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A simpler approach for establishing fertilizer recommendations for major crops is urgently required

to improve the application efficiency of commercial fertilizers in China. To address this need, we
developed a method based on field data drawn from the China Program of the International Plant
Nutrition Institute (IPNI) rice experiments and investigations carried out in southeastern China during
2001 to 2012. Our results show that, using agronomic efficiencies and a sustainable yield index (SY1),
this new method for establishing fertilizer recommendations robustly estimated the mean rice yield
(7.6t/ha) and mean nutrient supply capacities (186, 60, and 96 kg/ha of N, P,05, and K,O, respectively)
of fertilizers in the study region. In addition, there were significant differences in rice yield response,
economic cost/benefit ratio, and nutrient-use efficiencies associated with agronomic efficiencies ranked
as high, medium and low. Thus, ranking agronomic efficiency could strengthen linear models relating
rice yields and SYI. Our results also indicate that the new method provides better recommendations

in terms of rice yield, SYI, and profitability than previous methods. Hence, we believe it is an effective
approach forimproving recommended applications of commercial fertilizers to rice (and potentially
other crops).

Rice (Oryza sativa L.) is one of the most important cereal crops in the world, and the one most widely planted in
China. The rice crop yield amounted to 20.8 million tons, accounting for 33.5% of total food crop production in
China in 2015'. However, owing to continuous high production and fertilizer inputs, the fertilization efficiency
and farmland environmental quality in the country’s rice-growing regions have declined in recent decades®>.
Thus, increases in grain production will incur more resource and environmental costs unless the sustainability of
nutrient use is increased in China*. Much research has shown that the farmland environmental quality is affected
by unbalanced or excessive fertilization®, which can cause imbalances in soil nutrients and exacerbate their losses

. while increasing the agricultural non-point pollution’. Thus, scientifically robust and convenient methods for
establishing fertilizer recommendations are required that can both improve farmland nutrient recycling and
reduce risks of environmental pollution.

Recommended fertilization and farmland nutrient management methods are mainly based on soil testing and
crop yield responses®°. Soil testing methods, as exemplified by the soil fertility index method to determine opti-
mum fertilizer applications and achieve target yields, have been widely used and promoted'®!!. However, meth-
ods based on crop yield responses, notably the Nutrient Expert system for hybrid maize, are gaining increasing
popularity'> 3. In China, formula fertilization via soil testing has predominated since the 1980s, but this method
is economically incompatible with a smallholder farming system, because testing is prohibitively expensive for
farmers with limited budgets'® !>. Moreover, variations in climates and soil types lead to variations in indige-
nous nutrient-supplying capacities and nutrient availabilities obtained from soil tests. Hence, a new fertilizer
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Figure 1. Yield responses (mean +SD) to N, P,O5 and K,O fertilizer applications at low (LAE), medium
(MAE), and high agronomic efficiency (HAE). Within each level, different capital letters indicate a significant
difference at P < 0.01, whereas among the agronomic efficiency (AE) levels differing lower-case letters indicate a
significant difference at P < 0.05.

recommendation approach is needed to address the growing imbalances between nutrient supplies and demands
in Chinese rice cropping systems.

An important variable used to formulate fertilizer reccommendations in the Nutrient Expert system men-
tioned above is the agronomic efficiency (the increase in yield of a crop per unit of a given nutrient supplied).
We hypothesized that correlations between agronomic efficiency with yield responses (the differences in yield
between controls plots that receive ample nutrients and corresponding plots that receive all but one of the added
nutrients), economic cost/benefit ratios, and nutrient-use efficiencies could be used to develop a more convenient
approach.

The first objective of the study presented here was to test the robustness of these correlations, using ranked lev-
els of agronomic efficiency of nitrogen (N), phosphorus pentoxide (P,05) and potassium oxide (K,0) (AEN, AEP
and AEK, respectively). The correlations were then used to: improve recommended application rates of N, P, and
K fertilizers for rice cultivation (which may be applicable to other grain crops) and analyze relationships between
rice yield responses and manurial value. Finally, an innovative method for formulating fertilizer recommenda-
tions was developed, based on agronomic efficiencies and a previously published sustainable yield index (SYI;
derived by subtracting the estimated standard deviation of yield associated with a practice from the estimated
mean over a number of years then dividing by the observed maximum yield)®.

