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Abstract

Increased fertilizer input in agricultural systems during the last few decades has resulted in large yield increases, but also in
environmental problems. We used data from published papers and a soil testing and fertilization project in Shaanxi province
during the years 2005 to 2009 to analyze chemical fertilizer inputs and yields of wheat (Triticum aestivum L.) and maize (Zea
mays L.) on the farmers’ level, and soil fertility change from the 1970s to the 2000s in the Loess Plateau in China. The results
showed that in different regions of the province, chemical fertilizer NPK inputs and yields of wheat and maize increased.
With regard to soil nutrient balance, N and P gradually changed from deficit to surplus levels, while K deficiency became
more severe. In addition, soil organic matter, total nitrogen, alkali-hydrolysis nitrogen, available phosphorus and available
potassium increased during the same period. The PFP of N, NP and NPK on wheat and maize all decreased from the 1970s to
the 2000s as a whole. With the increase in N fertilizer inputs, both soil total nitrogen and alkali-hydrolysis nitrogen increased;
P fertilizer increased soil available phosphorus and K fertilizer increased soil available potassium. At the same time, soil
organic matter, total nitrogen, alkali-hydrolysis nitrogen, available phosphorus and available potassium all had positive
impacts on crop yields. In order to promote food safety and environmental protection, fertilizer requirements should be
assessed at the farmers’ level. In many cases, farmers should be encouraged to reduce nitrogen and phosphate fertilizer
inputs significantly, but increase potassium fertilizer and organic manure on cereal crops as a whole.
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Introduction variation In time, can be used as a monitoring index for
agricultural land management [9-11]. Given the spatial and

China has only 9% of the world’s arable land and feeds nearly temporal variation in characteristics of soil quality, it is necessary

22% of the world population [1-2]. This depends heavily on
increasing grain production with the use of chemical fertilizers.
Before the 1970s, farmers maintained the original agricultural
practices, such as crop rotation, diversified plantation, manure
application and legume crop integration, for soil fertility mainte-
nance and pest and disease control. Since the late 1980s, the
practice of applying organic manure in arable cropping systems
has nearly come to an end [2-6]. From then on, almost all
available organic manure has been used on vegetables and fruit
trees, while the nutrients for cereal crops have been mainly in the
form of chemical fertilizers. From 1970 to 2010, total annual grain
production in China increased from 240 to 546 million tons (a
128% increase). However, inorganic fertilizer application in-
creased from 3.51 to 55.62 million tons (a 1485% increase) over
the same period [7].

Soil quality indicators are measurable soil properties that benefit
food production or other specific functions, including physical,
chemical and biological characteristics [8]. The increase or
decrease in single soil index values, such as soil organic matter,
total nitrogen and available nutrients, amplitude of variation and

to compare or analyze two or more phase changes to understand
the nature and mechanisms of soil quality [12].

Farmland fertilization is one of the most effective ways to
maintain soil fertility and increase crop yields [13-15]. For this
reason, information on household fertilization levels is of great
value. In addition, wheat and maize are two of the most important
food crops throughout the world, and they account for 51.7% of
the total area for food crops and 53.5% of the total food
production in 2010 in China [7]. Chemical fertilizer consumption
data from official Chinese statistics do not contain information on
usage for each kind of crop. It is imprecise to analyze and evaluate
fertilizer efficiency using total amounts, because the distribution
and application of fertilizer on specific crops are ambiguous [16].

Thus, the objectives of this study were to: (1) reveal the spatial
and temporal variations of chemical fertilization and yields of
wheat and maize at the farmers’ level from the 1970s to the 2000s
in the Loess Plateau in China; (2) reveal the spatial and temporal
variations of soil fertility over the same period; and (3) reveal the
relationships among fertilizer inputs, crop yields and soil fertility.
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Materials and Methods

Ethics Statement

This study has been approved by the Agricultural Technology
Extension Center of Shaanxi province, which is responsible for
fertilization and soil fertility in Shaanxi province. All data in this
study can be published and shared.

Study area

Shaanxi province (Figure 1) is located in the middle reaches of
the Yellow River and the upper reaches of the Yangtze River of
the eastern part of northwest China, and it falls between latitudes
31°42" and 39°35'N, and longitudes 105°29" and 111°15'E. The
area is 2.058x10° km?, extending about 880 km from north to
south and 160 to 490 km from east to west. The whole province
from north to south can be divided into four agro-ecological zones,
which include the Loess Plateau area of northern Shaanxi, the
Weibei dry plateau, the Guanzhong irrigated area and the Qin-Ba
mountain area of southern Shaanxi; the previous three regions
belong to the Loess Plateau and in this study they are abbreviated
as North, Weibei, and Guanzhong, respectively. The Loess
Plateau region in China, covers five provinces (including Shaanxi
province), stretches over an area of 0.62 million km?, and consists
of typical semiarid and arid areas with rainfed farming [17-18].
Winter wheat is planted in the regions of Weibei and Guanzhong,
while summer maize is planted in the Guanzhong region and
spring maize in the North and Weibei regions. Main soil types and
climatic conditions in the different regions are shown in Table 1.

Data sources

The data from the 1970s to the 1990s was extracted from 380
published papers reporting household fertilization and soil fertility
in the study area; the screening process and results are shown in
Figure 2. Data from the 2000s was collected from the project “soil
testing and formulated fertilization in Shaanxi province during the
years 2005 to 2009.”

Statistics

The data were analyzed by EXCEL software. In this study, we
used the following equations to analyze the soil nutrient balance
and partial factor productivity (PFP) of fertilizer:

Soil nutrient balance =nutrient input rate

. (Eq 1)
—nutrient output rate

where the nutrient input rate represents chemical fertilizer input,
and the nutrient output rate represents amounts extracted in crop
products and above ground biomass;

PFP=Y/F (Eq 2)

where Y represents crop yields, and F represents chemical fertilizer
input.

