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Abstract China has become the largest mineral

phosphorus (P) fertilizer consumer in the world, but

current use is not sustainable. Here, we report on a

quantitative analysis of the P use and losses in the food

production–consumption chain and of their relation-

ships with socio-economic indicators for the years

1950–2010. Pathways to a more sustainable P use in

2030 were explored through scenario analyses, using

the Nutrient flows in Food chains, Environment and

Resource use model. Non-linear relationships were

observed between changes in P use and changes in

gross domestic production (GDP), suggesting a

decoupling of P use from the main economic driver.

More or less linear relationships were observed

between changes in P use and changes in the

percentages of vegetable and fruit and animal derived

food in human diets. Total P losses increased from

0.2 Tg in 1950 to 3.1 Tg in 2010, while P use

efficiency in the food chain decreased from 35 % in

1950 to 6 % in 2010. Our estimates suggest that 79 Tg

P has accumulated in agricultural soils, 16 Tg P

accumulated in landfill, and 48 Tg P has leached or

has been discharged to water bodies during the past

60 years. Most of the accumulation and discharges

took place in the last 10 years. We analyzed five

options for increasing P use efficiency in the food

chain by 2030, i.e., balanced P fertilization in crop

production, precision animal P feeding, improved

manure management, diet changes, and the integration

of these four options. The integral adoption of these

four options will increase P use efficiency in the food

chain from 6 % in 2010 to 26 % in 2030. Total mineral

P fertilizer use will decrease by 69 % and P losses by

68 % relative to the business as usual scenario. In

conclusion, current P fertilizer use and losses are

coupled to dietary choices, but have become
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decoupled from GDP. Further decoupling may occur

when P use is defined by science-based P requirements

for crops, animals and humans.

Keywords Scenario analysis � Fertilizer � Losses �
Crop � Animal � Socio-economic

Introduction

Phosphorus (P) is an essential nutrient, needed for

cellular function, reproduction (DNA, RNA) and plant

development (Richardson 2009; Smil 2000). Soils

usually do not contain sufficient plant-available P for

economic optimal crop production and cropland is

therefore fertilized. Without applications of P fertil-

izer, crop yields would be limited and it would be

difficult to produce enough food for the projected 9

billion people in 2050 and thereafter (UN 2010).

Globally, 80–90 % of the mined P is used as mineral P

fertilizer in food production. However, only about

20 % of the fertilizer P is taken up by the crop and ends

up in food consumed by people (Cordell et al. 2009;

Syers et al. 2008). The remainder accumulates in

agricultural soil, or is lost into the wider environment at

various stages of the food production–consumption

chain. Losses of P to surface waters contribute to

eutrophication and biodiversity loss in rivers, lakes and

coastal waters (Carpenter 2008; Carstensen et al. 2014;

Conley et al. 2009). Hence, there is urgent need to

improve P use efficiency and to protect the environ-

ment at the same time (Godfray et al. 2010; Withers

et al. 2015).

China plays a key role in global P fertilizer use, as it

was the largest mineral P fertilizer consumer (30 %) in

the world in 2010 (FAO 2014). The large P use has

resulted in a relatively low P use efficiency compared to

many other regions in the world (MacDonald et al.

2011). The increased P use in China has been ascribed to

the increased food and feed needs by the increasing

human and animal populations (Ma et al. 2012a, b). The

use has been facilitated also by the booming economy,

the existence of native P rock reserves, and governmen-

tal subsidies to the mineral P fertilizer production and

distribution sectors and farmers (Zhang et al. 2008; Li

et al. 2013). The rapidly increasing urban population has

increased the consumption of animal derived foods from

about the 1990s, which has increased the per capita P

footprint (Metson et al. 2012). The increased

consumption of vegetables and fruits after 1990s has

contributed to an increase of P fertilizer use, because of

the relatively large P fertilization rate in vegetable and

fruit production (Yan et al. 2013).

Changes in human diets are often related to changes

in gross domestic production (GDP) and urbanization.

