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a b s t r a c t
Mineral fertilizers have played a critical role in increasing cereal crop production in China. However,
the use of fertilizer at rates in excess of crop removal or to support soil health has resulted in serious
environmental problems, this hindering sustainable agriculture development. In order to support crop
production and reduce potential environmental risks, it is essential that every effort is made to promote
an efﬁcient and effective use of phosphorus (P) resources. In this paper, the temporal and spatial changes
of soil available P was analyzed using 59,956 soil samples, combined with the results of 4837 ﬁeld experiments compiled from the International Plant Nutrient Institute (IPNI) China program database from
1990 to 2012. The results demonstrated that soil available P content showed an increasing trend with
a slope of 1.51 from 1990 to 2012. However, this trend for all samples was separated into cash crops
(with a slope of 2.75) and grain crops (with a slope of 0.76) revealing that it was cash crops that were
primarily responsible for the increasing trend. Field trail results revealed that it was the high P fertilizer
application rates to cash crops that resulted in the increase of soil available P. On average, for all crops,
the soil analysis data showed that soil available P increased from 17.09 mg L−1 in the 1990s (from 1990
to 2000) to 33.28 mg L−1 in the 2000s (from 2001 to 2012), again mainly due to the large increase in cash
crop area in China. For relative yield, there was little to no variation across regions (with mean values of
87.8%, 87.8%, 84.4%, 88.1% and 86.0% for the NE, NC, NW, SE and SW regions, respectively), but the trend
of variation showed great differences in those same regions from the 1990s to the 2000s. The relative
yield for grain crops in the NE, NC, SE and SW increased by 2.6%, 7.9%, 6.9% and 8.6%, but decreased by
4.9% in the NW from the 1990s to the 2000s. The relative yield for cash crops decreased by 6.7%, 6.0% and
1.6% for the NE, SE and SW regions, but increased by 8.3% and remained unchanged for the NC and NW
regions, respectively. The great variation observed in soil available P across the different regions in China
demonstrated the urgent need for site-speciﬁc P nutrient management. In conclusion, while P fertilizer
application should meet the requirements for all types of crops, it must be managed to avoid the potential
for negative environmental impacts.
© 2016 Elsevier B.V. All rights reserved.

1. Introduction
Abbreviations: IPNI, International Plant Nutrient Institute; NE, northeast; NC,
north central; NW, northwest; SE, southeast; SW, southwest.
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∗∗ Corresponding author.
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(W. Zhou).
http://dx.doi.org/10.1016/j.fcr.2016.04.006
0378-4290/© 2016 Elsevier B.V. All rights reserved.

Phosphorus (P), the second essential macronutrient for agricultural crops, is required to optimize crop production in most
intensively managed agro-ecosystems. Fertilizer P application is an
effective way to ensure an adequate P nutrient supply for crops
in soil with low P fertility (Ibrikci et al., 2005). However, phos-
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Fig. 1. Distribution of experimental sites in ﬁve production regions of China from 1990 to 2012. The green and blue colored dots are grain and cash crops, respectively. (For
interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

phate rock reserves are non-renewable resources and excessively
high fertilizer P application rates have a negative impact on global
these reserves. Therefore, it is crucial to increase P use efﬁciency by
improving P nutrient management practices.
Analysis of soil available P is essential for providing a reference in favor of fertilizer P application rates to meet the demand of
crop growth. Unfortunately, excessive fertilizer P is still applied in
agricultural soils in many regions of China and has caused serious
environmental problems (Chen et al., 2008). In agricultural ecosystems, P is one of the key indicators in determining soil fertility
and quality which is closely related to soil productivity. Fertilizer
P application has an inﬂuence on soil phosphorus availability to
crops. To maintain soil available P in less developed countries such
as the Mediterranean area, crop P fertilization is a common practice
(Ryan et al., 1997). Since the 1960s, chemical fertilizers, including
P fertilizers, have been used at large scale on farmland in China
to guarantee food security (Lu, 2001). Fertilizer use has supported
almost a doubling of cereal yields in China from 1961 to 1997
(Sheldrick, 2003). However, excessive P fertilization has resulted
in serious environmental issues such as non-point source pollution of surface water. In China, it was estimated that the average P
input was 28.9 kg ha−1 year−1 while output was 14.2 kg ha−1 year−1
in 2004 leading to an average P surplus of 14.7 kg ha−1 year−1 (Chen
et al., 2008). Excessive fertilizer P application has led to an accumulation of soil P in arable farming systems and resulted in potential
water pollution. Studies in “three lakes” watersheds showed that
30–60%, 38–90%, and 40–52% of the total P loading originated from
agriculture for Dianchi lake, Taihu lake, and Chaohu lake, respectively (Chen et al., 2006a). Therefore, understanding soil P status