Results

Spatial and temporal variations of chemical fertilization
and yields of wheat and maize at the farmers’ level in

different regions of Shaanxi province

The average chemical fertilizer NPK inputs for both wheat and
maize at the farmers’ level increased for decades in the different
regions (Figure 3). In the Weibei and Guanzhong regions,
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chemical fertilizer N inputs for wheat in the 1970s were 45 kg
ha™ ' and 52 kg ha™ !, respectively, and in the 2000s they increased
to 185 kg ha™' and 195 kg ha™', respectively. In these two
regions, chemical fertilizer P,O5 inputs were 45 kg ha~' and
46 kg ha™" in the 1970s and they increased to 112 kg ha™"' and
115 kg ha™ ! in the 2000s. In the 1980s, farmers started to use the
chemical fertilizer KoO for wheat, which was increased from
0.5 kg ha™' and 2.3 kg ha™' to 22.8 kg ha™' and 22.5 kg ha™ ',
respectively, during the 1980s to the 2000s in the two regions. For
maize in the North, Weibei and Guanzhong regions, chemical
fertilizer N inputs were 48 kg ha™', 89 kg ha™ ' and 36 kg ha ™'
and they increased to 237 kg ha™ ', 223 kg ha™ ' and 244 kg ha™ ',
respectively, from the 1970s to the 2000s. Unlike wheat, from the
1980s onward farmers were awarded for using the chemical
fertilizers PoO5 and KyO for maize, and their use has increased
greatly.

In accordance with increased chemical fertilizer NPK inputs
(Figure 3), the average yields of wheat and maize showed
increasing trends in the different regions over the four decades
(Figure 4). In the Weibei and Guanzhong regions, from the 1970s
to the 2000s, yields of wheat changed from 1883 kg ha™' and
3377 kg ha™' to 4269 kg ha™' and 6437 kg ha™', with increase
rates of 127% and 91%, respectively. In the North, Weibei and
Guanzhong regions, yields of maize changed from 3636 kg ha™ !,
2519 kg ha™ ' and 4232 kg ha™' to 7867 kg ha™', 7077 kg ha ™"
and 6886 kg ha™ !, with increase rates of 116%, 181% and 63%,
respectively, for the same period.

Spatial and temporal variations of soil nutrient balance
from the inputs and uptake on wheat and maize plots in
different regions of Shaanxi province

Because the farmers tended not to use organic manure for cereal
crops, especially from the 1980s onward, the soil nutrient inputs
only include chemical fertilizers, and the nutrient uptakes include
those extracted in crop products and above ground biomass. The
nutrient balance was calculated as the difference between the
average input and uptake (Eq. 1). Other losses, from leakage and
gaseous loss, were not included in these calculations. In the 1970s,
N was deficient on wheat and maize plots in the different regions
(except for maize plots in the Weibei region). Then from the 1980s
N was consistently at surplus levels, and it displayed an upward
trend with time. In the 2000s, N surpluses on wheat plots were
74 kg ha™ " and 29 kg ha™ ' in the Weibei and Guanzhong regions,
respectively; meanwhile N surpluses on maize plots were 64 kg
ha™', 67 kg ha™' and 93 kg ha™' in the North, Weibei and
Guanzhong regions, respectively (Figure 5).

In the Weibei and Guanzhong regions, the amount of surplus
P;O5 on wheat plots increased each year from the 1970s to the
2000s, and surplus amounts increased from 24 kg ha™' and 9 kg
ha™! to 65 kg ha™! and 44 kg ha™ !, respectively. In the North,
Weibei and Guanzhong regions, PoO; was deficient on maize
plots in the 1980s; then it gradually reached surplus levels until the
2000s with the increased application of chemical fertilizer
phosphorus. The balance of PoO5 on maize plots increased from
—34kgha ', —7 kgha 'and —35 kgha ' t0 29 kgha ', 28 kg
ha™'and —11 kg ha™ ', respectively, in the three regions from the
1980s to the 2000s. It is worth noting, that winter wheat and
summer maize were in a rotation system in the Guanzhong region,
so total PoOs was in surplus in this region in the 2000s and the
amount was 33 kg ha™' (Figure 5).

Although farmers have been awarded for using KyO chemical
fertilizer in recent years, the amount used was still small (Figure 3),
and it was usually from compound fertilizers. So KyO deficiency
has become more serious (Figure 5). In the 2000s, KyO deficiency
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Figure 1. Map of the study area.
doi:10.1371/journal.pone.0112273.g001

Table 1. Main soil types and climatic conditions in the different regions.

Region Main soil types Annual mean temperature (°C) Annual precipitation (mm)
North Castanozems, Sierozems, Loess soils 8~11 275~590
Weibei Black loess soils, Loess soils 9~13 530~630
Guanzhong Cinnamon soils 10~14 600~720
doi:10.1371/journal.pone.0112273.t001
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Figure 2. The screening process and results for literature from the 1970s to the 1990s.

doi:10.1371/journal.pone.0112273.9002

levels on wheat plots were —102 kg ha™ ' and —165 kg ha™ ' in
the Weibei and Guanzhong regions, respectively; meanwhile KoO
deficiency levels on maize plots were —179 kg ha™', —137 kg
ha ! and —147 kg ha™ ! in the North, Weibei and Guanzhong
regions, respectively.

