
http://www.diva-portal.org

This is the published version of a paper published in Science of the Total Environment.

Citation for the original published paper (version of record):

Gong, H., Xiang, Y., Wu, J., Nkebiwe, P M., Feng, G. et al. (2022)
Using knowledge-based management for sustainable phosphorus use in China
Science of the Total Environment, 814: 152739-152739
https://doi.org/10.1016/j.scitotenv.2021.152739

Access to the published version may require subscription.

N.B. When citing this work, cite the original published paper.

Permanent link to this version:
http://urn.kb.se/resolve?urn=urn:nbn:se:kth:diva-306880



Science of the Total Environment 814 (2022) 152739

Contents lists available at ScienceDirect

Science of the Total Environment

j ourna l homepage: www.e lsev ie r .com/ locate /sc i totenv
Using knowledge-based management for sustainable phosphorus use
in China
Haiqing Gong a,1, Yue Xiang a,1, Jiechen Wub, Peteh Mehdi Nkebiwe c, Gu Feng a, Xiaoqiang Jiao a,⁎, Fusuo Zhang a
a National Academy of Agriculture Green Development, Department of Plant Nutrition, China Agricultural University, 100193 Beijing, China
b Department of Sustainable Development, Environmental Science and Engineering (SEED), KTH Royal Institute of Technology, SE-100 44 Stockholm, Sweden
c Department of Fertilization and Soil Matter Dynamics, Institute of Crop Science, University of Hohenheim, 70599 Stuttgart, Germany
H I G H L I G H T S G R A P H I C A L A B S T R A C T
• A knowledge-based management was
used to make China's P production sus-
tainable.

• P management can be optimized by im-
proving the P-use efficiency in the supply
chain.

• Stakeholders' sharing of responsibility and
knowledge can improve sustainability.
⁎ Corresponding author at: National Academy of Agricul
100193, PR China.

E-mail address: xqjiao526@cau.edu.cn (X. Jiao).
1 These authors have contributed equally to this work

http://dx.doi.org/10.1016/j.scitotenv.2021.152739
0048-9697/© 2022 Elsevier B.V. All rights reserved.
A B S T R A C T
A R T I C L E I N F O
Article history:
Received 14 September 2021
Received in revised form 4 December 2021
Accepted 23 December 2021
Available online 31 December 2021

Editor: Ouyang Wei
Sustainable phosphorus (P) management presents challenges in crop production and environmental protection; the
current understanding of chemical P-fertilizer manufacturing, rock phosphate (RP) mining, P loss within supply
chains, and strategies tomitigate loss is incomplete because of a fragmented understanding of P in the crop production
supply chain. Therefore, we develop a knowledge-based management theoretical framework to analyze P supply
chains to explore ways to mitigate China's P crisis. This framework connects upstream P industries and crop produc-
tion, addressing knowledge gaps and stakeholder involvement. We demonstrate the potential to improve P use effi-
ciency in the supply chain, thereby mitigating the P crisis using optimized P management. Our results showed that
P footprint and grain production demand for RP can be reduced without yield penalty using a crop-demand-
oriented P supply chain management that integrates P use in crop production, P-fertilizer manufacturing, and RPmin-
ing. Food security and P-related environment sustainability can be achieved by sharing responsibility and knowledge
among stakeholders.
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1. Introduction

Feeding the growing global populationwhile ensuring sustainable phos-
phorus (P) use is an unprecedented challenge that the agriculture sector
ture Green Development, Department
faces today (Chowdhury et al., 2016; Liang et al., 2020). The difficulty is
not only in producing sufficient food to meet the needs of the projected
global population of 9 billion by 2050 (Tilman et al., 2011; Röös et al.,
2017), but also in devising an effective approach to protect the
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environment and reduce the reliance on finite and non-renewable rock
phosphate (RP) (Simons et al., 2014). Current P management strategies
face the dilemma of scarcity and rapid depletion of RP resources, as well
as the low P-use efficiency (PUE) and high P-related environmental pollu-
tion (Liu et al., 2016; Luo et al., 2017). An example is the 2.5 Tg yr−1 P
loss to water and the resulting water eutrophication due to the low PUE
in China (Wang et al., 2018). Improving the PUE, by methods such as opti-
mizing the fertilizer application rate and timing andmodifying advanced P-
fertilizer products, is fundamental to mitigating the RP crisis (Bindraban
et al., 2020; Zhang et al., 2019). Many previous studies have focused on
single-factor management interventions in crop production, the efficacy
of which is often limited (Li et al., 2011; Shen et al., 2011; Withers et al.,
2015). Meeting this challenge calls for a transformative rather than an in-
cremental approach to balance food security, environmental sustainability,
and RP resource conservation (Brownlie et al., 2021).