An increasing consumption of animal protein has been

observed in many developing countries with an

increasing GDP (Tilman and Clark 2014). However,

P fertilizer use, P losses and P use efficiencies in the

food chain have not been related quantitatively to

socio-economic developments yet. Linking P use and

P use efficiency to changes in GDP and to the

consumption of animal derived food, vegetables and

fruits may help to identify (de)coupling mechanisms.

Insights in such mechanisms may help to improve

forecasts of future mineral P fertilizer use and losses,

especially when supported with scenario analyses.

Improved forecasts and scenario analysis may subse-

quently guide policy and management decisions.

Forecasts indicate that the human population in

China will peak at about 1.4 billion in 2030 (FAO

2014). The ratio of urban to rural populations will

increase from 1:1 in 2010 to 2:1 in 2030 (FAO 2014).

These changes greatly increase the demand for

animal-derived food, vegetables and fruits, because

urban people tend to consume more animal protein,

vegetables and fruits than rural people. Evidently,

increasing the production of food and increasing the P

use efficiency simultaneously represents an enormous

challenge for China.

Here, we report on a quantitative analysis of P use, P

losses and P use efficiencies in the food chain of China

for the period 1950–2030, and thereby extend and

recast previous estimates. The objectives of the study

were (1) to quantitatively relate P use, P losses and P

use efficiencies to socio-economic drivers, through an

updated version of the Nutrient flows in Food chains,

Environment and Resource use (NUFER) model; and

(2) to examine the P use, P losses and P use efficiencies

for the year 2030 for five scenarios.

Materials and methods

Data sources

Statistical sources (MOA 2009, 2013; NBSC 2009,

2013) were used for records about changes in GDP,
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human population, urbanization rate, fertilizer use,

crop yields, cultivated areas, and number of animals,

for the period 1950–2010. Average food consumption

per capita, total food import and export, production

and use of green manure, fodder and natural grass, and

vegetables and fruits were derived from available

statistical data for the years 1980–2010. For the period

1950–1980, we assumed that some data were the same

as in 1980, for example average food consumption

rate, as no statistical data were available (See

Tables S1-S3, Figure S1).

Description of the NUFER model

Nutrient Flows in Food Chain, Environment and

Resource use is a deterministic and static model that

calculates P inputs and outputs in crop and animal

production and food processing, retail and consump-

tion, at the regional scale in China on an annual basis

(Ma et al. 2010). The food chain in NUFER is

perceived as a ‘‘pyramid’’ with four main compart-

ments: (1) crop production (including the rootable soil

layer), (2) animal production (including managed

aquaculture), (3) food processing, and (4) households

(Fig. 1). NUFER consists of an input module with

activity data and transformation and partitioning

coefficients, a calculation module with equations, an

optimization module, and an output module. NUFER

allows assessment of the P flows in the pyramid in two

directions, viz., from the food production side and

from the consumption side (Ma et al. 2010). For

detailed information about the P inputs and outputs of

each sector, and about the calculation methods we

refer to the supplementary information (SI).

Three main accumulation pools/sinks were distin-

guished, namely agricultural land, non-agriculture

land (landfill plus farm yards) and water bodies. The

P accumulation in agriculture land was considered to

occur in the food production and consumption system,

while the P accumulation in non-agriculture land and P

losses to water bodies were considered as losses from

the food system (outside the system boundary; see

Fig. 1). The accumulation of P in agricultural soils

was estimated from soil P balances. The accumulation

of P in water bodies was estimated from the P losses

from crop and animal production, food processing

sector and households via loss pathways-specific

(surface runoff, leaching, erosion and discharges)

coefficients. The accumulation of P in landfill plus

farmyards (including lagoons and road sides) was

estimated from discharge-specific loss fractions for

manures, residues and wastes from animal production,

food processing and household sectors. The accumu-

lation of manure P in animal confinements (i.e., the

fraction not collected) was considered to be part of the

accumulation of P in landfill plus farmyards. The

partitioning of the manure P accumulation between

water bodies and landfill plus farmyards is not well-

Exports 

Surface 
watersGroundwater

Leaching

Crop

Animal imports

Food processing

Household

Losses

Soil 
accumulation

Water body 

P pools/sinkLand 
fill

Fig. 1 Representation of

the food production–

consumption chain and its

system boundaries, flows

and pools in the NUFER

model (after Ma et al. 2010).
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known; in this study we assumed that the ratio between

manure P discharges to water bodies and to landfill

plus farmyards was 4:1. For more information about

the NUFER model see supplementary information.

