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Abstract

Background Crop production in China has been greatly
improved by increasing phosphorus (P) fertilizer input,
but overuse of P by farmers has caused low use
efficiency, increasing environmental risk and accumula-
tion of P in soil. From 1980 to 2007, average 242 kg
P ha—1 accumulated in soil, resulting in average soil
Olsen P increasing from 7.4 to 24.7 mg kg—1. China is
facing huge challenges to improve P use efficiency
through optimizing corresponding technology and
policies. The problem is exacerbated because people
have been shifting their diet from plant-based to animal-
enriched foods. This results in higher P load in the food
chain and lower P use efficiency.

Scope A multidisciplinary approach has been used to
improve P management at the field and national level in
China. Management strategies based on the soil and on
the plant rhizosphere have been developed to increase
efficient use of P. A national soil testing and fertilizer
recommendation program has been used since 2005 to
control build-up and maintenance of P levels. Interac-
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tions between root growth and the rhizosphere have
been manipulated in intercropping systems and plant
genetic traits have been exploited. Phosphorus surplus is
highly associated with animal concentrated feed.
Conclusions The P-saving potential by the integrated
P management strategies of P flow reaches 1.46 Mt P
in 2050 compared to 2005.
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Introduction

China’s population was 1.3 billion in 2008 (19.8% of the
world population, FAO Resource STAT 2008), but
China has only 7% of the arable land in the world
(530 million ha, FAO Resource STAT 2006)., The
consumption of Phosphorus (P) fertilizer reached up to
5.3 million metric tonnes (Mt) P in 2006. (The
Yearbook of China Statistics 2007). In contrast, only
1.8 Mt P fertilizer were consumed by USA as P on 411
million ha arable land (FAO Resource STAT 2006).
Nowadays, excessive P input by farmers occurs in most
regions of China. In the North China Plain, one of the
major areas for intensive crop production, the total P
input was 92 kg ha™' year ', and the total P agronomic
output was 39 kg ha ' year ', and then the net P input
was 53 kg ha' year ' (Vitousek et al. 2009). This
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contrasts with Midwest U.S.A (total P input: 14; total P
agronomic output: 23; net P input: =9 kg ha ~'year ).
In China, only 15-20% of the P applied was taken up
by plants in the growing season (Zhang et al. 2008),
and the rest accumulated in the soil P pools. The
potential accumulation of P in soil as a result of
fertilizer applications to all arable land in China, from
1980 to 2007, was more than 242 kg P ha'as
determined from the balance of P inputs and outputs.

Increases in soil Olsen-P (mg kg_l) (Olsen et al.
1954) per 100 kg ha ! P surplus in the top layer (0—
20 cm) were: 1.44 for the Grey Desert soil (Aridisols
in ST) in Xinjiang province; 1.60 for Fluvo aquic soil
(Inceptisols in ST) in Beijing and Henan province;
2.60-2.75 for Red soil (Ultisols in ST) in Hunan
province, 3.53 for Loess soil (Mollisols in ST) in
Shaanxi province, 4.44 for Purplish soil (Inceptisols
in ST) in Chongqiong city; and 5.74 for Black soil
(Udic Mollisoils) in Jilin province (Cao 2006). The
differences were caused by different application rates
and by different soil types. Application of animal
manure accelerated the increase of soil Olsen-P with a
rate almost 3 times higher than when only chemical
fertilizer at the same amount of P were applied (Li et
al. unpublished), which was due to desorption of P
from soil minerals caused by manure. From 1980 to
2006, the increase in average rate of P application rate
was 5% per year in China. In 1980, the national
average for soil Olsen-P was 7.4 mg/kg and on 79.4%
of the arable land it was less than 10 mg kg '. The
highest level was 10.3 mg kg ' for the black soil area
in Northeast China (Fig. la). In the North China
Plain, soil Olsen P was only 6.4 mg kg ', which is
much lower than the optimal level for crop growth
(20 mg kg ). In 2006, the average soil Olsen P was
20.7 mg/kg, almost three times as high as in 1980
(Fig. 1b). The increase of soil Olsen P occurred in all
agroecological regions of China, ranging from
17.5 mg kg ' in the middle-lower Yangtze plain to
25.4 mg kg ' in South China. Soil Olsen P exceeded
40 mg kg ' on 9.3% of the arable land. At that level,
there is a risk of P leaching for many soil types in
China (Zhong et al. 2004).

