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Optimal nitrogen rate strategy for 
sustainable rice production in China

Siyuan Cai1,2,6, Xu Zhao1,6 ✉, Cameron M. Pittelkow3, Mingsheng Fan4, Xin Zhang5 & 
Xiaoyuan Yan1 ✉

Avoiding excessive agricultural nitrogen (N) use without compromising yields has 
long been a priority for both research and government policy in China1,2. Although 
numerous rice-related strategies have been proposed3–5, few studies have assessed 
their impacts on national food self-sufficiency and environmental sustainability and 
fewer still have considered economic risks faced by millions of smallholders. Here we 
established an optimal N rate strategy based on maximizing either economic (ON)  
or ecological (EON) performance using new subregion-specific models. Using an 
extensive on-farm dataset, we then assessed the risk of yield losses among smallholder 
farmers and the challenges of implementing the optimal N rate strategy. We find that 
meeting national rice production targets in 2030 is possible while concurrently 
reducing nationwide N consumption by 10% (6–16%) and 27% (22–32%), mitigating 
reactive N (Nr) losses by 7% (3–13%) and 24% (19–28%) and increasing N-use efficiency 
by 30% (3–57%) and 36% (8–64%) for ON and EON, respectively. This study identifies 
and targets subregions with disproportionate environmental impacts and proposes  
N rate strategies to limit national Nr pollution below proposed environmental 
thresholds, without compromising soil N stocks or economic benefits for smallholders. 
Thereafter, the preferable N strategy is allocated to each region based on the trade-off 
between economic risk and environmental benefit. To facilitate the adoption of the 
annually revised subregional N rate strategy, several recommendations were provided, 
including a monitoring network, fertilization quotas and smallholder subsidies.

Cereal production has been the main focus of both scientists and policy-
makers to ensure food security by 2050 (refs. 6,7). However, agricultural 
intensification, especially that driven by increased chemical N use, has 
resulted in a series of environmental burdens8,9. Early work estimated 
that the global damages of Nr pollution, representing 0.3–3% of global 
gross domestic product10, may negate the economic gains associated 
with higher crop yields. Further evidence from other studies and 
efforts suggest a need to rethink sustainable N management for food 
security11–13. To address these challenges, a new model of N manage-
ment that not only quantifies the benefits of fertilizer N use for crop 
productivity but also explicitly accounts for environmental and human 
health damage costs associated with Nr pollution is necessary11–14.

Rice-based cropping systems in China are a global hotspot for Nr 
losses, including airborne Nr losses such as NH3 and N2O and water-
borne Nr losses owing to leaching and runoff, contributing an esti-
mated 2 megatonnes (Mt) year−1 Nr to the environment15. Despite 
these challenges, a national rice production goal of 218 Mt year−1 
by 2030 is required for rice self-sufficiency in China16, signifying 
that prudent management of N inputs is needed to narrow the yield 
gap and boost rice production. Owing to current high rates of N 
fertilizer input, it is thus critical to close the N use efficiency (NUE) 
gaps between China (25–35%) and other leading regions of the world 

(52–67%)17–19, particularly by focusing on existing gaps among dif-
ferent cropping regions in China (22–70%)20. To support this trans-
formation, policies are urgently needed to guide region-specific N 
management practices, helping farmers to balance the benefits of N 
use for crop productivity with Nr losses and associated social costs 
to humanity2,21.

Avoiding excessive N use while maintaining yields has been a top 
research and government priority in China2,4,15,22. Yet, the feasibility 
of policies targeting N rate reductions will depend on the economic 
risk facing individual farmers. Uniform recommendations based on 
compiled data tend to exaggerate or underestimate crop N demand 
at the field level at which N management decisions are made, thereby 
impairing crop productivity or profitability23. Mobilizing millions of 
smallholders to reduce N rates is therefore challenging, partly because 
of their risk-averse nature. Thus, quantifying the probability of yield risk 
owing to management changes is vital to understanding the likelihood 
of farm-scale adoption of optimal N rate24. Meanwhile, the degree to 
which environmental policies interfere with national efforts to meet 
future rice production targets must be determined. Evaluating such 
trade-offs for food security is fundamental for implementing N man-
agement practices with well-documented long-term advantages for 
soil fertility and environmental quality25.
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Although two of the optimal N application strategies attempting to 
maximize economic and environmental performance (the economi-
cally optimal N rate (ON) and the ecologically optimal N rate (EON)) 
for rice systems have been assessed5,22, their viability in fulfilling food 
security and environmental sustainability, as well as their potential 
yield risk for smallholders and the preferable strategies for diverse 
subregions in China remain unexplored. Herein, using a combination 
of bottom-up and top-down strategies, we evaluate these two optimal N 
application strategies for rice systems at the subregional scale to cover 
these knowledge gaps (Fig. 1). Yield and Nr losses in response to N inputs 
were first quantified on the basis of 7,912 monitoring observations from 
462 peer-reviewed publications covering the six different rice cultiva-
tion subregions of China (Supplementary Fig. 1 and Supplementary 
Note 1). Next, the economic benefits of N fertilizer and environmental 
and human health damage costs under two N optimal strategies were 
calculated, with the difference reflecting the net ecosystem economic 
benefit (NEEB)26 (Supplementary Table 1). The impacts of these N strate-
gies on rice productivity, environmental sustainability (Nr losses) and 
long-term soil fertility (N balance) were then compared with farmer 
practices (FN) for each subregion. The advantages and limitations of 
our comprehensive synthesis of the literature are discussed further in 
Supplementary Note 2 (Supplementary Figs. 2 and 3).

Food security within the Nr threshold
Both optimized N strategies contributed to substantial reductions in 
area-based N inputs (18–32%, with a national average of 231 kg N ha−1 for 
FN compared with 189 and 155 kg N ha−1 for ON and EON, respectively) 
and Nr losses (12–27%, with a national average of 60 kg N ha−1 for FN com-
pared with 53 and 44 kg N ha−1 for ON and EON, respectively) without 
impairing yields, making it possible to exceed the demand for rice in 
China in 2030 (218 Mt) while reducing nationwide N consumption by 
10–27% (0.64–1.75 Mt), and mitigating Nr losses by 7–24% (0.11–0.40 Mt) 
for ON and EON, respectively (Figs. 2 and 3).