is important for developing appropriate P nutrient management,
improving fertilizer P use efﬁciency and reducing non-point source
pollution. However, previous studies mainly evaluated the soil P
content over time at the watershed, provincial and farm-size scale
(Chen et al., 2006b; Huang et al., 2006; Zhang et al., 2007; Wang
et al., 2009; Gao et al., 2011). To date, little information is available
on the variation of soil P over time and space in China. Therefore,
the objective of this study was to analyze the variability of soil available P content at broad temporal and regional scales and consider
the crop yield response to P fertilizer in China from 1990 to 2012.
2. Materials and methods
2.1. Data collection
The data sets for soil available P and crop yield were compiled
from published and unpublished data sources between 1990 and
2012 from the International Plant Nutrition Institute (IPNI) China
program database. The IPNI China program has initiated P fertilizer management research nation-wide in China since 1990, and
has accumulated large collections of soil test data and related crop
yield; which can be used to evaluate the variability of soil available
P and crop yield response to P fertilizer in China from 1990 to 2012.
In this study, 59,956 soil available P records and 4837 yield records
were collected from this database (Fig. 1). The datasets for soil available P were derived from all experiments with a 0–20 cm soil layer
collected before sowing and soil available P content determined
using the method of Agro Service International (ASI) (Hunter, 1980).
All experiments were conducted in farmers’ ﬁelds and crop yields
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Fig. 2. Trends of soil available P in China from 1990 to 2012. (A–C) are the scatter plots with the regression line for total crops, grain crops, and cash crops; (D–F) are the box
plots for total crops and cash crops. The black and red lines, lower and upper edges of the boxes, and bars and dots in outside the boxes represent median and mean values,
25th and 75th, 5th and 95th, and <5th and >95th percentiles of all data, respectively. (For interpretation of the references to color in this ﬁgure legend, the reader is referred
to the web version of this article.)

were obtained from the harvested crops using the NPK application
plots (NPK, the rate of N, K and P fertilizers were recommended
based on soil testing) and only NK treatments (i.e., the rates of N
and K fertilizers were recommended based on soil testing without
P fertilizer).
Five agricultural regions were grouped based on geographical
locations and China’s administrative divisions so as to evaluate
regional variation of soil available P in China. The ﬁve regions considered are the northeast (NE), north central (NC), northwest (NW),
southeast (SE) and southwest (SW) regions. In addition, each agricultural region was further divided into two sub-groups based on
grain crop and cash crop systems. In grain crop systems, wheat,
maize and rice were included. In cash crops systems, potato, soybean, vegetables, fruit trees, rapeseed, sunﬂower, cotton and sugar
crops were incorporated. The geographical samples were based on

the different regions and are listed in Table 1. Site information for
the ﬁve regions was reported in our previous study (He et al., 2015).
2.2. Calculations and statistical analysis
The methods of calculation and statistical analysis were based
on He et al. (2015).
Relative yield =

Yield with NK
Yield with NPK

(1)

where NK and NPK referred to the N and K, and N, P and K fertilization treatments, respectively.
Partial P balance =

Crop P removal
Fertilizer P application rate

(2)
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Fig. 3. Comparison of soil available P between the 1990s and the 2000s. (A) Total crops; (B) Grain crops; (C) Cash crops. The black and red lines, lower and upper edges of
the boxes, and bars represent median and mean values, 25th and 75th, 5th and 95th percentiles of all data, respectively. (For interpretation of the references to color in this
ﬁgure legend, the reader is referred to the web version of this article.)