Calculation of phosphorus use efficiency

The P use efficiency in crop production (PUEc) was

defined as (see Ma et al. 2010, 2012b):

PUEc ¼ Ocmain products=Ictotal

� �
� 100% ð1Þ

where, Ocmain products is total P output via harvested

main crop products (excluding the residues), and Ictotal

is the total P input to crop production. The P use

efficiency in animal production (PUEa) was defined as:

PUEa ¼ Oameat þ Oamilk þ Oaegg þ Oafish

� �
=Iatotal

� �

� 100% ð2Þ

where, Oameat, Oamilk, Oaegg and Oafish are the total P

outputs in produced meat, milk, egg and fish, respec-

tively, and Iatotal is the total P input via animal feed.

Fish is an output of aquaculture here.P use efficiency

in the whole food chain (PUEf) was defined as:

PUEf ¼

Ihplant food þ Ihanimal food þ Ifpexport�Ifpimport

���	

Icfertilizer þ Iafeed import

�

� 100% ð3Þ

�

where, Ihplant food is the P in the plant derived food

entering households, Ihanimal food is the P in the animal

derived food entering households, Ifpexport is the total

amount of P in exported food, Ifpimport is the total

amount of P in imported food, Icfertilizer is the total P

fertilizer use in crop production, and Iafeed import is the

total amount P in imported animal feed from outside

the food production–consumption chain, including P

supplementation to feed. The P import in households

via detergents and chemicals was not considered in

this study.

Socio-economic driving forces

Changes in P use and losses over time were related to

driving forces, i.e., economic growth (GDP) and

consumption patterns. The following three factors

were statistically related to P use and losses: (1) the

average GDP per capita, (2) the percentage of animal

derived P in human diets, and (3) the percentage of the

vegetable and fruit cultivated area (relative to the total

cultivated area). Data related to driving forces were

derived from NBSC (2009, 2013).

Description of scenarios for 2030

Business as usual (BAU)

Total food requirement in 2030 was based on the

expected human population and the average food

consumption per capita for urban and rural popula-

tions (Table S1). The percentage of animal-derived

protein is expected to increase from 34 % in 2005 to

50 % in 2030 (UNDP 2009). As a result, the total

demand of crop and animal-derived food will increase

by 25 and 80 % between 2005 and 2030, respectively.

At the same time, we expect that yields of maize and

soybean will increase by 40 % and those of other crops

by 10 % due to technological progress (Chen et al.

2014; Ma et al. 2013a). These expected changes were

applied to all scenarios as described further below.

Scenario 1: soil and crop management

This scenario builds on the BAU scenario, but assumes

balanced P fertilization in crop production, i.e., the P

inputs to crops via mineral fertilizers and manures

applied matches the demand of the crops, which is a

function of crop type, crop yield and soil P level. First,

we estimated the amount of P needed to build the soil P

status (expressed as P-Olsen) to an agronomic suffi-

cient level, which was set at 20 mg kg-1. Further, we

assumed that the Olsen P value increases on average

by 3.1 mg kg-1 (range 2.1–5.7 mg kg-1, depending

on soil type) in the top 20 cm of soil of arable land per

100 kg of P surplus (Li et al. 2011). When the soil P

status had reached the level considered sufficient

(20 mg kg-1), the total P application rate was set

equal to the P withdrawal with harvested crop (edible

parts and residues) (Ma et al. 2013a).

Scenario 2: animal production management

This scenario also builds on the BAU scenario, but we

assumed that the P content of the animal feed in 2030

can be reduced by on average 20 % compared with
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BAU through precision animal feeding (Wang et al.

2011).