From a regional perspective, current fertilizer N consumption levels  
(FN) for rice are disproportionately high (0.80–1.46 Mt) in East, Central 
and Southwest China (Fig. 3a), which together contribute to more than 
half of the Chinese national fertilizer N consumption for rice (6.36 Mt). 
Accordingly, these N fertilization hotspots are critical for reducing 
nationwide N fertilizer consumption when comparing the two optimal  
N rate strategies (ON or EON) to FN, accounting for around 20–30% 

of the total N fertilizer consumption cutback (Fig. 3a). By applying 
the proper rate of N fertilizer according to the relationship between 
Nr losses and crop productivity of each rice cultivated subregion 
(Extended Data Fig. 1), the total N fertilizer consumption would 
decrease by 0.68–1.75 Mt across China, which accounts for 10–27% of 
the current national anthropogenic N input for rice cultivation. A gov-
ernmental document released in 2020 by Chinese policymakers, based  
on soil testing and fertilizer recommendations, targeted fertilizer N 
consumption for rice in China to be 3.9–5.1 Mt (ref. 27), a threshold that 
is comparable with N input by adopting EON in our study (Fig. 3a). The 
comparison of results for the two optimal N rates with preceding studies 
(Extended Data Table 1) is further discussed in Supplementary Note 3.

The application of optimal N strategies had a minor influence on 
the area-based and region-scaled rice production (Figs. 2 and 3a and 
Supplementary Note 4), amounting to a <2% decline nationwide under 
EON and a roughly 0.4% increase under ON. Rice yield performance 
under ON exhibited incremental improvements in most subregions of 
China, of which East and South China contributed 0.22–0.66 Mt year−1 
to the yield growth. By contrast, yield performance under EON dif-
fered between the subregions, with Central China and late rice cultivar 
subregions showing a yield decrease of 0.81–1.13 Mt year−1, whereas 
South China exhibited a 0.64 Mt year−1 yield growth. Food demand 
in China is estimated to peak in 2030 when the population reaches 
1.47 billion (ref. 28). On the basis of a bottom-up estimation combining 
yield changes and rice planting area in 2018 for each subregion, total 
national rice production through ON and EON was estimated to be 
232 and 228 Mt, respectively (Fig. 3a), which is sufficient to meet the 
predicted rice demand of China in 2030 (218 Mt).

More than 25% of fertilizer N applied to rice fields was lost to the 
environment as Nr (N leaching, N2O emissions, NH3 volatilization and 
N runoff) under FN (1.69 Mt year−1; Fig. 3a). The trends of total Nr loss as 
a function of increasing N rate varied across subregions owing to large 
variations in climate, soil and management conditions (Extended Data 
Fig. 1), resulting in different levels of optimized N input and associated 
Nr losses (Extended Data Fig. 2, Supplementary Note 4 and Supplemen-
tary Figs. 4–8). The largest mitigation potential of area-based total Nr 
losses (7–42%) under ON and EON suggest a pronounced need for opti-
mizing N inputs for East, Central and Southwest China and double-rice 
cultivation systems (Fig. 2). Indeed, these subregions represented a Nr 
discharge hotspot owing to high area-scaled Nr losses under FN and a 
large rice cropping area, leading to prominent mitigation benefits from 
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Fig. 1 | Schematic illustration of the research workflow. The bottom-up 
processes comprise three steps. First, field trials for rice yield and Nr losses 
were constructed from 462 peer-reviewed articles (7,912 observations). 
Second, subregional models were developed and used to determine ON and 
EON based on economic benefit and NEEB. Third, nationwide rice production, 
N consumption and Nr losses under ON and EON were estimated and compared 

with the corresponding safe level. Three steps were included in the top-down 
method for analysing the uncertainty of subregional ON and EON. First, the 
potential risk for smallholders was quantified by the site-year models from 
31,601 yield observations. Second, the subregional net benefit was assessed to 
optimize the subregional N strategy. Third, the potential subsidy to incentivize 
smallholders to apply optimal N was quantified.
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ON and EON implemented in East China (79–105 kt reduction), Central 
China (25–64 kt reduction) and double-rice cropping systems (0–159 kt 
reduction) (Fig. 3a and Extended Data Fig. 3). Together, optimizing N 
inputs in these subregions contributed to 60% and 81% of the national 
Nr loss reduction potential under ON and EON, respectively.

The safe level of Nr pollution for rice production in China is estimated 
to be 0.73–1.35 Mt by the risk indicator method (Fig. 3a), which reflects 
how much present Nr losses must be reduced to reach the environmen-
tally critical threshold by multiplying risk indicators with estimated Nr 
losses29 (Supplementary Table 2). Under FN and ON, the level of Nr losses 
for national rice production exceeded the upper Nr threshold by 24% and 
16%, respectively, whereas total Nr losses for EON remained below this 
upper threshold (Fig. 3a). In terms of the primary contributor to Nr pol-
lution, the results differed for the four main Nr loss pathways (Fig. 3b). 
The optimized strategies were generally capable of reducing leaching/
runoff losses and N2O emissions below environmental thresholds in 
different subregions (but not all), whereas—regardless of N strategy— 
NH3 volatilization led to the biggest Nr losses in Chinese paddy fields, 
surpassing the environmental threshold by 4–260% (Fig. 3b).

Uncertainty facing smallholders
Using another extensive database of separate on-farm N rate experi-
ments (31,601 site-years), the economic risk of implementing these 
strategies at the farmer level was assessed to inform the feasibility of 
meeting national rice production targets and designing a preferable N 
strategy (ON or EON) for each subregion to achieve balance between 
the environmental benefits and smallholder profits (Fig. 1, Supplemen-
tary Figs. 9–11 and Supplementary Note 5). The results indicate that 
the more environmentally robust N application rate (EON) does not 
risk severely decreasing rice production at the farm level, with yields 

decreasing by more than 5% in 8–37% of site-years across subregions 
(Fig. 4). By contrast, more than 15–44% of farmers across subregions 
could improve their rice yield by more than 5% when adopting optimal 
N strategies. Nationally, there was a low risk of yield reductions and, in 
many cases, a potential yield benefit for optimal N fertilizer strategies 
at the field level (10% and 15% of site-years had >5% yield reductions, 
whereas 22% and 24% of site-years had >5% yield gains within 31,601 
site-years for ON and EON, respectively).

When including the economic costs of N fertilizer and environmental 
damages associated with Nr losses to assess both economic benefits 
and NEEB, less than 10% of site-years decreased economic benefits or 
NEEB by more than 5% for ON compared with FN throughout subre-
gions of China, whereas the probability for high benefits (>5%) was 
considerably greater (Fig. 4, Supplementary Fig. 11 and Extended Data 
Fig. 4). Adopting ON across subregions showed a 1–17% and 1–16% pos-
sibility of a low reduction risk (≤5%) for economic benefit and NEEB, 
respectively, yet a 16–56% and 24–86% possibility of enhancing the 
economic benefit and NEEB by more than 5%. The potential for high 
reduction risk (>5%) for economic benefit and NEEB was 1–13% for the 
EON across subregions, but the total economic risk (reduction in eco-
nomic benefit) in Northeast China remained high (more than 40% of 
farm sites; Fig. 4). Caution of the underlying risk for yield penalties is 
necessary when applying optimal N strategies to subregions with high 
yield variations, such as single-rice regions South and Northeast China 
and double-rice cropping systems. It indicates that economic barriers 
cannot be ignored for at least a proportion of farmers.