Crop P removal in Eq. (2) referred to the crop P removal by
aboveground biomass only.
Data was analyzed using ANOVA with SPASS 13.0 for windows, and box ﬁgures were produced using Sigma Plot 12.0. Mean
differences between unlike periods were calculated using least signiﬁcant different (LSD) at the 0.05 level.
3. Results
3.1. Changes of soil available P in farmland from 1990 to 2012
In this study, results were considered across all crops as well
as grain crops and cash crops independently. Results in this study

indicated that soil available P content across all crops show an
increasing trend with a slope of 1.51 (linear model) between 1990
and 2012 (Fig. 2A). Soil available P increased with time for both
grain crops and cash crops during this same period. For grain crops,
soil available P content increased only slightly with a slope of 0.76
based on the linear model (Fig. 2B). In contrast, the value for cash
crops increased dramatically over the period with a slope of 2.75
(Fig. 2C). The box plots for total crops, grain crops and cash crops
not only showed similar increasing trends, but also illustrated some
variability (Fig. 2D–F). The fertilizer rate for grain crops averaged
82 kg P2 O5 ha−1 (ranging from 10 to 360 kg P2 O5 ha−1 ), while cash
crops averaged 141 kg P2 O5 ha−1 (ranging from 10 kg P2 O5 ha−1 to
1580 kg P2 O5 ha−1 ) (Fig. 6A). These results clearly indicated that fer-
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Table 1
Numbers of experimental observation across different regions and different periods.
Item

Regiona

Total crops

Grain crops

Cash crops

1990s

1990s

1990s

2000s

2000s

2000s

NE
NC
NW
SE
SW

434
2532
342
546
677

6986
18063
6964
17189
6223

403
2188
105
370
584

5983
13009
2843
11887
3644

31
344
237
176
93

1003
5054
4121
5302
2579

Relative NE
NC
yield
NW
SE
SW

62
80
96
193
84

847
1370
577
840
688

44
42
24
119
39

771
1261
174
637
421

18
38
72
74
45

76
109
403
203
267

Soil
test

a
Regions used in this study are NE (northeast), NC (north central), NW (northwest), SE (southeast) and SW (southwest).

tilizer P input resulted in the high P concentrations in soils planted
with cash crops which was the main factor affecting the increased
trend of soil available P, on average, in China from 1990 to 2012.
3.2. Temporal and spatial variability of soil available P
Even though balanced fertilization had been introduced to China
in the 1980s, the overuse of fertilizer is common in many regions,
resulting in soil degradation and declining crop yield. For soil available P, great variation was measured across different regions with
mean values of 17.53, 47.78, 25.10, 29.35, 18.70 mg L−1 for the NE,
NC, NW, SE and SW, respectively. In order to evaluate the changes
of soil available P in different regions of China between 1990 and
2012, we compared the soil available P across different periods,
the 1990s (1990–1999) and 2000s (2000–2012). Our data showed
that on average across all crops, soil available P increased from
17.09 mg L−1 in the 1990s to 33.28 mg L−1 in the 2000s. Considerable variation was observed in soil available P across the ﬁve
regions (NE, NC, NW, SE and SW) between the 1990s and the 2000s
(Fig. 3A). The average soil available P increased by 10.1% (from
16.01 to 17.63 mg L−1 ), 113.1% (from 23.99 to 51.11 mg L−1 ), 23.1%
(from 20.57 to 25.32 mg L−1 ), 16.1% (from 25.40 to 29.48 mg L−1 )
and 21.4% (from 15.67 to 19.02 mg L−1 ) from the 1990s to the 2000s
for the NE, NC, NW, SE and SW, respectively.
Soil available P values in the 2000s for grain crops increased
by 7.4% (from 17.08 to 18.90 mg L−1 ), 37.1% (from 21.09 to
28.91 mg L−1 ), 2.2% (from 21.91 to 22.39 mg L−1 ), 2.1% (from 21.68
to 22.13 mg L−1 ) and 1.3% (from 14.97 to 15.16 mg L−1 ) in the NE,
NC, NW, SE and SW, respectively, compared with those in the
1990s (Fig. 3B). However, for the NE, NC, NW, SE and SW, the
soil available P for cash crops increased by 19.7% (from 17.45 to
20.89 mg L−1 ), 155.4% (from 42.40 to 108.27 mg L−1 ), 36.8% (from
19.98 to 27.34 mg L−1 ), 38.4% (from 33.21 to 45.96 mg L−1 ) and
46.8% (from 17.66 to 25.91 mg L−1 ), respectively in the 2000s compared with those in the 1990s (Fig. 3C).
3.3. Crop yield response to P application in different regions
Relative yield, used to evaluate crop yield response to P application, was calculated using the yield of the NK treatment divided by
the yield with the NPK treatment: the larger the relative yield, the
higher the soil indigenous P supply. The results showed that there
was very little variation for relative yield between the NE, NC, NW,
SE, SW regions with 87.8%, 87.8%, 84.4%, 88.1% and 86.0%, respectively. It was demonstrated that soil indigenous P supplies were the
highest in the SE. The analysis of temporal variation showed that
average relative yields increased from 84.8% in the 1990s to 87.4%
in the 2000s. However, there were differences in certain regions.
Relative yield increased by 9.2% from the 1990s to the 2000s for