Spatial and temporal variations of soil fertility in different

regions of Shaanxi province

In the different regions of Shaanxi province, soil fertility
indexes, including organic matter, total nitrogen, alkali-hydrolysis
nitrogen, available phosphorus and available potassium, all
increased from the 1970s to the 2000s. Simultaneously, each of
these five indicators increased from the north to the south during
the same period (North<Weibei<Guanzhong) (Figure 6). In the
North, Weibei and Guanzhong regions from the 1970s to the
2000s, organic matter varied from 0.57%, 1.01% and 1.12% to
0.83%, 1.26% and 1.50%, with increase rates of 46%, 26% and
43%, respectively; total nitrogen varied from 0.04%, 0.07% and
0.07% to 0.05%, 0.08% and 0.09%, with increase rates of 42%,
9% and 14%, respectively; alkali-hydrolysis nitrogen varied from
29.95 mg kg~ ', 20.43 mg kg~' and 30.81 mg kg~ to 85.20 mg
kg~ ', 58.70 mg kg~ ' and 68.40 mg kg ', with increase rates of
18%, 187% and 122%, respectively; available phosphorus varied

PLOS ONE | www.plosone.org

from 4.98 mg kg ', 7.13 mg kg~ ' and 9.90 mg kg~ ! to 8.10 mg
kg™', 14.60 mg kg™ ' and 26.40 mg kg™ ', with increase rates of
63%, 105% and 167%, respectively; available potassium varied
from 85.60 mg kg ', 56.78 mg kg ' and 111.75 mg kg ' to
99.60 mg kg~ ', 160.70 mg kg ' and 170.40 mg kg ', with
increase rates of 16%, 183% and 52%, respectively.

Relationships among fertilizer inputs, crop yields and soil
fertility in different regions of Shaanxi province

Because farmers used little P and K fertilizers in the 1970s and
1980s (Figure 3), only PFP of N, NP and NPK were calculated in
the study (Eq. 2). The PFP of N, NP and NPK on wheat and maize
decreased from the 1970s to the 2000s as a whole in the different
regions (Table 2). The PFP of N on wheat in the Weibei and
Guanzhong regions were 42 kg kg71 and 65 kg kgfl, respectively,
in the 1970s, which decreased to 23 kg kg~ ' and 33 kg kg™ ',
respectively, in the 2000s. Meanwhile the PFP of N on maize in
the North and Guanzhong regions were 76 kg kg~ ' and 118 kg
kg~ ', respectively, and they decreased to 33 kg kg ' and 28 kg
kg™ from the 1970s to the 2000s. In the Weibei region, the PFP of
N on maize changed slightly from 28 kg kg™ ' to 32 kg kg™,
which resulted from the use of high N inputs relative to the other
two regions (up to 89 kg ha™ ') in the 1970s (Figure 3). This led to
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Figure 3. Variations of chemical fertilization for wheat and maize at the farmers’ level in different regions of Shaanxi province
(error bars show standard deviations).
doi:10.1371/journal.pone.0112273.g003
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alow PFP of N in that period. The PFP of NP on wheat decreased
to 14 kg kg™' and 21 kg kg™' in the Weibei and Guanzhong
regions, respectively; in maize it decreased to 24 kg kg™ !, 23 kg
kg™' and 24 kg kg”' in the North, Weibei and Guanzhong
regions, respectively. Similar to N and NP, the PFP of NPK on
wheat decreased to 13 kg kg™ ' and 19 kg kg™ ' in the Weibei and
Guanzhong regions, respectively; in maize it decreased to 23 kg
kg ' 20 kg kg ' and 22 kg kg~ ' in the North, Weibei and
Guanzhong regions, respectively (Table 2).

In order to find relationships among soil fertility, crop yields and
fertilizer rates, we used the Weibel region as an example. The
values of fertilization, crop yields and soil fertility did not have one
to one correspondence from the 1970s to the 1990s, so their mean
value from each period was examined (Figures 7 and 8). Although
the sample size was small and some relationships did not reach
significant levels, with the increase in N fertilizer inputs, soil total
nitrogen and alkali-hydrolysis nitrogen both increased. P fertilizer
increased soil available phosphorus and K fertilizer increased soil
available potassium significantly (Figure 7). At the same time, soil
organic matter, total nitrogen, alkali-hydrolysis nitrogen, available
phosphorus and available potassium all had positive impacts on
wheat yields (Figure 8).

Discussion

Fertilizer use efficiency of both wheat and maize decreased from
the 1970s to the 2000s as a whole in the Loess Plateau of Shaanxi
(Table 2), which was consistent with national trends. Nitrogen
fertilizer, phosphorus fertilizer and potassium fertilizer use
efficiencies were 30-35%, 15-20% and 35-50%, respectively,
from 1981 to 1983, and the average values decreased to 28%, 12%
and 32% on cereal crops by 2001 to 2005 in China [19]. This
suggested that the effect of chemical fertilizers on increasing grain
production had diminished. The PFP of N on wheat in the Weibei
and Guanzhong regions decreased to 23 kg kg™ ' and 33 kg kg™ *,
respectively, and the PFP of N on maize in the North, Weibei and
Guanzhong regions were 33 kg kg™ !, 32 kg ke ' and 28 ke kg,
respectively, in the 2000s (Table 2). Zhang et al. [19] reported

PLOS ONE | www.plosone.org

average PFP values of N for wheat and maize of 43 kg kg~ ! and
52 kg kg™ ', respectively, in China. Dobermann and Cassman [20]
reported a global average PFP of N for cereals of 44 kg kg™ '. This
indicated that nitrogen use efficiency on wheat and maize in the
Loess Plateau of Shaanxi was much lower than the current
national and global levels. Excessive fertilization has been the main
reason for low fertilizer use efficiency in China [19]. In addition,
Liu et al. [21] reported that in agro-ecosystems, surplus N
increased from 1978 to 2005 throughout the country, and our
findings on the Loess Plateau were consistent with this trend. For
example, in the 2000s, chemical fertilizer N inputs on maize were
237 kg ha™"', 223 kg ha™ ' and 244 kg ha™" in the North, Weibei
and Guanzhong regions, respectively (Figure 3); meanwhile N
surpluses on maize plots were 64 kg ha™', 67 kg ha™' and 93 kg
ha™ !, respectively, in the three regions (Figure 5). This indicated
that excessive N fertilization was a serious problem in the Loess
Plateau, and the same phenomenon has been reported many times
in China, for example, in Beijjing [16,22], Shandong [1,23-25],
and Jiangsu [26-27]. Excessive N fertilization not only wastes
resources, but also leads to many serious environmental problems
[28-31] including nitrate pollution of groundwater [32-37],
cutrophication of surface water [38-39], greenhouse gas emissions
and other forms of air pollution [40—42], acid rain [43-46], soil
acidification [36,47-50] and so on. On the other hand, a lower
fertilization rate does not necessarily reduce crop yields [51].
Many studies have shown that reducing the current N application
rates by 30 to 60% could increase N fertilizer efficiency, while still
maintaining crop yields and substantially reducing N losses to the
environment [31,52-53].