Among all indicators of N use evaluated here, N balance serves as a sus-
tainability reference to the soil fertility and the Nr emission potential30.  
Despite the economic incentives for returning straw to agricultural fields 
adopted by the Chinese government since 2000, there are disparities in 
how various subregions handle straw31. Therefore, we estimated soil N 
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Fig. 2 | Key area-based performance responses to different N application 
strategies in different subregions of China. Values of N rates, rice yields and 
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of the N rates (mean value ± s.d. for FN and the profitable N rate range within 
$2.47 ha−1 for ON and EON).
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balance in different rice subregions of China and found that both straw 
management scenarios (returned versus removed from fields) could 
maintain soil fertility under two optimal N strategies (Extended Data 
Fig. 5). Yet, a low-level N balance under straw removal should be vigilantly 
dealt with in double-rice cropping to prevent mining of soil nutrients 
over time, as large uncertainty exists in the estimation of denitrifica-
tion N2 loss (Supplementary Table 3). A higher N balance was obtained 
with straw returned, ranging from 87 to 138 kg N ha−1 for the single-rice 
cropping systems and 77 to 103 kg N ha−1 for the double-rice cropping 
systems under optimal fertilizer N strategies (Extended Data Fig. 5). 
Although straw retention has substantial advantages for maintaining soil 
quality, improving nutrient cycling and increasing rice productivity32,33, 
it exhibits a higher Nr discharge potential and enhanced CH4 emissions34, 
which may offset the environmental benefit gained when considering 
the high social costs of enhanced CH4 and Nr losses.

Yield-scaled Nr loss is another sustainability metric that can help 
to reconcile the dual goals of improving food production and envi-
ronmental sustainability35. By applying ON, the single-rice cultiva-
tion showed 4–35% lower yield-scaled Nr losses compared with FN 
(Fig. 5). For the double-rice cropping system under ON, it exhibited a 

15% mitigation potential compared with FN. Ambitious reduction of FN 
to EON resulted in a greater reduction in yield-scaled Nr losses, amount-
ing to 13–43% reductions under the single-rice cropping system and 
36–39% reductions under the double-rice cultivation system (Fig. 5).

The results demonstrated that NUE was notably enhanced by optimiz-
ing N inputs, surpassing the NUE target of 40% in China18 (Extended Data 
Fig. 6). By adopting optimal N strategies, NUE could be increased on a 
relative basis by 16–102% across subregions (Fig. 5). A greater increase 
in NUE was observed in subregions in which overfertilization was preva-
lent (such as East, Central, South and Southwest China). By contrast, 
in Northeast China and double-rice cropping systems that had lower 
FN, NUE improvements were restricted. Overall, the application of 
optimal N practices can increase NUE by 30% and 36% for ON and EON, 
respectively, in China (Extended Data Fig. 6).

To identify the more preferable N strategy (ON or EON) for diverse 
subregions in China, we constructed a conceptual framework based 
on the environmental benefits outweighing the potential economic 
risks (Extended Data Fig. 7). Under this comparison with select N rates, 
single-rice cropping subregions, such as East, Central and Southwest 
China, as well as early and late rice cropping systems were suitable for 
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the implementation of EON. Single-rice subregions such as South and 
Northeast China were not eligible for a more environmentally resilient 
N application rate owing to their high economic risks or poor environ-
mental benefits; hence, ON was chosen as the optimal N strategy for 
these two subregions.

Recommendations for N optimization
In countries such as China where smallholder farms dominate agricul-
tural production36, the high heterogeneity of soil fertility in small farms 
increases the differences in fertilizer dependencies. Meanwhile, farmer 
willingness to adopt N reduction strategies depends on the economic 
condition and farm size, among other factors, thereby increasing the 
difficulty of widespread strategy adoption (Supplementary Fig. 9 and 
Supplementary Note 6). Furthermore, fluctuation in climate and soil 
conditions would necessitate an adjustment of the N optimal strategy 
over time given changes in yield and Nr losses, which would further 
complicate the development and implementation of optimized N rates. 
Consequently, we propose a combination of approaches to address 
these challenges (Fig. 1).

In terms of technological support, establishing a large regional 
research trial network to obtain more precise optimal N rate recom-
mendations that are revised annually for different subregions, similar 
to the ‘Maximum Return to Nitrogen’ across the Corn Belt states in 
the USA37, is essential for increasing the feasibility of optimal N rates. 
Future climatic and soil quality changes will have an effect on rice 
production38, as well as Nr losses, necessitating a research infrastruc-
ture that can also rapidly react to changing environmental conditions 
and policies. Considering the thousands of existing on-farm trials in 
China22, building such a network focused on N management would not 

necessarily require extra costs but a cooperative campaign to assemble 
and interpret data.

To achieve the ambitious environmental targets for N pollution in 
China, policymakers may consider implementing an obligatory ferti-
lization quota to restrict N applications at the farm or regional levels 
based on the preferable N optimal strategy for different subregions in 
this study. For instance, the revised European Union Nitrates Directive 
in Germany imposed fertilizing planning functioning as a fertiliza-
tion quota at the farm level, resulting in a 10% reduction in state-level 
N input with little compliance cost39. Moreover, smallholders tend 
to be hesitant to adopt knowledge-based management technology, 
whereas large-scale farms are more likely to be influenced by policy 
knowledge2,40,41. Scaling up farm size and closing the yield gaps of small-
holder farms is another potential option, which would rearrange the 
cropping area to eliminate low-productivity and high-risk farmland. 
The feasibility of scaling up farm size, however, depends on the process 
of urbanization, which could increase the average farm size by 170% in 
2050 when the urbanization level increased by 40% (ref. 42). Owing to 
numerous challenges facing farmers and the low adoption of improved 
N management practices, new policy efforts are also being focused on 
targeting other actors in the food supply chain, such as input suppli-
ers, food traders and processors, retailers and consumers, to reduce 
N pollution43.