Improvement of the P resource use efficiency (PRE) could encompass is-
sues of RP mining, as well as chemical P-fertilizer manufacture and its use
in crop production, and requires taking a holistic and systematic, rather
than a fragmented approach (Ma et al., 2011). PRE improvement requires
the integration of all factors in the complete supply chain—from biophysi-
cal conditions to agronomy management practices, as well as RP mining
and chemical P-fertilizer manufacturing (Chowdhury and Zhang, 2021).
Hence, an effective approach to integrate the fragments of the supply
chain for high PRE is urgently needed. We developed an integrated “De-
scribe, Analyze, Design, Verify, and Action” (DADVA) framework to iden-
tify the major limiting factors for sustainable P supply chains and then
implement collective action and share responsibility within such chains.
Such an integrated framework and system-based approach can provide a
holistic understanding of the current status and future of P management
in increasing food production, conserving P resources, and addressing the
environmental impact through diverse configurations of the food supply
chain.

RP mining, chemical P-fertilizer manufacturing, and crop production
lead to high environmental burden in China's grain production. From
1970 to 2010, a total of 56 Mt. P was accumulated through chemical P-
fertilizer application in China's cropland in the pursuit of high crop yields
(Sattari et al., 2014), which was more than 3.5 times the chemical P appli-
cation in Africa's croplands (15.3Mt) during the same period (USGS, 2012).
An insurance, rather than precision, approach has been applied to ensure
high grain yields due to limited access to advanced P management technol-
ogies (Zhang et al., 2019). Accordingly, there is a great urgency to trans-
form P management strategies to reduce the environmental pollution
induced by P and support food production (Sattari et al., 2014).

From the manufacturer's perspective, a high concentration of chemical
P is optimum for supply because of the associated high profit and easy ac-
ceptance by smallholders (Li et al., 2016). However, because of a lack of in-
tensive and effective dialogue between agronomists and chemical P-
fertilizer manufacturing, chemical P-fertilizer is not supplied according to
specific crops' P demand (Bindraban et al., 2020). Further, the plants' inher-
ent biological potential to absorb P from the soil is largely ignored (Shen
et al., 2011). These factors have caused an incongruity between chemical
P-fertilizer manufacturing and crop production. Information regarding PRE
in the stages of RP mining and P-fertilizer manufacturing remainslacking,
and only few approaches have been shown to save P resources in these
stages (Zhang et al., 2008). Therefore, the challenge in China's grain produc-
tion is in addressing the complexity of the biological system coupled with
chemical P-fertilizer manufacturing and RP mining to ensure sustainable
food security while reducing the reliance on RP mining.

In this paper, we systematically analyze the P flow from RP mining to
applications in crop production and propose a potential approach to im-
prove the PRE along thewhole supply chain in order tomitigate the P crisis,
As China plays an important role in the global P consumption, 5.0 Tg chem-
ical P-fertilizer was input in 2017. The total chemical P-fertilizer applica-
tion rates increased from 38.4 to 53.7 kg P ha−1 yr−1 during 2004–2014
(Zhang et al., 2019). China produces 22% of the world's grain, but con-
sumes 28% of chemical P-fertilizer worldwide (Jiao et al., 2016; Yuan
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et al., 2018). First, we quantitatively evaluate P flow in China's whole sup-
ply chain. Then, we present a theoretical framework designed to be both an
advancedmethod and collaborative action to help all stakeholders mitigate
the P crisis through integrated crop production, chemical P-fertilizer
manufacturing, and RP mining throughout the whole supply chain. Lastly,
we present our projections and the potential effects on future RP demand
and discuss the policy implications of our results, which can help mitigate
the P crisis.

2. Materials and methods

The overall approach of this work consisted of three components: (i) a
theoretical, knowledge-based management framework and integration
with substance flow analysis (SFA), which was used in analyzing the P sup-
ply chains from RP mining to crop production, to explore ways to mitigate
the P crisis in China; (ii) field trials, which were conducted in 2005–2014
across major agroecological zones in China to identify the problems related
to chemical P-fertilizer management during crop production by farmers;
(iii) a 10-year national campaign (2005–2014) across major agroecological
zones and field trials that was conducted in 2017–2020, as well as a meta-
analysis and survey of P-fertilizer manufacturing to develop chemical P-
fertilizer optimization management by agronomists.