Results and Discussion

Yield response under the AE gradation index. Yield responses are among the most important varia-
bles for evaluating fertilizer efficiency in farmland systems, because they reflect the cycling of soil nutrients in
agroecosystems and gaps between attainable and nutrient-limited yields. Significant negative correlations have
been found between yield responses of both rice and maize crops, and indigenous soil nutrient supply capacities
in China!”-18. The present study revealed significant differences in yield responses to N, P, and K fertilizers both
among and within the three AE levels (Fig. 1). As expected, high agronomic efficiency (HAE) was associated with
high N, P, and K yield responses (and hence high rice yields)'®. For example, the yield response to N at HAE was
c. 3.0t/ha, which exceeded the corresponding values at medium agronomic efficiency (MAE) and low agronomic
efficiency (LAE).

Variations in relative yield. As shown in Fig. 2, there was a significant negative correlation between the
relative yield (RY; the proportion between nutrient-limited yield and attainable yield with optimal fertiliza-
tion) of rice and AEN levels (RY was 81.4, 71.0 and 59.5% at high, medium and low levels, respectively), and
slight (non-significant) correlations between RY and both AEP and AEK levels. Similarly, a negative correlation
between RY of early rice and soil alkali-N content has been recorded at a field site in China®, and an inverse rela-
tionship between soil-available P and K. Hence, it is plausible that soil alkali-N content and soil available P and
K contents were higher at the HAE level than at either the MAE or LAE levels. The results also show that relative
yields obtained from P,0; and K,O applications were higher than those obtained from N applications, suggesting
that rice is more sensitive to N deficiency than either P or K deficiency. Taken together, the results presented here
justify the greater attention paid to the distribution and supply of N in rice cultivation.

Variations in fertilizer contribution rates. The fertilizer contribution rate is defined here as the increase
in yield per unit of a given nutrient in a fertilization treatment. The highest FCRs of N, P,0Os, and K,O derived
from our dataset were 40.5, 19.3, and 16.4kg/kg, respectively. The results shown in Fig. 3 also indicate that FCRs
of N were higher than those of P,O5 and K,O. Similar rankings (but lower absolute values) have been previously
reported in a study indicating that the optimum FCRs of N, P,O5, and K,O were respectively 13.9, 5.9, and 9.9 kg/
kg for rice cultivation in China?'. An FCR of N of 29.6kg/kg in a well-managed Chinese rice cultivation system
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Figure 2. The relative yield (mean & SD) of N, P,O; and K,O fertilizer applications at low (LAE), medium
(MAE), and high agronomic efficiency (HAE). Within each level, different capital letters indicate a significant
difference at P < 0.01, whereas among the agronomic efficiency (AE) levels different lower-case letters indicate a
significant difference at P < 0.05.
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Figure 3. The Fertilizer contribution rate (mean & SD) of N, P,O; and K,O at low (LAE), medium (MAE), and
high agronomic efficiency (HAE). Within each level, different capital letters indicate a significant difference at
P <0.01, whereas among the agronomic efficiency (AE) levels differing lower-case letters indicate a significant
difference at P < 0.05.

with a low-N use or low-N soil supply has also been reported??. The FCR of N significantly differed between the
LAE (18.6%), MAE (30.0%), and HAE (40.5%) levels (P < 0.01). In addition, there was a significant positive cor-
relation between FCR and AEP levels, and FCR increased with increases in AEK (Fig. 3).

