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Widespread paddy field acidification in China has made many medium- and low-yield fields unsustainable due to excessive fertilization. This study determined optimal NPK fertilizer quotas for rice production in Chongqing by integrating yield levels with principles of matching total nitrogen (N), maintaining soil phosphorus (P), and adjusting potassium (K) to yield. Results showed recommended NPK quotas ranged from 104 to 185 kg N/ha, 44–84 kg P₂O₅/ha, and 18–35 kg K₂O/ha (lower limits) to 143–224 kg N/ha, 50–98 kg P₂O₅/ha, and 56–111 kg K₂O/ha (upper limits). Implementation of these quotas could reduce fertilizer use by 1,862 tons of N, 524 tons of P₂O₅, and 1,275 tons of K₂O, with the highest reduction potential in low-yield regions (2,109 tons N, 654 tons P₂O₅, and 268 tons K₂O). Notably, low-yield rice paddy fields exhibited significantly higher fertilizer application rates than medium- and high-yield fields. Excessive N and P use increases soil acidification, reactive nitrogen (Nr) loss, greenhouse gas (GHG) emissions, and water eutrophication, exacerbating soil degradation. To address these issues, we propose revised N and P quotas (104–141 kg N/ha and 44–60 kg P₂O₅/ha), which reduced Nr loss, GHG emissions, soil acidification potential (SAP), and water eutrophication potential (WEP) by 18, 6, 18, and 14%, respectively. This study proposes new NPK fertilizer application thresholds tailored to mitigating agricultural land degradation while improving agricultural productivity.
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1 Introduction

Rice (Oryza sativa L.), a staple food for over 3 billion people worldwide—especially in Asia—is predominantly produced in China, where the south plays a major role due to its favorable climatic conditions and advanced agricultural practices (Custodio et al., 2016; Sha et al., 2019). Over the past three decades, the growth in rice production in China has been largely driven by the increased use of chemical fertilizers and the widespread adoption of hybrid rice technology (Huang et al., 2017; Ash, 2018). However, the soil pH of hilly regions in southern China has decreased by 0.3 units, with 91.72% of areas showing acidification between 1984 and 2018 (Han et al., 2022). Soil acidification has become a serious challenge, negatively affecting rice yields (Dong et al., 2025). The excessive application of chemical fertilizers is considered a primary contributing factor (Wu et al., 2022). This overuse has also resulted in a series of other soil degradation processes, including nutrient imbalances, disruption of soil microbial community structures, and deterioration of soil physical properties (Zhang et al., 2024). These changes not only exacerbate soil acidification and reduce soil fertility but also trigger secondary environmental issues such as heavy metal mobilization and water eutrophication, further undermining the sustainability of agricultural systems (Ahvo et al., 2023; Chakraborty et al., 2017). Without effective fertilizer regulation and nutrient management, the trend of agricultural soil degradation will become irreversible.

Reducing chemical fertilizer use while maintaining stable yields and soil fertility has become a key focus in both research and policy. One potential approach involves developing precise fertilization recommendations for higher efficacy. For example, Zhang et al. (2019) demonstrated that precision fertilization, based on soil fertility assessments and crop nutrient requirements, can significantly enhance fertilizer use efficiency and reduce application rates while maintaining or even increasing crop yields. However, the practical implementation of this strategy faces challenges in real-world farming systems. Ren et al. (2021) found that many smallholder farmers often over-apply fertilizers to avoid the risk of low yields, making it difficult to reduce overall fertilizer use. Another option is the implementation of environmental taxes on fertilizers. Rougoor et al. (2001) showed that raising fertilizer prices effectively reduced their usage. However, this may lower farmers’ incomes and reduce their motivation to grow crops. Additionally, Botterweg et al. (1994) also noted that low-level fertilizer taxes have little effect on reducing fertilizer overuse. These findings suggest that relying solely on economic and tax means cannot provide an effective solution to the fertilizer overuse issue. Consequently, it is imperative to establish science-based fertilization strategies and better crop management practices to support sustainable agricultural practices.

Setting usage quotas for agricultural inputs has proven to be an effective measure for limiting pesticide and insecticide use (Skevas et al., 2012). However, applying quotas to fertilizer is more complex because fertilizer needs vary with yield levels and soil fertility. Despite this, fertilizer quotas can still help control regional fertilizer input, maintain soil fertility, and support agricultural production. For example, policies like the Nitrate Decree and the Agricultural Environment Regulation in Europe have reduced nitrogen fertilizer use by 30% and phosphate fertilizer use by 50% since the 1980s, helping to address environmental issues such as water eutrophication (Dowd et al., 2008). On the other hand, excessive restrictions on chemical fertilizers can also lead to disasters. For instance, in Sri Lanka, the ban on the use of chemical fertilizers resulted in food shortages and skyrocketing prices (Drechsel et al., 2025). China has recently begun exploring fertilizer quota policies. In 2019, Zhejiang Province introduced the first local standard for fertilizer application limit as “The Limit Standard of Fertilizer Quota System for Major Crops” (Qiu et al., 2022). Subsequently, other provinces, such as Guangdong, Anhui, and Fujian, adopted the fertilizer quota system and proposed establishing N fertilizer quotas for major crops, including rice, corn, wheat, and rapeseed, while enforcing legal limits on total fertilizer use (Yang et al., 2023). Based on agronomic benefits analysis, Li et al. (2019) analyzed nitrogen fertilizer quotas in Fujian’s rice systems and found that formulated fertilizer use increased yields by 4–12.5% and net income by 875–2,616 yuan/ha on average. Moreover, Chen et al. (2023) also found that optimized fertilizer management boosts rice yields in China while reducing greenhouse gas emissions. Zuo et al. (2023) also found that the strategies of targeted nitrogen reduction and crop straw return can effectively alleviate soil acidification and soil degradation in Chinese farmland over the next 30 years. Although traditional soil improvement (Li B. et al., 2022), biochar (Geng et al., 2022) and organic fertilizer substitution (Ye et al., 2022) techniques can effectively adjust soil pH in the short term, the primary cause of increasing soil acidity in China over the past three decades remains excessive fertilizer application and an imbalanced nutrient replenishment in the cropping-soil system (Guo and wang, 2021; Norse and Ju, 2015). Overall, precision agriculture techniques for fertilizer management are essential for improving crop productivity, preserving soil health, and minimizing environmental impacts.

