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ABSTRACT: China’s fertilization practices contribute greatly to the
global biogeochemical nitrogen (N) and phosphorus (P) �ows, which
have exceeded the safe-operating space. Here, we quanti�ed the
potentials of improved nutrient management in the food chain and
spatial planning of livestock farms on nutrient use e�ciency and losses
in China, using a nutrient �ow model and detailed information on
>2300 counties. Annual fertilizer use could be reduced by 26 Tg N and
6.4 Tg P following improved nutrient management. This reduction N
and P fertilizer use would contribute 30% and 80% of the required
global reduction, needed to keep the biogeochemical N and P �ows
within the planetary boundary. However, there are various barriers to
make this happen. A major barrier is the transportation cost due to the
uneven distributions of crop land, livestock, and people within the
country. The amounts of N and P in wastes and residues are larger than the N and P demand of the crops grown in 30% and 50% of
the counties, respectively. We argue that a drastic increase in the recycling and utilization of N and P from wastes and residues can
only happen following relocation of livestock farms to areas with su�cient cropland.

� INTRODUCTION
Human pressures on the earth-system have increased to
unprecedented levels, with many of these pressures having
severe impacts on the stability of the earth-system. Nine
intrinsic biophysical processes that regulate the stability of the
earth-system have been identi�ed, and four out of these nine
have breached their boundaries. The biogeochemical �ows of
nitrogen (N) and phosphorus (P) have been considered to
even reach a high-risk zone.1�3 N and P are indispensable
elements for all life on earth, and thus for food production.
However, increasing inputs of N and P to agriculture have
decreased the utilization e�ciency of N and P in food
production, and have led to increased losses of N and P to the
environment and to pollution of surface waters and air.2,4�7 It
has been estimated that the total N and P fertilizer input to
agriculture needs to be reduced by at least 50% globally to be
able to keep the global geochemical N and P �ows within the
suggested planetary boundaries.3,8 Most of the environmental
e�ects of N and P become visible on the local to regional
range,5 which increases the incentive to also perform measures
at such spatial dimensions.

China will have an important role in achieving planetary
boundaries for N and P �ows, as China consumed around one-
third of global N and P fertilizers during the past decade,9 and
it faces serious water and air pollution due to low N and P use
e�ciencies.10,11 The central government has set a “zero

increase target” for N and P fertilizer use between 2016 and
2020 to alleviate the environmental pollution.12 Although a big
step for farmers and industries, this target is far below the
requirement to reduce N and P losses to acceptable levels.
Several additional measures have been discussed, including
more e�cient fertilization,13�15 improved livestock manure
management, improved linking of crop production and
livestock production,16,17 diet manipulations, and reduced
food wastages.18,19 Large potentials to reduce both N and P
fertilizer inputs have been estimated. However, these measures
focused only on certain sectors of the agro-food system, and
neglected signi�cant amounts of nutrients in the whole “soil�
crop�livestock�food processing�food consumption” chain,
that are potentially available for recycling. Earlier studies have
shown that N and P use e�ciency in the food chain was low,
and that N and P losses were high in China.20,21 This indicates
that there is a need to consider the potential to recycle N and P
from all wastes and residues of the food chain, and to estimate
the potential N and P fertilizer savings.
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It is well-known that not all N and P contained in recycled
organic resources from the food chain are readily available to
crops; for example, only 10% to 70% of the nitrogen in
livestock manure is available following application to cropland,
depending on the type of manure.22,23 If synthetic fertilizer is
replaced by manure without consideration of the bioavailability
of the manure, then there may be negative impacts on crop
yield and possibly on food security. Hence, the bioavailability
of nutrients in recycled organic resources has to be considered,
also how the bioavailability is impacted by nutrient manage-
ment practices, such as ammonia mitigation measures.24 Such
considerations have not been conducted yet in N and P
fertilizer use projections for China.

Previous studies discussed the potentials to reduce fertilizer
inputs at the national level, while ignoring the geographic
disconnections between crop production, animal production,
and urban areas; the availability of organic resources, such as
livestock manures and household residues, is often limited in
rural areas, despite its abundance in and around urban areas.
Other studies have pointed out that a subnational spatial
linking of cropland and livestock agriculture are needed,
combined with a strategy to replace mineral fertilizer by
manure.25�28 This indicates that the potentials for recycling of
N and P from manures and wastes has to be examined at
regional and local levels.

Here, we explored the potentials to recycle N and P from
manure and wastes from the food chain in crop land at the
county level, and thereby the potentials to reduce N and P
fertilizer use in China. The updated NUtrient �ows in Food
chains, Environment Resources use (NUFER) county model
was used, which contains data and information on more than
2300 counties.29,30 The potentials to recycle N and P from
manure and wastes from the food chain in crop land were
examined at county level, and national level; the di�erence
between the two estimates indicates the current geographic
barriers for recycling N and P from manures and wastes, and
for reducing fertilizers input.