2.1. System boundary and conceptual model

This study employed a partial SFA to quantify P flows from RP to crop
production. SFA is a static, quantitative model based on the mass-balance
principle, and is used to quantitatively assess the flow of substance within
a system (Nanda et al., 2020; Chowdhury and Zhang, 2021). Moreover,
we defined three subsystems (RP mining, P-fertilizer manufacturing, and
crop production) to analyze P flows from RP mining to consumption (see
the conceptual framework in Fig. 1). P-fertilizer manufacturing includes
the manufacture of a single superphosphate (SSP), triple super phosphate
(TSP), and calcium magnesium phosphate (CMP) from medium–low RP
processing; monoammonium phosphate (MAP), diammonium phosphate
(DAP), and nitrogen‑phosphorus‑potassium (NPK) from high RP process-
ing; and phosphoric acid P production. Further, 18 balance equations
were established to generate the estimates of P flow from RP to farmlands
in China (Table S1). Some coefficients were obtained from surveys con-
ducted by an enterprise in southwestern China, which is the second-
largest chemical P-fertilizer manufacturer worldwide, and the remainder
were gained from scientific literature and the National Bureau of Statistics
of China. All coefficient values for the calculation are listed in Table S2.

2.2. P footprint and P resource use efficiency

The P footprint was defined as the amount of P in RP needed to produce
1 kg of P in grain (maize, rice, and wheat) (Zhao et al., 2019). It was calcu-
lated as

P footprint ¼ Prock
Puptake

(1)

where Prock (unit: kg ha−1) is the total amount of P in RP, and Puptake (unit:
kg ha−1) refers to crop P removal by harvested grain.

The PRE was considered as amount of P-fertilizers recovered in the
whole supply chain. The PRE was calculated as

PRE ¼ Puptake
Prock

� 100 (2)

where Puptake (unit: kg ha−1) is the crops' P removal during grain harvest,
and Prock (unit: kg ha−1) is the P input of RP mining.



Fig. 1. System boundaries of phosphorus (P) use in China, from rock phosphate extraction to crop production. Black and red arrows represent the inputs and undesired out-
comes, respectively. MAP: monoammonium phosphate; DAP: diammonium phosphate; NPK: nitrogen, phosphorus, and potassium; SSP: single superphosphate; TSP: triple
super phosphate; CMP: calcium magnesium phosphate. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
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2.3. DADVA framework and integration with SFA

The DADVA framework for improving P management was based on di-
agnosing thewhole P supply chain, fromRPmining to P use in crop produc-
tion. The aim was not to design a completely new cropping system but
rather to focus on one key aspect that needs improvement to proceed in
crop production. The quantitative analysis was based on SFA, with the
use of emergent data to catalyze viable and commercially attractive
Fig. 2. Describe, analyze, design, verify, and action framework: a novel five-step met
(P) management.

3

innovation and free access of data to all stakeholders, particularly con-
sumers as the principal engine for change.

The DADVA cycle is an iterative method involving five overlapping
steps, namely, describe, analyze, design, verify, and action, as shown in
Fig. 2. (1) Describe is the essential first step and involves a descriptive diag-
nosis of the whole P supply chain, from RP mining to P use in crop produc-
tion. P supply chains have defined system boundaries wherein all the
processes are described. They have three subsystems: RP mining, P-
hodological iterative process to achieve sustainability and security of phosphorus
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fertilizer manufacturing, and crop production (Fig. 1). (2) The analyze step
is necessary because, although diagnosis and quantification of the complete
P supply chain are of great value, they are inadequate; analysis of P loss in
the whole P supply chain can aid decision-making. Several quantitative
methods are suitable for this purpose, including SFA. SFA has already
been applied to P supply chains and is used widely in a variety of industries
to track environmental impact. (3) Design involves the development of a
new P-management strategy that integrates soil-crop characteristics with
chemical P-fertilizer types based on crop demand, thus contributing to sus-
tainable P use. (4) Verify involves the assessment of the newP-management
strategy through quantitative field trials under large-scale agro-ecological
conditions to test its applicability. (5) Action, the final step, involves SFA
and subsequent analyses to generate vast arrays of data. Integration and
sharing of these data are essential because sustainable food security de-
mands information sharing not just within the business and its supply
chains but also with the government, agricultural researchers, and farmers.
These data are of use to policymakers in addressing food security concerns
caused by impacts on the environment (Peter et al., 2019).