Scenario 3: manure management

This scenario also builds on BAU, but we assumed that

the percentage of P in manure utilized in cropland

increases from an average of 40 % in 2005 to an

average of 95 % in 2030. Further, we assumed that the

manure P applied to crop land had a similar effective-

ness as fertilizer P, and that the manure P applied

reduced the requirement of P fertilizer in crop

production proportionally (see Table S8).

Scenario 4: diet management

This scenario is based on the recommendations by the

Chinese food dietary guidelines (CDG) and the

nutrient requirement standards of WTO. As a result,

we assume that the fruit, bean, milk and egg

consumption will increase, while the meat consump-

tion will decrease compared to 2005. These changes in

food consumption patterns were translated in changes

in crop and animal production (see Tables S1-S3).

Scenario 5: integration of S1–S4

This scenario is a combination and integration of the

scenarios for balanced P fertilization in crop produc-

tion (S1), precision P feeding in animal production

(S2), improved manure management (S3), and

adjusted diet management (S4). We assumed that

these scenarios can be supplemented simultaneously

to the business as usual scenario.

Results

Changes in P input during the period 1950–2010

There was no chemical P fertilizer input before 1960;

animal manure, human excreta and crop residues were

the main sources of P input to crop land in the 1950s

(Fig. 2 and Figure S2). From 1960 to 1980, mineral P

fertilizer increased quickly. However, the increase

was smaller between 1960 and 1980 than between

1980 and 2010. Concomitantly, the recycling of

manure, excreta and residues to crop land dropped

rapidly. The contribution of recycled P to the total P

input decreased from around 80 % in the 1950s to less

than 46 % in 2010 (Figure S2), despite the fact that

manure production increased greatly between 1980

and 2010. Changes in P input and output were different

for different sectors of the food chain (Figures S3–S5).

Changes in P losses and pools during the period

1950–2010

The soil P pool of agriculture land was depleted by

about 1.1 Tg P during the period 1950–1959 (Fig. 3a).

From 1960, total P inputs surpassed total P withdrawal

in harvested products, and the soil P pool rapidly

increased. The total net P accumulation amounted to

79 Tg P between 1950 and 2010, around half (49 %)

accumulated during the last 10 years (Fig. 3a). The

annual P accumulation in farmyards and landfills

increased from about 0.1 Tg in 1950 to 0.7 Tg in 2010.

We estimated that around 16 Tg P has accumulated in

animal confinements and landfill during last 60 years

(Fig. 3b). Some of this P could be recovered and

applied to crop land, but we have no quantitative

estimates for this fraction.

Total P losses to surface water bodies increased

from 0.2 Tg in 1950 to 2.4 Tg in 2010. Between 1950

and 2010 around 48 Tg of P has been lost to water

bodies, and around half (45 %) of the P losses

occurred during the last 10 years. Most of the lost P

has accumulated in the sediments of streams, rivers,

lakes, and coastal seas. The annual loss of P from crop

production increased by a factor of 10, from 0.04 Tg in

1950 to 0.4 Tg in 2010 (Fig. 3d). The estimated P loss

from animal production increased from negligible
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small amounts in 1950 to as much as 2.0 Tg in 2010.

From the late 1990s, animal production was the

biggest contributor to the total P losses.

Changes in PUE during the period 1950–2010

There has been a steady decrease in the P use

efficiency in crop production (PUEc) and in the whole

food chain (PUEf) between 1950 and 2000 (Fig. 4).

Thereafter, PUEc and PUEf remained rather constant,

but at a low level. Mean PUEc was 68 % in 1950,

peaked in 1956 (89 %), and then dropped to an

average of 37 % during the period 2000–2010. Mean

PUEf decreased from 35 % in 1950 to 7 % in 2010. In

contrast, mean P use efficiency of animal production

(PUEa), at animal level, increased from 12 to 17 %

during the period 1950–2010. The increasing PUEa is

related to many factors, including a shift from draft

animals to monogastric animals and an increased

productivity in especially pig and poultry production

(Table S3).