In terms of smallholders, governmental subsidies are one of the 
policy tools to incentivize improved N management. However, it is 
hard to predict beforehand the potential economic risks for the portion 
of farmers who would face yield losses. To explore the magnitude of 
incentives that could be offered to promote adoption in a conservative 
manner, we estimated the government subsidy needed to compen-
sate all farmers following adoption of the optimum N strategies by 
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multiplying the possible economic risk within the lower inner fence 
in the box plot (10.3% for ON and 13.6% for EON; Extended Data Fig. 7) 
by the provincial cropping area (Extended Data Fig. 8). Under these 
assumptions, government handouts would be around US $3 billion 
(Supplementary Fig. 12 and Supplementary Note 7). This represents 
about 3% of gross economic benefit, 11% of net economic benefit of 
fertilizer N addition when subtracting the unfertilized control and 65% 
of the environmental benefit gains under the optimum N strategies. 
Although the subsidy is intended to protect farmers from the potential 
revenue risks when applying optimal N rates, most of the smallholders  
(more than 70% site-years across subregions) can boost rice yields 
when applying optimal N rates (Fig. 4). The trend of providing a direct 
governmental subsidy for rice is increasing continuously in China, 
from $3.3 ha−1 in 2003 to $127.9 ha−1 in 2008 (ref. 44), and—based on 
this trend—a rough estimate of China’s rice subsidy is around $357 ha−1 
in 2020 (Supplementary Fig. 12), which is considerably higher than 
our evaluated subsidy ($106 ha−1). Those funds can be used to imple-
ment knowledge-based N management practices such as the use of 
high-efficiency N fertilizers, fertilizer deep placement technique and 
site-specific techniques to improve yield performance45–48. The com-
bination of other knowledge-based N managements incentivized by 
subsidy would further boost the benefits of adopting optimal N rates, 
creating a benign circle of food security and environmental sustain-
ability.

Global agriculture confronts two formidable challenges: meeting 
substantial increases in food demand and keeping the food production 
system within environmental boundaries. Further refinement of N man-
agement to incorporate site-specific techniques such as soil and plant 
testing, satellite remote-sensing-based diagnostics and portable optical 

sensors could indeed boost fertilizer NUE45–47. However, the adoption 
of these technologies is limited in both the USA and China3,21, probably 
attributed to their complexity, costliness and political obstacles. Con-
sidering its simplicity, low cost and adaptability, an annually revised 
regional N rate guideline that balances the environmental benefits and 
smallholder profits is therefore a more practical strategy to deploy 
as a foundation, while moving towards site-specific N management 
in the long run.

Online content
Any methods, additional references, Nature Portfolio reporting summa-
ries, source data, extended data, supplementary information, acknowl-
edgements, peer review information; details of author contributions 
and competing interests; and statements of data and code availability 
are available at https://doi.org/10.1038/s41586-022-05678-x.

1.	 Guo, Y. et al. Air quality, nitrogen use efficiency and food security in China are improved 
by cost-effective agricultural nitrogen management. Nat. Food 1, 648–658 (2020).

2.	 Liu, X. et al. Environmental impacts of nitrogen emissions in China and the role of policies 
in emission reduction. Philos. Trans. R. Soc. A Math. Phys. Eng. Sci. 378, 20190324 (2020).

3.	 Yin, Y. et al. A steady-state N balance approach for sustainable smallholder farming. Proc. 
Natl Acad. Sci. USA 118, e2106576118 (2021).

4.	 Cui, Z. et al. Pursuing sustainable productivity with millions of smallholder farmers. 
Nature 555, 363–366 (2018).

5.	 Yin, Y. et al. Calculating socially optimal nitrogen (N) fertilization rates for sustainable N 
management in China. Sci. Total Environ. 688, 1162–1171 (2019).

6.	 Alexandratos, N. (ed.) World Food and Agriculture to 2030/50. Highlights and Views from 
Mid-2009 (FAO, 2009).

7.	 Cassman, K. G. & Grassini, P. A global perspective on sustainable intensification research. 
Nat. Sustain. 3, 262–268 (2020).

8.	 Jenkinson, D. S. The impact of humans on the nitrogen cycle, with focus on temperate 
arable agriculture. Plant Soil 228, 3–15 (2001).

South China Southwest China Early rice Late rice

East China Central China Northeast China Northwest China

–100 1000 –100 1000 –100 1000 –100 1000

NEEB

Economic bene�t

Yield

NUE

N balance

Yield-scaled N losses

Total N losses

N rate

NEEB

Economic bene�t

Yield

NUE

N balance

Yield-scaled N losses

Total N losses

N rate

Difference relative to farmer practice N (%)

Ecological sustainability Food security Economic sustainability

* * *

* * * *

* * *

* * * *

* * *

* * * *

* * *

N
S * * *

* * N
S

* * * N
S

*

N
S

N
S

N
S

N
S *N
S

* N
S *

N
S * *

N
S * *

N
S * *

*
*

ON EON

Fig. 5 | Effects of reducing N rates to optimal levels on indices of ecological 
sustainability, food security and economic sustainability. The results are 
based on 31,601 site-years of on-farm N fertilizer response trials. The farmer 
practice N rate (150% MN) was set as the control N level. Its performance can be 

found in Supplementary Table 4. N balance was in the straw returned scenario. 
Values are presented as the mean ± s.d. * and NS denote P < 0.05 and P > 0.05, 
respectively (Tukey’s honestly significant difference test).

https://doi.org/10.1038/s41586-022-05678-x


Nature  |  Vol 615  |  2 March 2023  |  79

9.	 Lee, M., Shevliakova, E., Stock, C. A., Malyshev, S. & Milly, P. C. D. Prominence of the 
tropics in the recent rise of global nitrogen pollution. Nat. Commun. 10, 1437 (2019).

10.	 Sutton, M. A. et al. Our Nutrient World. The Challenge to Produce More Food and Energy 
with Less Pollution (Centre for Ecology and Hydrology, 2013).

11.	 Hill, J. et al. Air-quality-related health damages of maize. Nat. Sustain. 2, 397–403 (2019).
12.	 Sobota, D. J., Compton, J. E., McCrackin, M. L. & Singh, S. Cost of reactive nitrogen 

release from human activities to the environment in the United States. Environ. Res. Lett. 
10, 025006 (2015).

13.	 Keeler, B. L. et al. The social costs of nitrogen. Sci. Adv. 2, e1600219 (2016).
14.	 Dobermann, A. et al. Responsible plant nutrition: a new paradigm to support food system 

transformation. Global Food Secur. 33, 100636 (2022).
15.	 Zhang, D. et al. Nitrogen application rates need to be reduced for half of the rice paddy 

fields in China. Agric. Ecosyst. Environ. 265, 8–14 (2018).
16.	 Chen, X. et al. Producing more grain with lower environmental costs. Nature 514, 486–489 

(2014).
17.	 Conant, R. T., Berdanier, A. B. & Grace, P. R. Patterns and trends in nitrogen use and nitrogen 

recovery efficiency in world agriculture. Global Biogeochem. Cycles 27, 558–566 (2013).
18.	 Ministry of Agriculture and Rural Affairs of the People’s Republic of China. Circular of the 

Ministry of Agriculture on Printing and Distributing the Action Plan for Zero Growth in the 
Application of Fertilizer by 2020 and the Action Plan for Zero Growth in the Application of 
Pesticide by 2020 (Ministry of Agriculture, 2015).