� MATERIAL AND METHODS
NUFER Model. The modi�ed NUFER-county model was

used to quantify the N and P �ows in the whole food
chain.29,30 The original NUFER model simulates the N and P
�ows in the “soil�crop�livestock�food processing�food
consumption” chain at the national level in China,19,20 but
the county version is able to estimate the N and P �ows in the
food chain at county level. Both model versions consider the
food chain as a steady state for one particular year. NUFER
comprises an input submodule (human activity, agricultural
production activity), a calculation module, and an output
module (di�erent type of nutrient losses, food export, nutrient
accumulation in soil). The NUFER-county model covers 2333
counties (including districts in the urban area), but does not
cover counties in Xinjiang, Tibet, and Qinghai provinces, due
to lack of available data. These regions contribute <3.6% to the
total crop production and fertilizer use in China, and therefore
have limited impacts on the results at the national and county
level.31

County-speci�c model input data were used, including (i)
human activities in the food chain, (ii) transformation and
partitioning coe�cients to match the data at county, provincial
and national levels, and (iii) N and P contents and loss factors.
Data on human activities were derived from county statistical
reports.29,30 The NUFER-county model was further improved

by including crop yield dependent biological N �xation for
legume crops.32

N N Y( NHI) BGNfixed dfa= × ÷ × (1)

where Nfixed is the amount of N �xed by crops (kg N ha�1

yr�1), Ndfa is the percentage of N uptake derived from N
�xation (%), Y is the harvested yield (expressed in kg N ha�1

yr�1), NHI is the N harvest index (dimensionless), de�ned as
the ratio of N in the harvested material to the total N in above-
ground production, and BGN is a multiplicative factor taking
into account the contribution to total N2 �xation of below-
ground �xation associated with roots and nodules production
as well as to rhizodeposition via exudates and decaying root
cells and hyphae (dimensionless).32

The N and P losses via surface runo�, erosion and leaching
were estimated as a function of land use, precipitation, soil
depth, soil type, temperature, soil texture, and soil organic
matter content at the county scale. The detailed method has
been described in Zhao et al.33 The data and parameters were
derived from the Data Center for Resources and Environ-
mental Sciences, Chinese Academy of Sciences (RESDC),34 or
estimated via the spatial interpolation methods applied by
RESDC.

Strategies to Reduce Synthetic N and P Fertilizer Use.
We developed two main strategies to reduce the required N
and P fertilizer input: (i) recycling of N and P from manures,
wastes, and residues in the food system, to substitute the
synthetic fertilizer; (ii) improved technologies to reduce
nutrient losses and to increase the bioavailability of N and P
in recycled organic resources, and reduce synthetic fertilizer
toward matching crop needs.

Three levels of system boundaries have been considered:
crop production, crop-livestock production, and the whole
“soil�crop�livestock�food processing�food consumption”
chain. These system boundaries are represented in Figure
1a�c. For each level of system boundaries in spatial
optimization, two sets of technology have been explored, one
re�ecting a business as usual situation, and one of improved
technologies. The resulting six strategies provide an illustrative
comparison of possible impacts to the base situation. Hence,
no changes in crop and livestock production yield and
structure were assumed with respect to the reference year
situation of 2012. Also, there were no changes in feed and feed
harvest from natural areas within China, and imports of food
and feed from other countries were also assumed to remain
constant (2012 level). All strategies were simulated for the
national and the county scales.

The year 2012 was used as a reference year, because of the
availability of data and parameters. Possible changes in the
recycling of N and P from manures and wastes in the food
chain, and the possible replacement of synthetic N and P
fertilizers by recycling N and P were also estimated for the year
2012.

Description of Strategies. Strategy S1. Balanced N and P
fertilization in crop production (Figure 1a). Balanced
fertilization was de�ned as “total available N (or P) from
synthetic fertilizers equals total crop N (or P) uptake corrected
by a crop N (or P) uptake factor”. The crop N (or P) uptake
factor re�ects that not all applied fertilizer N (or P) can be
taken up by the crop e�ectively, also because there are always
“unavoidable” losses of N and P to the wider environment. The
crop N (or P) uptake factor was introduced to ensure no
reduction of crop yields, and �ts in the “food security �rst”
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policy in China. The N and P uptake factors of di�erent crop
species are listed in Table S1 of the Supporting Information
(SI). The required synthetic N (or P) fertilizer input was
estimated as follows:

Ic (Oc Oc ) UF

Oc UF Ic
i

n

i i ifertilizer
1

main product, straw, crop,

managed grass managed grass soil mineralization

�= [ + × ]