2.4. Field experiments: chemical P-fertilizer use in farmer practices

In total, we collected 45,858 experimental observations from 296 Chi-
nese cities, which were identified for data collection from 2005 to 2014
(n = 18,956 for maize, 9283 for rice, and 17,619 for wheat), with sites
spread across all agro-ecological zones. Data were collected from an ambi-
tious nationwide program called the Soil Testing and Fertilizer Recommen-
dation Project (STFRP), which coveredmaize, rice, wheat, and other major
crops nationwide. All sites were within a farmer's field and were managed
by the farmer. Grain crops are cultivated across China in temperate to sub-
tropical zones, and in arid to semi-arid and humid regions. The number of
locations is shown in Fig. S1.

At plant maturity, approximately 5–15m2were harvestedmanually. All
plant samples were oven-dried to constant weight in a forced air oven at
70 °C, and grain yield was standardized at 14% moisture for all crops.

2.5. Chemical P-fertilizer optimization management practices

Plots at all experimental sites were separately subjected to four P treat-
ments: 0 (control), optimal P-management strategy, below-optimal (50%
optimal P rate), and above-optimal P management (150% optimal P rate).
The optimal P management was recommended by the agronomist on the
basis of local yield targets (1.1 times the average yield of the past 5 years)
and soil tests, and other treatment nutrient levels were computed according
to the optimum N, P, and K rates. All experiments were managed in the
same manner as individual producers, except the implementation of fertil-
izer treatments and crop and soil sampling.

OPT1 was the P application rate of the optimal P-management strategy
from 49,455 site-years in 296 Chinese cities for the three crops (n=19,252
for maize, 16,435 for rice, and 13,768 for wheat).

Optimization management of OPT2 was estimated in two steps. First,
we estimated the target yield in each city and the P rate. The target yield
was themaximumyield of all fertilizer responses in the target city. If the rel-
ative yield (RY) was <85%, the recommended amount of chemical P-
fertilizer for the high and stable yields was 1.3 times that of the crop. How-
ever, if 85% ≤ RY ≤ 90%, the recommended amount of chemical P-
fertilizer for the high and stable yields was the amount taken by the crop.
If RY was >90%, the recommended amount of chemical P-fertilizer for
the high and stable yields was 0.7 times the amount taken by the crop (Li
et al., 2011).

RY is given as follows:

RY ¼ Y0

Ymax
� 100 (3)

where Y0 is the crop yield of the plot without chemical P-fertilizer and Ymax.

is the maximum yield under chemical P-fertilizer.
4

Second, the chemical P-fertilizer type optimal for crop production was es-
timated. We built a database for synthesizing field research findings on the
optimal chemical P-fertilizer type for crop production. Subset I: we conducted
a literature search usingWeb of Science and ChinaNational Knowledge Infra-
structure databases for relevant articles published between 2005 and 2018.
Different combinations of search keyword comprise “phosphorus” together
with one of the following: yield, maize (Zea mays L.), corn, rice (Oryza sativa
L.), and wheat (Triticum aestivum L.). Information on chemical P-fertilizer
types from the selected studieswas also recorded. Studies thatmet the follow-
ing criteriawere selected: (1) datawere collected throughfield trials onmain-
landChina, not through pot and greenhouse experiments, (2) treatmentswith
and without chemical P-fertilizer were included, and (3) yield and chemical
P-fertilizer type data were included. A total of 282 peer-reviewed studies
were identified, consisting of 1140 paired plots (320 for maize, 256 for
wheat, and 564 for rice). Detailed information is provided in Appendix A.
Subset II: We also assembled a supplementary dataset to compare the agro-
nomic and morphological traits of different P-fertilizer types, and a total of
140 on-farm observations of field experiments conducted from 2017 to
2020. The number of locations of Subset I and Subset II is shown in Fig. S2.
When P flow in crop production was analyzed for the chemical P-fertilizer
type optimal for crop production, we found that the rates of PUE crop produc-
tion were 54%, 94%, 96%, 89%, and 53%, respectively (Fig. S3). Therefore,
we chose a ratio of 50:50 as the optimal chemical P-fertilizer type for crop
production through synthetical considerations.

2.6. Data analysis

We collected data using Microsoft Excel (Microsoft Corporation, Red-
mond, Washington, USA). SPSS (version 20.0; IBM Corp., Armonk, NY,
USA) software was used to compute analysis of variance; significant differ-
ences among the means were determined by the least significant difference
(LSD) at P≤ 0.05. SigmaPlot (version 10.0, Systat Software Inc., San Jose,
CA, USA) software was used to generate graphics, and the results of P flow
fromRPmining to crop productionwere fed to STAN software for graphical
presentation (subSTance flow ANalysis, 2.6). All map-related operations
were performed using ArcGis 10.2 software (www.esri.com/en-us/arcgis).