Clearly, food P cost has changed significantly in
last two decades, and our comprehensive analysis of
the food chain indicate that the mean input of P
required to produce 1 kg of P in food in China was
5 kg in 1980 and 13 kg in 2005 (Ma et al. 2010). The
low P use efficiency partly resulted from the behavior
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of fertilizer application by farmers, who often input
more P than crops need. China faces two challenges
to improve P management. We need to find how to
best manage soil fertility and fertilizer P, and we need
to find how to make better use of P accumulated in
soil by crops and cropping systems. The objectives of
this paper are to give an overview of the historical
development of phosphorus dynamics at the soil, plant
and crop level and options in China, to introduce current
management problems, to discuss possible reasons for
low phosphorus use efficiency, to give two successful
cases, and then to offer a perspective for sustainable
phosphorus management strategies in China.

Strategies for maximizing P use efficiency

In order to cope with the challenges, two strategies for
P management have been developed in Chinese
agricultural production.

1. Soil-based P management strategies

A. Traditional approach: Yield response

to fertilizer dose

A yield response approach has been
widely used in China since 1980s (Huang et
al. 1982; Zhu 1984; Lv et al. 1989). The
analysis of yield response to fertilization of P
is based on field experiments and statistical
methods. No chemical or physical means
need be used to reveal the soil nutrient
supply, crop nutrient requirement, fertilizer
use efficiency or other properties. A yield
response curve for nutrients can be obtained
by linear, quadratic or multiple regression
equations. Then, the maximum and econom-
ically optimum fertilizer rates can be esti-
mated from the regression equation of yield
response to fertilization. The method
describes the crop fertilizer response for
different soil fertility conditions. This approach
has helped to secure high crop yields and to
optimize fertilizer use at a large scale by
considering macroeconomic management and
distribution of fertilizers. In addition, China has
been able to lift and stabilize crop yield, keep
fertilizer use within a relative rational range,
and environmental problems associated with
excessive fertilization have been reduced. For
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Fig. 1 Soil P availability of
China in 1980 (a) and 2006
(b). Different colors indi-

cated different levels of soil

P availability. The number

on the map was the average .
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example, implementation of the technology
reduced P-fertilizer use in North China Plain by
10-30% compared to farmer practice, without
yield loss (Chen et al. 2003).

There are some disadvantages associated
with the use of yield functions alone for
managing fertilizer input. When nutrients are
deficient, crop yields increase with increases
in fertilizer application. However, the yield
increment per kg fertilizer and the economic
benefits of fertilization decrease with improv-
ing soil fertility and the economic benefits
decline to zero when the value of increase

yield equals the costs of the fertilizer applica-
tion (line A in Fig. 2). The results from fitted
quadratic models (Table 1), indicated that
higher amounts of phosphorus fertilizer were
required for optimum yield than the P-demand
of plant growth alone. Although this is not
unusual on soils that have high P sorption
capacity, it could also arise from over appli-
cation of P fertilizer as a result of not updating
the fertilizer requirements of crops on soils
where soil fertility was rising. It is therefore
necessary to continually update yield response
functions to determine the appropriate
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Crop yield

P fertilizer rate

Fig. 2 Theoretical model of yield response approach

amounts of fertilizer that need to be applied.
The yield response to fertilizer is based on
field experiments and is only applicable to the
region where the field experiments were
conducted.

It is difficult to overcome the impact of
climate differences at different locations on
fertilizer requirements. As the method is based
on field experiments and requires statistical
analysis, it is mainly suited for the agricultural
technicians, researchers and government
policy-makers, rather than farmers. As a large
amount of data is required from the treat-
ments, this approach is more feasible for
cereal crops but not vegetables.