Excessive and unbalanced fertilizer use has caused soil acidification and increased environmental costs in China’s major rice-growing regions. However, current fertilizer standards only regulate nitrogen and overlook other nutrients, attainable yield, soil fertility, and acidification risks. How can precise N/P/K fertilizer quotas for the rice production system in Chongqing be formulated based on soil fertility, target yield, and environmental thresholds, in order to quantify the synergistic effects on yield maintenance, fertilizer reduction, and acidification mitigation, as well as multi-media environmental impacts? In this study, we developed a region-specific and yield-tiered NPK quota method, which sets an upper limit on environmental load while meeting the lower limit of stable yield requirements. Based on 3,414 site-year field trials, with comprehensive collection and analysis of soil fertility and crop nutrient requirements, we integrated NPK quotas, region- and yield-specific optimization strategies, fertilizer reduction potential, and life cycle assessment (LCA) for rice production in the Chongqing region. We employed principles including nitrogen fertilizer recommendation based on soil fertility testing and crop nutrient requirements, P building-up and maintenance, and yield response to K. By setting upper and lower limits for NPK quotas, we assessed the potential for fertilizer reduction and used LCA to compare the environmental impacts—such as soil acidification, reactive nitrogen loss, greenhouse gas emissions, and water eutrophication—of current farmer practices and our quota model. This study aims to (i) reconfirm NPK fertilizer quotas across different regions and yield levels, (ii) calculate the potential reduction in NPK fertilizer use, and (iii) evaluate the mitigation potential for soil acidification and environmental costs under the new standards. This research provides a scientific basis for developing regional fertilizer policies that support sustainable rice production.



2 Materials and methods


2.1 Data acquisition and screening

We developed a comprehensive database to support fertilizer quota establishment by including rice N/P/K uptake data from 3,414 field trials, soil nutrient data from 503 soil samples, and rice yield and chemical fertilizer input information from 6,895 farmer surveys. These data were used to assess regional variation in rice yield, soil fertility, and topography across Chongqing.



2.2 Division of the regional and yield level


2.2.1 Division of the region

Chongqing is geographically classified into two main producing regions: western-central Chongqing and southern-northeastern Chongqing (Figure 1). Temperature and precipitation data for these regions in 2020 are provided in the supplementary materials (Supplementary Figure S1). The western-central area of Chongqing is mainly characterized by soils developed from purple mudstone and shale. Due to the relatively low altitude, fertile soil, and suitable climate conditions, they are more conducive to rice cultivation, and thus the yield is relatively high. It includes Fuling District, Changshou District, Liangping County, Fengdu County, Dianjiang County, Zhong County, Dazu District, Yubei District, Banan District, Jiangjin District, Hechuan District, Yongchuan District, Tongnan County, Tongliang County, Rongchang County, Bishan District, and Beibei District. The southern-northeastern area is mainly characterized by soil developed from limestone. Due to higher altitudes, poorer soil quality and harsher climatic conditions, the rice yield is relatively low. Based on these findings, Chongqing was divided into two major sub-regions: the central-western region and the northeastern part of the south. It includes Nanchuan District, Qijiang District, Qianjiang District, Wulong District, Pengshui Miao Tujia Autonomous County, Shizhu Tujia Autonomous County, Youyang Tujia Miao Autonomous County, Xiushan Tujia Miao Autonomous County, Wanzhou District, Kai County, Chengkou County, Yunyang County, Fengjie County, Wushan County, and Wuxi County.

[image: Map A illustrates administrative divisions with regions shaded in blue and peach. Map B is a topographical map of the same area, displaying varying altitude levels in colors from pink to purple, with higher altitudes in purple. A compass indicates cardinal directions.]

FIGURE 1
 Regional distribution map (A) and geomorphic distribution map (B) of Chongqing: the blue area includes western-central region, and the orange area includes southern-northeastern region.




2.2.2 Yield level division

Rice yield levels were classified using field trials and survey data published by the Chongqing Agro-Tech Extension Station. In western-central Chongqing, the median yield (achieved by over 50% of surveyed farmers) was used as the mid-yield reference. Approximately half of the 2,978 rice farmers in this region achieved yields ranging from 7.5 to 9.0 t/ha, which corresponds to the mid-yield level (Supplementary Figure S2). Based on this reference level, an increase or decrease of 0.15 t/ha was used as the criteria to define high- or low-yield levels, respectively (Table 1). Similarly, in southern-northeastern Chongqing, based on data from 3,917 farmers, the mid-yield level was 6.75–8.25 t/ha, with high-yield at 8.25–9.75 t/ha and low-yield at 5.25–6.75 t/ha.


TABLE 1 Nitrogen fertilizer limits in rice production regions of Chongqing.


	Region
	Yield levels
	Yield range (t/ha)
	Lower limits (kg N/ha)
	Upper limits (kg N/ha)

 

 	Western-central Chongqing 	Low 	6.0–7.5 	116–141 	155–180


 	Mid 	7.5–9.0 	141–167 	180–206


 	High 	9.0–10.5 	167–185 	206–224


 	Southern-northeastern Chongqing 	Low 	5.25–6.75 	104–128 	143–167


 	Mid 	6.75–8.25 	129–153 	168–192


 	High 	8.25–9.75 	154–171 	193–210




 




2.3 Principles for establishing fertilizer quota standards

Fertilizer rates for rice must simultaneously secure stable yields, maintain soil fertility, and protect the environment. The recommended N, P, and K inputs were calculated based on (i) the nutrients removed by the harvested crop, (ii) the intrinsic fertility of the paddy soil, and (iii) regional climatic and ecological constraints. To operationalize this balance, a scientifically derived upper limit is set to avoid the ecological risks of over-application, while a lower limit safeguards grain production and prevents rapid soil nutrient depletion.