+ × �
=

(2)

where Icfertilizer is the total input of synthetic N (or P) fertilizer,
in kg N (or P); OcMainproduct,i

and Ocstraw,i are the amounts of N
(or P) in the main crop product and straw per county,
respectively, in kg N (or P); Ocmanagred grass is the amount of N
(or P) in harvested grass from managed grassland per county,
in kg N (or P); UFcrop,i and UFmanagred grass are the uptake
factors for crop species and grass, respectively (dimensionless)
(Table S1); Icsoil mineralization is the net release of N (or P) from
the mineralization of soil organic matter per county, which
were derived from maps from the Ministry of Agriculture and
Rural A�airs. The average net N (or P) mineralization rate was

dependent on the soil organic matter content and cropland
area; soils with a high soil organic matter content (>4.0%) may
release 43 kg N per ha, while soils with a medium (2.5%�
4.0%) and low soil organic matter content (<2.5%) may release
27 and 11 kg N per ha per year, respectively.35 Requirement
for P addition was calculated using soil Olsen-P content: At
soils with high Olsen-P content (>40 mg kg�1), 100% of crop
uptake was considered to be replenished by fertilizer addition,
while this value increased to 110% and 120% of crop P uptake
in soils with a medium (20�40 mg kg�1) and low (<20 mg
kg�1) Olsen-P content, respectively.36 Further, we assumed
that balanced fertilization reduced ammonia emission, runo�,
erosion, and leaching factors by 40% relative to the reference
situation.37,38 Note that S1 does not consider other N (or P)
additions as from manure, seed, or crop residue material,
atmospheric deposition, or biological �xation, which all are
being maintained constant. Hence signi�cant excess applica-
tion may still occur.

Strategy S2. Balanced fertilization and improved nutrient
accounting in the crop�livestock production sector (Figure
1b). A number of recent studies emphasized the need to
recouple crop and livestock production. This would allow us to
increase nutrient recycling, and hence reduce the external new
nutrient input in the agricultural system.15,25,26 Here, we
assumed that N (or P) inputs from animal manures,
atmospheric deposition, biological N2 �xation, and irrigation
were taken into account in the N (or P) accounting. The
required synthetic N (or P) fertilizer input was estimated as
follows:

Ic (Oc Oc ) UF

Oc UF Ic Ic Ic

Ic (Ic AF )

(Ic AF )

i

n

i i i

i

n

i i

i

n

i i

fertilizer
1

main product, straw, crop,

managed grass managed grass soil mineralization deposition BNF

irrigation
1

straw back to field, straw back to field,

1
animal manure back to field, animal manure back to field,

�

�

�

= [ + × ]

+ × � � �

� � ×

� ×

=

=

= (3)

where Icdeposition is the deposition of atmospheric N (kg N),
IcBNF is the N input via biological N �xation (kg N), Icirrigation is
the N input via irrigation water (kg N), Icstraw back to field, i is N
(or P) input via crop straw return (kg N (or P)),
Icanimal manure back to field, i is the N (or P) input via animal
manure (kg N (or P)) . AFs t r a w b a c k t o f i e l d , i and
AFaniaml_manure_back_to_field, i are the mineral fertilizer values of
straw and manure, respectively (dimensionless) (Table S2).
Since manure P is almost 100% available to crops, mineral
fertilizer values for P in manure were assumed to be constant
(set at 1.0) for all strategies. Mineral fertilizer values of
atmospheric N deposition, BNF, and N in irrigation were also
set at 1.0.

Strategy S3. The whole food system strategy; balanced
fertilization, improved nutrient accounting in the crop-
livestock sector, and improved nutrient accounting of N (or
P) inputs from the recycling of food waste and human excreta
to crop land (Figure 1c). The required N (or P) fertilizer input
was estimated as follows:

Figure 1. System boundaries for the di�erent strategies considered in
this study: S1 and S1-IM (a), S2 and S2-IM (b), and S3 and S3-IM
(c). Note: S1: Balanced fertilization in crop production; S2: S1 +
integrated nutrient accounting in crop-livestock production; S3: S2 +
integrated nutrient accounting in the whole food chain; S1-IM: S1 +
improved soil management; S2-IM: S2 + improved soil management
+ emission mitigation control; S3 -IM: S3 + improved soil
management + emission mitigation control + improved recycling.
CP, crop production; LP, livestock production; CLP, crop-livestock
production system; WFC, whole food chain; BNF, biological nitrogen
�xation. The values with brackets represent the improvement of
nutrient management of di�erent system. (1) Increasing of soil
fertility; (2) improved livestock manure management with low
ammonia emission; (3) abandon discharge of manure and increase
recycling of livestock manure; (4) improve nutrient management of
human excretions with low ammonia emission; and (5) new system to
recycle human excretion and food waste.
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Ic (Oc Oc ) UF