19.	 Zhang, X. et al. Managing nitrogen for sustainable development. Nature 528, 51–59 (2015).
20.	 Yan, X., Xia, L. & Ti, C. Temporal and spatial variations in nitrogen use efficiency of crop 

production in China. Environ. Pollut. 293, 118496 (2022).
21.	 Kanter, D. R. & Searchinger, T. D. A technology-forcing approach to reduce nitrogen 

pollution. Nat. Sustain. 1, 544–552 (2018).
22.	 Wu, L., Chen, X., Cui, Z., Wang, G. & Zhang, W. Improving nitrogen management via a 

regional management plan for Chinese rice production. Environ. Res. Lett. 10, 095011 
(2015).

23.	 Cui, Z., Chen, X. & Zhang, F. Development of regional nitrogen rate guidelines for intensive 
cropping systems in China. Agron. J. 105, 1411–1416 (2013).

24.	 Zhao, X., Nafziger, E. D. & Pittelkow, C. M. Nitrogen rate strategies for reducing yield- 
scaled nitrous oxide emissions in maize. Environ. Res. Lett. 12, 124006 (2017).

25.	 Sachs, J. D. et al. Six transformations to achieve the Sustainable Development Goals. Nat. 
Sustain. 2, 805–814 (2019).

26.	 Cai, S., Pittelkow, C. M., Zhao, X. & Wang, S. Winter legume-rice rotations can reduce 
nitrogen pollution and carbon footprint while maintaining net ecosystem economic 
benefits. J. Cleaner Prod. 195, 289–300 (2018).

27.	 Ministry of Agriculture and Rural Affairs of the People’s Republic of China. Maximum N 
Application Rate for Rice in China (Department of Crop Production, 2020).

28.	 United Nations, Department of Economic and Social Affairs, Population Division. World 
Population Prospects 2019. Volume I: Comprehensive Tables (United Nations, 2019).

29.	 de Vries, W., Kros, J., Kroeze, C. & Seitzinger, S. P. Assessing planetary and regional 
nitrogen boundaries related to food security and adverse environmental impacts. Curr. 
Opin. Environ. Sustain. 5, 392–402 (2013).

30.	 Leip, A., Britz, W., Weiss, F. & de Vries, W. Farm, land, and soil nitrogen budgets for 
agriculture in Europe calculated with CAPRI. Environ. Pollut. 159, 3243–3253 (2011).

31.	 Zhao, Y. et al. Economics- and policy-driven organic carbon input enhancement 
dominates soil organic carbon accumulation in Chinese croplands. Proc. Natl Acad. Sci. 
USA 115, 4045–4050 (2018).

32.	 Liu, C., Lu, M., Cui, J., Li, B. & Fang, C. Effects of straw carbon input on carbon dynamics in 
agricultural soils: a meta-analysis. Global Change Biol. 20, 1366–1381 (2014).

33.	 Pan, G. et al. Combined inorganic/organic fertilization enhances N efficiency and increases 
rice productivity through organic carbon accumulation in a rice paddy from the Tai Lake 
region, China. Agric. Ecosyst. Environ. 131, 274–280 (2009).

34.	 Yan, X., Yagi, K., Akiyama, H. & Akimoto, H. Statistical analysis of the major variables 
controlling methane emission from rice fields. Global Change Biol. 11, 1131–1141 (2005).

35.	 Pittelkow, C. M. et al. Yield-scaled global warming potential of annual nitrous oxide and 
methane emissions from continuously flooded rice in response to nitrogen input. Agric. 
Ecosyst. Environ. 177, 10–20 (2013).

36.	 Zhang, W. et al. Closing yield gaps in China by empowering smallholder farmers. Nature 
537, 671–674 (2016).

37.	 Sawyer, J. et al. Concepts and Rationale for Regional Nitrogen Rate Guidelines for Corn 
(Iowa State University Extension and Outreach, 2006).

38.	 Qiao, L. et al. Soil quality both increases crop production and improves resilience to 
climate change. Nat. Clim. Change 12, 574–580 (2022).

39.	 Kuhn, T. et al. Coupling crop and bio-economic farm modelling to evaluate the revised 
fertilization regulations in Germany. Agric. Syst. 177, 102687 (2020).

40.	 Pan, D., Tang, J., Zhang, L., He, M. & Kung, C.-C. The impact of farm scale and technology 
characteristics on the adoption of sustainable manure management technologies: 
evidence from hog production in China. J. Cleaner Prod. 280, 124340 (2021).

41.	 Wu, Y. et al. Policy distortions, farm size, and the overuse of agricultural chemicals in 
China. Proc. Natl Acad. Sci. USA 115, 7010 (2018).

42.	 Wang, S. et al. Urbanization can benefit agricultural production with large-scale farming 
in China. Nat. Food 2, 183–191 (2021).

43.	 Kanter, D. R. et al. Nitrogen pollution policy beyond the farm. Nat. Food 1, 27–32 (2020).
44.	 Huang, J., Wang, X. & Rozelle, S. The subsidization of farming households in China’s 

agriculture. Food Policy 41, 124–132 (2013).
45.	 Roberts, T., Ross, W., Norman, R., Slaton, N. & Wilson, C. Jr Predicting nitrogen fertilizer 

needs for rice in Arkansas using alkaline hydrolyzable‐nitrogen. Soil Sci. Soc. Am. J. 75, 
1161–1171 (2011).

46.	 Huang, S. et al. Satellite remote sensing-based in-season diagnosis of rice nitrogen status 
in Northeast China. Remote Sens. 7, 10646–10667 (2015).

47.	 Purba, J. et al. Site-specific fertilizer nitrogen management in irrigated transplanted rice 
(Oryza sativa) using an optical sensor. Precis. Agric. 16, 455–475 (2015).

48.	 Xia, L. et al. Can knowledge-based N management produce more staple grain with lower 
greenhouse gas emission and reactive nitrogen pollution? A meta-analysis. Global 
Change Biol. 23, 1917–1925 (2017).

49.	 Rural Social Economic Investigation Department of National Bureau of Statistics. China 
Rural Statistical Yearbook (China Statistics Press, 2019).