Evaluation of economic benefits. To assess the economic benefits of fertilization at the three AE lev-
els (with applications of urea, potassium chloride and calcium superphosphate), costs, benefits and net benefits
(across the trials used in the analysis) were calculated using the following equations®:

Total fertilizer cost = N-fertilizer cost + P-fertilizer cost + K-fertilizer cost;
Gross revenue = Grain yield(kg/ha) x Rice market price(yuan/kg);

Net benefit = Gross revenue — Total fertilizer cost

The data suggest that increasing AE reduces costs and increases benefits (Fig. 4). Urea and potassium chloride
accounted for 77.2-80.5% of the total fertilizer costs at each AE level, and calcium superphosphate for the rest
(19.5-22.8%). Both the gross revenue and net benefit increased as AE increased. In addition, the total fertilizer
cost was lower (and the proportional contributions of urea and potassium chloride to total costs were higher) for
HAE than for either MAE or LAE. However, we would also provide indications of the statistical variation in either
the figure or figure and text.
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Figure 4. Estimated input costs and benefits of fertilization in rice cultivation at low (LAE), medium (MAE),
and high agronomic efficiency (HAE). The price of rice was fixed at 2.7 RMB yuan/kg; prices for N, P,0;, and
K,O were fixed at 1.8, 3.0, and 0.7 RMB yuan/kg, respectively.
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Figure 5. Framework of the new fertilizer reccommendation method based on agronomic efficiency (AE) and
sustainable yield index (SYI).

Construction and framework of the fertilizer recommendation method. Various approaches for
formulating fertilization recommendations based on soil tests and crop yield responses have been developed?*?’.
Here, we present another approach (for rice crops) based on two important indices, SYI and AE, validated using
yield responses, relative yields, fertilizer contribution rates, target yields and economic benefits calculated from
the extensive dataset described in the Materials and Methods section. Fertilizer response equations were devel-
oped to model the relations between the experimental yields and fertilization rates, then recommended fertiliza-
tion rates were derived from the target yields and fertilizer response equations, as illustrated in Fig. 5.

The novel method based on AE and SYI involves the following four steps: (1) calculation of average yields
under the optimal (OPT) treatment (defined as described in the Materials and Methods section, or some other
appropriate manner) and SYI at each of the AE levels; (2) linear regression analysis of the derived OPT yield and
SYI values; (3) determination of target yield ranges from the results of Step 2; and (4) calculation of reccommended
N-, P-, and K-fertilization rates using the mean target yields derived in Step 3.

Those steps are described in detail in the following sections.

Step 1: Calculation of Average OPT Yield and SYI. Mean OPT yield and SYI values for at each specified AE level
(here, LAE, MAE, and HAE). However, for use in the linear regression modeling, the entire datasets require
processing. Therefore, a crucial element of Step 1 is ranking the data for calculation according to the AE values.

Step 2: Regression Analysis. (a) Equations linking average OPT yield () and SYI (S,) at each AE level are gen-
erated by linear regression. Here, as illustrated in Fig. 6a, the following three equations (where the subscripts 1, 2
and 3 refer to AE levels 1, 2 and 3, respectively) were generated, using Microsoft Excel 2016:

j, = 0.4869 x S, + 7.3608 )

j, = 13848 x §, + 6.7985 )
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Figure 6. Optimum yield () at agronomic efficiency (AE) and experimental yield (y,, y,, y;) modelled as
functions of the sustainable yield indices (SYT) (5), N (x,), P,O; (x,) and K,O (x;).

§, = 5.5519 x 8 + 4.3295 3)

(b) Curvilinear equations are then generated to model the relationship between fertilizer doses and experimen-
tally recorded yields of rice crops. Here, as illustrated in Fig. 6b—d, the derived equations (where x,, x,, and x; refer
to N, P,O5 and K, O, respectively), are:

y, = 0.102x, + 5.7656(R* = 0.2492, P < 0.01, n = 72) ()
3, = 0.0003x; + 0.0537x, + 5.5086(R> = 0.0977, P < 0.01, n = 89) (5)
y, = 5E —07x; —0.0003x3 + 0.0645x; + 3.7877(R* = 0.035, P < 0.01, n = 91) 6)

The equations shown in Fig. 6 proved satisfactory for modeling the data from the IPNI experiments (described
in the Materials and Methods section).

Step 3: Target Yields. In this new fertilizer reccommendation approach, the range of target yields is based on the
intersection of the linear equations 1, 2 and 3 (plotted as A, B and C in Fig. 6a), and estimated (using the IPNI
dataset) at 7.62~7.67 t/ha.

Step 4: Fertilization Rates.  Finally, N, P and K fertilization rates required to meet target yields determined in Step
3 are obtained using eqs 4, 5, and 6, respectively. Here, the average N, P,0s, and K,O fertilization rates obtained
were 186, 60, and 96 kg/ha, respectively (Fig. 6a—c).