2.3.1 Nitrogen fertilizer quota

The determination of the nitrogen fertilizer quota is made by considering both nitrogen uptake and nitrogen loss, refer to Wu et al. (2015). The formula for calculating N fertilizer quota was as follows Equations 1–3.
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The N uptake per 100 kg of grain produced was calculated as the sum of the N contents in straw and grain at different yield levels (Supplementary Tables S1–S3). For N loss, we estimated that active N loss during the rice growing season was approximately 38.55 kg N/ha, or 25.7% of N fertilizer input, based on a N15 study conducted in Chongqing by Su et al. (2016).



2.3.2 Phosphate fertilizer quota

Phosphate fertilizer quotas were established to ensure a consistent phosphorus supply to crops by monitoring soil-available phosphorus through soil tests (Wu et al., 2015, 2016). By accounting for the difference between rice P uptake and soil available P content, we moderately increased the lower/upper limit of phosphate fertilizer for areas with low fertility by applying different compensation coefficients, to refine the approach initially proposed by Wu et al. (2016, 2015) (Supplementary Table S2). This approach helped to enhance soil fertility without exceeding environmental thresholds. The formula for calculating P fertilizer quota was as follow Equations 4–6:
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The P uptake per 100 kg of grain produced was calculated as the sum of the P contents in the straw and grain at different yield levels (Supplementary Tables S1–S3). The soil fertility maintenance coefficient was set at 1.15, and the soil improvement coefficient was set at 1.3 (Supplementary Table S4; Wu et al., 2015, 2016).



2.3.3 Potassium fertilizer quota

Potassium fertilizer quotas were established based on crop yield response considering grain uptake and fertilization coefficients for potassium fertilizers, and the optimal economic return (Wu et al., 2015, 2016). The lower limit was determined by grain potassium uptake, while the upper limit was calculated based on the fertilization coefficient derived from the optimal economical return. The formula for calculating K fertilizer quota was as follows Equations 7–9:
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The K uptake per 100 kg of grain produced was calculated as the sum of the K content in the straw and grain at different yield levels (Supplementary Tables S1–S3). To refine the approach initially proposed by Wu et al. (2016, 2015), the amount of potassium fertilizer applied should take into account the potassium application coefficient (0.42) to meet the sufficient nutrient requirements of crops in potassium-deficient areas. When soil available K content are sufficient, only the amount of potassium fertilizer taken away by crops needs to be considered.




2.4 Analysis of fertilizer reduction potentiality

All 6,895 farmer survey data were divided into three categories based on rice yield level as defined above for the two sub-regions, and then fertilizer reduction potential was calculated by comparing the actual N/P/K inputs with those based on the fertilizer quotas at respective yield levels. The formula for calculating fertilizer reduction potentiality was as follows Equations 10–12:
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ai indicates the actual amount (kg/ha) of NPK fertilizer applied by a farmer, which is below the lower limit of the NPK fertilizer quota. ak indicates the actual amount (kg/ha) of NPK fertilizer application by a farmer, which exceeds the upper limit of the NPK fertilizer quota. In western-central Chongqing, the median application rates of N, P₂O₅, and K₂O were 159 kg/ha, 54 kg/ha, and 36 kg/ha, respectively, covering 494 thousand ha. The low-, middle-, and high-yield farmer counts were 697, 1,488, and 522, respectively. In southern-northeastern Chongqing, the median application rates of N, P₂O₅, and K₂O were 144 kg/ha, 54 kg/ha, and 19.5 kg/ha, covering 161 thousand ha. The low-, middle-, and high-yield farmer counts were 692, 1,488, and 857, respectively.



2.5 Evaluation of environmental costs for fertilizer reduction

Environmental cost assessment employed the LCA method (Li et al., 2021) to quantify soil acidification, reactive nitrogen (Nr) emissions, greenhouse gas (GHG) emissions, and water eutrophication in Chongqing’s rice production system. The study compared environmental benefits of reducing chemical fertilizer use under quota standards versus actual agricultural practices. The system boundary for this study encompassed the entire rice production process, from sowing to harvest, including the agricultural supplies stage and the farming stage. The agricultural materials stage (AMS) addressed emissions from producing and transporting inputs like fertilizers, pesticides, and films. The agricultural farming stage (AFS) focused on emissions from fertilizer and pesticide use, fuel consumption, and labor-related energy use. The system boundary and framework of the life cycle assessment (LCA) method in agricultural production were presented in Supplementary Figure S3.

The Soil Acidification Potential (SAP) was calculated using SO2 as the reference (Guan et al., 2022). The SAP for the entire rice production life cycle is determined using the following Equations 13, 14:
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SAP was the soil acidification potential (SO2-eq kg/ha). The conversion factors for NH3 volatilization and NO2 emissions to SO2 were 1.88 and 0.7, respectively (Zhang et al., 2021). The factor for converting NH3–N to SO2 was 17/14. SO2–MS refers to SO2 emissions during the production and transportation of chemical fertilizers, calculated as SFi (SO2 emission coefficient) multiplied by Ratei (consumption of input category i). The SO2 emission coefficients of N, P, K fertilizers and other agricultural inputs were 2.52 × 10−2, 6.00 × 10−4, 4.80 × 10−4, etc. (Supplementary Table S7). The application rates of N, P, K fertilizers and other agricultural inputs were presented in Supplementary Table S6.

The method in references (Cui et al., 2018; Wang et al., 2020) calculated Nr emissions using Equations 15–19.