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds exclusive rights to this 
article under a publishing agreement with the author(s) or other rightsholder(s); author 
self-archiving of the accepted manuscript version of this article is solely governed by the 
terms of such publishing agreement and applicable law.

© The Author(s), under exclusive licence to Springer Nature Limited 2023



Article
Methods

Description of subregions
In China, rice production systems were divided into six agro-ecological 
subregions for a single rice cultivar based on distinctive climatic, topo-
graphic, geographic and hydrologic properties: East China, Central 
China, Northeast China, Northwest China, South China and Southwest  
China. Early and late rice were mostly cultivated in Central and South 
China subregions, and the subregional data were integrated to repre-
sent different rice species. The total cropping area occupied by the 
six agro-ecological subregions that encompassed single-rice and 
double-rice cultivations was 30.03 Mha, which represented 99% of 
the rice cultivation land in China50. Details about the climate and crop-
ping management in the subregions are provided in Supplementary  
Note 1.

Construction of databases
A database was constructed on the basis of published peer-reviewed 
articles and master’s/PhD theses retrieved from the Web of Science 
(Thomson Reuters) and the China National Knowledge Infrastructure 
(CNKI) published between January 1991 and January 2021 to understand 
the effects of fertilizer N input on rice yield and Nr losses (leaching, 
runoff, NH3 volatilization and N2O emissions). The following search 
terms were used as keywords: ‘rice’ and ‘China’, ‘leaching’ or ‘runoff’ or  
‘N2O’ or ‘NO3

−’ or ‘nitrous oxide’ or ‘ammonia’ or ‘NH3’ or ‘reactive N’,  
and ‘yield’ and ‘China’. Duplicates in the database were removed. Studies 
were selected for inclusion using the following criteria: (1) field-based or 
undisturbed lysimeter experiments with rice cultivation in China in the 
selected six subregions; (2) the N form input was urea or ammonium or 
nitrate without straw or organic manure incorporation or slow-release/
controlled-release fertilizer application; (3) at least one of the following 
indices was monitored throughout the cropping season and reported: 
yield, N2O emissions, Nr leaching, Nr runoff and NH3 volatilization;  
(4) measurement was conducted for an entire rice-growing season;  
(5) measurement for NH3 was within at least a week after N applica-
tion; (6) N2O was conducted at least once per month using the static 
chamber method; and (7) the geographic coordinates (latitude and 
longitude) were provided.

In the database, 462 studies encompassing 7,912 observations were 
compiled, of which the number of articles comprising data for yield, 
NH3 runoff, N2O runoff, Nr runoff and Nr leaching was 301, 115, 187, 77 
and 86, respectively, with several parameters reported in some studies  
(Supplementary Fig. 1a). Units of value were extracted from the articles 
and standardized for each variable (for example, kg N ha−1 for inorganic 
N input or Nr losses and Mg ha−1 for yield production). Figure digitiza-
tion was performed using OriginPro (version 2019b, OriginLab) when 
the data were presented in plots. Subregion databases were subse-
quently grouped for: (1) crop species (single rice, early rice or late rice), 
(2) observation type (yield, NH3, N2O, Nr runoff or Nr leaching); and  
(3) subregions for single rice (East China, Central China, Northeast 
China, Northwest China, South China and Southwest China).

For uncertainty analysis of the economic risk of optimal N strategies 
at the farmer level, a database of paddy field trials was constructed 
between 2005 and 2012 using 31,601 site-year yield observations in 
195 counties, 17 provinces and covering five subregions (East China, 
Central China, Northeast China, South China and Southwest China). The 
geographical distribution map is presented in Supplementary Fig. 1b. 
The same treatments were adapted for each on-farm trial: no N fertilizer, 
medium N application rates (MN), 50% MN and 150% MN. The MN rates 
were established by local experts in consonance with the target yield 
(10% higher than the average yields of the past 5 years), ranging from 
45 to 360 kg N ha−1. 150% MN was used as the N rate to ensure maximum 
grain yield3 and set as farmer practice N rate for uncertainty analysis. 
Fertilizer N was applied three times by broadcasting during the sowing, 
tillering and panicle stages at a ratio of 8:5:7. The area for each plot was 

50 m2 (5 × 10 m). On-farm management techniques such as sowing, 
transplanting, disease control and pest control were performed by 
local farmers. The yield of each trial was measured by subsampling a 
2.5 × 4-m section at harvest.

Estimation of ON and EON
To obtain ON and EON, subregion-specific yield and Nr loss (leach-
ing, runoff, NH3 volatilization and N2O emissions), response models 
were established on the basis of the peer-reviewed article database for 
each single-rice subregion or early/late rice species by the following  
equations:

α β N γNYield = + + (1)i i i
2

δ ε NNr − NH = + (2)i i3

ζNr − N O/Leaching/Runoff = × e (3)i
η N

2
i

in which Yield is rice grain yield (in Mg ha−1); N is the N fertilizer appli-
cation rate (in kg N ha−1); αi, βi, γi, δi, εi, ζi and ηi are the corresponding 
parameters for each subregion or early/late rice species; and Nr − NH3 
is the NH3 volatilization Nr loss (in kg N ha−1). Linear and nonlinear 
mixed-effect models were fitted to data with site as a random effect 
to account for between-study variability using the maximum likeli-
hood method in the nlme package of R software version 4.0.1 (refs. 51,52). 
Assumptions of normality and homogeneity of variance were evaluated 
using diagnostic plots. Marginal and conditional r2 were calculated 
to obtain the variance explained by the fixed and random effects of 
each model53. The population prediction interval procedure was used 
to calculate the confidence limits in R software by the MASS package 
based on Bolker54.

The economic benefit and NEEB were determined for the six different 
subregions by the following equations:

NEconomic benefit = Yield × Price − × Price (4)r n

NNEEB = Yield × Price − × Price − Nr × Price (5)r n Nr

in which Pricer is the price of rice (in $ Mg−1); Pricen is the price of N 
fertilizer input (in $ kg−1 N); Nr is the reactive N losses (in kg N ha−1) or 
its corresponding direct/indirect greenhouse gas (GHG) emissions 
(in Mg CO2-eq ha−1) from N2O, leaching, runoff and NH3 volatilization 
transformed in reference to IPCC guidelines55; PriceNr is the price of Nr 
costs of acidification, eutrophication, health or GHG trade (in $ kg−1 N 
or $ Mg−1 CO2-eq); and Nr × PriceNr is the environmental costs of Nr. 
More information on the emission factors and market prices/costs 
is provided in Supplementary Table 1. Other operational costs were 
not included in the cost–benefit analysis, as it was assumed that the 
agricultural management costs were standardized across subregions 
and the optimized N application rate would have negligible effects on 
the operational costs.