The key element of this fertilizer reccommendation method is ranking agronomic efficiency to calculate sus-
tainable yield indices in order to determine target yield ranges. As it relies on data concerning aboveground plant
parts it should be more convenient than methods based on relationships between indices derived from soil tests
and crop yield responses® . N, P,O;, and K,O fertilization rates for rice reportedly ranged from 82.5 to ~247.5,
30.0 to ~90.0, and 45.0 to ~150.0kg/ha, respectively, in Hubei province in 2007-2010%. The recommended rates
generated by our method are within these ranges. The previously mentioned Nutrient Expert System for Hybrid
Maize'? is based on a similar approach to our method (involving use of yield responses, AE, relative yields, and
indigenous soil nutrient supply capacities to obtain robust estimates of yields and suitable fertilizer rates for
maize). However, an inherent drawback is its inability to evaluate sustainable yields of a crop, and it could be
improved by integrating SYT in its validation protocols. We believe our new method is simpler, more convenient,
and may be advantageous for maintaining rice yields, sustainability, and profitability. Thus, it may offer an effec-
tive approach for improving recommendations for commercial fertilizer applications in China (which have often
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Figure 7. Locations of the experimental sites of rice projects in China that provided the datasets used in this
study (plotted using ArcGIS v.10.0 software, URL: http://www.esri.com).

been previously generated using model equations calculated by agricultural extension workers based on various
farmers’ rice yields or an arbitrary 10% increase in yields).

Conclusion

A new method for formulating recommended fertilizer rates for rice crops is proposed. It is derived from compre-
hensive analysis of the relationships among agronomic efficiency, sustainable yield index, yield response, relative
yield, fertilizer contribution rate, and economic benefits using datasets collected from 251 farmer’ fields in south-
east China during 2001 to 2012. The method generated recommended mean N, P,0; and K,O fertilization rates
for rice crops in the region of 186, 60 and 96 kg/ha, respectively. We found a significant positive linear relationship
between yields under optimal fertilization and a sustainable yield index at identified agronomic efficiency levels,
as well as significant linear or nonlinear relationships between experimental yields and N, P,0Os, and K,O fertilizer
rates. A new agronomic efficiency gradation index is proposed based on the 251 farm field experiments in south-
east China, and fertilizer recommendation equations for rice are recommended.

Materials and Methods

Data and experimental sites. The datasets used in this study were obtained from the field experiments
that conducted from 2001 to 2012 in the cooperative projects of the International Plant Nutrition Institute (IPNI)
China Program. The experimental sites were located in China’s main rice-production regions in seven south-east-
ern provinces - Jiangsu, Zhejiang, Shanghai, Jiangxi, Fujian, Hunan, and Hubei provinces, which collectively
include ca. 50% of the national rice planting area (Fig. 7). At each site the field experiments usually included at
least four major treatments: NPK (OPT; close to optimal applications of N, P and K), OPT-N, OPT-P, and OPT-
K. The N, P and K application rates in the OPT treatments (providing indications of the maximum grain yield at
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Figure 8. Relationships between relative yield (the proportion between nutrient-limited yield and attainable
yield with optimal fertilization) and agronomic efficiencies of N, P and K (AEN, AEP and AEK, respectively) in

the rice cultivation field experiments in southeast China that provided the data used in this study.

each site per year) were based on the researchers’ former trial results and numerous years of experimental experi-
ence. Each field experiment was arranged in a randomized complete block design, with three or four replications,
using 30-50 m? plots. Rice varieties, fertilizer sources, and planting management practices were identical to those
used by local farmers.

Determination of agronomic efficiency gradation indices. Agronomic efficiency (AE) is the increase
in yield of economically valuable parts of a crop (here grain) from per unit of a given nutrient applied. It is an
important parameter for evaluating the proportions of added nutrients that are absorbed and used by crops.
AEN, AEP, and AEK were calculated using data obtained from 251 field experiments over an 11-yr period (2001
to 2012) in the program mentioned above. Using an improved Cate-Nelson method®"*, each AE was divided
into three levels: low, medium and high. These three levels were, respectively: <10, 10-15 and >15kg/kg for AEN
(mean, 11.06 kg/kg); <10, 10-20 and >20kg/kg for AEP (mean, 8.93kg/kg) and 5, 5-10 and >10kg/kg for AEK
(mean, 5.03kg/kg) (Fig. 8).