Fig. 4. Comparison of relative yield between the 1990s and the 2000s. (A) Total
crops; (B) Grain crops; (C) Cash crops. The black and red lines, lower and upper
edges of the boxes, and bars represent median and mean values, 25th and 75th, 5th
and 95th percentiles of all data, respectively. (For interpretation of the references to
color in this ﬁgure legend, the reader is referred to the web version of this article.)

the NC, but there were no signiﬁcant differences across the same
period in the NE, NW, SE and SW (Fig. 4A). The relative yield for
grain crops with values ranging from 85.8% to 89.0% for the NE, NC,
NW, SE and SW regions, respectively, did not show signiﬁcant difference with the values of total crops ranging from 84.4% to 88.1%
(Fig. 4A and B). Although, for grain crops, it was observed that relative yield increased by 2.6%, 7.6%, 6.9% and 8.6% for the NE, NC, SE
and SW regions, indicating that soil indigenous P supplies increased
in these regions over 22 years (Fig. 4B). The relative yield for grain
crops in the NW decreased by 4.9% from the 1990s to the 2000s
which could be related to the local environment, crop systems and
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Fig. 5. Yield with NK and yield with NPK for cash crops and grain crops. The red line is the 1:1 line. (For interpretation of the references to color in this ﬁgure legend, the
reader is referred to the web version of this article.)

soil physical-chemical properties. Cao et al. (2012) indicated that
the different environment, crop systems and soil physical-chemical
properties had great effects on soil available P content, which would
directly affect the value of the relative yield.
The relative yield among those regions for cash crops (85.3%,
84.0%, 83.5%, 85.7% and 86.3% for the NE, NC, NW, SE and SW
regions, respectively) did not show signiﬁcant difference. However, great differences were observed in those regions from the
1990s to the 2000s. Relative yield decreased by 6.7%, 6.0% and
1.6% for the NE, SE and SW regions respectively over the years,
but for the NC and NW regions, the relative yield increased by 8.3%
and remained unchanged, respectively (Fig. 4C). The relative yield
for cash crops indicated that soil indigenous P supplies decreased
for the NE, SE and SW regions, increased for the NC region and
remained unchanged for the NW region.
4. Discussion
Soil available P is affected by agricultural management practices,
such as crop rotation (Karasawa and Takebe, 2012), fertilization and
tillage (Cade-Menun et al., 2010; Messiga et al., 2012). Findings in
this study demonstrated that soil available P increased with the
increased use of fertilizer P rate between 1990 and 2012. These
results are similar to those of Hart and Cornish (2012), showing that available P could be raised with fertilizer additions to
improve agronomic productivity. Our results also revealed that, on
average, soil available P increased from 17.09 mg L−1 in the 1990s
to 33.28 mg L−1 in the 2000s, a similar trend to previous studies
that showed the national average soil available P increased from
7.4 mg kg−1 in 1980–24.7 mg kg−1 in 2007 (Li et al., 2011). The signiﬁcant increase in average soil available P content was mainly
caused by the increase of P fertilizer application in cash crops. A
recent review study (Yan et al., 2013) showed that the over fertilization occurred in vegetable productions in both greenhouse soil
media-ﬁeld and open ﬁeld vegetable systems.
Relative yield is another effective and immediate index of basic
soil fertility and can be used to evaluate the soil nutrient supply
capacity (He et al., 2015; Xu et al., 2014). In this study, although
soil P values in grain crops were lower than those in cash crops, the
relative yield of grain crops (88.1%, 88.2%, 86.7%, 89.0% and 85.8%
for the NE, NC, NW, SE and SW respectively) were somehow higher
than those in cash crops (85.3%, 84.0%, 83.5%, 85.7% and 86.3% for
the NE, NC, NW, SE and SW respectively), not accounting for the SW