ON and EON of each subregion were then estimated using equa-
tions (4) and (5) by the Brent method for general-purpose optimization 
in the stats package of R software version 4.0.1 (ref. 52). The maximum 
number of iterations was set to 999. The FN for different subregions was 
set as the current N application levels obtained from the farmer surveys 
listed in Extended Data Table 1. The upper and lower bounds of the N 
rates were mean value ± standard deviation (s.d.) for the FN (survey)  
and the profitable N rate range within $2.47 ha−1 for ON and EON37.

Assessment of N sustainable indices
For evaluating the environmental performance of different N rates, 
the following N environmental indices were calculated:



Total Nr losses = (Nr − NH ) + (Nr − N O) + (Nr − leaching)

+ (Nr − runoff )
(6)3 2

Yield − scaled total Nr losses = Total Nr losses/Yield (7)

(8)N N N N N N NN balance = + + + + − − Total Nr losses −fer fix dep irr seed har den

N N NN use efficiency = ( − )/ (9)T C fer

in which Nfer is the N fertilizer application rate (in kg N ha−1); Nfix is the 
non-symbiotic N fixation obtained from Zhu56 (45 kg N ha−1); Ndep is 
the seasonal atmospheric N deposition57 (East China: 23.16 kg N ha−1;  
Central China: 23.05 kg N ha−1; Northeast China: 19.89 kg N ha−1; 
Northwest China: 9.852 kg N ha−1; South China: 16.49 kg N ha−1; and 
Southwest China: 18.20 kg N ha−1); Nirr is the seasonal irrigation N input, 
calculated as the irrigation N concentration obtained from the China 
National Environmental Monitoring Centre58 (East China: 2.42 mg N l−1;  
Central China: 2.14 mg N l−1; Northeast China: 2.95 mg N l−1; Northwest 
China: 2.75 mg N l−1; South China: 2.07 mg N l−1; and Southwest China: 
2.37 mg N l−1) multiplied by the irrigation water inflow rate59 (Northern 
China: 1,026 mm and Southern China: 736 mm); Nseed is the N input 
from rice seed with a seeding rate of 70 kg ha−1 (ref. 60); and Nhar is the 
harvested plant N output calculated as the grain N content × grain 
yield + straw N content × grain yield × ratio of grain to straw (0.97 
(ref. 61)). The grain N contents (East China: 0.014 (n = 133); Central China: 
0.012 (n = 46); Northeast China: 0.010 (n = 143); South China: 0.012 
(n = 19); and Southwest China: 0.011 kg N kg−1 grain (n = 79)) and straw N 
contents (East China: 0.0092 (n = 122); Central China: 0.0070 (n = 46); 
Northeast China: 0.0057 (n = 129); South China: 0.0085 (n = 25); and 
Southwest China: 0.0074 kg N kg−1 (n = 82)) were obtained from the 
peer-reviewed publication database. Nden is denitrification N2 losses, 
which was quantified by the difference between the total N losses and 
Nr losses. Total N losses, as stated by Zhu et al.62, were estimated as 
the difference between 100% and NUE when the latter was derived 
from N in the whole plant. The ratio of NUE for the whole plant to 
NUE for the aboveground plant was estimated to be 1.4, according to  
Zhu et al.62.

The N balance was classified into two scenarios based on Nhar, in which 
scenario 1 included N harvested grain and scenario 2 included both 
N harvested grain and straw. NUE was calculated by the N difference 
approach defined as aboveground harvested N in the fertilized scenario 
(NT) minus the aboveground harvested N in the non-fertilized scenario 
(NC) divided by the N fertilizer input.

Feasibility and uncertainty analysis
To evaluate the risk of applying optimal N rates, quadratic yield 
response functions were fitted to the on-farm field database composed 
of 31,601 site-year yield observations at each site-year by using the 
NLIN procedure in SAS statistical software version 9.4 (SAS Institute). 
Different subregional N application strategies (FN (150% MN), ON and 
EON) were then input in the site-specified yield response models (910, 
526, 2,241, 124, 686, 1,048 and 1,145 site-year quadratic yield response 
functions for East China, Central China, Northeast China, South China, 
Southwest China, early rice and late rice, respectively; Supplementary 
Figs. 1 and 9). Each interrelated economic benefit, NEEB, yield-scaled 
Nr loss or N balance was calculated using equations (4), (5), (7) and 
(8), respectively. On the basis of the farmer-level yield in response to 
N application strategies (FN, ON and EON), the probability distribu-
tion could inform the economic risk (compared with FN) of site-year 
variation under regional optimal N rates. In Supplemental Note 5, a 
comprehensive regional description of the uncertainty analysis is 
presented.

To quantify the safe level of rice cropping systems’ Nr losses to the 
environment, the environmental thresholds were obtained for air (NH3 
volatilization), water (leaching/runoff Nr losses) and atmospheric 
pollution (N2O emission) determined by the risk indicator29 (ratio 
of present pollution and critical level; Supplementary Table 3). This 
approach presupposes that present Nr losses, either as air emissions 
or as water discharge, should be reduced in land for which the N indi-
cators are already exceeded. The quantification of the rice-specific 
Nr threshold is predicated on the assumption that each agricultural 
cropping system should at least contribute equally to meeting the 
environmental mitigation goal. The critical Nr losses are calculated as 
the present average Nr output level estimated by Nr models (Extended 
Data Fig. 2) multiplied by the risk indicator. The upper and lower Nr 
thresholds were estimated by the upper and lower levels of current Nr 
losses based on the scale of FN (Extended Data Table 1).

To obtain information on food security concerning Chinese rice food 
demand in 2030 (ref. 16), total rice production (in Mt) was estimated 
on the basis of the rice cropping area in 2018 (ref. 49) and the average 
subregional rice yield under a questionnaire-based household survey 
of FN (Extended Data Table 1) obtained from the subregion-specific 
yield response models:

∑Total rice production = Yield × Area (10)sub sub

Subsequently, we used a similar bottom-up method to quantify the 
total N fertilizer consumption (in Mt) and total Nr losses (in Mt) under 
rice cultivation in China by N fertilizer application rates and Nr losses 
(in kg N ha−1) for different N fertilizer strategies and rice cropping areas 
(in ha) in 2018.

We performed a sensitivity analysis to estimate the effects of varia-
tions in Nr loss price, fertilizer price and rice price on EON with a ±50% 
range. Each price in the range was fitted to equation (5) and EON was 
estimated using the maximum likelihood method, as mentioned pre-
viously. The results of the sensitivity analysis are available in Supple-
mentary Note 2 (Supplementary Figs. 2 and 3).