Like nitrogen, phosphate fertilizer inputs (Figure 3), P surpluses
(Figure 5) and soil available phosphorus levels (Figure 6) all
increased in the last 40 years on the Loess Plateau in Shaanxi.
Similar results have been noted in north China and all over the
country [25,54]. Yang et al. [55] reported that maintaining soil
available phosphorus at a relatively high level requires a P
application rate of about 80 kg ha™' yr™' in winter wheat/
summer maize rotation systems in the Guanzhong region. Our
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Figure 6. Variations of soil organic matter, total nitrogen, alkali-hydrolysis nitrogen, available phosphorus and available potassium
in different regions of Shaanxi province (error bars show standard deviations).

doi:10.1371/journal.pone.0112273.9g006

results showed phosphate fertilizer inputs of up to 163 kg ha™" in
winter wheat/summer maize rotation systems in this region in the
2000s (Figure 3). This indicated that P fertilization was also
excessive, which not only wasted resources but also led to many
serious environmental problems [28-31]. Phosphate fertilizer
production consumes more than 80% of the phosphate rock
resources [56], but phosphate rock resources are limited and high
grade material is in short supply [57]. In addition, the phosphate
fertilization utilization ratio of the main crops ranged from 7% to
20%. It averages 12% in China [19], which has led to phosphorus
accumulation in the soil, increasing the risk of non-point source
pollution from surface runoff [58]. Agricultural non-point source
pollution has become an increasingly serious problem in China,
primarily because it leads to eutrophication.

In spite of increased K fertilizer inputs on wheat and maize in
recent years (Figure 3), the soil K balance has become increasingly
negative (Figure 5) and soil available potassium has increased
(Figure 6) in the last 40 years. This phenomenon was previously
reported in northwest and north China [55,59-60]. Evidently, K
fertilizer application was not the only source of K absorbed by
crops. The primary sources of K for crops were weathering of
parent materials [60-61], release of K into the soil from increased
soll organic matter and changes in soil pH [61]. Yang et al. [55]
found that soil organic matter content in all treatments (including
those without fertilizer) significantly increased over time and soil
pH dropped from the initial value of 8.65 to 8.58 from 1991 to
2010 during long-term field trials in the Guanzhong region. Our
results showed that in the North, Weibei and Guanzhong regions
soil organic matter increased from 0.57%, 1.01% and 1.12% to
0.83%, 1.26% and 1.50%, respectively, from the 1970s to the
2000s (Figure 6). The average soil pH has declined 0.5 units with
the overuse of N fertilizer in the past two decades in China [62]. Li
et al. [63] reported that the soil pH decreased from the initial value
of 8.76 to 8.56 from 1992 to 2008 during long-term field trials in

the North region. There may be other mechanisms involved, for
example, crops might draw on K in the deeper soil layers or from
the non-exchangeable pool. The contribution of K from the
subsoil could be considerable [64]. Witter and Johansson [65]
found that 41-47% of the K was from the subsoil for green
manure crops. Many studies have shown that crops use non-
exchangeable K [66-67]. Decreases in the abundance of non-
exchangeable K with simultaneous increases in exchangeable and
water-soluble K concentrations suggest that much of the K taken
up by crops comes from non-exchangeable species via solution and
exchangeable phases in a way that establishes and maintains the
equilibrium between various forms of K in the soil [66].
Fertilizer rates had a large effect on soil fertility. With the
increase in N fertilizer inputs, both soil total nitrogen and alkali-
hydrolysis nitrogen increased; P fertilizer increased soil available
phosphorus and K fertilizer increased soil available potassium
significantly in the Weibei region (Figure 7). It has been reported
that after 25 years of N fertilization, soil organic carbon and total
nitrogen had increased by 18% and 26%, respectively, from 1984
to 2009 in the Weibei region [18]. Cai and Hao [68] also found
that accumulation of soil nitrogen initially increased and then
decreased with increasing nitrogen, and total nitrogen and alkali-
hydrolysis nitrogen content reached the highest value or the
second highest value of 135 kg ha™' on wheat plots in the Weibei
region, which was in accordance with findings in northwest and
north China by Li et al. [63] and Lin et al. [69]. Through long-
term field experimentation on the Loess Plateau in Shaanxi, Li
et al. [63] and Hao et al. [70] found that with increases in P
fertilizer inputs, soil available P increased significantly. Similar
results have been obtained in northeast and northwest China by
Geng et al. [71] and Zhao et al. [72], and also in America by
Griffin et al. [73]. In addition, Li et al. [74] found that with
increased K fertilizer inputs, soil available K increased significantly
in a long-term field experiment on the Loess Plateau. Further-
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Table 2. Variations of PFP of fertilizer on wheat and maize in the different regions (kg kg™ ").
Crop Fertilizer type Region 1970s 1980s 1990s 2000s
Wheat N Weibei 42 19 29 23
Guanzhong 65 33 26 33
N-+P,05 Weibei 21 13 20 14
Guanzhong 34 23 17 21
N+P,05+K,0 Weibei 21 13 20 13
Guanzhong 34 23 17 19
Maize N North 76 34 28 33
Weibei 28 30 21 32
Guanzhong 118 39 32 28
N+P,05 North 76 33 25 24
Weibei 28 25 17 23
Guanzhong 118 37 29 24
N+P,05+K,0 North 76 33 25 23
Weibei 28 25 17 20
Guanzhong 118 37 29 22
doi:10.1371/journal.pone.0112273.t002
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more, many studies in this area have shown that on the basis of N
and P fertilizer application, long-term K fertilizer application can
increase soil available K and grain yields [75-76].