Nr
 
emission
=

Nr

Ms


 
loss
+

N
2

O
 

emission

direct


+




N
 
leaching
+

NH
3

 
volatilization



      (15)





Nr


Ms



loss
=
∑

(



EF

i

×


Rate

i


)


      (16)




N
2

O



emission


direct


=
0.10

exp

(

0.0094
×
N

rate

)


      (17)



N

leaching
=
2.25

exp

(

0.0033
×
N

rate

)


      (18)





NH

3


volatilization
=
4.95
+
0.17
×
N

rate

      (19)

NrMs loss referred to the reactive nitrogen emissions and losses during the production and transportation of agricultural inputs such as fertilizers, pesticides, diesel, and electricity (Supplementary Table S6). i (= 1, 2, 3, …) was the total number of each input item, including fertilizers, pesticides and agricultural films, etc. EFi was the emission factor for active nitrogen emissions or losses during the production and transportation of input i, and the Nr emission coefficients of N, P, K fertilizers and other agricultural inputs were 7.15 × 10−3, 1.84 × 10−4, 1.46 × 10−4, etc. (Supplementary Table S7); Ratei was the application amount of input i during crop production (Supplementary Table S6). N2O emission direct, N leaching, and NH3 volatilization represent the cumulative N2O emissions, N leaching losses, and NH3 volatilization from crop fertilization in agriculture.

Based on the research in reference (Wang et al., 2020), the formula for calculating GHG emissions in the entire life cycle of rice cultivation was as follows Equations 20–22:
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GHGAMS included agricultural materials such as fertilizers, pesticides, and films. PECi denoted the GHG emission coefficient for input item i during production and transport, and the GHG emission coefficients of N, P, K fertilizers and other agricultural inputs were 8.30, 0.79, 0.55, etc. (Supplementary Table S7); Ratei indicated the usage amount of input item i in crop cultivation (Supplementary Table S6). N2O emission total was divided into direct and indirect pathways caused by nitrogen fertilizer application, with indirect coefficients of 1% for NH3 volatilization and 2.5% for NO3 leaching (Zhang et al., 2019). 44/28 was the molecular weight ratio of N2O–N to N2O. CH4 emissions referred to methane released during agriculture. Only rice production-related emissions were considered here, valued at 156.2 kg/ha × Area (CBCSD, 2011). Area represented the planted area of rice in Chongqing in 2020. 265 and 28, respectively, represented the global warming potential of N2O and CH4 (Cui et al., 2018).

Eutrophication Potential (EP) was calculated using PO4 as the reference (He et al., 2018). The eutrophication discharge for the entire rice production life cycle was calculated using Equations 23, 24:
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EP was the potential for eutrophication (PO4-eq kg/ha). The conversion coefficients were 0.33 for NH3 volatilization and 0.42 for NO3 leaching to PO4 (Huijbregts et al., 2000). NH3–N converted to PO4 at a ratio of 17/14, and P total (total phosphorus application) converted to PO4 at a ratio of 95/31. PO4-MS represented emissions during fertilizer production and transport, with Pi was the emission coefficient for fertilizer category i and Ratei as its usage in Supplementary Table S6. The EP emission coefficients of N, P, K fertilizers and other agricultural inputs were 3.03 × 10−3, 7.67 × 10−5, 6.13 × 10−5, etc. (Supplementary Table S7). Leaching and runoff cause P losses of 0.23% of the input volume (Yao et al., 2019).



2.6 Statistical analysis

Data acquisition and statistical analyses were performed using Excel 2021 (Microsoft, USA). ANOVA, LSD, and sources of variation due to yield level and NPK application rate interaction were analyzed using SPSS 15.0 for Windows (IBM Corp., USA). Significance was assessed using the LSD test at p ≤ 0.05. Figures were created using OriginLab 2023b (OriginLab Cor., USA).




3 Results


3.1 Fertilizer quotas in major rice-producing regions of Chongqing


3.1.1 Nitrogen fertilizer limits

Nitrogen fertilizer quotas range from 104 to 224 kg N/ha, adjusted based on regional and yield differences (Table 1). In the western-central regions, for a rice yield level of 7.5–9.0 t/ha, the lower and upper limits of the N fertilizer quota were 141–167 kg N/ha and 180–206 kg N/ha, respectively. For yields of 9.0–10.5 t/ha, quotas range from 167–185 to 206–224 kg N/h. For yields of 6.0–7.5 t/ha, quotas range from 116–141 to 155–180 kg N/ha. In the southern-northeastern region, for rice yields of 6.75–8.25 t/ha, quotas range from 129–153 to 168–192 kg N/h. For yields of 8.25–9.75 t/ha, quotas range from 154–171 to 193–210 kg N/ha. For yields of 5.25–6.75 t/ha, quotas range from 104–128 to 104–128 kg N/ha.



3.1.2 Phosphate fertilizer limits

Phosphate fertilizer quotas for rice production in Chongqing were set between 44 and 98 kg P2O5/ha (Table 2). In the western-central region, for rice yields of 7.5–9.0 t/ha, the lower and upper limits of the phosphate quota were set at 60–72 kg P2O5/ha and 69–84 kg P2O5/ha, respectively. For yields of 6.0–7.5 t/ha, quotas ranged from 48–60 to 56–69 kg P2O5/ha; and for 9.0–10.5 t/ha, quotas ranged from 72–84 to 84–98 kg P2O5/ha. In the southern-northeastern region, for yields of 5.25–6.75 t/ha, quotas ranged from 44–56 to 50–65 kg P2O5/ha; for 6.75–8.25 t/ha, quotas ranged from 56–68 to 65–78 kg P2O5/ha; and for 8.25–9.75 t/ha, quotas ranged from 68–80 to 78–93 kg P2O5/ha.


TABLE 2 Phosphate fertilizer limits in rice production regions of Chongqing.