3. Results

3.1. P-fertilizer input and P footprint for China's production

China's grain production is often accompanied by a disproportionate
input of P resources. Crop production in farmer practice (FP) consumes
43.0 kg P ha−1 (39.9–46.5 kg P ha−1) without any yield increase, but
causes a 22.6 kg ha−1 P loss in crop production (Table 1 and Fig. 3a,
Figs. S4, S5, and S6) A saving of 30–60% P may be achieved by optimizing
P management strategy (OPT1 and OPT2), equivalent to US$ 8.2–11.0 bil-
lion (Table 1). In China, large tracts of arable land are used for annual grain
production, rather than isolated cases in field trials. Assuming the same
planting area as reported in 2015 (National Bureau of Statistics of China,
2016), 23Mt. P-equivalent to a 5-year total chemical P-fertilizer production
in China—was wasted; meanwhile, 0.1 Mt. P was discharged into water
bodies as PO4-eq (Wu et al., 2016). This required € 2.5 billion to treat the
water pollution, which equaled 1.9% of China's gross domestic product
(GDP) in 2020 (National Bureau of Statistics of China, 2016; Pizzol et al.,
2015).

To address the challenge of low PUE and high P loss in the supply chain,
we proposed a chemical P-fertilizer optimization management approach
based on crop demand. The essence of this approach is to fully consider
the biological properties of crops and develop agronomic management
practices based on crop demand. More importantly, we developed this ap-
proach by integrating part of the supply chain, which has great implications
for where a hotspot will occur within the chain from RPmining to crop pro-
duction. Cross-sector relationships between sectors, as well as the manufac-
ture of chemical P-fertilizer, are driven by crop demand, while RPmining is
driven by chemical P-fertilizer manufacturing.

http://www.esri.com/en-us/arcgis


Table 1
Grain yield, mineral P-fertilizer use, P balance, and net economic gain under different treatments from the year 2004–2015 in China’s major croplands. FP, OPT1, and OPT2
respectively represent mineral P use by farmer practices, optimized use based on soil fertility and the soil-testing approach, and optimized use based on the principle of the
build-up and maintain approach coupled with chemical P-use intensity and types.

Item Treatment Maize Rice Wheat Average

Yield (t ha−1) FP 7.7 ± 1.5a 7.6 ± 1.2a 5.3 ± 1.4a 6.9
OPT1 8.7 ± 1.9a 8.0 ± 1.2a 6.0 ± 1.4a 7.6
OPT2 8.9 ± 2.0a 8.3 ± 1.3a 6.2 ± 1.4a 7.8

P-fertilizer use (kg P ha−1) FP 42.9 ± 14.4a 39.9 ± 16.5a 46.5 ± 17.0a 43.0
OPT1 36.8 ± 8.7b 30.6 ± 7.9b 37.9 ± 9.4b 35.1
OPT2 24.0 ± 5.5c 19.4 ± 3.4c 20.0 ± 4.4c 21.1

P balance (kg P ha−1) FP 18.0 ± 13.6a 18.2 ± 15.8a 26.9 ± 17.7a 21.0
OPT1 9.3 ± 8.2b 8.0 ± 7.4b 15.8 ± 9.3b 11.0
OPT2 −4.3 ± 2.1c −4.6 ± 1.7c −3.0 ± 1.5c −4.0

Net economic gain (billion US$ year−1) FP 107.0 93.7 41.4 80.7
OPT1 121.0 98.6 47.0 88.9
OPT2 123.9 102.5 48.7 91.7

Note: P balance was defined as the difference between chemical P-fertilizer use and P output (harvested by crops). The net economic gain from increased yield and decreased
P-fertilizer use was calculated as US$ 0.31, 0.40, 0.32, and 0.21 per kg of maize, rice, wheat, and P, respectively (Cui et al., 2018; Zhang et al., 2008); in 2015, the planting
area of maize, rice, and wheat was 45.0, 30.9, and 24.6 million ha, respectively.

H. Gong et al. Science of the Total Environment 814 (2022) 152739
There were two steps in the chemical P-fertilizer optimization manage-
ment approach. First, a yield-response curve was employed to identify the
optimal chemical P supply to ensure a high P management yield along
the whole supply chain. Second, a build-up and maintain approach com-
binedwith optimized fertilizer typeswas employed to identify the optimum
supply intensity and types for improving the PRE via integration of all
stages in the P supply chain. As wheat, rice, and maize crops often
have large root systems, they can use insoluble P from the chemical
P-fertilizer. The amount of RP was then calculated according to the
crops' P demand.