Our research also found that soil fertility had a positive impact
on crop yields (Figure 8). Zhou et al. [77] revealed that soil organic
carbon and total nitrogen concentrations had a significant effect
on crop vyields in the semi-arid Loess Plateau by long-term
experimentation. Higher yields without fertilizer were generally
obtained in soils with higher average soil organic matter
concentrations. For example, yields without fertilizer <4000 kg
ha™' were obtained with average soil organic matter concentra-
tions of 1.41% for winter wheat and 1.46 for summer maize. In
contrast, average soil organic matter concentrations were 1.69%
for winter wheat and 1.61% for summer maize for plots with
yields>6000 kg ha ™' without fertilizer in north China [78]. Gong
et al. [79] also found that the contribution percentage of basic soil
productivity to wheat yield was significantly correlated with soil
organic carbon, total nitrogen, available nitrogen, available
phosphorus and available potassium in long-term soil fertility
experiments in north China. Similar results have been obtained in
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other parts of mainland China [80], indicating that inherent soil
productivity contributed to the substantial increase in China’s crop
yields.

In addition, although the use of chemical fertilizers to
supplement NPK nutrients in the soil is important, many
researchers at home and abroad reported that the application of
chemical fertilizer in combination with organic manure is helpful
in maintaining soil fertility (especially soil organic carbon) and
buffering capacity, and in reducing NO3-N accumulation in the
soil, while maintaining high soil productivity [4,81-87].

Conclusions

From the 1970s to the 2000s in the North, Weibei and
Guanzhong regions of the Loess Plateau in Shaanxi province,
chemical fertilizer NPK inputs and yields of wheat and maize
increased at the farmers’ level. In the 1970s, N was deficient on
wheat and maize plots in the different regions; thereafter N was in
surplus. In the same way, P gradually changed from deficit to
surplus levels. In addition, soil organic matter, total nitrogen,
alkali-hydrolysis nitrogen, available phosphorus and available
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potassium increased over the same period. However, K deficien-
cies became more and more severe. The PFP of N, NP and NPK
on wheat and maize all decreased from the 1970s to the 2000s as a
whole. With the increase in N fertilizer inputs, both soil total
nitrogen and alkali-hydrolysis nitrogen increased; P fertilizer
increased soil available phosphorus and K fertilizer increased soil
available potassium significantly. At the same time, soil organic
matter, total nitrogen, alkali-hydrolysis nitrogen, available phos-
phorus and available potassium all had positive impacts on crop
yields. In order to promote food safety and environmental
protection, farmers should be encouraged to assess their fertilizer
needs carefully. Many can reduce nitrogen and phosphate
fertilizer inputs significantly and increase potassium fertilizer and
organic manure on cereal crops.

PLOS ONE | www.plosone.org

1

Acknowledgments

We are grateful to Harald Grip and Lars Lovdahl for their help in writing
this paper. The authors would also like to thank the Agricultural
Technology Extension Center of Shaanxi province for the help with data
collection.

Author Contributions

Conceived and designed the experiments: YT PG. Analyzed the data: XW
YG. Contributed reagents/materials/analysis tools: YT YG PG. Wrote the
paper: XW. Collected the data: XW FL ZZ YP.

November 2014 | Volume 9 | Issue 11 | e112273



References

1.

22.

23.

24.

26.

27.

28.

29.

30.

“ui ZL, Chen XP, Zhang FS (2010) Current nitrogen management status and
measures to improve the intensive wheat-maize system in China. AMBIO 39:

376-384.

. Gao C, Sun B, Zhang TL (2006) Sustainable nutrient management in Chinese

agriculture: challenges and perspective. Pedosphere 16(2): 253-263.

. Zhu ZL, Chen DL (2002) Nitrogen fertilizer use in China-Contributions to food

production, impacts on the environment and best management strategies.
Nutrient Cycling in Agroecosystems 63: 117-127.

. Jiang D, Hengsdijk H, Dai TB, de Boer W, Qi ], et al. (2006) Long-term effects

of manure and inorganic fertilizers on yield and soil fertility for a winter wheat-
maize system in Jiangsu, China. Pedosphere 16(1): 25-32.

. Luo SM (2007) To discover the secret of traditional agriculture and serve the

modern ecoagriculture. Geographical Research 26(3): 609-615. (in Chinese).

. Zhang F, Qiao Y, Wang F, Zhang W (2007) A perspective on organic agriculture

in China: Opportunities and challenges. Proceedings of 9th German Scientific
Conference on Organic Agriculture.

. Department of Rural Surveys, National Bureau of Statistics (1971-2011) China

Rural Statistical Yearbook. China Statistics Press. Beijing, China. (in Chinese).

. Karlen DL, Mausbach MJ, Doran JW, Cline RG, Harris RF, et al. (1997) Soil

quality: A concept, definition and framework for evaluation. Soil Science Society
of America Journal 61: 4-10.

. Wang X]J, Gong ZT (1998) Assessment and analysis of soil quality changes after

eleven years of reclamation in subtropical China. Geoderma 81: 339-355.

. Arshad MA, Martin S (2002) Identifying critical limits for soil quality indicators

in agro-ccosystems. Agriculture, Ecosystems & Environment 88: 153-160.