Relationships of P fertilizer use, P losses and PUEf

with socio-economic drivers

Average GDP increased from 80 to 30,000 Yuan per

capita between 1950 and 2010. Both the mineral P

fertilizer use and P losses were positive correlated to

the GDP, and the PUEf showed a reverse trend

(Fig. 5). Changes in mineral P fertilizer use, PUEf and

total P losses became decoupled from changes in GDP,

when the GDP surpassed a level of about

5000–10,000 Yuan per capita. Relationships between

GDP and the percentage of animal-derived food

consumption, and between GDP and the percentage

of the total cultivated area by cash crops show a very

sharp decoupling when the GDP surpassed

10,000 Yuan per capita (Fig. 6).

Changes in mineral P fertilizer use, PUEf, and P

losses were also related to the percentage of animal

derived P in human diets (Fig. 5d, e, f). The percent-

age of animal derived P in human diets increased from

8 % in 1950 to 22 % in 2010. As the percentage of

animal-derived P in the diet increased, more animal

feed and more animals were needed, which boosted

mineral fertilizer P use and manure production,
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respectively. Figure 3d clearly shows that animal

production has become the main source of P losses,

and this trend is fueled by the increasing consumption

of animal derived food.

The changes in mineral P fertilizer use, PUEf and P

losses were also correlated to the percentage of

vegetable and fruit consumption (Fig. 5g, h, i). These

relationships follow in part from the very high mineral

fertilizer P and manure P application rates in veg-

etable and fruit production in China (Yan et al. 2013).

Scenario analyses of P use and losses for the year

2030

In the BAU scenario for 2030, mineral P fertilizer use

has increased to 6.4 Tg, i.e., 5 % larger than in 2010

(Fig. 7a). Due to the increased consumption of animal

products, vegetables and fruits, PUEf is expected to

decrease to 6 %, i.e., 18 % less than in 2010. The

PUEc is expected to decrease slightly, while PUEa is

expected to remain constant between 2010 and 2030

(Fig. 7b). The estimated total P losses increase to

5.1 Tg in 2030, i.e., 66 % larger than in 2010.

Four options and the integration of these options

have been identified as pathways to improve the P use

efficiency and to decrease P losses in the food chain.

Single options are less effective than the integration of

all four options. Balanced P fertilization (S1) in crop

production decreased mineral fertilizer P input, and

increased PUEc (Fig. 7). Precision animal feeding

(S2) decreased the P input in animal production and

thereby the amounts of P in animal manure and the P

losses from animal production. Improved animal

manure management (S3) greatly decreased P losses

from animal production and at the same time

decreased the need for mineral fertilizer P input.
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Compliance with the recommendations of a ‘healthy

diet’ (S4) will lead to more vegetable and fruit

production and to less animal production; as a result

manure P production, mineral fertilizer P use, and P

losses will decrease. The integration of the four

options reduced mineral P fertilizer requirement by

69 % and total P losses by 68 % (Fig. 7a, c). Also,

PUEc increased by 88 %, PUEa by 38 %, and PUEf by

350 %, compared to BAU (Fig. 7b).

Discussion and conclusions

Socio-economic drivers of P fertilizer use

Mineral P fertilizer use was positively related to GDP,

till the turn of the century. The use of fertilizer P in

China has been facilitated by the booming economy

and governmental subsidies to the mineral P fertilizer

production and transportation sectors (Zhang et al.

2008; Li et al. 2013). The relationship between GDP

and mineral fertilizer P use is confounded by the

relationships between GDP and the percentage of

animal derived food in the diet (Fig. 6). The changes

in the diet to more animal-derived products were

clearly positively correlated to mineral P fertilizer use

(Fig. 5). Such relationships have been found also for

the world (Metson et al. 2012), and for some other

countries (Schmid et al. 2008).

Fertilizer P use was also positively related to the

areas of vegetable and fruit production (Fig. 5). Farm

surveys have indicated that manure and mineral

fertilizer application rates are often exceptionally high
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in vegetable and fruit production (e.g., Yan et al.