	Region name
	Yield levels
	Yield range (t/ha)
	Lower limits (kg P2O5/ha)
	Upper limits (kg P2O5/ha)

 

 	Western-central region 	Low 	6.0–7.5 	48–60 	56–69


 	Mid 	7.5–9.0 	60–72 	69–84


 	High 	9.0–10.5 	72–84 	84–98


 	Southern-northeastern region 	Low 	5.25–6.75 	44–56 	50–65


 	Mid 	6.75–8.25 	56–68 	65–78


 	High 	8.25–9.75 	68–80 	78–93




 



3.1.3 Potassium fertilizer limits

Potassium fertilizer quotas in rice production in Chongqing were set from 18 to 111 kg K2O/ha, based on regions and yield levels (Table 3). In the western-central region: for yields of 6.0–7.5 t/ha, quotas were 20–80 kg K2O/ha; for 7.5–9.0 t/ha, quotas were 27–96 kg K2O/ha; for 6.0–7.5 t/ha, quotas were 30–111 kg K2O/ha. In the southern-northeastern region: for yields of 5.25–6.75 t/ha, quotas are 18–72 kg K2O/ha; for 6.75–8.25 t/ha, quotas were 23–87 kg K2O/ha; for 8.25–9.75 t/ha, quotas were 27–104 kg K2O/ha.


TABLE 3 Potassium fertilizer limits in rice production regions of Chongqing.


	Region name
	Yield levels
	Yield range (t/ha)
	Lower limits (kg K2O/ha)
	Upper limits (kg K2O/ha)

 

 	Western-central region 	Low 	6.0–7.5 	20–26 	63–80


 	Mid 	7.5–9.0 	26–30 	80–96


 	High 	9.0–10.5 	30–35 	96–111


 	Southern-northeastern region 	Low 	5.25–6.75 	18–23 	56–72


 	Mid 	6.75–8.25 	23–27 	72–87


 	High 	8.25–9.75 	27–32 	87–104




 




3.2 Analysis of N/P/K fertilizer reduction potentiality


3.2.1 Nitrogen fertilizer reduction potentiality

The potential for reducing nitrogen fertilizer use in rice production was mainly identified among low-yield farms, many of which exceeded the recommended upper limit. Low-yield farms could reduce nitrogen use by 9.7% in the western-central region and 15.7% in the southern-northeastern region. High-yield farms often required increased nitrogen application, while mid-yield farms applied reasonable rates with little reduction potential. Overall, Chongqing’s total N fertilizer use in rice production could be reduced by 1,862 tons, primarily in the western-central region. Specifically, reductions for low-yield farms were 1,424 tons in the western-central region and 439 tons in the southern-northeastern region (Table 4).


TABLE 4 Analysis of N fertilizer reduction potential for rice production regions of Chongqing.


	Region name
	Fertilizer reducing parameters
	Low-yield level
	Middle-yield level
	High-yield level

 

 	Western-central region 	Yield range (t/ha) 	6.0–7.5 	7.5–9.0 	9.0–10.5


 	N fertilizer reducing potential ratio (%) 	9.7% 	0.8% 	−13.1%


 	N fertilizer reducing amount (ton) 	1,541 	471 	−589


 	Total N fertilizer reducing amount (ton) 	1,424


 	Southern-northeastern region 	Yield range (t/ha) 	5.25–6.75 	6.75–8.25 	8.25–9.75


 	N fertilizer reducing potential ratio (%) 	15.7% 	0.8% 	−7.8%


 	N fertilizer reducing amount (ton) 	568 	140 	−269


 	Total N fertilizer reducing amount (ton) 	439


 	Total in Chongqing 	Total N fertilizer reducing amount in Chongqing (ton) 	1,862




 



3.2.2 Phosphate fertilizer reduction potential

Phosphate fertilizer reduction was feasible primarily on low-yield farms, with potential reductions of 5.9% (266 tons) in the western-central region and 26.6% (388 tons) in the southern-northeastern region (Table 5). High-yield farms required additional phosphate inputs: 133 tons in the western-central region and 167 tons in the southern-northeastern region. Mid-yield farms showed a reduction potential of −1.7% (−351 tons) in the western-central region, but 7.5% (521 tons) in the southern-northeastern region. Overall, the total P fertilizer reduction was −218 tons in the western-central region and 742 tons in the southern-northeastern region, resulting in a net total reduction of 524 tons for Chongqing (Table 5).


TABLE 5 Analysis of P fertilizer reduction potential for rice production regions of Chongqing.


	Region name
	Fertilizer reducing parameters
	Low-yield level
	Middle-yield level
	High-yield level

 

 	Western-central region 	Yield range (t/ha) 	6.0–7.5 	7.5–9.0 	9.0–10.5


 	P fertilizer reducing potential ratio (%) 	5.9% 	−1.7% 	−6.8%


 	P fertilizer reducing amount (ton) 	266 	−351 	−133


 	Total P fertilizer reducing amount (ton) 	−218


 	Southern-northeastern region 	Yield range (t/ha) 	5.25–6.75 	6.75–8.25 	8.25–9.75


 	P fertilizer reducing potential ratio (%) 	26.6% 	7.5% 	−12.3%


 	P fertilizer reducing amount (ton) 	388 	521 	167


 	Total P fertilizer reducing amount (ton) 	742


 	Total in Chongqing 	Total P fertilizer reducing amount in Chongqing (ton) 	524




 



3.2.3 Potassium fertilizer limits

The application of potassium fertilizer was slightly high, with significant potential for reduction. A certain amount of potassium fertilizer should be reduced. Specifically, in Western-central region, low-yield, mid-yield, and high-yield farms had reduction potentials of 5.9, 5.1, and 7.2%, respectively. In the southern-northeastern region, low-yield, mid-yield, and high-yield farmers in the same region had reduction potentials of 6.5, 7.1, and 3.4%, respectively. For rice production in Chongqing, the total potassium fertilizer reduction potential was 1,275 tons, with 989 tons in the western-central region and 286 tons in the southern-northeastern region (Table 6).


TABLE 6 Analysis of K fertilizer reduction potential for rice production regions of Chongqing.