Data calculations and analysis. Standard procedures were used to analyze and calculate the yield
response, fertilizer contribution rate, relative yield, gross income, and cost and net profits®-1>2°. The sustainable
yield index (SYI) used was previously reported!®. Plants subjected to each treatment in the field sites in China
were randomly selected for sampling (in a standardized way) to determine grain yield at harvest time. The data
were subjected to one-way ANOVA (analysis of variance) and the differences between groups were compared
with the LSD test. These analyses were performed using SPSS v.18.0 software. These figures (Figs 1-6, 8) were
plotted using GraphPad Prism v. 7.0 software, URL: http://www.graphpad.com.

References

1. The National Bureau of Statistics of the People’s Republic of China. Statistics on cereals production in China http://www.stats.gov.cn/
TJSJ/ZXFB/201512/T20151208_1286449. HTML (Date of access: 08/12/2015) (2015).

2. Yuxuan, L. et al. An analysis of China’s fertilizer policies: impacts on the industry, food security, and the environment. J. Environ.
Qual. 42, 972-981, doi:10.2134/jeq2012.0465 (2013).

3. Chen, X. et al. Producing more grain with lower environmental costs. Nature 514, 486-489, doi:10.1038/nature13609 (2014).

4. Jiao, X. et al. Grain production versus resource and environmental costs: towards increasing sustainability of nutrient use in China.
J. Exp. Bot. erw282 (2016).

5. Guohua, L. et al. Identifying potential strategies in the key sectors of China’s food chain to implement sustainable phosphorus
management: a review. Nutr. Cycling Agroecosyst. 104, 341-359, doi:10.1007/s10705-015-9736-z (2016).

6. Liu, X. et al. Yield gaps, indigenous nutrient supply, and nutrient use efficiency of wheat in China. Agron. J. 103, 1452-1463,
doi:10.2134/agronj2010.0476 (2011).

7. Herrera, J. M. et al. Emerging and established technologies to increase nitrogen use efficiency of cereals. Agronomy 6, 25, doi:10.3390/
agronomy6020025 (2016).

8. Wolfe, D., Henderson, D., Hsiao, T. & Alvino, A. Interactive water and nitrogen effects on senescence of maize. II. Photosynthetic
decline and longevity of individual leaves. Agron. ]. 80, 865-870 (1988).

9. Jordan-Meille, L. et al. An overview of fertilizer-P recommendations in Europe: soil testing, calibration and fertilizer
recommendations. Soil Use Manage. 28, 419-435, doi:10.1111/sum.2012.28.issue-4 (2012).

10.

11.
. Xu, X. et al. Fertilizer recommendation for maize in China based on yield response and agronomic efficiency. Field Crops Res. 157,

13.
14.
15.

16.
. Xu, X. et al. Quantification of yield gap and nutrient use efficiency of irrigated rice in China. Field Crops Res. 186, 58-65,

18.

19.

Glover, J., Reganold, J. & Andrews, P. Systematic method for rating soil quality of conventional, organic, and integrated apple
orchards in Washington State. Agr. Ecosyst. Environ. 80, 29-45, doi:10.1016/S0167-8809(00)0131-6 (2000).
Hong, W. Y. et al. Assessment of integrated soil fertility index based on principal components analysis. Chin. J. Ecol. 173-180 (2010).

27-34,d0i:10.1016/.fcr.2013.12.013 (2014).

Xu, X. et al. Estimating a new approach of fertilizer reccommendation across small-holder farms in China. Field Crops Res. 163,
10-17, doi:10.1016/j.fcr.2014.04.014 (2014).

He, P. et al. Performance of an optimized nutrient management system for double-cropped wheat-maize rotations in North-Central
China. Agron. J. 101, 1489-1496, doi:10.2134/agronj2009.0099 (2009).

