0.564** 0.131** −0.045** −0.034* −0.085**

P–value 0.000 0.000 0.000 0.001 0.010 0.000

NUE improvement of rice Correlation coefficient −0.972** −0.320** 0.075** 0.021 −0.003 0.031*

P-value 0.000 0.000 0.000 0.111 0.830 0.019

NUE improvement of wheat-rice rotation Correlation coefficient −0.885** −0.545** 0.127** −0.013 −0.022 −0.030*

P-value 0.000 0.000 0.000 0.328 0.096 0.022

IFI improvement Correlation coefficient 0.206** — −0.093** −0.059** 0.033* −0.167**

P-value 0.000 0.000 0.000 0.011 0.000

The asterisks (* and **) indicates significant at P < 0.05 and P < 0.01 levels.

parent material is the material basis of soil formation. In
the process of soil formation, soil inherits some properties
from the parent material, which can directly affect soil
mineral composition and particle composition and control soil
physicochemical properties and soil productivity to a large
extent. Soil texture affects soil particle size and is significantly
related to soil nutrient accumulation and decomposition (58).
Clayey soil exhibits an increased ability to combine with soil
nutrients to form organo-inorganic complexes compared with
sandy soil. Therefore, increased CLAY in soil was beneficial
to decrease soil nutrient mineralization and increase soil
nutrient accumulation. The CLAY of loam is between that
of clayey and sandy soils, which also exhibits a good soil
nutrient–preserving capability (59, 60). As for the soil types,
there are significant differences in soil fertilizer retention
capacity due to the different soil texture of paddy, aquic,
and yellow brown soil in the study area. In addition, the
development degree of five different paddy soil subspecies
may lead to significant differences in the potential of soil
fertility improvement.

These factors affect the soil nutrient–preserving capability
and, thus, affect the spatial variation of IFI and NUE
improvement and have greater influence on NUE improvement
of wheat than rice. The digital maps of these drivers can help
in fertilization management decisions and prediction of NUE
improvement potential in study areas.

Spatial Coupling Model of Appropriate N
Application Level
To achieve the dual goal of improving crop yield and NUE,
researchers performed field tests on crops to obtain the
appropriate N application level with the maximum yield and
economic and environmental benefits based on different soil
fertilities. Studies show that, with the improvement in soil-
fertility quality, the appropriate N application level for crops
decreases. For high-fertility farmland, the use of N fertilizer
should be appropriately reduced, which is conducive to reducing
the loss of N fertilizer and improving the NUE [Chen et al
(20, 61–63)]. Therefore, establishing the quantitative relationship
models between the appropriate N application and IFI by
conducting N fertilizer effect tests, and coupling the models with

FIGURE 9 | (A–C) Shows the NUE improvement of rice and wheat in different

oil parent materials, textures, and types, respectively. Temporal and spatial

variation of NUE of rice and wheat in the research area. In Figure 8E, the

common part of RS interpretation patches of cultivated land of rice and wheat

rotation in 2003 and 2017 served as the basis for the superposition analysis.

the spatial distribution of IFI to guide precise fertilization at
field scale will be critical to N fertilizer reduction with increased
efficiency in this area. The accuracy and applicability of the
quantitative relationship model of the appropriate N application
rate could be improved by setting more test fields in each town
of the study area, covering more soil fertility levels and soil types.
The results of exciting N fertilizer effect tests in the study area
can also be used as a supplement to establish the quantitative
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relationship model between appropriate N application rate and
IFI (1, 64). In addition, the development of a fertilization-
management information system and handheld mobile terminal
system based on GIS technology can provide the appropriate N
application amount at field scale, which can more conveniently
guide farmers to carry out precise fertilization.

CONCLUSION

This study confirms that there was a significant increase on
the soil fertility of cultivated land in Changshu City of the
Taihu Lake region due to long-term fertilization from 2003 to
2017, which also resulted in the imbalance of soil nutrients,
including the surge in soil AP and the decrease of SOM. The
comprehensive quantitative relationship of NUE constructed
by conducting rice–wheat N fertilizer effect test in 2003 and
2017 showed that the increases in NA and IFI both inhibited
the NUE improvement. Although the NA and IFI in 2017
increased compared with those of 2003, the total NUE of rice–
wheat rotation increased by 5.8%. The main driving factors of
NUE improvement in different years in the study area were the
improvement of crop varieties and the increase in N fertilizer
yield benefit. Both NA and IFI in the study are important drivers
for the spatial distribution of NUE, and NA exhibits a greater
influence than IFI. In addition, the terrain, soil type, texture,
and parent material also affect the soil nutrient-preserving
capability and, thus, affect the spatial variation of IFI and NUE
improvement. These factors have a greater influence on NUE
improvement of wheat than rice. In future work, the quantitative
relationship between the appropriate N application rate for rice

and wheat and IFI constructed by conducting more field tests
could be coupled with the spatial distribution of IFI to obtain
the spatial distribution of the appropriate N application rate,
which can serve as a new method for precise fertilization and N
fertilizer reduction.
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