2013). Crop land used for vegetable production cov-

ered around 12 % of the total crop area in China in

2009, but was responsible for 36 % of the mineral P

fertilizer use and 38 % of the manure use (Yan et al.

2013).

The pattern of mineral P fertilizer use in China

contrasts with that in Europe and North America.

Countries in the European Union (EU) have faced a

decrease in mineral fertilizer P use from the 1970s, in

response to the increased soil P status, and the

increased replacement of mineral P fertilizer by

animal manure, which is incentivized by environmen-

tal regulations (Withers et al. 2015). Such changes

may also happen in China in the future. Our estimates

suggest that some 79 Tg P has accumulated in

cropland, and as a result soil Olsen-P has increased

to about 25 mg/kg by the end of 2010, but with

considerable spatial variations (Li et al. 2011; Bai

et al. 2013). It is well-known that the need for P input

decreases when soil P status increases (e.g., Syers et al.

2008). Recently, the Chinese government initiated

several polices aimed to reduce mineral fertilizer

input. For example, in 2005 the government started the

‘Soil testing and fertilization’ project, with the aim to

teach farmers to apply fertilizers more rationally (Ma

et al. 2013b). In early 2015, a project started with the

purpose to achieve a ‘zero increasing use of mineral

NP fertilizer use by 2020 (MOA 2015).

Main drivers of PUEf

PUEf was negatively related to GDP, and to the

consumption of animal-derived food, vegetables and

fruits (Fig. 5). PUEf is a resultant of PUEc and PUEa,

and the relative proportion of crop and animal derived

food in the diet. PUEf has decreased over time, mainly

because of the decrease in PUEc and the increase in

the percentage of animal-derived food. The increasing

animal production sector largely explains the rapid

decrease of PUEf, because PUEa was much lower than

PUEc, despite the relative increase in PUEa over time

(Fig. 4). The shift from mixed crop-livestock produc-

tion systems to landless animal production systems

between 1980 and 2010 (MOA 2013) has also

contributed to the decrease of PUEf, as landless

animal production systems have limited opportunity

for recycling of animal manures in crop production

(Ma et al. 2013a).

In the EU and North America, there are strict policy

regulations related to the collection, storage and

subsequent application of animal manure to crop land

during the growing season (Oenema 2004; Sharpley

and Beegle 2001). Such regulations contribute to the

replacement of mineral fertilizer P by manure P, to low

P losses and to a relatively high PUEf (Ott and

Rechberger 2012; Suh and Yee 2011; Desmidt et al.

2015).

Main drivers of P losses

Clearly, total P losses were related to GDP and the

composition of the human diet (Fig. 5). Such rela-

tionships have been found also for other countries

(e.g., van Drecht et al. 2009; Schmid et al. 2008). Total

annual P losses from the food chain to water bodies

have increased to more than 2 Tg in 2010, and most of

this P originated from animal production (Fig. 4).

Recently, the safe planetary boundary of global P

losses to surface waters was set at 6.2 Tg P per year

(Carpenter and Bennett 2011; Steffen et al. 2015). This

would indicate that losses from the food chain in China

in 2010 alone contributed already one-third to this

target value. There were several reasons why manure

was not applied to arable land but loss to environment

in China. Firstly, the high subsidy of P fertilizer

production and transportation by the government to

ensure the food security, so application of chemical P

fertilizer was cheaper compare with applying manure.

Secondly, farmers were not well educated, and have

little knowledge about the balance P fertilizer appli-

cation. Thirdly, disappear of local extension services,

most of the extension services were done by the

fertilizer retailers, who are aiming to profit from over

application of chemical fertilizer. Fourthly, develop-

ment of industrial animal production systems, which

has no enough land to applied the manure.