New approach for P management: Building-up
and maintenance

The building-up and maintenance approach
was first presented by Wang et al. (1995), and
fully developed by Zhang et al. (2008) during

Table 1 Amount of phosphorus fertilizer recommend by yield
response approach

Crop Location P recommend P uptake  References
(kg ha ™" (kg ha ™"

Wheat Beijing 59 36 Huang et al.
(1982)

Wheat Henan 126 69 Zhu (1984)

Wheat Shanxi 113 37 Lv et al.
(1989)

Maize Henan 180 44 Wu et al.
(1990)

Rice  Liaoning 150 23 Yang and
Wang (1985)
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implementing in China. The approach aims at
maintaining the soil Olsen P at the optimal
level for plant growth by fertilizer application
management. The optimal level is more than
the critical concentration of soil Olsen P
needed to sustain high crop yield and less
than P leaching level. The critical level for
crop yield depends on the characteristics of
the different plant species and cropping
systems, and can be found through long-term
fertilizer experiments or many-year field
experiments. The critical level for maize (Zea
mays L.) ranged from 12.1 to 17.3 mg P kg !
and for winter wheat from 12.5 to 19.0 mg P
kg' based on three 15 years long-term
fertilizer experiments (Tang et al. 2009).
Zhang et al. (2008) found that the critical
levels ranged from 10 to 20 mg P kg™ for rice
(Oryza sativa L.) in south China, 20-60 mg P
kg™ for vegetable in north China, 13-30 mg P
kg ™! for cotton (Gossypium hirsutum L.) in
Xinjiang province and 16-25 mg P kg ' and
rape (Brassica napus L.) in central China.
This approach helps keep soil P at an optimal
level, meets the needs of crops, increases
profitability and achieves maximum economic
efficiency, and reduces environmental risk of P
leaching.

The principle of building-up and mainte-
nance based on a nutrient balance approach
and soil P test is illustrated in Fig. 3. The
objective is to move from the environmental
risk level (very high P-status) or P deficient
level (very low P-status) to the level of
ensuring stable crop yield (medium P-status).
When soil Olsen P is too high, either no P
fertilizer or the amount of 50-70% take up by
the crops should be applied to reduce exces-
sive soil P reserves. When soil Olsen P is at an
optimal level, the amount of P-fertilizer equals
to crop removal to maintain soil P level. In
China, the 20 mg kg ' was regarded as the
minimum limit of the optimal soil Olsen P for
crop growth, over which most crops can
reached the high yield, in contrast, over
40 mg kg ', a large amount of soil types
faces soil P leaching risk (Zhong et al. 2004).
Under severe P deficiency, the amount of P-
fertilizer approaches 130—170% or even 200%
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Fig. 3 Theoretical model of Approach P recommendation  Soil P
building-up and mainte-
nance approach No fertilizer Very Environmental risk line J
Control High
Input <Output High \
Maintenance Input =Output Medium Optimum level for crop production

Input > Output

Building-up

Input >>output

of the amount of taken up by the crops in
order to build-up soil P supply capacity. In this
approach, the P-fertilizer applications should
be adjusted according to the soil fertility level
every 3—5 years.

Fertilizer P continued to react with soil as a
result of which added phosphorus become
ever more slowly available to plants (Barrow
1980). In order to maintain soil Olsen P at a
range of 20-40 mg kg ', more than P output
should be added every year from a scientific
viewpoint. In the practice, the slow reaction
between P and soil can be neglected because
that if soil Olsen P become less than
20 mg kg ', the decrease can be detected in
the routine measurement, and soil P can be
replenished by P fertilizer application.