Oc UF Ic Ic Ic

Ic (Ic AF )

(Ic AF )

Ic AF Ic AF

n

i i i

i

n

i i

i

n

i i

fertilizer
i 1

main product, straw, crop,

managed grass managed grass soil mineralization deposition BNF

irrigation
1

straw back to field, straw back to field,

1
animal manure back to field, animal manure back to field,

food byproduct food byproduct human manure human manure

�

�

�

= [ + × ]

+ × � � �

� � ×

� ×

� × � ×

=

=

=

(4)

where Icfoodbyproduct
and Ichuman manure are the N (or P) input via

recycled food waste and human excreta, AFfoodbyproduct
and

AFhuman manure are the mineral fertilizer values of the treated
(composted) food waste and human excreta (Table S2).

Strategy S1-IM. As in S1, but with improved soil
management and crop husbandry, including soil fertility
management, erosion control, crop rotation, and green
manuring (Figure 1d). We assumed that these practices will
lead to a considerable improvement of soil fertility.36 As a
result, net soil N and P mineralization will increase.

Strategy S2-IM. As in S2, but now with improved soil
management and emission mitigation in livestock production
(Figure 1e). We assumed that ammonia emissions from
livestock production will be reduced by 50%, which is in
agreement with the recent target of the National Key Research
and Development Program in China,39 through a combination
of measures, including acidi�cation of slurry, covering slurry
storages, and closed manure composting technologies.40�42 As
a result, the mineral fertilizer value of the N in animal slurries
and manure will be signi�cantly improved (Table S2). At the
same time, we assumed a strict ban on the discharge of manure
to watercourses or land�ll; hence, we assumed that all the
livestock manure was collected and ultimately applied to crop
land.

Strategy S3-IM. As in S3, but now with improved soil
management, emission mitigation in livestock production, and
enhanced collection, sanitation, and utilization of N (or P) in
food waste and human excreta (Figure 1f).11 A new system will
be built to collect human excretions which instead go to a

sewage treatment system, hence, the nutrients will be preserved
and recycled. The estimated mineral fertilizer value of N in
composts from food wastes and human excreta are presented
in Table S2.

Cumulative Distribution of Nutrient Uptake and
Supply. We de�ne manure N (or P) loading as the ratio
between total manure N (or P) excretions and total N (or P)
withdrawal in harvested crop in a county (in kg). A low
manure loading ratio refers to a low manure N (or P) excretion
relative to the amounts of N and P in harvested crop within a
county. A high manure loading ratio refers to a manure N
(and/or P) surplus within a county. For a cumulative
distribution curve, all counties were plotted in a graph along
the X-axis in ascending order of their manure loading ratio,
with either total N (or P) withdrawal with harvest crop, or
manure N (or P) excretion, or fertilizer N (or P) application
on the Y-axis.

� RESULTS AND DISCUSSION
E�ects of Improved Nutrient Accounting on Syn-

thetic Fertilizer Input Reduction. The total input of
synthetic N and P fertilizers was 31 Tg N and 6.5 Tg P in 2012
(Figure 2). Balanced fertilization (S1) would reduce the total
input of fertilizers to 28 Tg N and 5.5 Tg P, a reduction of 15%
and 9%, respectively, compared to 2012 (Figure 2). This will
lead to strong reduction of N losses, especially from the crop
production (Figure 3). However, N and P use e�ciencies in
the whole food system did not change much, as there were no
improvements of nutrient management in the livestock, food
processing, and consumption sectors (Figure 4). Note that
“balanced fertilization” in S1 does not account for inputs as
BNF, atmospheric deposition, and irrigation. It is a simple �rst-
step strategy, designed for local policy makers to implement at
the county level, as they have as yet little knowledge about
nutrient management.43

There will be greater reductions of required synthetic N and
P fertilizer inputs in the integrated crop-livestock management
strategy (S2). Accounting for the N and P in animal manures,
BNF, atmospheric deposition, and irrigation reduce the total
required input of synthetic fertilizers to 16 Tg N and 3.4 Tg P,

Figure 2. Inputs of synthetic nitrogen (N) fertilizer (a) and phosphorus (P) fertilizer (b) to Chinese agriculture in 2012, and the required inputs of
synthetic N and P fertilizers for various strategies. The solid (�lled) bars represent the required synthetic N and P fertilizer inputs, following
assumptions and estimations at the national level. The blank top-up bars represent the estimated required inputs following assumptions and
estimations at county level. S1: Balanced fertilization in crop production; S2: S1 + integrated nutrient accounting in crop-livestock production; S3:
S2 + integrated nutrient accounting in the whole food chain; S1-IM: S1 + improved soil management; S2-IM: S2 + improved soil management +
emission mitigation control; S3-IM: S3 + improved soil management + emission mitigation control + improved recycling.
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