He, P, Jin, J.-y., Pampolino, M. F. & Johnston, A. M. Approach and decision support system based on crop yield response and
agronomic efficiency. Plant Nutr. Fert. Sci. 18, 499-505 (2012).

Singh, R. P. Towards sustainable dryland agricultural practices. 5-9 (1996).

doi:10.1016/.fcr.2015.11.011 (2016).

Xu, X. et al. Narrowing yield gaps and increasing nutrient use efficiencies using the Nutrient Expert system for maize in Northeast
China. Field Crops Res. 194, 75-82, d0i:10.1016/j.fcr.2016.05.005 (2016).

Chuan, L. et al. Establishing a scientific basis for fertilizer recommendations for wheat in China: Yield response and agronomic
efficiency. Field Crops Res. 140, 1-8, d0i:10.1016/j.fcr.2012.09.020 (2013).

SCIENTIFICREPORTS|7:1007 | DOI:10.1038/541598-017-01143-2 7


http://www.graphpad.com
http://www.stats.gov.cn/TJSJ/ZXFB/201512/T20151208_1286449.HTML
http://www.stats.gov.cn/TJSJ/ZXFB/201512/T20151208_1286449.HTML
http://dx.doi.org/10.2134/jeq2012.0465
http://dx.doi.org/10.1038/nature13609
http://dx.doi.org/10.1007/s10705-015-9736-z
http://dx.doi.org/10.2134/agronj2010.0476
http://dx.doi.org/10.3390/agronomy6020025
http://dx.doi.org/10.3390/agronomy6020025
http://dx.doi.org/10.1111/sum.2012.28.issue-4
http://dx.doi.org/10.1016/S0167-8809(00`0131-6
http://dx.doi.org/10.1016/j.fcr.2013.12.013
http://dx.doi.org/10.1016/j.fcr.2014.04.014
http://dx.doi.org/10.2134/agronj2009.0099
http://dx.doi.org/10.1016/j.fcr.2015.11.011
http://dx.doi.org/10.1016/j.fcr.2016.05.005
http://dx.doi.org/10.1016/j.fcr.2012.09.020

www.nature.com/scientificreports/

20. Xiang-sheng, Y. & Jian-ping, W. Studies on fertilization effect and recommended amount for early rice based on “3414” field trials.
Acta Agric. Univ. Jiangxiensis. 35, 266-273 (2013).

21. Hong-zhi, S. et al. Effects of nitrogen, phosphorus and potassium on yield and fertilizer use efficiency of double-rice in southeastern
Hubei. Hubei Agricultural Sciences. 53, 2771-2775 (2014).

22. Wei-ni, W. et al. Study on fertilization effect and fertilizer contribution rate of different crops at present production conditions. Sci.
Agric. Sin. 43,3997-4007 (2010).

23. Pampolino, M. et al. Environmental impact and economic benefits of site-specific nutrient management (SSNM) in irrigated rice
systems. Agr. Syst. 93, 1-24, doi:10.1016/j.agsy.2006.04.002 (2007).

24. Westerman, R. L. Soil testing and plant analysis. Soil Sci. 152, 137, d0i:10.1097/00010694-199108000-00011 (1991).

25. Van Herwaarden, A., Farquhar, G., Angus, J., Richards, R. & Howe, G. Haying, the negative grain yield response of dryland wheat to
nitrogen fertiliser: I. Biomass, grain yield, and water use (1998).

26. Sahrawat, K. L. & Wani, S. P. Soil testing as a tool for on-farm fertility management: experience from the semi-arid zone of India.
Commun. Soil Sci. Plant Anal. 44, 1011-1032, doi:10.1080/00103624.2012.750339 (2013).

27. Geisseler, D. & Miyao, G. Soil testing for P and K has value in nutrient management for annual crops. Calif. Agric. 70, 152-159,
do0i:10.3733/ca.2016a0007 (2016).

28. Susila, A. D, Kartika, J. G., Prasetyo, T. & Palada, M. C. Fertilizer recommendation: correlation and calibration study of soil P test
for yard long bean (vigna unguilata L.) on Ultisols in Nanggung-Bogor. Ipb. 38 (2010).