This strategy can harmonize crop yield,
fertilizer efficiency and soil fertility, which is
conducive to sustainable development of
agriculture. This approach does not focus on
the precise measurement of the annual soil P
change at each field; thus simplifying the
farm management, improving resource use
efficiency. This strategy has a potential for
broad application, because of its simplicity
and feasibility. As an example the P fertilizer
recommendations for winter wheat in the North
China Plain, based on building-up and mainte-
nance approach are shown in Table 2 (Zhang et
al. 2010). In Shandong Province, only 27% of
the soil with soil Olsen P content was less
than the optimum levels in 61130 soil samples
(<14 mg kg'). As a result, the average P
fertilizer recommendation amounted to

Low

Very
low

Table 2
wheat in

H

‘ 3-5 year 3-5 year |

\ 4

31.4 kg P ha ! year ' compared to a recom-
mended dosage of 52.4 kg P ha ' year ' based
on a single-season crop P fertilizer response
function. Potentially, 0.14 Mt of P can be
saved in Shandong Province by using this
strategy only (Zhang et al. 2008).

The building-up and maintenance approach
has been used in the National Soil Testing and
Fertilizer Recommendation Program in China,
which started in 2005. In 2009, 2498
counties were covered and a total of 42 billion
RMB (1=0.15 US Dollars) have been invested,
and 7.2 million soil samples have been mea-
sured. In 2010, the program plans to offer the
service of Soil Testing and Fertilizer Recom-
mendation to 160 million farmer families freely
and will extend the technology up to 700
million ha.

China’s Phosphorus Fertilizer Demand was
forecasted by the building-up and maintenance
approach in Cao’s PhD thesis (2006). On
average, soil Olsen-P represented about 3.1%

Phosphorus fertilizer recommendation for winter
the north China Plain based on “Building-up and

maintenance method”

Soil fertility

Soil Olsen-P Recommend P

(mg kg™ rate (P kg ha ")
Very high >40 0
High 30~40 17.5
Medium 14~30 35
Low 7~14 48
Very low <7 61
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of the accumulated P in the arable areas in
China. The P balance sheet for arable land in
China showed an increase of about
392 kg ha ' from 1980 to 2003. The present
soil Olsen-P of arable land is estimated at
about 19 mg kg' at the national level. If the
soil Olsen-P is to be increased to 40 mg kg ',
the maximum level without environment risk,
during the next 30 years, the demand for
phosphorus fertilizer as P per year should be
4.6 to 5.5 Mt. After 2035, the soil Olsen-P
level should be kept at 40 mg kg ', and the
demand of phosphorus fertilizer per year
would then be around 4.6 Mt.

2. Plant/thizosphere-based P management

A.

Case 1: manipulating root morphology and
physiology by managing rhizosphere processes.

Proliferation of lateral roots was greatly
stimulated by localized supply of high
nitrate or P in barley (Hordeum vulgare L.)
(Drew 1975). Cluster roots of white lupin
(Lupinus albus L.) were found to be concen-
trated in the organic matter profile where
nutrients and water were normally rich (Li et
al. 2010a). Assimilation of ammonium in
roots produces similar amount protons, which
can release into rhizosphere (Marschner
1995). Rhizophere acidification improved
bioavailability of soil P in calcareous soil
(Hinsinger 2001). The modifications of root
morphology and physiology caused by nutri-
ent supply in soil under low-P stress makes
rhizosphere management feasible. The manip-
ulation of rhizosphere processes by localized
application of P and ammonium improved P
uptake and growth of maize in an intensive
farming system in North China (Jing et al.,
2010). Localized supply of P plus ammonium
significantly increased chlorophyll content
and leaf area, leading to increased dry weight
of shoots by 18%—77% at early growth stages
in Ny Pp (localized application of both P and
N) than NgPg (both N and P broadcast) or
NgPL (localized P application with N broad-
cast) treatments . The acquisition of N and P
by plants was markedly improved by modifi-
cation of rhizosphere processes including
stimulating root proliferation (especially of
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fine roots) and rhizosphere acidification (by
2-3 units in the fertilized zone) caused by
localized supply of P plus ammonium. In the
calcareous soil of North China, it is feasible to
improve nutrient use efficiency and plant
growth through an effective management
strategy, such as localized application of P in
combination with ammonium.

B. Case 2: Rhizosphere interactions are impor-

tant for increasing nutrient use efficiency of P
and maximizing crop productivity.