	Region name
	Fertilizer reducing parameters
	Low-yield level
	Middle-yield level
	High-yield level

 

 	Western-central region 	Yield range (t/ha) 	6.0–7.5 	7.5–9.0 	9.0–10.5


 	K fertilizer reducing potential ratio (%) 	5.9% 	5.1% 	7.2%


 	K fertilizer reducing amount (ton) 	242 	586 	161


 	Total K fertilizer reducing amount (ton) 	989


 	Southern-northeastern region 	Yield range (t/ha) 	5.25–6.75 	6.75–8.25 	8.25–9.75


 	K fertilizer reducing potential ratio (%) 	6.5% 	7.1% 	3.4%


 	K fertilizer reducing amount (ton) 	26 	230 	30


 	Total K fertilizer reducing amount (ton) 	286


 	Total in Chongqing 	Total K fertilizer reducing amount in Chongqing (ton) 	1,275




 




3.3 Analysis of environmental costs


3.3.1 Soil acidification

Soil acidification potentials for low-, medium-, and high-yield rice cultivation were 88 SO2-eq kg/ha, 81 SO2-eq kg/ha, and 77 SO2-eq kg/ha in the Western-central Chongqing, and 77 SO2-eq kg/ha, 76 SO2-eq kg/ha, and 79 SO2-eq kg/ha in the Southern-Northeastern Chongqing (Figure 2A). The main contributor to acidification was N fertilizer from fertilizers during arable farming, accounting for 90–92% of the overall potential. The SAP in the low, medium, and high production areas of Chongqing were 1.18 × 10^4 SO2-eq kg/ha, 1.16 × 10^4 SO2-eq kg/ha, and 1.12 × 10^4 SO2-eq kg/ha, respectively (Figure 2B). Similarly, the lower limit fertilization treatment had a significant impact on low-yield areas, where the SAP decreased to 0.96 × 10^4 SO2-eq kg/ha, reducing the contribution rate from 34 to 28% (Figure 2C).

[image: Three bar charts showing soil acidification potential and contribution rates in Chongqing. Chart A compares soil acidification potentials for AMS and AFS fertilizers across regions and yield levels. Chart B shows the soil acidification potential in SO2-equivalents for FP, LL, and UL. Chart C presents contribution rates in percentages across yield levels. Each chart uses distinct color codes for different fertilizer and yield types.]

FIGURE 2
 Soil acidification potential (A), varying production levels (B), and contribution rates (C) of the rice cultivation system under different fertilization models across various regions of Chongqing. FP is the farmers’ practice treatment; LL is the lower limit fertilization treatment; UL is the upper limit fertilization treatment. Each environmental impact includes impacts originating in the agricultural materials stage (AMS) and in the agricultural farming stage (AFS).




3.3.2 Nr losses

Currently, the ranking of reactive nitrogen emission intensity in the rice production process in Chongqing was as follows: low yield (39 N kg/ha) > medium yield (38 N kg/ha) > high yield (36 N kg/ha) in the Western-central region (Figure 3A). In the Southern-northeastern region, there was no statistically significant difference in reactive nitrogen emission intensity among low-yield (36 N kg/ha), medium-yield (36 N kg/ha), and high-yield (37 N kg/ha). Notably, the predominant emission source during the agricultural farming stage is NH3 volatilization, which accounts for over 83% of total emissions. The Nr losses in low-yield, medium-yield, and high-yield rice-growing areas in Chongqing were 5,545 N kg/ha, 5,438 N kg/ha, and 5,265 N kg/ha, respectively (Figure 3B). The primary impact of the lower limit fertilization treatment was observed in low-yield areas, where Nr losses decreased to 4,546 N kg/ha, reducing the contribution rate from 34 to 29% (Figure 3C).

[image: Bar chart illustrating reactive nitrogen losses in Chongqing, segmented by NH₃ volatilization, N leaching, N₂O emission, and AMS-Nr loss across low, middle, and high-yield categories. Two geographic sections are compared: Western-central and Southern-northeastern Chongqing. Additional bar charts (B and C) show total reactive nitrogen losses and contribution rates by yield levels, respectively.]

FIGURE 3
 Reactive nitrogen losses (A), varying production levels (B), and contribution rates (C) of the rice cultivation system under different fertilization models across various regions of Chongqing. FP is the farmers’ practice treatment; LL is the lower limit fertilization treatment; UL is the upper limit fertilization treatment. Each environmental impact includes impacts originating in the agricultural materials stage (AMS) and in the agricultural farming stage (AFS).




3.3.3 GHG emission

In Chongqing, GHG emissions for low-, medium-, and high-yield rice cultivation were 6,548 CO2-eq kg/ha, 6,511 CO2-eq kg/ha, and 6,424 CO2-eq kg/ha in the Western-central region, and 6,397 CO2-eq kg/ha, 6,392 CO2-eq kg/ha, and 6,467 CO2-eq kg/ha in the Southern-Northeastern region (Figure 4A). These emissions were primarily driven by CH4 emissions during the agricultural farming stage (62–71%), followed by N fertilizer use during agricultural material production and transportation (16–25%). The GHG emissions in the low, medium, and high production areas of Chongqing were 9.39 × 10^4 CO2-eq kg/ha, 9.36 × 10^4 CO2-eq kg/ha, and 9.30 × 10^4 CO2-eq kg/ha, respectively (Figure 4B). Similarly, the main impact of the lower limit fertilization treatment was observed in low-yield areas, where GHG emission decreased to 8.83 × 10^4 CO2-eq kg/ha, reducing the contribution rate from 33 to 31% (Figure 4C).

[image: Bar charts illustrating greenhouse gas emissions and contribution rates in Chongqing. (A) Shows emissions by type and fertilizer use across different yield levels in Western-central and Southern-northeastern Chongqing. (B) Depicts total GHG emissions for farming practices labeled FP, LL, and UL by yield level. (C) Displays contribution rates by yield level for the same practices. Various fertilizers and emission sources are color-coded.]

FIGURE 4
 Greenhouse gas emissions (A), varying production levels (B), and contribution rates (C) of the rice cultivation system under different fertilization models across various regions of Chongqing. FP is the farmers’ practice treatment; LL is the lower limit fertilization treatment; UL is the upper limit fertilization treatment. Each environmental impact includes impacts originating in the agricultural materials stage (AMS) and in the agricultural farming stage (AFS).