29. Sellamuthu, K., Santhi, R., Maragatham, S. & Dey, P. Validation of soil test and yield target based fertilizer prescription model for
wheat on inceptisol. Research on Crops 16, 53-58, doi:10.5958/2348-7542.2015.00007.8 (2015).

30. Weini, W. et al. Inorganic fertilizer application ensures high crop yields in modern agriculture: a large scale field case study in central
China. J. Food Agric. Environ. 10, 703-709 (2012).

31. Cate, R. B. & Nelson, L. A. Discontinuous models for rapid correlation, interpretation and utilization of soil analysis and fertilizer
response data. International Soil Fertility Evaluation and Improvement Program [SI]. Tech. Bull. 7 (1973).

32. Lu, J.-w., Chen, E. & Yu, C.-b. Response of rapeseed yield to K application and primary study of soil critical available K content for
rapeseed. Chin. J. Oil Crop Sci. 25, 107-112 (2003).

Acknowledgements

This research was supported by the Special Fund for Agro-scientific Research in the Public Interest of China
(20150312203) and by the International Plant Nutrition Institute (IPNT) (IPNI-HB-45). Scientists from the
Academies of Agricultural Sciences in the provinces of Jiangsu, Zhejiang, Shanghai, Jiangxi, Fujian, Hunan and
Hubei provided valuable field experimental results for use in our investigation.

Author Contributions
C.L. and EC. wrote the main text of the manuscript. C.L., Y.L., Z.L., and G.Z. collected and analyzed the data. All
authors reviewed and commented on the manuscript.

Additional Information
Competing Interests: The authors declare that they have no competing interests.

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

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
G ] jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS|7:1007 | DOI:10.1038/s41598-017-01143-2 8


http://dx.doi.org/10.1016/j.agsy.2006.04.002
http://dx.doi.org/10.1097/00010694-199108000-00011
http://dx.doi.org/10.1080/00103624.2012.750339
http://dx.doi.org/10.3733/ca.2016a0007
http://dx.doi.org/10.5958/2348-7542.2015.00007.8
http://creativecommons.org/licenses/by/4.0/

	A novel way to establish fertilization recommendations based on agronomic efficiency and a sustainable yield index for rice ...
	Results and Discussion

	Yield response under the AE gradation index. 
	Variations in relative yield. 
	Variations in fertilizer contribution rates. 
	Evaluation of economic benefits. 
	Construction and framework of the fertilizer recommendation method. 
	Step 1: Calculation of Average OPT Yield and SYI. 
	Step 2: Regression Analysis. 
	Step 3: Target Yields. 
	Step 4: Fertilization Rates. 


	Conclusion

	Materials and Methods

	Data and experimental sites. 
	Determination of agronomic efficiency gradation indices. 
	Data calculations and analysis. 

	Acknowledgements

	Figure 1 Yield responses (mean ± SD) to N, P2O5 and K2O fertilizer applications at low (LAE), medium (MAE), and high agronomic efficiency (HAE).
	Figure 2 The relative yield (mean ± SD) of N, P2O5 and K2O fertilizer applications at low (LAE), medium (MAE), and high agronomic efficiency (HAE).
	Figure 3 The Fertilizer contribution rate (mean ± SD) of N, P2O5 and K2O at low (LAE), medium (MAE), and high agronomic efficiency (HAE).
	Figure 4 Estimated input costs and benefits of fertilization in rice cultivation at low (LAE), medium (MAE), and high agronomic efficiency (HAE).
	Figure 5 Framework of the new fertilizer recommendation method based on agronomic efficiency (AE) and sustainable yield index (SYI).
	Figure 6 Optimum yield (ŷ) at agronomic efficiency (AE) and experimental yield (y1, y2, y3) modelled as functions of the sustainable yield indices (SYI) (Ŝ), N (x1), P2O5 (x2) and K2O (x3).
	Figure 7 Locations of the experimental sites of rice projects in China that provided the datasets used in this study (plotted using ArcGIS v.
	Figure 8 Relationships between relative yield (the proportion between nutrient-limited yield and attainable yield with optimal fertilization) and agronomic efficiencies of N, P and K (AEN, AEP and AEK, respectively) in the rice cultivation field experimen