Individual plants may modify the rhizo-
sphere in ways that facilitate nutrient adsorp-
tion by roots. This may benefit plants of the
same, or of different, species. For many
years, Chinese farmers have used intercrop-
ping systems to increase productivity and
profitability per unit of land. In the past
decades, some intercropping systems were
widely investigated, especially with respect
to the advantage of phosphorus uptake (Li et
al. 2001, 2003, 2007).

Maize/faba bean intercropping

Maize/faba bean (Vicia faba L.) intercropping
systems have a long history in the irrigated areas
of the Hexi Corridor in Gansu province, China,
where climatic conditions allow only one crop-
ping season annually (Li et al. 2001). The sowing
date for maize was the middle of April, which
was 3 weeks later than faba bean sowing. Faba
bean and maize was harvested at the end of July
and September, respectively (Li et al. 2003).
There was a significant intercropping advantage
on crop yield and phosphorus adsorption for
intercropped maize and faba bean compared with
mono-cropped plants. On a low-phosphorus but
high-nitrogen soil, over 4 years of field experi-
ments, the yield of maize and faba bean was 43%
and 26% higher in intercropping than mono-
cropping (Li et al. 2007). Intercropped maize and
faba bean also had a greater P uptake by 28% and
29% than monocropped plants (Li et al. 2003).
The increase in uptake was attributed to rhizo-
sphere interactions between maize and faba bean
(Li et al. 2007). Faba bean acidified its
rhizosphere via proton exudation from roots in
calcareous soil and alkalized the rhizosphere in
an acidic soil (Li et al. 2007; Li et al. 2010b).
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Modification of the rhizosphere pH improved
soil P bio-availability in both calcareous and
acidic soils (Lindsay 1979). More than 400 nmol
citrate g ' soil was present the rhizosphere of
faba bean (Li et al. 2010b), which desorbed
phosphate anion from Al- and Fe- bound
phosphorus in soil. P mobilized by modification
of the rhizosphere of faba bean facilitated P
uptake by the neighboring maize in the inter-
cropping system. Moreover, the improvement of
intercropped maize’s yield is also partly due to
higher soil N availability from N, fixation of
faba bean (Fan et al. 2006). Faba bean yield also
increased because of competition alleviation in
P uptake resulted from different root distribution
between two plant species (Li et al. 2006), and
because of enhanced nitrogen fixation (Fan et al.
2006).
Maize/wheat intercropping

Maize/wheat (Triticum aestivum L.) is popular
in the irrigated areas of the northwest China, and
produces a combined yield of more than
12,000 kg ha ' (Li et al. 2001). Sowing date
were the middle of March for wheat and April for
Maize. Harvesting date were the middle of July
for wheat and the end of September for Maize.
The individual intercropped wheat had a higher
yield by 74% than monocropped wheat. For
intercropped wheat in the border rows, the
increase was 56—92% compared with monocrop-
ped wheat; for the inner rows the increase was
22% (Li et al. 2001). Maize had a greater yield
by 19-33% when intercropped in different P
fertilizer application rates. Intercropped com-
bined crop took up 28-41% more P than the
weighted mean of monocropping with P fertilizer
application (Li et al. 2001). The advantage to
wheat of intercropping was due to higher
competitive ability than that of neighbor maize
because of larger root system (Li et al. 2003). In
the early stage, the rates of dry matter accumu-
lation of intercropped maize was 10-20 g
m > day ', which was significantly lower than
for monocropped maize (17-35 gm ~ day ') (Li
et al. 2003). After wheat harvest, maize had a
compensatory growth of 59 to 70 gm 2 day ',
which was around double the rate of the mono-
cropped plant, and offset the impairment of early
growth (Li et al. 2003). The process was

summarized as the ‘competition-recovery pro-
duction principle’. Recovery resulted from dimin-
ished interspecific competition.

C. Case 3: exploitation of plant genetic potentials.

(1) Plant species shows different responses to
P on acid and alkaline soils.