3.3.4 Water eutrophication

In Chongqing’s rice production, water eutrophication potentials for low-, medium-, and high-yield regions were 21 PO4-eq kg/ha for low- and medium-yield regions and 22 PO4-eq kg/ha for high-yield regions in the Western-central area. In the Southern-Northeastern region, all yields have a potential of 21 PO4-eq kg/ha (Figure 5A). NH₃ volatilization and fertilizer-induced P loss during arable farming were the main sources of eutrophication, accounting for 57–63% and 25–32% of the total, respectively. The WEP in the low, medium and high production areas of Chongqing were 3,020 PO4-eq kg/ha, 3,075 PO4-eq kg/ha and 3,099 PO4-eq kg/ha, respectively, (Figure 5B). Similarly, the lower limit fertilization treatment had a significant impact on low-yield areas, where the SAP decreased to 2,588 PO4-eq kg/ha, reducing the contribution rate from 33 to 28% (Figure 5C).

[image: Bar charts depicting water eutrophication potential in Chongqing, comparing regions (Western-central and Southern-northeastern) with variables like yield types and fertilizer use. Chart A shows water eutrophication potential in different scenarios; Chart B details potential by yield categories; Chart C presents contribution rates by yield types.]

FIGURE 5
 Water eutrophication potential (A), varying production levels (B), and contribution rates (C) of the rice cultivation system under different fertilization models across various regions of Chongqing. FP is the farmers’ practice treatment; LL is the lower limit fertilization treatment; UL is the upper limit fertilization treatment. Each environmental impact includes impacts originating in the agricultural materials stage (AMS) and in the agricultural farming stage (AFS).






4 Discussion


4.1 Effect of N fertilizer quota on optimal fertilizer application, yield and fertilizer reduction potentiality

Recommending fertilizer application rates based on varying regions and yield levels have become a key strategy for controlling chemical fertilizer use. Our study suggested N fertilizer rates of 104–171 kg N/ha as the lower limit and 143–224 kg N/ha as the upper limit in Chongqing (Table 1). The lower limit aligns with recommendations for single-cropping rice in the upper Yangtze region (90–210 kg N/ha) due to similar methods considering total N control and crop yield targets, and the upper limit is slightly higher to account for N loss (Wu et al., 2016). The lower Yangtze has more favorable climate, soil nutrients, and mechanization conditions than Chongqing, resulting in lower nitrogen fertilizer use (Ju et al., 2021). Conversely, it is higher than the range for double-season rice in the middle Yangtze region because single-cropping systems apply more nitrogen per season than double-cropping systems, which split applications twice a year (Shi et al., 2020). Optimizing the quota of nitrogen fertilizer can promote production and enhance fertilizer utilization efficiency. For example, Ren et al. (2022) reported that optimizing nitrogen fertilizer quotas in China could increase rice yield by 13%, reduce nitrogen use by 19%, and improve nitrogen use efficiency by 40%, effectively balancing food security and environmental protection. Under the new fertilizer quota restrictions, N fertilizer use in rice production in Chongqing is estimated to decrease by 1,862 tons, mostly in low-yield areas (2,109 tons) (Table 4). Liang et al. (2024) found a limited reduction potential of only 0.3% (290 tons) in rice fertilizer application. This approach underestimates the reduction potential in low-yield areas because it applies a uniform quota without yield classification. This study shows that high-yield farmers use insufficient fertilizer, while low-yield farmers overuse it. The analysis indicates that low-yield farmers believe increasing chemical fertilizer is the only way to boost yields, resulting in widespread over-application. Therefore, technical training should be prioritized to improve their understanding of scientific fertilization practices.



4.2 Effect of P fertilizer quota on optimal fertilizer application, yield and fertilizer reduction potentiality

Current official recommendations exhibit a lack of precision, which necessitates the re-evaluation of P fertilizer quota and the potential for fertilizer reduction based on regional quotas and yield levels (Chen D. et al., 2024). This study proposes region-specific P fertilizer application limits of 44–84 kg P2O5/ha (lower) and 50–98 kg P2O5/ha (upper), aligning with single-cropping rice guidelines (60–105 kg P2O5/ha) in the upper Yangtze region (Table 3). By integrating regional quota constraints and yield performance levels, this research quantifies region- and yield-specific potentials for reducing chemical fertilizer inputs. For instance, in the Western-Central region, potential reductions were estimated at 5.9, −1.7%, and −12.3% for low, medium, and high yield levels, respectively, while in the Southern-Northeastern region, corresponding reductions were 26.6, 7.5%, and −6.8% (Table 5). Similarly, low-yield farmers need to reduce the application of phosphorus fertilizer, while high-yield farmers need to increase it by a certain amount. In low-yield areas, the fixation of phosphorus fertilizer in paddy soil is often very significant, resulting in extremely poor effects from excessive application of conventional phosphorus fertilizer (Li et al., 2024). Optimizing P fertilizer management not only enhances crop yields but also mitigates environmental risks such as water eutrophication. For example, Mudare et al. (2022) highlighted global phosphorus imbalances and advocated for regional adjustments in fertilizer application to balance yield and ecological sustainability. European countries have successfully reduced agricultural impacts through nitrogen and phosphorus quotas, fertilizer accounting, and taxation policies (Li et al., 2017). Notably, the absence of defined lower phosphorus limits may reduce rice yields below 6.0 t/ha (Bateman et al., 2006; Knox et al., 2016). Therefore, defining appropriate upper and lower P limits based on local production conditions is essential for maintaining productivity and sustainability.