Subregional preferable N strategy determination and subsidy 
estimation
To evaluate whether EON or ON is appropriate for subregional N opti-
mization, we calculated the subregional net benefit by subtracting 
subregional economic risk from its environmental benefit. To eliminate 
the influence of outliers on our analysis, the economic risk for small-
holders with economic risk beyond the inner fence (lower inner fence: 
Q1 − 1.5 × (Q3 − Q1); higher inner fence: Q3 + 1.5 × (Q3 − Q1), in which Q1 
is the 25th percentile and Q3 is the 75th percentile) are excluded from 
the calculation of subregional economic risk (Extended Data Fig. 7a). 
The subregional economic risk was then determined to be the mean 
value within the lower fence (−10.3–0% for ON and −13.6–0% for EON). 
When the subregional net benefit is negative, the subregion is deemed 
undesirable under EON and ON is adopted as an alternative (Extended 
Data Fig. 7b). The environmental benefit (in $ ha−1) is calculated using 
equation (11):

Environmental benefit = ΔNr × Price (11)Nr

in which ΔNr is the change in reactive N losses (in kg N ha−1) or the asso-
ciated direct/indirect GHG emissions (in Mg CO2-eq ha−1) under EON 
compared with FN.

To estimate the potential governmental subsidy for the compen-
sation of a proportion of vulnerable farmers (economic risk within 
10.3% and 13.6% for ON and EON, respectively) when adopting subre-
gional optimal N rates, the mean provincial subsidy was quantified 
on the basis of the subregional economic risk (in $ ha−1) and mul-
tiplied by the corresponding provincial area (in ha). The potential 
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subregional government subsidy is elaborated in Supplementary Note 7  
(Supplementary Fig. 12).

Data availability
The core data for the study were obtained from the selected studies (see 
supplementary references), including their supplementary information 
and data files. All model input datasets and the extensive on-farm data 
are available at https://doi.org/10.5281/zenodo.7307739.

Code availability
The code to replicate the key findings and figures of the paper are avail-
able at https://github.com/CarolejaneCosmos/Optimal_N_rice_China. 
Further code is available from the corresponding author on reasonable 
request. Maps in the study were generated in R version 4.0.1 using map 
data from the Resource and Environment Science and Data Center 
(https://www.resdc.cn/data.aspx?DATAID=202). 
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Extended Data Fig. 1 | Total Nr losses, economic benefit and NEEB response 
to the N rate. Single-rice (a–f) and double-rice (g,h) (early rice/late rice) 
cropping systems in different subregions based on the peer-reviewed 

publication database. Intersections of the dashed lines are farmer practice  
N rate (FN, survey), optimal N rates (ON) or ecologically optimal N rates (EON).
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Extended Data Fig. 2 | Subregional-area-based Nr losses encompassing N 
leaching, N2O emissions, NH3 volatilization and N runoff under three N 
management strategies across China. Error bars represent the values under 

the upper and lower bounds of the N rates (mean value ± SD for FN and the 
profitable N rate range within $2.47 ha−1 for ON and EON).



Extended Data Fig. 3 | Regional-based annual Nr losses encompassing N leaching, N2O emissions, NH3 volatilization and N runoff under three N 
management strategies across China. Values under the pie charts are the regional-based Nr losses in the four pathways.
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Extended Data Fig. 4 | Effects of reducing N rates from the FN rate (150% MN) 
to the ON or EON rate for single-rice and double-rice (early rice/late rice) 
cropping systems on the probability distribution of the change in NEEB in 

each site-year on-farm field experiment. The coloured vertical lines represent 
the mean values.



Extended Data Fig. 5 | Effect of FN (150% MN), ON or EON on the N balance in 
two straw management scenarios (straw removed and straw returned) for 
single-rice and double-rice (early rice/late rice) cropping systems. Values 

are presented as means ± SD. Different letters indicate significant differences 
(P < 0.05, Tukey’s honestly significant difference test).
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Extended Data Fig. 6 | NUE response to FN, ON and EON for single-rice and 
double-rice (early rice/late rice) cropping systems in different rice 
subregions of China and the national mean value. Length of the vertical 
lines: minimum and maximum values; boxes: upper and lower quartiles; 
horizontal lines in the box: median; dot in boxes: mean. The dashed red lines 

denote NUE targets (40%) declared by the ‘Action Plan for Targeting Zero 
Growth of Synthetic Fertilizer Use of China’18. National values are presented as 
means ± SD. Different letters indicate significant deviations (P < 0.05, Tukey’s 
honestly significant difference test).



Extended Data Fig. 7 | Conceptual framework for the decision of the 
optimized strategy for each subregion. a, Relative change in economic 
benefit when reducing N rates from the farmer practice N rate (150% MN) to ON 
or EON. The box plot is used to identify the lower fence for ON (−10.3%) or EON 
(−13.6%). b, Comparison between environmental benefit change and economic 

risk within the lower fence when reducing N rates from the farmer practice  
N rate (150% MN) to EON for single-rice and double-rice (early rice/late rice) 
cropping systems. When the environmental benefit is higher than economic 
risk, EON is deemed suitable. ΔEnB, environmental benefit change; ΔEcR, 
economic risk within the lower fence.
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Extended Data Fig. 8 | Environmental benefit gain, economic risk and net 
benefit across China. a,d,g, Single rice. b,e,h, Early rice. c,f,i, Late rice. Net 
benefit was estimated by subtracting economic risk in 10.3–13.6% yield risk 

when reducing N rates (from the farmer practice N rate (150% MN) to the 
optimized strategy) from environmental benefit.



Extended Data Table 1 | Nitrogen fertilizer application strategies for different rice cultivation subregions in China

a FN from the survey results, of which values in East, Northeast and South China and double rice in Central and South China are obtained from Zhang et al.15. Values in parentheses of FN repre-
sent the SD. Values in Central and Southwest China are from Wu et al.22. Values in parentheses of FN represent the SD, whereas values in parentheses of ON are based on the profitable N rate 
range within $2.47 ha−1. The value in Northwest China is from Zhang et al.63. 
b FN under 150% MN is from the on-farm field database, of which MN represents medium N application rates opted by local experts (further details provided in Methods). 
c ON: optimal N rate from previous studies. Values in East and Northeast China and double rice in Central and South China are obtained from Zhang et al.15. Values in Central, South and 
Southwest China are from Cui et al.4, defining optimal N as the ISSM framework, which consists of a crop module from which cropping strategies can be determined on the basis of crop model 
simulations for optimal use of solar and thermal resources in a specific region. 
d ON: economic optimal N rate in this study. EON: ecological optimal N rate in this study.
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