Many strategies have been evolved by
different plant species to acquire soil P
(Raghothama 1999; Hinsinger 2001; Vance
et al. 2003; Raghothama and Karthikeyan
2005). These include release of protons,
exudation of carboxylates and secretion of
phosphatases. Even in the same type of
soil, different plant species used different
strategies (Li et al. 2007; Li et al. 2008,
2010b). Faba bean had a strong ability to
acidify the rhizosphere and to exude
carboxylates in calcareous soil, whereas
large root biomass and length facilitated P
uptake efficiently in maize (Li et al. 2007).
Li et al. (2010b) showed faba bean greatly
alkalized the rhizosphere to acquire P from
the acidic soil. Common bean and wheat
used different behaviors on utilization of
different P fractions (Li et al. 2008).
Phosphorus is usually concentrated in the
topsoil and decreases with depth due to P
fertilizer application or returning P to
surface in leaf litter in unfertilised soils.
Common bean (Phaseolus vulgaris L.) and
soybean (Glycine max (L.) Merr.) adapt to
low P availability by allocating roots to
shallow horizons (Liao et al. 2001; Rubio
et al. 2003; Liao et al. 2004; Lynch 2011).

The morphological and physiological
adaptation to soil P supply of five plant
species, including white lupin, maize,
soybean, faba bean and rape, was estimated
recently by Lv and Shen (2010) in both
calcareous soil and acidic soils. Maize,
soybean and rape were strongly responsive
to P addition, and P supply increased the
shoot dry mass 14 times in the calcareous
soil compared with the no P treatment. In
contrast, white lupin and faba bean were
relatively insensitive to P application, with
only around 30% higher yield with P
application. High acid phosphatase activity
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occured inthe rhizosphere of white lupin
and faba bean in this study. Li et al. (2010b)
also found modification of rhizosphere pH
and high carboxylate exudation of these
plants. There rhizosphere processes were
responsible for high P use efficiency.
Maize, soybean and rape showed inefficient
adaptation to soil P deficiency. In contrast,
faba bean and white lupin highly relied on a
physiological adaptation of root exudation
from roots to P deficiency.
Gene modification for enhancing P use
efficiency

The diversity of root adaptation strate-
gies in different plant species makes
improving P acquisition by transgenic
techniques feasible. Many researchers
have already focused on transgenesis of
acid phosphatase (APase) (Yip et al. 2003;
Xiao et al. 2006; Wang et al. 2009). An
Arabidopsis (Arabidopsis thaliana) purple
APase gene (AtPAP15) containing a carrot
(Daucus carota) extra-cellular targeting
peptide in soybean hairy roots was trans-
formed and over-expressed in soybean
(Wang et al. 2009). The transgenic lines
exhibited a greater activity of APase (by
9.7-33.1%) and phytase (50.1-159.3%)
in leaves and root exudates compared to
wild-type plants, resulted in 56.5—
117.8% increases in plant dry weight
and 18.2-90.1% in plant P content. Ma
et al. (2010) introduced a phytase gene
(MtPHYI) and a purple acid phosphatase
gene (MtPAPI) isolated from Medicago
truncatula into white clover (Trifolium
repens L.). The threefold activities of
phytase or acid phosphatase in root
apoplasts of the transgenic plants facili-
tated higher accumulation of total P (up to
2.6-fold) than the wild-type plants. A
number of families of phosphate trans-
porter mediate the transport of phosphate
anion transport across plant membranes
(Smith et al. 2003). However, some
researchers found that increase of phytase
release couldn’t improve P uptake of
plants because of rapid adsorption of
phytase by soil minerals (George et al.