region. These results indicated that in most regions except the SW,
the contribution of indigenous P supply to yield was higher for grain
crops than for cash crops and that more P is required to achieve
the maximum yield of cash crops. To some extent, this result was
supported by the lower regression slope between yield with NK
and the yield with NPK application for cash crops (0.852) than that
for grain crops (0.911) (Fig. 5). These ﬁndings indicated that cash
crops would suffer much more than grain crops without P fertilizer
application not unlike the results obtained for soil available K for
cash crops versus grain crops (He et al., 2015).
Although some variation existed for soil critical P values due to
the differences in crop and soil type including soil structure, pH,
organic C and depth (Poulton et al., 2013; Johnston et al., 2013),
5.3–18.3 mg L−1 was determined to be the critical level for optimal
crop yield and 41.2 mg L−1 of soil available P was the level where the
risk of P leaching occurs for most crops. However, 65.9 mg L−1 of soil
available P was regarded as the critical value for vegetable production (Lu, 2003; Zhong et al., 2003; Bai et al., 2013; Xiong et al., 2007)
which was above the average P leaching critical value. Therefore,
fertilizer nutrient management for vegetables should be different
from other crops. This study indicated that almost all the average
soil available P was within critical level range for crop yield in the
1990s apart from the soil planted cash crops in the regions of the NC
and SE. In the 2000s, soil available P for grain crops was near critical
level in the NE and SW regions and above which but below the soil P
leaching critical level for the NC, NW and SE regions. For cash crops,
soil available P showed leaching risk in the NC and SE regions. In
other regions, soil available P contents for cash crops were above
critical level range but below soil P leaching critical level. The higher
P application rates can not only contribute to higher soil available P,
but can also lead to eutrophication. The eutrophication of aquatic
systems caused by diffused pollution of agricultural P is not only
a regional but also a global challenge (Ryan et al., 2012). A phosphorus surplus, resulting from long-term over application, was the
most recalcitrant reason of diffuse P loss (Kleinman et al., 2011).
Strategies that control external P loading were proven to be a useful
way to control eutrophication over time (Schelske, 2009).
In agricultural systems, the ideal circumstance would be that P
input is equal to P output thus maximizing P use efﬁciency. Here,
partial P balance (PPB), calculated by taking the ratio of P nutrient
removal in aboveground to fertilizer P application rate, was introduced to evaluate P balance. It showed that all values of P uptake
for cash crops were higher than those for grain crops, highlighting
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has shown an increasing trend from 1990 to 2012, largely due to
high P fertilizer application to cash crops. The relative yields supported soil test data and yield response to P application for cash
crops was larger than that for grain crops. Therefore, P fertilizer
application is required not only for grain crops, to keep soil available P above the critical level and below the leaching critical level,
but also for cash crops with high yield response to P application.
In this study, 59,956 soil samples and 4837 ﬁeld experiments were
used to analyze variation of soil available P from both spatial and
temporal scenarios and this is the ﬁrst complete report from the
broad regional and national level. Information from this study also
can provide theoretical support for future research such as P nutrient cycling, P nutrient management strategies under agricultural
mechanization as well as temporal and spatial variation of ﬁeld P
balance and non-point source pollution.
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