A grain yield similar to FPwas obtained through optimized use based on
soil fertility and the soil-testing approach (OPT1), and optimized use based
on the principle of the build-up andmaintain approach coupledwith chem-
ical P-use intensity and types (OPT2) (Table 1 and Fig. S4). To produce
grain yield, a large amount of P loss in crop production was induced by
FP. To provide 6.9 t of grain, 56.8 kg P from RP was used, while only
22 kg of P was used by crops, leaving 34.8 kg in the environment
(Table 1 and Fig. 3a). As much as 59% (20.4 kg P ha−1) of P accumulated
in the soil during crop production (Fig. 3a). A similar result was obtained
in India (West et al., 2014). Crop production was a hotspot of P loss. More-
over, 10.2 kg of P was lost in the chemical P-fertilizer manufacturing stage
as a by-product. The PRE was only 38.7%. Thus, the P footprint from grain
production was 2.6 kg P kg−1 (Fig. 4).

China's Pmanagement is important on a global scale because China pro-
duces 22% of the world's grain on less than 9% of the world's arable land
(Liu et al., 2010), while it consumes 30% of chemical P-fertilizer and con-
ducts 49% of RP mining (Jiang et al., 2018; Zhang et al., 2008). Therefore,
P-fertilizer management requires cooperation between stakeholders from
crop production, chemical P-fertilizer manufacturing, and RP mining. Be-
cause of themismatch among all stages in the supply chain andmismanage-
ment within each stage, 10%, 30%, and 60% P loss occurred during the
whole P supply in RP mining, P-fertilizer manufacturing, and crop produc-
tion (Fig. 3a). There is great potential to improve the PRE by integrating it
in all stages in the whole supply chain. Thus, China provides strong support
for the global prospect in the mitigation of P-related environmental costs.
China's experience can be shared with and applied to similar regions,
such as India.

3.2. Knowledge-based P management based on crop demand

The DADVA framework combines empirical knowledge, databases, and
modelling tools to advance understanding of an integrated P-management
strategy in the whole supply chain based on crop demand (Fig. 2). SFA
was used to analyze the P flow of the whole supply chain, from RP mining
to P use in crop production, to gain better insights into farmers' constraints.
5

Compared with FP, RP extraction in OPT1 was reduced by 18.3%, and
28.1 kg ha−1 of high-concentration and 7.0 kg ha−1 of low-concentration
chemical P were produced. P loss in the whole chain was reduced to
21.9 kg ha−1. Only 10.7 kg P ha−1 was lost in crop production (Fig. 3b),
which was almost half that in FP. Moreover, by combining the build-
up and maintain approach with optimized chemical P types, 27.4 kg of
RP extraction was needed in OPT2. P loss to the environment was only
2.4 kg. More interestingly, 3.5 kg P from the soil was consumed by
crops (Fig. 3c). The PRE in OPT1 was 53.0%, an improvement of
14.3%. It was further improved by 52.9% in OPT2 (Fig. 4a). The P foot-
print in OPT1 and OPT2 was reduced by 26.9% and 57.7%, respectively
(Fig. 4b).

3.3. Rock phosphate consumption demand for grain production in China

The average RP consumption in 31 Chinese provinces for grain produc-
tion from 2005 to 2014 is presented in Fig. 5. At the national scale, RP con-
sumption demand for grain production in China was 4.0 Mt. (Fig. 5a).
Compared with FP, RP demand for gain production was reduced by 26%
in OPT1 (Fig. 5b). By combining the build-up and maintain approach
with optimized chemical P types, RP extraction in OPT2 was reduced by
58%, and the largest decrease was found in North China. Medium–low-
grade RP extraction reduced by 39% in OPT1 but more than five times in
OPT2 (Fig. S7). High-grade RP extraction in OPT2 was reduced by 75%
(Fig. S8), and a significantly reduced dependence on high-grade RP for
grain production in OPT2 was found in the North and Northeast China
Plains (Fig. S8).

3.4. Scenario analysis

In China, economic expansion and population growth are leading to a
significant increase in meat demand and subsequently for grain used as an-
imal feed. China's population is expected to peak at 1.45 billion in 2030
(NHFPC, 2016). Rice, wheat, andmaize production are thus predicted to in-
crease to 218, 125, and 315 Mt., respectively, to meet the demand (Chen
et al., 2014). To meet this production target, 5.3 Mt. of total RP will be
needed in 2030 in FP, while 1.0 Mt. of medium–low-grade RP and
4.3 Mt. of high-grade RP will be mined (Fig. 6). However, if we reach the
projected demand in 2030 with OPT1 and OPT2, the total RP could be re-
duced by 25% and 57%, respectively (Fig. 6a). Moreover, medium–low-
grade and high-grade RP could be reduced by 30% and 25% by 2030
with OPT1, respectively (Fig. 6b). Medium–low-grade RP could be in-
creased by 70% forOPT2 comparedwith FP, but high-grade RP could be re-
duced by 75% (Fig. 6c). This will alleviate the P-environmental crisis in the
breadbasket region of China.