Several studies have indicated that animal manures

are the main source of P in surface waters in China

(e.g., Ma et al. 2010; Wu et al. 2015). In contrast,

animal manures are not considered to be a main source

of eutrophication of surface waters in EU and US,

despite the importance of animal production in these

regions, mainly because the discharge of manures to

surface waters is forbidden and enforced in EU and

US. Soil erosion and effluents from sewage treatment

are seen as the dominant sources of P in surface waters

in the EU (Ott and Rechberger 2012). Erosion, P rock
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mining, and mineral fertilizer P manufacturing

accounted for around 70 % of the P in surface waters

in the US (Suh and Yee 2011). Summarizing, govern-

mental regulations related to the collection, storage

and use of animal manures are a strong driver for

minimizing P losses from animal manure in EU and

US, but not yet in China. This difference largely

explains the differences between these countries in

main sources of P losses to surface waters.

Scenarios for improving P use efficiency

Compliance with dietary guidelines will increase

PUEf by 75 % compared to the PUEf of the BAU

scenario (Fig. 7). This result confirms findings of Ma

et al. (2013a), Metson et al. (2012) and Tilman and

Clark (2014) that changes in human diets have large

impacts on P use and losses. However, complying with

dietary guidelines is difficult to achieve in practice; it

should be considered as a long-term strategy.

A rather easy applicable option is reducing the P

supplementation of animal feed for especially pigs and

poultry in large animal confinements. Such a measure

could be implemented via a regulation or a tax on P

supplements. Reducing the mean P content of the

animal feed of pigs and poultry by 20 % will decrease

the input of P in the food chain by 9 % (Table S5).

Introducing balanced P fertilization in crop pro-

duction, especially in cash crop production, would

reduce mineral P fertilizer input by 4.0 Tg (63 %), and

increase PUEc to 56 %. Implementing this option in

practice is again not easy (Ma et al. 2013b); it would

require extensive support from extension services, and

possibly the withdrawal of subsidies on mineral P

fertilizer.

Improving manure management to such extent that

essentially all manure P is collected and applied to

crop land is also difficult to implement in practice at

short notice. This is related the fact that crop and

animal production systems have become more and

more spatially separated, from the 1980s onwards

(Wang et al. 2010; Ma et al. 2012b). Yet, the results of

our scenario analysis indicate that this option has huge

positive impacts; it will reduce total P losses by 3.3 Tg

(65 % reduction) and mineral P fertilizer input by

1.7 Tg (26 % reduction). Increased recycling of

manure P is the only sustainable way forward, because

dumping or discharging manure in landfill, lagoons or

surface waters is environmentally unsustainable (Car-

penter and Bennett 2011; Steffen et al. 2015).

Evidently, the combination of all four options has

the biggest effect; it would reduce mineral P fertilizer

input by up to 4.4 Tg (69 % reduction), and increase

PUEf in the whole food chain from 6 % in the BAU

scenario to 26 % in the combined options scenario.

Single options were less effective in reducing both

mineral P fertilizer use and P losses than the integra-

tion of the four options. This finding is supported by

other studies, which concluded that no single option

was effective in reducing P losses and mineral

fertilizer P use simultaneously (Cordell et al. 2011;

Withers et al. 2015).

In conclusion, an integrated mitigation options

were identified to improve P management in the food

production–consumption chain. The increase in ani-

mal production and vegetable production from the

1980s onwards has greatly contributed to the increased

P accumulation in soils, the increased P losses to land

fill and surface waters, and to a decrease in the P use

efficiency (PUEf), as they were linear related. Our

scenario analysis for the year 2030 indicate that

mineral P fertilizer use and total P losses will greatly

decrease, and PUEf greatly increase through a com-

bination of precision animal feeding, improved

manure management, balanced P fertilization and

compliance with dietary guidelines. However, the

implementation of all four options in practice simul-

taneously requires huge efforts from both scientists,

policy makers, practitioners, farmers and consumers.

The limitations of the study were we rely on

statistical data which have some uncertainties them-

selves. For example, the production data could not be

compared to the consumption data according to the

statistical data. The P fertilizer application rates

between different crops were based on incidental farm

surveys carried out during the last 20 years, which also

have some uncertainties. Parameters related to food

consumption and production between 1950 and 1980

are depending on assumptions. Evidently, more field

work needs to be done to be able to improve the

accuracy of the P budgets and especially to quantify

the fate of the large amounts of P not recovered in the

food products.
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