. Huang B, Sun WX, Zhao YC, Zhu J, Yang RQ, et al. (2007) Temporal and

spatial variability of soil organic matter and total nitrogen in an agricultural
ecosystem as affected by farming practices. Geoderma 139: 336-345.

. Hoosbeek MR, Bryant RB (1992) Towards the quantitative modeling of

pedogenesis: A review. Geoderma 55: 183-210.
Smil V (2001) Enriching the Earth: Fritz Haber, Carl Bosch, and the
Transformation of World Food Production. MIT Press. Cambridge, UK.

. Gong W, Yan XY, Wang JY (2011) Effect of long-term fertilization on soil

fertility. Soils 43: 336-342. (in Chinese).

. Bierman PM, Rosen CJ, Venterea RT, Lamb JA (2012) Survey of nitrogen

fertilizer use on corn in Minnesota. Agricultural Systems 109: 43-52.

. Wang SR (2002) Current status and evaluation of crop fertilization in Shaanxi

province and Beijing city, Ph.D. thesis, China Agricultural University, Beijing,
China. (in Chinese).

. Liu GB (1999) Soil conservation and sustainable agriculture on the Loess

Plateau: Challenges and prospects. AMBIO 28: 663-668.

. Guo SL, Zhu HH, Dang TH, Wu JS, Liu WZ, et al. (2012) Winter wheat grain

yield associated with precipitation distribution under long-term nitrogen
fertilization in the semiarid Loess Plateau in China. Geoderma 189: 442-450.

. Zhang FS, Wang JQ, Zhang WF, Cui ZL, Ma WQ), et al. (2008) Nutrient use

efficiencies of major cereal crops in China and measures for improvement. Acta
Pedologica Sinica 45: 915-924. (in Chinese).

. Dobermann A, Cassman KG (2005) Cereal area and nitrogen use efficiency are

drivers of future nitrogen fertilizer consumption. Science in China (Series C: Life
Sciences) 48: 745-758.

. Liu Z, Li BG, Fu J (2009) Nitrogen balance in agro-ecosystem in China from

1978 to 2005 based on DSS. Transactions of the CSAE 25(4): 168-175. (in
Chinese).

Zhao JR, Guo Q, Guo JL, Wei DM, Wang CW, et al. (1997) The chemical
fertilizer inputs and yields of grain fields in the suburbs of Beijing. Beijing
Agricultural Sciences 15(2): 36-38. (in Chinese).

Ma WQ (1999) Current status and evaluation of crop fertilization in Shandong
province, Ph.D. thesis, China Agricultural University, Beijing, China. (in
Chinese).

Li JL, Cui DJ, Meng XX, Li XL, Zhang FS (2002) The study of fertilization
condition and question in protectorate vegetable in Shouguang Shandong.
Chinese Journal of Soil Science 33: 126-128. (in Chinese).

. Zhen L, Zoebisch MA, Chen GB, Feng ZM (2006) Sustainability of farmers’ soil

fertility management practices: A case study in the North China Plain. Journal of
Environmental Management 79: 409-419.

Richter J, Roelcke M (2000) The N-cycle as determined by intensive
agriculture—examples from central Europe and China. Nutrient Cycling in
Agroecosystems 57: 33-46.

Ma LH, Zhang Y, Sui B, Liu CL, Wang P, et al. (2011) The impact factors of
excessive fertilization in Jiangsu province. Journal of Yangzhou University 32(2):
48-52, 80. (in Chinese).

Gao XZ, Ma WQ, Du S, Zhang FS, Mao DR (2001) Current status and
problems of fertilization in China. Chinese Journal of Soil Science 32(6): 258
261. (in Chinese).

Cui ZL, Chen XP, Miao YX, Zhang FS, Sun QP, et al. (2008) On-farm
evaluation of the improved soil N,,;,-based nitrogen management for summer
maize in North China Plain. Agronomy Journal 100: 517-525.

Cui ZL, Zhang FS, Chen XP, Miao YX, Li JL, et al. (2008) On-farm evaluation
of an in-season nitrogen management strategy based on soil Ny, test. Field
Crops Research 105: 48-55.

PLOS ONE | www.plosone.org

31

32.

33.

34.

36.

37.

38.

39.

40.

41.

42.

43.

44.

46.

47.

48.

49.

50.

51.

52.

54.

56.

57.

Variations of Crop Fertilization and Soil Fertility in China

Ju XT, Xing GX, Chen XP, Zhang SL, Zhang L], et al. (2009) Reducing
environmental risk by improving N management in intensive Chinese
agricultural systems. Proceedings of the National Academy of Sciences 106:
3041-3046.

Tong YA, Emteryd O, Lu DQ, Grip H (1997) Effect of organic manure and
chemical fertilizer on nitrogen uptake and nitrate leaching in a Eum-orthic
anthrosols profile. Nutrient Cycling in Agroecosystems 48: 225-229.

Ju XT, Kou CL, Zhang FS, Christie P (2006) Nitrogen balance and
groundwater nitrate contamination: Comparison among three intensive
cropping systems on the North China Plain. Environmental Pollution 143:
117-125.

Ju XT, Liu XJ, Zhang FS, Roelcke M (2004) Nitrogen fertilization, soil nitrate
accumulation, and policy recommendations in several agricultural regions of

China. AMBIO 33: 300-305.

. Yan X, Jin JY, He P, Liang MZ (2008) Recent advances on the technologies to

increase fertilizer use efficiency. Agricultural Sciences in China 7(4): 469-479.
Guo SL, Wu JS, Dang TH, Liu WZ, Li Y, et al. (2010) Impacts of fertilizer
practices on environmental risk of nitrate in semiarid farmlands in the Loess
Plateau of China. Plant and Soil 330: 1-13.

Gao Y, Yu G, Luo C, Zhou P (2012) Groundwater nitrogen pollution and
assessment of its health risks: A case study of a typical village in rural-urban
continuum, China. PloS ONE 7(4): ¢33982.