Fig. 3. Phosphorus (P) flow from rock phosphate extraction to grain production in China under different treatments: (a) FP, (b) OPT1, and (c) OPT2. FP, OPT1, and OPT2,
respectively, represent mineral P use according to farmer practices, optimized use based on soil fertility and the soil-testing approach, and optimized use based on the prin-
ciple of the build-up and maintain approach, coupledwith chemical P-use intensity and types. MAP: monoammonium phosphate; DAP: diammonium phosphate; NPK: nitro-
gen, phosphorus, and potassium; SSP: single superphosphate; TSP: triple super phosphate; CMP: calcium magnesium phosphate.
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4. Discussion

To produce enough food for a large and growing populationwhile using
P sustainably is one of the greatest challenges faced by farmers, fertilizer
manufacturers, policymakers, and researchers today (Cordell and White,
2013). Effectively improving the PRE and reducing the reliance on RP re-
serves would be valuable. Our results demonstrated that crop production
is the super-hotspot for P loss. The accumulated P was the major driver
for P loss to the water bodies (e.g., runoff, erosion, and leaching) in the
whole supply chain, and thus water eutrophication was quite common be-
cause of P loss (Liu et al., 2016). Meanwhile, P loss in developed countries
such as Europe was only 2.8 kg P ha−1 yr−1 (Lun et al., 2018). Therefore,
there exists a global challenge to tighten P recycling and reduce P loss in
the supply chain (Chen and Graedel, 2016; Schneider et al., 2019). Based
6

on the biological characteristics of crops, agronomic P-management prac-
tices, and chemical P supply andmining, we proposed that Pmining should
occur based on specific crop demand. We demonstrated that using a chem-
ical P-fertilizer optimization management approach, the PRE would im-
prove the whole supply chain 14.3–52.9% without any production
penalty and hence reduceRP depletion risks (Fig. 4 and Table 1). Therefore,
it is an effective approach to improve the PRE in the whole supply chain.

This approach, as well as key elements of the measures, could serve as
references for other countries or situations. For instance, using the soil-
testing approach, 45%of P could be saved in crop production (Fig. 3).More-
over, this approach has been widely used by farmers to boost crop yields in
China since the 1980s (He et al., 2012). A build-up and maintenance ap-
proach suggested that chemical P-fertilizer should be managed to keep ap-
propriate soil Olsen-P concentration in the root zone for higher PUE (Bai



Fig. 4. Phosphorus (P) resource use efficiency (a) and P footprint (b) under different
treatments. FP, OPT1, and OPT2, respectively, represent mineral P use according to
farmer practices, optimized use based on soil fertility and the soil-testing approach,
and optimized use based on the principle of the build-up and maintain approach
coupled with chemical P-use intensity and types.

Fig. 5. Spatial variations of rock phosphate (RP) consumption for grain production
from 2005 to 2014 in China: (a) FP, (b) OPT1, and (c) OPT2. FP, OPT1, and OPT2,
respectively, represent mineral P use according to farmer practices, optimized use
based on soil fertility and the soil-testing approach, and optimized use based on
the principle of the build-up andmaintain approach coupledwith chemical P-use in-
tensity and types.
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et al., 2013). The ideal management system for sustainable P use will utilize
not only application rates but also appropriate P sources. The formulation of
water-soluble P and lowwater-soluble P has been recommended as an agro-
nomically and economically effective method to increase the PUE in Asia,
sub-Saharan Africa, and Latin America (Bindraban et al., 2020). The
build-up and maintain approach, when combined with optimized fertilizer
types, can help crop plants acquire P from the soil (Fig. 3).

RP mining based on the crops' P demand could help address the issues
with grain yield, the PRE, and the RP crisis synergistically. In this study,
the yield-response curve and the build-up and maintain approach with
chemical P-fertilizer types were employed to optimize mineral fertilizer
use in crop production. The yield-response curve helped secure high crop
yields and optimize large-scale fertilizer use by considering economic
gains and the distribution of fertilizers (Li et al., 2011); however, this ap-
proach largely ignored the soil's legacy nutrients (Li et al., 2015). In con-
trast, the build-up and maintain approach achieved better synchronization
between crops' P demand and the soil's P supply throughout the crop-
growing season, and the soil's legacy P was fully considered. Relying on
the soil's legacy P as a P source for crops is a very promising strategy for im-
proving the efficiency, sustainability, and profitability of agricultural sys-
tems, as well as for reducing eutrophication risk (Rowe et al., 2015).