2003, 2007). Mobilization of soil organic
P by acid phosphatase was strongly
depended on soil types. Mitsukawa et al.
(1997) enhanced tobacco cell growth
under phosphate-limited conditions by
over-expression an Arabidopsis thaliana
high-affinity phosphate transporter gene
(PHTI). A high-affinity phosphate trans-
porter genes (OsPTI) was induced into
rice roots and significantly enhanced P
acquisition in transgenic rice (Seo et al.,
2008). In contrast, Rae et al. (2004) failed
to improve P uptake of transgenic barley
by over-expression of a high affinity
phosphate transporter. Through gene
modification to enhance P use efficiency
of crop is still a challenge for plant
nutrition scientist.
(3) Marker assistant selection (MAS) for
enhancing P efficiency
It has been reported in that maize on
the genotypic variation in adaptation to
low P soil conditions including morpho-
logical and physiological response by
roots (Hajabbasi and Schumacher 1994;
Liu et al. 2004; Hao et al. 2008, Li et al.
2010a, b). Using a MAS on root-related
QTLs, we developed a maize inbred L224
with increased root growth and strong
rhizosphere acidification. Phenotypic
evaluation in the field trials showed that,
L224 has a larger root system, higher P
uptake and grain productivity in compar-
ison with the recurrent parent (Yuan unpub-
lished). This work highlighted a molecular
breeding approach on the development of P-
use efficient maize.

Perspectives

Phosphorus is a limited and non-renewable resource,
and the remaining accessible reserves of high
quality phosphate rock would run out by 2050 in
China (Zhang et al. 2008). Phosphorus fertilizer
inputs have greatly contributed to increased food
production in China in recent decades, but also
caused environmental problem (Ma et al. 2010). The
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challenge of P management is to harmonize food
security, resource limitation and pollution problems
at field regional scale. Rapid economic development
of China in recent years has shifted diet from plant
to animal products (Wang et al. 2010). Phosphorus
flow has changed significantly in the last two
decades. Firstly, the phosphorus cycle in China
agricultural system has undergone an evident change
because of diet shift. Secondly, animal production
system has been separated from crop production.
Thirdly, most of the manure phosphorus entered into
the water environment. According to a prediction by
the Ministry of Agriculture, by 2050, the national
animal products will increase considerably: the
nationwide total meat production will increase to
86.0 Mt from current 76.2 Mt; egg production will
increase to 32.0 Mt from 27.4 Mt; milk production
will increase to 60.0 Mt from 35.2 Mt. Therefore, it
can be expected that the total amount of animal
manure will also increase by a large margin. In the
meantime, there will be even greater pressure on the
recycling of animal manure and a decline in mineral
P fertilizer availability. Manure P will have an
increasing role as fertilizer for crops, with an
associated decline in the environmental problems
currently linked to their disposal. Prospectively, the
research should be from “soil” to “soil-plant-animal-
environment”.

Strategies of soil P management should be based
on soil type. Three critical points exist in each soil
type: yield and leaching. The critical point for yield is
the point above which a crop will maintain 80-100%
of the maximum yield and have no significant
response to P fertilizer application, and is regarded
as 20 mg kg ' (Olsen P) for major crops in China.
The critical leaching point was first described by
Heckrath et al. (1995) (change-point between soil
Olsen P and soil CaCl,-P) in the Broadbalk Experi-
ment at Rothamsted, which is 40 mg kg™ (Olsen P)
as temporal index in China. The critical level of yield
for each crop and P leaching for each soil type will be
specified in further research. The critical level of yield
and leaching is in between minimum and maximum
line of soil Olsen P in “Building-up and Mainte-
nance” approach at a field level.

Optimizing the soil-plant-animal P nutrient man-
agement should involve increasing P uptake effi-
ciency of animals and plants; reducing P fertilizer
input in areas of excessive fertilization; and adopt-

ing new technology to increase recycling of animal
manure. The result would be quite significant: in
contrast to 2005, by 2050 the whole system will reduce
demand for P fertilizers (P) by 0.51 Mt and 0.48 Mt of
animal manure discharge—animal manure will substitute
for 1.46 Mt of chemical phosphorus fertilizers (P) (Wang
unpublished). A long-term strategy for optimizing P
flow in a “soil-crop-animal” system involves multidis-
ciplinary collaboration and this is the future research
direction of P management.

Lowering the net P costs of food production
requires a food chain approach. Key topics are (1) to
increase the understanding of P cycling in the food
production—consumption chain, (2) to quantify P use
efficiencies in the food chain at regional level in
China, and the effects of changes in population,
urbanization and diets, and (3) to explore nutrient
management options for improving P use efficiencies
at regional level, like social and policy issues.
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