Tilman D, Fargione J, Wolff B, D’Antonio C, Dobson A, et al. (2001)
Forecasting agriculturally driven global environmental change. Science 292:
281-284.

Huang GQ, Wang XX, Qian HY, Zhang TL, Zhao QG (2004) Negative impact
of inorganic fertilizer application on agricultural environment and its
countermeasures. Ecology and Environment 13(4): 656-660. (in Chinese).
Mosier AR, Duxbury JM, Freney JR, Heinemeyer O, Minami K (1996) Nitrous
oxide emissions from agricultural fields: Assessment, measurement and
mitigation. Plant and Soil 181: 95-108.

Zhang JF, Han XG (2008) NyO emission from the semi-arid ecosystem under
mineral fertilizer (urea and superphosphate) and increased precipitation in
northern China. Atmospheric Environment 42: 291-302.

Li H, Qiu JJ, Wang LG, Tang H]J, Li CS, et al. (2010) Modelling impacts of
alternative farming management practices on greenhouse gas emissions from a
winter wheat-maize rotation system in China. Agriculture, Ecosystems and
Environment 135: 24-33.

Krusche AV, de Camargo PB, Cerri CE, Ballester MV, Lara LBLS, et al. (2003)
Acid rain and nitrogen deposition in a sub-tropical watershed (Piracicaba):
ecosystem consequences. Environmental Pollution 121: 389-399.

Menz FC, Seip HM (2004) Acid rain in Europe and the United States: an
update. Environmental Science & Policy 7: 253-265.

. Wu D, Wang SG, Shang KZ (2006) Progress in research of acid rain in China.

Arid Meteorology 24(2): 70-77. (in Chinese).

Huang DY, Xu YG, Peng PA, Zhang HH, Lan JB (2009) Chemical composition
and seasonal variation of acid deposition in Guangzhou, South China:
Comparison with precipitation in other major Chinese cities. Environmental
Pollution 157: 35-41.

Dai ZH, Liu YX, Wang X]J, Zhao DW (1998) Changes in pH, CEC, and
exchangeable acidity of some forest soils in southern China during the last 32-35
years. Water, Air, and Soil Pollution 108: 377-390.

Zhang HM, Wang BR, Xu MG, Fan TL (2009) Crop yield and soil responses to
long-term fertilization on a red soil in southern China. Pedosphere 19(2): 199~
207.

Zhao X, Xing GX (2009) Variation in the relationship between nitrification and
acidification of subtropical soils as affected by the addition of urea or ammonium
sulfate. Soil Biology & Biochemistry 41: 2584-2587.

Huang S, Zhang W], Yu XC, Huang QR (2010) Effects of long-term
fertilization on corn productivity and its sustainability in an Ultisol of southern
China. Agriculture, Ecosystems and Environment 138: 44-50.

Ma WQ, Istvan S (2008) Can sharp decrease of fertilizer input lead obvious
reduction of crop yield?. Ecology and Environment 17: 1296-1301. (in Chinese).
Peng SB, Buresh RJ, Huang JL, Yang JC, Zou YB, et al. (2006) Strategies for
overcoming low agronomic nitrogen use efficiency in irrigated rice systems in
China. Field Crops Research 96: 37-47.

. Yi Q, Zhang XZ, He P, Yang L, Xiong GY (2010) Effects of reducing N

application on crop N uptake, utilization, and soil N balance in rice-wheat
rotation system. Plant Nutrition and Fertilizer Science 16: 1069-1077. (in
Chinese).

Cao N, Zhang YB, Chen XP (2009) Spatial-temporal change of phosphorus
balance and the driving factors for agroecosystems in China. Chinese
Agricultural Science Bulletin 25: 220-225. (in Chinese).

. Yang XY, Sun BH, Zhang SL (2014) Trends of yield and soil fertility in a long-

term wheat-maize system. Journal of Integrative Agriculture 13: 402-414.
Zhang WX (2011) Development and utilization trend of phosphate resources in
China. Journal of Wuhan Institute of Technology 33: 1-5. (in Chinese).
Zhang WF, Ma WQ, Zhang FS, Ma J (2005) Comparative analysis of the
superiority of China’s phosphate rock and development strategies with that of
the United States and Morocco. Journal of Natural Resources 20: 378-386. (in
Chinese).

November 2014 | Volume 9 | Issue 11 | e112273



58.

59.

60.

61.

62.

63.

66.

67.

68.

69.

70.

71.

72.

73.

74.

van Bochove E, Thériault G, Dechmi F, Leclerc ML, Goussard N (2007)
Indicator of risk of water contamination by phosphorus: Temporal trends for the
Province of Quebec from 1981 to 2001. Canadian Journal of Soil Science 87:
121-128.

Liu EK, Yan CR, Mei XR, He WQ, Bing SH, et al. (2010) Long-term effect of
chemical fertilizer, straw, and manure on soil chemical and biological properties
in northwest China. Geoderma 158: 173-180.

Tan DS, Jin J Y, Jiang LH, Huang SW, Liu ZH (2012) Potassium assessment of
grain producing soils in North China. Agriculture, Ecosystems and Environment
148: 65-71.

Munson RD (1985) Potassium in Agriculture. Soil Science Society of America
Madison, Wisconsin, USA.

Guo JH, Liu XJ, Zhang Y, Shen JL, Han WX, et al. (2010) Significant
acidification in major Chinese croplands. Science 327: 1008-1010.

Li Q, Xu MX, Liu GB, ZhaoYG, Tuo DF (2013) Cumulative effects of a 17-year
chemical fertilization on the soil quality of cropping system in the Loess Hilly
Region, China. Journal of Plant Nutrition and Soil Science 176: 249-259.

. Kautz T, Amelung W, Ewert F, Gaiser T, Horn R, et al. (2013) Nutrient

acquisition from arable subsoils in temperate climates: A review. Soil Biology &
Biochemistry 57: 1003-1022.