Many generic methods have been utilized to identify interventions to
ensure sustainable P management. For instance, using a system-based strat-
egy may help alleviate the RP crisis and food security in Europe: the 5R
strategy—re-align P inputs, reduce P loss to water, recycle P into a
bioresource, recover P from waste, and redefine P in food systems—has
7



Fig. 6. Projected demand of rock phosphate (RP) to produce sufficient food to feed a
large population by 2030 under different scenarios in China: (a) FP, (b) OPT1, and
(c) OPT2. FP, OPT1, and OPT2 respectively represent mineral P use according to
farmer practices, optimized use based on soil fertility and the soil-testing approach,
and optimized use based on the principle of the build-up and maintain approach
coupled with chemical P-use intensity and types.
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recently been outlined as a blueprint for P stewardship and sustainability
(Withers et al., 2008). In this study, we presented a DADVA theoretical
framework that could provide a more advanced method and collaborative
decision support to multi-stakeholders of the P supply chain. We demon-
strated that crop production is the hotspot of P loss in the supply chain.
Therefore, knowledge innovation in sustainable P use of crop production
is a key approach to reducing P loss.
8

This knowledge-basedmanagement approach allowedus to obtain a com-
plete picture of the supply chain in this study, which ensured that genuine
problems were not ignored. Further, each stakeholder can make accurate,
informed decisions based on their roles in the chain if they can access,
share, and harmonize the data as well as ensure parameterization of so-
cial and health aspects. For instance, with DADVA, the PRE of OPT1 and
OPT2 was 53.0% and 91.6%, respectively. This can be increased up to
77% by using integrated measures, but this needs broad cooperation be-
tween miners, fertilizer plants, and farmers (Zhang et al., 2008).

A knowledge-based P management approach with DADVA would be ef-
fective for tightening P recycling along the whole supply chain. Advancing
participatory innovation and technology will require investment from
smallholder farmers, and stimulating smallholder action is a key step in
changing their consciousness to achieve sustainable P management
(Zhang et al., 2013). The framework also needs to be supported by technol-
ogy. Within the national space, a key challenge in defining region-specific
pathways for the sustainable development of P management would be syn-
ergistically combining improvements in technologies and management, re-
duction in P loss and waste, and P management changes based on crops' P
requirements while considering local contexts and environmental pressures.

The conclusion that this study arrived at was based on tens of thousands
of primary data from field trials under large-scale agro-ecological condi-
tions. The higher level of granularity achieved in this manner increased
the confidence level of the results. However, there is a high degree of vari-
ability in RP mining and chemical P-fertilizer manufacturing due to the
varying sizes of chemical fertilizer companies in China (Zhang et al.,
2013), whereas our study only considered partial SFA including RPmining,
chemical P-fertilizermanufacturing, and crop production as the system scope.
Some processes, such as the storage of fertilizers and the transportation of fer-
tilizers to the field, were not considered owing to data unavailability. The
technologies are also likely to be highly variable because of the influence of
climate and environment, and the study could not provide an overall evalua-
tion of them across various regions and multiple species. To address this lim-
itation of the current study, future research could investigate the solution
space more broadly and comprehensively to understand adaptative strategies
by considering factors such as resources and environmental consequences.
More evidence-based studies on improving the PRE through the integration
of all stages in theP supply chain are also needed in practice, especially regard-
ing the working mechanisms of cross-section cooperation.

5. Conclusion

Improving the PRE and reducing the threat to P resources are closely
linked to not only crop production but also chemical P-fertilizer production.
We show that the current P-management strategy with 43.1 kg ha−1 P
input did not produce a higher yield, but rather a 34.8 kg ha−1 P loss
with low PRE. Using the yield-response curve and build-up and maintain
approach combined with optimized fertilizer types, we demonstrate great
potential to improve the PRE for mitigation of the P crisis, and show that
P footprint can be reduced and RP demand for grain production can be
saved 1.3 Mt. and 3.0 Mt. without yield penalty with crop-demand-
oriented P supply chain through integration of crop production, chemical
P-fertilizer manufacturing, and RP mining. A knowledge-based manage-
ment theoretical framework was used to analyze P supply chains to explore
ways to mitigate China's P crisis. This framework connects upstream P in-
dustries and crop production, addressing knowledge gaps and stakeholder
involvement. The results indicated that the P management strategy should
be developed on the basis of crop P requirements and must be considered
from the whole supply chain perspective.
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