4.3 Effect of K fertilizer quota on optimal fertilizer application, yield and fertilizer reduction potentiality

In this study, the K fertilizer quota for rice in Chongqing ranged from 18 to 35 kg K2O/ha (lower limit) to 56–104 kg K2O/ha (upper limit), with an estimated reduction of 1,275 tons of K2O in rice production (Tables 3, 6). Compared with official guidelines, our proposed quota standard is more precise and better reflects yield variation, supporting further potassium reduction potential. Few studies have focused on potassium quotas and their impact on rice yield. Applying K fertilizer has shown significant benefits in improving rice growth and development, water and nutrient uptake, and ultimately improves rice yield (Liu Z. et al., 2025). Liu A. et al. (2025) also reported that potassium fertilizer not only significantly increased the yield but also improved the quality of grains, such as taste, starch and protein content. Additionally, with the promotion of the policy of returning straw to the fields, more potassium nutrients will return to the soil, leading to a further increase in its potential for reducing fertilizer application. Research on the balance between straw return and chemical fertilizer use indicates that straw incorporation can offset nearly all K2O (70–90%), most P2O5 (30–60%), and part of N (10–30%) from chemical fertilizers (Yin et al., 2018; Shao et al., 2023). Therefore, strengthening straw and agricultural waste recycling in Chongqing can further reduce K fertilizer use and promote green, sustainable agriculture.



4.4 Fertilizer quotas can effectively reduce farmland acidification and environmental impacts, though implementation remains challenging

In this study, we observed that fertilizer application rates in low-yield rice paddy fields were significantly higher compared to those in medium- and high-yield fields (Supplementary Table S6). This finding indicates the greatest potential for fertilizer reduction in this region, particularly for N and P fertilizers (Tables 4, 5). We propose new N and P fertilizer quotas (104–141 kg N/ha and 44–60 kg P₂O₅/ha), which reduced Nr loss, GHG emissions, SAP, and WEP by 18, 6, 18, and 14%, respectively (Figures 2–5). Compared with other alternative strategies, the quota recommendations of chemical fertilizers have certain advantages. Although the controlled-release fertilizer strategy reduces GHG emissions in rice fields by more than 20%, it increases the cost by approximately 40% (Ahmad et al., 2023; Gao et al., 2024). The substitution of organic fertilizers can reduce the emissions of Nr, SAP, and WEP, but significantly increase methane emissions by 33% (Dong et al., 2021). Water management could reduce the global net global warming potential (GWP) by 206%, but in some regions, it is unachievable due to water source and environmental issues (Belenguer-Manzanedo et al., 2022). Excessive N fertilizer degrades soil through nitrification and denitrification, releasing H+ and worsening acidification (Bouman et al., 1995; Ash, 2018). Long-term overuse of N fertilizer lowers soil pH, especially in regions like China where nitrogen use is high (Zhang et al., 2024). In Hainan Island, excessive N and P inputs have lowered soil pH by 0.3 units, reduced soil organic carbon by 20%, and degraded river water quality (Li T. et al., 2022). To address soil degradation and reduced yields caused by excessive fertilization in low-yield rice fields, implement a new fertilizer quota scheme to alleviate soil acidification, decline in land quality, and pollution from chemical fertilizers.

Although the pesticide limit has achieved some success (Skevas et al., 2012), there are still many challenges in the mandatory management of fertilizer quotas, especially in Chongqing. First, Chongqing’s diverse topography, soil types, and soil fertility make a uniform quota difficult to apply effectively across all areas. Second, many farmers still rely on traditional fertilization methods and lack knowledge of scientific practices. Third, there is no complete system or sufficient data for soil nutrient testing to support accurate quota setting. Fourth, the enforcement and supervision of policies are not strong enough. To improve the implementation of fertilizer quotas in Chongqing, local topography, agricultural technology, monitoring systems, and policy enforcement mechanisms should be fully considered. For example, it pilots a “soil-test and rebate” scheme in Chongqing: farmers who upload GPS-linked soil samples receive instant mobile cash transfers and precision-blended fertilizers. This initiative is financed by a levy on excess nitrogen (N) sales, which fosters township-level peer pressure and generates continuous data for adaptive quota adjustments. Although the current quotas are tailored to Chongqing’s agro-environmental conditions, the framework-based on stratified yield data, productivity targets, and environmental loss models-can be readily adapted to other regions by replacing yield curves, soil databases, and emission factors with local data. The experience from implementing fertilizer quota recommendations in Chongqing can inform policy development in other provinces or similar systems. For instance, Guizhou, which is also a mountainous and hilly area with limited arable land resources, can draw on Chongqing’s experience to implement the fertilizer quota recommendations, control the use of fertilizers and protect the ecological environment (Sui et al., 2022). Yunnan can draw on Chongqing’s experience to promote precise fertilization technology, improve the utilization rate of fertilizers and reduce pollution to the environment (Li et al., 2012). However, when promoting the adoption of this system, it is essential to fully consider local conditions and make appropriate adjustments and improvements accordingly. Concurrently, efforts should be directed toward exploring alternative strategies, such as precision fertilization techniques (Dong et al., 2020), the use of organic fertilizers as substitutes (Ashrafi Esfahani et al., 2019), and the broader promotion of advanced agricultural technologies (Chen Y. et al., 2024). These actions will reduce fertilizer use, improve efficiency, decrease paddy field acidification potential, and lower environmental costs.




5 Conclusion

This study established region- and yield-specific NPK fertilizer application quotas for rice production in Chongqing. Recommended ranges are N 104–185 kg/ha (lower limit) to 143–224 kg/ha (upper limit), P₂O₅ 44–84 kg/ha to 50–98 kg/ha, and K₂O 18–35 kg/ha to 56–111 kg/ha. Adoption of these limits could annually curtail fertilizer use by 1,862 tons of N, 524 tons of P2O5, and 1,275 tons of K2O. Notably, low-yield fields exhibited significantly higher fertilizer application rates compared to medium- and high-yield fields. Excessive N and P use exacerbates nitrogen losses, greenhouse gas emissions, soil acidification, and water eutrophication, leading to soil degradation. To address these issues, revised quotas for N (104–141 kg/ha) and P (44–60 kg P₂O₅/ha) were proposed. Implementing this strategy reduced Nr loss, GHG emissions, SAP, and WEP by 18, 6, 18, and 14%, respectively. The fertilizer quota system is a promising approach to mitigate agricultural land degradation in low-yield paddy fields. Furthermore, the fertilizer recommendations, research methodology, and policy instruments developed in this study can be effectively applied to other similar rice-producing regions.
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