. Witter E, Johansson G (2001) Potassium uptake from the subsoil by green

manure crops. Biological Agriculture & Horticulture 19: 127-141.

Singh M, Singh VP, Reddy DD (2002) Potassium balance and release kinetics
under continuous rice-wheat cropping system in Vertisol. Field Crops Research
77: 81-91.

Sharma A, Jalali VK, Arora S (2010) Non-exchangeable potassium release and
its removal in foot-hill soils of North-west Himalayas. Catena 82: 112-117.
Cai Y, Hao MD (2013) Effects of long-term nitrogen fertilization on wheat in
Loess Plateau. Journal of Triticeae Crops 33: 983-987. (in Chinese).

Lin ZA, Zhao BQ), Yuan L, Bing-So H (2009) Effects of organic manure and
fertilizers long-term located application on soil fertility and crop yield. Scientia
Agricultura Sinica 42: 2809-2819. (in Chinese).

Hao MD, Fan J, Wei XR, Pen LF, Lu L (2005) Effect of fertilization on soil
fertility and wheat yield of dryland in the Loess Plateau. Pedosphere 15(2): 189~
195.

Geng YH, Cao GJ, Ye Q, Qi QG, Wu P, et al. (2013) Effects of different
phosphorus applications on soil available phosphorus, phosphorus absorption
and yield of spring maize. Journal of South China Agricultural University 34:
470-474. (in Chinese).

Zhao J, Hou ZA, Li SX, Liu LP, Huang T, et al. (2014) Effects of P rate on soil
available P, yield and nutrient uptake of maize. Journal of Maize Sciences 22:
123-128. (in Chinese).

Griffin TS, Honeycutt CW, He Z (2003) Changes in soil phosphorus from
manure application. Soil Science Society of America Journal 67: 645-653.

Li LF, Hao MD, Li YM, Gao CQ (2009) Research on characteristics of spatial
distribution and availability of soil potassium forms under long-term fertilization

PLOS ONE | www.plosone.org

13

76.

77.

78.

79.

80.

81.

82.

83.

84.

86.

87.

Variations of Crop Fertilization and Soil Fertility in China

in the dryland of the Loess Plateau. Agricultural Research in the Arid Areas 27:
127-131, 142. (in Chinese).

. Wang HT, Jin JY, Wang B, Zhao PP (2010) Effects of long-term potassium

application and wheat straw return to cinnamon soil on wheat yields and soil
potassium balance in Shanxi. Plant Nutrition and Fertilizer Science 16: 801—
808. (in Chinese).

Zhang YL, Lu JL, Jin JY, Li ST, Chen ZQ, et al. (2012) Effects of chemical
fertilizer and straw return on soil fertility and spring wheat quality. Plant
Nutrition and Fertilizer Science 18: 307-314. (in Chinese).

Zhou ZC, Gan ZT, Shangguan ZP, Zhang FP (2013) Effects of long-term
repeated mineral and organic fertilizer applications on soil organic carbon and
total nitrogen in a semi-arid cropland. European Journal of Agronomy 45:
20-26.

Fan MS, Lai R, Cao J, Qiao L, Su YS, et al. (2013) Plant-based assessment of
inherent soil productivity and contributions to China’s cereal crop yield increase
since 1980. PloS ONE, 8(9): ¢74617.

Gong FF, Zha Y, Wu XP, Huang SM, Xu MG, et al. (2013) Analysis on basic
soil productivity change of winter wheat in fluvo-aquic soil under long-term
fertilization. Transactions of the Chinese Society of Agricultural Engineering
29(12): 120-129. (in Chinese).

Tang YH, Huang Y (2009) Spatial distribution characteristics of the percentage
of soil fertility contribution and its associated basic crop yield in mainland China.
Journal of Agro-Environment Science 28: 1070-1078. (in Chinese).

Gami SK, Ladha JK, Pathak H, Shah MP, Pasuquin E, et al. (2001) Long-term
changes in yield and soil fertility in a twenty-year rice-wheat experiment in
Nepal. Biology and Fertility of Soils 34: 73-78.

Yang SM, Li FM, Malhi SS, Wang P, Suo DR, et al. (2004) Long-term
fertilization effects on crop yield and nitrate nitrogen accumulation in soil in
northwestern China. Agronomy Journal 96: 1039-1049.

Mando A, Ouattara B, Somado AE, Wopereis MCS, Stroosnijder L, et al. (2005)
Long-term effects of fallow, tillage and manure application on soil organic
matter and nitrogen fractions and on sorghum yield under Sudano-Sahelian
conditions. Soil Use and Management 21: 25-31.

LiJ, Zhao BQ, Li XY, Jiang RB, Bing SH (2008) Effects of long-term combined
application of organic and mineral fertilizers on microbial biomass, soil enzyme
activities and soil fertility. Agricultural Sciences in China 7(3): 336-343.

. Banger K, Kukal SS, Toor G, Sudhir K, Hanumanthraju TH (2009) Impact of

long-term additions of chemical fertilizers and farmyard manure on carbon and
nitrogen sequestration under rice-cowpea cropping system in semi-arid tropics.
Plant and Soil 318: 27-35.

Majumder B, Mandal B, Bandyopadhyay PK (2008) Soil organic carbon pools
and productivity in relation to nutrient management in a 20-year-old rice-
berseem agroecosystem. Biology and Fertility of Soils 44: 451-561.

Moharana PC, Sharma BM, Biswas DR, Dwivedi BS, Singh RV (2012) Long-
term effect of nutrient management on soil fertility and soil organic carbon pools
under a 6-year-old pearl millet-wheat cropping system in an Inceptisol of
subtropical India. Field Crops Research 136: 32-41.

November 2014 | Volume 9 | Issue 11 | e112273



